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Preface 

Conslderlng the growing literature on flsh ventilation 

mechanisms (mainly from the laboratory of Dr. G.r.,.. Hughes, 

University of Bristol), anuran tadpQles, which are the only 

amphibians l'li th internaI gills, have been neglected. The present 

thesis attempts to lay a broad foundation for later detailed 

studies of gill ventilation rnechanisms in the Anura. For this 

rea.son, three species ShOl'1ing marked differences in their gill 

ventilation mechan1 sms l'lere chosen for investigation: ~ 

catesbelana represents a phylogenetlcally advanced tadpole whlch 

is essentially a bottorn-d't'leller in sluggish water such as that 

found in small lakesi Ascaphus truei ls ~enerally believed to be 

phylogenetlcally the most prlml ti ve li vlng anuran, a.nd 1 ts tadp,::>le 

clings by an oral sucker to rocks in mOlmtain torrentsi Xenopus 

laevls represents a phylogenetically primitive tadpole, which ls 

nektonic in ponds, and l'lhich is aberrs.nt in several interesting 

aspects of i ts \tlater pumping mechanism. Al though the se three 

types of tadpole by no means ShO't'l aIl the possible variation of 

the gill ventilation mechanisT!ls, the y exhibit functional end 

morphological differences l'ihich reveal close ade.ptations to their 

respective habitats. 

The present thesis is arr~-ll1~ed in autonomous chapters, each 

covering a specifie aspect of the subject. l believe that the 

~reater clarlty afforded by this arran~ement outweighs the very 

small extent of duplication. The final chapter is devoted to an 

overall discussion of the research, in l'lhieh the chief points in 

the comparative functiol1al morpholop;y of ~ill ventilation are 

emphasized, and hypothetlcal models are pres'ented 9.S a l'lOrlÜl!:S 

bas1s for further lnvesti~atlons. 
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l appreciate Dr. D.H. steven's l'lelcoming me back to McGill 

University to elaborate on my earlier studies of anuran tadpoles, 

and l am grateful for Dr. V.}l. Pasztor's interest to see this 

research progress to its present state of development. 

N.G • 
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CHAPTER 1 

THE MORPHOLOGY OF GILL VENTILATION IN ~ CATESBEIANA 

ABSTRACT. The gross and histological anatomy of the gill 

ventilation apparatus are discussed. Two histologically different 

types of musc1e fiber are identifled in certain muscles by vlrtue 

of the variation in the proportion of flbrillar to sarcoplasmlc 

material in the muscle flbers. An accessory jaw tendon, the valve 

of the first glll clef t, and several ligaments are described for 

the first ttme in an anuran tadpole. An opercular muscle and a 

fascia lateralis are also described for the first tlme ln a ranld 

tadpole. The rugulose 11nlng of the pharynx is ,~ell vascularlzed; 

attention 18 a180 draw~ to conical epithelial cells whose points 

project into the lumen of the pharynx. Several discrepancies in 

tne literature on tedpole anatomy are discussed and a numerical 

terminology ls proposed for the muscles of the gill ventilation 

apparatus • 
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Legend 

aurlole A 

A.BR afferent branohial artery 

AR arteriole 

AC audltory oapsule 

AH llgamentum anterohyoldeum 

A.PH afferent pharynge al artery 

ARY aryteno1d oartilage 

BC buooal oavlty 

BV blood vessel 
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.. medialis 
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connective tissue 
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ligamentum cornu quadratum laterale 

crista hyoidea (46) 

cartl1ago rostrale lnferlor 

ft .f superlor 
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CS ligamentum cornu suprarostralis 

CT 

Cl,2 

D 

DVP 
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FC 
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FLS 

FN 

FR 

FRP 

FS 

GC 

GT 

Gl-4 

HP 

Hl-H7 

LG 

LS 

MS 

cornu trabeculae 

copulae 1, 2 

dorsal velum 

" velar pad 

esophagus 

efferent branchial artery 

epithelial cushion 

externel jugular vein (32) 

filter canal 

Il foId 

fascia lateralis, Schulze 

fil ter niche 

Il ridge 

fascia rostrale poster1or 

fenestra subocularis (35) 

gill cav1ty 

.. tuft 

" clefts 1 to 4 

hypobranchlal plate 

hyoldean muscles 1 to 7 (see Table I) 

lymph gland (1) 

stem of lung 

lj.gsmentum Dlandlbulo-sllpr~rostrale (46) 

J1VO membrane. vasculosa opercularis 

Ml-MIO mandlbular muscles l to 10 (see Table I) 

NV nasal valve 

OC opercular c~lal 
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Introduction 

Complementary but inde pendent reports discuss the structure 

and functioning of the jaw apparatus of the larvae of ~ 

temnorarla (5) and E. catesbeiana (18). The flndlngs (5) on the 

pumplng apparatus of ~porarla do not lnclude the branchlal muscles 

but otherl'Tise compare closely wl th the situation ln catesbelana. 

Measurements of hydrostatic pressures ~n the vent.ilat1on system of 

normally breathlng bullfrog tadpoles (23) are consistent wlth 

earlier evidence (29) for two regularly alternatlng force pumps in 

front of the gill clefts. However, a better understandlng of the 

bullfrog tadpole t s water pumpln.g mechanism requlres faml11arl ty 

wlth lts structure. Hence, the present report descrlbes the gross 

and hlstological anatomy of the gill ventilation apparatus of the 

bullfrog tadpole preparatory to a more detalled functlonal study of 

the system (21). 

Incidental references have been made by many authors to 

structures ln the gill ventllation apparatus of anuran8, but only 

for the follOl'11ng species 18 there enough detail to perml t functlone.l 

deductions and useful comparlsons with ~ catesbeiana: 

R. temporaria (35, 37, 13, 5); Pelobates fuscus (45, 46); Xenopus 

laevls (8, 54, 33, 49); ~ dalmatlna (= E. agl11s) (29); Ascaphus 

truel (38, 53, 22); ~ re~ularls (47, 48); and Phyl10medusa 

trinitatus (26). 

The most important early research on the vlsceral skeleton of 

anuran tadpoles concerna ~ temporaria (35, 36, 37; 13, 14). 

other findings were based on dissections of pelodytes Eunctatus (39), 

Alytes obstetricans (1}Q), Xenopus and Pip.!: (41). There ie also a 

comparisorl of the hyobranchial slœ1eton of Alytes l'ii th that of 

severnl gel?-era from other anuran families (4~). Hore recent1y, 

7 



the visceral skeleton has been descrlbed in Bufo regularls (48, 50), 

~ xenopus laevis (33, 49), ~ tl~lna (3), and E. temporarla (S). 

•• 

Concern1ng E. catesbe1ana, the only published Information on the 

larval visceral skeleton ls conta1ned ln brlef references (5S, 18, 

20), wh1ch 1nd1cates the need for further data on this component of 

the g11l ventilation apparatus. 

It has been polnted out (49) that very 11ttle publlshed research 

exists on the vlsceral musculature of larval anurans. There Is 

great d1verslty ln the feeding and water pumping mechanisms of 

anuran larvae and so lltt1e 18 kno~m of the concomitant 

speclalizations of musculature, that further etudies along these 

lines are called for. It ls therefore also the object of the 

present paper to help flll thls h1atus, thus complet1ng the 

structural basls needed for further functlonel studies of the 

bullfrog tedpole (21) • 

s 
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Materials and Methods 

Bullfrog tadpoles (~ catesbelana Shaw) were collected at 

Lake Hertel, st. Hilaire, Quebec, and thirty large specimens were 

selected for study. These tedpoles were et stage 35 of Gosner (17). 

Canadien populations of bu11~rog tadpoles attain a 

. snout-to-vent length of over 4 cm before metamorphosis. It was 

therefore possible to substltute gross dissection for reconstructions 

based on seriaI histologieal sections. The results were checked on 

the basis of seven sets of histologieal sections. 

Dissections l'lere made on tadpoles whlch had been deeply 

" anesthetized in l % urethane and then.killed by immersion in 40 C 

tap water. The animaIs l'lere bathed for 5 min in 10 % glacial acetie 

acid. This procedure softened the skin, permittlng its easy removal 

with watchmakerts forceps. The normally transparent hyaline 

cartilages became translucent wh en contacted by the aCid, and easier 

.to see under a diss~cting microscope; this procedure was found 

preferable to stainlng. 

Tissues destined for histologiesl study were f1xed in aqueous 

Bouints solution, dehydrated in a graded series of aqueous ethanol 

solutions and cleared in xylene before being embedded in paraffine 

Berial sections l'rere cut at 9,..,. m thickne ss, stained l'11 th Ehrlich t s 

haematoxylin~ counter-sta,lned IIi th erythrosin, and mo'O.nted in balsam. 

The dissections were photographed l'li th a single lens reflex 

camera and the enlarged image (X10) wes printed on mat pepere India 

Ink l'las used to outl5.ne the relevant structures on the print, \'1hlch 

was then dried, and the photographie emulsion bleached l'lith 5 <h 

potassium ferricyanide. FTosted acetate film was used as an oV'erlay 

to trace the inked photograph and the deta,ils l'lere thcn added by 

freeho.nd dral'1ing frOID dissections. T'ne same photogra.phic and 

• dral"Ting procedure l'TaS used for 111ustrating histologlcal sections 

photographcd through El photom1croscope. 
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Results 

As it iB necessary to reiterate certain somewhat cumbersome 

terms in the text, the following ebbreviations will be used: 

ceratobranch1ale = CB, ceratohyale = CH, ceratohyale lateralis = 

CHL, ceratohyale medial1s = CEM, hypobranchial platà = HP. 

EPITHELIAL AND VASCULAR LINDJGS 

Aspects of the mucosa of the gill ventilation apparatus of 

anurans have been investigated in Pelobates fuscus (45, li·6); ~ 

dalmatina (29); R. temporarla (5, 27): Phyllomedusa trinitatus 

(26, 27): and several other species (27). In this respect, there 

are close structural similarities between Rana catesbeiana and ---- ~~~~~~ 
these other species. Therefore, in the present section of this 

report, appropriate references to these other investigations has 

permitted the avoidance of needless duplication of research. 

Moreover, in deference to Nr. Van Kuijen, University of J..,eiden, 

who is preparing a detailed study on the vascularization of larval 

E. temporaria (de Jongh, in litt.), this subject has been only 

briefly considered in the present report on R. catesbe1ana. 

Bucce.l csvi ty 

At the entrance to the buccal cavity, keratinized skin covers 

the single cartilago rostrale superior and also the bilatersl 

cartilagines rostrale inferiores to form the crescentic upper and 

lower beaks respect1 vely (Figs. 1-4). ROl'lS of horny denticles on 

the upper and 10l-ler lips form the other component of the dental 

apparatus. 

Immediately 'fli thin the oral eritrsnce a pad of epi thellum 

covers the cornua trabeculae and consists of squamous cells l'lhich 

are partly stratified CEC, Fig. 3). The cushion-like structure 

so formed is promlnent anteriorly l'lhere 1ts surface is studded 

with hll10cks of sllght ep1thelial elevations, but its thlckness 

10 ! 
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dlmlntshes more posterlorly. The rest or the buccal roof 18 

formed by the ventral cartllages and nascent parasphenold of the 

skull and ls llned by mucosa "1hlch projects paplllae tnto the 

buccal cavity (Flg. J). The eplthellum or the buccal roof 18 

slmllar to that of Pelobates (45) and Phyllomedusa trlnltatus (26). 

Papillas also project into the buccal cavlty from the mucosa 

coverlng the cartllages of the buccal floor (Fig. 4). Flgv.re 4 

also shows that the adul t tongue, Wll1ch develops above copula l, 

ls not,yet present at stage J5 of Gosner (17). Medial to the 

CHL, at gll1 cleft l, the muco sa 1 s continuous wl th the lln'.ng of 

the gill cavlty (Figs. 4, 8). The eplthel1um of the buccal t'loor 

consists of one or tl'iO layers of squamous cells. 

Relative to the phar~lx and gill cavlty, the buccal llnlng Is 

poorly vascularlzcd and It ls probably of I1ttle slgnlflcance for 

blood ventilation by the buccal water currant. 

The vela 

The ventral velum has been found to act in a valve-like 

fashion durlng normal gill ventilation; both dorsal and ventral 

vela servn as hydrofoils in deflectlng the ventilation current (20). 

A conslde~ation of the structure of the vela May permit a better 

understandlng of these functlons. 

The flexible cartilaginous spicula on both sides of the 

mlddle line, are &pruJ.l1ed and covered vautrelly and dorsally by 

epi thellum betl1cen \'lhlch thcrc ls a hlghly vascular plexus, thus 

forming tlJC sirlgle, non~muscular v,;;ntral velum (V, F1gs. 4, 6AB, 8). 

It extcnds blJ.ate:r.'ally and then turns up-ward and backward to 

becomc the pa1red dorsal vela (D, F1gs. 4, 6B, 8). These are 

mucosal folds attaohed alow:; thelr length t~ the pharYl1geal roof 

and thC1Y paso tm'jard the entrance of the esophagus (see also 46, 

Il 
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26, 29). Approaching the Middle line, the dorsal vela become 

reduced in size untll, at l to 2 mm ln front of the esophageal 

entrance, they are mutually joined by Et low, transverse fold of 

mucosa. Whereas the dorsal velum protrudes malnly anteroventrad, 

lts medial aspects are folded toward the esophagus. The dorsal 

velum has nelther skeletal nor muscular support. However, there 

are a pair of small s'\'lelllngs, the dorsal velar pads (DVP), on 

both left and rlght sldes of the pharynx. They hang lmmed1ately 

behind the dorsal vela, near the lateral junctlons of the dor~al 

and ventral vela w1th each other. These pads consist of squamous 

epithelium which covers a resillent connectlve t1.ssue. l!!!,!!2, 

the convex surface of these bllateral pads ls oval, the more 

medial ones appearing posterlorly more bulbous, but their shapes 

are d1storted in f1xed materlal (DVP, Fig. 6B). Between the pads 

there 1s a groove '\'1hlch ls 1 mm \'lide and 2.5 mm long. Similar 

pad-llke structures have been called "pressure cushlons" 1n Rana 

dalmatlna (29) and Phyllomedusa (26). 

The dorsal epithelium of the '\tentral velum consists of 

non-~landular simple squamous cells at its margin, and stratlfled 

taller squamous cells farther back, over small posterlor processes 

of the veler ed~e. There are flve bllaterally paired processes 

and a single medien process (Flg~ 4). 

12. 

Llke Ph;vllomedusa (26), the ventral velum of ~ catesbe~ 

also has secretory columnar cells on 1ts underside. ·These cells 

are or1entated in cont1nuous rous parallel to the velar ed~e, but 

the rOl'lS bott'leen the spicula are somel'lhat cre scentlc, be inp: slightly 

convex to the anterior. The secretory rows are separated from one 

another by squamous cells. The nucle1 of adjacent socretory cells 

are sometlmes et d1fferent levaIs, '\'lh1ch ~lves them a stratlfled 

appearance. Filter traps under the ventral velum, slmllar to thosc 

of Phyllomodusa (26), are also present in ~ catesbe1ana. 
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Pharynx 

In the mlddle llne, the pharynx ls partlally divided by the 

dorsal bulge of the heart (Fig. 6A), but latex casta showed that 

an lnterchange of woter across thls partial dlvision ls pOSSible 

at least durlng expiration, when the pharynx is expanded. The 

le ft and right sides of the pharynx May therefore be regarded as 

a single chamber. 

Ventrally, the pharynx is perforated by three gill olefts 

(G2-4, Flgs. 1, 4, 6B. 8). These clefts correspond to endodermal 

pouches 3, 4, and 5, as was deduced from the posltion of tha 

aortic arches, using the method of J1illard (32: see also Table II). 

In aIl amphibi&n larvae except those of the Gymnophlona, the 

endodermal pouch 1 (the spiracle of elasmobranchs) does not 

perforate (34). ~ catesbelana ls no exception in this respect, 

but It differs from Aseaphus, XenopuB, SCaphiopus, Phyllomedusa, 

and Many other genera in that the endodermal pouch 2 perforates 

to become the membranous ~111 cleft l of the tsdpole. It has 

been proposed that the ventral velum be used to demarcate the 

buccal cavlty from the pharynx (23). Therefore, un11ke the three 

clefts betw6en th~ pharynx and g111 cavlty, the flrst c1eft opens 

directly into the g111 cavlty from the buccal cavlty (Gl, Figs.l,~8~ 

Val vular acti vi ty at the flrst gill cleft i s faeili te:ced by 

the rostrad projection of CB 1, whlch ls covered by mucosa of the 

buccal floor (Flg. 4). The connectl ve tissue Sandl'liched bet\'leen 

thls eartilaglnous support and lts epithellum has a resillence 

which probably adds to the cfficieney of the valve. 

The pharynge al roof is lined by Tllueosa eoverlng the planum 

basale, the naseent parasphenold, the floor of the orblt (fenestra 

subocularls,35), and the ptcrygoqundrate (Flgs. 3, 6B). The 

mueosa contains a glandular zone ln the same posltion ElS that of 
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Pelobates (45) and ~ dalmatina (29), but unlike Kenny's Fig. 1 

(27) of Hyla geOgraphica, the zone extcnds across the middle lino 

in ~ catesbeiana, l1here it is V-shaped, pointing tOlfard the 

esophagus. Nevertheless,the histological character of this zone 

in E. catesbeiana is similar to Kenny's descriptions (26, 27). 

Injected latex revealed that a dense capillary bed in the pharynge al 

roof, like that of the glandular ventral velum, coincides precisely 

with" the position of the glandular zone in catesbeiana. 

Simple columnar and pseudostratif1ed columnar cells form a 

ciliated groove immedlately beh1nd the dorsal velum, running from 

the bilateral junctions betl'1een the dorsal and ventral vela 

toward the esophagus (CG, Fig. 8). The groove is narrow st first, 

but, as it passes ob11quely backl'Tard, it broadens. In the Middle 

line the grooves of both sides meet and together they form a 

continuous c1liated funnel near the esophageal entrance. 

The dorsal aspect of the CBs are covered by a rugulose mucosa 

in gross structure like that of Pelobates (Fig. 9). As in 

Phyllomedusa (26), th1s mucosa 1s arranged in sin~le filter plates 

on CBs land 4, and double filter plates on CBS 2 and 3. 

SUperficial ridges, supported by an arter10le system; form an 

intricate latticework (Fig. 10A,B,C). The crests of these ridges 

are sharp, because theyare formed by pointed cells (PT.C t Fig. 10C). 

A dichotoDlously branching arteriole system, exactly corl'csponding 

to the lattice of epi theliel ridges l'las demonstrated by the 

injection of latex via the truncus arterlosus. These arterioles 

run along the bases of the ridges and they ramify into a 

superficial cap1llary bed (mcsh di~meter, 20 to 60JArn) in the 

vertical sides of the f1lter folds (Fig. lOB). ~ ~ stainlng 

"11 th aniline blue rcvea.lcd that there are no "fil ter shel ves" 01' 

"filter crcviccs" (Of Kenrly, 26) in Rana. catesbeiana. 
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Gill cavity 

Unl1ke the other gill clefts, the first cleft is not completely 

surrounded by cartilage, has no gill tufts along its anterior 

border, and it does not interconnect the gill cavity and the 

pharynx: it lies between the CHL an-d a fOrl'1ard projection of CB l 

and it connects the gill cavity directly with the buccal cavity 

(Gl, Figs. 1, 4, 8). The absence of this gill cleft in several 

other genera ls an important difference ln respect to water flow. 

The fold of the integument forming the operculum, which has 

grown back from the hyoldean arch (2, 34), ls fused at the level 

of the diaphragm to the sk1n covering the abdomen, except for a 

left, lateral branchial outlet. Thls outlet is neither analogous 

nor homologous to the spiracle of certain elasmobranchs. It 1s 

free from membranous or muscular valves and projects into a short 

spout whose orifice faces backl'lard and slightly upward. 

As the left and right sides of the gill cavi ty are joirJed 

by a fa.irly broad opercular canal aeross the ventral midline 

(OC, Figs. 1, 6A), the gill eavity may be cOl1sidered as a single 

chamber. Anter10rly, the opercular canal is, h Ol'le ver , slightly 

constricted by the meet1ng in the mlddle l1ne of the dorsal and 

ventral bundles of the H7 muscle (Figs. 1, 6A,B). 

There are four pairs of gllls, and they are strueturally 

siroilar to those of Pelobates (Fig. 9). The gills consist of 

soft tufts attached linearly by connective tissue and by the 

arteries at their bases, to the respective muscles B2, B6, and B9, 

along the CBs. As there i8 no branchial muscle alollg CB 4, its 

fel'l gill _tufts are attachcd directly to the cartilage by cOl1nectl ve 

tissue. The gill tufts form flexible, arborescent villosltles 

l'lh1ch are h1ghly vascular and they are contfnuously bathed in 

water 11i thln the sac-lllw gill csv1 ty. There 1 s 00c88ional 
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variation in the number of gill tufts per arch (see Table II). 

Simple squamous epithelium covers .the arborescent parts of the 

tufts and the stems of the tufts which, as in Pelobates (46, Fig. 

34), are traversed by an afferent and an efferent blood vessel. 

The gill tufts gain sorne turgidity from the blood pressure 

transmltted to them from the heart. 

In addltion to gill tufts, the bullfrog tadpole has a fine 

network of capillaries in the mucous lining which connects 

the bases of the gill tufts with one another and which ls 

continuous with the capillary bed of the pharyngeal mucosa. 

Straldnski (52, for ~ esculenta) l'las the first to point out 

the respiratory lmportance of this vascular lining, the membrana 

vasculosa opercularls. It lines the gill cavity and it is 

posteriorly in contact l'lith the diaphragm and ventrally l'lith the 

opercular skin (J1VO, Figs. l, 8). Anteriorly, the membrane ls 

separated from the stratum compactum to form the anterlor border 

of the gill cavlty (Fig. 8). The membrane ls reflected on to CB 1 

and it lines gill cleft 1; at a point just medial to the clef t, 

connective tissue attaches the membrane to the dorsal surface of 

the H6 muscle just before the latter inserts on the CilL. This 

lateral attachment of the opercular lining enables venous and 

arterial vessels to augment the rich blood circulation of the 

membrana vasculosa opercularis (19). In the ventral midline, the 

opercular lining 18 attached by connectl,re tissue to the posterior t 

fast fibers of the n6 muscle (24; Fig. 1). In addition to 

serving as a brldge for nerves, this connection also permits 

unilateral or bilsters1 b100d suppl y to the membrane vasculosa 

opercularis (19). 

'" 
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CARTILAGES 

De Beer's terminology (4) will be used in the present study 

except where othen'lise indicated. 

The movable cartilages of the gill ventilation apparatus 

are essentlally those of the visceral skeleton. This structure 

has been so weIl Investigated in ~ (e.g. 35, 37, 13, 14, 15, 42, 

29, J, 5) that only a summary of its anatomy in R. catesbeiana 

is necessary 1n the present study. 

In the mlddle 1ine, transverse, parallel collagen fibers 

interconnect the bl18,teral cartilagines rostrale inferlores 

(CRI, Flgs. 4, 5, 1). These short fibers are attached perlpherally 

around the joint, formlng a strong sheath and enclosing what 

appears to be a small median copula as ln B. t~mporarla (cf. 5). 

Rowever, in ~ catesbeiana thls median st~ucture has small, 

closely packed chondrocytes in a sporse matrlx, and it resembles 

a chondrified ligament. Further account of the mandibular 

skeleton of catesbeiana is unnecessary as lt closely resembles 

that of temporeria (cf. 5). 

The structure of the cartilages of the buccal floor is a 

compromise between the requirements of an expansive area with 

firm support, and f1exlbility and articulation at the joints 

between the eleEents of thls complex (Fige. 1, 4, 5, 6A, Il). The 

medial union of the CHHs by the pars reu111ens and by the copulae, 

and the median connectlon betl",een the RPs, facilitates bendlng 

along the axis ot' the tadpole, while the bilateral junctions of 

the RPs \11 th the CRHs and wi th the unpaired copulae 2, al so permit 

transverse bendlng. Each CHM has t\'10 forl'lard protrusions, and a 

processus posterior hyalis (14) (PPH, Fig. 4) which slightly 

overlnps the HP dorsally. The processus anterlor hyalis (14) 

(PAR, Fig. 4), ,,~hich ls the more medial of the two for\'Tard 

l' 



• 

.' 

protruslons, lB larger and more robust than the second protruslon 9 

the cornu hyalls (C.HY, Fig. 4), which has apparently not been 
hitherto descrlbed. 

The CHL is more robust than the dorsoventrally flattened CHM. 
A firm prominence on the ventral CHL, obllque to the axis of the 
tadpole, subserves the insertion of an important pumplng muscle 
(H6, Figs. l, 7, Il). A surface for artlculation of the CH with 
the quadrate Is afforded by a condyl on the dorsal aspect of the 
CHL (CA, Fig. 5). The outer face of the CHL ls relatively fIat 
and provides support for the attachment of three hyoidean muscles 
(CHL, Fig. 7). 

Copula 1 is somewhat cyllndrical and bluntly polnted at Its 
ends. It Iles in the posterior part of the ligamentum 
interhyoideum, transversely spannlng the hyoglossal sinus betw'een 
the anterior processes of the CHr-rs (Cl, Figs. 4, 6A). The pars 
reuniens lies Immediately behlnd copula 1, and It ls cup-shaped 
in trallSïTerSe section, being convex tOl'1ard the ventral aspect. 
This shape, combined with the resilient material of the pars 
reunlens, render the structure l'1ell sul ted to wi thstand such 
tensile and compressive forces that seem to occur due to 
dorsoventral oscillat.ions of the buccal floor (Fig.,. II ). 
Histologiesl inspection of the p~rs reuniens revealed that, unlike 
the hyaline elements of the rest of the visceral skeleton, Its 
smaller chondrocytes are clustered ln a sparse matrix. 

The coupling of the CHHS by the pars reunlens (PR, Figs. 1, 
4, 5, 6A) and the additlonsl strong but flexible tissue betl'leen 
the other cartilages of the buccal floor, ensure the efficient 
transfer of movemcl1t, enabllng the CHs, copulee and HPs to functlon 
as a coneerted l'Thole during operation of the buccal pump. 

18 
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Unlike the l'est of the visceral skeleton, copula 2 is not 

deri ved from cells of the neural crest (4, pp. 406, LW7, 474) • 

The hyaline c8.rtila[Çe of copula 2 merges anteriorly l'llth the pars 

reuniens. Il short posteroventral projection of copula 2, the 

crista hyoidea (h6) (CR.H, Fig. 61l), provides a firm site for the 

origin of the B7 muscles (Fig. 1) l'lhich couple the bilateral CBs 

to the buccal cartila~es. 

There i5 controversy regardlng the ontogenetic origin of the 

pars reuniens and copula 2 (h, pp. 406, 407, 474). The se 

cartilages, like the HPs, are more closely associated l'li th the 

branchial complex, in an onto~~enetlc sense, than they are l'li th 

the h~,oidean arch. HOliever, in a functional sense, the pars 

reunlens, copula 2, and HPs are llctive elements of the buccal 

pump, because tbey forro part of the buccal floor (Figs. l, 5). 

Posterolateral1y, the CBs are directly fused l'Ti th one allother 

by the comlaissurae termJ.nales.· CB l is directly fused l'lith the 

HP (Fi~s. h, 5). Lateral to its junction l'lith the HP, CB 1 is 

anteriorly expanded llnd dorsoventrally flattened into a blunt 

process (Figs. 4, 5) which supports the val~e of the gill cleft 1. 

The CEs 2, .3, and 4 are not directly fused l'vith the HP by hyaline 

cartilage but the junctlons betv·reen these CBs and the HPs are 

flexible and of a similar histological character to the pars 

reuniens. 

The CBs 2, .3, and h are fused lii th one another 1'1here the;}' 

meet the HP. A ventromedial prominence of CB 2 (the processus 

branchinlis) near the medial junction of CRs 1, 2, and 3, forros 

a buttress for the atta.chment of seven bré.lnchi~ll muscles (Table 

I). Posteriorly airected spicula (SP, Fig. 5) projcct freely 

from the dorsal aspect of the jJbtions bcbJeen C13s 2, .3, and 14-, 
1\ 

and the HP. S'plculuIll l (Spi, Fi[!;. 5) 18 l10t attachec1 to the HP, 

but it extends posterolaterally from CB 1. 
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Un1ike the rest of the visceral ske1eton, copula 2 is not 

derived froIn cel1s of the neural crest (4, pp. 406, L1-07, 474) • 

The hyaline ce.rti1a~e of copula 2 merges anteriorly w"i th the pars 

reuniens. Il short posteroventra1 projection of copula 2, the 

crista hyoid.ea (h6) (CR.H, Fig. 6A), provides a firrll site for the 

origin of the B7 muscles (Fig. 1) 1"1hich couple the bilatera1 CEs 

to the buccal cartilages. 

There i5 controversy regarding the ontogenetic origin of the 

pars reuniens and copula 2 (h, pp. 406, 407, 474). The se 

cartilages, 1ike the HPs, are more close1y associated 1'1ith the 

branchial complex, in an onto~~enetic sense, than they are l'li th 

the hyoidean arch. However, in a functional sense, the pars 

reuniens, copula 2, and HPs are active e1ernel1ts of the buccal 

PQ~P, because they form part of the buccal f100r (Figs. 1, 5). 

Posterolatera11y, the CBs are directly fused with one another 

by the comlaissurae terrllinales. CB 1 is directly fused. llith the 

HP (Fi~s. 4, 5). Lateral to its junction 1'J'ith the HP, CB 1 is 

anteriorly expanded and dorsoventrally flattened into a blunt 

proce ss (Figs. 4, 5) l'1h1ch supports the valve of the gill cleft 1. 

The CBs 2, .3, and 4 are not directly fused l'lith the HP by hyaline 

cartilage but the junc tions bet1'Jeen the se CBs and the HPs are 

flexible and of a s1m11ar histological character to the pars 

reuniens. 

The CHs 2, .3, and h are fused l'Vith one another 1'1here thcy 

meet the HP. A ventromedial prominence of CB 2 (the processus 

branchialis) nenr the medial junction of CBs 1, 2, and 3, forras 

a buttress for the attachment of seven brEtnchinl muscles (Table 

1). Posteriorly directed spicula ( SF, Fig. 5) projoct freely 

from the dorsal aspect of the jJhtions bobJcen CBs 2, .3, and 4, 
1\ 

and the HP. sptculWll 1 (Sp1 , Fifr,. 5) i8 not attached to the: HP, 

but it extends postcrolaterally from CB 1. 
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CONNECTIVE TISSUE 

Mandibular arch 

The ligamentum rostrale superior cartilago Meckeli has been 

illustrated in ~ catesbeiana (18). It has since been rea11zed 

that Schulze (46, p. 8) called this·ligament the 1. 

mandibulo-suprarostrale in Pelobates, a terrn which ls adopted in 

the present study by virtue of its priority. However, ln·~ 

catesbeiana there are tl'10 such ligaments 1nterconnecting the 

suprarostral and l1eckel's cartilages. They have the same general 

attachments, and they run parallel and close to each other. The 

one ligament (NS,Fig. 7) is more superficial than the other and 

its fibers are attached to the lateral edge of the cartilago 

rostrale superior, whence they run to the dorsal aspect of the 

medial epiphysis of the cartilago Meckelt and diverge slightly as 

they attach themsel ves to i t. The second ligament (not shm\'"n in 

Fig. 7) ia slightly deeper than the f1rst and 1ts fibers have a 

w1der attacrunent on the inner surface of the cartilago rostrale 

superior, at 1ts latcral edge and just behind the attachment of 

the first ligament. The fibers then run toward the cartilago 

Meckeli and are attached to it immed1ately l'lithin the attachment 

of the first ligament. 

A short, chondrified lie;ament, the 1. cornu suprarostralc 

(CS, Fig. 2), joins th~ cornu trabeculae l'11th the cartilago 

rostrale superior, l'Thl1e the median notch in the cartila.go rostrale 

superior (CRS, Fig. 2) ls spal1ned by a fascia rostralis e.nterior. 

The H3 muscle in Fig. 7 covers a short 1. quadrato Meckeli, 

l'Thich joins the most lateral aspect of the cart1lago r-ieckell to 

the outer surfa.ce of the pars articularis quadreti. The other 

je1-l li~aEents have already been discussed (18) and are shmm in 

Fi~s. 2, 3, and 7. 

10 
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Hyoidean arch 

Such tens1le forces that are lmposed on the copulae during 

the extreme dorsoventral excursions of the CHMs are probably 

re11eved to sorne extent by a strong axial 11gament, which has 

'2.1 

been ca11ed the 1. lnterhyoldeum (S). It lnterconnects the 

anterlor processes of the CHr'lS by brld.~lno; the hyog10ssal slnus 

lmmedlately rostral to the pars reunlens (Flgs. l, 4). Anterlorly, 

thls llgament ls partly chondrlfled to form the flrst copula. A 

thln 1. e.nterohyoldeum, not hl therto descrlbed, lnterconnects the 

processus anterlor hya11s and the cornu hya11s (AH, Flg. 4). 

The trlangular space bounded by copula 2, the CHH, and the 

HP (Flgs. 1, 4) ls occupled by a 1. lntrahyoldeum 1'1hlch 1 s attached 

tangentlallyto the lateral aspect of copula 2 neer the posterlor 

llmlt of the pars reunlens •. It then dlverges as lt passes caudad 

to form a wlde attachrnent to the anterlor edge of the HP. 

In the posterolateral reglon of both sldes of the buccal 

cavlty there ls a small pad of connective tlssue. The anterlor 

edge of the pad ls attached to the posterior aspect of the CHL. 

The flet, lnner face of the pad is 11ned wlth non-glandular 

squamous eplthelium, "lhl1e lts outer face ls convex and is 

covered by sorne ten muscle flbers of theH2 muscle (Fig. 7). 

