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ABSTRACT 

The snapping s h h p s  Alpheur heterochefis have bilaterally asymmetrid claws. Loss of the 

snapper claw causes the conaalateral pincer claw to transfbrm into a snapper while a new pincer 
regenexam at the old snappa site resuiting in a~yrnnietry reversal. Paireû simultanwus loss of the 
claws dways results in them regenerating to their original configuration No p s s  morphological 

dinerences were detected between early limb bud regeneration of the pincer and snapper, however 

the quantity of innervation remains higher on the snapper side, Immicking the pristhe condition. 

Loss of h t  the pincer claw foiiowed latg by the snappex results in reversal of asynmietry if a 
stage 3 or higher stage limb bud is present at the original pinm site. Stage 3 limb buds have a weli 
organized fibroblast network and show the beginning of segmentation. Loss of the snapper claw's 
dactyl may also induce pincer-tesnapper transformation occmhg prefaentially in males which 
have a more elaborate pincer claw and behaviourially are more defensive than fernales. 
DactyIotomy of the snapper ciaw is correlated m the loss of innervation to the snapper side which 

in d e s  but not femaies w w  have fewer axons than the connalaterai pincer (a condition not 
present prior to the manipulation), implying that it is ihe shift in axoa numbers which triggers 
transformation. A manifestation of différences in innervation quantity between the claws may be a 
snapper-based inhibitory rnechanisrn: a snapper or transforming pincer-to-snapper cIaw produces 

an inhibitory signal which limits the contralaterai ciaw to a pincer. Damage to the snapper may 
induce pincer-to-snapper transfonnaton but will not aiiow another snapper claw to regtnerate at 

the pincer site whereas damage to a transforxning claw often dœs result in the regeneration of a 

conaalateral snapper. Thus less inhibition is required to restrict a newly regenaating claw to a 
pincer than it is to arrest an existing pincer claw. These results and the observation that a 
regenerating snapper claw passes through a distinct pincer-like stage suggests that the pincer is an 
immature snapper limited in its development by the inhibitory presence of a connalateral snapper. 
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GENERAL INTRODUCTION 

Anistotltc, in stating h t  it is ody "natural for evay aaimal to use its right hand in 

prefizence to its Idt" initiateci a conatoversy that continues unabated. In Western scxieties, there is 

no longer any serious stigma associated with beiig a southpaw and indeed the present and 

pmxchg t h  out of four US. pnsidents are Ieft-hande.. Until quite recentiy however le% 

handed chüdrni w a e  BiCtively discouraged h m  prefacntally using th& left hand and studies 

continue to inf" us of how rclativeIy d t  l&-handen are (Perdle and Ehmÿui, 1982; Halpem 

and Coren, 1991). The etiology of handedness nmains cl& with theories ranging across the 

eatirtnature-nurturccuntinuum, 

In mmy animais the body is bilateraUy symmetncal (divideci into opposite and qua1 halves 

by a central longitudinal plane). white bilaterai asymmetry or 'handedness' occurs when the 

opposite halves are in some way unequal. The latter condition was hown to be present in 

organisms snch as îrilobites andor their pTedators fiom the early Cambrian period (Babcock, 

1993) however despite its antiquity and existence in such diverse groups, m e  bilaterai asymmetry 

is, in fact, a rare and inconsistent phenornuion. In vertebrates it ofkn occurs in a subtle rnanner. 

Humans, as aiiuded to, display fuactional prefances in the use of their left and right han& as 

weil as matornical asymrnetries of some brain structures, most notably the planurn temporale. a 

region thought to be important in the lateralization of language to the left hemisphae (Geschwind 

and Levitsky. 1%8). The very existence of hemispheric asymmtries in non-human primates is 

more contmvcrsial, being &nieci by some (Hamilton, 1977) whilc accepted by othcrs (eg. 

De- 1977). On thc other hand the right cerebral herniqherk of some non-primate mammals is 

known to be significantly larger than the Ieft (Kolb, 1982) while Song learning in canaries is 

asymmetricai in ternis of neural mechanisms (Nottebohm, 1984). 

Likc the vertebrates, very few imreritbrates display obvious bilateral asymmetry however, 

the decapod Cmtaœa is one group whose mernbers illusaare a wide ranging degree and vafiety of 

this trait usually in the f k t  paired thoracic cheiipeds or claws. These appendages often consist of a 



major and minor form; the major claw is larger and typicaliy mae elaborae in construction and 

may be specbbA in fimction cornpared to the more geoeralized minor claw. 

One of the most s&g examples of claw bilateral asymmeq is seen in male firlnter crabs 

where the major claw or fiddle is unusually large, as much as 2 0  t i m s  larger than the minor 

chw and is speciaiized for highiy ritualized territorial and courtship displays (Crane, 1975). The 

minor claw is used for gathering food and grooniing. in fernales bodi claws are small and 

synmietrical, and simiIar in fomi and function to the minor claw of the male. 

Lobsters also possess dimorphic claws however the ciifference is less dramatic. The 

crusher is stout and heavy with molar-like teeth almg the closing edges, speciaüzed to crack open 

the shells of bivalves, whiie the cutter is more dender and ïighm with incisor-lüre teeth, used in 

territorial defense and prey capture (Scrivener, 1971; Govind and Lang, 1974). 

Many other brachyurans exhibit asymxneay of the ciaws however the degree of 

specihtion is much less obvious. For example in the Mue crab the major and minor claw ciiffer 

very finie in outward appeatance except for a slight difference in size (Govind and Blundon, 

1985). 

Claw asymmetry or handedness may occur in a fixeci tnanner. In hermit crabs of the family 

Paguridae, the major claw a p p m  only on the right side aod its placement appears to be genetically 

W. Lateralization in these animals, adapted to living in discarded gasmpod shells, consists of a 

larger right claw, decalcified abdomen spiralling to the right, reduced Ieft abdominal flexor muscles 

and loss of pleopods on the right side. Asymmetry begins to show by the late larval stages. long 

before the crab inhabits a shell (Chapple, 1977% b) and is the same regardless of whether the first 

sheU occupied has a sinistral or dtxtral spiral (Chapple 1977a). emphasizing the lack of extemal 

influences on lateraiity. 

In lobsters and male fiddler crabs handedness occurs in a random manner, that is the major 

claw may occur with equal probability on the left or right side. Oace asymmetry has been 



detexmineai, it is pamaoentiy fixed. Howeva, there occurs a critical period during ontogeny, long 

More handeùness is manifesteci, when asymmetry is determined and may be manipulateci 

(Yamaguchi, 1977; Goviod and Pearce, 1989). In lobsters. the important factors in the 

determination of aspmeay are a minimni level of claw activity (Kent and Govind, 1982) and a 

difference in the activity between the two sides (Govind and Pearce, 1986). nomially accomplished 

via manipulation of mamials on the ocean floor. If both conditions are mt achieved, two cutters 

usuaUy develop. A double cmsher never d t s ,  even if both sides have been exacised weli 

above the threshold IeveL 

In male fiddler crabs, the usual mode of asynnnetry determination is by loss of one of its 

claws during the early critical period (Morgan, 1923) eitha through agonistic encounters or by 

manipulation of the substrate (Yamaguchi, 1977) with the remainïng claw tmnsfomiing into a 

major type. In contrast to lobsters. young fiddler crabs that do not experience claw loss during the 

critical period usuaily develop paired synm~trical major claws. This condition remains fixed for 

Me, even with subsqent claw loss and regeneraaon (Yamaguchi, 1977). It appears therefore that 

in lobsters and Mdler crabs, the aitical pexiod is geneticaily fixed, but the determination of 

handedness is environrrientally influenced (Govind, 1992). 

In many othez crabs such as blue crabs, su>m crabs, shore crabs and velvet crabs, claw 

handedness appears to be fixed, since there exists a strong right-handed bias in populations of 

these animais. However, snidies have shown that these crabs are capable of asymrnetry reversal, 

even weU into adulthood. While the process reqWres several lengthy moults (Hamilton et al., 1976; 

Simonson, 1985; Smith and Hines, 199 1; Norman and Jones, 199 l), it does indicate an ability to 

dter claw handedness based on extemal factors. 

The renowned Danish physiologist August Kmgh once expressed the idea that for many 

problems, there is an animal on which it cau be most conveniently studied, almost as if that animal 

had beea specifically created for the purpose (Krebs, 1975). The snapping shrimp Aipheus 

heterochclis (Say) is weil suited to research in the areas of asyrnmetry and r e g e n d o n  exhibiting 



a dramatic ffomi of bilateral asymrnetry of the clam (Rzibram, 1901). The large major or snapper 

claw is highly modifieci in form and function displayhg extreme mumilar hypanophy and 

posscssing on the movab1e dactyl a prohniding pluager which fits hto a complementary socket on 

the propodus. When forcefully closed the snapper produces a loud popping sound, accompanied 

by a jet of water which is used primarily in agonistic interactions such as territoriality and 

cornpetition for mates (Haziett and W m  1%2; Nolan and Salmon, 1970) and, secondarily for 

subduing prey (pers. obs.). Contralaterai to the snapper is a much smaller, relatively unmodified 

minor or pincer ciaw which is used for mm general types of activities such as in bunowing, 

moving around bits of submte and capturing and holding pny. 

Snapping shrimp represent the o h  end of the naarre-nurture continuum where intrinsic 

(genetic) facm appear to have liale or no influence on the detemination of asymnietry. In these 

shrimp, lefi and right-handed individuals mur with equal probability and like other crustaceans 

they are capable of quickly regenerating entire Iirnbs, including the asymmetrical claws, which 

have been autotomized (or "thrown" by the animal, u s d y  as a defensive ploy). More importantly 

they have the unusual and almost unique feature of being able to rapidly reverse their asymmetry 

throughout their lifespan, even well into adulthood. If both claws are simultaneously autotomized, 

or if the pincer done is los, the h b s  regenerate in th& original position. However if the snapper 

alone is thrown, the contralateral pincer transfonns into a snapper while a new pincer regenerates at 

the old snapper site, hence the reversal of asymrnetry (Wilson. 1903). Clearly, the pincer has the 

potential for M e r  development but is inhibited by the presence of the contraiateral snapper. Thus 

in this species we have a mode1 that can be readüy rnanipulaied in an attempt to understand the 

factors responsible for determining handedness. Such insights may be exmpolated to 0 t h  

crustaceans and invertebrates and perhaps to vertebrates in light of recent research demonstrating 

our probable close affinities (Holley et al., 1995). 

Wilson (1903) proposed the intexesthg but contmversial idca that the pincer is simply an 

immature snapper repressed by the contralateral snapper. This was based upon his observations 

that a regenerating snapper appeared to pass through a distinct pincer-like phase before becoming a 



snapper. Wilson's cootentioa was mt suppmted by Stephens d Mellon (1979) however who 

found that in terms of muscle fibre length and elecaophysioIogical charactaistics a newly 

regenerated snapper limb is mne similar to a s~apper than a pincez 

In snapping shrimp r e v d  of asymmetry involving plasticity of n a  only exoskeletal but 

neural, muscular and vascular tissue as well occurs throughout its lifespan (Mellon and Stephens, 

1980; Govind and Pearce, 1988; Guchardi and Govind, 1990). To study such plasticity a 

hypothesis has been constmcted which pvides a conceptual friunework on which my 

expniments wae baseci. The dationship between the two claws may be envisioned as a see-saw 

(Govind, 1989) where mnmslly one 4dc is elevated (the pincer) and the other lowered (the 

snapper) because of the differences in neural input acting on the see-saw. Thus the snapper 

inhibits the pincer or if the pincer is lost the newly regenarating limb at the pincer site is limited to a 

pincer. When the snapper is lost, there is a sudden shift in the see-saw's equilibnum to favour the 

pincer si&, the inhibition is removed and the pincer begins transfomiing into a snapper. The 

transforming pincer in tum inhibits the newly regenerating limb h m  becoming a snapper. When 

both limbs art lost, the "memory" of the differential input to the central nervous system causes the 

inhibitory signal a, be preferentiaily chamelled to the aiguial pincer side allowing a snapper claw 

to regenerate at the original snapper side. In a l i  cases bilateral asymmetry is maintaineci. 

The see-saw hypothesis accounts for the varbus experimental manipulations to the snapper 

claw that trigger claw reversal apart fiam simple removal of the snapper claw. These 

manipulations to the snapper include cutting the nerve (Mellon and Stephens. 1978), tenotomy of 

the closer muscle (Govind et al., l988), and cooling of the entire claw (Melion and COX. 1985). 

In each case there is a diminution of the neinal input fiom the snapper claw and this serves to tip 

the sec-saw so that the pincer side transforms into a snapper. 

The mode1 implies that w t e r  n e d  input on one side tips the balance to favour that si& 

allowing it to transfonn into a snapper but at the same time inhibithg the opposite side fbm 

regenefating into a snapper. That such inhibition is neurally based was shown when closer muscle 



6 

otaotomy or icsims to the m e  of a pincer undcrgoing a'ansfomtion to a mapper allowed a 

soappa to rtgcncratt at the old snappQ site, the remit being a symmetricai shrimp with double 

snappem (Yomg et al, 1994). These findings suggest that not ody do neural factors migger a 

pincer-to-snapper transfmtion but additiody, nerve mediated inhibitcry factors h m  a pincer- 

to-snappcr transforniing claw lirnits the newly regmerathg claw to a pincer type. 

'Ihe purpose of my investigation was to study claw asymmetry in ternis of the phenomna 

of transformation, revers81 and regenexaion in snapping shrimp. 1 wanted to characteriz the 

proass itseIf, and to exp1ore the pximate factors responsib1e for inducing the pincer to begin 

transfornritlg into a siapper and how the contraiaterai regenerating limb is limited to a pincer. In 

addition, 1 w m t d  to stndy more thoroughly the morphological path that a snapper takes as it 

regenerates and examine the st(ibiiity of the normal snapperhincer equiiibrium compareci to the 

more atypical configurations occasionally seen such as snappedsnapper and pincer/pincer. The 

underlying goal in di of diese eXpenmnts was to test the cross-inhibitory hypothesis associated 

with the sec-saw mode1 fm maintainhg claw bilateral asyrnmetry in adult snapping shrimps. 

The specific objectives of my experiments are outlined below under four chapters. 

te 1 irnb Bud SuffiCient for Claw Reversa 

What are the rriinimum requirernents for pincer-to-snap* transformation to occur at the 

pincer site afta autotorny of the snqper and what minVnal stage is capable of exerting an 

inhibitory influena on the contralaterai oid snapper site? To answer this it was first necessary to 

charamah the stages of limb bud regmeration. Additionally I also wanted to compare tbe 

regeneration rate of pincer and snapper limb buds in temis of growth and development. 



Two. C !  ngeneratin~ &ws 

What is the fine structure of the rcgcnemthg claw and how is this comlated to the 

identinah1e limb bud stages descnbed above? Does this point to any dues regarding the factors 

respom'blt for asymmetry determination or the morphological feahrres that irnpart cornpetence in a 

Iimb bud? 

on and Sex-Biased Transformation of the Sexuaiiv Dimomhic Pincer 

am 

What minimum damage to a mapper induces pincer to snapper transfomation and does this 

occur in a simüar manna in the sexuaiiy dimorphic claws? How is this comlated to the pattern of 

claw innewation of d e s  and fernaies and what does this tell us about the mechanism and factors 

responsible for asymmctry detennination? h there a behavioural comlation? 

. T&gsformatxon and Remmeration: Test of the Inhibition Hmthesis for 

1s the inhibitary mchanism for pincer repression a vaiid one? This was tested by 

manipulating the claws in such a way as to interfere with the pmurnptive inhibitory signai and 

oôsewing the d t i n g  asymmctry. 



CüAPTER ONE. REGENERATE LIMB BUD SUFFICIENT FOR CLAW 

REVERSAL 

'Ibe p&ed, bilamany asymmetric snapper and pincer claws in the adult snapping shrimp 

Alphas hetermhefis a~cre simulianeously autotorriized at the beginnixlg of an intermoult, and the 

d t i n g  gtowtb of the Iunb buds was charaaerized into several stages. At the next moult the limb 

bads cxncrgeâ as ncwIy regacrated ciaws of the same morphotype as their predecessors. Next, 

the piiircd daws were autotomked stquentidy, with the second autotomy timed to differt~t stages 

of limb bud growth at the f h t  autotomy site. When the snappa is autotomized and a iimb bud 

varyiag h m  stages 1 to 5 is aiiowed to &veIop at this site before the pincer is removed, the 

paired claws regtncraft in tkir pmious configuration. Similar1y. claw asymmetry is retained 

when the pincer claw is rcrnoved fïrst and an early limb bud (stage 1-2) is ailowed to form at this 

site before die snapper is autotomizcd However, claw asyrrimetry is reversed if an advanced limb 

bml (stage 2 5 )  is allowed to f m  at the pinm site before the snapper claw is removeci. Under 

these conditions a snapper regeneratcs at the pincer si& and a pincer at the snapper site. Because 

the limb bud at this pincer site regenerates as a snapper rather than a pincer, claw transformation 

has occurred, with the stage 3-5 limb bud substituthg for an intact pincer. Thedore, the minimal 

requinment for pincer-to-snappcr  ansf formation is a stage 3 5  h b  bud 1 postdate that the newly 

transforming snapper ciaw restricts regeneration at the contralateral old snapper site u> a pincer, 

thereby ensuring that claw bilateral asymmetry is pnsent, a i t  reversed. 



The first pair of d i d c  chtlipeds, or claws, in adnlt snapping shrimps of the AlphCid 

f b d y  are mach larga tnan the remairhg thoracic limbs and art biiateraUy asymmettic, consisting 

of apinca and s m p p  claw. The snappcr is a much hypertrophieci s~ucture aimost half the size 

of the entire aaimal and is s p e d a h d  into a powahil snapping mol; a hammer on the üactyl 

plunges inta a matching socket on the p o k ,  resuiting in a loud popping sound (hence the name 

snapping s b h p s )  and ajet stream of water (Haziett and Wm, 1962). The snapping behaviour is 

ased in agonistic encountcn and also in crushing the sheiis of bivalves (McLaughh, 1982). The 

contraIatexai pincer claw is malla and used primarily in burrowing and feeding (Read et al., 

1991). 

Claw latcraiity, or handedness, is d o m  in snapping shrimps, and the snapper appean 

with cquai probability on the right or left side of the animai. However, handedness may be 

switched in addt M m p s  This happais when the snapper claw is nmoved at the beginning of an 

intermoult and in its place a new limb bud regenefates which at the next moult udolds into a pincer 

claw, while the wntralatd intact pincer claw is transfonned into a snapper claw (Pxzibram, 1901; 

Wilson. 1903). When only the pincer claw is rmioved, a new pincer regenerates in its place; when 

both claws are removed, the regenerates appear in the same morphotype as their predecessors. 

The laaa procedure of remwing both claws within an intermoult was used in an original 

and imaginative manna by Darby (1934). who varicd the time interval between the two autotomies 

in the tropical shrimp A@hew amùIZatw. Thex shrimps live off the Coast of Bahama in ocean 

temperatures of 28-300 C and have an intemoult pgiod of 10.3 days, or 252 h. His fïndings may 

be summarized as fonows. In the expairnent in which the snapper claw is removed fmt and then 

the pincer claw, dcspite varying the time intaval between the two autotomies from 20 -lu) h, the 

painxi claws regenerated in the5 previous configuration. Autotomy of the pincer claw beyond 120 

h afm autotomy of the snqper did not aliow for a su&ciently advanced limb bud to fom on the 

pincer site, ancl a claw failed to regenerate at thk site at the next moult. Thus, squential mnoval of 

fim the snappa and thcn the pincer within a single intermoult was similar to simultaneous moval  



of both claws, as both procedures d t e d  in the regeneration of paireci claws in their previous 

codiguration (WiLison, 1903; Govind a aï., 1986). 