A bilatcral 11gament l1hich ·has not been prevlously reported, 

arises from the ventral surface of the CH, medial to the base of 

the cornu hyalis. The ligament ls flattened anteroposterior1y 

and it diverges slightly as it passes lnto the stratum compactwn 

of the skln belOl'l thls area of the CH, just niedia.l to the fascia 

leteralis Schulze (FLS, Fig. 1) • 

The Median raphe of cach of the rua and H6 muscles is joined 

by \'leak conncctl VE: tissue to the underlying buccal skln. 
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Branchial arches 

The medial fusions between the CBs are reinforced by short 

tnterconnecting ligaments (Fig. 1) which have n~t been mentioned 

in earlier publications on tadpole morphology. Gill clefts J and 

4 are each medially spanned by such a ligament, while the second 

gill cleft is spanned by two such ligaments, whlch converge on a 

point of mutual attachment to CB 2. There la no ligamentous 

connection between the CH and CB 1. 

The fascia lateralis, Schulze (FLS, Flg. 1), occurring 

symmetrically on both sides of the ventral midllne, is a plgmented 

sheet of strong connective tissue. Along the 11ne"""FS, the fascia 

18 attached to the ventrolateral edges of the cartilaglnes 

quadratum and pterygoquadraturn, and along LS, lt ls attached to 

the anterlor border of the lateroventral bundle of "the H? muscle. 

The side FL is entir~ly free from attachment. 

Cranial elements 

Aslde from the visceral apparatus, there are other ligaments 

which ere also important in the glll ventllation system. For 

example, the most dorsal part of the processus muscularis quadrati 

ls bound to the chondrocraniurn and to the ethmoid region of the 

quedrate cartilage by a strong connective tlssue containing two 

main ligaments. A 1. supraorbitalls cranii (SC, Fig. Il) joins 

the processus muscularis quadrati to the roof of the brain case, 

whi1e the 1. supraorbitalis ethmoidale (SE, "Fig. Il) connects the 

processus muscularls quadrati to the dorsal surface of the quadrate 

which lies at the base of the processus pseudopterygoldeus (PP, 

Fig. J). In addition, a 1. intertl'abeculare across the midline, 

spans the rostral ends of the cornua trabeculae (CT, Fig. 2). 

Irnmediate1y behlnd the 1. intertrabeculare, El sheet of connective 

tissue, the fascia rostrale posterior (FRP, Fig. 2), interconnects 

the medial edges of the cornue trabeculae. 



• 

• 

MUSCLES 

Nomenclature 

Of the various nomenclatures used by earlier authors (6, 16, 

46, 31, 29, 9, 30), Edge't~orth' s (9) is :finding the most popular 

usage in recent works (e.g. 38, 47, 5). It was also used ln ~ 

catesbeian~ (18, 20, 24) but more detailed studies of this species 

(21), . and general studies of other species (22: Gradl'191l in 

preparation) have revealed lnadequacies in Edgeworth'B terminology. 

They stem mainly from his variable reliance on function, based on 

eadavers and histological sections, as a nomenclatorial criterlon. 

The value of funetion as a standard for naming muscles is 

questionable 1'1hen unsupported by detalled physiologieal evidence. 

There are rnany instances where electromyography has failed to 

conflrm conventional funetlonnl anatomy as an infallible criterion 

of muscle function. Noreover, muscles of tell have more than one 

function, and in the absence of detailed research, it may be 

difflcult to assess the relative importance of the functlons. For 

example, Edge'·mrth' s ULevatores arcuum brai'lchlallum" ln larval 

anurans are believed by Kratochllill (29) to raise the CBs as weIl 

as open the gill clefts. It is also difficult to grasp from 

Edgel'lorth 's ItConstrictores branchialium" l'lhlch components of the 

bra.nchial apparatus are constric.ted. Kratochl'Iill has su~gested 

that these muscles might constrict the afferent branchial arteries, 

while in ~~ tndpoles t'rhore thcse muscles are clearly visible 

throue;h the transparent operculurn, they appear to constrlct the 

gill clefts (Grad'Hcll, unpubllshed). The namlng of muscles 

according to functions deduced from non-living anatomy may 

therefore lead to controversy. 
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Edgeworth's system is not consistent, as it names certain 

muscles from their supposed functions and others from their' 

locations (e.g. Constrictor branchialis; Intermandibularis). To 

overcome the problem of naming muscles l'lhich perform the same 

function, for instance the elevation of the mandible, Edgeworth 

used combinations of functional and locational criteria, but this 

yielded cumbersome terms like "Levator mandibulae posterior 

superficialis". 

In some cases, Edgeworth's terms are anatomically misleading. 

For example, the "Geniohyoideus" of tadpoles 40es not originate 

on the hyoidean arch. In addition, Pusey ()8) has presented a 

cogent argument opposing Edgel'lorth' s use of the term "Transversus 

ventralis II'' (see discussion). 

Notwithstanding the impartial precepts of the investigator, 

the naming of muscles from their supposed functions deduced from 

classical anatomy, tends to prejudice enquiry. This is perhaps 

why recent studies by some physiologists designate muscles by 

numbers, aside from the helpful brevity of such a system. 

In preserved material, l'lhich is usually first to be docurnented, 

it is far more reliable to name muscles according to their 

topography than to name thern according to flmctions deduced from 

such material. HOl'leVer, for accurate description of the origins 

and insertions of the muscles, their naIlles l'lOUId become 

inordinately long. In the bullfrog tadpole (Table I) and in the 

tadpolc of ~scaphus (22), this problem has been ~olved by dividing 

the visceral muscles of the gill ventilation apparatus into groups 

according to their innervations, numbcring the muscles in en.ch 

group, and tabulatine; their ori~ins Èlnd lnsertionG for a 

particular stage of development. The system' is partlcularl;r 

suitable for larvo.l D..nurans sinee during metfl.!norphosls thcse 
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visceral muscles change the1r positions by migrat10n(if they do 

not atroph~. The1r functions may also alter ow1ng to changes in 

muscle fiber composition or changes in attachments, or by the 

combined effect of both these cond1tions. The advantage of the 

proposed numer1cal system over names incorporatlng topography or 

functlon, ls that the new posltions and funct10ns wh1ch individual 

muscles acqulre during and after metamorphosls, cannot confllct 

wlth the1r numerical names. In other words, the numerical system 

stab1llzes the nomenclature and perm1ts the tabulation of· 

topographical and functlonal properties of the muscles before, 

during, and after the metamorph1c stages of the spec1es • 
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Conventions 

Hyogenetic data for Rana catesbeiana are not avallable. The 

following conventions for the descriptions of the muscles have 

therefore been adopted ln the present study. "The place of 

attachruent which in Hl1y particular rnovement remalns :f'lxed when 

the muscle contracts ls called the orlR'ln; that which is caused to 

move is the insertion ••• " (25, p. 200). Where the attachments of 

the two ends of a muscle are equally movable or inert, the central 

end ls the orl~ln and the peripheral end la the insertion. 

In viel'T of the conspicuous difference in natural coloration 

of the two types of muscle fiber ln the H6 muscle, it }:1as been 

convenlent to ref€:r to them as plnk and white fibers (24). It has 

also been shOlm (24) thf'.t these flbers have functional and 

structural propertles ln comrron l'Ti th conventional slow and fast 

muscle fibers respecti vely. HOl'lever, in other ventilatlon muscles 

of the tadpole the two types of muscle fiber are not so weIl 

segregated and thcy do not ShOl'l thelr pinkish or whl tish color B.S 

when they are vlel'1ed en masse. Therefore lt 18 not generally 

practicable to use color for distin~ulshin~ between these two types 

of muscle fiber. Instead, the followin~ terms will be used as 

histological criteria in the present study: 

(i) "plasmic" for muscle fibers with a lar~e amount of sarcoplasm 

relative to thelr myofibrlls 

(11) IIflbrl1l1c" for muscle fibers ln l'lhlch the rnyoflbrl1s are so 

abundant that the sarcoplasm forms a thin peripheral sheath around 

them. 

These tcrms are most sui table for such müscles a.s the H6, l'lhere 

the muscle'fibers are reaEonably weIl segregated (Fig. 12A). 

Rowever, in certe.in muscles these criteria cen only be applied to 

extremea of the t~o fibar types because there seems to be a 



• 

• 

mergence of the one type of fiber lnto the other, for example the 

Hl muscle (Fig. 12B,C). Motor innervation or relative speed of 

muscle flber contraction might be better criteria, but they were 

outslde the sc ope of the present study. 

Non-phasic skelctal muscles of. the bullfrog tadpole, when 

examlned by light microscopy~ usually have only fibrlllic fibers. 

On the other hand, phasic skeletal muscles ShOlv both plasmic and 

fibrillic fibers, but ln variable proportions and distribution. 

Conspicuous cases of such variation will be mentioned in the text. 

The attachments of most of the muscles to the visceral 

skeleton are ventral, musculous and tangential. Departures from 

these conditions will also be specified in the text. 

The Ma muscle has no median raphe and it may therefore be 

regarded as a single muscle in an anatomical sense. However, lt 

is bilaterally innervated and ontogeny might reveal that lt has a 

dichotomous origin. The other visceral muscles of the tadpole 

are symmetrically paired about the middle line; each muscle of a 

pair lsUllilaterally innervo.ted. 

During gill ventilation, the visûeral skeleton undergoes 

considerable meche.nical displacer.~ent. ~'herefore in the present 

study, aIl the muscles l'li th attachments to the visceral skeleton 

1'1ill be described, al though some evidence has been gi ven (18) that 

certain of these muscles do not participate in normal gill 

ventilation. 

"li th the exception of the H7 muscle, the jlll'I ancl hyoidean 

muscles of the bullfrog tadpole have already been cursorily 

described (18). HOl'lever, the eX8.ct position of rnusclGs in relation 

to the surroundinp; structures, and the orientation of their muscle 

fibers are important considerations for the ~nderstand1ng of their 

fUl1ctlons (7, Il).' Therefore these jal'l and hyoldelll1 muscles 11111 
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be reconsidered in the present report,in addition to the branchial 

and hypoglossal muscles • 

Mandibular ~roup 

Ml (MP-ML) (Figs. 7, 8, Il) 

The ~1l is the deepest of the three muscles on the floor of 

the optie orbite Its fibers arise on the anterodorsal surface of 

the processus ascendens pterygoquadrati. They run fOrl'lard, 

laterac.l, and somewhat diagonally as a dorsoventra.l1y f1attened 

strep. The fibers diminish until, at the anterior edge of the 

processus muscu1aris quadrati, only a tendon remains. This 

dorsoventrally flattened tendon continues rostrad tothe 

anterodorsal face of the carti1ago Mecke1i, where 1t 1s inserted 

on the cartilage just media1 to its art1cu1ation with the pars 

articu1aris quadreti. Figure 5 sho~TS on1y the tendon at the level 

of the processus muscu1ar1s quadrat1. 

M2 (MM-RS)(Figs. 7, 8) 

The N2 orlg1nates 10i'1 on the media1 face of the processus 

muscular1s quadratl, near its anterlor edge. From thelr 

dorsoventra11y broad or1g1n, the muscle fibors converge on the1r 

way rostrad and s11ght1y mesiad, to lnsert by a short tendon on 

the out el' surface of the carti1ngo rostrale superlor, near 1ts 

latera1 edge. 

1'0 /lppcars et stage 40 of Gosnor (17) 

M4 " " " 39 "" " 
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M5 OU1-MD)(F1gs. 7, 8) 

The few muscle fibers of the some\<lhat cy11ndr1cal N5 arise 

low on the medial face of the processus muscularis quadrat1, 

from '\tlhere they poss rostrad and slightly mes1ad. They 1nsert on 

the anterodorsal cartilago T1ecke11 'Just rned1al to the insert10n 

of the Hl. 

M6 (HP-MD) (Figs. 7, 8, Il) 

The M6 arises at the base of the processus ascendens of the 

pterygoquadrate. The muscle begins as a wide crescentic group 

of fibers on the dorsal surface of this cartilage and above the 

M7. The orlg1n of the 1'-16 is irnmed1ately lateral and slightly 

rostral to the origln of the Ml. The fibers of the M6 form a 

dorsoventrally flattened bundle at f1rst, but they converge as 

they run forltlard on the floor of the opt1c orbite Near the 

anterior edge of the processus rnuscularls quadrat1, the muscle ls 

c1rculs.r in cross-section Just before endlng in a robust t .... Yldon. 

The insertion of this tendon ls on the anterodorsal surface of 

the cart1lago Hecke11, near the cart1lago rostrale inferlor • 
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M7 (MP-RS) (Figs. 7, 8, Il) 

This musclels fibers originate Just anterior and ventral to 

the origin of the M6, partly on the anterior dorsal face of the 

processus ascendens pterygoquadratum. The medial flbers arise 

Just lateral and onterior to the origin of the NI. The other 

flbers follow' the curvature of the orbitas they arise more 

laterally and anteriorly on the pterygoquadratULl'l to forIn a 

dorsoventrally flattened muscle. It passes fOrlqard and becomes 

somel'lhat cylindrical but still more flattened above, as it leaves 

the orbite It continues forw'ard as a main tendon and then l'uns 

parallel and ventral to the shorter smaller tendon of the M2. 

The main tendon of the M7 inserts on the dorsal surface of the 

cartilago rostrale superior, close to the lateral edge of this 

cartilage and usually just dorsal to the insertion of the tendon 

of the r~2. The main tendon is dorsoventrally flattened and passes 

for\'lard to the diapophysis of the cartilago r1eckeli. A fel'l 

collagen fibers, formin~ the tendo accessorius (TA, Fig. 7), 

diver~e from the ventral surface of the main tendon at about the 

level of the cartilago Meckeli and pass into a larger mass of 

collagen flbers at the bases of the dermal pspillae near the 

medial end of the cartilù,~o Neckeli. Along i ts entire length, 

the M7 is separated froru the M6. 

30 
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M8 (MRI)(Figs. l, 7) 

This 1s a small muscle at stage 35 of Gosner (17); 1t becomes 

prominent during metamorphosis~ Its muscle f1bers are attached 

bilaterally to the cart1lagines rostrale 1nferiores and they 

straddle the j01nt between these cartllages. The muscle does not 

have a medlan raphe of connective tissue separatlng Its left and 

r1ght moietles. 

M9 (MI1-L)(Figs. l, 7) 

The medial eplphyslS of the cartilago Meckeli, near the 

cartilago rostrale inferior, is the site of origin of the M9. 

Its few muscle f1bers ar1se on the posteroventral face of the 

cartilage from Nhere they diverge and end in the dermis of the 

lowe!' lip. 

MIO (MR-M)(Figs. l, 6A, 7) 

This muscle is bib-like, behlnd and belol'l the mouth. Its 

origln ls in a broad sagittal raphe from uhich 1ts muscle fibers 

curve laterad and sll~htly rostrad. They also converge, and end 

in a short tendon which Inserts on the ventral face of the paired 

cartilago Heckeli, about mldway alona; its length. 

Cross-sections of thls muscle clearly ShO,",,1 that 1 t ls 

composed of both plasmlc and flbrillic flbers • 



• 

• 

Hyoidean o;roup 

Hl (HM-CL) (Flgs. 1, 4, 7, Il) 

The Hl arises chief1y on the periphera1 aspects of the 1atera1 

face of the processus muscu1arls quadratl. About 12 of the most 

media1 of its fibers originate on the concave central area of the 

process. The muscle runs as a wide, th1ck, but somewhat flattened 

band ventrad and s11ghtly caUdad, passlng over the orig1ns of the 

H2, li), and H4 to lnsert on the dorsolateral surface of the CHL. 

Cross-sections of the Hl show that, like the H6 (Fig. 12A), 

it consists of p1asmic and fibrillic fibers (Fig. 12B,C). Except 

peripherally and somel'That anteriorly, where the plasmlc flbers 

predomlnate, there ls much lnterming11ng and gradatlon of structure 

among the muscle flbers of the Hl. 

H2 (HHP-CL)( Flgs. 4, 7, Il) 

The H2 orlg1nates along the lower tl'To-thlrds of the 

postero1ateral edge of the processus muscularls quadratl. Its 

muscle flbers are covered by the posterior reg10n of the Hl. 

Part of the H2 a1so orlginates on the lateral edge of the 

cart1lago pterygoquadratum that ls confluent wlth the base of the 

processus muscularls quadratl. The H2 ls laterally flattencd lnto 

a thln sheet. Those flbers orlg1natlng on the processus 

muscularls pass dOlm't'wrd to cross over the orig1n of the H), and 

together wlth those H2 fibers orlg1nating on the pterygoquadratmn, 

aIl these flbers insert poster10r1y, on the outer surface of the 

CHL.-

Cross-sections of the H2 shm-:ed that 1t is composed entlrely 

of plasmlc flbers • 
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H3 (RH S-r1)( Figs. 4, 7, 8) 

A course parallel to the shorter H4 ls talœn by the 

converglng fibers of the H3 from its orlgin on the posterolateral 

processus muscularis quadrati. At thls point lts flbers are 

covered by the III and to a lesser extellt by the H2. The H3 lnserts 

by lts o~m aponeurosis on the processus retroartlcularls of the 

cartilago Meckell, medial to the aponeurosis of the larger H5. 

There ls a slight predomlnance of flbrl111c flbers over the 

plasmlc type, as seon ln cross-sectlons of the HJ. 

H4 (HMI-l.f)(Flgs. 1,4,7,8) 

From lts origln on the ventral face of the processus 

muscularis quadratl, the H4 passes forward and lnward to lnsert 

on the procosvus retroartlcularls of the cartllago Mackell by lts 

oml aponeurosls ventral to the aponeuroses of the HJ and H5. The 

polnt of orlgln of the H4 ls anterior to the CHL-quadratum joint 

and anterior to the origin of the larger H5. 

plasmic and fibrllIic flbers are about equally weIl 

represented ln thls muscle. 

H5 (HCL-1-1)(Flgs. 1,7,8) 

The H5 originates on the outer face of the CHL, l'There its 

muscle fibers are covered by the lU. In profile, the H5 nnrrOl'1S 

as i t emerges from undcr the Hl and. it then runs forl1ard and im-Jard. 

The H5' s insertion is by 8.11 aponeurosis which somel'lhat e11velops 

the lateral aspect of the processus retroarticularis (PRA, Fig. 4) 

of the cartilago Meclœll. The muscle partly covers the H3 and H4 

laterally and ventrally • 

The fibers of the HS are of the plasrnic and fibrillic type 

in approximately equal proportions. 
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H6 (I-IR-CL)(Figs. 1, 6A, 7, 8, Il, l2A) 

The fibers of the H6 orj.glnate at a raphe of' connective 

tissue in the mlddle llne; they then pass laterad to insert on 

the CHL as shown in Fig. 1. The absence of nervous connections 

across thls raphe explalns the need for bllsteral innervation of 

the contralateral moieties of the H6, whlch i8 provided by the 

rami hyoidel jugularls (VII). The larger, sensory, 

glossopharyngeal component of the ramus ju~ularls Is shown in 

Flg. l,running caudad, Inferlor to the H6. The nerve has been 

truncated st the hlnd edge of thls muscle. 

Near the mlddle llne, some of the whltish posterlor muscle 

flbers (flbrillic type) of the H6 run pbllquely backward and are 

attached by connective tlssue to the membranous I1nlng of the 

operculum. The other fibrllllc fibers and the pinklsh anterlor 

flbers (p1asmic type) are aIlgned pare11el to one another ln a 

transverse direction. The plasmic fibers partly disappear after 

the onset of metamorphlc c11max, at about sta~e 41 of' Gosner (17), 

but a fe"l p1a.smic fibers are stlll present ln the nel'11y 

metamorphosed frofl;; ln older frogs the plasmic flbers disappear. 

H7 (HR-Q)(Flgs. 1; 6A,B: 8) 

The membranous 1ining of the operculum ls relnforced by this 

muscle. Its filJers, like those of the H6, originate ln a medlan 

raphe of connective tissue, from either side of l'rhich, tl"iO bundles 

of muscle fibers Immediately diverge. By virtue of the fascia 

lateralis cl1dln~ on the quadratc and alo11[', the Interal edge of 

the pterygoquadrate ElS Nell ElS the aueU tory capsuTe, the H? ha.s 

a wide region of insert:i.on. SOl!le of 1 ts fibers also Insert in 

the diaphrao;m. 
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A lateroventral bundle spreads laterally from the mcdian 
raphe and adheres to the ventral aspect of the superficial 
opercular lining. The fibers of th1s bundle term1nate near the 
lymph gland (1) at the level of the aud 1 tory capsule l'1h11e still 
in contact l'li th the opercular l1ning and w1 thout themsel ves 
inserting on the cartilage. Ii'urthermore, the medial part of th1 s 
muscle bundle is crossed obliquely and ventrally by single muscle 
fibers (Fig. 1) which have not been prev10usly dcscribed in anuran 
tadpoles. These single fibers, although usually separated from 
one another, are clcsely applied to the lateroventral muscle fibers 
of the H7 and together wlth them, form the superficial component 
of thi s muscle. 

A laterodorsal bundle (H7', Fig. 1) passes laterocaudad along 
the dorsal surface of the deep opercular l1nlng and th en crosses 
under the orlgins of the 82 and BII in the diaphragm, and itself 
then ends in a l'llde COl'ltS.ct \'11 th trIe anterlor aspect of the 
diaphragm. In the pre sent study, the bun(lle nill be callcd the 
deep compoïlcnt of the R7. Both muscle components are dorsovEmtrally 
flattened, being only one to three fibers thick, and they are 
intimately applied to the superficiel and deep opercular linings 
respectively. 

The medlal connective tissue behleen the H6 and R? affords a 
bridge for the spread of innervation from the rami hyoidei 
jugularls to the H7 (24). 

AlI the fibers of the H7 are o~ the fibrillic type • 
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Branchial o;roup 

BI (BP-IL): B5 (BA-IL); BB (BA-2LA); BIO (BA-2LP)(Figs. 1,4, 6B) 
The BI originates on the posterolateral edge of the 

pterygoquadrate, while B5 and B8 originate on the leteral edge of 
the processus oticus. Irnmediately behind the base of the 
processus oticus and dorsally on the auditory capsules, the BIO 
has lts origine BI and B5 lnsert ventrolaterally on CB 1 while 
BB and BIO insert ventrolaterally on CB 2 near Its junctlon with 
CB ]. BIO inserts on CE 2, immedlately ventral and somel'lhat 
posterior to the insertion of B8. BIO 18 elllptlcal, almost 
circuler in cross-section but the other members of thl~ sub~roup 
are only one or two muscle fibers thick, each muscle forming a 
sheet whlch is outl'lardly convex l'lhen relaxed. 

The fibers of these muscles are almost entirely of the plasmlc 
type. 

B2 (B2M-l.2): B6 (B2M-2.]); B9 (B]N-2.])(Figs. l, 8, 9) 
The ventral face of the processus branchialis of CB 2 is the 

site of origin of the B2 and B6, while B9 orlginates close to them, 
but on CB]. These three Muscles then curve backward along the 
ventral aspects of the branchial arches. They ln sert on the 
comrnissura termlnalis jolning CB 1 and CB 2 (B2), and on the 
commissure of CB 2 and CB ] (B6 and B9). Each muscle ls apposed 
to its CB, half cl1circling the gill cleft and runninQ; parellel to 
the respective branchial arterles,as tn Pelobates (Fig. 9). 

Each of the muscles of thls sub~roup have 10-15 muscle flbers. 
Half of the fibors are cle~.:n'ly of the fibrilllc type, but the 
others are some1'lhat like the plasmlc type, althoue;h thelr 
sarcoplasmls not eXDctly copious relative to the myofibrl1s. 
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BJ (BCM-IH), B4 (BCH-2H), B12 (B2M-4M) (F'1gs. l, 4, 6B, Il) 

BJ and B4 or1g1nate on the laterocaudal edge of the processus 

posterior hya11s of the CHN. The muscle fibers run backl'lard. to 

in sert ventromed1ally nea~ the base of the anter10r process of CB l 

(BJ) and on the ventral face of the processus branchialis of CB 2 

(B4). The third muscle of this subgroup (B12) arises on the ventral 

face of the processus branchialis next to and in contact with the 

insertion of B4. B12 ends on the ventral aspect of CB 4 

immediately medial to the short ligament join1ng CB 4 to CB 3. 

B7 (BH-2M) (Fig. 1) 

Un11ke H6, the ventral med1an raphe of connective tissue in 

which the B7 originates, la attached to a skeletal .support, the 

crlsta hyoidea of copula 2. The muscle, l'1hich la nearly 

cy11ndrical,thcn crosses the Sl ventrally and inserts on the 

ventral face of the processus branchialis of CB 2. Not aIl tho B7 

fibers h~nre e. tangential insert1on; a fel'T of the more dorsal fibers 

ln sert perpendlcularly on the medial, vertical face of the 

procescus branchialis. 

Cross-sections of the B7 shoued that it la composed of 

lntcrmingled plasmic and fibr111ic fibercr l'71th a s11ght tendency 

for the plssmic fibcrs to conccntrate themselvcs ln the dcoper 

region of the muscle • 
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BII (BD-2.3){Flgs. l, 8) 

A transverse course ls taken by the BII froIn lts orlg1n ln 

the dl,g,phragm laterocaudal to the heart, to 1 ts lnsertion 011 the 

commissure of CB 2 and CB 3. Its fibers orlg1nate ln the anter10r 

and lateral aspect of the dlaphragm; the more ventral flbers 

originate dorsal to the deep compol1cnt of the H7. Bll runs ventral 

to B13 and B14, but sl1ghtly dorsal to B9. BIlls somel'lhat 

fan-shaped in an almost vertical plane, lts fibere converging 

toward the1r insert1on. 

B12 (B2M-4M){Flgs. 1, 6B) 

This muscle orlginates on the processus branchlalis ln close 

association with B4 and B7. The B12 ls a flattened, short muscle 

which rune straight back and is lnserted near the f.ront, medial 

edge of CB 4. 

B13 (BA-4L)(Fig. 1) 

Al'ising on the audltory capsule adjacent 8.1'ld medial to BIO, 

the fibers of B13 pass moslad 811d cross BII dorse.lly, before 

endine; on the ventral face of CD 4 noar the end of gill cIe ft 4. 

B14 (B4L- S) (Fig. l) 

B14 originates ventrally on the CE 4 close to the distal 

fus10n of CB 4 l'li th CB 3. Tha muscle passe s postcrolp,terad and 

ends on the e.nterlor face of the na!~CfJnt scapula. 

Immcdiately bohind the B 14, a mUDclc bundle (not sholm, Fig. 

1) arises in the cOl1Tlecti ve tissue bet1',2en the Blottis Elnd the 

medial CB 4 and it la separnted from the orlg1n of its 

contralateral moiety by a spnce in the middle l1ne. The bundlc 

rune posterolntcrad and convergos on Bl4 to also becomc inserted 

on the ontorior fece of the nascent scapula. Tho muscle bundle 

1s not caslly accessible and ElS i t ls not il~serted on the b:!'tlnchial 

skeloton, 1ts role (if any) ln g1ll ventilation is probably minor. 
The muscle bundle runs alongside and anterior to the dD.ato:c 

laryn2:eus liluscle but doc S not fuse wi th i t. 
---- -------------------------'---------------------" 
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SI . ( SH- RI )( Fig s. l, 7, Il) 

SI arises posteroventrally on the HP, near the CSs. The 
muscle crosses B7 dorsally and almo.st at right angles and the 
le ft and right moieties tend to converge on each other as they 
pass forward. Anteriorly, the SI lies immediately ventral to the 
CID1 and therefore dorsal to the MIO. The SI lnserts ventrally 
on the cartilago rostrale inferior, Just lateral to the M8. 

There are 25 to 35 fibers in this muscle, of whlch usually 
more than half are of the plasmic type while the others are of 
the fibrillic type. 

S2 (SD-2M) (Figs. 1, 6B) 

82 arises in the diaphragm lateral and caudal to the heart. 
Its fibers are widely spread in the diaphra~m but they soon 
converge into a compact bundle Hhich ls elliptlcal in cross-section, 
being dorsoventrally lvider. The muscle runs rostrad a..l1d slightly 
laterad, to etld on the ventral face of the processus branchial1s 
of CB 2, alongside and medial to the origin of B12. Sorne of the 
fibers of the S2 are also Inserted along the medial edge of the 
ventral side of CB 3. 

Fibrillic fibers are present ln this muscle to a slightly 
greater degree than the plasmic type. 
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Discussion 

The aim of the present research is to establish a structural 

bas1.s for experimental studies of the gill ventilation mechanism 

in the bullfrog tadpole (see 21). For this reason, the more 

dJl1amic components, such as cartilages and muscles, are emphasized, 

although attention i8 also given to connective tissues and 

epithelial and vascular linings wherever they are considered 

important from a mechanical point of Viel'l. 

Certain discrepancies in the 11terature on tadpole 

morphology are pointed out in the follol'Ting discussion. 

EPITHELIAL AND VASCULAR LININGS 

Vela -
RO\"lS of secretory columnar cells along the undersurfacc of 

the ventral velum of ~ temporaria l'1ere mistaken for muscle 

fibers durinp; dissections (43). IUcrotomy of the ventral velum 

has revealed that there are no muscle fibers present in this 

structure in R. temporaria, Phyllomp,d~ trini tatus, Il ••• several 

Hylldse, Bufonidae and Leptodactylidae ..... (26, p. 243), or in 

Rana catesbei~ (20), ,Pseudis E.arad~, Pelobates ~;yrlacust 

Scaphiopus bombifl'ons and Ascaphus truei (Gradl'rell, unpubl1 shed ). 

Pharynx 

Although cpithelial cells wlth points which project into the 

lumen of the phai'yïlx, \'lCre drmm for Pelobates (hG, Figs. 26, 32), 

~ dallfiD.tina (29, Fig. 114-), Xenopus (32, Fig. 1), thls type of 

cell has not been discussed in recent publications \'Ihlch concern 

anuran larvae in gcneral and Ph,Y-llomedusa ~rinitatus in part1cular 

(26, 27). The pointed cells are present on the crOlms of the 

rugulosc pharyngeal epitheliuJTI in ~ ~atesbeian~ l'1h1ch in this 

respect closely resembles Pelobates (see 46, ·Fi~s. 26, 32). 
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Gill cavity 

The respiratory importance of' the membrana vasculosa 

opercu1aris of Rana esculenta l'laS first pointed out by Strawinski 

(52), whose findings "lere based on measurements of capillary 

density. In B. catesbciana kept under specifie conditions, the 

main opercular blood vesse1s have been mapped and identified and 

the density of the capillaries has also been measured (19) and 

found to support Stral'linski' s postula.te. However, there are Many 

a.nuran genera in i'lhich the blood system of the opercular liniug 

is poorly developed and is therefore apparently of little value 

for blood ventilation (Gradwell, unpublished). 

In ~ catesbeiana. i'later passing through the first pair of 

gill clefts enters the gill cavlty dlrectly from the buccal cavity, 

thus by-passing the pharynx and gill clefts 2 to 4 (20, 23). In 

the present study, attention has been drm"ffi to the weIl 

vascularized rugulose lining of the pharynx. Al though the flol'l 

throu~h the first gill cleft bathes the first gill, much of this 

water impinges directly on the mem.brana vasculosa opercularis, 

affording better u-cllization of It f'or ventilation of the blood in 

this membrane than the "la.t8r reachlllg the membrane via the gill 

clefts 2 to 4. The coinc1.dence of first gill clefts and a weIl 

vascularizcd opercular linh~g llould seem to be consistent \';1th 

the ViCl'1 that thls association ls an adaptation for .the incl'eased 

ventilation of the hlood. In contrast, a flrst 1!,111 clcft is 

generall;y absent ln those anurans havin~ R poorly vascularized 

operculuJi1 (Gracll'l.:!ll, unpubli shed) • 

It 1s. l7ell knOl'i.n that the position of the branchial outlet 

vûrien amoJlr:' the «Ci1(;;l'[1 of Flnura.n tadpoles. This variation has 

bcen e:;.:pltd.ncd by Brock (2, p. 339): Il Sinc.3 the brHnchial open1ng 

is at one tilllc a ci1Jf';le N~_de m13ep from sicle to side across the 
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ventral surface of the body, it is easy to understand that the 

definitive position may vary in different forms." 

CARTILAGES 

Without implying homogeneity of the cartilages, Gaupp (13, 

14, 15) described the larval hyobranchial skeleton of Rana 

temporaria (= E. fusca) as a cartilaginous continuum 

("Homokontinuitat lt
). The homogeneity of the hyobranchial 

skeleton la interrupted by a youthful type of cartilage (5) 

between certa.in of its cartilaginous elemcnts. This condltlon ls 

especlally evtdent in the large bullfrog tadpole, ln Hhich the 

luheront flexibility of hyallne cartilage tends to be reduced 

and thore is a greater need for zones of bendlng to facll1tate 

the mov·ements of thc hyobranchl~--.1 components. HOl'leVer, as Gens 

(12) has pointcd out, anatomical components need not necessarl1y 
l\ 

represent fuctional units; several anatomical cornponents may Bot 
" 

together to expresn one or more functlons. 

De Beer (4) has expressed doubt regarding the ontogeny of the 

·pars rcunlens and he cons1dered It to orlginate Independontly of' 

copulee 1 and 2. Rldcllood (1-1-2) referred to the nfi brousu nature of 

the pars rev111ens in disr:ected matcrlal. A hlstological differc:ncc 

bctl'1ccn the pnrs reun1ens and th~ other vlscerD.l ce.rtilages l'Tas 

reportod by Chncko (3). According to do Jongh (5), the antcrlor 

reglon of tho pars rcun1cns haB a more "youthful Ir C:tppcare.ncc than 

Its postorior. Houcvc::r, the precise naturo of the Interce11ular 

substcncc hos not beol1 histolosically 1dcnt1ficd and may hold the 

enSl'1er to the particu.le.r res1licnce of the ptlrs rElull1en8 • 

Parker (35, p. 155) introdncod the t(;l'D1 "h:rpobrD.nchlal platon 

for the reletively fIat, brou~ c8rtl18~c ly1n~ bctH3en the hyoldean 

and hl'Cll1chinl cler:lcnta in Ré.ma tcnmornr1a. This tcrm h~s bcconc -- -_.""""- .. __ .-_.-
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so l'lell established in the literature that lt la also used ln the 

present study, but wlth the reservatlon that, when ~ tadpolea 

are ln a natural prostrate orientatlo?, the.hypobranchial plate 

does not Ile below tho level of'eny component of the branchial 

apparatus (HP, Figs. l, 4, 6A). 

MUSCLES 

Conccrnlng the termlnology of the muscles, the present study 

la a departure from carller publicatlons on larvel anurans. The 

applicatlon of the nomenclature of Edgol'lOrth (9) wes attempted in 

an earllar functlonal study of ~ catesbeia119 (18), but more. 

detailed research has led to the proposaI in the present report of 

a numerical terminology for the visceral muscles assoclatcd wlth 

the gll1 ventilatlon apparatus of anurans. A nume~ical system has 

the advantage of avoidlng controversies that have stemmed partly 

from attempts to homologize tadpola muscles wlth those of other 

vertcbrates. 

Notui thstandint; EdgoW'Torth' s monograph (9), some 

misunderstandlngs of tadpole visceral musculature persist, the 

Most relevant of which are considered in the follol'iing discussion. 

According to de Jongh (5, for ~ temporarie.), larval muscle 

fibers becomc replaced durlng met~norphosls be new muscle fibers 

l'1hlch dlfferentiate j.nto thooe characterist1c of adul ts. In R. 
catesbeia.na, there are t'NO histologically dlfferenttypes of 

muscle fiber in several muscles (partlcule.rly th0 lU and. H6) of the 

g111 ventilation fl.pparatuo before the major cvents of metamorphosis 

bee;1n at about stage 41 of Gosncr (17) • 



• 

• 

Nandibular group 

M2 

This muscle l'las regarded as the levator mandlbulae externus 
pars anterlor to dlst1ngu1sh It from the l.m.e. pars posterior U~\ 
but 111 the gel1eral absence of a l.m.e. pars posterior at stage 35 
of Gosner (17) in ~ catesbeiana , the 112 is probably homologous 
to the l.m. externus (Table I). 

M6, ~17 

The 116 ls regarded as be1ng fused posteriorly with the M7 in 
Rana temnoraria (l.m. posterior superficialis and l.m.p. profundus 
respectively, 5). In R. catesb~lana, the M6 and lfJ7 are distinctly 
separate from each other at stage 35 of Gosner (17). Moreover, 
the tendon of H7 ln catesbeiana is not fuscd lrlith that of M2, which 
also contrasts with temporaria (5). 

Occasionally the fibers of the M7 are scgregated into dual, 
parallel bUl1dlcs. On this basis a l.m.e. pars posterior of Sedra 
(47) was ShOt"nl in Rana catesbelana (18). HOl'jeVer, further re~:earch 
has shoHn that this muscle Is gcnerally absent at stage 35 of 
Gosner (17) in R. catesbili~. 

Hyoidean grouE. 

H3, Hh, H5 

In Rans temporo.ri~ (S), the quadratoo.nrçularis has a slmilar 
t.opo~re.phy to the Hh of j1. ~:ce8bei~~, exccpt that thls muscle 
does not inse:rt l'li th the hyoEmn;ularl G (H5) by a common nponeurosis 
on the cartilap;o J·lec]{ell. Whereas the insertions of the H3 and HS 
are latersl on this cartilage, the R4 is inserted more ventrally 
and mcdially (I·'igs. l, 4, 7). Thi s di stinc U.on h8.S fUilctional 
implications (see 21). 
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H6 

Ear11er reports on the H6' have not :furnlshed details on its 
histological composition (6, 46, 9, 30, JB, 47, 49). Recently, 
it has been found (5) to consist entirely of'larval fibers" at 
stage 25 of Kopsch (28) (= sta.ge 40 01" Gosner, 17). In the 
bullfrog tad.pole the H6 is composed 01" tlfO structurally different 
types of muscle fiber, each specialized for a particular function (24). This dlfference has also been :found in several other 
species of ~ tadpoles (Gradwell, unpublished). 
H7 

The H7 has been reported (9, J8) as belng absent in ~ 
(particularly R. tempora~). Hore recent work has shol'm that 1 t 
occurs generally in Rana (lncludlng B. tem90rarla), pseudis, and 
Pelobates, but not in pipids, ~, end Sca~hlopus (Gradwell, 
unpubllshed) • 

The H7 has been described (46) in Felobates as two muscles, 
the diaphrat?;matopraecordialis and the subbrancbialls in 
approximately the sa.me posi tions as the deep and superficial 
components rcspectively of the H7 in ~ cat.esbeiana. Further 
research is needcd to decide l~hether this ls one or tl'lO muscles. 

Branchial Rrou~ 

BI, B5, B8, BIO 

Kratocht'li Il (29, for Bane. d81matina) descrlbed four branchial 
levator muscles ("J<iemenbogcnhcber tr ) as origlnatlng on the 
unclerside of the ptel"'y goquadrate ("Lamina pterygo-temporalis"). 
Edgel'lOrth (9, for ,Pelobates, Bana, and Rufo) did not reco.~n1.ze a 
levator arcus bral1chlalis l..j.. PtU'w:y C38} reported that in .Ascapll~~ 
there is 110 scpn:rate constrictor brailchlalis 4, but that the 
comblned COYlstr ic tor branch laI i s I} and le""l"ator branchinl:1. s h are 
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lnserted farther ventrally on the branchial skeletol1 than are the 

I.a. branchlalium 1 to 3. If the muscle BIO (Fip::s,. l, 4) really 

is ~ comblnatio.1 of Edge't'lOrth's I.a. branch1al1s 4 and c. branchiali.. 

4, then Pusey's description of the condit10n in Ascaphus also 

applies to Rana catesbeiana. 

Sedra and Hlchael (33, 49, for Xenopus) have assigned the 

names "constrictores branchial1um l-iv" to the muscles l'Thlch 

Edgeworth (9, for fian~ temporar~.a), PUsey (38, for Ascaphu~), ai1d 

earl1er researchers called. the "levatores arcuum branchialiUlT! 1-iv". 

B2, B6, B9 

Havlng glven the name "constrictores bral1chia11um l-1v" to 

the conventlonal "levatores arcuum branchlalillln l-lv", Sedr~ and 

Mlchael ()), 49) identified the customary "constrlètores 

branchlallum 1-111" as the1r Itsubarcuales recti ll-lv" (Helsz's 

1\ subarcual muscle strand s", 5h: see al so Hymenochirus, Sokol 51). 

B), Bh, B12 

Edp;el1orth (9, p. 157, for Rana temnoraria) reported the.t 
- -- ) -

the subD.rcualc s rec tl 1 and 2 have fused to form a single muscle 

ln 8 mm larvae, and later (Il mm larvae), t"IO muscles renppcar: 

liA fasciculus subscquentIy f:;cparates from the anterior part of the 

fused subarcuales recti 1 and il ll • However, no data in thls 

re~ard are avaiJ.able for 2.. cat.est~~ 

Ed~eworthts subarcuales recti 1 and il (9) wcre described as 

a single IIcerütobrancl1ialls" by Sc}":ulze (hG) in the fully 

developed tadpole of Pelobates. l~ also described an 

"lntcrbrp.nchlalis", cpparentlJT the subarcualE:s l'ectl 111 [md 1v of 

Edgcn-Torth (9). Kratoch1'1ill (29, for RDn~ dalmatina) referrcd to 

the subarcualcs recti i and ii by the tex'm ."hyo~·keratobr8..n('.hlales" 
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and adopted Schulze' s nlnterbranchialis" as the term for Edgel'TOrth' oS 

subarcuales rectl lli and Iv (9) • 

B7 

Edgel'lorth (9, pp. 156, 162) re~arded the prlml tl ve amphlblal1 
branchial segments as each contalnlng a transversus ventralls, 
and a subarcualls 1'llllch was ln the rectus or obllquus fonn, but 
not ln both forms at once. Pusey (38, p. IJ~4) dlsagreed and 
malnly on the basis of hls Ascaphu~ research, he sugRested that 
". •• a pr :l.ml tl ve branchial sep.;ment could contaln slmul taneously a 
S. rectus, a S. obllquus, and a Transversus ventralls muscle palr", 
and, "In future the terrn 'Transversus ventrall s Ir must be 
abandoned ln favour of 'S. obllquus II' ln the P..nura". 

Fox (10) reported on the ontogeny of the lungflsh, Neoceratodus, 
and showed that the a.dult has a transversus ventralls and a 
subarcualls rectus but It has no S. obliquus in each of Its flve 
branchial sc[s"fllel1ts. For thls reason, Fox (in 11tt. 1969) favors 
the retentiol1 of Edgeworth's tréll1SVerSus ventralls ii ln the Anura. 

In the present study and ln agreement wlth Sokol (1.n litt. 
1969), the cogent reasonll1FÇ of Pusey is regarded as sufficient 
r.:rounds for favorinJ?; t~w term "subarcualis obllquus n for the muscle 
1'1h1ch Ed~ei'TOrth has callcd the "i;:cansversus ventrall s 11''. 

HOl·mVOl', the: subject of muscle ontop;eny and homolo~y ls outs1de 
the scope of the present report. 

Bll 

EdgevlOrtb (9, p. 133) states fo:" pclobntes: " ••• a dOl'n1i!;roHth 
from Consti.'lc tOI' i"ll forros the Diaph:caC"~matj.co-branchlalis ••• " • 
There ls 110 "Coi1stric.tor br fJ.i1chi::Jlis 1v" ln ~ ~tesbe:'l.nna, but. 
8S 8. 'ûiaphrD!_~mutob:c[.mehialis i VU (Bll) 1s pJ'esent lmd ls scp~:tr8.tc 

froTIl the muscle labcllcd nlO ln Fifi<:l. 1 flnd 3, i ts onto.~Cl1ct ir. 
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origin ls a problem in embryology • 

B13 

The tympanopharyngeus o~ Pelobates (Schulze 46) was not 

dlscussed by Edgeworth (9) althoug~ he reproduced Schulze's Fig. 

16 l'1hich shows thls muscle. By virtue o~ a close similarity of 

position, this muscle ls probably homologous to the B13 of ~ 

catesbeiana. 

Spinal f2;rou'D 

82 

In viet'l of almost identlcal orlglns and insertions, the S2 

(l'1hich Edgel'lOrth, 9, calls the "rectus cervicis") may be homologous 

to the muscle described by Schulze (46) and Kratochl'1ill as the 

"diaphra~nato-branchialis medlalls. n 
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TABLE l 

The positions of the anterior visceral muscles of Rana catesbeiana, 

stage 35 of Gosner (17). Hotor innervations are parenthesized. Key 

letters designate the group to l'lhich each muscle belongs and refer 

to the origin-insertion relationship of individual muscles. For 

use ln the text and ll1ustrations, each muscle Is also identifled 

by a number, preceded by the initial letter of. the group to l'lhich 

the muscle belon~s. 

E:;;d;;:g:;;;e::;:~1:;::0=r=t=h==(::9=)::;,==:'===:::O=;=i=;:;:::.1·i=n=-::'::in=:'s=er='=t=1=on=rf=, ==R=a=n=a==c::a=t=e=s:::b=e:::l:::·e.::~::'::~:':'::'-==N=O=.~"·~~y ~-.::: 

~ tadpole letters 

-----------------~--------------.. ------------------_ .. ---_.---------------,~ 
MANDIBULAB GROUP 

Levator mandibulae Ptery~oquadratum ascendens, dorsal - ru HP-11L 

anterior Meckeli, lateral dorsal 

L.m. externus Husculoquadratum, enterior - rostrale ~12 HN-RS 

superior, lateral 

L.m.a. subexternus Appears et ca. stage LW of Gosner (17) H3 

L.m.a. lateralls Il .. " " 39 Il Il " M4 

LAm.a. articularis Husculoquadratum, medial - Heckeli, 

dorsal, lateral 

L.m. pooterior 

superficia11s 

L.m.p. profundus 

Ptery~oquadratum, dorsal- Mecke11, 

dorsal, medial ~ 

Ptery~oquadratum, dorsal - rostrale 

super10r, lateral 

H6 MP-HD 

N7 MP-RS 

Intermandibular1s Interconnecta left and rlght rostrale H8 NHI 

anter10r 1nforior; no med1an raphe 

l'jandibulo-lab1alis Mccke11, anterlor - louer lip 

Intcrmand.1bular1 s Hedian raphe - Meckeli, medial 

posterior 

(n. tr1gcmlllus) 

119 UN-L 

"110 MR-jll 

-'~"-''''--''._. -.,-.-.... , .. -_ .•. ' ....... ,,_ .•. - ... _--- _._-_. __ ._._----_.- ._ ... _-_ ....... - •........ _._-_.--- ...... _-_ .. 
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lfYOIDEAN GROUP 

Orbltohyoldeus Musculoquadratum, lateral - ceratohyale Hl m~-CL 

latera11s 

Suspensorlohyo1deus f'tIusculoquadratum, lateral, poster1or _ 

ceratohyale latera11s 

Suspensar1oangular1s Musculoquadratum, lateral, super10r _ 

Çuadratoangularls 

Hyoangular1s 

Interhyoldeus 

Interhyoldeus 
2 posterlor 

en. faclalls) 

Meckell retroartlcular1s 

Musculoquadratum, lateral, 1nferlor _ 

Mecke11 retroartlcularls 

Ceratohyale lateralls - Meckell 

retroarticularls 

Ned1an raphe - ceratohyale lateralls 
If If - quadratum + ot1c process 

+ dlaphragm, lateral 

-------------------_ . 

H2 ID1P-CL 

H3 HMS-M 

H4 HMI-M 

H5 HCL-lwl 

H6 HR-CL 

H7 HR-Q 
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5'7 

BRANCHIAL GROUP 

Levator arcus Pterygoquadratwn, lateral - l, lateral BI BP-1L 

branchialis l 

Constrictor 2, medial - commissure 1, 2 

branchialis l 

Subarcu.9.lis rectus l CeratohyaJ.e medialis, posterlor -

l, medial 

S. r. II 

Lev. arc. br. 

Constric. br. 

Transver sus 

ventralis 113 

II 

II 

Ceratohyale medlalls,post~rlor'-

2, medial 

otic process - 1, lateral 

2, medial - conmlissure 2, 3 

Crista hyoidea - 2, medial 

B2 B2f1-1. 

B3 BCM-1M 

B5 BO-1L 

B6 B211-2.3 

B7 BH-2r.r 

Lev. arc. br. III Auditory capsule - 2, lateral, anteriarB8 BA-2LA 

Constric. br. 

Lev. arc. br. 

Diaphragmato-

branchialis IV 

III 

IV
4 

3, medlal - commissure 2, 3 

Auditory capsule - 2, lateral, 

posterior 

DiaphragM, medial - commissure 2, 3 

Subarc. rec. III + IV 2, medial - l/., medial 

Tyrnpanopl1aryngeus5 Audi tory capsule - lJ·, lateral 

? Transversus 4, lateral -.scapula 

ventralis IV 

(nn. glossopharyngeus + vap;us) 

B9 B3N-2.3 

BIOB/~-2LP 

Bll BD-2.3 

B12 B2H -411 

Bl3 BA-lJ-L 

B14 B4L-S 
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8PIN/\L GROUP 

Genlohyoideus 

Rectus cervicis 

(n. hypoglossus) 

Hypobranchial plate - rostrale inferior 81 SH-~I 

Diaphragm, medial - 2, medial 82 SD-2I1 

~-------------------

1 
Attachments are assumed to be ventral except ",here otherl'lise 

indlcated. Arabie n~lerals refer to the ceratobranchlalia. 

2 
Accordlng to Edgel'lOrth (9), this muscle ls absent in Rana, 

but present in ~ and Pelobates. Recent evidence ShOl'lS thls 

muscle to be generally present in ~; it is also found in 

Pseudis, PhylJ.omedus,a, and Byla, but it ls absent in Ascaphus, 

Scaphiopus, BUfo, pipids and microhyllds (Gradl'lell,. unpublished). 

:3 
Pusey (38) calls this muscle the &lbarcualis obliquus II 

·4 
Edge\'Jorth (9) states that this muscle ls absent ln Rana. 

5 
From Schulze (146) • 

... _-
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TA3LE II. Rana ?atesbeiana. The onto~enetlc relationship between the arches, endodermal 
pouches, visceral clefts and gills. - Modlfied from a schema suggested by Dr. N. Millard 
(1967, in litt.). 
~ 

""- -----.. _ ... - ,_ .•• '-~ o::a 

Arch Endodermal Tadpole Condition 
Viscerlll Aortic Pouch Visceral Clefts Gill Tufts 
Nanàl'bule.T 1 PremetarnorOhic} 

-0 atro'Phy 

1 Does not perforate Hyoidean 2 Vesti.o;ial 
0 

2 Gill cleft 1 (ca. 1 mm) 
Branchial 1 3 Carotld 

11-13 3 " ft 2 (ca. 6 mm) - , 
Il 2 ·4 Systemic 

13-15 4 " " 3 (ca. 7 mm) 
" 3 5 Metamorphic \ 

13-15 atrophy J" 
5 " " 4 (ca. 4 mm) 

" 4 6 PUlmonary 
7-8 

6 Does not perforate 

V) 
~ 
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ILLUSTRATIONS 

FIG. 1. Ventral view of the cartilages and muscles of the gill 

ventilation apparatus. The gills and opcrcular lining have been 

removed on the right side of the animal. FLS demarcates the 

triangular aree of the fascia lateralis, Schulze. PP', QQ', and RH' 

indicatc the levels of microtomy of the sections drawn in Figs. 

6 and 8 . 

. FIG. 2. Anterior view of the upper jaw system. The beak covering· 

the distal edge of the cartilago rostrale superior has been removed 

on the right side of the animal. 

FIG. 3. Ventral aspect of the buccal roof. Papillae project into 

the buccal cavi ty from the epi theli um shol'ffi on the le ft side of 

the animal. 

FIG. 4. Dorsal aspect, buccal floor and pharynx after removal of 

overlying structures. However, a small part of the pterygoquadrate 

and certain otic cartilages have been left intact, shol'1ing the 

origins of the branchial muscles l, 5, 8, and 10. The dorsal 

velum (D) ls Sh01\'11 in its dOl\'TIl'lB.rd han~il1g oriente.tion 8.S during 

expiration, thus l'lidening the space bet't'feen the dorsal and vî;ntral 

vela. 

FIG. 5. The visceral skeleton ShOl'ffi frorn the dorsal aspect. 

Fig. 6. A. Sagittal section at the level PP', Fig. 1. B. Cross-­

section st the level QQ', Fi~. 1. 

FIG. 7. The muscles, cartilages and lige.monts of the jal'l and 

hyoicJ.ean apparatus dralffi from a lateral and slightly nnterior aspoot. 

FIG. 8. An oblique verticéü section at the level RR', Fig. 1. 

FIG. 9. A r.;ill arch of Pelobate s fuscus rodratm from Schulze (LJ.6). 

FIG. 10. A. ~ro filter rows of a pharynge al fllter plate • 

B. Enlarge:d distal aspect of the fil ter folds. C. Vertical section 

throue,h a fl1tor riclp;e (XX', Fig. lOB). Scale: 0.5 mm in A.: 10 (lm 

in C. 
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FIG. Il. The muscles, cartilages and ligaments seen in a 

cross-section of ~ tadpole's headat the level of copula 2 (Figs. 

l, 4). 

FIG. 12. Photomicrographs of cross-sections of parts of the two 

main pumping muscles., The arrOl'TS polnt anterlorly. EV, blood 

vessel. A. Muscle fibers of the H6 at lts dorsal periphery. A 

clear separation ,ls ShOW11 between the flbrl1lic (l'J'hi te) and 

plasmlc (pinl~) flbers. B. Anterior' muscle fibers of the Hi 

ShOl'ling a predominance of plasmic over flbrillic fibers at the 

periphery of the muscle. C. Muscle fibers in the center of the 

H1 shOldng an intermingling betl'leen the plasmic and fibrillic 

fibers. 

" 



• 1 
p 
1 

3 MM 

2 

.0 o 
CRS 

• 3MM 



. "' . . . 1.' .. 

SMM 

4 

• 3MM 



3 

•• 
"'", 
lA 

.. 
~ • . 1\ 

SMM 

4 

B1 

3 MM 



5 

3mm 

pp. 

CS1 

6 H7 oc ;m;;; 

o 



7 

Mg 

!,e~S1 

8 



mw' 

1mm 

10 

c. • --PTe 

-<:- ..... 
,.~ .. AR 

"'" u~ 
·-CII.C 

0.5 mm 

10 LI. 



Il 

12 

LEVATION 
(expiration) 

1 
MM 

--.-""-"7-------... ,r>l' 



• 

•• 

CHJiPTER 2 

THE VELJiR HECHJ\NI SM OF ~ CATESBEIANJi 

ABSTRACT. The direct observation o·f the ventral velUIil in 

normally breathin~ tadpoles confirms earlier evidence for a 

valvular function of this structure during inspiration. The 

ventral velum also acts as a hydrofoil during expiration and as 

a mucus secreting surface for the entrapment of suspended food 

particles. 

As the volume of water pumped per ventilation cycle is 

normally less than the maximum volume of the buccal cavlty. lt 

is unnece ssary for the pharynx al so to become fl11ed l'J'i th 

lnspired l'Tater during the sinking of the buccal floor. Therefore 

the ventral velum's cyclic occlusion of the buccal cavity from 

the pharynx i s no handicap to normal vent~.lation; on the contrary, 

lt ls a prerequislte for the efflclency of the pharyngeel pump. 

The dorsal velum does not pa.rtlclpate ln valvula.r activity, 

but deflects the respiratory current dowm'wrd and inl'rard to the 

~11l cavity via p;ill clefts 2, 3. and 4. Therefore the strong 

flol" pumped lnto the pharynx by buccal conpresslon 18 prevented 

from impinglng directly on the cl1iated ~roove behlnd the dorsal 

velum and thereby lnterferin~ l'li th the transport of food into 

the. e sophagus • 
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Introduction 

The concealed location of the ventral velum has prevented 

direct obse'rvation of it during gill ventilation Blid controversy 

has been generated in the literature by speculations regarding its 

function. 

10 

Schulze (1888, 1892) regarded. this structure as a non-valvular 

"Kiemendeckplatte Il in pelobates fusclls. Kratochl'lill (1933) believed 

that in ~ dalmatina (= R. a8)ilis) it l'las a valvu1ar 

"Filterklappe lt , because he recognized that in addition to the 

buccal pump, there ls a pharynge al force pump which, when actlve, 

must be occluded frol'l the buccal cavl ty to ensure that. l'Tater flows 

into the gill cavity and not back lnto the buccal cavlty. on the 

other hand, Savage (1952), in describing B. temporaria, used the 

term "ventral velum" (of Gatte 1875) and dld not see the necd for 

a valvular hypothesis, as he recognlzed only one purnp, the buccal 

cavlty (p. 494): If ••• it is not necessary that there should be a 

val ve, for a pump' can act if there ls a resistance of ally klnd in 

the outlet channel." 

Opposite pOints of view concerning the ventral velum are taken 

by de Jongh (1968) and Kenny (1969a; "anterlor fi1ter va1ve"), but 

like earller researches, their findin~s are based on functiona1 

anatomy and visual observations of surrounding structures. In 
" . 

. addition, de Jongh used cinematography on E. temporaria and his 

support for the valv-ular hypothesls agrees nith evidence basad on 

hydrostatic pressures monitored simultaneously in the buccal 

cavlty and pharynx of B. catasbeiana (Graduell and Pasztor 1968). 

Hm'lever, .de Jçmgh t 8 support for aval vular ventral velum is not 

based 011 the recog'{li tion of Kratocht"1111 t s pharyn~eal pump (1933), 

for de Jongh conionds that there i8 only a single pwnp in tadpoles, 
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and that 1 t Ile s ln the oral (buccal) cavl ty. Kenny l'mrked 

malnly on ~~vllo~ed~s~ trlnitatus but from hls exnmlnations of 

the anatomy of Rana temporarla and Buro bufo he concludes (p. 244) - --
that the l'Iater pumplng mechanlsms of these specles are the sarne: 

" • • • the prlmary feeding mechanlsm must functlon in exactly the 

saroe "lay ln these forms." Elsewhere (pp. 242, 243), he makes 

close comparlsons betl'Teen his description of the pumping mechanism 

of Phyllomedusa and Kratochwill's work (1933) on ~ dalmatina, 

and rejects Kratochwill's valvular hypothesis of the ventral velum 

on the grounds that: "V1hl1e this action ls theoretlcally possible, 

lt ls inconsistent with the sequence of movements of the pumplng 
. 1 

mechanimn (of Phyllomedusa ?) • The valve would have to be 

maintained in this position on the intake stroke of the pump, when 

the entlre .buccal floor, including the anterior filter valve 
1 

(ventral velum) , is lo't'lered." HOl'leVer, in ~ dalme.tina 

(Kratochl'lill 1933) the hind part of the buccal floor ls not 

lo't'lered, but ls somel'lhat raised during the intake stroke of the 

buccal pump and the ventral velum is closed against the Duccal 

roof. Kenny (1969a) was chiefly coneerned l'1ith the feedlng 

mechanism and proposecl that large partieles are filtered froIn the 

l'Tater flow1l1g through the sl1 t bet't'leen the ventral velum and the 

dorsal velum. 

It l'lill be realized. that if valvular closure of the ventral 

velum oeeurs during inspiration, 1 t must preclude inhaled l'later 

from entering the pharynx. In the bullfroe tadpole the l'rater fI o l'; 

ls almost eompletcly unidirectional. During each ventilation 

cyele the l'Tater volume inho.led should therefore equal the volume 
• __ r __ ._. _____ .~ ___ • ___ . __ . __ •• _ ••• _ •• _____ • ___ •• ____ _ 

Parenthes0S mine 

71 
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exhaled. It 1'ollol'lS that if the exhalecl volume is greater than 

the inhaled volume of the buccal cavity, the pharynx must also 

become filled to sorne extent by inhaled water during in~piration 

and the ventral velum' could then not act as a valve. It 1s 

therefore important to establish whether the buccal volume alone 

is adequate to account for the spout outflow per ventilation cycle. 

The present research l'laS undertaken ni th this object in viel'l as 

there is no published information on the volume of water PQ~ped by 

tadpoles per ventilation cycle nor on the volume of the buccal 

cB.vi ty. 

An attempt is also made in the present study to settle the 

velum controversy, at least in ~ catesbeiana, by direct 

observation and by determining the effect on hydrostatic pressures 

of experimental interference with normal velar movements. 

By virtue of their close association 1'1i th the ventral velum, 

sorne notes are included on the funct10n of the pa1red dorsal vela • 
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Materials and Methods 

Ten bullt'rog tadpoles (stage JO of Gosner 1960), having an 

entire length of 10.2 cm and a snOut-to-vent length of 4.0 em, 

were used for the volumetrie measurements. The animaIs were 

acclimated to 220 C for tl'TO l'Teeks in dechlorlnated tap l~ater and 

fea on algae and cooked spinach. 

Individual tadpoles were placed ln a 500 ml Perspex trough 

(Fig. 1) and deeply anesthetized l'lith l % urethane for ea. 10 min. 

A cannula of 2 cm polyethylene tubing (PE 160, Clay-Adams !ne., N.Y.) 

wlth an inner diameter of 1.14 mm and an outer diameter of 1.57 mm 

was flared at one end by means of a hot irone Heet was a1so 

applied along the length of the cannula to bend lt in a smooth 

curve through 900
• The spout (dlameter, 1.1 mm) of the tadpo1e 

was slightly enlarged by a 0.5 mm cut at right angles to lts 

anterlor edge to accommodate the flared end of the cannu1a. This 

end was placed ln the spout and flxed with a fine copper Hire 

(diameter, 80})m) tled ln a mOderately tight knot around the skln 

of the orif1ce. The cannula l'TaS 1'11 thdral'Tn s11ghtly until the 

flared end l'las stopped by the tied clrcumference of the spout. 

Tlghtening of the lmot then made aIl the exhaled water flo~ through 

the cannula l'Ti thout leaks at 1 ts junction l'Ti th the spout. The 

branchial outflol'1 via the cannula l'lOuld encounter more frictional 

reslstallce than through the normal spout, l'Tere it not for the 

greater lnner diameter of the cannula than the spout. Therefore 

the resistance to the branchial outflow was probably negligible 

in the experiments. 

After the cannula l'TaS pllssed through a hole in the side of 

the trough, a sealant (Don Corn1ng Si11cones Ltd) '\-Tas uscd to stop 

leaks and to fix the call11ula nith 1ts distal end vertical. Il 

stream of ncrated 0.5 % urethane (prepared l'T1th dcchlorinated tap 
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water) wes passed through the trough. Dlsplacement of the l % 

urethane occurred, and a constant volume l'leS maintained in the 

trough by adjusting the inflow until the 1iquid surface in the 

trough was kept level ~1i th the cannula t s aperture. l<1hen the 

tadpole wes breathing with a frequency (ca. 75 cycle/min) end 

amplitude (judged from .the vertical oscillations of the buccal 

floor) identlcal with that of conscious, unrestrained tadpoles, 

the water issuing from the cannulats aperture was collected during 

100 cycles of ventilation. 

The tadpoles were kllled by deep anesthesia after the 

experiments and the ventral velum t-Tas exposed by dissecting the 

pharynx a~lay. Latex l'TaS injected through the mouth of each tadpole 

to fill the buccal cavity completely while the ventral velmn was 

held closed against the buccal roof. 

Sorne 20 tadpoles of the same size and developmental stage as 

those used for the volumetrie measurements, t'lere also acclimated 

and anesthetized by the same procedures. These tadpoles l'lere used 

under a blnocular dissecting microscope for anatomical and 

experimental studies of the vela. Hydrostatic pressures l'Tere 

monitored by the method of Graduell and Pasztor (1968) • 

7 
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Results and Discussion 

The anatomy of the dorsal and ventral vela has already been 

dlscussed (see Chapter 1). In the present study, followlng the 

lead of Savage (1952), the term "velum" 18 retained both by rea80n 

of prlorlty and for Its suggested accessory role of deflecting 

l'later (Gradt'1ell e,nd Pasztor 1968), al though 1 t l'lill be sho'(!m that 

lt a180 functions as a respiratory valve and as a secretory surface. 

One objection to the acceptance of the ventral velum 88 a 

valve, ls that such a function '(!lOuld restrlct inspired l'Tater to the 

buccal cavlty and this volume would therefore be lnsufficlent for 

normal ventilation., The present study ls arranged so as first to 

overrule this objection with evldence based on measurcments of the 

buccal volume and of the total volume pumped per ventilation cycle. 

The the results of functional anatomice.l studies, direct 

observation, and hydrostatic pressure measurements will be 

presented as further evidence for a valvuler fUl1ction of the 

ventral velum. 

Buccal and ventilation volumes 

Anuran tadpoles (except pipids, Rhinophr~ and certain 

rnicrohylids) are the only amphibians with internaI gills. In ~ 

catesbeiana, the gills are lrrigated by mee.ns of a complex l'Te.ter 

pumpin~ mechanism that ensure 8 an intermittent oral EJ.l1d nas~.l 

inflol'1 and a continuous branchial outfloi'T (Gradl'Tell and Pasztor 

1968). The Single exhalent aperture of the gil1 cavity is projected 

Into a short spout, which facilitates the experlmenta1 collection 

of the brnnchial outflOl'1 (Fig. 1). In addition, these tadpolcs 

grou to a large size and as they then have a surface-to-voltune 

ratio unfavorable for.cutaneous gas exchal1ge, gil1 ventilation 

tends to be incrcased. It ls therefore convenient to measure the 

ventile,tion volume l'li th the simple Elpparatus Sh01<111 in Fig. 1. 
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Five determinations of the ventilation volume were made on 

each of the ten tadpoles, and ranged from 4.16 to 4.77 ml per 

100 cycles. The mean value was 4.51 ml per 100 cycles. Therefore 

the mean volume pumped per ventilation cycle was 0.0451 ml. 

The volume of latex injected into the buccal cavity ranged 

from 0.045 to 0.060 ml for the ten tadpoles and had a mean value 

of 0.055 ml. 

If valvular action of the ventral velum occludes the buccal 

cavity from the pharynx, the same volume of water should leave the 

spout during each ventilation cycle as enters the buccal cavlty 

during inspiration. Ho l'le ver , the spout outflol'l (O. 0/~'51 ml) 

durlng moderate breathing ls less than the direct measurement of 

maximum buccal volume (0.055 ml). The dlfference in volumes 

would be explained if the buccal cavi ty l'J'aS not exerting i ts full 

capacity, as seems likely from the observation that dur1ng the 

collection of the spout outf1ow in moderate breathing, the tadpoles 

did not depress the buccal floor maximally and ltlere presumably not 

expanding the buccal cavity co~pletely. This observation therefore 

ernphasizes the adequacy of the buccal cavity to account for aIl 

the spout outflow per ventilation cycle. 

The Signiflcs.nce of the above results is best judged in the 

11ght of l'That is knOl'1l1 at present of "later floH throueh the 

76 

bullfrog tadpole (Grad\,lell 1968, Gre.dl'lell and Pasztor 1968) (Fig. 2). 

Inspiration begins 1'11 th a slight opeuine; of the mouth and a 

passive sinking of the buccal floor by its 1nherent elastlcity. 

Simultaneously, pharynge al constriction occurs, and the consequent 

rise in pharyngeal hydrostD.tic pressure (second peak, Fig. JA) 

probably seals the ventral velmn nr.çn1nst the buccal roof and 

prevents backflOl'l of pharyngeal water into the buccal cnvi ty. In 

thls respect, graphie results were prevlously mislnterpreted 
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(Graduell and Pasztor 1968), for pharyngeal constriction occurs 

early and not late in the inspiration phase. \-/ater, rendered 

visible ~1ith dyes, emerges through gill clefts 2, 3, and 4, and 

leaves the gill cavity via the spout. During the second part of 

inspiration there is a l'1ider opening of the mouth simul taneously 

with further depression of the buccal floor, but this time by the 

abductor muscles of the hyoidean arch. 