In anotba series of experirnents Darby (1934) removed ntst the pincer claw, soon after a 

modt, and thcn at varying timc intervals the snappcr. If the snqper claw was removed up to 29 h 

afm pincer autobomy, the paired claws regenerated in thm original configuration. Later removal 

of the snapper claw Ied increasingly to a revezsal of claw asymmetry; Le., a pincer regenerated in 

place of the plistllie snappa claw and a snapper regenerafed in place of the pristhe pincer claw. 

Inus, when the snapper claw was removed 33 h af tn  pincer autotomy, reversai of asymmetey was 

seen in 5û96 of the animals; rmioval4û h and 72 h afkr pincer autotomy produced r e v d  in 

67% and lm of the ammals respectively. In these a<paiments in which the paired claws are 

autotomized sequentially, those with the shorter tirne intemal between pincer and snapper autotorny 

an quivaluit to rcmoving both claws at the same time, because claw asymmetry is retained in the 

pmiious configuration, whereas those with the longer tim intervals are quivalent to removiDg the 

snapper alone, because asymmetry is reversed. During these longer time intervals, what transpires 

thaf leads to md? 

One of the events that transpires after a claw has been autotornized is the formation, at this 

site, of a h b  bud that develops during the intermoult and ernerges as a new claw at the next 

moult. S h  r e v d  of claw asymmeûy involves transformation of an existing pincer claw hto a 

snapper, 1 considered the possibility that a limb bud may sme in place of an intact pincer as a 

suitable target for transformation. This would explain Darby's (1934) findings that claw 

asymmetry reverses at the longer time intavals between pinces kd snappcr autotomy, because a 

Iimb bud has had tmic to fom at the pincer site. To test this hypothesis, 1 monitored the 

developmtnr of h b  buds at the autotomy sites when b t h  claws are removed simultaneously. 

produchg a chart for limb bud growth. Using this growth ch- 1 repeated Darby's experYnents 

but, mther than zemoving the second claw bgsed on the time elapsed after rernoving the hrst claw, 1 

removed the second claw at different stages of limb bud growth at the first autotomy site. 1 fimd 



thef plcsemx of a sdficientiy advancal limb bud at the pincer site when the sriapper is autotoniized 

lads  to r e v d  of claw asynnnttry, thertby explaining Darby's &B. Additionaily, our d t s  

dcmanstfafe, for the fÎrst the ,  that the minimum requinment for pincer-to-snapper tnuisfonnation 

is a Iimb bud. 

MATERIALS AND METHODS 

Adnlt snapping shrimps of the species, Alphew kterochek wexe coilected from the tidai 

p i s  amund Beaufort, Nonh Caroiina, and shipped to our laboratory in Scarborough, Ontario. 

'Ihe animais were held in 25 litn glass aquaria cquipped with a bottom gave1 filter and partitioned 

into 12 compartmtnts with fibregiass screens (Govind et al., 1986). The aquaria were Eilled with 

artificial seawater that was kept at room temperature (23  C). A specially prepared diet - a blended 

m h  of chicken livers and hearts, canots and commercial cerral- was fed to the ariimak daily, and 

occasionally live food was providtd in the form of Tubifex w o m .  The shrimps were sexed on 

anival in the labmatory and their moult history during captivity was recorded. 

Shrimps of both sexes were used, and ody those with weiî-diffenntiated pincer and 

snappg claws were seleztcd These animals were aiiowed to moult twice before king used., this 

e n d  that the claws were pristine, because earlier studies (Read and Govind. 1991) have shown 

that at least thne intemoults are required for a newly regenerated limb to be fully differentiared 

These claws are rcgarded as pristhe in the prtscnt report (Fig. 1A) . In our laboratory, the . 
intemoult paiod was bttween 14 and 30 days (an average d 23 days) at 220 C. 

Remwal of a claw was accomplished by gently pinchhg the limb near the base of the 

m s ,  thereby inducing the animal to autotomizt the claw at a prcfomied fracture plane. The 

following experiments were perfofmed using this procedure. 

1. A day or two after a moult, the paireci claws were removed within minutes of each other, 



and tbis is regardcd as s k m d ~ u s  autotcmy. The rtgeneratitlg h b  buds at both sites were 

moaitored daily and sketches made that were subsequently categonzed into a series of 

developmental stages. 'Lbt regenerating limb buds were a h  measlrnd, in blind obsavatims, 

unda a dissectllig micros~ope with a calihteà eyepiece. To nduce the chance of damaging the 

vay deiicate limb buds by repcafed handling, measurements were mede at 3-4 day intervals. Even 

so, 11 of the 27 animais suffered damage to the buds and were excluded fÎom the study. To 

compensate for d.erences in animal size, limb bud rmamements were exprcssed in tenns of a 

regeneratioa (R) value whexe R = (limb bud length / campace length) x 100 (Bliss, 1960). 

2. Within oae or two days foUowing a moult, the snapper claw was removed and the 

regenerating limb bud at this site was monitored daily. Next, the pincer claw was removed at 

varying stages of limb bud growth at the old snapper site. Of the 52 animais subjected to these 

scquential autotomies, 38 successNly regenerated paind claws at the next moult. 

3. The experimntai protoc01 was M a r  to that in experimnt 2, except that the pincer 

claw was removed f h t  and at various stages of its limb bud growth the snapper claw was 

removed. Twenty-four of 36 animals successfully regenerated paired claws at the next moult 

m s  of limb bud -neration 

Following autotomy of a claw, a new limb @ua.üy regenerates at the base. The limb bud 

that forms is covered by a tough flexible cuticdar coat that persists throughout the intexmoult and is 

discarded only at the moult. Limb bud formation begins immediately as a SIMU papilia (stage 1) 

that enlarges into an apical blastema (stage 2) mg. 2). The biastema elongates and acquires a club 



Figure 1. Reprtsentative pristhe (A) and newly regenerated (B) pincer and snapper claws 

showhg the hypertmphied snapper with the characteristic plunger on its dactyl (arrow). 

Pristhe claws are asymmetric in size, whereas the newly regenerated ones are sirnila. in ske 

and substantialiy d e r .  Scde 3 mm; magnitication x5.5. 
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Figure 2. Stages in the regeneration of a h b  bud at the site of an autotornized claw in adult 

snapping shrinq>s. The development of the limb bu& aithough a continuous process, has been 

categorized into six (1 - 6) separate stages bgsed on extemal landmarks; at stage 6 the limb buds 

are differentiated iMo snapper and pincer types (see text for description of each stage). 



SNAPPER PINCER 

UMBIBUD STAGES 



U e  appeararwx cihlly. In the mxt stage (stage 3), a longitudiaal furrow appears in the distd tip, 

h g  thc begllining of segmentation by dividing this region into the putative dactyl and propas 

segment. This is followed by the appearancc of a series of transverse h w s  dong the length of 

the b b  bud (stage 4). By stage 5, segmentation is complete and the limb has acquind typical 

pincer-likc proportions. Fiarther diffcrentiation into a snapper-type claw is marked by the 

charanaistic 8ppc818nœ of a plunga on the dactyl and a m8t~hing socket on the pollex (Stage 6) 

and, in the case of a pincer-type claw, the appearance of a f i g e  of hair on the propus and dactyl 

of male shrimps. Thesc sR stages represent the major atemal landmarks in the regeneration of a 

claw and were used as markers in the present study. 

us and incer autotomy 

Although carlier cxperiments (Darby, 1934; Govind et aL, 1986) had shown that 

simultaneous autotorny of both claws results in the regendon of the pairrd claws in then 

previous configuration, these studies did not report on the growth of the ümb buds. 1 repeated this 

experirnent by autotomizing the paired claws within minutes of each other, one or two days after a 

s h h p  had mouibed, and monitoring limb bud growth in the ensuing intermoult Limb bud 

growth was qualitativdy si& on the two sides and foilowed the critena iisted above. Moreova, 

the regenerate limb buis of the two sides were ais0 sinilar in length throughout the intemoult 

@g. 3). At specific tims during the intemoult, either the snapper or pincer bud wouid be siightly 

more advanceci, but thcre was no consistent pattern and hquentiy both buds w m  equal in size. 

When these limb bods nnfolded as claws at the next moult (Fig. 1B). they were much smaiier than 

the5 predecessors 1A) but otherwise similar in morphotypé. In ail 16 of the 27 animals that 

successfully ~gcnerattd paind claws, the previous asymmetric configuration was retained Fig. 

4A). 

autotomv followed bv mncer autotomv . 

In this cxpenmtnt, the snapper claw was autotomized one or hkro days after the shrimp had 



Figure 3. Pment regcnmtion of snapper and pincer h b  buds in adult shrimps foilowing 

simuitaneous autotomy of both claws. Percent mgeaeration was obtained as foîlows: (iimb bud 

length /carapace length) X 100. A total of 128 limb buds wen  measured h m  16 animds; each 

data point represents an average of 4-5 measurements. 



NUMBER OF DAYS 



E?gure 4. Pictonal rcprescntation of the configuration of the paired, asymmetric pincer and snapper 

claws of adult snapping shrimps in the foilowing experiments: (A) Pincer and snapper claws 

autotonbd simultaneoudy; regenerate claws appearcd in the pristine configuration. (B) The 

snqper claw was autotonii266 and, at different limb bud stages at this site. the contralateral pincer 

claw was autotoniizxd; the regenerate clam appeared in the pristine configuration. (0 The pincer 

claw was autotoniized ancl, at different stages in the formation of a limb bud at this site, the 

snapper claw was autotomizedf the regenerate ciaws appeared in the pristine configuration with 

stage 1-2 lirnb bu& and in the remrsed configuration with stage 3-5 h b  bu&. 
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mdtcd, and the pincer claw was thcn autotoniued at diffant stages of limb bud regeneration on 

the sneppa side Thus, the pincer was rtmoved at each stage of limb bud growth c l d e c i  as 

stages 1 to 5. û f a  total of 33 animais in which the pincer claw was aumtomizxi a .  different iimb 

bud stages, 24 animais succtsshiily regenerated both claws. In all casa, the paired claws 

mirnichi theH picnous configrnation. 

In a few additionai trials, the pincer claw was also mnoved when the limb bud at the 

snappcr site was at stage 6 and already di&rntiattd into a pincer claw. in these animals, a pincer 

appeared at the old snapper site, but a claw failed to fom at the old pincer site because th- was 

not enough time for Iunb rcgeneration. 

Thus, allowing a limb bud to devdop to an advanced stage at the snapper site before the 

pincer is remwcd Ica& to the regeneration of the paind claws in their m o u s  configuration (Fig. 

4B), In effect, this is sirnilm to simultaneous autotomy of the paKcd claws, where the lirnb buds 

form at @valent rates on the two sides and claw asymmetry is retained as describeci above. 

a~tonirfpilowed ma- autotomv 

In this expdmcnt, the snapper claw was autotoniized at different stages of limb bud 

regeneration on the pincer side following autotomy of the pincer claw. At the next moult the 

morphotype of the newly regenmted paired claws was assessed in ternis of mention or reversai of 

claw asymmetry. The d t s  Uable 1) show that with inaxashg time intaval between removal of 

the paired claws, and hence increasing h b  bud development, claw asymmetry was reverse& In . 
other words, as the limb bud stage advances, the proportion of claw reversal inmeases untilIûû% 

r e v d  is nached at stage 3 - 5 h b  buds. 

Removal of the snapper ciaw when the limb bud i s  already sufncientiy advanced to be 

discam'ble as a pincer type (stage 6) does not result in transformation; the iimb bud at the pincer 

site unfolds as a pincer daw. whenas the snapper site lacks a newly regenerated Iimb or limb bud 

because of insuffiCient timt for regendon. 



Table L Configrwtion of claw asymmetry, whetha retained in the previous configuration or 

mcrsed, foïïowing aubotomy of nrst thc pincer claw and thcn the snapper claw.diiring a single 

intcnnoult in adult snapping shrimps. The pincer was removed fïrst thm. at various stages of its 

limb bud dnrelapment, the snapper was removed N u m k  in brackets shows the numba 

mccesshil w a  the number of trials. 

Lirnb bud stage Asyrmnetry reversed 

l!mk 2b 

1 14 

5 50 

4 58 

5 100 

9 100 



2 0  

The d t s  of this series of cxpcrirnent rnay be summarizcd as follows (Fig. 4C): removai 

of the snappa claw wben a limb bud of stage 1 - 2 is present at the pincer site results in retention 

of claw esyrmnetry at the next moult in 50% or m o n  of the cxpaimental animais. but removai of 

the m a p p  claw wbca a limb bud of stage 3 - 5 is prtsent at the pincer site resuîts in reversai of 

claw asymmetry in an of the experimenta.1 animais. 

DISCUSSION 

When the paÏ& clam w a t  removed sequentially within an intermoult, they regenerated in 

their previous configuration if the snapper was autotomized first and a limb bud aiiowed to form at 

this site Mon the pincer was autotomized, providing therc is enough time to regenerate a claw at 

the second site. This is the same as when the paind claws are autotomized simultaneously. the 

iimb buds on the two sides regenerate at equivalent rates, and claw asymmetry is retained. 

The paires ckws aise regenerate in their previous configuration when the pincer is removed 

fkt and an &y limb bud (stage 1-2) is aiiowed to form before the snapper is removed in 50% or 

more of the animais This is equivalent to rernoving both claws at the same t h e .  Howevcr, paired 

chws ngenerate in the reversed configuration in 100% of the animais when the pincer is removed 

and a mort advancd limb bud (stage 3-5) is allowed to fom at this site before the snapper ïs 

remwed. Tbis is quivalent to rernoving the snapper in the presence of an intact pincer, in which 

case the existing pin= claw tmsfonns into a snapper at the next moult and a new pincer 

ngenerates at the old snappa site. A stage 3-5 limb bud at the pincer site therefore acts Wre an 

intact, fdiy fonned pincer claw in that they both tmnsfonn into a snapper claw in response to 

removal of the contraiateral snapper claw. In other words, a stage 3-5 limb bud is a suitable target 

for transformation. 

stage 3 LUnb bu& are characterized by a longitudinal funow rnarking the beginning of 

division of the two most distai segments. the dactyl and propus. The more proxhd  segments - 



aupus, mecus, and bgsi-ischium - arc delineatcd in srage 4 buds, and segmentation is complete 

with final delindon of the dactyl and propus in stage 5 limb buds Although the most a d v d  

stage 4 and 5 limb bids rescmble an intact pincer limb in possessing aU of the segments. stage 3 

kids with just the beginning of segmentation least rcsemble an intact limb; yet a stage 3 bud may 

bc sipnaiied into dcvc1oping as a snapper. It would appear that the transforming signal released 

with autotomy of the snapper claw can influence the diffmntiation of tissue, not oniy in intact 

pincer claws, but also in a developing limb bud at the pincer site. Thus, for example, the intact 

pincer ciaw has a dosa m u d e  whose mixture of fast and slow fibres is transformed into p d y  

slow fibres of a mappa type by selcctive death of the fast fibres (Meamw and Govind, 1986) and 

transfodon of the slow fibres h m  pincer to snapper type (Meiion and Stephens, 1980). In 

contrast, in a stage 3 limb bud with just thc beginning of segmentation, a M y  fomed closer 

muscle is unWrely to be pritsent, yet its subsequent developrnent is directed toward snapper muscle 

rather than pimxr muscle. 

Shrinips in which the snapper is autotomized after a srage 3-5 limb bud has formed on the 

pincer site regen- a new pincer at the snappex site, d t i n g  in reversa1 of claw asyrmnetry. 

The regendon of a pincer claw ai a snapper site requires explanation. Both Wilson (1903) and 

Darby (1934) considered the possibiiity that the pincer claw represena a progressive stage in the 

development of a snapper claw and that inhibition h m  the contralateral snapper claw can amst its 

development. Hence, when the inhibition is removed with snappet autotomy, the pincer continues 

its devcIopmtnt into a SM-, which at the samc t h e  restricts claw regeneration to a pincer type 

on the opposite side. In this way, biiateral asymrnetry of the p@zd claws is e n s d  This 

hypothesis, involving a cross-inhibitory mchanism, would explain why a pincer regenerates at the 

old snapper site d d g  claw revend in the present expcrimcnts - transformation of the limb bud 

into a snappa would restricî rcgeneiation to a pincer claw on the opposite side. The hypothesis 

wouid also be tenable in cases whac only the pincer claw is autotomized, because the intact 

snappn claw wodd rcstrict regeneration to a pincer claw at the autotomy site. However, the 

hypothesis is insuniticnt to explain the case in which paired claws are autotomized simultaneously 



and the ~egcmmtc claws appear in th& pmious configuration. With pgired simuitaneous 

autatomy, an additiod mechanism wouid have to be invoked to aîiow the transfomiing signai to 

act at the oid snappa site - citha by prefmmtiaiiy chAnneIling the signal to this site or by hawlg 

reccpam for the signai exciusively at ibis site. 



CHAPTER TWO. CELL TYPES IN REGENERATING CLAWS 

CM types m thc regenerating daws of ad& snapping shrimps are dcscribed basd on 

elcctron micf[)scapy. FoIIowing antotorny of a limb, die coxal saunp &as numous  fibmblasts 

with long cytoplasnic processes that form srnaIl auid compaztments. These compammnts provide 

sîmcûd hmwork and are inundatai with mostly haemocytes and blood vessek. Agrmular 

haanocyts were uncomrnon compareci to granular ones which had prominent pseudopodia, 

vacuoles and lysosomes, faims suggesting phagocytic function. Cytoplasmic neNo& formed 

by fibroblasts pasisted in the regcnerating blastema and papilla as weli as granular haemoqtes and 

the appearance of b b t m a l  cells Close structurai associations were 0bSe~ed arnongst ail three d 

types. Regionai prolifhttion of œiis subdivides the distal tip of the papüla into the presumptive 

propus and dactyl and marks the beginmng of segmentation proceeding in a distal to proximal 

dimtion. This is ecccmpanied by the appcarance of f b t  afférent innervation proceeding also in a 

distal to prcarinial direction and rnnltinucI~8tc myoblasts identined by fragments of myofibrils, thcn 

e&nnt innervation and well organiPd muscle. A chanicmistic fkature of the latter stages was 

prominent interccilular contacts bawetn haemocytes and other ceil types within the papillâ These 

junctions rnay serve for adhesion as weU as for communication. The early and prevalent 

appeataace of haemocytes in the regenerating iimb buci, as weli as their pluripotent nature in other 

regenezafiog tissues, implicates them as a pomtial source for the origin of blastemal cellr 



INTRODUCTION 

The ability of criistsceans to regrow lost limbs is Iegzndary and as a resuît they have 

histandy kcn favomite subjccts fm regcneration research (Skinner and Cook, 1991). Relative 

to vatcbraar th& tissa systans are less cornplicated and regeneration genaally procceds very 

xapidly* In the snapping shrimp Aiphew heterocheiis for example an entire fùnctionai claw may 

ngrow in less than three weeks. 

Limb m g e n d o n  i s  epimorphic in crustaceans (Needham, 1965; Skinner, 1985) and in 

vertebrates capable of whole limb ngtnexation (Komeluk and Liversage, 1984; Kahn and 

Liversagc, 1990) in that a blastema is first produced at the site of the Iost iimb and subsequent 

growth and differcntiation of the blasttma rtsults in a newly for& h b .  Conseqriently there is 

coosidaable interest in the ulüaskucnire of the blasterna in which not oniy epithelial ceiis 

dclirrriting the blasmna but a h  immigrant ceus such as haemocytes provide cellular resources for 

the Mkmtiation of limb tissues. For example, haemocytes in the crayfish Asticusfruviatilis, the 

Iarval mud crab Rhittttopumpeur huMi and the crab Menippe mnphii may transfomi into 

myogenïc ceh  (Bah, 1987; Ub5k et al., 1989; Lumb et al, 1991) while in snapping shrimp they 

have been implicated in the recycling of muscle proteins and possibly acting as stem ceh for new 

myofibrils (Govind and Pcarce, 1994). In horseshoe crabs haemocytes in the fonn of 

plasmatocytes may give rise to muscle as well as to other tissue r e n d e ~ g  them pluripotent (Clare 

et al., 1990). It thdore appeand profitable to conduct an electron microscopie study of iimb 

regmedation in snapping shrimps to more clearly ddine the na- luid distribution of cell types 

characeristic of the biastcm8 when it first forms and when it subquently differentiates into a 

h b .  Such a study is facilitated by the fact that claw regeneration in snapping shnmp has been 

categorized bascd on extemal morphology into a series of six stages (Govind and Read, 1994). 

Limb h d  stages 1 to 5 are similar between the paired regenerating claws which in snapping 

shriqs arc highly dimorphic consisting of a large snapper claw and a much srnaiier pincer chw. 

The regenmting limb is ncognizabe as pincer or snapper at limb bud stage 6 just pnor to 



emcfgenœ of the m l y  rcgaiereted c h  

In raddition to having the ability to regenemte their paired asymrnetric claws, snapping 

shrimp are capable of mersing th& chw asymmetry foiiowing loss of the snapper claw (WYllson 

1903); a pincer regmerates at the snapper site while the existing pincez tmnsforms into a snappa. 

A r c v d  of chw asymmeûy may also occm if h t  the pincer is removed then at a later time in the 

same inftmiodt, the snapper (Darby, 1934). It was subseqyently determineû that the Cntical pesiod 

of snappcr movd Ieading to 8~ymmetry reversa1 was correlated with the pnsence of a stage 3 

limb bud on the contraiaterd pincer side (Govind and Rcad, 1994). Thus 1 wished to determine in 

pmticular the uimtmcture of stage 3 limb bu& in order to identify features that make this stage 

compttent for transfidg into a mapper. 

1 nad that early stages of lirnb rcgencration are chamctmized by several ceii types; epithelial 

cells which circumscribc the blastana and give rise to the papilla, fibmblasts which with their 

elongated processes give rise to a scaffolding, md haemocytes which inundate the scaffolding. 

Prolifération of epitheiiai ceb  into the papilla to segment the disd tip of the papiiia into a propus 

and dactyl marks the beginning of its diffmntiation into a limb and at this stage a pincer regenerate 

limb bud becomes wmpetent to transform into a snapper claw. 

Snapping shrimp, Alpheus heterocheiis were colIected at low tide h m  interticlal zones . 
dong the coast near Beaufom North Carolina by W. D. Kirt,y-Smith and shipped to 

Scarbomugh, Ontario. Upon the* amval in the laboratory they were sexed and kept in 20L 

aquaria, suwivided with plastic mesh s c m  into 12 compartments, each one housing a single 

shrimp. ?hc animals wcre maintaineci at m m  temperature (22OC) and fed twice weekly a diet 

consisting of a rnash of beef hem, vegetables, eggs, algae, fish, pablum flake fish food and 

tinned cat food di bond together with gelatin. On occasion they were fed live tubifex or s d  



compost wcnms.U& these conditions the shrimp had an intemoult period between 14 and 30 d 

depcnding upon th& Sze. for an avuage of 23 d To assiire that the shrllnp to be used 

arperimcnuy wae in pristint condition, they wcn aüowui to moult at Ieast twice (Red anci 

Govind 1991) and a dctarld daily moult hismry was kept for each a n i d  

Autotomy of the claws was carried out one or two days foilowing ecdydsis. Pincer or 

snappcr chws wcre rtmoved by gentîy pinching the merus with forceps causing the animal to 

autommizc the ciaw at the pnfoinned fiacture plane. Thereafta the shrïmp were examinai on a 

daily basis ho monitor limb regeneration which is divisible into six limb bud stages based on 

cxmnal rnorphology (Govind and R e d ,  1994). Selected limb bud stages were cut proximal to the 

aptotomy plane and immersed in a marine fixative composed of 2.5% glutaradehyde end 0.2% 

foddchyde in O.lSM sodium cacodylate b a e r  at pH 7.4, containing sucrose, sodium chionde 

and calcium chioride (Govhd and Pearcc. 198% for 1.5 - 2h. Regenerating limb buds, though soft 

wac rcsisEant to infiltration by the fixative due to a very tough, impervious protective capsule. In 

orda for the fixative to gain access to the inmior of more mature, longer lunb buds, both ends of 

the limb wae clipped off and the bud itseIf continuously injected with fixative using a 1 cc syringe. 

Additionally, by means of very fine insect pins, holes were created in the tough membrane 

covering the limb bud to ailow fixative to enter. FoUowing primary fixation, the tissue was next 

washed in the cacadyiate Mer for 45 niin and postEixed in 1 % osmium tetroxide in buffer for 1.5 

h. The tissue was dehydrateci in an ethano1 Sefies and then infiltrated and embedded in epon- 

araldite resh and cureci in a 600C oven for 48 h. Both the infiltration and embedding were drawn 

out for a much longer period of time (24 d) pan of which was canied out in a vacuum desiccator. 

The Limb buds were cut in cross and longitudinal section using a diamond W e  mounted 

on aa ulttamimtome. niin ('75 - 90 nrn) sections were placed on foimvar-coated single-slot @ds, 

stained with m y 1  acetate and Iead citrate and examined with a Zeiss 9s and Siemens 102 electron 

microscope. The limb buds of 15 shrimp, c o v e ~ g  stages 1 to 5 (Fig. 1) and ranging from 1.5 h to 



Figure 1. Limb regmeration mnts  based on an elecmn mimscopic exankation of limb bud 

stages 1 to S. The coxal stump repxesats the post-autotomy pend while blastema/papilia 

npresents h b  bud stages 1 and 2. Segmentation of the limb be@s in stage 3 and is foilowed by 

tissue diffèrentiation in limb bud stages 4 and 5. 
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22 d post autotomy wcn successfi~Ry pnpared for elecb~n microscopy and examined. The 

rcgcnerating limb buds of both snappcr and pincer claws wae  examined however no dinerence 

was&ttctedbctweenthcm. 

Figure 1 depicts lunb bud stages of adult snapping shrhps ex&ed in the present study 

beginning with the coxal stump, the cmcrgtnce of the blastema/papilla, initial segmentation of the 

papiüa and M y ,  tissue diffhmtiation spccifically nerve and muscle. 

lnnnadiately following nmoval of the limb an autotomy membrane expands across the stump 

covering the womd and reducing fluid l o s  to a minimum As seen in longitudinal section (Fig 2A) 

the stump at the autotomy plane was covaed by a very thin, dense membrane. lined below by a 

single layer of colanmar epithelial c e k  Subjacent to the autotomy membrane the stump was 

compartmentakd, each roughly spherical cornpartment being delineated by very thin swnds 

composed of a bilayaed membrane- The strands are extensions of the cytoplasrn of stellate 

fibroblasts having v a y  scmty cytoplasm and a relatively heterochrornatic, multiiobed nuclei fig 

2B). The cornpartmnts were approximately equal in size and mostly empty. although some held 

concentrations of blood ce&, especially those near the epidermiS lining the cuticle dong the sides 

of the stump (Fig 2A). Thus the fibroblasts form a scaffolding which provides a structural 

framework. 

W i i h  the scaffolduig numerous small blood vessels were visible and many f ke  cells, 

mostly haemocytes have g~~ near the autotomy membrane (Fig 2A) . One type, relatively 

uncornmon was agranular with scanty cytoptasrn and had reguiar, oval shaped nuclei (Fig 2C). 



Figure. 2. (A) Low magnitication longitudinal-section through coxal stump showing 

cmptmcntaiîzation (asterisks) of stump and haemocytes (smaii arrows) aggregating near 

antatomy membrane (am) and dong coxal w d s  (cw). Large m w s  indicate blood vessels. Ceil 

types f m d  within coxal stump indude (B) fibroblasts with long thin cytoplasmic processes, (C) 

agranuiar haemocyats and (D) grannfar haemocyte with varnolate pseudopodia (arrowheads) and 

cytopiasm containhg dense granuiar inclusions ( m w s )  and phagosome (double arrow). A ~220; 

B x5 000; C, D x10 400. Bars: A 1 0 0 ~  B lm; C, D 2p.m 
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'Ihe other m o ~  connnon type (Fig 2D) was gran* and had large amounts of c y t o p h  

containing meny d, ovaï, electron dense. non-membrane bound incIusions with prominent 

cymplssnic extensions (pseudopodia). In somc of these granulocytes, like1y amoebocytcs, the 

pseudopoâia wat anguîar, highiy vacuolated and numemus, charamrized by the presence of 

hetcrogenous, membrane bound lysosomes including phagosomes and prirnary or possibly 

sccondary lysosomes. Mitochondria were abundant and thc nuclei of these granulocytes were 

irrcpuiar in shape and lobular. 

The initial gros sign of regeneration occurs as the blasterrîa e q t s  b r n  the coxal s m p  (stage 1 

limb bud) foiIowed by its elongation into a papüla (stage 2 limb bud) 1). The epithelium of the 

blastema and papiüa was comprised of 2-3 layers of ceils packed around the periphery of the 

blastema (Rg 3A). Epithelial cells had irreguiarly shaped, c e n m y  positioned nuclei which wen 

relatively euchromatic and possessed prominent nucleoli @g 4A). The abundant cytoplasm 

contained numemis initochondria and was densely packed with ribosomes but had scanty 

endoplasmic reticuii and few Golgi bodies. Some of the epithelial cells were in active rnitosis (Fig 

4B). 

The centrai region of the biastema subjacent to the epithelial ceiis was largeiy empty with a 

few isolaad scattaed cek Tlg 3A). Among these two distinctive celi types were the granuliir 

haemocytes and fasifonn-shaped fibrobiasts. The latter had large nuclei, abundant ribosomes, 

scanty cytaplasm with little rough endoplasmic retiCU1um and few mitochondria. They were also 

c h a m t a i d  by long, slender processes with some of the processes having thin filaments adhering 

to neighbouring bistema ceUs (Fig 38). There appeared to be a close relationship between the 

haemocytts, fibroblasts and biastema cells. The blastema cens, representing the third cell type, 

were sirriilar in qpamnct, behg ratha undifferentiated having large, euchromatic nuclei @g 



Figure 3. A Low rnaflcation longitudinal-section through h b  bud @) and coxal stump (CS) 

showing a prolifefating epitheliurn and dative absence of cei.Iular materiai within stage 2 lirnb bu& 

Below the papih are fibmblasts (arrow) fomMg loose compartments and scattered haemocytes 

(mwhead). The limb m e  (n) has retracted away h m  the autotomy plane and is enveloped by 

fusif' ceus (double arrow). B Wïthin the hnb bud haemocytes (h) often appzar closely 

associateci with fibroblasts (f) which are charactcrizcd by thin. long cytoplasmic extensions 

(arrows). A x220; B x3 100. Bars: A 100p.m; B 5prn 





Figure 4. A Epithelial cells with euchromatic nuclei, prominent nucleoli (arrow) and abundant 

niitochondria (m). B Cd in metaphase of rnitosis with chromosomes aiigned dong the equatorid 

plate. C Undifferentiated blastema ce& with highly euchromatic nuclei. A x3 100; B. C x3 900. 

Bar: 5pn 
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4C), indicative of rapidly growing celis with a high rate of protcin synthesis. The cytoplasm haâ 

virtlially no mmibnuioos organelles and was densely. though evenly packed with smaü eïectron 

dense granules, k l y  ribosomes Occamng either singiy or in rosettes (polysomes). 

Bclow the papinia, pximai to the autotomy plane was the large pedai newe (Fig 3A), 

meny b 1 d  vtsseis and 6ne celis including haemocytes, fibroblasts and blasterna ceiis. Tbcsc 

formed closcly associatcd groups, containeci within a nctwork of cytoplasmic strands ciiredy 

below the papîiia. Around the pairneter of the neme, within or perhaps subjacent to the 

perineirrium were sevcrai large fusiforrn ceiis (Fig 3A). 

A longitudinal finrow appears in the distal tip of the papilla markhg the beginning of segmentation 

by dividing this region into the putative dactyf and propus segments (Fig 1). ûpposing groups of 

pliferatiog cclIs, prcsumably epithclial in origin, have bulged inwards (Fig. SA) to longitudinally 

dinertntiate the distal segments forrning two distinct arais within that region of the h b  bud: the 

small dactyl which at this point was empty and the much larger propus containhg a number of 

diffant fine ccll typcs including granular and agranular haemocytes and fibroblasts with long and 

in sorne cases very hpu ia r  cytoplasmic extensions packed with mitochondria. No granular 

arnoebocytes wece obsmred 

Epithelial and fkee @lastemal) cells were obsewed in both early telophase and metaphase 

stages denoting active proMeration of these ce& vig SA). These cells also displayed granuiar 

cytopIasm with abundant fkee and attached ribosomes, polysomes and mitochondria as weil as 

prodent rough adoplasrnic nticdum and conspicuous Golgi bodies. 



Figure 5. A Low magnincation cross-section through dista1 region of stage 3 limb bud in which 

opposing groups of proliferating cells have buigcd inwards (arrows) to begin segmentation into 

propus @) and dactyt (d). Both epitheliai (e) and free cells are in active mitosis (short arrows) B 

Segmentation is coqlete in stage 4 limb bud by a dividing waii of cuticle (c). Note also the large 

m m i t  of empty spacc within the segments, the long cytop1asrnic extensions between f ke  œfls 

(mws) and the intirnate association (double anow)betwewi different fiee ceU types and epithelial 

(e) ceiis. A ~480: B x570. Bar: 5 0 p  





In stage 4 limb buds a series of transverse f m w s  dong the length of the h b  bud appears 

rcprtscnting dmsion of the more pf0xima.I limb scpents (Govind and Read 1994) (Fg 1). The 

distal region of the Iunb bud has c 1 d y  divideci into a propus and dactyl with cuticular tissue 

between the nspective segments (Fig SB). Apart h m  the cpithclial cells circumscribing the 

segments, the segmnts are stiU largdy empty, however steUate and fusifom fibroblasts with 

long cytoplasmic pmxsscs fonn a network withm the lumen, S o m  of the pnxwses of the 

f ihbasts  makc contact with haemocytes and epitheiiaI celis witbin the lumen (Fig B). 

Fmt appearanct of muscle tissue was detected in cross-sections near the propus-dactyl 

joint (Fig. 6A, B)* 'Ihe tissue appears in the fomi of scattemi fhgments of striateci myofibriis in 

two regions of the propus, pmbably indicative of the opener and closer muscles. The myoblasrs 

posscssed large euchromatic nucle& prorninent nucleoli and abundant ribosomes and mitochondria 

but nrttially no Golgi bodies, endoplamic or sarcoplasmic reticulL No associatecl efferent 

innervation was observed. Aïso seen for the f h t  tirne was sensory innemation in the f m  of outer 

deadritic segments sumtmded by enveloping cek within the epithelial Iayer (Fig 6C). These wae  

obsmed in the distal regions in eariy stage 4 limb bu& and both distally and to a lesser extent 

proximdy in later stage 4 buds, suggesting that afferent innemation regenerates in a distal to 

proximal direction* 

Haernocytes and fibmbsts are stül the pndorninant ceU types in the lumen of the limb 

segment, often with contacts in the form of junctional complexes, between them (Fig 6D). 

Additionally, oclis with lipid droplets in the cytoplasm were seen (not show). These membrane- 

bound inclusions had a fine granuiar appearance but stained unevenly, wen  large and sphericd and 

filIed the cytoplasrn. niese cells had very prorninent and densely stacked Golgi bodies. rough 

endplasmic nticuîi and elongate, lobular nudei 

Stage 5 limb buds though stili small have acquirtd the typical pincer-like proportions and 



Figure 6. A Myofibrillar hgrncnts ( m w s )  observed in cytoplasrn of intimately assOCi8ted 

groups of myobltm one of which is shown at higher magnification (double arrow) in B. B 

Myoblast displayhg organizaton into sarcomeres delimiteci by Zhes (2). Arrows show plasma 

m a b e  of myoblast which is stiU anfuseci at this stage. C Relationship bctween haemocyte (hl, 

other ceil types and cytoplasmic strands and filaments within the limb bud; note presence of 

presnmptive innavation (arrow) within cytopiasm. Key fkatures of these associations were 

jmctioaal complexes (double m w ]  shown at a higher rnagnification in D (arrows) extending 

from haemocytc to other celi types. A x2 900, B x26 400, C x4 400; D x16 800. Bars: A, C 5pm 

B. D lw 





Figure 7. A Weil oganizad newe with numaous bundles of unrnyelinated axons (a) some in 

groups and glial nncla (n) in a stage 5 l h b  bud B Saiated muscle with 2-lines (2) d e m g  

sarcomaes and a navt temimi (t) containing clear synaptic vesicles and rnaking synaptic contact 

(arrow) with muscle grandm sarcoplasm in a stage 5 limb bud A x3 10 ;  B x 15 200. Bars: A 

lwB5w 
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werc M y  scgmmd The segments possessed a weU-organized ncrve with unmyclinahed axons 

and accompanying glial ails (Rg 7A) and weîi-defined muscle fibres with myofibrils and 

occasional synaptic ticmllnals (Rg 7B). 

DISCUSSION 

One of tbe main hndings h m  our study is the appearance of a scafTold formed by the 

intcrcomecting processes of fibroblasts in rcgenerating blastema The long rhin processes of the 

scafXolding îikely provide niinimal structurai support most of which is probably supplied by the 

fiuid withi. these compartments. Howevnr, the scaffoid appears to provide a fiamework for the 

laying dom of futme lirnb tissue, the fïrst of which to apptar is the boundary between propus and 

dactyle Further segmentation dong the lmgth of the papiUa dcmarcates the entire limb and ody 

afkr uiis does mon spcciaüzed tissue appear such as neme and muscle. 

Subdivision of the distal tip of the papm into the putative propus and dactyl is therefore the 

earliest indication that the regenerating blastem is destined to become a iimb. This marks a stage 3 

limb bud which is also the earliest timc during regeneration of a pincer limb when removing the 

contrahteral snapper ciaw will muit in a reversai of claw bilaterai asymmetry i.e. the regenerating 

pincer side will devclop as a snapper and the snapper side wiil regenerate as a pincer (Govind and 

Read, 1994). Rcmoval of the snapper claw before the pincer side has regenerated a stage 3 limb 

bud will result in the regeneration of the paireci claws in th& previous configuration and cIaw 

bilateral asymmetry is not reversed Thus the aansfomiing signh will only be effective on the 

regtnerating tissue when it has cornmitted to becoming a limb i.e. when it has begun segmentation. 