77 

During expiration, buccal levation by the pink fibers of the 

H6 muscle (see Chapter 1) causes a rise in the buccal hydrostatic 

pressure and this probably opens the ventral velum, allowing buccal 

water to enter the pharynx. The pharynx fills rapidly until its 

hydrostatic pressure is sufficient to drive water through gill 

clefts 2, 3, and 4 into th'a gill cavity and out through the spout. 

A small volume also leaves the buccal cavity by gill cIe ft 1 and 

flol'lS into the gill cavi ty, thus by-passing the pharynx. 

The measured buccal and ventilation volumes shol'J' that it is 

unnecessary for both the buccal cavity and pharynx to becorne filled 

with water during inspiration; the buccal volume is more than 

adequate to account for aIl the l~ater leaving the spout during the 

ventilation cycle. These findings therefore invalidate the 

argument that valvular action of the ventral velum cannot occur 

becausc the inspired l'Tater l'lOuld be restricted to the buccal cavity 

and therefore l'1ould be insufficient for normal ventile,tion. 

Functional anatomy 

After partial removal of the p1gmented skin covering the 

ventral aspect of the ventilation apparatus, bullfrog tadpoles 

under light anesthesia continue to breathe normally. The movcments 

of the l'.rater pumps can th en be easily seen, but the movemel1ts of 

the ventral velum are difficult to ctetermine lrlth ccrta1nty 
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because th1s structure ls concealed from vlew, lylng betl'leen the 

buccal cavity and pharynx (Flg. 2) • 

7'/, 

In plthed, blsected tadpoles, manipulatlon of the sp1cular 

supports of the ventral velum revealed 1ts possible movements. The 

simultaneous d1splacements of the adjolning cartilages were also 

noted and compared with their displacements ln normally breathing, 

partly dissected an1mals. The t::xperiments ShOl'led that the 

dorsoventral movements of the medlal aspects of the ceratohya11a 

caused ob11gatory but much smaller dorsoventral excursions of the 

hypobranchial plates. During normal buccal depresslon, the 

slnking of the hypobranchlal plates was hardly enough to pull the 

edge of the ventral velum free from the buccal roof. It was also 

found that depression of the medial aspects of the ceratobranchlalla 

slmul taneous 1'11 th elevation of the lateral aspects, as occurs 

during pharyngeal constrictlon, caused a sllght depressiol1 of the 

hypobranchial plates. Hanual displacements of this klnd ln 

bisected tadpoles tended to bend the distal ends of the splcula 

toward the buccal roof, suggesting that this mechanisUl may be a 

factor ln maintaining the edge of the ventral velum against the 

buccal roof during st least the early part of normal lnspiration. 

Direct observation and hy:d!,ostatic pressures 

It l'laS previously thought that exposure of the ventral velum 

ln breathing tadpoles by cutting into the buccal cavity or pharynx 

would influence the hydrostatic pressures of these chambers and 

probably disturb normal veler movements. This dlscouraged eorller 

attempts at direct observatlon of the ventral velum. HOl'Tever, ln 

the present study, parts of the ventral velum l'lere exposed ln 

lightly ancsthetlzed, regularly breathing tadpolcs, l'lhl1e hydrostatic 

pressures ln the buccal cavi ty and phorY11x \'18re slmultDl1cously 

moni tored. '11he effect of thls surgcry on the buccal and 
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pharynge al hydrostatic pressures could therefore be determined. 

Ablation of the second gill arch of one side after removal 

of the overlying operculum and ligation of the relative branch1al 

arteries, caused a reduction of the buccal and pharyngeal pressures. 

It was therefore possible to observe noveaents of the ventral 

velum from the poster10r aspect. The velun closed in a valve-11ke 

fashion against the buccal roof during pharynge al constriction and 

buccal expansion, and deflected water agatnst the dorsal velum 

during buccal constriction and pharyngeal expansion. 

In other bullfrog tadpoles, the ventral velum 't'las expoE:ed to 

vie"l during lightly anesthetized breath1ng by less extensive 

dissection. After implantation and connectlon of the buccal and 

pharynge al cannulae to the pressure transducers, a small patch of 

skin «1 mm2 ) l'las removed from the reglon. coverine; the H2 muscle 

(see Chapter 1) just belo't"l the eye and on the same side as the 

pharyngeal cannula. A small slit eut betl·reen the posterior fibers 

of this muscle permltted observation of the functloning of the 

lateral part of the ventral velum fro~ an anterlor B,spect. The 

reductlon in hydrostatic pressures caused by th1s light surgery 

was insignificant, and the v1sual observations of the ventral 

velum's movements gencrally agreed with those obtained by ablations 

of a second gill arch. Study of' the ventral velmn through the 

sli t in the H2 muscle mlS so sucee ssful that 1'7i th a stro11g 

spotlight even the medial part of the ve1um l'laS visible. The 

lateral part of the velum showed greater :flap-1ilœ dorsoventral 

movcments than the medial part during opening and closing of the 

val ve. It l'ms also scen the.t a pad of' resil1ent connective tissue 

covered by El fel'1 of the posterior fibers of the H2 muscle l'las 

forced inw'ard by cyclic contrnction of" thls J!luscle. Therefore 
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the contiguous buccal lining l'laS also pressed im'lard and against 

the most lateral part of the ventral velmn's edge, ensuring a 

flush contact and efficient valvular action. 

Direct observation through the slit in the H2 muscle revealed 

that the dorsal velum did not parti'cipate in the valvular activlty 

of the ventral velum. There are two pads of resilient connective 

tissue covered by squamous epithelium behind the most lateral 

aspect of the dorsal velum. These pads helped to support this 

region of the dorsal velum so that it was not unduly deformed by 

l'Tater impinging on it from the buccal cavity. On the contrary, 

the impact of this l'Tater spread the dorsal velum out like an 

unfolding sail, enabling 1 t to deflect the l'Tater dOl'mward and 

toward the more medial aspects of the giil clefts 2, J, and 4. By 

th1s means, l'iater from the buccal cavity was prevented from 

d1splacing the mucous cord containlng entrapped food particles 

behind the dorsal velum. The ciliated tract of this reglon could 

therefore continue moving the cord of food particles lnto the 

esophagus unhampered by the periodic flo", of buccal l'Tater into 

the pharynx. 

As final evidence for a valvular ventral velum, an experiment 

was conducted to determlne the effect on hydrostatic pressures of 

manually preventing closure of the ventral velum. A loop of f1ne 

l'11re l'laS pnssed through the SIna.ll sli t in the H2 muscle "lhile 

hydrostatic pressures l'lere monitored in the normally breathing 

tadpole. Figure JB, C ShOl'lS the depression of the second 

pharyn~eal pre ssure peak l'lhen the lateral edge of the ventral 

velum l'ms prevented from malünr.; contact l'lith the buccal roof 

during pharyngeal constriction. The buccal pressure and lts 

transrnittcd effect in the pharynx (first peak) l'iere scarcely 

influenced by the operation. This is not surprising, as the 
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efflclency of the buccal pump is negligibly dependent on the 

closing of the ventral velum. \.,Ti thdral'lal of the l'lire allO't'1cd 

the velum to resume its valvular action and the second pharyngeal -

pressure peal!: l'laS promptly restored. Consistent wi th the view of 

separate left and right resplratory streams entering the pharynx 

from the buccal cavi ty (Kratochnill 1933, Kenny 1969a), the velar 

Interference affected the pharyngeal pressure slgnlflcantly only 

if the lmplanted cannula l'laS on the srune side as the experiJrlental 

3bduction of the ventral velum. 

The regularity of normal gill ventilation ls occasionally 

disturbed by irritants, such as suspended debris, in the oral 

intake. In nature, tadpoles respona to such stimull with greater 

depresslon of the buccal floor. Sometimes th1s behavior also 

occurs spontaneously in 11ghtly anesthetized tadpoles. FUrthermore, 

th1s behavior was induced by adding dyes or debris to the oral 

intak~of unrestrained conscious tadpoles, and alternatively, by 

mechanically stimulatlng the opercular lining with a fine wlre 

inserted Into the gill cavlty through the spout. The phenomenon 

has been called "coughlng" (Grs.ctl'lell 1968) but the term 

"hyperinspiration" is more descriptive. Hyperinspirations are 

caused by ventrad jerks of the buccal :rloor of variable amplitude 

during the inspiration phase of the ventilation cycle, while the 

~outh ls open (Fig. 4A). In consequence, abnormally large 

negative hydrostatic pressures are generated in the buccal cavity 

and also in the pharynx (Fig. 4B), but the comparisol1 of Fig. 3A 

wlth Fig. 4A reveals that the hyperinsplrations occur after 

pharyngeal cOl1striction (second pressure peal{). Hyperlnspiratlon 

may occur carly or late durlng inspiration but no evidence wes 

found of its occurrence so early that lt might complctely abo1ish 

val vular acti vi ty of the ventral velum dur1ng the pO't'ler stroke of 
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the pharynge al pump. 

Taken together, the above results permits the conclusion 

that the ventral velum of Rana catesbe1ana aets as a valve during -
pharynge al constriction and as a hydrofoil to def'lect water 

against the dorsal velum dur1ng expiration. The funct10n of the 

dorsal velum ls to deflect the respiratory current dOl'ml1ard, 

preventing 1t'-from displac1ng the mucous cord of entrapped food 

part1cles l1hich lies behind the dorsal velum. The secret10n of 

mucus by the underside of the ventral velum 18 1nd1cated by 1ts 

. glahdular columnar epi thelium and by the h~.gh densi ty of 1 ts 

vascular bed. However, the deta1led investigation of Kenny's 

proposaI (1969a) that the' ventral velum partieipates mechanically 

in food filtration, was outs1de the scope of the present research • 
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Illustrations 

FIG. 1. stereogram oC the simple method used to determine the 

ventilation voluwe of' the bullfrog tadpole. The cannula's outfloi'T 

l'las collected in a beaker llhile the ventilation cycles were 

counted by observinz dorsoventral oscillations of the buccal floor. 

C, cannulaj S, seelant; SP, spout; l'J, copper wire. 

FIG. 2. Composite d1e.gram of sB.gitte.1 and vertical oblique sections 

through the head oC a bullfrog tadpole. Orientations of the 

anatomy are shorra at the onset of expiration, when the mouth and 

nares are closing and the buccal floor has begun to rise. The 

ventral velum has Just been pulled away from the buccal roof, 

pres~lably by an increase in buccal hydrostatic pressure. The 

flow of buccal water over the ventral velmn and into the phar~1x 

is beginning (large errOl·T). Gill cleft 1 has opened in 

preparation for the 1"101'1 t'rom the buccal cavi ty into the gill 

cavity. BC, buccal. cartty; D, dorsal velmui GC, gill cavitYi PH, 

pharynx; V, ventral velUlJl; 1-4, gill clefts 1 to l~. 

FIG. 3. The effect on buccal and pharyngeel hydrostatic pressures 

of experimenta11y preventlng valvular closure of the ventral velum 

in Itr.;htly anesthet1zed tadpoles. Positive pressures B.ppear above 

the horizol1te.l 1111es. Upper traces: pharyngeal pressures j lovrer 

traces: buccal pressures. A. Regule.r bree.thing before surgery. 

B,C. Experimental abduction (AB) of the eclge of the ventral velum 

ceused depression of the second pharyngeel pressure peak. After 

the period of experLl1ental velsr abduotion (s11o\'1n by the arrol'l 

in B.), l'li th à ré!.'t·ral of' the l1ire loop e.llowed gradus.1 recovery and 

reappearance of the second pharyngeal pre ssure pea]\:. In C., 

midl'l[~y alo11g t1:c arr ou flJ3, the l'lire l'TaS mnnual1y released nnd l'ras 

1eft ~~ ~tu durlng subsequent deep anesthesia and dissection to 
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confirm that it l'las mechanically ob~tructing velar adduction • 
There l'Tas no reappearance of the second peak in pharyngeal pressure. 
AR, artifact caused by insertion of the l'lire. Calibratj.ons: 1 cm 
l'Tater: 1 sec. 

FIG. 4. Simultaneous records of the buccal floor movements and 
hydrostatic pressures in a lightly anesthetized bullfrog tadpole 
during gill ventilation. Hyperinsp1rations are 1ndicated by the 
arrONS. A. Movements of the Medial ceratohyalia (CH) correlated 
l'1ith buccal pressures. B. Buccal and pharyngeal pressures recorded 
sirnul te.neously. Pressure calibration: l cm water • 
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CHAPTER J 

THE MUSCULOSKELETAL HECHANISM OF GILL VENTILATION IN 

~ CATESBEIANA 

ABSTRACT. The jaw and hyoidesn movements have been correlated 

with hydrostatic pressures in the ventilation system by video 

recording. The time dependence of hydrostatic pressures in the 

ventilation system and of five ventllatory muscles has been 

established. Intermittent variations in the amplitude of 

ventilation have been found to resul t from naturE.l and experimentEll 

irritation of the gill cavity. These variations, or hyper­

ventilations, have been correlated with the activity of special 

muscle fibers, called fibrillic fibers, in the Hl, H3, H6 t and 

B7 muscles. I-Iotor denervations of the H6 muscle' during phE:'.sic 

ventilation have revealed lts importance for the pOl·lCl ... stroke of 

the buccal l'Iater pump. The re spentl ve contributions of the 

alternating buccal and pharyngeal pumps to phasic ventilation hB.'3 

been ShOl'ffi to de pend on ambient tem~)erE.l.ture. An auxiliary 

branchial pressure pump behind the glll clefts is pOl-lc:ced by the 

117 muscle which lies in the soft opercular skin of the ~ill cavi ty • 
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Introductlon 

Anuran tadpoles are the only amphlblans wlth lnternal gllls, 

although true gllls are lacklng ln some genera. As ln the case 

of other anlmals wlth enclosed gllls, a menns of ventllatlng these 

structures wlth the amblent medlum ls usually necessary for 

efflclent resplratlon ln tadpoles, and has caused the evolutlon 

of su1table pump1ng,mechanlsms. However, to vary1ng degrees, 

tadpoles also practice mlcrophagous lngestion by filterlng 

suspended orgenlc palèlcles from water pumped through the pharynx. 

Th1s water enters the gll1 cavlty and If gllls are present, the 

water flows over them and Is then exhaled through one or two 

apertures in the operculum of the glll cavlty. The problem of how 

water ls pum~ed through tadpoles has therefore recelved the 

attentlon of researchers Interested ln glll ventilatlon as weIl as 

those Interested in mlcrophagous feedlng. 

It was lnadvertently overlooked (Gradwell 1968) that Schulze 

(1892) first dlscovered the mechanlsm of upper jaw openlng in the 

tadpole of Pelobates fuscus. Indeed, Sehulze (1888, 1892) 

published the flrst and only exlstlng detalled account of anuran 

glll ventllatlon, and descrlbed the relevant anatomy, skeletal 

movements, muscle actlvity and water flow of normal ventllatlon. 

Schulze's conclusIons on function were based on observatlons of 

unlnjured or partly dlssected tadpoles whlle they pumped stained 

water through the1r ventilatlon systems. Hls emph~sls wes on a 

rhythmlc buccal force pump, but he also mentloned a subsidlary 

watar pump, for he ocoasionally observed a "not inoonslderable" 

spout outflon durlng oral and narial lnsplratlon. He seems to 

have oorreotly correlated thls outflow wlth branchial movements 
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but he overlooked pharyn~eal constrlctlon and valvular actlvlty. 

of the ventre.l velum. These are two prerequlsLtes for the 

operation of this pharyno;eal pump, end are undoubtedly satlsfied 

by Schulze's description of the elevation of the lateral aspects 

of the ;111 arches. It ls therefore clear that Schulze d1d not 

properly understand the mechanlsm of thls spout outflow durln~ 

lnspiration. He also described an occasional branchial or oral 

expulsion of suspended forei~~particles by an auxilliary p!essure 

pump behind the gill clefts. 

Wl11em' s de scr1ption (1920) of water flol'l through tadpoles 

agrees essentially w1th that of Schulze (1892). 

Except for de Jongh (1968), aIl other published information 

on anuran water pumping is concerned w1th filter feeding. 

Slmilar research methods as those of Schulze (1888, 1892) were 

used by Kratochl'lill (1933) whose study of l'J'ater flow through 

te.dpoles of ~ dalmat1na (= R. ap;11is) wes also aided by their 

poorer pi&Slllentation than tadpoles of Pelobates fuscus. Kratochw111 

described a buccal pumping mechan1sm like that of Pelobates 

except that in ~ dalmatina the hind part of the buccal floor, 

supported by the hypobranch1al plates, was some~That raised and 

not lowered like the rest of the buccal floor dur1n~ inspiration. 

This new observation enabled Kratochuill to realize the valvular 

nature of the ventral velum and to lnterp!et the slmultaneous 

elevation of the lateral aspects of the gill arches as caus1ng 

constriction of the pharynx. The raislng of the hind part of the 

buccal floor during inspiration is important for this mechanism 

because it permits the ventral velum to be pressed against the 

buccal roof during pharynge al ·constrictlon. This valvular actlon 

of the ventral velum prevents a reflux of pharyn~eal water into 

the buccal cavl ty and pharyl1~eal '-Tater ls consequently forced to 
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the outslde through the gi11 c1efts, gi11 cavity, and the spout. 
Kratochwi11 had therefore added more detai1 to Schu1ze's original 
concept (1892) of a pumping mechanism to exp1ain this f10l"1 of l'mter 
from the spout during inspiration. In other respects, Kratochwi11's 
findings are genera11y consistent with those of Schulze for both 
the normal ventilation mechanism and the auxilliary branchial 
constriction by the somewhat muscular lining of the opercul~. 
Ho l'le ver , the more recent publications of Savage (1952, 1961), de 
Jongh (1968), and Kenny (1969) do not corroborate a branchial 
constriction roechanlsm and a pharyngeal pumplng mechanlsm of the 
type described by Schulze (1892) and Kratochwill (1933) 
re specti vely. 

Accordln~ to Savage (1952), the buccal floor ls the only pump 
for transportln~ water through tadpoles of Rana temporarla and Bufo 
bufo. He does liot refpr to the earlier reports of a pharyngeal 
pump and an auxilliary branchial pmnp. Savage's error in reportlng 
muscles in the ventral velmn has been pointed out (Chapter 2). 
Responding to Kratochwill's views on the functlon of the ventral 
velum, Savage belleved that valvu1ar actlon of the ventral velum 
was unnecessary because of the high resistance of the pharyngeal 
filters to branchial backflow during the lntake stroke of the 
buccal pump. He therefore seems to have mlssed Kratochwill's 
point that a valvular ventral velum is related to the pharyngeal 
pump and is not just a device for preventing branchial backflow 
durin~ the intake stroke of the buccal pump. 

In his report on Rano temporaria, de Jongh (1968, p. 77) 
states: "In tadpoles there is only one pump chamber, the oral 

1 (buccal) cavi ty, and the l'Inter current is discontinuous." These _ ..................... -.-_ ..• _---------
1 

Parenthesis mine 
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views and a few othernconfllct with Schu1ze (1892) and Kratochwi1l 

(1933), and with electrophysiological findings on ~ catesbeiana 

(Gradl'lell and pasztor 1968). De Jongh also doès not mention the 

first gill cleft of E. temporaria, which connects the buccal 

cavity directly with the gill cavity, and he therefore fails to 

take account of the ability of buccal water to by-pass the pharynx. 

On the problem of velar function, de Jongh supports the valvular 

hypothesis (see Chapter 2). 

The water pumping mechanism which Kenny (1969) describes 

in Phyllomedusa ~rinitatus and extends to include Rana and ~ 

on account of their structural affinities with Phyllomedusa, 

conflicts with the situation in Rana catesbeiana (Gradwell and 

Pasztor 1968). Although Phyllomedusa has aIl the necessary 

apparatus of Kratochl'11ll t s pharynge sI pump, Kenny proposes a 

sequence of pumping movements discordant with Kratochwill's 

pharynge al pump. Moreover, Kenny's rejection (p. 242) of 

Kratochil1ll t s val vular hypothesis of the ventral velum adds to 

eXisting controversy because it disagrees with the findings of 

de Jongh (1968) and Gradwell and Pasztor (1968). Finally, Kenny 

proposes a branchial pump powered by a muscle in the opercular 

lining, but in disagreement l'1ith Schulze (1892) and Kratochl'lill 

(1933), he regards this pump as active during normal ventilation 

and not during occasional flushing of the ventilation system to 

expell debris. Kenny's extension of his scheme to include BUfo, 

provides furthcr evidence that his views on the pumping mechanism 

are questionabl~ as muscle fibers in the operculum of Bufo are 

few and sparsely scattere~ if at aIl presen~ and can hardly be 

regarded as a rhythmically active ventilatory muscle. 

Ear11er reports on ~ catesbeiana (Gradl'rel1 1968, 1969a. 

1969b; Gradwel1 and pasztor 1968) have covered specifie aspects 
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of the complex functional morphology of branchial ventilation • 

These findings and the further detai1 on the relevant morphology 

glven ln Chapter 1 of the present thesis, now permit an account 

of the musculoskeletal mechanism of water transport through the 

bu11frog tadpole. Such an account, with a detal1ed discussion 

of the pertinent literature, 1s called for ln view of the exlsting 

controversles on the subjec~ of water-trsnsport through anuran 

tadpoles • 
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r'1aterials and IvTethods 

Some 80 bullfrog tadpoles (~ catesbeiana Shal'l) l'Tere 

selected from collections made at Lake Hertel, st. Hilaire, 

Quebec. The de'velopmental stage of these tadpoles was 35 of 

Gosner 1960, and the snout-to-vent length of them was 3.8 ~ 0.5 

cm. The animaIs l'Tere kept at l40 C for three l'leeks before 

commencement of experimentation, and they were fed on boiled 

spinach and algae. 

Hydrostatic pressures, functional anatomy, and direct extra­

cellular electrical stimulation l'Tere studied in sorne tadpoles by 

methods already described (Grad\'lell 1968, Gradl'lell and Pasztor 

1968). The methods included rectilinear pen recordings on a 

Gilson Polygraph (CH-CBPP), l'lhich l'lere moni tored l'li th Statham 

P23BB pressure transducers. In addition, hydrostatic pressures 

and electromyogrsI!ls (recorded l'li th a bipolar electrode of varni shed 

and tl'lined 70,.û copper wire) l'Tere moni tored in upright tadpole s 

allol'led to recover consciousness after anesthesia (ca. 25 min in 

1% urethane at l40 C). A polaroid camera \'Te.S used in sorne cases to 

record data from the oscilloscope screen to permit the precise 

correlation of breathin~ events. Blood circulation durin~ 

experimentation l'TaS maintained by the animal' s normal heart beat. 

Mouth and hyoidean movements were correlated with buccal 

pressures by dual, synchronized television cameras, thus freeing 

the moving anatomy from constraint of any' kind. One camera photo­

graphed the movin~ Polygraph record of hydrostatic pressures while 

the other camera monitored the mouth and hyoidean movements. The 

two television SignaIs were displayed as juxtaposed pictures on 

a television screen. These da.ta l'Tere siroul taneously recorded at 

32 frame/sec on video tape for subsequent analysis at slow' replay 

speeds. 
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Results 

Bullfrog tadpoles (~ catesbeiana) in nature and in simuleted 

natural conditions in the laboratory, usually rest lightly on the 

substratum in an upright position (Fig. 1). Sufficient buoyancy 

is afforded by the partially inflated lungs, to reduce the 

mechanical pressure between the soft abdomen and the substratum, and 

to maintain the tadpole's upright posture. Neither are the 

movements of the visceral apparatus, which also does not touch 

the substratum, encumbered by mechanical constraints imposed by 

gravity. Moreover, in an aqueous medium the effect of gravit y on 

mechanical displacements of the visceral apparatus is probably of 

little importance. 

The oral and narial intakes are elevated above the level of 

the substratum, thus decreasing the tendency for debris to enter 

the ventilation system by these channels during inspiration. 

Against a natural background of benthic detritus, the 

disruptive camouflage provided by the chromatophores of the 

integument render motionless tadpoles difficult to see, even in 

clear, shallow l'Iater. The small orifice (1 mm diameter) of the 

sinistral spout tends to cause a strong exhalent flow which would 

wash away the protective camouflage of the detritus from its 

immediate vicinity and so assist' dctection by predators, were it 

not for the posterodorsally pointing spout (Fig. 1). 

In the visceral skeleton of the large bullfrog tadpole and' 

probably in men)' other species of te.dpoles, there are specialized 

zones of bending l'lhere a different type of cartilage affords 

greater flexibility than that which is normally inherent in 

hyaline cartilage (Fig. 2). As in fishes (Tchernavin 1948), the 

variable mobi1ity of articulation is a1so an important factor 

governlng mechanlca1 displacements in R. cates~~~. Furthermore, 
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the artlculation of elements at-a jolnt ls governed by: 

(a) motive forces acting on the elements 

(b) degrees of freedom of artlculatlon 

(0) frlction between the elements 

(d) flexlbllltyof the elements themselves 

(e) viscosity of the medlum through which the elements are moved 

(f) welght of the elements 

The vlsceral arthrology ls therefore ln ltself a deep subject. 

The present study of lt considers only the motlve forces (or 

muscles) and the degrees of freedom (or bendlng) of the cartilages; 

these two aspects and thelr behavloral effect wlll together be 

termed the musculoskeletal mechanlsm. To facllltate descrlptlon 

of thls mechanlsm, the abbrevlatlons used ln Chapter 1 for the 

relevant morphology, wlll be retalned in the present study. 

-1.Jal'1 mechanlsm. 

The mandlbular anatomy will be consldered together with the 

cornua trabeculae (whlch are apparently part of the premandlbular 

arch: see de Beer 1937, p. 476), as formlng the upper and lower 

jaw complexe Included ln th18 system are also three hyo1dean 

muscles 1'lhlch open the jal'1s. 

In the present research, the jaw mechanlsm was studled ln 

partly dlssected tadpole8 alloned to gradually recover from deep 

anesthesla (20 mln in 1% urethane at 20
oC) after the lmplantatlon 

of electrodes in the jaw muscles. The complete range of jaw 

movements were analyzed by thls method. 

OpenlnJ:!; 

Dur~.ng deep anesthesla the lower beak 18 folded out of slght 

behlnd the upper beale (Flg. 3A) and no movements of the ja'\'ls occur • 

When these tadpoles are bathed ln fresh water, the first slgn of 

recovery from anesthesla ls a feeble, rhythmlc dorsoventral 

movement of the 1011er jal'l although the openlng of the mouth does 
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not yet occur. The friction of the lower beak against the upper 

beak causes a small degree of upper jaw movement, but this 

disappears as the amplitude of the lower jaw movements increases, 

and a gap appears between the beaks, representing the openlng of 

the mouth (Fig. JB). The H4 muscle' is responslble for th1s 

abductlon, by causlng rotatlon of the cartilago Meckell at Its 

transverse and horizontal jolnt wlth the processus artlcularls 

quadratl. Thls rotation moves the medlal eplphysls of the 

cartilago l·feckell and the cartllago rostrale Inferlor al'lay (outward) 

from the buccal cavlty. As recovery proceeds, a stage ls reached 

when part of the H5 muscle beglns contracting at about 'the same 

tlme, or immediately after the beginnlng of the H4 actlvity 

(Flg. JB). As the aponeurosis of the H5 muscle ls inserted 

partly ventrally on the processus retroarticularis of the cartilago 

Meckeli, this muscle is able, if necessary, to cause the sarne 

effect as the H4 muscle. The H5 muscle normally augments the 

actlon of the H4 muscle, and causes a greater outward rotation of 

the low'er jaw. The narrow openlng phase of jaw abduction ends 

when the cartilago Meckeli ls maximally rotated outward whlle It 

Iles in a transverse horizontal position. 

The onset of the wlder opening phase of jaw abduction is 

smoothly continuous with the end of the narrow openlng phase 

because the activity of the H5 muscle is spread over both phases. 

Immediately after the ventral muscle fibers of thls muscle have 

begun contracting, the laterally inserted fibers which form the 

greater bulk of the muscle, contract. A slight forward sWing of 

the medial epiphysis of the cartilago Meckeli results (Fig. 3e) 

and carries the cartilago rostrale inferlor into a wider state 

of abduction, whlch effect ls also relayed to the upper jal'l by 
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the mandibulo-suprarostrale ligaments (MS, Fig. 3e). 
o 

At 20 C 

the mouth does not open more than this during normal gill 

ventilation. But higher temperatures and polluted water promote 

an even wider cyclic opening of the mouth by greater activity of 

the same muscle system and by interaction with hyoidean 

abduction. 

The greatest opening of the mouth is effected by protrusion 
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of the jaws during hyperinspiration (Fig. 3D). During recovery 

from anesthesia this event is occasional et first, but it becomes 

more frequent until bouts of 4 to 5 consecutive hyperinspirations 

occur, each characterized by jew protrusion (Fig. 4). The insertion 

of the H3 muscle on the most lateral aspect of the processus 

retroartlcularis Heckeli (Fig. 3D) permits a strong backward 

movement of this process. The resulting leverage at the quadrate 

joint causes a large forward protrusion of the medial epiphysis 

of the cartilago Heckeli and the cartilago rostrale inferior; the 

effect is also again relayed by the rnandibulo-suprarostrale 

ligaments to the upper jaw. The coupling provided by these 

ligaments thus permi ts both jaws to protrude. slmul taneously. 

The above description reveals that the opening of the mouth 

may be regarded as a superimposition of wider jaw opening on 

narrOl"1 openlng, and during hyperinspiration, of the superimposltion 

of jaw protrusion on \'lide opening. 

The H4 and H5 muscles are phasically active and give larger 

bursts during hyperinsplration, but the H3 muscle is active only 

during hyperinsplratlon (Fig. 5). Bilateral denervation of these 

muscles and of the SI muscles reduced, but did not abollsh 

rhythmic ja1'1 movements. The jaws opened by their natural elastlci ty 
. . 

alternating \dth normal jaw adduction by the relevant muscles (p.IIIJ..). 

The mandibulo-suprarostrale ligaments were not active, and 



• 

• 

protrusion of the jal'lS did not occur. Nevertheless, a wide 

opening of the ja,\'lS was possible t,hrough hyomandibular 
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interaction (p.U~). It therefore seems likely that jawelasticity 

and hyomandibular interaction complement the normal muscular 

opening of the jaws. 

Certain ligaments (RSQ, CQL, Fig. 3D) are stretched taut 

during jaw protrusion and therefore restrain the jaws from 

excessive abduction. These constrainin~ ligaments are assisted 

by the ligamentum intratrabeculare, fascia interrostralis, 1. 

cornu suprarostral~s, and tendo accessorius (Chapter 1, Figs. 1, 7). 

Closing 

The closing phase of the mouth occurs more rapidly than the 

opening phase (Gradl'lell 1968, Fig. 5) and involves both a transverse 

horizontal and a vertical rotation of the cartilago ~1eckeli at i ts 

processus articularis quadrati joint. These rotations move the 

medial epiphysis of the cartilago Meckeli and the cartilago 

rostrale inferior toward the buccal cavity. Irrespective of their 

degree of opening, adduction of the upper and lower jaws occurs 

together. Toward the end of this movement, the lower beak closes 

within the crescent of the upper beak without the cutting 

engagement between the beaks that is typical of purposive feeding 

on large organic material (Gradl'lell unpublished). 

The lower jaw is apparently pulled closed by the simultaneous 

contraction of the Ml, M5, and M6 muscles acting on the cartilago 

Meckeli, but no electromyographic confirmation of this observation 

was obtained, nor for the apparently simultaneous contraction of 

the M2 and M7 muscles 1'1hich seern to close the upper jal'l. However, 

sorne closing is also caused by the elastic return of the upper 

jal'l to its resting position, especially from a "11dely open or 

protruded state. Part of the closing effect of the M7 muscle is 
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conveyed to the lower jaw via the tendo acceBsorius but thiB 

seems negligible in comparison with the tendon's possibly more 

important role during feeding. 

Jaw interaction 

Interaction between the upper and lower jaw iB important, 

especially via the dichotomous, paired mandibulo-suprarostrale 

ligaments. If the upper jaw is manually held closed, the lower 

jaw cannot open. Conversely, the lower jaw cannot close if the 

upper jaw iB held in a wide open or in a protruded position. The 

same effects are caused on the upper jaw if the lower jaw is 

similarly displaced. 
o When the ambient water was lowered to ca. 10 C, the jaw 

movements became slower and 1t was possible to observe them more 

precisely. Their amplitude of movements also decreased but before 

th1s occurred to an apprec1able extent, 1t was possible to see 

that the rhythm1c cycle of mand1bular movements that begins w1th 

the opening, and ends with the clos1ng of the mouth, consists of 

a scoop-like maneuver of the lower jaw because the closing 

movement is not an exact reversaI of the opening movements. 

Instead, the closing movement is a simultaneous combination of 

the transverse horizontal and the vertical rotations at the 

cartilago Meckeli-quadrate joint. The louer jaw therefore follo1'1s 

a direct path upwardand inward until it comes to rest in a closed 

position behind the cartilago rostrale superior • 

101. 
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1 2.Byoidean mechanism 

Lightly anesthetized, partly dissected tadpoles were used 
for direct observation of ,the ventilation apparatus while 
simultaneous records were made of hydrostatic pressures and 
electromyograms in these animaIs. 

A. Direct observation 

At its articulation with the quadrate, the CHL i8 capable of 
longitudinal horizontal rotation which moves the CBM alternately 
dorsad and ventrad. The CHL is also capable of sllght transverse 
horizontal rotation at its quadrate joint, whlch permits 
anteroposterior til tlng of the CHL. Like the cartllago I-leckell, 
the CHL therefore has two degrees of freedom at Its articulation 
with the quadrate. 