If the transforxning signal is inhibition (Rd and Govind, 1997) then it means that inhibition is 

appfied ear1y in development and regeneration, but can be lifted at almost any time as a N l y  

f o d  pincer will transfomi into a snapper. 

The other main finclhg is the identification of cell types in the blastema. Epitheliai œUs, 



fi'bir,biasts ami hecmocybs constiniae the m8jm types and a i l  three appear to interact with cach 

otha viajmictional comp1exes. A prominent faturc of ceiis within the Iumen of the limb bud 

paiticulrirly during stage 3 and 4 wnt the numaous inttrctIlular contacts beh~ecn M m m t  types 

of ceiIs. These contacts osually took the form of slender. Mcrovilius cytoplasmic extensions, 

so metimes fhfmcd at the site of contact, similar to hCrmdesmosomes. although g2p junctions were 

also observeci. This was partidariy evident between amoebocytic haernocytes and fibroblast-type 

ceh rcsponsib1c f a  the aetwork of cytopiasmic extensions prominent widiin the luminai space of 

the papilla In mynsh, sirriilar types of junctional complues were obscrved between granular 

hacmocyte and giial cc* of damaged gangiion nerve mots (Shivers, 1977). It was suggested that 

these contacts functioneû as a means of identirying damaged tissue prior to ingesting it. Junctional 

complexes fomd between different di types participaring in muscle regeneration in crayfish wae 

also thought to be imrolved in inf~~nation exchange perhaps to synchronize the regeneration 

process amongst the different ce11 types (Uhrik et al., 1989). This seems a more likely function for 

the intercelfuiar junctional complexes observeci in the regenerating limbs of snapping shrimp. 

although the more obvious function of interceliulat adhesion shouid ais0 not be discounted. 

Based on thcir stnictuit, distribution and association with other tissue. we can begin to 

deduce the pmbab1e d e  of the identifiai ceIi types in regeneration. Possibly the most prevalent 

and prominent among the ceil types are the haemocytes. Shody &ter autotomy, they appear to 

converge at the wound site, especially concentrateci beneath the autotomy membrane, but also 

dongside the coxal walls which implies that the latter is the migration route they take to the fracture 

plaac. Most of these cefi are grandated haemocytes, likely coagulocytes, degranulating in a . 
process which may initiate scab formation (Hopkins, 1993). A nurnber of studies have attempted 

to classw mustacean haemocytes (Stemhein and Burton. 1980; Martin and Graves. 1985; Hose 

et al., 1990). however the issue rernains unclear in tenns of mminology (amoebocytes. 

coagulocytes vs. hyaline cells, srnail/iarge granule haemocyte), function and relative abundance. 

This may sirnply be a reflection of how diverse haernocyte morphology is amongst dift'etent 

spacies and as Hose at al. (1990) emphasize, atimipting to classify solely on the basis of 



Hatmocytes art ccrtainly critical to crustacms successfuliy regenerating a limb bud. nicy 

appcar to be imrolvcd in many as- of limb ngcncration including phagocytosis of naaotic 

matenal and rniao-o- scab anâ blastema foxmation, acting as stem cells for the 

regmeration of otha tissues and even recycling of proieins (Adiyoùi, 1972; Uhrik et al., 1989; 

Hose et ai., 1990, Goviad and Pearcc, 1994; this snidy). h snapping shrimp, granular 

haemocytcs wert the most abundant type, many involved in phagocytosis but others cleariy 

saving otha functions such as coagulation and possibly tissue diffkrentiation. Srnail nurnbas of 

agranular haawcytcs aiat also observeci, but theh function was unclear. Becausc tissue damage 

is miaimai with autotomy, consisting prirnarily of blood vessels and degenerating nerve, this is 

k 1 y  the mamial f i c h  amoebocytic haemocytes wae obsemed actively phagocytosing. 

In cra-h, moebocytic haemocytes were also fourd to be involved not ody with the 

degencration of damaged muscle, but under the influence of satellite cells were thought to 

transfonn into myogenic ah, posscsSing newly forrned contractile Natnents within the cytoplasm 

(Uhrik et ai., 1989). Haemocytes ware also closely associated with the degeneration of fast fibres 

and subsequent regenemtion of slow fibres during pincer to mapper transformation in snapping 

shRmp (Goviad and peat.Ct, 1994). In particuiar, arnoebocytes were found to phagocytose fast 

fibres, transporthg crystallule bodies into the new myotubts and possibly acting as stem cek for 

new myoblasts In the present study of iimb regmeration in snapping shrimp, first appearance of 

muscle was at stage 4, and involved ceUs of indeteminate &gin coalesced (while remaining 

disaact) to fom myotubes. In contras4 in Patutek'phtcsa fibroblkts mobilize to create myoblasts, 

initially uni-, then dtinucleate as they fust and iasert into their respective tendons and cuticle 

(Adiyodi, 1972). 1 am not sure whether the incietenninate cells seen in regenerating ümbs of 

snapping shrimp w a t  hacmocytes or fibrobhts. Intimatdy associated with granulas haemocytes 

w a e  presumptive anas of innervation within the blastemai lumen. This Ieads me to speculate that 

either of these ceii types (haemocytes or fibroblasts) or perhaps both rnay be involved in the 



How does whole limb or reparative regeneration compare in vertebrates and crustaceans? 

Epimorphosis, which reqimes that an apical epithelial cap forrn, dedifferentiated cells be produced 

and a aitical m a s  of ctlls (the blastema) accumulate seems to occur in both groups. In vertebrates, 

this is exemplifieci by d y  a few species hcluding the adult newt Notaphthahus (Komeluk and 

Liversage, 1984) and the early stage taclpole of the clawed b g  Xenopus (Khan and Liversage, 

1990). wliüc in crustaceans, WNally aii species including snapping s b p  are capable of 

regenmtion. In effect, during epimorpliic regeneration there is a ncapinilation of the ontogenetic 

events that occm during embryonic limb bud developmnt (Korneluk and Livasage, 1984). 

Hemomorphic regennation, otherwise hown as tissue regeneration, in which foilowing injury 

there is an immdiate attempt to reconstitute some tissues, seems to be resmcted to vertehates as 

exemplified by later stage Xetwpus tadpoles (Khan and Liversage, 1990). 

Perhaps the most controversial aad umesolved issue concerns the origin of the biastema 

ceus responsible for epimorphic regencration. Four possibilities exist including: 1) haemocytes, 2) 

reserve cells, 3) wound epithelium or epidermal ceils, and 4) dedifferentiation of stump tissues. In 

vertebrates it has been shown that although aU forir factors arc necessary for limb regeneration to 

occur, the main and perhaps only source of progenitor ceils is the Merentiation of mesodermal 

stump tissues (Liversage, 1991; Brockes, 1994) although there is evidence that reserve larval 

satellite c e k  may also act as a source for regenerating skeletai muscle in adult d e l e s  (Cameron 

et al.. 1986). The situation in crustaceans is l a s  c1ea.r CUL One school of thought is that, as with 

the vertebrates, the process is entirely local, due primarily to the dedifferentiation and 

rediff'ntiation of nearby epidermai (which are vexy proMefative), n e d  sheath or muscle ceUs 

(e.g. Needharn, 1965; Adiyodi, 1972; Skinner, 1985), however there is little direct evidence for 

this contention. An epidemial origin for muscle, for example seems uniikely for at least two 

reasons. When epidermis reaeats h m  the limb stump, the muscle insertions persist, an 

unexpected occmence if both muscle and epidermis had a common origin. Ah, regenerates 



somtimes occur which consis& of a pcmtanently empty epideR1181 sheJI. suggesting that the 

cpidaniis is not able to give rise to 0 t h  tissues or orgm (Needham, 1965). 

A second schod of thought is bat immigrant systeniic ce& play a vital d e ,  particdarïy 

with respect to myogaitsis. In addition to the evidcnce prcsented =lier (Uhrik et ai.. 1989; 

Govind and Peerce. 1994) and this snidy. Lumb et al (1991). in documenthg limb regeneration in 

lamal mud crab showed that ceb which gave rise to myoblasts w a e  also found fke in the 

hmolymph and appearcd to be closely relatcd to the haemocytes of other crabs. Haemocytts w a e  

ais0 impiicatcâ by Babu (1987) who nomi their migration to the cuticuiar shell where thcy 

Mercntiated into small patchcs of muscle. Plasmatocytes, possibly a distinct type of haemocyte of 

horseshoc crabs but M a r  to the fibroblasts d d b e d  h m .  appear to serve as pluripotent cells. 

diffkrentiating and giving rise to muscle, neme and possibly blood vessels (Clare et al.. 1990). 
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CHAPTER THREE. REGENERATION AND SEX-BIASED TRANSFORMATION 

OF THE SEXUALLY DIMORPHIC PINCER CLAW 

Addt snappiag shRmps A@hcus heterocheIk have pairied ssymmctric claws, a iarge 

8iapper which is siinüar in thc sexes, and a mnch d e r  pincer which is sunially dimarphic. The 

male pincer is slighîîy mare hypertmphiied comparai u> the f d c  and thaefore intennediate in 

size bctwecn the f d t  pinœr and the snapper. This has led to the suggestion that female pincer. 

male pincer and snapper reprcsent a continuum in claw developmen~ To test this possibiüty I 

examiacd regaiaating saappas and found them to pass through a pincer-like stage in both sexes. 

In rnalcs they transiently possess the pincer-characteristic setose fringe. As weiï. the regenerating 

closer muscle shows a band of fast fibres rerriinisccnt of the pincer closcr muscle in both sexes. 

S h  the d e  pinCa more closely resmibles the snapper in extemal and intemal morphology than 

the f d c  pincer, its t r a n s f ' o n  to a snapper may be more easily pncipitated. To test this 

possibility 1 cut the mapper dacty1 and this triggned transfmtion of îhe pincer to a snapper in 

84% of maie shrimps but only in 28% of fernaie shrimps. During the intemoult in which the 

snappa dactyl is cut, axm numbers on the pincer side exceeded those on the snapper side in males 

but not in fernales. Since this shift in axon numbers favouring the pincer side occurs weii before 

the pincer transfomis to a snapper at the next moult it may signal transformation. These data 

suggest that a functional siapper rnay be more important to the male, perhaps a coosequence of its . 
heightened defmsive de. This idea was tested by observing the behaviou. of cohabiting 

hdaosexual pairs when introduced to an inmide. 1 found that males were more b l y  than 

i d e s  to asgage in agonistic interactions and took a more active d e  in guarding the burrow 

entrana. 



In the ammal kingdom diffkrences between the sexes are legion, extending h m  genes to 

behaviour and expresscd in varying degrees. Some of the more noticeab1e differences are often 

expressed in bodily f m  and function. Male fiddler crabs, for instance, show a striking bilateral 

asymmetry of their paired claws: one is an enomwwisly eniarped major claw for defena and 

wurtship, and the other is a minor claw for feeding. Females, on the other hanà, have paired 

minor claws (Crane, 1975). Boui sexes begin development with simiiar paired claws, but in males 

the pair Merentiates into major and miwr types, w&ile in females the pair differentiates into minor 

types, showing fundamental differences in genetic make-up and or expression between the sexes. 

W h e h  the major claw develops on the right or Ieft side of the animal is a mndom event, based on 

the l o s  of a claw during a critical developrnental @od which triggers the intact claw into 

developing as a major. If claw loss is prevented during this period then both develop into major 

types, and if both claws are lost during this period then neither side develops major types 

(Yamaguchi, 1977). Beyond the aiticai mai, claw type is fixed and cannot be altered. 

More subtle diffmrices in claw bilateral asymmetry appear benueen the sexes in the big- 

ciawed snapping shrhp Alpheui hererochelis (family Alpheidae) (Fig. 1). where both males and 

females possess paired asymmetrïc claws consisting of a major or snapper claw and a minor or 

pincer claw (Pxzibrarn, 1190). The snapper claw is half as large as the entire animal and has a 

specialized hamer which snaps into a matching socket with SuffiCient force to eject a jet of wata 

and make a loud popping sound; these behaviours are wd in agonistic encounters during 

temtod disputes or competition for mates (Haziett and Winn, 1962) and predation to crack open 

small bivalves or subdue small invertebrates (McLaughlin, 1982; pers obs). The pincer claw is less 

than haif the size of the snapper, lacks the hamrner and socket and is used in burrowing and 

fceding. Whde the snapper cIaw is s i d a  between the sexes, the pincer claw is sexuaily 

dimorphic. The d e  pincer is larger and has a h g e  of setiie on its pollex and dactyL The female 

ciaw is smaller and lacks the setai fkinge (Fig. 1) (Wilson, 1903; Read and Govind, 199 1). 



Whetha the snappa dcveIops on the nght or Ieft side of the body appears to be determineci by 

claw loss dming the critical paiod (Young et ai., 1994), much as in male fiddler crabs, with the 

intact claw developing into a snappcr. However, unlikt fiddler crabs, claw bilateral asymmetry 

oncc established in q i n g  shrimps, does not remain fixed in adult life as its placemmt can be 

mrased (Rnbram, 190 1). 

R c v c d  is nsPally triggaed when the snapper claw is lost and the intact pincer claw 

transfonrr, hto a snappa whilt a new pincer rcgenerates at the old snapper site. Transformation of 

the pincer to snappa claw is gradua1 (Wilson, 1903), so that initially the transformai claw has an 

intexmediate appammc which is 10s in subsequent moults as the snapper acquins its characteristic 

form In kapiag with the fact that the male pincer is larga and mon robust than its f d e  

counterpart, trans£omation of the male pincer is more advanced than that of the f e d e  pincer aha 

tk first moult Howevcr, in some mate shrimps the newly transformed snapper claw stili retallis 

the charaaaistic pincer setose &gc on the pollex and dactyI. These observations Ied Wilson 

(1903) to suggcst that the female pincez is the least differtntiatod form, resembling the l ami  form. 

whüe the slightiy man diffkrentiated male pincer represents an intennediate form, and the male and 

feaiae snapper the final f o m  If the pincer claw represents stages in the development of the 

snapper based on extemal feanires 1 wodd expect comborating evidence from intemal 

morphology as we& such as in the muscle and innervation. 1 thaefore studied regeneration of the 

snapper claw in d e s  and femaies and found evidace in externai and intemal f e a m  for the 

hypothesis that the male pincer is much more ciifkentiateci towards a snapper than the fanale 

pincer. Because of its intamediate status 1 investigated whether the male pincer wodd transforrn 
rn 

morc readüy than its femaie counterpart in nsponse to an identical trigger, Le. snapper 

dactylotorny. Males wm more sensitive than femaks to this procedure which rcsulted in more 

axon profiles on the pincer side. This shift in innervation beween snapper and pincer si& may 

trigger trans fodon .  

That males have a relatively larger snapper claw than females (Schein, 1975) and possess a 



46 

pincer which is man snapper-like and more sensitive to tram&onnation suggests that a funaional 

 nappa may be mare criticai to meles than f d l e s .  This may bc a reflection of the dichotomous 

bchavioral mles of the sexes, and is hinted at by studies showing that males tend ta be more mobile 

dLaa f d c s  (Nolan and Salmon, 1970; Knowlton, 1980). 1 found that when an estabiished 

cohabiting hctcmsanal pair was introduced to an intruder, the male was much more iikely to 

c n g w  in agonistic interactions with the intnider than the fernale and that males took a more active 

role in gusrding the b m w  cntnuict than fernales. 

MATEEUUS AND METHODS 

Ad& snapping shrinips, A $ h  heterochelis, of both sexes were collectecl at low tides off 

the Coast of Beaufort, North Carolina, and transporteü to Scarborough, Ontario, where they were 

held in the laboratcny at room temperature, 230C The shrimps were housed individuaüy in 25 

litre gùiss aquarh, partitioned into 12 cornpartrnents with piastic screening (Young et al., 1994). 

They were fed at 2-3 day intervals with a specially priepareû diet consisting of a mixture of fish, 

ôeef hem& carrots and commercial tmut chow. Under these conditions the shrimps had an 

inftnnoult period bctwcen 19-26 days, for an average of 23 days. A detailed moult history was 

k q t  for each animal and in most cases experimental manipulations were canied out one or two 

days following ecdysis. 

AU animais were alIowed to moult twice before king selected for shidy in order to ensure 

that the ciaws wae M y  differcntiated @ead and Govind, 199i). To facilitate cornparison, the 

control p u p  of animals selected for study w a e  approximately of the same size with a body length 

of 30 mm, a carapace length of 10 mm, and claw lengths of 16 and 10 mm for snapper and pincer 

claws respactively. The expaimentai group was mon variable in size because of availab'ïty and 

nmnber required (ova 400) with ranges for body length of 25-36 mm, carapace length of 7.5-14 

mm, snapper claw length of 11-20 mm and pincer claw length of 7-14.5 mm. Two types of 



acperimental manipiilations were made. One type conssrcd of £irst anesthetizing the shrimp by 

coolin& tbcn cntting the -1 of tbt mmppcr claw close to its attachment to the claw so that most 

of it was removeci. Snappa dactylotomy WBS paforrned usuaiiy 1-2 days afta a moult and the 

cxperimmtal shrimps wae obsavcd ove  the ncxt two intcrmoults. The cut end of the dactyi 

beeled during the intumouit but the shrimp did not regenerate a dactyI over the next two 

intamoufts which was the obscwation period. The other type of manipulation was to induce the 

animal to autotomizc both ia clam afkr  ccdysis by gently pinching the limb with forceps just 

distal to the autotomy plane. ki some cases, the shrinrp w a c  aliowed to regeneraa: the h b s  for 

ont moult cycle then subjected to a second sirnuitanmus autotomy of the pincer and snapper. The 

effkct of this seaned to be to slow d o m  the developmental program of the limbs so that the stages 

became more drawn out and thus more distinct They were then studied by means of 

histochemisay, elecfpon microscopy and simple obsewation. 

1 also prepared the nexves to the paired claws for electmn microscopy by procedures 

outlined previously (Govind and Pearce, 1988). The shrimp was pinnexi, ventrai side up. in a 

syl&ard-lined dish, med with marine crustacean saline, and the ganglion and attached nerves werc 

expose. nie saline was replaceà with prirnary fixative for 0.5 h, before the nerves to each side 

with th& attached hemiganglia were dissecteci out of the animal. and placed in fresh fixative for a 

fbrthcr 1 hg FoUowing standard procedures for post-fixation, dehydration and embedding (Govind 

and Ptaroe, 1988), the nerves to each side were cut in cross section, as close to their exit h m  the 

gangiion, h order to capture all axons leading into and out of thé ganglion. Then are two principal 

n w e s  exiting fnnn the ganglion to each claw, a smali first nerve and a large second nerve (Govind 

and Pesrçe, 1988). Cross-sections of each nerve were photographed at xl800. via a &es of 

expslires and these wae printed at a final magnification of x6 000, to rnake the srnailest axon 

(4.5 um diameter) in the nerves visible fm counting. Photographie prints were assembled into a 

montage of the entire cross-section of the nerve and counts of the axons were made, without 



1 used the scanniag elatron microscope to compare the extemal morphology of the pincer 

chw of males and f d e s .  The claws were removed by pinchhg the propus with forceps thus 

inducing the enimal to autotomize the h b .  Routine methods of fixing, drying and coating w m  

then nsed to pxepttrc the claws ( R d  et al., 1991) prior to examining with a Hitachi S-530 

Scannmg elcctron niicroscopc. 