Hl muscle 

The intermlngllng between phaslc and flbrllllc fibers of the 
Hl muscle increases the difficulty of direct observation of the 
effects of these two types of fiber of this muscle. However, 
anteriorly and peripherally there ls a predominance of plasmlc 
flbers over fibrillic fibers (Chapter 1, Fig. 12B,C), and these 
plasmic flbers were seen contractlng phasically durlng buccal 
depression. It is the anterior aspects of the buccal floor that 
are more depressed than the posterior aspects and the concomitant 
forward tilting of the hind parts of the buccal floor facllltates 
the valvular closure of the ventral velum against the buccal roof. 
The force of buccal depression leaves llttle doubt that there is 
slmultaneous complementary contraction of the plasmlc fibers that 
are Intermingled l'li th the fibrilllc fibers • 

1 
Inclu~t1ng the pars reunlens, copula 2 and Rps 



• 

• 

Although there ls non-uniformity in the proportion of 
contractile material to sarcoplasm in the plasmic fibers, the 
usually copious nutritive sarcoplasm per unit cross-sectional 
area in these fibers would seern to correlate with their 
continuous phasic activity. On the other hand, the large amount 
of contractile material per unit cross-sectional area of the 
fibrillic fibers suggests a greater capability than the plasmic 
fibers for the generation of tension and it may be conjectured at 
this stage, that the.fibrillic fibers are responsible for the 
enhanced depress10n of the buccal floor during hyperinspiration 
(Chapter 2, Fig. 4A). 

H2 muscle 

tOit 

The H2 muscle may help to preserve the integrity of the 
CHL-quadrate joint (Grad\'Tell 1968), especially during hyper­
inspiration. However, observation of the exposed H2 muscle in 
lightly anesthetized tadpoles ShOl'led that it contracts rhythmically 
and assists the closing of gill cleft l by pulling the CHL tOl'lard 
the anterlor horn of the CB 1. Simultaneously, those fibers of 
the H2 muscle 1'1h1ch have their origin on the pterygoquadrate, 
serve to brace the anterior, lateral parts of the pharynx against 
the lateral edge of the ventral velum, thus assisting its valvular 
action (see Chapter 2). 

The exclusive presence of plasmic fibers in this muscle 
correlates with the energy demands of its continuous cyclic 
contraction. 

H6 muscle 

The plasmic (pink) fibers of the H6 muscle were seen to 
contract rhythmically durlng regular gill vcntilEltion. rt has 
been demonstrated that these contractions raise the CHMS of the 
buccal floor and alternate wlth contractions of the Hl muscle whlch 
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depresses the CHMS (Gradwell 1968). Chapter 2. Fig. 4A shows that 
the normal vertical oscillations of the CHMS are correlated l'rl th 
buccal hydrostatic pressures. The flbr1ll1c (whlte) f1bers of 
the H6 muscle do not contract during th1s act1v1ty nor durlng 
hyper1nsplratlon. 

Dur1ng buccal levation. the medial buccal floor ls at flrst 
lower anterlorly than posterlorly. but near the end of levatlon 
the medlal parts of the buccal floor are nearly hor1zontal and 
almost ln contact wlth the buccal roof. As only the anter10rly 
located plasmlc f1bers of the H6 muscle contract rhythmically. it 
is the anterior part of the buccal floor. supported by ·the CHMs 
and pars reuniens, that ls preferentlally ralsed, allowlng 
dlsplaced buccal water to flow caudad over the posterior buccal 
floor (supported by the HPs) and Into the pharynx. 

In the mlddle line, the posterior border of the H6 muscle is 
attached to the opecular linlng by connective tissue. This 
attachment apparently has no mechanical value for normal buccal 
levationby the plnsm1c flbers since LI, Fig. 6 shows that buccal 
pressures are unaffected by complete cutting of this medial 
connective tissue. However, it lB an important nervous and 
vascular route from the H6 muscle to the opercular lining (Chapter 1:. 

The fibrlllic fibers are inactlve durlng regular breathing but 
they twitch interm1ttently during natural or artificial irritation 
in the gill envi ty. These tl'll tches are correlated wl th powerful 
elevations of the buccal floor, and cause the large pressures of 
hyperexplretlon (Fig. 7B to E). The contractions of the fibrll11c 
flbers occur BO rapidly that it ls difficult to see their other 

4IIa effects, but they seem to assist in the closure of glll cleft 1 
and also to pull fOrl'lard the raphe of the H7' muscle, thus helplng 
to keep open the opercular canal durlng sirnultaneous H7 contraction. 
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The continuous cyc11c actlvlty of the p1asmlc flbers ls 

cogent resson for thelr rlch vascular bed. The fibrllllc flbers, 

on the other hand, are dormant for relatlvely long periods 

between twltches and therefore do not requlre such a rlch blood 

supply. In addltlon, relatlve to the myoflbrlls, the greater 

amount of sarcoplasm ln the plasmlc flbers than ln the flbrll11c 

flbers, correlates wlth the contlnuous phaslc actlvity of the 

plasmlc flbers. The flbrilllc flbers are structurally better 

adapted for occasional pO\'lerful twltches. 

H7 muscle 

The H7 muscle contracts even more lntermlttently than the 

flbrll11c flbers of the H6 muscle. Accordlngly, the H? muscle 

ltself conslsts entlrely of flbrlll1c flbers. Therefore lts 

occaslonal contractions are nevertheless powerful enough to cause 

vlgorous constrlction of the glll cavlty and the consequent 

expulslon of branchial water through the spout. When these 

contractlons oceur, they are always synchronlzed wlth actlvlty of 

the H6 flbrll1ic flbers (see below). 

~voidean interactlon 

As the H6 fibrillic fibers do not eontract rhythmically, it 

wss neccssary to excite them experlmentally, but this also evoked 

responses from other muscles and calls for study of the 

interactions wlthin the hyoidean mechanlsm. 

Aside from the less rellable stlmulation provided by 

addition of suspended carmine to the oral inflow, it was possible 

to evoke greater ventilation amplitudes by direct mechaniesl 

stimulation of the opercu1ar lining. The one end of a fine wlre 

(diameter, 0.18 mm) was lnserted lnto the gil1 cavlty through the 

contlnuously open spout. This end l ... as tou(:hed agalnst the 

opercular linlng by gentle manua1 manipulations of the other end. 

lOb 
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The response to this stimulation was variable and complex and 

apparently not unl1ke the behav10r of conscious tadpoles while 

flushing debris from the vent1lation system: 

(a) Consecutive hyperinspirations occurred wi thout partic.ipation 

of the H6 fibrillic fibers (Fig. 7A) • . This response was 

effected by greater than normal activity of the Hl muscle. 
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(b) Hyperexpirations occurred and were caused mainly by the H6 

fibrillic fibers and were without accompanying or intermittent 

hyperinspirations. This response was often preceded by abrlef 

pause of the entire ventilation apparatus, during which hydrostatic 

pressures in the system were brought to the reference level of 

the baseline (Fig. 7B). 

(c) Hyperinspirations occurred, interspersed with hyperexpirations 

(H6 fibrillic fibers active). When a hyperinspiration l'Tas 

followed by a hyperexpiration, the buccal floor, formed largely 

by the CHNs, underwent maximal dorsoventral excursion, causing the 

greatest positive and negative pressures in the buccal cavity 

(Fig. 7C), and indirectly in the pharynx and gill cavity. 

(d) When stimulation was intense, consecutive hyperexpirations 

were ce.used by the H6 fibrillic fibers (Fig. 7D), but H7 

contractions were sometimes superimposed on the H6 activity. 

Consecuti ve hyperexpirations l'lere also sometimes markedly different 

i~ amplitude and noticeably different in .timing (Fig. 7E). 

(e) Less frequently, intense stimulation caused the mouth to open 

during the time that it usually closes. Water under pressure of 

the rising buccal floor (H6 fibrillic fibers active) was therefore 

expelled throup;h the mouth and not via the more resistent pharynx 

and gill cavity. 



• 

•• 

During hyperexpirations the effect of the H6 ~ibrillic ~ibers 

was enhanced by more vigorous contractions of the H6 plasmic ~ibers. 

Facultative contraction of the H7 muscle occurred during opercular 

stimulation, and like the H6 fibrillic fibers, the H? muscle was 

easily fatigued by repeated activity. Determination o~ the 

precise timing of the H7 muscle was difficult by direct 

observation. The branchial constriction that it ceused, appeared 

to be superimposed on hyperexpiration, but some evidence was ~ound 

of partial branchial constriction asynchronous with hyperexpiration. 

H6 fibrillic activity inde pendent of H7 contraction, or combined 

with it, seems to reinforce the closure of the first gill clef t, 

thereby preventing reflux of branchial water directly into the 

buccal cavity. 

Further information on the functioning of the hyoidean 

mechanism was obtained by mechanically stimulating the operculum 

after the H6 fibrillic fibers were cut close to their bilateral 

insertions on the CHLS. Hyperexpirations still occurred but were 

less vigorous than in the intact system (Fig. 8). Branchial 

constrlction by the H7 muscle was also still possible. The 

failureof these lesions to abolish the typically greater amplitude 

of buccal levation during hyperexplration demonstrates the 

capacity of the H6 plasmic fibers for particularly strong 

contractions, thus corupensating for the loss of H6 flbrillic fiber 

function. Several such contractions resulted from a stimulation 

of the operculum, and they were superimposed on the phasic 

contractions of regular breathlng. The trains of activity were 

followed by ventilation pauses of 5 to 10 sec when the mechanlsm 

had been repeatedly activated. The pauses may there~ore have been 

due to the fatigue produced by such muscular exertion. 
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After the medial connective tissue join1ng the H6 and H7 

muscles was severed, mechanical opercular stimulation never caused 

H7 contraction. Neither did contraction of the H6 fibrillic 

fibers then occur. The lack of response from the H7 muscle may 

be explained by the lesion to its motor nerve supply in the medial 

connective tissue, but as the motor innervation of the H6 muscle 

was still intact, the absence of response of its fibrillic fibers 

to opercular stimulation requires further investigation. It seems 

that although the medial connective tissue contains motor nerves 

to the H? muscle, it may not be the route (or the only route) of 

sensory nerves from the opercular lining, as the H6 plasmic fibers 

still responded to mechanical opercular stimulation. 

The bullfrog tadpole has an exhalent aperture from the gill 

cavity only 011 the left side. A transverse opercular canal is 

important for the fIoN of water from the right side of the gill 

cavity into the left side and then out via the spout. The H6 

fibrillic fibers are partly concerned with helping to keep the 

transverse opercular canal open when the H? muscle contracts. 

The forward pull on the medial connective tissue probably also 

provides support for the H? muscle (especially its deep component) 

when it contracts. In the breathing tadpole, no occlusion of the 

opercular canal '(lIas seen during branchia.l expulsions caused by 

the combined contraction of the H6 fibrillic fibers .and the H7 

muscle. Ho l'le ver , as the gill cavi ty became er.lpty et the end of 

branchial constriction, there was a transient loss of opercular 

distension, including the area covering the opercular canal. One 

or tl'10 ventilation cycles later, the operculum regained 1 ts normal, 

inflated appearance. 
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Sporadic branchial constrictions would seem to be a use fuI 

mechanisn in nature for the expulsion of suspended debris and 

perhaps parasites in the oral intake that escape the pharynge al 

filters and enter the gill cavity. The usually strong, continuous 

branchial outflow from the permanently open, non-valvular spout, 

probably hinders the entrance of foreign material into the gill 

cavity via the spout. 

Motor denervation 

Bilateral denervation of the Hl and H2 muscles in breathing 

tadpoles greatly reduced but did not eliminate rhythmic buccal 

depression. The S2 muscles as weIl as the elastic recoil of the 

buccal floor after levation, were responsible for the persisting 

cyclic depressions of the buccal floor. 

Cutting the ramus jugularis facielis on the right side of 

the H6 muscle paralyzed the plasmic fibers on thls slde of the 

muscle and reduced the amplitude of the buccal and pharyn~eal 

pressures, but the leslon did not paralyze rhythmic contractions 

of the contralateral plasmic fibers (L2, Fig. 6). Contraction of 

these plasmic fibers deflected the median raphe toward the side 

of active innervation because the leslon had eliminated the 

synchronized, rhythmic tensions produced in both sides of the H6 

muscle. Bilateral denervation (L), Fig. 6) paralyzed both moleties 

of the H6 muscle and almost abolished buccal and pharyngeal 

pressuresi the persisting small pressures were caused by certain 

other visceral muscles (p.1I8). Cutting these nerves sometimes 

evoked convulsive sinking of the buccal floor (hyperinspiration), 

depending on the depth of anesthesia • 

The absence of participation of the H6 fibrillic fibers in 

normal buccal levation (produced by the H6 plasmic fibers) was 

demol1strated by severing them at their bilateral insertions on the 
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CHLs: normal buccal pressures were unaffected. In tadpoles whose 
muscle fibers were uninjured, bilateral denervatlon of the H6 
muscle abolished responses of the fibrillic fibers of this muscle 
to opercular stimulation. 

Electrical stimulation (direct, intercellular) 
Bilateral electrical stimulation of the Hl muscles caused 

maximal depression of the buccal floor if the mouth was allowed to 
open. However, bilateral stimulation applied independently to 
the H2 muscles caused only a slight depression of the buccal floor 
lrrespectlve of the functional condition of the mouth. Such 
stimulation applled after the Hl muscle of one side was removed 
to expose the CHL-quadrate joint, was seen to tilt the CHL 
backward. 

," 

stimulation of the H6 plasmic fibers evoked a twitch to single 
shocks and rapid twitches to repetitive stimulation below 30/sec. 
Buccal floor levation resulted from the twitches thus produced. 
Repetitive stimulation exceeding 30/sec (the fusion frequency) 
caused tetanus of the plasmic fibers, which could be sustained 
for over l min. It was not possible to produce tetanus in the 
H6 fibrillic fibers by direct electrical stimulation. Instead, 
twitches occurred as a rapid vibration at high frequencies of 
stimulation (30-60/sec). The vibration did not cease suddenly 
but faded toward the end of the response to repetitive stimulation 
of longer than ca. l min (identical voltage and interelectrode 
distance were used as for the plasmic fibers). Therefore the 
fibrillic fibers of the H6 muscle fatigue much sooner than its 
plasmic fibers, as was also shol'In by Kuffler and Williams (1953) 
for fast versus slow muscle in adult frogs, and similarly by 
Andersen et al. (1963i in the ha~fish. 
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stimulation of the H7 muscle after the medial connective 

tissue between the H6 and H7 muscles had been eut, caused partial 

occlusion of the transverse opercular canal, whereas this effect 

was far less apparent when the medial connective tissue was left 

intact, and direct shocks applied simultaneously to the H6 fibrillic 

fibers and the H7 muscle. 

B.Electromyo~raphy 

The amall size and difficult accessibility of the H2 and H7 

muscles prevented electromyographic recording from them in the 

present study. 

When the apparent functional difference between the plasmic 

and fibrillic fibers of the H6 muscle was investigated by 

electromyography, it was evident that while rhythmic electrical 

discharges occurred in the plasmic fibers, the fibrillic fibers 

were electrically inactive during normal gill ventilation (Fig.9). 

This result was repeatedly confirmed in different tadpoles. 

The timing and effect of the H6 plasmic fibers on buccal 

hydrostatic pressure is shown in Fig. 10A. Buccal pressure begins 

to rise 10-20 msec after the onset of electrical activity in the 

plasmic fibers (at 70-90 ventilation cycle/min). There is a small 

further increase in buccal pressure after electririal activity in 

the muscle has apparently ceased. However, in sorne tadpoles the 

e'lectrical discharge l'TaS sustained throughout the period of 

increasing buccal pressure (Fig. lOB). It seems .that this 

discrepancy ls related to the particular location of the electrode 

among the plasmic fibers, for it is possible that, within the 

active period of the muscle, sorne muscle fibers contract at 

different times than others. 
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Figure 7C shows the synchrony between the contralateral 

moieties of the H6 muscle l'lhich, 1 t has been noted (Chapter 1), 

is bilaterally 1nnervated, and cons1sts of two muscles mutually 

joined by connect1ve tissue in the Middle l1ne. 

The timing of the H6 plasmic fibers relative to the 

antagonistic Hl plasmic fibers, 1s shol'nl in Fig. lOB, l'Thile 

Fig. IOn shOl'1S that the timing relationship between these muscles 

is the same in conscious tadpoles as in B.nesthetized animaIs. 

The phasic relationship of these two muscles (from Fig. lOB) is 

25 mm/)) mm or 0.76 (scale = 0 to 1.0, where 0 and 1.0 are in 

phase and 0.76 is antiphase). 

).Hyomandibular interaction 

The efficiency of the buccal pump depends on a close 

coordination of i t wi th mouth movements. The interaction bet\'leen 

the mandibular and hyoidean arches has been adequately described 

in anesthetized tadpoles (Grad'\'1ell 1968). In addition, the 

timing that has been advanced for the ja", and hyoideB.l1 movements 

relative to buccal pressures (Gradl'lell and pasztor 1968) has been 

confirmed in the present study by dual, synchronized video 

recordlng l'Thile buccal pressures were slmultaneously monitored 

from the sarne tadpoles. It now requlres only a few observations 

to be commented on for conscious tadpoles. 

Durin~ inspiration, the anterior parts of the CHi-1S are much 

more depressed than the hind pnrts,whlch remain near the buccal 

roof. permittin~ the anterior CHI1S this greater freedom is the 

opening of the mouth, for if the mouth is held closed in breathing 

tadpoles, it constrains to a large cxtent, the sinking of the 

buccal floor, even though the Hl muscles are still rhythI:ilcally 

active. 
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Tadpoles whose CHMs were nanually held against the buccal 

roof, could not protrude their jaws but were able to open them 

only by a "downl'Tard rotation of' the cartilagines Meckeli. Durlng 

this type of mouth opening the 114 Illuscle l'las ~ormally active but 

the H5 muscle quivered under the strain of trying to effect the 

normal slight jaw protrusion which characterizes the wider 

opening of the mouth." Under these conditions the mandibulo­

suprarostrale ligaments were scarcely active in opening the upper 

jaw. Instead, the slight opentng of' the upper jaw seemed to be 

caused by its elastic recoil upon relaxation of the jaw adductor 

muscles. 

u 

In tadpoles whose CUMs were manually held in a fully depressed 

position, the jaws could close rhythmlcall~ but with difficulty. 

When the mouth was held in a ll1de open condition, the CH~1S retained 

a large amplitude of rhythmlc movement but they could not quite 

reach the buccal roof. 

These manual operations constrained the mandibular and 

hyoidean cartilages from their noreal displacements during 

regular breathing by causing excessive tension in the general 

connective tissue interconnecting the mandibular and hyoidean 

arches. 

The insertion of the Si muscle on the cartilago rostrale 

inferior and the position of thls muscle immediately beneath the 

CHi'1s warrants its consideration in the context of hyomandibular 

interaction. No electromyographic evidel1ce is available for the 

Si muscle, but it ~lOuld seem that a sllght contraction of It at 

the onset· of expiration would help buccal levation and a1so asslst 

in pulling the ventral velum free f'rom the buccal roof, but a 

strong contraction at this stage lFOuld probably hinder 10\ller ja'l'l 

adduction. 
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It is difficult to see contraction of the Si muscle during 

dorsoventral oscillations of the buccal floor and 1t is therefore 

still questionable if the Si muscle contributes to the rhythmic 

opening of the lower ja\-l, but contraction of this muscle was 

clearly seen dur1ng the hyper1nsp1rat10ns wh1ch sometimes 1nterrupt 

apnoeia in tadpoles allowed to recover consc10usness. On these 

occasions, the effect of the Si muscle was to open the lOl'ler jaw' 
. . 

(the jal'l abductor muscles H3, H4, and H5 had been 'denervated) and 

to pull the HPs anteroventrad. SUch contract10n of the Si muscle 

dur1ng normal hyperinspirat1on, when the CHJ1s s1nk suddenly, 

would help to d1stribute the force of the CHMS to the HPs, thus 

ensur1ng concerted s1nk1ng of the elements form1ng the buccal 

floor. Bilateral SI denervat10n showed that lt ls not 1ndispensable 

for jaw openln~, but jaw protruslon dur1ng hyper1nsp1ration then 

appeared less effic1ent. 

4.Branchial mechanism 

The branchial skeleton (Chapter 1, Fig. 5) consists of the 

HPs and the CEs. Bilaterally, the CBs 2, 3, and 4 have more 

flexible junctions with the HPs than that afforded by the 

continui ty of the hyaline cartilage between the CB 1 B.nd the HP 

(Fig. 2). These flexible junctions are important regions of 

articulation, while the HP-CB 1 ·junct10n provides an elastlc 

recoll to assist the posterolaterad displacement of the CBs 

durin'2; the normal ventilation cycle. Bendin~ also occurs alon.o;. 

the meçl.ian symphysis between the HPs and at the junctlons 

betw-een the HPs and cm'is. The least amount of bendin~ occurs 

between the EPs and copula 2 (Fig. 2) • 

The pharynx and C!;ill cavity lie on the dorsal and ventral 

sides rcspectively of the CBs. The pharynx certainly undergoes 

chan<?;es of volume dur1np; the movements of the CBs which constltute 
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the pharyngeal force pump. However, appreciable changes in 

volume of the sac-like gill cavit~ occur only during occasional 

branchial constriction by the H7 muscle in the lining of the 

operculum. 

The cyclic displacements of the CBs during normal breathing 

consist primarily of an anteromesiad stroke which alternates with 

. a returning posterolaterad stroke. Both these displacements are 

parallel to the B7 muscle. However, there are subsidiary 

movements of the CBs that also influence water flow ln the 

ventilation system. 

Anteromesiad stroke 

A forward bending of the CBs toward the middle line Is 

powered chiefly by the B7 muscle whose contraction lB synchronlzed 

wlth that of the H6 muscle (Figs. lOA, Il). The medial aspects of 

the CBs are bent somewhat dorsad, but the lateral aspects undergo 

an excursion slightly ventrad. 

There are tl'lO subsidiary dlsplacements of the CBs that occur 

simultaneously with the anteromesiad movement of the CBs. One 

displacement is the forward bending of the medial CBs land 2 by 

contraction of the B) and B4 muscles. This movement tends to 

open ~ill cleft 1 connectin~ the buccal cavity directly to the 

~ill cavity. The other subsidiary displacement is the mesiad 

movement of the lateral aspects of the CBs by the BII muscle 

which is therefore antagonlstlc to the BI, B5, B8, and BIO muscles. 

These three displacements of the anterornesiad stroke are 

bilaterally synchronlzed l'li th one another and l'Ii th buccal Ievation 

(Fig. 12). They result in the ~ills, which are borne on the 

ventral sides of the CBs, being swept anteromeslad through the 

l'Iater in the gill cavity. An important conse·quence of the 

anteromesiad strolœ ls i ts preparatory orientation of the branchial 
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apparatus for the action of the pharyngeal pump during the 

following (return) stroke of the CBs • 

Posterolaterad stroke 

Immediately after the CBs· have reached their most fOrl'lard 

position, a backward and laterad return begins, and this overall 

displacement ls also bllaterally synchronlzed (Fig. 12). The. 

gills are again swept through the water in the gill cavity, but 

this time in a posterolateral direction. 

The elastic recoll of CB land 2 after release of the forces 

drawlng them forward, ls one agent of the posterolaterad stroke. 

The backward component ls effected by contraction of the S2 

muscles (Fl.~. 13), 'tlhile the somewhat subsidiary laterad component 

is produced by the activity of the BI, B5, B8, and BIO muscles 

(antagonlsts of Bl1). The BI muscle also simultaneously helps in 

the closure of g111 cleft l and in the openin~ of gill cleft 2. 

The actlvlty of these branchial muscles, which are slightly convex 

when relaxed, was apparent from the shortening and flattenlng of 

their muscle flbers during contraction. 

5.Hyobranchia1 interaction 

In lightly anesthetized, breathing tadpoles, the movements 

of the branchial apparatus are l~rgely inhibited if the crista 

hyoidea of copula 2 ls manually held in a fully elevated or fully 

d~pressed position. 

In pi thed tadpoles, mBnual levation of the CHl1s caused a 

sllght anteromeslad bending of the CBS, especially 1'1hen the 

displacement of the CHHs caused the copula 2, HPs, and the 

spicula to contact the buccal roof~ This passive anteromesiad 

movement of the CBs l'laS greatly reduccd if the B7 muscles l'Tere 

severed. Apparently, the B7 muscle is able to simulate a 

U1 



• 

• 

ligament by coupling the crista hyoidea to the processus 

branchialis, which permits the crista hyoidea to pull the CBs 

anteromesiad during buccal levatlon. In breathing tadpoles, this 

effect is accentuated by the superimposed contraction of the B7 

muscle. Simultaneously, the B3 and B4 muscles contract and draw 

the processus posterior hyalis and the medial CBs 1 and 2 closer 

together, which tends to open gill cIe ft 1. By these contractions 

the slight, passive anteromesiad stroke of the CBs that accompanies 

buccal 1evation, is accentuated. 

A1ternatively, the manual depression of the CHMs and crista 

hyoidea (with the B7 muscles intact) caused a slight posterolaterad 

movement of the CBs in pithed tadpoles. This movement of the CBs 

was hardI y affected if the B7 muscles \'J'ere severed before the 

manual depression of the CHI1S and crista hYOidea. Electromyography 

and motor denervation in breathing tadpoles, and direct electrical 

stimulation of muscles in pithed tadpoles, disclosed that this 

hyobranchial interaction ls promoted by other muscles. These are 

the S2, BI, B5, B8, and BIO, l'lhich aIl contract together. 

The anteromesiad stroke contributes to the compresslon of 

the buccal cavlty because it causes slight elevation of the HPs, 

through contraction of the B3, B4, and B7 muscles, which explains 

the persistence of buccal pressure oscillations after bilateral 

denervatlon of the H6 muscle (Fig. 6) . 



6.Sequence and Integration of rnuscle_activity 

• While the terminology proposed in Chapter l for the ventilatory 

• 

muscles is retained in the present study, these muscles will also 

be divided into functional groups to facilitate the description of 

the sequence and Integration of muscular activity. Inspiration 

and expiration, the two regularly alternating phases of the normal 

ventilation cycle, are each driven by a complement of muscles whose 

makeup overrides anatomical groupings. 

During inspiration there occurs a simultaneous decompression 

of the buccal cavity and a compression of the pharynx, and vice 

versa during expiration. This rnechanism is operated by antagonistic 

muscles which drive oscillatory pumping movements and cause water 

to flol'l continuously over the gills. 

(a) Inspiratory muscles 

Individual, rhythmically active muscles of normal inspiration 

have different effects, which are coordinated to facilitate 

înspi 1:'ation. 

(i) I10uth opening. The action of the H3, H4, and H5 muscles in 

opening the rnouth has been considered earlier in the present thesis 

(p.QS). The precise timing of the H4 muscle has not been definitely 

established., but visual observation of it in breathing tadpoles, and 

studies of the functional anatomy of tadpoles, suggest the timing 

shown in Fig. 13. This muscle seems to initiate lOl'ler jaw abduction 

at the peak of the buccal pressure curve. The ventral fibers of the 

H5 muscle appear to enhance the initial openin~ of the lower jaw. 

The lateral fibers, forming·the bulk of this muscle, deflnitely 

contract Iater in inspiration and are in phase l'fi th depression of 

the Cmls by the Hl and H2. muscles. Functional anatomy has ShOi'ffi 

(p."If.) that the wider opening of the jaws is possible only if the 
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CHMs are slmultaneously depressed. The synchrony between the H5 
lateral flbers and :f"lbers of the Hl and H2 muscles is therefore 
important for the unirnpeded opening of the jaws. Electromyography 
has sho\'In (Flg. 5) that fibrillic fibers of the H; muscle are active 
during hyperlnspiratlons, when there is a convulsive sinking of the 
buccal floor. As ja. protrusion ls only mechanically possible l'lhen 
the CHMs are depressed, It ls important that this muscle has a 
timtng like that of' the buccal floor depressors. . HOl',TeVer, the 
presence in the BJ Buscle of some plasmic fibers suggests that part 
of this muscle 18 also phasically active, probably during the slight 
jaw protrusion that accompanies rhythmic jawabduction (p.iq). 
Twitches of the SI muscle were seen during hyperlnspiration, but 
the small girth of this muscle, the passive'displacement of it by 
10l';er jaw movements, and the do:rsoventral oscillations of the buccal 
floor, hampered the 8L~lval at deflnite conclusions. However, the 
presence in thls muscle of" plasmic fibers, is circumstantial 
evidence supporting the proposaI (Gradl'lell 1968) that i t ls 
phasically active. 

(ii) Buccal depression. The comparison between Fig. lOB and Chapter 
2, Fig. 4A, ShOilS that the main buccal depressor (m) is active 
only after buccal depresslon has begun. The initial buccal 
depression therefore seems to be a passive movement, probably caused 
by elastici ty of the hyobranchial apparatus. The H2 muscle l'TaS seen 
contracting in phase lfith the Hl muscle. The synchrony betl'1een the 
Hl and H2 muscles whlch lower the buccal floor, and the H; and H5 
muscles of wlde jaw abduction, is necessary because the normal 

o amplitude of buccal floor depression (at ca. 20 C) and also of 
convulsive buccal depression during hyperinspiration, are not 
mechanically possible if the jaws are held closed (p .113 ) • The 
slnkin~ of the buccal f"loor during mouth opening a1so permits water 
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. 
to be drawn into the buccal cavity through the mouth. However, a 

small volume of water enters the buccal cavity through the nares 
o 

and thls seems to be adequate for ventilation below ca. B C; the 

jaws are then haraly actlve, if at aIl. 

(iii) Pharyngeal constriction. The phs.rynx Is constrlcted by the 

BI, B5, BB, BIO, and 82 muscles whlch, probably together with the 

B13 and B14 muscles, contract simultaneously at the peak of buccal 

pressure and are therefore synchronized with the jaw abductor, H4 

(Fig. 13). The contraction of the pharyngeal constrictors at this 

time allows the resultant hydrostatic pressure to be superimposed 

on that which is transmitted to the pharynx from the buccal cavity 

during expiration (Fig. 14B). The tlork of the pharyngeal 

constrictors Is therefore less than that needed to increase the 

hydrostatic pressure of the pharynx from an ambient level to the 

level suitable to permit water to traverse the gi11 clefts 2, 3, 

and 4, and enter the gill cavity. It would seem that the backward 

pull exerted on the lœs by mainly the 82 muscles, would brace this 

element in preparation for possible oontraction of the &l muscle 

during regular breathlng but espeoially during hyperinsplratlon. 

(iv) Hyperinspi~atio~. The plasmic fibers of the Hl muscle, whioh 

are oyclioally active during normal inspiration, show greater 

electrical activity during hyperinsplration (Flg. 9). stronger 

1'11 

than normal contractions have also been observed ln the H2 muscle 

durlng hyperlnsplration, while this DlaY possibly also be true of' 

plasmic fibers in the H3 and Sl muscles. It is postulated here 

that the gill cleft constrlctor~ B2, B6, B9, B12, contract during 

hyperinspiration. SUch action would prevent the transmission of 

large negative hydroststic pressures from the pharynx and buccal 

csvi ty to the gill cavi ty. In thi s 'tray the delicate gill cavi ty 

would be protected from a reflux of m1~iltere~ ambient water through 
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the non-valvular spout. The slmultaneous recording o~ hydrostatic 
pressures from the pharynx and g111 cavity durlng hyperinspira­
tion supports the post~lated contraction of the gill cle~t con­
strictors, because the se recordlngs sho1'1 that the larl?;e negati ve 
pharynge al pressures do not reach the g111 cavlty (Fig. 16). 
However, electromyography and visual evidence of the contraction 
of these g111 cleft constrictors is lacklng. On the other hand, 
twltches of the Sl muscle were unmistakably seen during hyper­
inspirations, but their effect was too rapid for accurate inter­
pretation • 
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(b) Expiratory muscles 

As the expiration phase is shorter than the inspiration phase, 

visual interpretation of the coordinatlon of the relevant 

individual muscles is dlfflcult and electromyographlc evidence 

is particularly important. 

(1) Mouth closure. Judging from the shortness of the closlng 

phase of the mouth relative to its opening phase (Gradwell 196tl), 

lt seems that the jaw adductors contract slmultaneously, or 

nearly so. However, phasic electrlcal activlty could not be 

detected in the Ml, M6, and f17 muscles, whlch suggests that they 

are not active durlng rhythmlc breathing. When the eye was 

llfted sllghtly above the floor of the orbit, small passlve 

anteroposterior dlsplacements of the 116 muscle were seen, but 

contractions of this muscle were not apparent during phasic 

ventilatlon. The almost complete lack of plasmlc :t'ibers ln the 

muscles on the floor of the orblt (Ml, H6, M7) suggests that these 

adductors May be more important for intermittent activlties such 

as :t'eedlng and hyperventilation than for phasic ventilation. 

Contractions of the M2 muscle could also not be detected vlsually 

or electrically, al though 1 t l'laS occasionally found to have some 

plasmic flbers. The M5 muscle, on the other hand, has the 

greatest proportion of plasmlc to flbrillic fibers (usually 1:1) 

of aIl the jal'1 adductors. BOl'leVer, thls muscle is also the 

deepest in position and lt was not possible ln the present study 

to establlsh its functlonal relation to phsslc jaw adduction. 

(11) Buccal levatlon. Lesion experlments (Fig. 6) have shown 

that the most important agent of the pOl'1er stroke of the buccal 

force pump ls the H6 muscle. Only 1ts plasm1c f1bers are 

phasically active, and they are responsible'for the r1se in the 

hydrostat1c pressure in the buccal cavity during expiration 
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(Figs. 9, lOAB). After bilateral denervation of the H6 muscle, 

rhythmic buccal compression still occurSi it is of sma11er 

amplltude than before H6 denervation, but lt shows the same phase 

di~~erence as before (Flg. 6). These persistin~ buccal pressures 

depend on the activity of the B7 muscle. The normal synchrony 

between the H6 and B7 muscles (Figs. lOAB, Il) is ln accordance 

v1th the simu1taneous elevation of the anterior 'and posterior 

parts of the buccal floor. However, even when both these muscles 

are bllateral1y denervated, small rhyth~ic elevations of the buccal 

~loor, of still sma1ler amplitude and with the same normal phase 

dlfference, persiste These persistin~ movements are then aboli shed 

by bilateral denervation of the B3 and B4 muscles. It therefore 

seems that the H6, B3, B4, and B7 muscles are aIl synchronized to 

promote an even power stroke of the buccal force pump. 

(111) Pharyngeal expansion. The B3, B4, and B7 muscles, which 

asslst buccal floor levation, also effect the anteromesiad stroke 

of the CBs that affords pharynge al expansion. The B1l muscle also 

contracts durin~ expiration but it was not possible to establish 

whether it is exactly synchronized wlth the muscles of buccal 

levatlon. In anesthetized, breathing tadpoles, the rhythmic 

contractions of the Bll muscle were clearly seen to he antagonistic 

to the pharyn~ea1 constrictors, 'Bl, B5, B8, and BIO muscles, and 

possibly alsoto the B13 and B14 muscles. 

(lv) "ijyperexpiration. The muscles which have been recorded active 

(Fig. 9) and those which are proposed to be active durlng hyper-

expiration, are schematized in Fig. 13. The fibri11ic fibers of the , 

H6 &ld B7 muscles, which are inactive during phasic ventilation, 

contract during hyperexpiration, while the plasmic fibers of these 

muscles ShOl1 stronger contractions than during phaslc ventilation. 

Simultaneously, contraction of the H7 muscle apparently occurs 
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and seems to be accompan1ed by unusua11y strong contract10ns of 

the B3, B4, and B11 muscles. The jaw adductors, Ml, M2, M5, M6, 

and M7 muscles, may poss1b1y a1so contract at th1s t1me. An 

unusua11y strong elevat10n of the buccal f100r, and expansion of 

the pharyn~resu1ts from the 1ntegrated act1v1ty of the above­

ment10ned muscles. G111 c1eft l 1s apparently c1osed, and the 

great compression of the vent11at1on chambers expe11s water from 

the system via the spout, or 1ess frequently, via the spout and 

the mouth • 
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7.· Hydrostatic pressures, functional anatomy, and l'later flow 

General description 

The anatomy shown in Fig. l4A and the records of Fig. 148 

will be used as a basis for the present description of ventilation 

in the bullfrog tadpole. However, reference will also be made to 

an earlier study on bullfrog tadpoles from Carolina, USA (Gradl'lell 

and Pasztor 1968). The present investigation of larger tadpoles 

of the same species from Quebec, includes details that, together 

with earlier studies,now permits a better understanding of l'tater 

~low durin~ ~ill ventilation in the bullfro~ tadpole. 

Acclimated tadpoles were studied at 14°c, which is a close 

approximation to ambient water temperature in the natural habitat 

of Quebec tadpoles durin~ most of the year. Experimental animaIs 
. 0 

were anesthetized for 25 to 30 min in 1% urethane at 14 C and 

after the implantation and connection of the pressure cannulae, 

recordings were made from upright tadpoles allo\'led to recover 

consçiousness in stream water of identical teruperature. Figure 

15B shows the condition of the ventilation pressures 3 to 5 min 

before the first sign of consciousness (feeble tail undulations). 
o 

At 14 C the graphs of buccal pressure (BU.P), pharyngeal 

pressure (PH.P), and branchial pressure (BR.P), are regular and 

slow enough te facilitate visual Interpretation of the sequence 

of mechanical events durin~ the typical ventilation cycle. In 

addition, dual video recordln~ of mouth and buccal floor movements 

slmultaneously with pressure recordin~ has permitted the precise 

correlation of these breathlne; phenomena. 

A variety of Indlcators (e.g. carmine, India Ink, algae, and 

mllk) have aIl shOim that oral and nasal inflow Is Interml ttent 

whereas the spout outflow ls contlnuous. Ho"iever., indicators 

plpetted Into the Inflows do not begln emerging from the spout 
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until sever al ventilation cycles later. It usually takes a few 

minutes for the pharyngeal filters to become saturated with 

suspended particles before particulate matter begins emerging 

from the spout in the respiratory o~tflow. As such loading of 

the filters was considered too great an interference with the 

117 

natural ventilation current, the continuous spout outflow l'Tas also 

demonstrated in tadpoles without the use of indicators. 

streamers were made from freshly coa,!SUlated frog blood and . 

were held at the infloltl and outflow apertures of conscious, 

unrestrained tadpoles under normal ambient conditions. The inter~ 

mittent character of the oral and nasal inflows was confirmed. 

The spout outfloltl l'laS found to be continuous but less effusi ve 

during the expiration phase of ventilation. 

Video recording showed that the mouth opens at the peak of 

the BU.P graph, and closes when BU.P rises from the horizontal 

baseline of zero (ambient) pressure (Fig. l4B). The buccal floor 

movements l'Tere found to confirm the recordin~ in Chapter 2, Fie;. 

4A. 

The d.ual peaks of the PH. P ~raph in Fi~. 14n are evidence 

for the existence of two aJternating force pumps in front of the 
o 

. ~ill clefts. At 14 C the buccal pump is a more important driving 

force of the ventilation stream than is the pharynge al pump, but 
o 

at temperatures belol'l about 10 C, the pharynge al pump assumes a 

larger share of ventilation (Fig. 15). The BR.F is kept positive 

by the alternate action of the buccal and pharyngeal pumps. 

Although the BR.P has the same phase difference as the BU.P and 

PH.P graphs, the BR.P lags behind the BU.P graphe Moreover, the 

BR.P peaks are much 10l'Ter than the BU.P and ,PH.P peaks, which 

indicates that there is considerable resistance to the ventilation 
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current in the pharynx and gill cavity. On the other hand, there 

is negli~ible resistance to the f~ow from the buccal cavity into 

the pharynx (Fig. 14A), as the amplitude of the transmitted BU.P 

peak in the pharynx is not noticeably lower than the amplitude of 

the BU.P peak itself. 

The ventilation cycle 

A) Inspiration 

There is a smooth continuation of the ventilation rhythm 

from the end of expiration to the beginning of the next phase, 

which ls that of inspiration. Inspiration begins at the peak of 

the BU.P graph, which then ShOl'lS a progressive decline throughout 

this phase. However, the PH.P in Flg. ll!B ShO'V1S that inspiration 

has two components. 

1. The mouth opens but water does not enter through it nor 

through the nares at this tlrne, when BU.P is greater than the 

ambient pressure. l.,rater l"lOuld be expected to flO't'l out of these 

apertures l'Tere it not for the fact that at this stage, the buccal 

floor ls elevated, the narlal valves are closed, and the buccal 

water has already been pumped lnto the pharynx. There is a trans­

verse fold of mucosa on the buccal roof, whlch May possibly also 

hinder reflux through the mouth. r1oreover, the buccal cavlty 

begins expandlng passively at the ol1set of insplration and causes 

a steep fall in the BU.P. A small reflux occurs from the gll1 

cavity into the buccal cavity through glll clefts l,just before 

they close. 

Durlng the first third of insplration)the PH.P shows a sllght 

fall before a second rise (Fig. l4B). 
o 

In small tadpoles at 22 C, 

this sllght fall in pressure ls absent before the second rise, 

which immediately relnforces "the BU.P that is"transmitted to the 

pharynx (Gradwell and Pasztor 1968). III the larger Quebec tadpoles 
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o . at 14 C, the buccal pump is still more important than the 

pharynge al pump, for producing a positive pressure in the 
ventilation system. This is shown by the greater height of the 
first peak than the second peak of PH.P in Fig. 148. Figure 15 
show~at 80 and lOoC, the BU.P and PH.P of the same tadpole used 
for Fig. l*B. The second PH.P peak shows increasing prominence 
relative to BU.P, as the temperature falls. This confirms the 
postulate of Gradwell and pasztor (1968) that such a temperature 
contingency exists. 

At the onset of inspiration, the BR.P begins to rise and 
continues to do so throughout inspiration. This ia therefore the 
phase of greatest flow from the spout and, together with the 
results of observations of streamers, contradicts nll previous 
publications, which propose a stronger spout outf10w during 
expiration. 

2. The second component of inspiration occupies the next two 
thirds of this phase. The second third of inspiration is passive 
expansion of the buccal cavi ty, causin.g the inflow of l'Tater 
through the mouth and nares. Relaxation of the pharynx also occurs 
st this time and its pressure begins falling, but PH.P is still 
positive relative to BU.P and the ventral velum therefore rema1ns 
closed while water cont1nues to enter the gill cavity from the 
pharynx. 

During the last third of inspirat1on, there is a simultaneous 
wider opening of the mouth and an active depression of the buccal 
floor. The wide mouth opening and the large buccal volume at 
this stage tend to dampen the fall of BU.P, and its value tends 
to level at equilibriulU withthe ambient pressure. PH.P continues 
to fall but as it is still positive relativeto BU.P, the ventral 
velum remains shut. Water continues to flow from the g1ll cavity. 
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B)Expiration 

With respect to water flow, the expiration phase 'may also 

be analyzed into two components which, 1ike inspiration, are 

coordinated to effect changes in pressure. 

1. Buccal pressure begins to rise- at the instant of rapid mouth 

closure and simultaneous elevation of the buccal floor. The 

valves of the internaI nares are closed by the increasing BU.P 

relative to ambient presmlre. Opening of the valvular ventral 

velum occurs st the moment that the BU.P becomes positive in respect 

to the PH.P. The buccal cavity and pharynx therefore become one 

confluent chamber during expiration, but only the buccal cavity 

is compressed during this phase. The first buccal water flowlng 

over the ventral velum (Fig. 14A) helps to expand the pharynx 

after its constriction during inspiration, and water does not 

flo1'1 through gill clefts 2, 3, and 4 at thls e~rly stage in 

expiration. Neither does a flow through gill cleft l occur at 

thls stage. The absence of l'1ater flo1'1 into the gill cavi ty 

during early expiration causes a decline in BR.P and water flows 

from the spout less effuslvely than during inspiration. 

2. Immediately after the entrance of buccal water into the 

pharynx, the gill clefts 2, 3, and 4 are opened-widely by the 

greater PH.P relative to BR.P. Immediately thereafter, or at the 

sarne time, a strong flol'l gushes into the gill cavity dlrectly 

from the buccal cavity through gill cleft 1. This water through 

cleft 1 therefore by-passes the pharynx; it impinges on the 

anterior surfaces of the first gill and also on the membrana 

vasculosa opercularis. Toward the end of expiration the gill 

clefts 2, 3, and 4 appear to close, but sorne pharyngeal water 

still passes throu~h them. Moreover, the apparent closure of 

these clefts is so translent that thls event does not stop 
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branchial outflow. The great flexibility of the operculum also 

tends to offset sudden changes in BR.P and branchial outflow • 
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. Discussion 

The present study has permitted a re-examination of ear1ier 

findings (Gradwe11 1968, Gradwe11 and Pasztor 1968) and further 

experimentation has yielded details which have increased the 

understa.nding of the muscu10skelete.1 mechanism of the bu11frog 

tadpo1e. 8a1ient points of this contribution~and discrepancies 

in the relevant 1iterature now require discussion. 

Jaw mechanism 

The jaws, with their two degrees of freedom, ligamentous 

interactions, 12 pairs of muscles, e1asticity, and variable modes 

of function, are undoubtedly the most complicated mechanisrns in 

the gi11 ventilation systems of anuran tadpoles. 

The present study has definitively corre1ated the jaw move-

ments of ~ catesbeiana l'Tith buccal pressures by means of video 

recording. E1ectromyogre.phy has shown that the HJ muscle has 
-"-

muscle fibers which are act1 ve: during the jal'T protrusi~ of 

hyperinspiration but not during phas1c ventilation. It has not 

been poss1b1e to record e1ectrica1 activity from several of the 

jaw muscles, either because the y are inactive dur1ng phasic 

ventilation or becBuse of the technica1 diff1culties of sma11ness 

and inaccessibi1ity. A muscle particularly calling for further 

study is the 81, whose function has been somewhat clarified by 

the observation that it contract~ durin~ hyperlnspiration, but 

phasic actlvity and the true effect(s) of this muscle are 

remainin~ problems for investigation. 

Bedra (1950) used dissection and microtomy on cadavers of 

Bufo rea;ular i s. He interpreted the jal'lS as posse ssing only one 

degree of freedom at the cartila~o Meckeli-quadrate joint • 

Examination of the functional anatomy of this species in the 

present study shoHed that like RcmH ~atesbeillna, ~ re,C';ulél.ris 

has two de~rees of freedom nt the cartilago Meckeli-quadrate joint. 

t31 . 
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It also has a ligament interconnecting the upper and lower jaws, 

but sedra overlooked the ligamentous interaction between the jaws 

and therefore drew attention only to the elastic component of 

upper jaw opening. Furthermore, as Sédra regarded the jaw 

abductors, H3, H4, and H5, as participating in jaw closure (see 

Gradwell 1968, pp. 1046, 1047), he was left with only the Sl 

muscle to propose as an abductor of the 10l'ler jaw. Sedra' s 

morphological data are a useful contribution but although the 

muscular anatomy of Bufo regularis differs slightly from that of 

Rana catesbeiana, the jaw mechani~n of regularis seems to be like 

that of catesbeiana and therefore Sedra's functional account calls 

for re-examination. 

According to de Jongh (1968, p. 76) for tadpoles of ~ 

temporaria: "The respiratory and feedinp: movements are essentially 

similarIte This statement is true for R. catesbeiana only when the 

animal is not actively feeding by means of its dental apparatus, 

but is ventilatinf!' i ts ~ills phasj cally l'li th water which has been 

filtered of particulate matter (e.g. algae) in the pharynx. A 

small volmne of unfiltered water also enters the gill cavity 

directly from the buccal cavity through gill cleft 1. In this 

regular normal ventilation, involuntary microphagous feeding and 

gill ventilation occur simultaneously and the jaw mechanism 

described in the present study for phasic ventilation also serves 

for inciden-cal and invol untary fil ter feecline; in l'lhich the denta1 

apparatus play s no me.sticatory role. HOl'mver, R. cate sbe iana 
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and several species of Americ.Rn ~~ tadpoles have been seen to 

feed interrl1 ttently by mastication of food (Gradl'1ell, unpublished) • 

This ls a voluntary behavior 1'1here tadpoles sW'im in search of 

food and they utilize their crescentic beaks and labial denticles 

for masticatln.'S such food as al.sae growinr:, on substrata, plant 
0. 
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leaves, and animal tissues. This food is then probably filtered 
in the pharynx by mechanisms similar to that of Involuntary 
feeding. The jal'1 and respiratory mechanisms are more vigorous 
during this type of feeding than during phasic ventilation. In 
view of its close anatomical affinities w'ith R. catesbeiana, R. 
temporaria probably also has an involuntary method of fil ter 
feeding during l'lhich the dental apparatus ls not scti ve in 
mastication. 

In the laboratory, the masticatory feeding described by de 
Jongh, occurs frequently soon after cooked spinach is placed in 
aquaria. It is incidental that durin~ masticatory feeding, water 
that enters the mouth and is probably needed for food conveyance 
to the pharynx, is also passed over the gills after filtration. 
Sorne postulates have been advanced concernin~ masticatory feeding 
(Gradl'lell, 1968), and enough observations of such feeding in 
conscious, uninjured tadpoles were made in the present study to 
support the notion that masticatory feeding and involuntary 
feedlng involve distinctly different jaw mechanisms. The views 
of savage (1952, 1961) and Kenny (1969) on R. temporaria tadpoles 
and examinations of the anatomy of this species in the present 
study tend to support the belief that tempororia has a jal'l 
mechanism slmllar to that of catesbelana. 

Two of de Jongh's hypotheses concerning the jaw mechanlsm 
are questionable: 

(i) Unless appropriate peristaltic musculature can be sho~m to 
exlst ln the esophagus, it is doubtful whether tadpoles are 
capable of Itswallol'ling lt ; the movement of food dOlm the esophagus 
occurs st least to sorne extent by cl1iary action. 
(li) The protrusion of the jal'lS as ShOl'ffi in de Jongh t s Fi~. 15A, 
requires recognition of tl'lO degrees of freedom at the cartila,c;o 
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, r-yeckeli-quadrate joint; de Jongh refera only to dO'Wnl'lard and 
upward rotation of the quadrate articular surface of the 
cartilago t·teckeli, but he also mentions a "translation" CP. 80) 
without associating it with jaw protrusion. 

In the light of the present research, a few discrepancies 
in an earlier publication (Gradwell'1968) calI for discussion. \ 

Further stud-y of the geniohyoideus (SI) muscle has gi ven rise to 
sorne doubt regarding its proposed phasic activity. Sorne doubt 
now also exists concerning the proposed, phasic acti vi ty of the 
suspensoriohyoideus (HJ) muscle. \olide opening of the mouth can 
be produced by strong electrical stimulation of the Sl"muscle, 
but this was not considered typical of the normal condition 
because it did not involve the slmultaneous contraction of the 
other jal'T abductors. The present study suggests that the SI. 
m,:!scle assists jaw protrusion during hyperinspiration by acting 
together wi th the other jaw abductors. In Viel'l of muscular 
interactions in the normal animal, the electrical stimulation of 
indi vi dual muscles for the study of the1r functi,ons, has limi ta­
tions, and should not be relied upon too greatly ldthout supportin~ 
evidence. 

Passive d1splacements of the jal'l adductors have been mis­
interpreted (Gradl'lell 1968) as contractions of these small, genera.1Jy 
deep-lying muscles. Althou~h the action of these muscles is to 
close the jalrs, electromyography is needed to ShOl'l deflni ti vely 
llhen they are active • 



• 

•• 

Hyoidean mechanism 

Schulze (1892) and Kratochwl11 (1933) considered the hyoidean 

mechanism as a simple dorsoventral oscillation, and they correctly 

described the muscles performin~ thls action. However, Sedra (1950) 

has incorrectly named the Hl and H2 muscles as the elevators of 

the buccal floor, and he has omitted mention of the H6 muscle. 

De Jon~h. (1968) has rightly described the phasic function of the 

Hl and H2 muscles and given an interestin~ account of the CH­

quadrate joint of ~ temporaria, but he has also omitted dis­

cussion of the function of the other hyoidean muscles, the H6 and 

H7. In trying to explain irregularlties of branchial outflol'1, 

Kenny (1969) has speculated that the H7 muscle is normally active 

in gill ventilation • 

. In the present study, it has been found that the CHs of Rana 

catesbeiana are movable mainly dorsoventrally, but there is a 

slight. degree of backward til tin.~., . 'andthere are also two types 

of functionally and structurallydifferent muscle fibers in the 

two chief hyoidean pmnping muscles, the Hl and HG. These newly 

discovered facts have helped to elucidate the intermittent 

variations of CH ~'plitude 1'1hich are manlfested as hyperinspiration 

or hyperexplration. 

Hyperlnspiration 18 effected by a sudden slnking of the CHI·1S. 

The phasically inactlve Hl fibrillic fibers become active at this 

time and are accompanled by stronger than normal contractions of 

the plasmlc fibers. This produces e large negative buccal 

pressure. If the mouth opens simultaneously, water is draim through 

it into the buccal cavity, but air Is evacuated from the lungs if 

the mouth closes at this time. On the other hand, the CHf.iS are 

elevated abnormally vigorously during hyperexpiration, thus 

causing an unusually large positive buccal pressure. If the mouth 
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is 8imultaneously closed,water 18 driven through the glll cle~ts 

and gill cavity with great force; if the mouth opens at this 

time, water i8 expel1ed through It. The phasica11y inactive 

fibrillic fibers of the H6 muscle become active durlng hyper­

expiration and they are augmented by abnormally vigorous contrac­

tions of the p1asmic fibers (which are phasica1ly active). ~ne 

H7 muscle often a1so participates in hyperexpirations to cause a 

superimposed branchial constrlctlon (first discovered by Schulze 

1892). However, contrary to Kenny's proposaI (1969), the H? 

muscle is not phasically active; It shows rapid fatigue and it 

has no plasmic fibers. 

In a correlation betl"leen the m. muscle and CH movement 

(Gradwel1 1968, Fig. 7B), this muscle i8 correctly shOlm as 

depressing the CHM. However, the recording equipment was 

apparently insufficiently sensitive to monitor the passive 

depression of the CH}I by elasticity of the hyobr&lChial apparatus 

at the onset of inspiration. The present study has sholm that 

the Hl muscle contracta late in the inspiration phase, Just beCore 

the onset of expiration • 
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Branchial mechanism 

The movements of the branchial apparatus proposed by Schulze 

(1892) for Pelobates, and by Kratochwill (1933) ~or ~ dalmatina 

(= ]. agilis), are essentially similar to those of ]. catesbeiana. 

Kenny's description (1969) of the movements of the CBs 

concerns food filtration in the pharynx and the pumping of water 

through tadpoles in general. As the branchlal apparatus lies on 

the ventral side of the CBs, Kenny's proposaIs have a bearing on 

the branchial mechanism and warrant consideration in the present 

discussion, particularly since he has extended his flndlngs on 

Phyllomedusa to lnclude ~ tadpoles. 

(1) Kenny proposes that the "branchial levators III and IV" (B8, 

BIO) contract during mouth adduction. Video recordlng has shown 

that thls ls certainly not the case in Rana catesbe1an~, where the 

mouth is decldedly open during simultaneous contraction of the 

BI, B5, B8, and BIO muscles. 

(11) Kenny's "glll chamber musculature" ia the H7 muscle, which 

he states ls actlve cyclically (p. 237): "SUperlmposed. on this 

cycle, is the asynchronous contraction of the gill chamber 

musculature ••• " It seems llkely that Kenny l'las observlng 

occasional branchial constrlction, ellclted by the experimental 

introduction of "carmine or other partlcles" lnto the ventilation 

current. However, he has interpreted this ~esponse as a component 

of normal cyclic ventilation, l'J'h1ch certainly lt ls note This 

dlscrepancy points to the advantage of using alternative methods 

for follOl'iing the respiratory stream, for example the colored 

streamers l'lh1ch have been used in the present study • 

(ii1) As the edge of the dorsal velum ls deflected al'lay from the 

ventral velum durinc:s the pOl'ler stroke of the' buccal pump, 1t ls 

unlikely that the dorsal and ventral vela serve to fllter food 
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by their juxtaposition in Rana. Kenny's findings in this regard 
may, however, be valid for Phyllomedusa, of which living tadpoles 
were unavailable during the present study. 

The small muscles of the branchial apparatus, and the con­
cealed location of most of them, present considerable technical 
difficulties for their electromyographic study. Yet this is at 
present the most desirable means of demonstrating the time 
dependence of the activity of these muscles and so elucidating 
the details of the branchial mechanism. The functioning of the 
gill cleft constrictors, B2, B6, B9, and B12, are particularly 
difficult to study because they are small and invested.with 
delicate blood vessels. These muscles seem to contract during 
hyperinspiration, but it is also feasible that they may contract 
during hyperexpiration. ~1erefore this problem is Bnother that 
awaits the sophistication of experimental technique. 



• 

sequence and inte~ration of muscle activity 

The time dependence of muscles l'lhich have been proven or are 

believed to be active during normal gill ventilation and/or during 

hyperventilation, are summarized in Fig. 13. Several of the 

muscles still require electromyographic investigation, and the 

summary is therefore offered as a working hypothesis pending 

further re seô.rch. It has been shown in the pre sent study that 

certain muscles he.ve tl'10 functionally and structurally different 

types of muscle fiber. It ia therefore important in future studies, 

to take cognizance of the pOBsibility that some parts of a muscle 

may contract independently of other parts of the muscle and that, 

in addition to the temporal difference, there may also be a 

difference in the effects produced by segregated components of a 

muscle. 

The integration of muscle activity to produce specifie 

behavioral effects is, in part, a consequence of their individuel 

timing or sequence of contraction. However, the ability of single 

muscles to influence the effects of others is important in 

concerted behaviors such as feeding and gill ventilation. The 

understending of interactions between indi vldual muscles or groups 

of muscles inevitably requires a thorough knowledge of the 

releve.nt morphology. This concerns not on1y the muscles themselves, 

but also their skeletal relationships and their associations with 

soft tissues such as ligaments • 
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Hydrostatic pressures, functional anatomy, and water flol'1 

Regarding hydrostatic pressures, the present research is 
consistent with an earlier study (Gradwell and Pasztor 1968). 
HotleVer, tt10 mlsinterpretations have been found. Firstly, the 
occurrence of the second pharyngeal" pressure peak immedlately 
after.the first peak, is clear evidence that constriction of the 
pharynx occurs early and not late in the inspiration phase of the 
ventilation cycle. Secondly, the rise in the branchial pressure 
graph durin~ inspiration, corroborates evidence obtained with 
streamers held st the spout of slowly breathing tadpoles, that the 
branchial outflow is stronger durlng inspiration than during 
expiration. 

Intermittent variations of hydrostatic pressure of abnormally 
large amplitudes have been recorded in the present study simul­
taneously in the three chambers of the ventilation system. These 
variations are termed Ithyperinspiration" (negative buccal and 
pharyn~eal pressures) and "hyperexpiration" (positive pressures 
throughout the system). 

The functional anatomy and water flol'T of normal and hyper­
ventilation have been broadly studied partly wlth the object of 
isolatin~ problems for solution durin~ continuin~ investigations. 
r'1any problems have been found whose solutions are required for a 
better unà.erstandinp: of n;ill ventilation in anuran tadpoles. The 
rnost important of these problems nO\'l appear to be: 
(i) The time dependence of several muscles (see Fi~. 14) needs to 
l'le established. 

(ii) The .functioning of aIl the muscles of 8"ill ventilation needs 
further investi~ation, Includin~ the hyoldeen group, which has so 
far been better studied than the others. Especially perplexing at 
present, are the B2, B6, and B9 muscles. Schu1ze (1892) believed 

l'rI 



that l'lhen these muscles contract, they constrict the afferent 

branchial arteries and so help with the circulation of blood 

through the gills. As these muscles are so intimately invested 

with blood vessels, this proposaI deserves close study. 

(iii) Chapter 2 of the present thesis considers the subject of 

velar function, which is so important for an understandin~ of 

water flow. The precise route followed by water in the pharynx 

is a problem of greater concern to filtration feedin,o; than to gill 

ventilation. 

(iv) Numerous mucosal papillae that project from the lining of the 

buccal cavity into its lumen, calI for a functional explanation. 

Preliminary experiments (Gradwell, unpublished) indicate that they 

are either fIoN receptors or mechanoreceptors for detection of 

large particles in the oral intake. 

(v) A fine network of blood caplllaries in the pharyngeal f:\.lter 

folds is reported in Chapter 1 of the present thesis. This 

vascular bed seems consistent wi th the VietoT (calori l81~2, Gotte 

1875, and \oJeisz 1945) that the rUJSUlose pharyngeal mucosa contri-

butes to respiratory gas exchan~e. If this is so, the water from 

the pharynx reachtng the gills and mel~brana vasculosa opercularis 

through gill clefts 2, 3, and 4, may nbt be so efficient for 

ventilation in the gill cavlty •. In this case the importance of 

gill cleft l, bringine fresh water to the gill cavity directly 

from the relatively poorly vascularized buccal cavity, is 

emphasized. 8tained l'Tater flowing through gill cleft 1 l'las seen 

to impinge on the gill tufts of branchial arch land was deflected 

by th~m against the membrana vasculosa opercularis l'There the 

capillary density is relatively high (250-350 meshcs/mm2, Gradwell 

1969b). Therefore the provision of a pharyngeal by-pass in the 

forro of gill cleft 1 would seem to be an advantage for branchial 



ventilation. Quanti tati ve data are now needed._ to test this 
hypothesis. 

1't3 

(vi) The production of hyperventllation and branchial constriction 
by mechanical stimulation of the inner sur race or the operculum 
ia always successful in rested, normally breathtng tadpoles, but 
mechanical stimulation of the gills themselves 18 less effective 
in producing these responses. However, there 18 great variation 
and adaptation of these responses to branchial stimulation. In· 
aIl cases when the responses were elicited, the ribrillic flbers 
of sorne muscles were brought into action, whereas during phasic 
ventilation they are inactive. The further ~vestigation of hyper­
ventilation may yield important data on the fUnctlon1ng of the 
fibrillic fibers. The flbrillic fibers of the H6 muscle hav~ 
several .structural and functioYJ.8.l properties in CO-:m!1on with 
conventionsl fast contracting muscle fibers of vertebrates 
(Gradl'1ell and Walcott 1970). In thls regard, the fibrillic flbera 
of other muscles still need investigation. Intracellular 
recordinga from fibrilllc fibers and measurements of their tensions 
would seern to be the next stage of research polnted to by the 
functional studies of the present thesis. 

(vii) In much of the present research, for easier observation of 
breathing movements, tadpoles have been stuàied at lower embient 
temperatures than those of previous studies (GradHel1 1968, 
Gradl'1ell end Pasztor 1968). The relative importance, one to the 
other, of the buccal and pharyngeal pumps has been shOl·m to change 
\'Ti th temperature. Further re search i s needed to establl sh l-Thether 
other temperature dependent functions of gill ventilation existe 

-....... ........ --------------------



The solution of the above-listed problems in the bul1frog 

tadpole l'J'il1 undoubtedly increase the understanding of gill 

ventilation in this species. HOl'J'ever, useful and perhaps more 

important information relevant to this subject may also be 

I~ 

gathered by comparative studies of gill ventilation in other 

species of anuran tadpoles (see Chapters 4, 5, and 6 of the present 

thesis) • 
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Illustrations 

Fig. 1. ~ catesbeiana shown in ~rofile, resting on the bottom 

of an aquarium. The only visible movements are those of the 

mouth, and the dorsoventral oscillations of the buccal floor. 

The inflows and outflow of ventilatory water are sho~m by the 

arrows. 

Fig. 2. Semidiagramatic Viel'T of water flow relative to the larval 

visceral skeleton of~. Immedlate1y on enterin~ the mouth and 

nares, the inflows diverge Into left and ri~ht streams, but 

Intermixing of the outflol'Tin,o; "Tater occurs Just before it leaves 

through the sinistral spout. In addition to the three .~ill clefts 

between the ceratobranchialla (CB), there is a first gi11 cleft 

between the ceratohyale (CH) and CB 1. Broken lines indicate 

l'later flow' dorsal to the skeleton. Zones of partlcular bend,ing 

of the skeleton are betl'1een the : (i) C3 and the hypobranchial 

plates (HP), (ii) bllateral moleties of the HP, (lii) copula 2 

(C2) and CH, (iv) CH and HP, (v) CH and C2, and (vi) cartlla~ines 

r·1eckell (CH) B.nd infrarostral cartilap.;:es 'tlhich Ile betl'leen them, 

but there ls li ttle or no natural bendlng between the bilatera.l 

infrarostrals themselves. 

Fig. J. The jal'T skeleton sho'\tm in profile durlnl5 stages of 

opening B.nè protrusion of the ja\'lS. CQL, ligamentum cornu 

quadratum lateralej CRI, cartilago rostrale inferiorj CRS, c.r. 

superlor; ~!C, cartlla(;Ço r·~eckell; HS, 11~amentum mandlbulo­

suprarostrale; PAQ, processus articularis quadrat1: RSQ, 11ga­

mentum rostrale su-perior qU8.drat1; TC, trabeculae cran11. Bee 

Ch 1, Table I for H3, H4, and H5 muscles • 



Fig. 4. Pharyn~eal pressures durin~ increasing frequency of 

hyperinspiration on recovery rrorn anesthesia. Each hyperinspira­

tion is characterj.zed by a large raIl in pressure and by con­

spicuous protrusion of the jaws. Pressure calibration: +'1 cm 

water. Frequency: 70 cycle/min. 

Fig. 5. Simulte,neous recording of buccal pressures (top trace) 

and electrical activity in the 10 muscle. On1y during the three 

hyperinspirations, shown by the ~eater troughs of the pressure 

graph, were electrica1 dischar~s monitored from the fibri11ic 

fibers in the muscle. Pressure calibration: + 1 cm water. 

I~O 

Frequency: 75 cycle/min. 

Fig. 6. Simultaneous recordin~ or buccal and pharynge al pressures 

during experimental lesions. Li, media1 connective tissue cut 

betl'leen the H6 muscle Bnd the opercula.r 1i11in!7,; 1.2, dennervation 

on left side of H6 musclei L3, bilateral dennervation of H6 muscle 

comp1eted. 

Fig. 7. Hydrostatic pressures durlng mechanical opercu1ar stimu­

lation (arrOl'ls) in semiconscious bullfrog tadpoles. A. Normal 

gill ventilation punctuated by hyperlnspirations producing 

particularly large ne~ative pressures. B. A single hyperexpira­

tion (large pressure peaks) follot·!111~ a brier pausé tn the normal 

ventile,tion rhythm. C. Re5ular breathinp; Is sho'\'m interrupted by 

hyperinspirations and hyperexplratlons. °D, E. Consecutive 

hyperexpirations caused by intense opercular stimulation. 

Pressures ubove the horizontal lines are positive. BR.P, 

branchial pressure; BU.P, buccal pressure;PH.P, pharyngeal 

pressure. Calibrations: 1 cm 'tl[!teri l sec. 
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Fig. 8. Hydrostatic pressures in the buccal cavity during 

hyperexpirations evoked by mechanical stimulation of the operculum 

(arroNs) ., Only the plasmic fibers of the H6 muscle were active 

on account of bilateral lesion of the fibrillic fibers. Further 

details are given in the texte calibrations: 1 cm water; 1 sec. 

Fig. 9. Normal and hyperventilations recorded in the buccal 

cavity s~multaneously with electromyography of (A) H6 plasmlc 

f·ib,er's, (B') , H6 fibrillic fibers, (C) Hl plasmic fibers, and (D) 

Hl f.ibrillic fibers. Pr·essure calibration: 1 cm water. 

Fig. 10. A. Buccal pressure (BU~P) recorded simultaneously with 

the electromyography of the H6 plasmic fibers. B. ElE·ctromyo­

graphy of the H6 and Hl plasmic fibers monitored simultaneously 

ldth buccal pressures C. Recording of electrical discharges from 

the left and right sides of the H6 plasmic fibers, shol·rlng that 

their contractions are exactly synchronized. D. Buccal pressures 

correlated 1'11 th electromyography of the H6 and ID. plasm:tc fibers 

of a srnall, sell1iconscious tadpole (left), and of the same tadpole 

allolJed to recover consciousness (right). Ce.librations: time, 

0 • .5 seCj pressure, 1 cm water; electromyography, 30 mv. 