Shrimp intended for histochemical study were subjected to one and in some cases 

two consecutive SiniUItaneous autotomies of the pincer and snapper. They were selected at various 

times dming the first and second intermoult periods, usudiy when the regenerating h b s  were stiii 

somewhat cryptic. Standard histochemical mthods wen used (Ogonowski and Lang, 1979). 

Limbs to be d y z e d  wexe autotomhd, photographed. flash h z e n  by dipping in isopentane 

cooled with liquid nitmgen, and serial sectionad in a cryostat The sections were affixeci to 

coverslips, incubated in ATP medium and processed in calcium chloride, cobalt chloride, and 

ammonium sulphide to reveal diffennccs in myofibriilar ATPase activity of the muscle: fast muscle 

fibres Stained relativcly darker than slow. The sarnples were secund to siides with permount, then 

photographed. 

Maks and fedes  were matched accarding to size (carapace length: 10.5- 1 1.5 mm; total 
O 

Imgth: 30.0-33.5 mm) and simultaneously introduced into 20L aerated observation tanks which 

w a t  supplicd with a p v e l  subsmte to a height of 2 cm and fied with &iciai seawater to a 

height of 7 cm The temperature was held at 23'C and amficial light on a 12: 12 h lightdark 

photopaiod was estabLished. ARUnals wen fed on a daily basis and a clear plastic tube. 2 cm in 

diameter and 15 cm long, o p  at both ends, was provided as a shelter. The shrimp were 

considered to be an established cohabithg pair if both w e n  obse~ed occupykg the shelta in a 



relativdy tran~uii manner withti 2 d of behg htroduced and over a paiod of at lem 5 ci The 

typical stance of an established pair was a tail-to-tail position withia the shelm. Incompatible pairs 

were d y  apparent, invariably resuiting in one ammal ( u d y  the i d e )  king wicled from 

the burrow or cannibaüzation of one shrimp by the other. Ooly established pairs were used in the 

smdy. Obsewations aiaïs of 15min duration were d e d  out baween 2 and 4 pm. 

To establish a baseliae for experimnts to follow, general observations were conduaed on 

undisturbed cohabiting pairs (hereafter refernd to as the host male and fernale). Based upon a 

behavioural repertoire gamered h m  preliminary sbdies7 thc specific behaviours of each sex wae  

recordeci using a tape muder, then quantifiai by tabulating and categorinng each occumnce of 

the behaviour. A total of 8 pairs were observeci. Foliowing this, the sex-related roles of these 

cohabiting pairs and six additional ooes wae assessed when the pair was subjected to a newly 

intmduced male (ha- referred to as the invader). In order to encourage greater interaction and 

prevent one siw cmtests, the invader was matched in size to the host male. Pria to the start of 

each nial, the invaâer was restrained for 10 min in one corner of the aquarium using a plastic mesh 

corn--nt (10 cm x 10 cm). During this @ai the host male and female remained in their 

shelter. The invader male was then released and observations recorded as before. Trials in which 

no interactions occurred were eliminated h m  the study. Each established pair and invader male 

were used oniy once with a total of 14 triais king recorded. In a follow-up experiment to assess 

which sex of the established pair guards the enmance, one end of the shelter was blocked and the 

relative positions of the male and f d e ,  while occupying the shelter were noted and recorded at 

hourly intervals. This was done for 5 different established pairs. 

RESULTS 

Comarison of claws between males and f e n d e  

In addition to the diffa- between male and female pincer claws previously listed 



(Wilson. 1903). there is also a prominent cuticuiar ridge on the mesial face of the propus in the 

maie pinCa similar to the snapper, that is lacking in the fernale pincer (Fig. 1). Differences in size 

of the pincer and snapper between males and females were demniined by comparing the ratio of 

claw length to width and d d g  a stoutness index; the srnuter the claw the lower the index rable 

1). The data wexe analyzed by ANOVA and sbowed significant diffaences in stoutness index of 

different claw types (F 3-95 = 270.82, p 4.0001). SchenZ's multiple cornparison test showed no 

significant differences in stoumess of the snapper claw between the sexes (Fs = 0.125, p >0.05), 

however the male pinCa claw was significantly muter than its female counterpart (Fs = 8.927, 

p<0.05). Thus in stoumess as weil as in the presem of a cuticular ridge, the male pincer more 

closely resembles the snapper than the female pincer. 

Innervation to the claws was assesseci by counting axon profiles in the m e s  as they exit 

the ganglion, thaeby masuriog total innervation. Two separate newes originate h m  each hemi- 

ganglion swing the major and xnînor claws (Fig. 2); each is packed with myelinated and 

unrnyelinated axons. 

The majority of profiles within the nerves are sensory and the relatively few motoneurons 

are among a group of large myelinated axons in one quadrant of the nerve. Both nerves are 

qualitatively similar with a mixed population of sensory and motor axons. Counts of the total 

number of axons were nude in s e v d  simüar-sized male and female shrimps and showed that the 

snapper claw has many more axons than its counterpart pincer in both sexes (Table 2). 

The différence in axon numbers between snapper aod pincer sides however, is not as great 

in male compared to female shrimps as seen by the ratio of axon numben between snapper and 

pincer sides (Table 2). The data was analyzed via a two facu>r ANOVA, the factors king claw 

type (snapper, pincer) and sex (male, female) coupled with a multiple cornparisons test. There was 

no signifiant interaction effect (Fiela = 0.658, p = 0.4291) nor was sex important (F1.16 = 1.815, 

p = 0.1967). Wect of claw type, however was significant (Fi~i6 = 10.686, p = 0.0048). and 



Figure 1. Addt male (A) and f e d e  (B) snapping shrirnps with paired asymmesic claws 

consisting of a large snapper claw and a srnail pincer claw. The snapper claw is similar in the 

sexes. whercas the pincer claw is sexuaüy dimorphic. The male pincer is rhicker, has a ridge on the 

propus (arrowhead) and has a prominent fiinge of setae on its dactyl and propodus (insets of 

scaoaing eIectron micrographs). The fernale pincer is thinner and does not have the setose frhge. 

Scale bars, a n i d s  10 mm; claws 1 mm, 





Table 1. Co-n of stoumess index (ratio of propus length to width) betwcen paired snappa 

and pincer clam of aciuit male and fcmak snrimps. 

Stoutness index (mean f sem) 

snapper pincer 

Males (n=25) 



q x d h i l y  Fisher's LSD test showed a signifiant differe~~ce betwcen the number of axons 

innemathg snapper and pincer of intact females (LSD=3412, @.05), but not of intact males 

&Sm-3412, pAI.05). 

The d e  pincer (Mana-Whitney U-test, U=5.5, p<0.05) and snapper (U=9, p,4.05) are 

innavated by a greater number of axons than the fernale cornterparts however as Table 2 suggests 

the diffmnce appears to be greater for the pincer claws This s e x d  dimorphism in axon numbers 

is likely related to the fact that the d e  claw is more elaborate than its fernale homolog (Fig. 1). 

To examine the possibility diat a putative snapper claw passes through a pincer-like stage 1 

sRYiied regeneration of the snapper claw by autotomking both claws simultanwusly. The claws 

regenerated to their previous configuration in over 100 shrimps of both sexes including 48 in 

which the regemting Iimb buds had been autotomized a second time in order to slow 

ngeneration. In 34% of s b p  subjected to two consecutive paired autotomies the limbs showed 

slight asymmetry into snapper@incer, while in the rrmaining 66% it was observeci that b b s  on 

the snapper side, while regenera~g seemed a> pass through a distinct pincer stage. On both sides, 

the limbs initially w a e  long, slender, featureless and quite wtak in appearance, much iike the 

pincer of a fernale (Fig. 3). The next feature to appcar was a siight ridge on the mesial face of the 

propus in males, a feanire also found in the male pincer. Also chamcterïstic of the mide pincer and 

appearing in the regenerating male snapper was the setose fiinge on the dactyl and pollex which is 

lost with funher development, but clearly shows the snapper claw passing through a pincer stage. 

Finally, a plunger and socket differentiatt and mark the r e g e n m g  claw as a snapper. The claw 

continues to hypertrophy in the succeeding moulu and acquins a pristine appearance. Thus a 

regenerating snapper in both sexes appears to pass through a pincer-We stage before acquiring its 

final fonn. 

The above observations were stmngly COfiObOrated by histochemical evidence which 

determhd the fibre composition of the closer muscle. In shrimps with pristhe well differentiated 



Figure 2. Cross-dons of hrst (A) and second (B) nerves to a d e  snapper claw in an adult 

shrirnp showing tightly packed axons, most sensory, with a discrete group (axrow) of large axon 

profiles repnsaiting motoneiwns. Numerous darkly stained structures are myelin nuclei. At 

higher rnapnincation (C) the nemes are seen to be cornposed of unmyelinated (u) and myehated 

(m) axons, the latter characterized by prominent darkly stained myelin sheath (arrow) and nuclei 

(double arrow). A, B, x370; C, ~6,000. Scaie bars. A, B. 50 pm; C, 5 pm 





Table 2. Comprison of axons nurnbers between pgired snapper and pincer sides of addt male and 

fernale shrimps widi paErd intact claws and snapper-dactyIotomued claws. 

Nurnber of axons (mean f sem) 

snapper pincer 

Intact maks (n=5) 

Intact femaies (n=5) 

Snapper-dactylommized males (n=3) 13122 f2050 

Snapper-dacty10tomid fernales (n=3) 13323 k412 



Figure 3. A pristine snapper claw representative of both sexes, with characteristic hammer on the 

dactyl which fits into a rnatching socket on the pollex, a transverse groove across the propus and a 

heavy semi-circullar ridge. Regenaating snapper depicts threc stages in male and fernale shrimps; 

the two early stages resemble pincer claws including. in males, a f i g e  of setae on the poilex and 

dactyl. 





claws, the pimxr closer muscle has a prominent band of fast muscle sandwiched berneen slow. 

whaeas the snappcr closer muscle is composed only of slow fibres (Govind et al.. 1986) Fig. 

4A, Br However, the regenerating limbs of animals subjected to paind autotomies did not initially 

show this pattem. In seven out of ten shrinips analyzed histochemidy foilowing paircd 

autotomy, the rcgcnerating limb buds on both the snapper and pincer sides possessed the fast band 

of fibres in the closer muscle (Fig. 4C. D). Indeed, the fast band was present in some animais in 

which the snapper side regenerate had a M y  acquired the more overt snapper featuns. This was 

obsaved in both males and females. As regeneration proceeds, the fast muscle band seen in the 

immature snappet is graduaüy lost and replaced by slow muscle fibres, thus rnimicking the pristine 

condition. 

1 also examineci claw innervation foliowing paind autotomy at diffetent times during the 

i n m o u l t  (3,6,9 days) and into the next moult in a single triai. 1 found that there were more 

axons on the snapper side throughout the intemoult and into the next. Figure 5 shows the results 

of this experiment for males and females and, dthough. the actuai numbers of axon profiles were 

considerabIy decreased because of degeneration, the snapper side had more axons than the pincer 

side at the tirne intesvals chosen in the intermoult and into the next moult when the claws had 

regenerated* 

ales are moE sewr bve to sn-r 
. . dac 

The male piacer claw compared to its fernale counterparî appears to be a more advanced 

stage in the differentiation of the snapper raising the possibility that it may huisforni more readily. 

To test this possibility 1 cut the dactyl of the snapper to act as a trigger which is rnilder than 

nmoval of the e n t h  claw that invariably precipitated transformation in females (Govind et al., 

1988) and males (unpublished data). Innavation of the dactyl makes up about one third of aiI  the 

axons to the claw (unpublished data). Monover, because the male and femaie snapper claws are 

similar. snapper dactylotomy wodd be equivalent between the sexes and provide a means for 

testing ciifferences between the sexes. Experimental shrimps were considered to be those in which 



Figure 4. Cross-sections of claws stained for rnyofibrillar ATPase activity showing fibre 

composition of the closer muscle in paind intact pincer (A) and snapper (B) claws of a male 

sbrimp and in newly regenerating snapper claws of male (C) and f e d e  @) shrimps where a d 

centrai band of fast fibres stül penists, reminiscent of the pincer closer muscle. A, x16; B, x8; C, 

D, x4û. Scale bar, 1 mm. 





Figure 5. Histogram of total number of axons to p W  snapper and pincer tides of male and 

f e d e  shrimps with pristine claws and foiIowing autotomy of the paired claws at sevaal tirne 

intervals (3.6.9 days) during the intermoult and &ter the next moult Greater axon numbers 

prevailed on the snapper side thmughout this series. A single animal was used for each time 

period. 



pristine 3 day 

pristine 3 day 

pincer 

6 day 

6 day 

9 day next moult 

9 day next moult 



the snapper dactyl was removed and the shrinq, pas& h g h  at 1-t two successive moult 

cycles witbout aumtamipng thedactylotomirPA limh. Dactylotorny was pafornied in over 30 

shrimps of which more than 85% eveatuaUy ttirew the damageci snapper- Of the remaioing 

slmmps, 43 were obscmd (Table 3) aad most of these had the pincer tninsf'onn into a snapper 

(Fig. 6). Rcgeneraton of the los dacty1 did OCCUT, but was an exaemly pronacd m e s s  

requiMg much longer than would be neQssary a> regrow the entire limb, Wely because the 

pmpus-dactyl joint is not a nanwl autotomy plane. Ranly did the daxnaged iimb autotomize afkr 

t r a n s f d o n  of the pin- had occurn& Clearly, dactylog>mv of the SM- is effective as a 

trigger for this process. 

However, the eff'ects of dactylotomy were more pronouncd in male than in female shrimps 

(Table 3); 84% of male shrimps had their pincer trimsform into a snapper compared to 28% for 

fernales. The difference between the efféct of snapper dactylotomy on males and f e d e s  was 

significant (-1 1.59, pd).ûûl), with males king more sensitive to the pmedure than females 

Based on the ciifference in the ratio of axon profiles between snapper and pincer sides 

between the sexes (Table 2). snapper dactylotomy might differently affect this ratio and might even 

reverse it in males, Le. snapper dactylotomy in maies might result in a greater number of axons in 

the t r a n S f ' g  pincer-tesnapper claw wrnpared to the existing snapper. In females the 

dactylotomized snapper would sti l l  possess more axons than the pincer. To test this possibility, 

the effect of snapper dactylotomy on the innervation was examined. Nerves to the claws were fixed 

12-14 days d k r  dactylotomizing the snapper since this would be the period of peak axon 

degeneration (which is what 1 was interesteci in) but @or to the regeneration of new axons that 

would follow. Thus it was not possible for me to know whether the animai king fixed would have 

undergone pincer transfamiation, d y  that it was vesy iikely that females would not have 

transfarmed and males wodd have transformed, 

Removal of the dactyl of the snapper claw had a dramatic eE=t on the b b ' s  innervation. 



Figure 6. A: An duit  male smpping shrimp with paircd snapper and pincer claws in which the 

sbappcrdsctyl has becn removed. B: ï l e  sam animal, one moult later, in which the pinœr has 

transfanncd into a snapper ciaw d t k g  in paind snapper claws; the newly transfonned mapper 

is d e r  than the 06ginai contcaherd snapper. S d e  bar. 10 mm. 





Figure 7. Cross-sections of first (A) and second (B) nares to a d e  snapper claw two weeks 

aher the snappa -1 had been nmoved showing axons not as tightly packed as in the intact claw 

naves (compare Fig. 2). although a discrete group (mow) of iarge presumably motor axon 

profiles an prominent. At higher mgfication (C) there are clear signs of axon degeneration 

(amws) incliuiing areas devoid of axons. as weii as intact lmmyelinatcd (u) and myeIinated (m) 

axons. A, B. x370; C. ~6,000. Scale bars. A. B. 50 C, 5 p. 





Tabk 3. TratlSfomatioa of pincer to snapper claw in response to dactyIotomy of the siepper in 

aduit male and fernale shrimps 

Total 'maies fernales 

Numba saapper dactylommized 43 

Numk transfonning pincer to snapper 26 

46 transforming pincer to snapper 61 



Quaiitatively, axon degeneration was iadicatcd by the presence of electrondense myelin figures 

and large intercellular speces fiiied with a granuiar maaix (Fig. 7). Although degeneration of 

axons seemed a> be quite extensive in both the tkst and second nerves, it was primarily confined a 

catain regions in each affécted nerve where it involved both myelinated and unmyelinated axons. 

A small group of large myeliaatsd axas, simated ia one quadrant of both nexves and representing 

motor axons (Govind and Pearce, 1988). was unaffected. Thus dactylotomy of the snapper claw 

had a smilar efféct in both sexes, in that it resulted in the loss of both types of axons in its ncrves. 

To conîrol for variations in size of expexhental animais, the axon m t  data were 

transformd to snappecpincer ratios and analyzed by t w c ~ f ~ r  ANOVA, the factors king claw 

type (snapper, pincer) and condition (intact males, intact fernales, snapper dactylotornized males, 

snapper dactylotomized females). Dactylotomy did signiilcantly effect the ratios (F3;33a=14.29, 

p=û.0026) although thae was no dinmnce in its effect on males and females (F3,u=û.073, 

~4.7918). As Table 2 suggests, fobwing a snapper dactylotomy the snapper/pincer ratio, for the 

first tirne, favoured the pincer in males. In femaics the snapper/pincer ratio stüi  favoured the 

snapper, following the nuid established for control shrimps of both sexes. The effect of snapper 

dactylotomy appears to be more pronound in male shrimps than in fernales as the snapper has 

fewer axons than the pincer in males but not in femaks nor in conml shrimps of both sexes. 

1 anal@ the behaviours of already estabbhed cdiabiting heterosexual pairs, rather than 

the initial male-fernaie interactions which have been adequate1y described elsewhere (e.g. Nolan 

and Salmon, 1970). The behaviours of an estabfished pair were categorized as follows: protniding 

(moves out of the shelter with claws and rostnun protruding then quickly retreats), explorhg 

(ieaves shelter and ambles about), digging (moves gravel using pleopods u s d y  around the 

shelter), manipulating grave1 (uses claws to m e  gravel about), snapping (forceful closing of 

snapper claw producing loud snap), fanning (rapid synchroaous waving of pleopods), interacting 

(contact of any sort of me shrimp towards the other), grooming (cleans body using the second pair 

of thoracic iimbs which are long, sleader and exemiely flexible) probing (uses flexible limbs to 



expiore subswte), exchanging position (one shrimp pushes past the other while inside the tube). 

As Fig. 8 shows the narmal behaviouf of males and females of au estabiished cohabiting 

pair was essentially the same widi two exceptions: 1) females were more often observed rmving 

grave1 nwi inside to outside the shdter, a behaviour perhaps nlated to her nimining role and 2) 

females siirprisingly, snappeâ far more fresuently than d e s .  Upon closer inspection the results 

for this behaviour were seen to be skewed by the fiquent sxsapping of the f d e  of one pair who 

subsequently moulted very soon afta the observation period. 