Fig. Il. Buccal pressures (BU.P) monitored simultaneously with 

electrical actlvity in the B7 and H.5 plasmlc flbers. Calibrations: 

pressure, 1 cm l'Tater; electromyograms, 35 mv; frequency, 75 

cycle/min. 

Fig. 12. I\1echanography (force transducer t Gilson Polygraph) of 

the left alld right branchial skeleton during light anesthesia. 

Upl'mrd deflection: anteromeslad stroke. Do't'mward deflectlon: 

posterolaterad stroke. Frequency: 70 cyclce~nin • 



Fig. 13. Schematic summary of muscular activity during normal 

regular and hyperventilation. The blackened rectangles represent 

data acquired by electromyography; the blank rectangles represent 

data gathered in studies of functional anatomy and direct'obser­

vations. HE, hyperexpiration; HI, hyperinspiration. Pressure 

calibration: 1 cm water. 

Fig. 14. A. Composite diagram of sagittal and parasagittal 

sections through the head of a bullfrog tadpole. The anatomy is 

shol'ffi in i ts orientation at' the onset of expiration. The large 

arr 0 l'l' indicate s l'later which is beginning to flol'l over the ventral 

velmn. BC, buccal cavity; D, dorsal velum; GC, gil1 cavity; 

PH, pharynx; V, ventral velum; 1 to 4, gi1l clefts 1 to 4. 

B. Corre1ated hydrostatic pressures in the buccal cavity (BU.P), 

pharynx (PR.P), and gill cavity (BR.P) of a regu1ar1y breathing 

tadpole at 14.oc. 

Fig. 15. Simuitaneous recording of buccal (BU.P) and pharyngea1 

(PH.P) pressures to show' the greater importance of the pharyngee.l 

pump at ambient temperatures belol'l the acc1illlation temperature of 
o 

14 C. Calibrations: pressure, 1 cm water; time, 0.5 sec. 

Fig. 16. Branchial (BR.P) and pharyngeal (PH.P) pres~lres 

moni tored simul taneously during regular phasic vent 11 ation l'lhich 

is intermittently interrupted by hyperinspirations. Although 

abnormally large negative pressures occur' in the pharynx, the 

pressures in the gi1l cavity are simultaneously made abnormal1y 

positive. Frequency, 75 cycle/min. Pressure calibration: 1 cm 

water. 
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CHAPTER 4 

THE TADPOLE OF ASCAPHUS: 

EXPERIMENTS ON THE SUCTION AND GILL VENTILIlTION HECHANI8r1S 

ABSTRACT. SUcker engagement ls effected bl' application of the 

oral disc to a reasonabll' flat surface. Increased buccal pump­

ing immediately begins, and the negative pressures of buccal 

inspiration are transmltted to the Buclt:er through the open 

mouth. Howaver, during expiration, the transmission of positive 

buccal pressures to the sucker is hindered bl' a membranous oral 

valve. Therefore a part1al vacuum is progressivell' created 

between the Bucker and the substratum. Buccal pumplng and the 

oral valve enable amblent pres~lre to ensure and malntaln sucker , 

engagement. Adhesion of the sucker is 1mmedlately increased bl' 

greater buccal pumping when force s operate li'hich tend to d'.sell­

gage the suclcer. 

There are two continuous, rhythmically altenlst1ng force 

pumps in front of the gill clef ta. Habitual sucker attachment 

to the substratv~ restr.icts buccal lnflow to the nares, and des­

pite the 1ntermittent nature of the nar1aI inflow, the action of 

thesa pumps ensures a continuous flow of wator over the gills. 

Tubular external nares facllltate their closure during spontane­

ous protruslon of the snout aboya water, but they do not com­

pletell' close 't1hl1e submerged, nor doea ventilatiOl1 stop, aven 

in the fastest tolerable current • 
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Introduction 

Ascaphus true~ ls Ameriea's most primltive Qnuran (35, 38). 

~ It occurs ln the North-West Unlted states and British Columbia 

(47). In addition to having an oral sucker armed wlth a distlnc­

tive dental apparatus, Ascaphu~ tadpoles have several anatom1eal 

features ln common l'li th urodeles (38). Notld thstandlng the pecu-

11arlt1es of Ascaphu!, exeept for scattered incldental remarks ln 

the l1terature, no functional or exper1mental researeh has been 

published on the gcnus. 

Several reports ex1st on the anatomieal adaptations of tad­

poles to a habitat in torrent1al mountain streams ln North and 

Middle ft~eriea, South Afriea, and South-East Asia (18, 19. 1, 2: 

9: ): 20-23: 33-36: 4: 9: 46: 24-26; 44, 45: 43: 30, 31; 50; 7). 

Of these adaptations, ventral suctor1al dlses have been most 

otten noted or descrlbed ln the l1terature: lt has been pointed 

out () that these dlses should not be mlstalten for the secret-

ory edheslve organs 1'1h1eh, 1'1hen present in nelt11y hatehed anuran 

lsrvae, tend to d1sappear when a fold of the lntegument growu 

back trom the hyoldean areh to forro the tadpole's opereulum. 

HOl:ever, even in flahe8, l'lhere the ra are su ch pOilerful BUckers 

as that of Remora, thera ls a pauel ty of published flndlngs on . 

the functloning of the fnlcker. Reports on the suctor1al meeha.­

nismsof anuran tadpoles have been chlefly observatlonsl or based 

on deductlons of functlon fram pr6served mater laI (e.g. 34, 4): 

they shon the necd for an experlmental approaeh to the problem. 

Jotoreover, the I1ttle 1nformation that does ex1st, 1/3 conflned to 

Stauro1s, an Asion gcnus, uhere the suetor1al d1se lies poste-

~ rior to the mouth. 

Most speeles of anuran tadpoles llve ln stagnant or slugglsh 

l.-.ater and need to vent1late thelr g11ls and sometlmes a vascular 



1ining of the operculum as lrel1, by continuous water pumping 
~ (42: 28; 39-41; 48; 6: 11-16: 27). However, Ascaphus tadpo1es 

• 

inhabit cold, well-oxygenated mountain streams and prefer loca­
tion in a sll1ft current, al though they also ocour in stagnant or 
semistagnant l'Tater (9, 30). The reBpiratory anatomy of Asoaphus 
neverthe].ess suggests that it venti1ates its g11l8 by pumping 
water through a palr of gill cav1t1es: but Noble (33) reported 
that the externel nares close in sw1ft water. As these are the 
on11' inhalent apertures during suoker engagement, one might ex-
pact suspens1ol1 of g1ll ventilation under such condltions. The 
present study wes therefore undertaken to sscartain whether ven­
tilatlon occurs ln tadpoles anchored by their BUckers ln a 
torrentlal flol'1, or only when the animaIs are 11ashed into qulet 
pools. 

In Many specles of tadpoles Inhabltlng stagnant or slugglsh 
water, lung ventllatlon lB weIl developed. But there are non­
functlonal lung rudlments ln fu1ly developed Ascaphus tedpoles 
(e.g. stage 39, of Gosner 1960). This Is not surprlsing, as the 

mouth and nares of Ascaphus tadpoles are structurally incapable 
of air breathlng end are edapted for other purposes. The tad­
poles of torrentlal strcams have greater necd for the stability 
ga1ned from oompactncss than for the buoyancy provlded by lungs. 
The absence of 1ung breathing in ~~caFhus tadpoles increases the 
importance of g111 ventilation, but thore exists no publlshed 
information on the vent1lation of 1ts larval gills. Exccpt for 
Hore (23), neither hac thia Bubject been reported on for anuranB 
in Arr1ca Md Asia l'ihlch also ln hab 1 t mountaln stretlmB • 

In the present research, the publicat10ns of Pusey (38) and 
van Eeden (49) have been useful and should he referred to for 
detai1B on the cranlal anatomy of Ascnphua tadpoles. 
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Materials and Methods 
. 1 

Tadpoles of ~aphus !..rue~. (stage 32, of Gosner 1960) were 

plsced in four Dewar flasks, each contslning tan tadpoles in one 

11 ter of stream "Tater. By occasional addl tion of ioe during the 

fl1ght to ~1ontreal t the animaIs were kept at 8 to 11°C, whlch 

was the diurnal range at the collectlng site, 1 to 3 sept. 1969. 

At McGil! University, ca. 18 hr sfter the tadpoles had 1eft 

the &1oqua1mie River, they l'Tere placed in a 3 ki10liter spi11-

over aquarium with a fast Inlet stream of dechlorinated tap water 

st 10°C. Immediately on 11beration from the Dewar flasks, the 

tadpoles began Bl'11mming about and alightlng and feeding on the 

algae grol'ling on the l'la11s of the glass and slate aquarium, by 

rasping movements of the horny beak and labial dentic1as; they 

grew ca. l mm in four weeks and relative to their counterparts in 

nature, they appeared normal in all obvious respeots. 

Hydrostatic pressures 

Hydrostatic pressures associated with the suction and venti­

lation mechanisms were monltored in 20 tadpoles (Figs. l, 2A). 

The snout-to-vent length of these animaIs was 10 t 1 mm. Experi-

° ments l'lere performed at 10 C exoept uhere otherwise indicated in 

the text and illustratiOlls. 

---------
1 

From Alpcntal Ski Rcsort, near &1oqualmie Pass, WaShington. 

Colleotions were made along the Bnoqualmie River from the start 

of SnOll Lake Trail, near the foot of the ski lift of the Resort 

to a moadoi1 ca. 1.5 km upstream. 



Slmultaneous pressure record1ngs from the buccal cavlty, 
~ pharynx, and g111 cavlt1es were made wlth methods slm11ar to 

those descr1bed ear11er (15). However, for recordlng suclrer 
pressures ln moderate1y stagnant water, a ho le of 1.5 mm d1ameter 
was mede ln the center of a Perspex disc of 5 mm thlckness. The 
b1unted point of a hypodermic need1e was aea1ed into the hole to 
form a pressure monitor, and the other end ot the need1e was 
attached to a pressure transducer (F1g. 1). Concentrlc gradua­
t10ns on the perspex d1sc permltted determ1nat1on of the prec1se 
~Qcat1on of parts of the suclœr ra1et1 v.e to the pressure mon1 tore 

Sucker pressures l'iere monl tored from tadpo1es in a stream 
of watel", wlth the appnratuB shotm in F1g. 2A. Snyth (43, p.109) 
polnts out the need for data on the ve10city of streams lnhablted 
by such specles as Asca:ehus. A flo'l'Meter WElS not aval1able on 
the col1ectlng trlp of the present roscarch but one was used in 
the 1aboratory to determlne flou ve1oclty. A water f10w of 200 
to 2,000 ml/mln l'las passed through tublng of 1.5 mm Internal 

1 radlus (r). Therefore by ca1cu1atlon , the ve10clty of the l~ater 
emerglng from the tub1ng l'Tas 47 to 472 cm/sec. As ABcaEhuB tad­
po1es cannot attach·theDlselves to submerged rubber foam, the sldes 
of the contalner liere I1ned l'71th thls materlel. Therefore l'lhen 
tadpo1es became detachod from the Inc11ned Perspex plate (Fig. 2/l), 
the only place l'lhere they could reattach themsel ves wes the plate. 
They could then be eas11y returned to th3 rccord1ng pos1tlon over 
the mon1tol' of the pre::'Œure tro.nsducer by manual s11dlng, wlthout 
dlsengaglng the suckel~. 
-----------------_._------------_._-_._--_._---_._.-._-----------... __ ._-- _ .. 1 2 2 2.25 fi X 10-2 -2 2 !I(r) c II(061S) = = 7.08 X 10 cm; 

2 X 102 cm3 -1 
8' -1 -1 min 

47.2 7.08 ~. 10-2 2- = 2 JO cm mln = cm sec 
cm 

1(.,7 



The &dheslve capabl11ty ot the oral 8Ucker, as we11 as the 

int1uence ot thls struoture on buccal pressures, .. s lnvestl­

gated by gradual1y abducttng a consclous tadpo1e trom a pressure 

monl tor embedded in Perçex (Pig. 1). The pressure monl tor ... 

orlentated downward so that the tadpole WBS turned lnto a supine 

posl tlon, h8nglng trom the horlzontal Perapex. Leads were added 

to a scale pan attached to the post-cranla1 dorsum b, a po1,­

ethylene loop through the dorsales trunc1 muscles. SUcker shapes 

were studled by allow1ng the animal to attach ltse1t to the 

under .1de ot horlzontal Persp8x, through wh1ch the aucker .. s 

photographed dur1ng progress1ve load1ng. 

The s1gnals tram the pressure transducers were amplltled and 

recorded graph1eal1y on a rectll1near Gllson CB-CSPP Po1ygraph. 

Pre.sures .. re cal1brated manometrlcally (Fig. 1), and baseltne 

reterence presaure.wer. determlned atter the experiments b7 

anesthetlzlng the tadpoles untll ventilation ceased. 

Carmulatlon 

Intrainedlc po17eth7lene tublng (PE 10, Clay-Adams Inc., N.Y.) 

was used tor implantation ln the buccal cavlt, and pharJDX ot 

tadpoles anesthetlzed ca. '0 min ln 1% urethane at 100 C. The one 

end ot the tublng WBS tlared near a heated lron. The other end 

was tltted to a steel needle and shaved to torm a tlght, tapered 

sleeve. The needle wlth 1ts attached tublng .. s passed through 

the tadpole's mouth and then through the buccal root untll the 

tlange ot the tubing tormed a tlush 8eal lnslde the buccal cavlt,. 

Atterdetachment ot the needle, the rree end ot the tubtng .. s 

passed over the hypodermle needle ot a pressure traneduoer 

(Flg. 1). HYdrostatle pressure curve8 trom eannulae implanted 

posterlorl,. ln the buccal cav1ty nesr the ventral velum, were ot 

1~' 
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identical shape and phase difference to those from cannulae 

farther for\'lard. The reg10n of the buccal cavi ty betl'leen the 

nares was therefore chosen for implarltation in most oases on 

account of 1ts easier accessib1l1ty and. the absenoe in th~s 

region of muscles and large nerves and blood .vessels. 

Implantation in the phfœynx of AscaphuG tadpoles was more 

difficult than in Rana. catesbe1ana (of. 15) because of the smal1-

ness of the Asoaphus specimens and greater inaccessib11ity of the 

pharynx. 

The small branchial outlet of A!C~Ehus prevented cannulation 

of the gill cavities with the av~ilable materials. Branchial 

pressures. l'lere therefore monitored by 1nserting the hypoderm10 

needle (30-gauge, BD yale) of a pressure transducer into the gill 

cav1t1es through the valveless branchial outlet. The branchial 

orif1ce wes widened with a small cut to compensate for the s11ght 

plugging effect of the needle. 

Water velocity 

A water tunnel (Fig. 2B) wes used to determ1ne the maximum 

velocity of turbulent water, as occurs in natural streams, which 

could be tolerated by' the sucker l'l1thout its slipping. The water 

velocity et which the'floN ohanges from streaml1ned to turbulent 

in the tunnel ia est1mated by assuming th1s change to take place 

w~en Reynold's number has the value 2000 ,for a round pipe hav1ng 

the same oross-sectional aree. and carry1ng the same flow as the 

actual tunnel. 

Let VR = ''Iater veloci ty in c1rcular pipe at which Reynolds' 

number has the value 2000 • 

D = diameter of round pipe having the sarne cross-sectional 

aree as the tunnel. Its value ls calculated to be 2.26 cm. 



• 

/Û= v1scoslty of water at the experlmental temperature of 
o . -2 -1 -1 

10 C. Ite value ls 1.31·X 10 . g cm sec • 

~ = denalty of water, taken to be 1 g cm-3• 

From the def1nltlon of Reynolds' number for a plpe of clrcular 

cross-sectlon, 1 t fo1lol'1s that 

v ::: 2000,1l 
ft D 

Thus the flow through the water tunnel ls turbulent at water 
-1 ve10cltles greater than about 12 cm sec • 

Flotl lndlcators - . 
The nature of the lnhalent and exhalent f10ws ln tadpo1es 

was studled w1th a d1ssectlng m1croscope l'1hl1e f10w lndloators 

suoh as carmine, ml1k, and a1gal suspens10ns were pipet.ted near 

the mouth, externa1 nares and branchla1 outlet. The f10w through 

the exposed glll c1efts of anesthetized tadpo1es was also studled 

by thls Methode 

Dental lnscrlEtlons 

Impressions made on the substratum by the horny beak, were 

recorded d1reotly on photographie film. The emu1s1on of un1-

formly exposed and developed 35 mm film was softened by a 

potassium hydroxlde solution. After thorough rinslng in l'Tater, 

the film was attached to a wall of an aqu.ar1um. When tadpo1es 

olung to the fllm they l'lere manually d1sp1aced backward, forward 

and 8idel'1ays. The back\'1ard displacement caused contaot between 

the upper beak and the emulslon and lnscriptions were thus pro­

duced whlch could be pr1nted on photographic paper by normal 

procedures. 

170 



Results 

To avo1d re1teration, "pressure" w1ll be used in lts hydro­

stat10 sense in th1s report. 

The smal1 slze of tho available Ascaphus tadpoles was dls­

couraglng for the measuremant of pressures. However, cons1dertng 

the difficulty of manually detaching tadpoles from a· substratum, 

1t was expected that measurement of the suctlon pressure would be 

simple. The f1rst attempt was grat1fylng, for, contrary to the 

expected constant negat1ve pressure, the graph showed an oscl11at­

lng negative pressure. Inspection of the animal revealed that the 

undulations were synchronized w1th pulsations of the skin covertng 

the tadpole's pharynx. The data suggest that internaI pressures 

caused by pumping movements of the ventilation apparatu8 are trans­

mitted to the sucker cavity (Fig. 3B). In agreement with th1s 

v1~w is the s1multaneous recording ln the sarne an1mal (Fig. 4) of 

buccal and eucker pressures, of 1dentical amplitude and frequency 

during regular breath1ng. Therefore, it seems that sucker tunctlon 

18 influenced by the buccal pump of gll1 ventilation. On the 

other hand, as efficient gill vent1lation stlll occurs 1n tadpoles 

w1th the1r suckers disengaged, the sucker is not indispensable for 

glll ventilation. However, it will be shown that the funct10nal 

state of the sucker affects the course of the ambient fIon lnto 

the ventilation system. On account of th1s 1nterdependence 

between the suction and ventilation mechanisms, the separate treat­

ment of them in the present study 18 somewhat artificial, and 18 

intended to facilitate descr1ption. 

The anatomy of the v1sceral muscles of Ascaphus tadpoles has 

~. been descr1bed in adequate detail (38) to guide functional studles. 

The positions of these muscles are summarized in Table l, wh1eh 

I~ 



also proposes a simp11fled nomenclature based on the lnnervatlon 

and orlg1n-lnsertlon relatlonshlps. Ont1l verlfled by electro­

myography, the functlons of certaln relevant muscles are presented 

tentatlvely ln Table II. 

The SUctlon rwiechan1sm 

In thelr natural habItat at the Touchet and Snoqualmle Rlvers, 

Wash1ngton, USA, Ascaphus tadpoles were seen cllnglng to rocks 

and stones by an oral sucker. They freed themselves from such 

adheslon only for sWlmmlng short distances from one place of 

attachment to anot-her. They preferred the undersides of substrata 

and tended to face upstream ln swlftly flol'l1ng water. However, 

at the Snoqualmle slte, where lso1ated, stagnant pools occur,_ tad­

poles were often seen ln these pools, and wherever denied an 

undersurface for a4heslon, they were seen cllnglng to the verti­

cal or upper surfaces of substrata. When these tadpoles were 

placed ln aquarla and allol'led cholce of orlentatlon, they, 11ke 

those caught on the undersides of rocks ln a fast current, pre­

ferred fast t'Tater and the undersldes of substrata. Ascaphus 

tadpoles are negatively phototroplc, whlch Is consIstent w1th 

their preference for shaded undersurfaces. 

1. SUcker engagement 

In the discngaged sucker, the periphery of the upper and 

lOt-1er llps forms a riro around a shallol'l', central concavi ty (Figs. 

3. 5). The periphery of the upper lip, and the lateral flaps 

(LF, Fig. 6) are supported by a hydrostatic skeleton of lymph 

canals which are turgid when the sucker ls not engaged, but the y 

become somewhat compressed during the achlevement and maintenance 

of sucker engagement. The lot'ler lip has no .lymph canals, but 

flexible papl1lae (P, Fig. 6) Instead of denticles at lts perl-

1 



phery probably asslst sucker engagement on sllghtly lrregular 
surfaces by fl111ng the amall spaces bett'1een the posterlor rlm 
of the sucker and the substratum. The ab111ty of the r1m of the 
sucker to mold ltself to 1rregularlt1es of the substratum,fac111-
tates the creat10n of a water-tlght seal when, st the onset of 
Bucker engagement, the .entlre r1m of the sucker ls applied to 
the substratum (Fig. 3B). 

The second stage of sucker engagement ensues when 1ndirect 
muscle act10n, operstlng the buccal pump, causes substantial 
negat1ve buccal pressures (Figs. 1, BA). Water trapped between 
the sucker and the substratum 1s sucked 1nto the buccal cavlty 
through the mouth, thereby generatlng a negatlve sucker pressure. 
In consequence, the c.entral area of the suctor1al d1sc, l1ke the 
periphery, becomes flrmly pressed agalnst the substratum (Flg. 
3e). Therefore the sucker cavlty (F1g. 3B) becomes restrlcted 
to the small area 1mmediately outslde the mouth (Fig. Je: No. 3, 
F1g. 6). The pass1ve, flap-like oral valve (OV, Figs. 3A, 5, 9) 
closes the mouth at the instant that the BUcker pressure becomes 
negat1ve relative to the buccal pressure. The flow of water into 
the buccal cavity through the mou th (but also through the nares), 
comblned wlth a change to predom1nance of the compression phase 
over the decompression phase of the buccal pump, then tends to 
overcome the large negative buccal pressure. To account for the 
slmultaneous part1al removal of the' negative BUcker pressure, lt 
ls proposed that the oral valve bonds toward the sucker c&vity, 
thereby reduclng lts volume. It \"las not possible to verity thls 
postulate by direct observation as the oral valve lB obscured by 
the beak, especially ln the engaged sucker. However, the elas­
tic1ty of the central area of the sucker tends to cause 1t to 
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, wlthdraw from the substratum and to form a concsvlty llke that 

of the dlsengaged sucker (Flgs. JA, 5). Thls s11ght natural 

abductlon probably helps to malntaln a pressure between the 

sucke~ and the substratum that ls negatlve wlth respect to the 

&mblent water and to the buccal cavlty. once the oral valve. has 

shut, lt la probab1y ma1ntained ln thls condltlon even dur1ng 

subsequent regular gll1 vent1latlon, prov1ded that buccal 

pressure ls kept posltlve relat1ve to the sucker pressure. 

The maxlmum sucker pressure generated by spontaneous buccal 

pumplng durlng sucker engagement, ls -18 to -25 torr. 

2. The engaged sucker 

The welght of Ascaphus tadpoles ln water ls very small 

«0.01 g for those used ln the present study). Therefore lt. la 

not surprlslng that they were able to hang upslde-dolm by thelr 

suckers for periods exceedlng an hour, wlthout show1ng evldence 

of dlscomfort. 

In anuran spec1es whl~h do not have suckers, consclous .tad­

poles exhlb1t vlgorous struggllng lf they are turned upslde-. 

down. This contrastB wlth the 1ndlfference of ABcaphuB tadpoles 

to al1 poss1b1e orlentatlons ln three d1menslons when thelr 

suckers are engaged. 

When the sucker of a tadpole ls apposed to a surface, the 

tendency for l'later to be drawn lnto the mouth by decreaslng 

buccal pressure durlng inspiratlon causes a genera1 negatlve 

pressure bet\1een the BUcker and the substratum. The oral valve 

(Flgs. Je, 5, 9) so restrlcts the rls1ng phase of buccal pressure, 

that the resldua1 negatlve pressure ls not overcome to the degree 

that suclcer aclheslon ls lost.· Presumably, the fluctuatlons of 

thls resldual sucker pressure synchronous wlth buccal pressure 

(Flg. 4), are caused by bendlng of the oral valve durlng compres-
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slon and decompression of the buccal cavlty. B,ynchronlzed wlth 

. breathlng, there are also sllght dorsoventral movements of the 

more medlal parts of the lower jaw, but lt ls doubtful lf these 

movements are caused by dlrect muscle actlon. It seems more 

llkely that the lower jaw cartllages (e.g. CRI, Flg. 9) are 

pulled dorsad by the ceratohyale and that their return movement 

ls by elastlclty. }fuatever the contrlbution of these lower jaw 

movements, lt 18 essentlally the oral valve that opens and closes 

the mouth durlng normal gll1 vent1lat10n. 

The plpettlng of lndlcators around the perlphery of the 

sucker dlsclosed no leakage of amblent water directly lnto the 

sucker cavlty and thence lnto the buccal cavlty vla the Mouthe 

During prolonged aucIter engagement ln stagnant water, the 

sucker pressure was usually found to vary between -2 and -4 torr. 

It wss notlced that although the posterlor aress of the 

sucker reglstered pressures of the· saroe frequency, and locked to 

the same phase of buccal pressures, the shapes of these posterlor 

sucker pressures were unllke thosa monltored ln the sucker cavlty 

nearer the mouth. To clarlfy thls point, record1ngs were made 

along a mldllne transect of the sucker (Fig. 6). The graphs 

ShOll that areas of the sucker demarcated by the lower IIp ylel~ 

curves w1th two penks pervent1latlon cycle and there ls a pro­

gressive fall ln amplitude the farther away that pressures are 

mon1tored from the mouth. The changes ln sucker pressure caused· 

by manual reposltionlng in Flg. 6 agreed l'1ith those monltored 

during spontaneous sucker reposlt1on1ng over the pressure mon1tor 

(e.g. F1g. 10) • 

S1multaneous rocord1ng of buccal pressures and posterlor 

Bucker pressures shol':ed smooth EJlngle buccal pressure penks, 

lndlcatlng that the dual-peaked curves are not an lnherent proper-
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ty of the vent1lation mechaniam. The general shape of the dual 

peaks rema1ns the saroe for each ventilation cycle. Therefore 

whatever causes these dual peaks, acts synohronously w1th the 

ventilation cycle. The dual peaks persisted regardleas of the 

orientat1on of the tadpole on the pressure mon1tor, prov1ded 

that pressures from areas 4 to 6 (Fig,.' 6) were be1ng recorded. 

The posSib111ty that the heart, which lles,near the posterlor 

border of the sucker, 1s responsible for the notch in the sucker 

pressures, wes disproven by the electrocardiogram, which doea 

not have the same frequency as the ventilation rhythm (Fig. Il). 

Therefcre further investigatlon ls needed to determine the cause 

of these dual peaks. 

Two shapes of pressure curve were recorded from area 6, Fig. 

6. Nhen recordlngs are flrst made f,rom thls area, the ourves 

have a relatlvely shallol'l notch between their peaks and it ls 

poss1ble to dlst1nguish one ventilation cycle from the next. 

,However, the shape of the curves from thls area usually changes 

before ca. 3 min after the location of the sucker over the 

pressure mon1tor and the beglnn1ng of recordlng. There ls a 

deepen~.ng of the notch between the pressure peaks until lt ls 

possible to dlstlngulsh indlvidual ventilatlon cycles only by 

assuming that one cycle ls composed of two peaks. 

3. Effects of lesions 

As the Perspex substratum used in the experiments on the 

sUcker was perfectly smooth like sorne rock surfaces found in the 

naturel habltat of Ascaphus, the beak, (B, Flg. 6) ,and labial 

denticles may be assumed to have played I1ttle or no frict10nal 

role 1n the engagement of the sucker and in the maintenance of 

1ts adhes1on. ~lhen the labial teeth and the edge of the beak 

were dlssectcd a'imy, sucker adheslon wes still effic1ent and 
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sucker pressures did not d1ffer s1gn1f1cantly fram those mon1tored 

in normal an1mals. Therefore thes~ structures donot seem to ·be. 

used for effecting and ma1nta1n1ng sucker adhes1on: they.may be 

concerned w1th rasp1ng plant mater1al off the substratum (cf. 

F1g. 12)rather than w1th prov1d1ng a mechan1cal grip for the 

sucker. 

Les10n snch as a radial eut at any part of the periphery of 

the suctor1al dise, reduced the amplitude of sucker pressures by 

c~using a leak of ambient ,crater into the sucker cavi ty. This 

effect was greatest l'1hen the lateral parts of the per1phery were 

eut near the junction of the upper and lower .jaws (LF, Fig. 6). 

surgical damage to the oral valve (QV, Figs. 3A, 5, 9), so 

as to destroy 1ts valvular action, did not provent sucker en­

gagement, but to mainta1n sucker engagement, the tadpole had to 

keep breathing at the high frequency and amplitude character1s­

tic of the onset of sucker engagement. As thls could not usually 

be ma1nta1ned for longer than ca. 30 sec, adhesion gradually 

weakened unt11 sucker disengagement resulted. These effects 

were demonstrated by such a surg1cally lnjured tadpole wh1ch en­

gaged its sucker to a vert1cal side of the aquarium. At f1rst, 

the animal was nearly horizolltal. Immed1ately buccal pumping 

became subdued, a gradual loosen1ng and rotat1on of the sucker 

occurred, so that the animal assumed a perpend1cular orientation 

with 1ts tail po1nting dOlffiuard. The animal then s11d slowly 

dOl'mward by gravitationa1 pull and became d1sengaged from the 

glass. F1gure 13 ShOv1S such a tadpole just before disengagemellt. 

The tadpole then slid on to the bottom of the aquarium, where it 

lay with 1ts sucker disengagod like the normal but fatigued tad­

pole shol·;n in Fig. 14A. Lesion to the oral valve therefore 

demonstrates the importance of this structure for the maintenance 
of sucker engagement. 
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4. Effectsof tlater 'veloelty 

In a atrong current, tadpoles are al"ays allgned so that 

the stream washes over their bodies, frOID head to tail. Oace 

sucker engagement has been effected, thls allgnment cen, lf 

necessary, be achieved through the passive rotatlon of the sucker 

and the streamlined body and tall lnto an orlentation of leest 

reslstance to the ambient flow. 

The fall in pressure concomitant wlth sucker engagement over 

the pressure monltor of a transducer lB shown ln A, Flg. 15. AB 

a gentle flow of water (47 cm/sec) began over the tadpo1e's head 

(4 cm frora the inlet, Fig. 2A), the s1lght further fall ln 

pressure 't'lhich occurred, lB shown in B, Fig. 15. Simu1taneously, 

the rhythmic pressures of the buccal cavity, registered ln the 

sucker cavi ty, sho\'red a BInell increase in amplitude. These 

effects were exaggerated l'rhen the amblent flou' l'las substentlally 

lncreased (236 cm/sec; Ct Fig. 15). HOl'le";~t", l"lhlle the amblent 

flolf \qas kept at thls hlgh level, the pressure curv'e tended to 

return to lts ear1ier condltion, monitored ln stagnant water, 

except that. its average value was more negatlve (D, Fig. 15), 

olllng to the greater adhe sion of the sucker. When the flow l'las 

further lncreased, to 472 cm/sec, tadpo1es could not usua11y 

main ta ln their positlon nt 4 cm from the inlet for longer than ca. 

2 min. They then began to slip baclt:ward ln the stream, gradu­

a11:v and passively, to ca. 5 cm from the lnlet l'1here, ln the 

slow'er current, they remalned for periods exceedlng 10 min. Dls­

engagement of the sucker l'las caused when the inlet "lSS movcd 

closer to the tadpole than 4 cm • 

The use of a "lster tunnel (Fig. 2B) perm1 tted the accurate 

determ1natlon of the max1munl velocl ty of a turbulent stream wh1ch 

could be wlthstood before sllpplng of the sucker occul'red. Of 
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five tadpoles tested, only one sllpped backward (at a constant 

slow rate) when the am~1ent veloc1ty reached 105 om/seo. S1lpplng 

occurred ln the other tadpoles at 140 to 185 cm/sec (163 cm/sec 

Bv-erage ) • 

Tadpoles reslst sucker dlsengagement·by a sllght1y greater. 

frequency and much greater ampllt~de of buccal pumplng when forces 

of abductlon set on them. For example, Fig. 15 shows lncreased 

suctlon during an lncrease (C) ln the veloclty of the amblent 

flow. During the onset of such a vigorous pumping response, the 

lnsplratlon phase or reduced pressure phase of vent1lation, ls 

greater than the explratlon or lncreased pressure phase'. \\'hen 

the net reductlon of buccal pressure falls below the sucker 

pressure, the oral valve probably opens and further water ls 

sucked from the sucker cav1ty (Flg. 3) into the buccal cavlty. 

Thls generates an even greater negatlve sucker pressure, and lt 

usually dra\'rs the f1rst rOll of louer 11p dentlcles s11ghtly 

·anterodorsad to.the edge of the beak and therefore out of slght. 

The double tooth pattern of the first row of dent1c1es d1stln­

gu1shes it from the other rows, whlch facl11tates the recognltion 

of the phenomenon (Flg. 16A,B). The lncreased adheslon ls 

ma1nta1ned by the reseallng of the oral valve. By thls means, 

the an1mal regulates the adheslon of lts sucker to Bult the 

veloolty of amblent flow, and thereby res1sts abductlon. 

5. Propertles of adheslon 

Cllnglng tadpoles can be manually slld parallel to the plane 

of the substratum, but their slippery, streamllned bodies make 

lt dlfflctilt to abduct them from the substratum. Therefore a 

hold l'las, secured by passlng a polyethylene loop through the 

dorsales truncl muscles of anesthet1zed 'anlmals, which were then 

returned to the aquarium for recovery. Two days later, 1'1hen the1r 
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wounds had healed reasonably weIl, the suckers of tadpoles could. 

be disengaged by manually pulllng the polyethylene loop et rlght 

angles a1fay from the substratum. The tadpoles then Slfam away 

and re-engaged thelr suckers elsewhere ln the aquarlum. Tadpolea 

oould also be held by the loop and Induced to engage their .. 

suckers over a pressure monitor embedded ln a Perapex plate (Fig.l). 