Having estabIished a baseline for the behaviom of an estabiished pair 1 was in a position to 

determine how the sexes would interact with au invader d e .  Thus the behaviours of the host male 

and fernaie foiiowing introduction of the invader male were counted and placed into tbree 

categories for subsequent analysis: 1) general interaaions which includes one shrimp lunging 

t o w d  the other's head or tail, pursuit of one by the other, antendation between two animais, and 

contact between the claws or tailS., 2) snapping and 3) leaWig the shelter (Table 4). Following the 

Boaferroni adjusment of the alpha e n w  level it was found that host d e s  interacted more 

frequently with the invader than host females (e3.03, pQ.005), there was a larger number of 

snaps between the two males (t=2.13, p<0.03) and the host male left the shelter more ofien than 

did the host female when the invader was present (t=2.35, pd.02). These data suggest that the 

male of a cohabiting heterosexual pair is mae likely to engage in dcfensive behaviour than the 

female. 

Finally when one entrance of the shelter was blocked and both shrimp were inside, the 

male of an established pair was more lürely to be at the open enmince (55 occurrences) han the 

fernale (13 occurrences) (Xz = 44.92, p<O.ûûûl, n=5 pairs), suggesting that he takes a more 

active role in protecting the shelter. 



Figure 8. Histogram comparing median of occumnce of differeflt behaviours of established 

cohabiting paired (male and female) adult snapping shrimp (n=8); exch=exchanging; rnanip 

su bst=manipulating su bstrate. 
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Table 4. BehaMour of host male and f d e  snapping s b r k q s  in the pnsence of an invader d e  

snaps 

khaviour hquency (per trial, meau hm) of 14 triais 

males fernales 



DISCUSSION 

?hae is an obvious sexual dimorphism of the pincer claw in adult snapping shrimps: the 

maie pincer is hypertrophiai compared to the témale and only it has a setose h g e  on its dactyl 

ad pouex (WiIson, 1903). The ciaws are dimorphic intemaüy as wek the male pin= closer 

musde has fewa fhst fibns than the femaie (Govind et al., 1986) and the male pincer has 

sigdicantly more axons than the female pable 2). Aitogether these~differellces point to the male 

pincer elaborating towards a snapper form 1 £ind evidence for this as well, in that the r e g d g  

q p e r  claw passes through a pincer-like stage in its extemal form and in the fibre composition of 

the closer muscle. Thus Wilson's (1903) initial hypothesis that the malt p b  is intumediate 

between the female pincer d the snapper gains additionai support. 

However, another rigorous test of Wilson's hypothesis would be to discover if the more 

advanced male pioca claw transfomis more readiîy to a snapper type than the less modifiai f d e  

phœr claw. This I d  to the main finding of our study that when an equivalent stimulus for 

-formation is applied, such as snapper dactylotomy, males are more sensitive diaa fernales. 

Why this is the case is not known but it could weii be that the advanced male pincer claw responds 

to a much wtakQ transforming signal, such as snappa dactylotomy. w h e m  the less advanced 

female pincer rtquKes a rnuch stmnger signai, such as claw autotomy or newe transection (Mellon 

and Stephens, 1978; Govind et ai., 1988). 

Wilson's (1903) hypothesis that the pincer represents an amsted stage in development of a 

q p e r  gains mort currency with our finding that males are more sensitive to snappa daqlotomy 

than fcmales. His hypothesis also provides a means for exphiinhg claw bilateral asymmetry in 

duit snapping shrimps. When they fimt develop, the paired claws are symmetncal and pincer-iike 

and in subscquent juveniles they differentiate into pincer and snapper types (Knowlton. 1973). 

Which one of the pair kcomes the snapper apptars to be detennined by extrbic fstors such as 

differential use of the paircd claws, with the claw that is used more becomllig the snappcr (Young 

et aL, 1994). A similar mechankm operates in the detexmination of claw hmdedness in juvede 
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~~ (Govinci and Pairce. 1986; Go- 1992). The putative snapper may in tirm inhibit the 

conaalacaal claw h m  hirther Merentiation and amst it at the pincer stage. Evideriœ for the 

existence of such an inhibitory influence has b e n  uncovered in experiments in which the snapper 

claw is autotomized to trigger transformation of the pincer claw and neural padiways in this 

transforming claw are disupted, either by removing the closer muscle or lesioning the iarge neme 

(Young et al., 1994). While the p k  transfomis into a snapper. ratha than a pincer regeneraîing 

at the oid snapper site, as happeas usually, o k n  a s118pper claw regenerates. Presumably, 

nducllig neural input removes an inhibitory signal h m  the tninsforming pincer-to-snapper claw 

that noxmaiiy d c t s  regeneration of the contralataal claw to a pincer type. 

Auhough the na- of the transforming signal is unknown. the present observations of the 

ratio d axon numbcrs between s ~ a p p a  and pinta side point to a neural influence. Whilc diis ratio 

favorns the snapper side in shrimps with intact pristine claws, this is also the case carly in the 

iatenm,uit (3,6, and 9 days) in which the pairrd claws are removeci Vig. 5). Therefore, bilateral 

di&rences in mon mrmbcrs are -nt Mon limb xegendon commences towards the end of 

the intemoult and continue in the pmnoult pexiod (Govind and R d ,  1994). In snapper 

~ 1 o t o m k d  shRmps however, axon counts also made in the intermoult period two weelrs after 

surgay, showed bilamal ciifferences in axon numbers favoiiring the pincer side in male shrinips 

qabk 2). Fanale shrinips continucd to show more axons on the snappa side. With an aveaagc 

w u l t  paiod of three wctLs for adnlt shrimps m our M ~ ~ Z C Z Y ,  pstmoult and intermoult 

@ods occ~py the first week while the premoult @od begins d y  in the second week when the 

new exoskelefon for the tm&orming pincet-to-snapper ciaw is laid dom (Govind and Read, 

1994). Since bilataal diff~nccs in axon numbers preœdc pincer-to-snappu transfomation. tbey 

are appropOaocly timcd to tri- teansfonnafion. Xt is possible that such bilateral diffhnœs in 

axni niimbas norrnaiiy fmoirring the snapper side inhibit the oppsite pimer side fnwi continuhg 

i dcvdopmcnt to a saappa. With reversal of these bilatcral differences, as in the case of saappa 

dactylotomy in male shrimps, inhibition of the pincer claw is removed and it transfonns into a 

saapper- 



in the presmt study of snapperdactyIotomized shnrnps bilataal changes in axon numbers 

w a e  pnxipitated by removing the dactyl of the snapper claw with the result that these shrimps 

ended up with paireci snapper claws. Had the snapper claw been removed completely. a pincer 

wouid have xegenerated in its place and this would be in keeping with the Iower n u m k  of axons 

on this side. Thus both stcps of the asymmetry reversai phenomnon viz. aansforrnation of the 

wtisting pincer înto a snapper and regeneration of a new pincer at th; old snappex site. may be 

controiled by a single ned-based inhibitory signal which originates h m  one claw, the snapper, 

and aterts its influence on the contralaterai claw. d c t i n g  it to a p k  type. 

The question we are left with now is why are males more sensitive than females to havîng 

th& sneppa claw damaged? It may be that a functional snapper is more important to males than 

f d e s ,  Although these animals are not gregarious, they do tend to inhabit burrows in 

hetemsexual. liktly monogamous. pairs. 1 hypothesized that it is the mide shrimps' respoasibility 

to protect or ddend the b m w ,  paaicularly during the period or season when the f e d e  is 

ovigaoos and iess mobile (Nolan and Salmon, 1970). Mortover, particUlat.ly in polygynous 

popiilations, males tend to be mort mobile, shuttling back and forth between a few sedentary 

f d e s  (Knowlton. 1980). My behaviod Qcperiments add m e r  support for this contention. 

dernomtmhg that in a cohabiting heterosexud pair exposed to the threat of an intruder male, the 

host male was mrc WEely than tht f e d e  to leave the shelter and inteaact with the inhnider. Indeed, 

the f e d e  seemed intent on avoiding any conflict in these situations, a d c e a b l e  snappa wodd 

be critically Unportant to the male. Since the femsile is in a protecîcd b m w ,  ddended primarily by 

h a  ma% it may not as important that she have a functional smpper. In reality, although an 

impaired snapper reduces sucœss in inûascxud cornpetition for shdters. it d a s  not inhibit the 

shrimps' ability to pair with a mernber of the opposite sex (Conover and Miiler, 1978). 

Saapping shrirnp use both the cocked claw (as a visual display) and the snap (as a tactile- 

acoustic display) as fomializcd heat displays (Schein. 1977). Qeary the former wouid be less 

enugy consuming and may be pnfexred by fernales in which case loss of the snapper dactyl may 



not be as debibihg as in rrtales who may bc more dependent on Osing the saap during agonisic 

intcmdons. Tb pnwess of transfomiing a pincer to a snapper is certaidy energy coasmriing. 

especislly in feaiales since their pincer is much less snapper-likc to begin with than in the males. It 

may be more arpadient for h a  en- stores to be useci for egg production which is known to be 

comlatni with larger body size (Knowlton, 1980) d e r  than the d y  process of transforrning a 

pincer hto a snappcr. The latter strategy wouM probably be redundant since, once p&ed shc may 

rartly take part in agonistic interactions or b m w  dtfence. 
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CHAITER FOUR CLAW TRANSFORMATION AND RECENERATION: T'EST 

OF THE INHX8l'MON HYPOTHESIS FOR MAINTAINING BILATERAL 

ASYMMETRY 

in the paucd aqmmc&ïc ciaws of ad& smpping shrimps, Alpheus haerocheli, the rninor 

or pinta claw may transform into a major or snapper claw if the existhg snapper claw is dama@ 

a iost implying that an intact saapper claw namally inhibits the contralataal pincer claw h m  

advancing to a mapper. 1 fhd that thepincer-to-snapper advancanent in ex- form ocavs 

almoaiannediabcly &the snappaislostcvenasbas thepremoultstageTbetranSf~g 

claw in tum inhibits the newly regenerating pincer claw h m  becorriing a snapper, but if the dactyl 

of the transfofming claw is cut. then siapper-based inhibition is nmoved and the coatraiatcral claw 

m y  ngamate as a stl8pper resuiting in shrimps with pair& snapper claws. Howeva. damaghg 

aa cstablished snappcr claw wiU not aüow another snapper ciaw to regencrate at the pincer site 

implying that lcss inhibition is reqiiired to nsrrict a newly regenefating claw to a p i n a  than it is to 

arrcst an existing pincer claw. Inhibition may be rnanZested largely in term of quantity of 

hiemation and ha~ce  thc gneta innervation of the snapper side over the pincer side would inhibit 

aie pincer side and this muid m u n t  for the ~gcncmion of paind claws in thcir pmious 

coIifigUration following los of both claws. Loss of the paired claws in Wo consecutive moults 

reairds th& development and they ofmi appear as pincas, but in sucœeding moults one u d y  

diffcmtiafts into a snappn and bilateral asyannetry is nstorcd However, shriaips with pairrd 

soappa claws retain this configiiration over severaï mouïts unies one or both of the claws are 10s 

in which cise regmation rtstores bilateral asymrrietxy. Thus, bilateral asymmetry of the paircd 

claws of aduit shrinips is govmd by a strong intriasic lateraüzing mechanism in which the 

snappa claw inhibits the pincer b m  advmcing to another snappcr. 



Among cmtaams. biIateral asymmetxy of the first pair of cheiipeds is wmrnon, one of 

the paired chws is more enlarged and elabomte (major ciaw) than the other (minor claw). In 

snapping shrimps of the Alpheid f d y ,  the major or snapper claw is alrnost as large as the 

abdomen and has a hammer on the moveable dactyl that fits into a reciprocal socket on the h e d  

p o k  (Fig. 1A. 2D) (Rzib- 1901). The closing action of the h 6 r  into the socket is with 

such îrumndous force that it is accompanied by a loud popping sound aod ajet-expuision of 

w-, both of which are used in agonistic encountm (Haziett and W m  1962; Ritzmann. 1974) 

or for aushing bivalve sheiis (McLaughlin. 1982). The minor or pincer claw is much smaiier and 

used in bmwing and feeding. 

An unusual feaaire of claw bilateral asymmary in mapping shrimps is the ability to reverse 

its c~nfigriration; loss of the snapper eariy in an intemoult results in the transformation of the 

pincer to a snappa and the regmeration of a new pincer at the snapper site at the next moult 

(Rzibram, 1901. WiIson, 1903). Rather than loss of the snapper claw, l e s  drastic measures such 

as its denervation (MeIlon and Stephens, 1978), dactylotomy (Read and Govind, 1997). or closer 

muscle tenotomy (Govind a aL,1988), are also sirfficient to trigga transformation of the pincer 

into a snapper, with the resuit that these shrirnps now possess paircd snapper claws as the existing 

s118ppa repaks itseif. Since these d p u l a t i o m  Mucïng pincercerto-s118ppes transformation involve 

damage to the nervous systwi of the snapper claw, it is likely that the transfoRnation results h m  

the Ioss of n e d  inhibition by the snapper claw which prevents the pincer claw h m  complethg 

its development to a snapper (Wilson, 1903). This hypothesis is bascd on the obsenration that 

~generating claws in adult shrimps pass through a distinct pincer-likt stage before differentiating 

into a snapper claw (Wilson, 1903, Darby, 1934, R e d  and Govind, 1997). In this schemc, loss of 

the siappa chw reinoves its inhibition on the p k  which then advances to a snappcr, and in fum 

inhibits the newly xegenerating claw to a pincer. 

Snappear-bascd inhibition of the p h  claw can a h  explain the fact that loss of the pincer 
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ciaw in adult shrimps resuits in the rtgamation of amthet pincer (Wilsoa. 1903). To explain the 

niCt that sirnuitanmus los  of both claws results in claw iegeneration in the samt configuration it 

wwld have to be assumeci that snapper-baseci inhibition prevails even in the absence of c h  

Thus, no matm which claw is Iost, inhibition by the snapper claw (or its site) on the pinœr chw 

(or iis site) emurcs ngaeration of bilamal asymmetry. Because the inhibitory Spa1 has a n a w l  

besi it can be eady rnanipuiafed with minor surgay  of the claws Hat 1 describe a numba of 

e-tztl nianipiilatiom dcsigned O explore SOE of the ramifiCatons of the inhibition 

hypodhesis for ciaw büateral asymrnetry in adult snapping shrimps. Our findings support the 

existence of a lateraüzllig mechaniSm baxd on inhibition h m  the snappex claw or from its site and 

its abiüty to switch h m  one side to the 0th~. 

MATERIALS AND METHODS 

Adult snapping shrinips, Alpheus heterochellrr. of both sexes were wilected at low tides off 

thc coast of Beapfort, North Carolina and mmpomd to Scarborough. Ontario where they were 

hcldinthclaboratmystroomtanpcranire.230C TheshrunpswachousediradivXddyin25lia 

glass aquaria, partitionad into 12 comparments with piastic screening (Young et al.. 1994). They 

w e n  fcd at 2-3 day intervals with a specially prepand diet coagsting of a mixture of fish. beef 

hcart, m t s  and connncrcial trout chow. Undn these conditions the shrimps had an intexmoult 

period between 19-26 days, for an average of23 days. A detailcd moult history was kept for each 

animal and in most cases experimental manipulations were d e û  out one or two days foiiowing 

ecdysis. 

AU aDimals wat dowed to moult twice More beiig s e I d  for shidy in order to ensure 

that the claws w a c  W y  differtntiated (Reaà and Govind, 1991). Several types of exp5ment.l 

rnaniplllzltions were made.. the simplest one was to induce the animal to a u t o t o h  its claw a h  

d y s i s  by gcntly pinching the limb with forœps just distal to the autotomy plane. More coniplwc 



Figure 1. Adnlt snapping s e s  showing different configurations of their pairrd claws. (A) 

Ristiat aPymmetnc configrrratio~~ in which the snapper (right claw) is extremely hypertrophiai 

with a pronounceci hammer and socket and the pincer (Iat claw) is smaii, slender and lacks the 

~iapping apparatus. (B) Newly regexlerateci pairrd pincer ciaws which are smaller than th& 

paStiae ooullterparts. (C) Paired snappex ciaws with newly regenerated snapper (nght claw) and 

dactyl-les transformed pin- (Idt claw). @) Newly regenaated paircd snapper claws which are 

amch smaiîer and mt as highiy diffe~entiated as their pristine wunmparts. 0 Pristine paireci 

snappa claws in which the paired claws are similar in sizc and dinerentiation. Scaie bar 10 mm. 

X 2.5 





the sfl8pper or pinta claw close to its attachment to the claw so that most of it was removed or 

sectionhg the m e  in the snapper claw. The latter was accomplished by cutting a s d  fiap of 

cuticle in the ventrai side of the m e m  and pulling nerve 2 (the iarger of two) so that it broke more 

pmximally at the autotomy plane. In this way a substantial length of nerve 2 was ramved and the 

cuticular flap was replaced and the shrMps werc ecated during the aext two days with a wide . 
qectmm antibiotic (Paragon). Lirnb imnmbilization was achieved by anesthetizing the shrimp, 

dactyL Ejrperimental manipulations wae usually pafomed 1-2 àays after a moult and the 

expr5mnûï.I s h h p s  wac obscrved over the next two to three interm~ults. 

Fibre composition of the claw closer muscle was undertaken by obcaining h z e n  cross- 

sections of the claws and stainlg these histochemicaiiy ta detect myofibrïiiar ATPasc activity by 

standard t e c ~ u e s  (Ogonowski and Lang, 1979). 

RESULTS 

A simple and mnomical scheme for cxpIaining how b i i  asymmctry is mauitauied in 

thc face of claw loss and rcgenesation in adult snapping slirimps was diat of Wilson's (1903) who 

regarded the phccr as an aaresacd snapper. Some of the ramifications associattd with this scheme 

are exploreci in the experimcnts describeci below. 

. . - .  
m t  can irifiibmon to the mœr cIaw be removed? . 

In most previous saidies the snappa is removed a day or two af ta  the shrimp mouits 

providing enough timc for transformation and regmefafion of claws so that at the next moult both 

claws appear at an advanced state. Can inhibition bc removed later in the intemioult, even perhaps 

as laoe as the premoult stage? Snappcrs wac automsnized at various stages of the moult cycle. The 



ktm was daamined by meaSaring tpidnmal remmion and setaï deveiopment in the pleopods 

(Aikm. 1973); pleopod stages rnay range h m  O (inmmouit) to 5 5  (late premouit). FoUowing 

acdysis the contralatexal claws were evalüated on their degree of transformation h m  piaca to 

snapper mg- 2) based on a numba of morphological feanxres, including a stoutness ratio (ratio of 

lerigth to width). the priesence and development of the transverse groove, tubercles, plumose setae 

and pltmger and soclres al i  ftab~es unique to the snapper claw. Each transfomiing pincer claw 

was given a score out of 10 (pincer-~snapper eanslomiarion index) with O ôeing the quivalent of 

apristinepincadlOapristinesaappa.Thcdt~indiaitedthatthc&cctofasnappa 

autotomy on the contralaterai pincer was not nspicted to the intermoult stage or cvai early 

pmmult stage. When done midway or even fairly late kt0 the moult cycle Le. as latc es pleopod 

stage 4.0, the pincer in some cases showcd clear Qgns of transformation Flg. 3). Thae was a 

gradation in the e&ct reiated to when in premoulr the snapper was autotomkd and the intuval 

between the snappcr autotomy and the ensuing ecdygS. 

In addition, for a number of anirnals (9 in ail) the tnm$orming pincer was selecteù for 

histocfidcal analysis, to characraUe the closer muscle fibre type. In these shrimp. die saapper 

had kcn a u t o t o ~  at pltopad stages ranging from O to 3.5 and the transfoxming pincers had a 

transfORnation M e x  ranging h m  2.5 to 6-0. Of the animals analyzed histochemically, a i i  still 

~ i t t a h â  the band of fast musclei unique to the pincer (Govitxi et ai.. 1986). although in most 

emnmùa it had begun to kgen- (Fig. 4). The main limiting faaor s d  to be whetha when 

the snappa was autotomized if thae was sflcient time for any observable change to Eakc place 

before ecdysS o c c m  Qeariy, ~118pper-based inhibition is removed ahost immadiately and is 

omelaoed to the stage of the moult cycle. Monova, the ppn>ass is so dynamic, full advantage is 

talm of whatcver t h e  remains in the tinrent moult perioci to get as weîl developad and fiuictional 

a snapper as possible into use. This applies primarily to the extenial morphological faaires and in 

a vay positive sense, in that new cuticle is king moulded and supplemented A reversal of the 

muscle fibre types begins quite rapidiy, but only in a negative sense with the degeneration of fast 

muscle in the existing pincer- 



Figure 2 A pristine pincer claw (A) progressively developing via two selected stages (B, C) into a 

pristhe snapper claw (D) claw which is characterkd by a harinier ( m w )  and socket (double 

arrow), a t ransva  gmove and hyperfrophy of the entire claw. The slenda pristule pincer claw 

(A) acquires a l l  the snapper feaarres afvr the first moult (B). and in sukquent mouits (C, D) 

kcam~ hypatrophied with firaba accentuation of the snapper features. Sade bar 3 mm x6 





Figure 3. Relatimship between pleopod stage in premouit shrimps subjected to snapper autotomy 

and pincer-to-snapper transformation hdex ciefined by O as pristine pincer and 10 as pristine 

snapper. The degree to which the pincer transforms is IinearIy related (y=- 1.162~ + 6.179) to the 

t h e  when the snapper is removed in premodt shrinips. The tra&omiation index was negatively 

cornlateci to the pleopod stage (r2=0.577, p=0.0001). n=37. 





Figure 4. (A) Cross-section of a pristhe pincer claw in which the closer muscle, stauied 

histochemically for myofibnllar ATWse, shows a characteristic central band of fast fiûres (dark- 

staining) fianked by slow f i b  (right-staining). (B) Cross-section of a pincer claw transfanriing a 

a snapper in which the centmi band of fast fibres (daric staining) have degencrated. while the 

f1-g slow fibns (lïght scaining) are in- Sade bar 1 mn x15 





. . 
to Irmt claw 

It has bas previously show thaî denervating the wasfomùng pincer claw will aUow 

regeaeration of a pinca or a sn- claw at the conCraIated snappex site; the appearaoce of a 

s118pper claw implying the loss of snapper-based inhibition (Young et ai., 1994). To pmue this 

idea furtha. I wondcred if lesser denervation to the tmsfonning clab, such as that brought about 

by dactylotomy, mi@ bc equally effective* Ten animais wae successfully manipulatexi so that 

their snapper was automnnpd and theh pincer dactylotongzed. In aU cases, the pincu transfonned 

into a snappa, Le. it became hypertrophied and developed a socket, despite lacking a dactyl 

pab1e 1). In 7 of those 10 shrimp, a snappet ngmerated on the contralateral side. resulting in a 

Symmctncal aaimal, albeit one snapper lacking a &cryl mg. 1C). In addition, the regenerated 

snappa o h  did not grow to pristine proportions. In the other 3 shrimp a pincer xegenerated at the 

snqpcr site, resulting in a reversal of asymmetry. Thus pincer dactyloûomy. mimicking a mild 

form of deneavation, apptared to be siiffcient to remove snapper-based inhibition of the 

regeoaating claw. 

on of a reperat in~  oincer claw be removed? 

Los of the pincer claw d t s  in the regendon of another pincer claw prcsumabIy 

because the contrPlamal snapper nstrkts ngcnQELtion at this site ü, a p h  (Wiillson, 1903). 1s it 

possible to move thiP snapper-based inhibition by darnaging the snappcr when regmeration is 

talaag place at the pin- site? 1 testexi diis possïbiig by removing the pincer claw and at the same 

time cuttiiig the saappa dadyl - procedures that were snccesshilly accomplished in nine shrinip 

Fable l)* At die ncxt moult, a nomial appeacing pincer regenerated at the original pincer site in 

aiese shrimps On the contdatcd side the intact snapper showcd iittle regexmation of its cut 

dactyl for at lcast two subwquent modts. Snapper dactyIotomy did not induœ regendon of a 

snapper claw at the pincer site. 



Table 1. Configuration of paind claws in snapping shrimps foiIowing regendon  at one or both 

sites in response to various manipulations. 

Claw confimtion at onmal . . 

snappusite p u i m  site # 96 

Pincer dactylotomy with snapper 

dactylotomy 

pincer snapper 

snapper snapper 

PinCa 8utotomy with snapper dactylotomy snapper P- 

Pincer autotomy with snapper denervation snapper pincer 

Siiappa autotomy at fim muiS  = P F  P* 

pamd mtotomy at second moult P- m a P F  

Snapper dactylotomy at first moult; 

paired autotomy at second moult 

Wircd autotomy at first mouk 

paircd autotomy at second moult 

Paired autotomy at fht mod$ paired snapper pincer 

autotomy at second moult and snapper-side snapper 

limb ôud immobiiized at tbird moult 



In aa carlier experiment transccting nwe 2 in the transfonning pincer claw permîtted 

regeneration of a snapper claw at the old snapper site, implying the removal of snapper-basai 

inhibition (Young et ai., 1994). Thenfore, m e  2 was transected h m  the autotorny plane to 

mid-menis in the plistine saappex claw and the pincer claw was autofomized at the satne tirne. The 

e x p h m t  was sucoessflluy ~ccomphhed in 15 s h r i q  fiable l), and wne of these animais 

mgenaitexi a snappec seven had regenerated a pincer by the end of the fkst moult cycle, twelve 

had a pincer by the end of the second moult cycle. and a l i  had regenartued a pincg by the end of 

the third moult cycle. In 1 1 of these animais snapper hmction was restored, but to varying 

dcgrees: four couid open and close the dactyl but not snap, five couid snap weakly and thme couid 

suap with modaate force. In rnost cases, snapper function began retuniing near the end of rbc first 

moult cycle. Thus snapper denmation faileù to bring about regeneration of anotha snapper claw 

at the pincer s i te  

. 
on be weakened on of a s n a p ~ a  at the DVKP 

Wbea both sneppa and pincer claws are nmoved Smultaneoudy regexmifion at these sites 

is of a siniilar type ciaw (Rzibram, 1901), suggesting ttiat siappa-baseci inhibition is pnsent men 

in the absaice of the snapper claw. Cm this inhibition present on the snapper side bc weakencd to 

allow r e g d o n  of a second snappa on the contralamal side? I therefore aied rernoMog both 

~iapper and piaca ciaws at a tirne when possibly mapper-based inhibition was not weil 

esniblisbed. This wouid be the case immxktely a f b  reversai of when the newly 

transfo& snapper claw is not as elaboratt nor hypertrophieci as a pristinc snappcr, nor is the 

newly regcnerated pinca claw as weU diffantiated as the pincer (Przibram 1901; Wüsoa 

1903). Forty-SCV~ animalf were successfully snapper autotomid and at the aext moult, 

following a revers81 of asyimnctry, subjected to a paired autotorny. Relative to the moa ment  

configuration, the location of the pincer and soapper was main- in 33 and wersed in 14 

animais pable 1). Despite i r e v d  of biterai asymmetry snapper-based inhibition rernained 

intact 



W e  next aied s128pper dactylotomy as a means for inducing pincer transfomation and out 

of 21 animals. 11 showed transformation of the pincer into a snapper whüe the damageci snapper 

repaind itseif resuiting in shrimps with paired snapper claws. FoUowing paired autotomy in these 

11 animais, 8 rcgenerated limbs to mimic the original asymmetric configuration whiie 3 

regenerated double snappers CIgble 1). Both the regenaated snapper claws were relatively small 

in cornparison to die animal mg. ID), although the lirnb on the original snapper si& tended to be . 
slightiy larger than its counterpart, This was the fimt demoostration of a snapper claw regenemthg 

at a pincer site with an extant snapper claw on the opposite side. 

on survive sucoessrve claw lossl 

A oewly regenerated limb is usuaiiy smaller than its pristine condition signifying an 

immature state, a state which could prnbably be exaggerated with a second round of regenerafion. 

Under these conditions does snapper-side inhibition still prevail? A group of 48 shrimp were 

sucçessfully subjected to two consecutive paind autotornies of their claws and the retuming 

asymmetry observai (Fg. 5) cable 1). After the paircd ciaws had regenerated for the fïrst timc, 

75% wexe asymmetric although they were considaably srnaUer than the pristine, white the 

remahder wen no more advanced uian stage 5 limb bu& or stage 6 pinces (Govind and Read, 

1994). After they had regeneraîed for the second tirne they were even d e r  with only 34% 

showing slight asynrmctry Eto snapper/pincer, whiie 66% resembled stage 5 lixnb bu& a stage 6 

pincers @g. 1B). Ova the next two mouits, howeva. these pincer-symmetric shrirnps reverted 

to the onginai mapper/pinœr configiwtioa Forty six of 48 animais had k i r  limbs regenerate to 

the original wn@uration, one experienced a menal, and one regenerated paired snappers. These 

d t s  show that s118pper-based inhibition usually pcxsisted with at least two successive pgired 

autotomies, although occasiody it codd be me& or even absent 

As shown in the above eXpenment, aftex two successive paired autotomies the newly 

regenerated claws were smail and the snapper was not highiy dinexentiated, OCC8Sionally showing 

only the faintest trace of a snapper such as a poorly developed h a m m ~  otha than that the snapper 



Figure 5. Rctoriai repnsentation of the paVcd aspmtric saapper (large circle) and pincer (small 

&le) claws of adult shrimps in two expaiments. In the upper d e s  the shrimps underwetlt two 

wicccssve pairrd autotomies, regmerated paired pincer-iike claws afta the third moult and these 

ciaws differentiattd hto snapper/pincer ciaws in the pristhe coafigiiration after the foiinh moult 

This same experhent was npcated in the Iowa series but after the thinci moult the snapper-side 

limb was immobilized (shaded) and at the fourth moult paind claws appeard in the pristiae 

s n a p p a / p ' ~  configuration but also in a siapper/snapper configuration. 
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was more pincer-like in o v d  dimension. TO test the possibrlity that even in this relatively 

immature amdition manipulation of the snapper-side limb COU reverse ciaw asymmetry, I 

PafOnned the foilowing expaiment, A group of 28 slirimp were subjected to two consecutive 

pairexi autotades, then the snapp-side limb bud was g i d  &ut, effectively restricthg the 

aictivity of this regenerating limb (Fig. 5) VaMe 1). The majonty (22) of these animals regenerated 

claws resembling the Onginal dgination. However, six animals regenrrated paired snappers 

showing that the limb bud at the pincer site was capable of developing into a snapper. When 

corn@ to the previous experimnt in which sbrimps w a c  subjected to two successive paired 

autotomies with no limb immobilization, the number of snapper symmetric shrunps in the present 

experiment proved to be signincant (X2 = 5.612, p 8.02). 

w be maintained foilowing claw loss? 

The generation of adult shrimps with paired snapper claws by regeneration of a second 

snapper raises questions about the stability of this unusual condition. These snapper-symmetric 

shrimps retained their symmtry following a subsequent moult at which time the second snapper 

assumeci more p r i s ~ e  proportions (Fig. 1E). S ymrnetry was retained in a few shrimps which 

uodawent ttiree subsequent modts, showing that once snapper-symmetry is established it is 

ntained thrwgh later moults. On the other haad, if the second snapper is rwioved as was done in 

three sh.rimps after bey had mouited wce, the shrirnps regenerated a pincer in its place. Even if the 

second snapper was removed aftn three moults as was done in two shrimps. a pincer regenerated 

in its place. Finally, in three shrimps with simila.-sized paInd snapper claws, removal of both 

claws resdted in the regeneration of paired asymmeaic claws in the Onginal configuration. 

Qeariy, the snapper-symmetric condition is relatively stable but not permanent as loss of one or 

both claws alIows regeneration of asymmeaic claws. 



DISCUSSION 

Our experirnents gave paired regenerated claws in the usual asymmetric configuration of 

pincer/snapper as weU as, in a few cases. in the unusual symmetric configurations of pkxfpincer 

or saapper/snapper. The pincer-symmetric condition appuirs to be e p h e d ,  because in 

succeeding moult$ given adquate thne for development, one of the claws becornes a snappcr. in 

contras& the snapper-symmetnc condition once established can be miiintaiaed o v a  s e v d  muùs 

asslrming a relatively permanent staoe. Indeed, snappex synimenic shrimps have been maintained 

for fivc moula pmviding there is no l o s  or damage to the claws (Pearce and GovW 1987). Loss 

of one or both claws in these snapper-syrranetric shrinips innnediately restores the asymmetric 

configuration of the paircd claws upon regemtion. niese obsavations witû Synimtnc~clawed 

sbrhps viz that the pincer-symrmtric condition is epherrmal anâ the s~lzipp~-symme:tric condition 

is more stable. tend to support the view that the pincer represmts a stage in the development of tbc 

snsppa with the nnal condition of claw regeneration being that of a siappa (Wilson. 1903. 

Darby. 1934). 

With this dcvdopmental sequence in min& latwlization of the paired claws may be easily 

achieved if tbe snappcs claw or its putative site mested the deveiopment of the contra la td  ciaw to 

a pincer Although the nature of the inhibitory mechanism is not known then is coagdaable 

evidence to suggest that it has a neural basis and that it is removcd most readily with ioss of the 

entire claw but dso with nervc transedon (Mellon and Stephens, 1978). closer muscle tenotorny 

(Govind et ai., 1988) or dactylotomy @ead and Govind, 1997). in other words. with som 

damage to the nemous system. One of the findings from the present study is the speed with which 

the pincez continues its development to a snapper once the inhibition is removed. Evm late in the 

intcnnodt, as late as the pnmoult stage when the new exoskeleton is bang laid d o m  loss of the 

snapper pumits the pincer to immedhtely continue its development to a snapper. Indeed, one of 

the fht changes is in the exoskeIeton (present report) with changes in muscle composition and 

motor innemation (Sttphens and Meilon. 1979; Quigley and Melion, 1984; Mellon et al.. 1981). 
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sensory innavatian (Govind and Pearce, 1988). and vasdarhtion (Guchardi and Go- 1990) 

awning later. 

The next step in the latcmlirng mechanism is for the ciaw advancing fmm the pincer to the 

mapper stage to exert an inhibitq influence on the regenerating contralataal claw and hold its 

àevelopment to the pimer stage. Elhination of the inhibitory idiuence should aliow the 

regarcratbg claw to develop to a snapper and this was the case in shnmps in which removing the 

closa muscle in the trandorming claw or transecting its neme 2, ailowed regeneration of a siappcr 

claw on the opposite side (Young et ai., 1994). 1 now npon that sirnply cutting the dactyl of the 

ûamforming claw is sdEcient to eliminate its inbibitory influence and parnit mgeneration of a 

snappa claw d t i n g  in shrimps with paired snapper CM The £ht siapper arises because the 

pincer, released h m  its inhibition by snapper autotomy. continues its belopment to a snappa. 

'Ihe second snapper arises because the newly regenerating ciaw is not restricted to a pincer stage 

because of dectylotomy of the transfomiing snapper. 

Under this schane the pincer wodd also advance to the snapper stage if the snapper-based 

inhibition was rernoved but without l o s  of the snapper claw. This happens readüy when neural 

input is reduccd in the snapper claw and the existing pincer continues its development to a snapper, 

resulting in shrimps with paired siapper claws (Meilon and Stephens, 1978; Govind et al.. 1988). 

Along siniüar liats is our carlier fiiiding that cutting newe 2 of the transfonnitlg claw floung et 

aL. 1994) or our prestnt finding that cutting off the dactyI of the transforming claw allows the 

regtaccation of mthcr snapper claw on the oppositc side. But when these same surgmes were 

p e r f '  on a pristhe siapper claw and at the same tirne the pincer claw was autotomized, 

another pincer regencrat(ed in its p l a .  In this case the presence of a pristine snapper although 

damaged was snfficieat to inhibit regexmation to a pincer stage. but not when the damage was to a 

transf-g snapper. Bearing in mind that the snapper claw has alma twice as many axons as its 

pincer counmpart in the prîstine condition (Govind and Pairce, 1988). it is likely that dactylotomy 

of a transforming claw resuits in a much greaux reduction of axons compared to the opposite side 



than does dacty1otomy of the pristine snapper claw. Momver, because dactylotomy WOU &kt 

Simiiar stnicaires in the transfomiing or pristine snapper claw it dimùiishes the possibility that 

qualitative aspects of the innervation are responsible for the diffesent outcomts and points mm to 

quantitative aspects. Limb regeneration in amphibians is dependent on a minimal amount of nem 

in the blasterna irrespective of the qualitative composition of the nerve, whedia sensory or motor 

(Singer, 1978). 

Quantitative differences in innemation between the two sides in addt snapping shrimps 

m y  also help explain the results of our experiments with p d  autotornies; whether the paired 

autotomies were paformed foliowhg r e v d  of aqmmetiy or in quick succession, the paired 

claws regenemted in an asymmetric configuration. The greater n e d  innervation to the slappa 

side wodd Save io inhibit the contmhteral side men in the absence of the claws. The paircd 

autotomy arpaimnts point to the fact that claw lataalizaton in adult snapping shrimps appears to 

have a antral locus, similar to that in jwenile lob- where différentia1 refiex e t y  fkom the 

paireâ claws lamallles the ganglion into major and minor sides during a critical developmental 

paiod (Govind and Puirce. 1986). Once lateraLty is established in jwenile lobstem it remains 

b e d  for its entire Me, and claw loss results in the regeneration of a simüar claw type. Conversely, 

in snapping shrimps claw latemiity is not fixed and can be constantly reversed. The present 

-ts meal a vay strong intrinsic lamaüPng mccbanism in the f m  of mapper-based 

inhibition that resides œntraiiy because it operates in the absence of the claws. The dinction of the 

beraüty can be changed via input h m  the claws in the f m  of the removal of the S ~ ~ P P Q -  

bastd inhibition of the conwlatcral pimxr claw. A useful analogy for the lamalizing mec- is 

that of a seGsaw in which the btam, balancd on its fulcrum, can assume one of two inclincd 

positions but rarely a horizontai position. 



GENERAL DISCUSSION 

Have 1 resolved the question of how claw asynnnetry is maùitained and reversed in adult 

snapping shrinip following los of one or both claws? RecaU the general hypothesis developed to 

explain the pbenomenm of asyamie~y nversal and mainmawe: the relatimship between the 

snapper and pincer is envisioaed as a see-saw with. in a pristhe animal, the snapper side 

depressed and mainminhg an fibitory &ect on the elevated contralateral side, i i m i ~ g  it to a 

pincer. Loss of the snapper causes a sudden shift in the see-saw's equilibrium, now favouriog the 

pincer side which released fiorn the inhibitory effect of the snapper, itself begins aansforming into 

a snapper. Meanwhile the transforming pincer becornes the new source of the inhibitory signal, 

limiting the contralateml regenerating limb to a pincer nsulting in a r e v d  of asymmetry. 

Accordhg to the cross inhibitory hypothesis it follows that simultanwus loss of both claws has no 

important effect on the see-saw's equilibrium. As the limbs regenerate, the snapper side stays 

depressed, inhibiting the contralateral side, keeping it elevated and Iimiting it to a pincer as the 

onginai snapper side becornes a snapp.  My experhents were thus designed with two primary 

g d s  in min& 1) to test the see-saw and associated cross-inhibitory hypothesis and 2) to isolate the 

cue(s) responsible for maintabhg the equilibrium of the see-saw and hence the maintenance or 

r e v d  of claw asymmetcy. 

1 began by reviewing some of the older experiments related to the problem, repeating and 

subjecting them to mort detailed scrutiny and following up on some of the more intriguing 

obsewations. In partie&, 1 was interestai by the studies of Darby (1934) who found that a 

reversal of asymmetry could be induced if the pincer was removed, waiting a specific period of 

time, then removing the snapper. 1 repead this experiment but instead correlated removal of the 

snapper to specinc limb bud stages on the pincer side finding that a reversal of asymmetry occurred 

with a stage 3 or higher limb bud This led to the idea that pertiaps the snapper side limb bud 

grows faster and achieves stage 3 more quickly at which point it begins inhibiting the contralateral 

side limiting it to a pincer. niat was dispelled however by an experimnt in which I observed th& 



following a paind autotomy. both the snapper and p h  limb buds regenaatc at the same rate, 

leaving the snapper ngenefate with no advantage. at least over the &st interrnoult. Nevatheles, 

rtturning to our cross-inhibitory hypothesis, it appaued that once a rcgenerating Iimb bud reaches 

stage 3, it quires  tht snapper-like capability of repeshg the contralataal side, limiting it to a 

pinces. 

Was there some subtie morphological feature of stage 3 limb buds making them cornpetent, 

able to rçpmss the connalataal regenerating lirnb? 1 investigated this question by subjecting the 

differerit limb bud stages to uittastcuctural analysis. focushg in paiticufar on the criticai stage 3. 

Stage 3 is wrrelated by definition, with the beginoing of dista1 segmentation, an obmation 

confirmed at the uiaestructirral level by the presence of opposing groups of prolifmting cells. 

pitsrmiably tesponsible for the processe In addition. at stage 3, lirnb bud oeUs appear more 

dB- and this stage just p d e s  the emergence of innervation, an important point to 

which I will retnrn. Altogether, these factors may engender stage 3 limb hds with the cornpetence 

if not the apptarancc of a maaire claw. 

What f m  is rtsponsible for s e b g  up the see-saw's equilibrïum, that is. what is it that 

causes oee side of the see-saw to becorne dcpnssed. develop into a snapper and begin sending 

inhibiîory signals to rep- the conaterai side? As mentioned, the nrst recognizable tissue to 

arise in a regaieaating limb bud (eside h m  the cuticular epithelium) is the innervation. 'Ibis 

obsaration, dong with expaiments in which the pincer was induced to traa6omi into a snapper 

as a mnsequeact of medamaging manipulations p f a m d  on the snapper (Melion and 

Stephens 1978; Govind et ai., 1988; R d  and Govind, 1997) led to the hypothesis that asymmttry 

is ultimatdy detemineci by quantitative diffkrexes in innervation. Ind&d mis is consistait with 

data showing aiat the snappa claw is innervaid by rnany more axons than the pinCa (Govind and 

Parce, 1988). implying thaî this exccss of axons is what sets up the inhibitory mechanimi and 

ke!eps the see-saw dcpressed on the snapper side. Fmm this it is obvious that loss of the snapper 

claw wodd cause a sudden shift in innervation (due to sensory axon degeneration). favouriag the 



pincer Sde and induchg it to transfarm into a s~lapp~., a rationale borne out by QuantitatRre axon 

studies (Govind and Pearce, 1988). But can differenees in innervation and the see-saw mode1 

expiain the resuits of poiired autommies, where the snapper and pincer always regenedate back to 

the original i d o n  (asymmtry mallitainad)? To answer this question 1 comparai the innervation 

of regencrating snapper and p h  sides in a Series of shrimp which had been subjectcd to paireci 

autotomits, As it tumed out, the number of axons ranaiaed higher on the siapper si& throughout 

the @od of regeneration, which was consistent with the see-saw hypothesis and the Lnpommce 

attnbuted to the dative innexvation of the claws. 

in coder ing  the pnounced sexual dimorphism seen in the ciaws of saapping shrinip I 

nalucd that this might provide an altemate means of teshg the cross-inhibitory hypothtsis and 

innervation as a f m r .  The p h  of d e s  is a much more elaborate structure than in f d e s ,  

bang more hypaaophied and possessing a coaspicuous ridge and h g e  of setae on thc dactyl and 

propus. 1 hypothesizied that thk dirnorphism may be refiected in the innervation to the clam and if 

so, ablation of prccist amounts of n e m  on the snapper side may induce differentiai &ects on 

males and females in ternis of pb-tl~snapper transformation. The manipulation chosai was 

dactylotomy of the snappa since precisc and sipSc811t amounts of nerve couid be removeci and 1 

h w  h m  pmrious trials that the procedure induccd pincer-to-snapper transformation in somt 

but, more importantly, not a i i  aninials. ki faa a manalysis of my data, dong with a n n i t i d  triais 

proved that maies wac much more sensitive to dactylotomy of die saapper than fem81cs. 

My explanation for the above d t  and how it fits in with the see-saw mode1 is as foiiows: 

in fernales, the d i f f m c e  in the innervahion between the pin= and snapper sides may be so large 

that the los  of innervation that would occur with a snapper dactylotomy may not be sufficiat m 

cause a shih in innervation favouring the pincer We, thus mintainhg the staais quo. In males 

however, the ciifference in the innervation to the pinca and snapper may not be as large as occm 

in fernales, a nasonable w o n  since the pincer of males is mon snapper-like than is the 

pinca of fernales. Thus loss of some innervation to the snapper of males due to a dactylotomy rnay 



iadced cause a shift in innervation, now favourïng the pincer side (sirmlar to what occurs in a 

snapper aummy). inducing it to begin developing into a snapper. 1 tcsted this hypothesis, again 

using numbers of axons as a means of q u a n w g  innervation. As my results showed in both 

males and f e d e s  there were rehtively more axons innervating the snapper than the pincer. 

Howevn. in maies the ciifference was not as large thus loss of nlatively similar numbers of axons 

in the snapper of both sexes could have quite diffant effects in temis of the distribution of 

innavation. A d  Meed, 1 f o d  this to be the case after analyang md cornparhg the claw 

innervation of dactylotomized males and fernales. In fernales, the sa in which snapper 

dactylotomy was much less likely to induce a pincer-to-snapper transformation, axon numbem still 

fiivoiind the snapper side. In the male pincer, on the other han& which liktly would have gone on 

to transfomi into a snapper. thae was an excess of axons compareù to the snapper. In summary. 

these ftSUIts laid support for the see-saw model in suggesting that the dominant snapper claw may 

bc mon Uely to develop on the 9dt with the gnam quantity of innavation and M e r  that the 

~uantiîy of inmrvation may be an important factor in detennuling asyrmneny in these anunals 

In the h a l  phase of the project a number of expaimaital manipulrrtions wcre auricd out to 

test the a c t d  inhibitay hypomcsis itseif. To reiterate, in a sbrimp with pistine claws the snapper 

inhibits the contralateral side. limiting it to a pincer. Loss of the snapper however removes that 

inhibition, allowing thc pincer to begin transfaxming into a snapper which at the same time 

bccomcs the new source of inhibition, limiting the regenerating limb at the old siappa site to a 

pinoa. Inhibition, k l y  using innemation as its basis. must also operate in the absence of claws in 

orda to expiain how a paired autotomy d t s  in the regeneration of ciaws to tbeir original 

configuration. Key to the inhibitory hypothesis is the notion, initially SW by Wilson (1903) that 

the pincer claw is maely an undeve1oped snapper, inhibited h m  m e r  differentiation by the 

prcsence of the conttalateral smppcr. This was based on the casual obsavation that a regencrafing 

snapper claw sccmcd to p a s  through a pincer-me phase. 1 connmied this rigorously showing that 

in the case of d e s ,  the regenerahg snapper even acquires, then loses the distinctive setal h g e .  

However, 1 felt that mis contention nceded further corroboration and decided a investigate another 



feamrc, namcly the hst band of muscle unique to the pincer doser muscle. Usiag histochemicai 

techniques, 1 found that as with the setal f ige,  a regenesating snapper claw fim acquirts then 

loses the band of fast muscle in its closer muscle, providing additional support for the idea that the 

pincer is an undeveloped snapper. A h ,  in a number of cases my experimena gave unusual pincer 

symntric end snepper symnietric configurations. however whueas the latter condition was quite 

stable, being rnaintahed o v a  many moult paiods the former state was ephemral, never b g  for 

more dian one moult cycle, supporting the view that the pincer represents an eatiier developmental 

stage of the q p e r  and in tum M e r  bumesSng our inhibitory hypothesis. 

Interiestùigly, damaging a snapper by dactyIotomy or denaration often allowed the pincer 

to transf~llfl into a snapper but these sarne manipiilations did not aiiow a regenerating h b  to 

becorne a snapper. This implies that les inhibition is neœssary to limit a newly regentxating claw 

to a pincer tban is required to a m  an e-g pincer claw. a misonable expectation Snœ a pimer 

claw is not only much iarger but developmentally much closa to M g  a snapper and so wouid 

nquire mon repnssion thm a newly regenerating claw. Along these same lines was the finding 

that dmaging a t r a n s f ' g  pincer allowed a siapper to regenerate on the contralateral side as 

opposed to the d pincer. A transfomhg pinca rnight be expccted to produce a reLattiely smdi 

amount of inhibition and normally as indicated above, that wouid be enough to Mt a regencratiag 

limb to a pinca, however damage to the transfoamhg pincer removes even that m i n d e  degree 

of inhibition thus allowing the limb bud to belop into a snapp. 

hmobilizing the snapper side iimb bud foliowhg paired autotomies in somt cases rtsulted 

in the pincer side lirnb bud developing into a snapper, a nsult also nconcilable with the inhibition 

hypothtsis, ûvat  observational and axon count studies suggem that in animals subject4d to 

multiple paircd autotomics, the àevelopmentai program of both h b s  is severdy retardai and in 

pmicuiar the snapper Qde regresses to the point w k  its advantage over the pincer side is 

minimai and presamably so also its inhibitory influence. perhaps not unlü<e the situation during 

ontogeny when asymrnetry is initially established. Undet these conditions immobiüzation of its 



daayl (which may silence sensory axons &ectively fixtherreducing quantity of innervation) may 

mmve any nmaining inhibitory influence allowing the conrralamsl side which may incidentally, 

compeasaet by becoming more active. to also become a snapper. 

From these experiments and observations and those of others a mechanism governing the 

-011 of asymmetry in slapping shrimp can be conceived, a &o which dictates both 

the initial v t r i c  con6gwation in juveniles and that in adults. AS a juvenile. the claws are 

qmm%kal and pinca-like and prrsnmably their innervation is also bslaoced (Young a aL, 

1994). Both claws manipulate objacts on the ocean floor but at some point, for sume reason thae 

occurs a bias in Limb activity favouring one sick, similar to that in juvenile lobstas (Govind, 

1992). At this stage growth and dcvelopmeat i s  exceedingIy rapid and the limbs very plastic (J. 

Peanx, personal communication) and likely exquisitely sensitive to sensory feedback. As the more 

active limb begins to hypertrophy, relatively more axons are added to it perhaps fiaher increasing 

its activity in a cyck of positive f h k  whereupon it starts inhibiting the con- side 

slowing down its maruration and ultimately halting its development beyond the pincer stage. Thus 

the initial -saw and inhibitory paradigm is set up. This is similar to the mechanism envisioned 

for asymmrry dttamination in lobsters except that in shrimp, unlike lobstem beyond the sixth 

j w d e  stage, asymmetry newr becoms fixed and permanent and in this sense the neotenous 

shrimp arc like lobstas that neva grow up. 

In adult shrimp many more axons innemate the snapper side keeping that end of the see- 

saw lowaed. The important point hae is that it is the excess number of axons. not the presence of 

the snapper pa se which is responsible for the inhibitory influence that represses the con- 

side. Loss of the snappa causes a shift in neural balance now favouriug the pincer side, which. 

released from the inhibition begins transforming into a snappa. Meanwhile the transforming p k  

becomes the new source of inhibition, limiting the newly regenerating limb to a pincer and 

asymmetry is reversed. Loss of the pincer has no effect on the see-saw since the number of axons 

obviously remains higher on the snapper side, inhibition is pnsemed and a new pincer regenerates 
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maintainhg the status quo. Loss of both h b s .  though & h g  in the Qegeneration of axons on 

both sides. again has no effect on overail equilibrium of the see-saw so that the snapper si&, by 

Waie of its relatively -ter nurnber of axons (despite iackiag a snapper claw) still maintaios its 

inhibitory effect on the contdaterai pincer side. Both the snapper and pincer claws regenerate to 

their initial location and the original asymmetrical con£igUraaon is maintzined. 



SUMMARY 

One of die interesthg aspects of addt snapping shrinrps AIpheur hererocheIis is the striking 

bilateral asymmetry of the fim pair of thoracic chelipeds or claws; a much hypertrophieci major or 

snapper claw which ma& a loud popping sound when in it closes, and a much srnalltr minor or 

pincer ckw (Prizibram 1901). A fascinathg aspect of this claw bilateraI asymmetry is that it can be 

Feadily reversed, thus loss of the snapper claw will nsult in the existing pincer claw transfomiing 

hto a siappa at thc nwct molt while a new pinœr claw regen- at the old snapper site 

(Rnbram, 1901; Wilson. 1903). 1 have investigated factors which aigger the reversal of claw 

asynmietry as well as those mallitahhg bilateral asymmetry in duit maïe and female siapping 

shrimps A brid summary of these spccific investigations are presented below. 

Ciaw regeneration in snapping shrimp was characterized iato six distinct stages begianing 

with a anall papilla (stage 1) which elongates (stage 2) and becornes distany segrnaml with a 

longiadinal fimow (sage 3). Transvexse segmentations appear proximally (stage 4) followed by 

the acquisition of pincer-LiLe proportions (stage 5) and fhaily diffezmtiation of the siappa (stage 

6). Foliowing a paved autotomy. b th  the pincer and snapper limb buds regenexate in a 

qualitatively and quantitatively smüar mamer, always in their original configuration. A sequential 

autotomy in which the snappa is autotoniizcd &t then later the pincer wrrelated to different 

stages on the old siapper site d t s  in the claws xegmerating to th& onginai configuration. 

simiiar to a paired autotomy. Removal of the pincer fint foilowed by the snapper comlated to a 

lirnb ôud stage 3 or gcater at the old p h  site results in a r e v d  of asymrnetry implying that a 

stage 3 iimb bud is not only capable of being bansformed into a snapper but is capable of 

repressing the contraiateral regenerating limb. 

The ulbtastructurt of the regenetrating claws was coaclated to diffant lirnb bud stages. 

Immediatcly aher autotomy, the wound is covered by an qithelial hed  membrane towards which 

fke ce& migrate. In stage 1-2 the blastema, now liwd by a multilayered, relatively 

uadifferentiated epithelial layer, erupts h m  the s t m p  and becornes invaded by fkee cells including 



haemocytes, fibmblasts and Mastocytes. In stage 3 prolifetatiDg pups of ceils subdividt the d i d  

=@on iota the presumptive propus and dactyl as the epittrelial ceiis b m  more differetltiated. 

Stage 4 is madred by the first appearance of afferent inoervation which seans to dewelop in a distal 

to proximal nianna within the epithelium and multinucieate myoblasts possessing fiagmaits of 

myofibrüs within the cytoplasm ûther celi types wcre also observed at this stage and intercsUuiar 

coo~eas betwcen haemocyte and other ceil types h m e  vcry prominerit. Diiriog stage 5 

myofibds Sad associated neme tenninals rnake their first appearance. 

Sexual dimorphism of the pincer claws is evident in several ways. Most obvious is the 

P mmhmt ridge and h g e  of setae on the propus and dacty1 of males. In aâdition the male pincer 

is -ter and more siapper-like than is the fermie's. More subdy, the innervation diffizs in that 

the male pincer has relatively more axons and more importantly the dinaemx in the quantity of 

innervation bdw&n tbe snapper and pincer is greater in fernales compgnd to males Multiple 

paired autotomies slows down the developmntal program of the regemmting limb, clearly 

-g thaî the ~ega iuahg  ~118pper claw passes through distinct pincer-like stages in tetms 

of ovat eppearamr (aqyhg,  then losing the ridge and setd frlngt) and closer muscle fiber 

Coniposition (aquging thtn losing the band of f a  muscle). Innemation howcver ~rnains hi* 

on the snappa side throughout the regeneration perd.  Dactylotomy of the snapper may induce a 

pinta-tmmapper transfodon with males king significantly more sensitive to the proadure 

than anre f d e s ,  suggesting that a hinctional sneppcr is more imporaint to males than femaies. 

BehavioUriiiry, this was found to be correlated with a heightencd d e f d v e  role for males 

compEtltCd with fernales. in W o n  the increascd propensity of d e  pincas to tmdonn was 

codated with axon count studies showing that in snapper-àactylotomized f d e s ,  the stl8pper 

side ntains a gnata numba of axons whaeas in snapper-dactyIotorriized males the bùance of 

innervation merses in favour of the pincer. These results support the see-saw hypothesis and 

the thwry diat relative quanti@ of innenation is the asymmetry defenninuig fanar. 

Pincer-to-mapper transformation, a ppnxxss that occurs graddy,  may be induced at any 



t h  durhg the moult cycIe, even w d  into pre-ecdysis. iniplying that snapper-basexi inhibition 

may also be removed at any the. Dactylotomy of the transfonning pincer in most aises results io 

the regeneration of a snapper, suggesting that this manipulation removes the inhibition on the 

regenerating claw. Neither snapper dactylotomy nor denemation resuits in the regeneration of a 

snapper ciaw. Since these same operations rnay ïndduce a pincer-to-snappez transformation the 

iniplication is uiat a regmerating claw requires less inhibition to be limiteci to a pincer. A paireci . 
autotomy pnccdcd by a reved of asymmetry i n d d  by a snapper autotomy always resuits in 

bilamslly qmmztric claws albeit not always the same as in the ariginal configuration. A paired 

autotomy prcccded by a snapper-dactylotomy may resuit in the regeneration of symmetrical 

snappa ciaws. Thus the inhibition mechanism may be weakened by siapper dactylotomy but not 

snappa autotomy. Aiiimals subjected to multiple paired autommies neariy always regenaate 

asymmetric clam however in similarly treated animais in which îhe s118pper-side claw was glued 

shut, sytrnnetrical smppers sornetimes dt. This suggests that multiple paircd autommies wiU 

not crase the inhibition mechanism but may weaken it to the point wheae relatively minor 

proccdurcs rnay werride k Cases of symm&cai siappas wen obsedved to be relatively 

pemiancnt whacas symmetricai pincer were no& supporting thc view that the pincer is an 

undeveloped snappr and M e r  bolstaing the inhibition hypothesis. 
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