The suckers of dead tadpoles were engaged over the pressure 

monitor by manually pressing thelr heads ventrad (l.e. toward 

the perspex) and then suddenly releaslng the pressure. In thls 

case, the adhesion meohanlsm ls slmpler than in the breathlng 

tadpole. Immedlately the perlphery of the BUcker contacts the 

substratum, a water-tight seal is formed (Fig. JB). Consequent­

ly, a space (the BUcker cavlty) ls created between the central, 

concave surface of the sucker and the substratum. For engagement 

of the sucker, the 11ater in the sucker cavi ty must flofr through 

the mouth and Into the buccal cavlty, thereby flattenlng the 

central area of the sucker and greatly reduclng the sucker cavlty. 

These effects can be achleved by manually pressing the dead 

tadpole 'a suc1ter agalnst the substratum, simulatlng the effect 

of buccal pumping when breathing tadpoles engage thelr suckers. 

The elastlc tendency of the central area to wlthdraw from the 

substratum then creates a negatlve pressure ln the sucker relatlve 

to the buccal cavity because the passive oral valve ls deflected 

closed and It prevents buccal water trom re-enterlng the sucker 

cavlty. The negatlve sucker pressure maintalns adheslon whlle 

the oral valve remalns clo~ed and the peripheral seal of the 

sucker remains intact. Dead tadpoles, whose suckers l'lere engaged -

in this tlay t remaincd clinging to the substratum for ovar Bl:l 

hour. 

'60 



• 

Forces of sucker abductlon tend to lncrease the size of the 

sucker. cavlty, but as thls ls a closed chamber, an even greater 

suctlon ls produced and the oral valve becomes more tlghtly 

sealed. . The sucker pressures generated by manually pulllng a 

~onsclous tadpole away from the pressure monltor are 11ttle 

dlfferent from the pressures generated by abductlng the same, but 

kllled, anlmal fram the pressure monltor (Flg. 17A,B). Therefore 

lt seems that adheslon ls passlve after sucker engagement has 

been achleved, and no further muscular expendlture 18 norma11y 

needed for malntalnlng the BUctlon •. However, when nece8sary, 

breathlng tadpoles are able to vary the strength of adhesion by 

regu1ating the degree of buccal pumping. 

study of the sucker durlng abduction of lt from a smooth 

Perspex plate was a1ded by a photomlcroscope for direct observa­

tlon through the Perspex, and for photography. The first 

noticeable effect of 8ucker abduction ls an lnfoldlng of the 

. f1rst row of dentlcles (Flg. 16A,Bi unlike the other rows, lt ls 

double, and there ls elso a space dlvldlng lt ln the mlddle 11ne). 

As graduaI sucker abductlon progresses, the bllateral horny 

plates of the upper jaw, formlng the beak (B, Flg. 6), are 

slowly dral'ln aliay from the substratum by vlrtue of the flexlble 

cleft betl·;een the plates (Flg. 16c to F). Thls flexlblllty of 

the beak ls fac111tated by the thlnner keratin ln the mlddle 11ne 

than elsewhere on the beak. There 18 also a further wlthdrawal 

of the bllatersl moletles of the lower jaw from the substratum, 

and the second to flfth rows of dent1cles fold toward the mouth 

and also away from the substratum. The sllghtly transparent 

lateral fla.ps (LF, Flg. 6) are dralin meslad and l'lI'1nkles occur 

at the edge of the louer lip, espec1ally et the moment of sucker 



dlsengagement (Flg. l6F). Slmultaneously, as amblent water 
floods the sucker cavlty and destroys lts negatlve pressure, the 
tooth rows of the lower 11p become more vlslble agaln (Fig. 16E,F). 

The oral valve ls not vlslble durlng this abductlng proce­
dure but the great fall that abduction causes ln BUcker pressure 
(Flg. 17A,B), would probably pull the oral valve (CV, Figs. 3, S, 
9) lnto the suoker cavlty were lt not for bllateral ligaments 
whloh flrmly blnd the lateral aspects of the valve to Meckel's 
cartilages. On both sldes, the ligament runs laterad, caudad, 
and sllghtly ventrad and ls attached to the medial face of 
Meckel' s cartllage lmmedlately dorsal to the lnsertlon of the r~5 

muscle (Table I) on this cartlalge. study of the partly exposed 
oral valve of a breathing t anesthetlzed tadpole disclosed that 
these llgaments do not lnterfere wlth the normal range of move-
ments of the valve. 

. SUclœr abduction by loads permi tted an estlmate of the force 
requlred to cause sucker dlsengagement under water. Flgure 18A 
shows the stepwlse increase ln suction ln a consclous tadpole by 
loads, untl1 the cllmax of dlsengagement was reached (7.79g; 7.5 
torr/g load). In flve tadpoles tested (Table III), 5.79g was the 
greatest tolerable load borne under water for 8 sec by lnsten­
taneous applicatlon (Flg. 18B). A load of 6.79g wes borne for 
4 sec before it also dlsengaged the submerged sucker. On the 
other hand, after the sucker l.,as attached to a submerged load, the 
tadpole wes held by the polyethylene loop through lts back muscles 
and llfted manually above the l'Tater surfa.c.e. By thls procedure, 
the mean ~e.xlmum load whlch could be I1fted lnto the air was 48.3g, 

~ about six tlmes greater than the maxlmum submerged load borne for 
4 sec. Further research ls needed to explaln this inconsistency, 
but it rnay be speculated thnt closure of the externalnares 
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when exposed to air, would facl1ltate the generatlon of greater 

negat1ve buccal pressures and these msy belp the sueker to res1st 

d1sengagement. 

Parker (37) deflnes adheslon e~~lclency ss 

force requ1red for dlsengagement 
1 

ares of sucker X atmospherlc pressure 
1 In conscious tadpoles, the mean max~ press~e 1n the sucker 

1s -125 torr (Table III). From elementary mechanlcs, It folloNS 

that force requlred for dlsengagement 

= area of sucker1 X (atmospherlc pressure - pressure ln SUcker
1

) 

Thus adhes10n efflclency 
1 1 = area of sucker X (atmospherlc pressure - pressure ln sucker ) 
1 area of Bucker X atmospherlc pressure 

1 
= ~tmospher1c pressure - pressure ln sucker 

stmospher1c pressure 
= (760"- 635) torr 

760 torr 

125 
=%0= ca. * or 17% (for the submerged sucker). 

1 
at the instant of d1sengagement • 
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6. SUoker looomotlon and feedlng 

L1ke the1r ooun~erparts ln nature, laboratory tadpoles of 

Asoaphus orawled forward by alternate baokward and then forward 

je~ks of the lower I1p. In a l'leak stream of aquar1um l'Tater at 
o . 

10 C, the orawllng ooourred sporadloally. A orawl oonslsted of 

one to oa. 15 oyoll0 jerks of the lower lip. When transferred to 

a trough of fresh but stagnant water at 150C, the tadpoles showed 

a greater oral'11lng tendenoy durlng the first 5 mIn and they 

generally exhibited more cyolI0 hitches per orawl (up to 24 were 

oounted). During the next 5 m1n, the1r orawling was Interspersed 

with progress1vely more frequent sW1mrn1ng between plaoes of 

suoker attaolment to the substratum, posslbly because, on fIndlng 

no algae on lt, the1r behav10r beoame more searohlng than ln the 

algae-laden aquar1um. Both types of errant behavlor beoame 

greatly reduoed during the th1rd 5 m1n period and the tadpoles 

then rema1ned clIng1ng to the s1des of the trough for several 

minutes before further, but less vigorous searoh1ng. Generally 

oonsistent results were obtalned ln two further exper1ments of 

th1s k1nd. 

As the baokward movement of the lower l'1,p enoountered fr1c­

tion w1th the substratum, the tadpole 's snout was thrust fOrl'Tard 

and slmultaneously the trunk and ta1l were 11fted from the sub­

stratum (F1g. 14C,D). 'nurlng 1ts alternate forward movement, the 

lower IIp aga1n enoountered fr1ct1on w1th the substratum and the 

snout was then pulled baokl'1ard (F1g. l4D,E). However, as the 

snout's for\'lard dlsplaoement (AD, Fig. l4D) was usually greater 

than lts alternate baokward dlsplaoement (AB, Fig. l4E), the net 

result (X) .was a sllght forward progress1on dur1ng enoh oycle 

(usually of duration 1 Bec) of the crawl. Dependlng on the 

mater laI nature of the substratum, 1ts Blops, and the denslty of 
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1ts coverlng vegetatlon, the net forward progresslon dur1ng each 

cycle varled, but Nas usually l mm on horlzontal, smooth Perspex 

and glass. No backward or lateral progress1on by th1s means was 

seen,nor, from study of the functlonal anatomy would such pro­

gression seem to be poss1ble in Ascaphus. 

Described above are the conspicuous character1stlcs of 

sucker locomotion. Further lnformatlon on the behavlor was 

gathered ln three ways. Flrstly, a dlssecting mloroscope waa 

focussed through the aquarlum glass and on the ventral surfaoe 

of the suolœr to study 1 ts movements under oondl tlons close to 

those obtalnlng ln nature. Secondly, pressures were recorded 

from the suckers of flve tadpoles durlng thelr crawllng on 

Perspex ln whlch l'laS embedded the m'on 1 tor of a· transducer. The 

Ferspex was orlentated vertloally and the tadpoles were plaoed 

on lt ln a head-up posltlon. Thls arrangement sometlmes caused 

the forward movement of the anlmal to be cancelled by lts 

alternate backl'1ard movement (probably helped by gravltatlonsl 

pull), so that the net result kept the sucker over the pressure 

monltor and ylelded conslstent recordlngs of sucker pressures 

assoclated wlth cral'111ng (Flgs. 19, 20). The rise and fall of 

suck(!)r pressures correspond respectlvely "llth the forward and 

backward dlsplacements of the snout durlng crawllng. The 

recorded pressures therefore furnlsh data on the frequency and 

amplltude of cral'1l1ng and on lts periodic1ty. Th1rdly, a tadpole 

was allowed to engage lts sucker on a glass cover-sl1p. The 

tadpole was then gradually anesthetized untl1 1t could be turned 

sup1ne 'wlthout struggllng, to permit study of the sucker through 

the glass ldth a dlsseoting mioroscope. The lOl'ler lip l'laS gl"lpped 

wlth forceps and slowly pulled caud~d, lmitating its natural, 
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though faster, movement during crawling, and the changes in the 

dispositions of the relevant anatomy were noted. 

The data gained during these exper1ments permit general 

descrlpt10n of sucker locomot1on. A cycle of th1s behav10r May 

be consldered as composed of two phases: 

Abductlon ~hase: the snout ls thrust forward 

Sucker looomotion begins with a backward (abduct1on) movement 

of the IOl'1er jaw and" the entlre louer IIp "(Flg. l6G, H) as a oon­

sequence of the'musoular (cf. Table II) ventrocaudad rotatlon of 

the b1lateral Meckel's cartlla~es. However, the peripheral BeaI 

of the sucker ls ma1ntalned by a stretchtng apart of the over­

lapplng junctlons between the bllatersl flaps (LF, Flg. 6) and 

the anterolateral edges of the Iower IIp. Thls backward dlsplace­

ment of the IOl'ler 11p 18 faclI1tated by a transverse fold ln the 

8kln joinlng the upper and lower jaws at the corners of the Mouthe 

The fold at no tlme oontacts the substratum; lt permlts the free 

backward displacement of the 1011er jaw and lt ls pulled somewhat 

taut near the end of the phase. The displacement opens the mouth 

by pulling the oral valve (OV, Figs. J,S, 9) free from lts con­

taot with the upper jaw. Thorefore buccal water enters the 

sucker cavity and tends to ob11terate its negatlve pressure. 

Acoordlngly, F1g. 19 shows that there is usually a rise in the 

graph of sucker pressure. However, the inspiration phase of the 

ventilation cycle 1mmediately precedlng the onset of crawling, 1s 

sometimes accentuated, causlng a sudden large fall ln the graph 

of sucker pressure (Figs. 7, 20B). Consequently, the following 

rise ln suclŒr pressure, as th~ snout ls thrust forward, 1s of an 

amplitude gencrally greater than when crawling is not preceded 

by a vigorous insplration. 
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B.1nchronous wlth the Iower jaw's backward dlsplacement, 

there 1s a· bliateral lndentatlon of the skln below the eyes that 

covers the Hl muscles (Table 1). The relaxatlon and stretchlng 

of these muscles, whlch the sagglng of the skln seems to lndlcate, 

would be ln accord wlth the contractlon of the H6 muscle whlch 

ralses the buccal floor and lncreases the buccal pressure at 

thls tlme. The transmlss10n of.thls.buccal· pressure to the 

sucker cavlty as the mouth opens, reduces suctlon and the contact 

whlch the broad lower IIp makes wlth the substratum provides 

enough frlctlon for lt to thrust the snout forward. The small 

dentlcles and the beak of the upper jaw have thelr edge's dlrected 

backward, and, as a result of the decrease in suctlon, they tend 

to be pulled away from the substratum by the snout's elastlclty. 

Therefore their frlctlon wlth the 'substratum durlng thls phase of 

the locomotlon cycle ls probably too small to hamper the forward 

slldlng of the snout. Flgures 19, 20 show that the sucker 

,pressure durlng thls phase does not qulte reach the basellne 

referenee pressure. Therefore, ln sluggish or stagnant l'Tater, 

where erawling seemS to oeeur most readlly, sueker engagement ls 

not greatly endangered by thls partial loss of suetlon. 

Abduetlon of the trunk and tall from the substratum by the 

(1) dorsales trunel muscles also oceurs during thls phase (Flg. 

l4C,D). As the tall ls laterally flattened, 1t encounters very 

little reslstanee from the amblent water durlng thls movement. 

Dependlng on the orlentatlon of the tadpole, the abduction of the 

trunk and tall (usually 300 to 400 when prostrate on the bottom) 

1s lnfluenced by gravltationsl force, but ln water the magnltude 

of its effect ls probably small. DUrlng the perlods of rest 

betwaon erawllng, the tail ls held agalnst the substratum (Flg. 

l4B). A space between the branchial outlet and the substratum 
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(Flgs. 6, l4B, l6G) during suckerengagement, permlts free 

branchial outflow. The substantial lncrease in buccal pressure 

·during the abduction phase (Figs. 7, 20C) accentuates the expira­

tion of ventilation water. The concomitant lifting of the· 

abdomen from the substratum (Fig. l4D) may safeguard the branchlal 

outlet from .occlusion by occaslonally more vigorou8 backward 

displacements of the louer lip. 

Adduction phase: the snout is pulled backward 

The lower jaw and lower IIp are capable of returning to 

the1r normal posit1on (Fig. 6) by thelr natural elast1city. 

HO\'lever, llke the backl'1ard dlsplacement of these structures in 

the abduction phase, the return movement (adductlon) 18 so 

vlgorous that lt 18 undoubtedly also powered by muscles attached 

to Meckel's cartllages (Table II). The greater lntercalatlon of 

the lateral flaps wlth the 10l1er IIp ls restored by thls move­

ment. Slmultaneous lncrease ln suctlon (Flgs. 19, 20) ls prob­

ably caused by depre8slon of the buccal floor and the flow of 

sUcker water lnto the buccal cavity. As there ls also at thls 

tlme an out\'1ard bulglng of the skin coverlng the Hl muscles, lt 

seems llkely that these muscles are responsible for buccal de­

pression. 

The gl~eater suctlon produced by buccal depres810n, and the 

forward pointing denticles (contrary to 49) of the broad lower 

IIp probably increase lts frlctlon enough to permlt the IIp to 

rasp algae off the substratum. Thls frlctlon of the IIp may a1so 

help ln pulllng the sn out beckward to lts restlng 'Posltion • 

Durlng thls backward movemcnt the upper jal'1 dentlcles and beak 

are pressed against the substratum by the preva1l1ng suctlon. 

The8e conditlons favor the vlew that the keratlnlzed parts of the 

Jta 
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sucker, especlally the beak, are concel~ed wlth scraplng algae 

free tram the substratum, to be sucked lnto the buccal cavlty 

by Its lowered pressure durlng thls phase (F1gs. 7, 20C). The 

slmultsneous, sllghtly delayed fa11 ln sucker pressure durlng 

the greater part of thls phase (F1gs. 19A,B; 20A) seems to reflect 

the scraptng action, partlcularly of the upper beak, because a 

smooth fall ~ sucker pressure 'occurred after the edge of the 

beak was dlssected away (Fig. 20B,C). However, sucker locomotion 

at about the same rate still occurred after the beak had been 

completely dlssected away. InscrIptions of the scraplng action 

of the dental apparatus were Bometlmes found over aress where 

algae grew on the aquarium walls. Moreover, Fig. 12 shows 

similar marks produced by manual backward dlsplaeement of a tad­

polets sucker Hhich was adhering to photographie film. The con­

tinuous buccal. pumping betl'Teen crawling and a1so during cral'lling 

(Figs. 7, 19C, 20C) probably facl11tates transport of the 
1 

Ioosened algae to the pharyngeal cl1iated tract , whence the food 

is carrled ~ a cord of mucus into the esophagus. The details of 

thls process are, however, outslde the seope of the present 

research. ln support of the above evldence for a feedlng utl1lty 

of sucker creultng, lt wes observed that on aIl occasions when 

continual crawl1ng occurred over'areas of aigae, a continuous 

column 01' aJ.gal 1'eces emergl~d from the anus, aven after the 

aquarium had been flushed of all planktonic a1gae. 

After one or several cycles 11ke the one described above, 

the oral valve closes at the end of the adduction phase (Fig. 161), 

and seals a negative pressure in the sucker cavity. Gill venti­

lation ooeurs mainly by buccal pumping (Figs. 7, 19c, 20C) 

during the pause l1hich extends to the next series of cral'lling 

movements. The gra.phs also show a coordination betl'leen crawling 

1 -
not hltherto described in Asee hus. 



• 

• 

and gill ventilation; indeed, in sorne respects crawl1ng seems 

to be scarcely more than an enhancement of the amplitude of gill 

ventilation. The length of' the pause betw'een cral1ling la 

highly variable, but in f'eeding tadpoles it l'laS o:ften 20 to )0 sec. 

Sucker disengagement sometimes oceurs immedlately alter 

crawling movements (Fig. 19B) and the animal th en swtms to a new 

place of attachment where erawling May again occur. 

Sucker locomotion may not always be associated vith feeding, 

nor restricted ta still water, for although It was most often 

seen under these conditIons, one tadpole in the water tunnel 
-

(Fig. 2B) l~as seen crawling slowly agalnst a turbulent flow (ca. 

60 cm/sec), in whlch the animal's forward progress .as slower 

than normal and trunk and tail elevatlng movements ~ld Dot oceur. 

Crawllng against a stream of water May occur by the general 

lowering of the range of sucker pressures to reslst abduction. 

Functional anatomy disclosed that the lower jau movements 

·are caused by muscular displacements of Meckel's eartl1age~whose 

movements are always bllaterally synchronized. As the left and 

rlght sets of the relevant muscles appear usually to exert equal 

forces on Heckel's cartilages, the lOl'ler jaw and IIp are moved 

straight back (abduction; Fig. l6H) and then straight forward 

during the adduction phase of crawling. Consequently, the 

anImal advances in a straight line. How'ever, occaslona1l7 the 

left and right sets of muscles seem to exert unequal forces, for 

1 t l'Tas plainly visible that the 1011er jEtl'l sometlmes dld Dot move 

straight backl'rard, but eithel' the left or the right side of the 

jaw movcd 'more throi the other. The muscles moving the lOlier jaw 

forward l'lould then presumably also exert dlfferent tensions in 

returning the BOmel'1hat skewed lower jaw and I1p to its resting 
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place aga1nst the upperjaw (F1gs. 6, l6I). Th1s unequal dis­

placement of the lOl'ler ja,., and l1p ca.uses the tadpole to change 

its d1reot10n s11ghtly at each h1tch of the sucker. Consecutive 

step-like changes in direct10n all'Tays supplement one another 
,0 

and tadpoles are able to turn through 90 by this meens with 7 to 

13 h1tches of the sucker. In other Nords, once a turn1ng to the 

left or r1ght has begun, consecutive h1tches are cumulative in 

promot1ng the turne 

Backward BUcker 10comot10n 1ndependent of ta1l movements 

was never seen in Ascaphus tadpoles, but by coord1nated action 

w1th ta1l flips to left andr1ght, and by loosen1ng the BUcker at 

the appropr1ate moment and then tightsn1ng 1t when sul table , the 

anlmal can pull 1tself s11ghtly backward (usually 2 to 6 mm). 

7. Sucker disengagement 

At the Snoqualmie slte, tadpoles in small sunllt pools would 

disengage their suckers and swim dOlmward to reattach themselves 

in dark recesses when a shadow fell on them. SUcker disengage­

ment was investigated in the laboratory by allowing tadpoles to 

afix themselves by sucker over the monitor of e pressure trans­

ducer (Fig. 1). After adaptation of the tadpoles to normal 

ll~hting, the lights were switched off and the usual response wes 

that of Fig. 4, where the sucIter became slightly loosened due to 

a sudden sl1ght lOBS of suction, but 1n the absence of further 

d1sturbance, the animaIs immediately restored thelr normal condi­

tion. An 1dcntical response l'laS ellc1 ted from dark adapted tad­

poles when the 11ghts were sl'11tched on, 1'1hich suggests that the 

response i8 trlggcred by a change in illumination rather than 

only by a decreaee in illumination. 
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The sudden decrease in suction in the. above experiments is 

probably an early behavioral stage in sucker disengagement. The 

increase in pressure always occurred during the beglnnlng of 

insplration, despite' the stage in the ventllatlon cycle of the 

chf.tl1ge in illUminat10n. However, ln constant llght1ng, spon­

taneous sucker dlsengagement also occurs by a sudden rlse ln 

sucker pressure at the onset of explration. The rlse in the 

pressure curve la aSBoclated wlth an openlng of the mouth by the 

sllght caudad displacement of the lower jaw, poasibly by the Si 

muscles (Fig. 9: Table 1). study of the mouth through the glass 

substratum w1th a dissect1ng m1croscope during sucker d1sengage­

ment, showed that the lower jaw displacement caused a pulling 

away of the oral valve from lts seal aga1nst the sk1n of the 

upper jaw. Compress10n of the'buccal cav1ty at thls t1me by elo­

vat10n of the buccal floor tl0uld help to destroy the partlal 

vacuum of the sucker andtherefore would facliltate sucker dlsen­

gagement. However, technlcal problems and the short supply of 

tadpoles precluded the gatherlng of functional data to support 

th1s conjecture. 

At the tlme of sucker dlsenga~ement, a bllateral buck11ng of 

the anter10r r1m of the snout (Flg. 21) llfts the front of the 

sUcker off the substratum. The pa1red }12 muscles are responslblo 

for th1s buckl1ng of the snout. The effect ls achieved by the 

11fting of the bilateral cartilages oJ the suprarostral system. 

Slmultaneously, the head and tal1 are abducted by contractlon of 

the (?) dorsales truncl muscles. Tail undulatlons then cause the 

d1splacement of the sucker to another ares of engagement. Alter­

natively, buckling of the snout and 11ftlng of the sucker off the 

substratum doea not occur afte~ open1ng of the Mouthe Instead, a 

s1ngle tal1 fllp to left or rlght causes a sw1vel11ng of the 

147.. 
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loosened sucker in the same directlon as the tall fllp, often 
o through about 90 , wlthout producing complete sucker dlsengage-

ment. 'The broad proflle of the tall (Flg. 14) and consequently 

the hlgh resistance lt must encounter from the amblent water 

durlng thesa flips, ls no doubt an lmportant factor ln thls 

maneuver. The sl'llvelling could be experlmentally lnduced by 

plugging the external nares wlth organlc debrls suspended at thelr 

entrances. 

8. The disengaged sucker 

During anesthesla preparatory to buccal cannulatlon. the 

. sucker became loosened from 1ts normally engaged condltlon. 

After cs. 30 mln ln 1% urethane (lOoe), the tadpole no longer 

responded to skln prlcks, and lt l'TaS turned suplne wlth lts 

sucker dlsengaged. The suctorlal dise became somewhat cup­

shaped through its inherent elastlclty, and the median symphysis 

between the rostral cartilages of the lOl'ler jaw became more vis­

lble. Indlcators plpetted at the nares, mouth, and branchial 

outlet, showed that regular breathlng contlnued'. Figure 8A shows 

that in the disengaged sucker the amplltude of buccal vent1lation 

la sllghtly smaller than when the sucker is engaged, but the 

frequency ls approxlmately the same ln both conditlons. 

Microscoplc examlnatlon of the slightly dlsplaced lower jaw 

revealed that the mouth l'laS regularly opened and closed by move­

ments of the oral valve. Lol'ler jaw movements such as occur 

falntly ln the en~aged sucker, l'Tere absent. Poss1bly the cerato­

hyalla (Fig. 9) do not under those clrcumstances reach far enough 

upllard to exert B. pull on the 10lver jal'l. 

Itt3 
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The Ventilation Mechanlsm 
, The flow of ambient water lnto the ventllatlon system de­

pends on the functlonal stete of the sucker. Indlcators 
plpetted at the entrances to the mouth and nares showed that 
when the sucker ls engaged, water entera the buccal cavlty only 
through the nares, but both nares and mouth serve as water lntakes 
when the sucker ls not engaged. For underatanding gill ventila­
tion, It 18 therefore necessary totake the sucker into account. 
Moreover, the identlcal relatlon between the sucker and buccal 
pressure eurves (Fig. 4) permits the amplitude and frequency of 
g111 venti1atlon,to be monltored ln consclous, unlnjured and un­
restrained tadpoles. The recordlngs can a1so be made in aIl 
possible orlentations ln three dimens10ns and ln variable velo­
cltles of amblent flow. The sucker therefore provldes a con­
ven1ent way of collectlng resplratory data wlthout anesthesla, 
cannulatlon, or other lnterference wlth the animal. 

o Tadpoles at 10 C ventllate their gills contlnuously (ca. 50 
cycle/min) even ln a swift current of water. In tadpoles cling­
lng to a substratum, ventllation ls also of regular amplltude, 
but mechanical or visual dlsturbance ln the laboratory, as experi­
ments earller ln the present study have shown, tends to cause 
lrregular amplltudes. Identical 'pressures recorded from the 
sucker of consclous, unrestralned tadpo1es in aIl possible orien­
tations suggest that in still water they can ventilate thelr gille 
equal1y weIl, regardless of orientatlon. 
1. Buccal cavity 

The buccal pump subserves both the suction and gill ventila­
tion mechanisms. Figure 7 ShOl'lS a sllght lncrease in the fre­
quency but a marked lncrease ln the amplitude of buccal pumplng, 
whlch causes a general fall ln buccal pressure durlng suclcer 
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engagement. These effects were a1so produced by 11ghtly touching 

the skln of a tadpole wlth a b1unt probe, or by manua1ly sliding 

a tadpole from an engaged positlon alongslde the pressure monltor 

to an engaged positlon over the monltor (Flg. BB). The lncrease 

ln pumplng frequency ls not shown ln Flg. ~A because the anlmal 

was a1ready breath1ng at a hlgh frequency" (laoe) at the commence­

ment of sucker engagement. Further experlments showed that spon­

taneous hyperexplratlons occur ln the buccal cavlty durlng 

recovery from deep anestheala- (F1g. 22)-.Unusual1y lal·ge buccal 

pressures a1ao occur durlng elevatlon of the external nares aboya 

water (Flg. "23A,B). l-1oreover, there 1s graaterbucca1 pump1ng 

when the ve10clty of amblent f10w ls suddenly increased (Fig. 15). 

Taken together, the above results demonstrate that the buccal 

pump ia capable of greater effort than durlng quiet venti1atlon 

(Flg. 4). 

The followlng experlments are concerned wlth the water 

lntakes of the buccal cavity durlng gi1l ventilatlon. 

Durlng lnsplratlon, suspensions of lndicators were dra~m 

through the tubular externa1 nares by the buccal pressure whlch 

was lOlfer than the pressure of the amblent water. There was no 

reflux of lndlcators plpetted at the externa1 nares, becauae non­

muscular valves of the lnternal nares were pressed closed by the 

buccal pressure which \'1as greater durlng expiratlon than the 

pressure of the ambient water. For a siml1ar reason, there was 

no reflux at the mouths of tadpoles whose suckers 'fera in a dls­

engaged condition. vfuen the mouth of a tadpo1e was gently opened 

by dlsplaclng the lower jal'1 with a probe, lt l'TaS seen that 

immediately wlthln the mouth, and norma1ly o?scured by the horny 

beak, is a f1ap-like fo1d of skin (CV, Figs. 3, 5, 9). The 
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action of th1s fold, ·the oral valve, under the 1nfluence of 

buccal pressure, closes the oral entrance at the onset of exp1ra-

t10n (pressure r1ses). The anter10r surface of the valve becomes 

apposed agalnst the skln of the upper ja'S'1. Conversely, durln.g 

1nsp~~,at~on, the fold ls pulled away from the upper jaw by de­

creas1ng.buccal pressure, wh1ch draws water 1nto the buccal cavlty 

through '. the mouth. 

Tadpoles were somet1mes seen cling1ng by their Buckers to 

the sidesof dlmly-l1t aquarla, and with thelr snouts and nares 

just protrudlng above the water surface. Metter (30) has wlt­

nessed thls .beh~vlor in naturè ~t nlght. As the water 1ntakes 

of the.buccal cày1ty become sealed by thls protrus1on of the 

nares.above water, the effect of thls behavlor on buccal pumplng 

was_consldered worthy of lnvest1gatlon ln the present study. 

In the laboratory, a consclous tadpole adherlng to a vert1-

cal perspex plate was slld untll 1ts sucker was over the submerged 

mon~tor of a pressure transducer. As the snout was polnt1ng up­

ward, .1t could be eas1ly ra1sed above water level by gradually 

elevat1ng the transducer and Perspex plate unt11 the nares became 

exposed to alr. Tadpolestolerated th1s procedure, even when 

ralsed above water for over 1 m1n. Pressures monltored ln aIl 

aress of the suoker durlng snout protruslon showed lncreased 

amplltude and reduced frequency (e.g. F1g. 23A,B). The elevatlon 

of the nares above t1star often caused greater vent1latlon ampll­

tudes ,'rhen the nares l'Tere resubmerged, than those mon1tored before 

the .nares were raised above water. 

Closure of the external nares ls facll1tated by thelr 

• tubular.nature, l'Ihlch prevents alr from enterlng the buccal 

cav1ty when the snout protrudes above water. Thls flndlng agrees 

wlth Noble (J3). Closure of the external nares occurs lmmedlately 
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on exposure of·them to alr and lt la oaused by thelr meslocaudad 
displacement. As tadpoles usual1y.craw1 spontaneouslyabove water 
whl1e they are in a vertlca1 positlon, snout upward, the force of 
gravlty asslsta the caudad component of thls displacement. 

Malntained narial closure durlng snout protruslon above water 
and whlle the mouth ls sea1ed by the suoker's engagement, prevents 
ambient water from entering the buoca1 oavity. stmultaneous1y, 
the branohial outlet appears oollapsed and lndlcators plpetted at 
its orifice disclosed no water flow from the gill cavltles. Never­
the1ess Fig. 23A,B shows that buccal pumplng continues while the 
snout and nares are raised above water. Theretore, water that May 
be retained in the closed ventilation system is probably clrou-
1ated by these pumping movements. rf snout protruslon ls a means 
whereby tadpoles can feed on vegetatlon above the waterllne, the 
mix1ng of water in the closed ventilat10n system (except durlng 
oral 1ngestion) would probably faoilltate resplratory gas exchange 
by ensurlng that the fullest advantage ls taken of the water in 
the system. However, the transport of food ln the buccal cavlty 
to the esophagus wou1d probably requ1re the tadpole to resubmerge 
lts external nares. 

Tadpoles crawl out of the water by the mechanical actlon of 
their suokers agalnst the substratum, slm1lar to the manner of 
the submerged craw11ng described earlier in thls report. Aquarium 
tadpoles return themselves to the water from thelr elevated posi­
tions by a loosening of the suoker and a passive sllding into the 
water by gravitational pull, or by asslst1ng this retum wlth one 
or more vertlcal flips of the tall. These tail fllps do not 

__ usually alternate, 1eft and rlght, but are repeated on the 1eft 
or right sides of the body until the animal returns to the water. 
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The externa1 nares "bend down and close" when a flow of 

water la dlrected agalnst them (33, p. 65), but ln the present 

study lt was found that ln a fast stream, buccal pumplng. (Flg. 15) 

and branchial outf1ow cont1nue, 1ndlcatlng that the external 

nares are probably not c10sed by a fast current. SUbmerged 

Ascaphus tadpo1es even ln a swlft stream, can control narlal ln­

flow slmp1y by chang1ng the amplltude and frequency of buccal 

depress1on. perhapa themost slgnlflcant flndlng of monltor1ng 

ventllation pressures from Ascaphus tadpo1es in an amblent flow 

la that, unllke the suckerflsh, Remora, where ventllation de­

creases and May even stop ln a fast stream (32), the ventl1atlon 

frequency of Ascaphus ls not reduced by lncreased veloclty of the 

amblent flol'l (Flg. 15). 

In Ascaphus there ls no flrst g111 c1eft connectlng the 

buccal cavlty to the gll1 cavlty (cf. ~ catesbelana, 14). 

Therefore, 8S the valves of the lnternal nares and mouth are 

c10sed by buccal compresslon durlng explration, the on1y normal 

channel for the exlt of water from the buccal cavlty lB over the 

ventral velum and lnto the pharynx. 

2. Pharynx and g1ll cavlt1es 

The dlfflculty of monltor1ng pharynges1 pressures by cannula 

perm1tted only a single recordlng to be made (Flg. 24). The 

csnnule.'s position was determ1ned by dlssectlon after the experl­

ment and found to be lodged laterally 1n the pharynx, near the 

edgea of the dorsal and ventral vele.. It ls posslble that e1ther 

or both the vela May have lnterfered wlth the recordin~ of normal 

pharyn~a1 pressures. Therefore the pressure recordln~ 1a presented 

tentatlvely unt11 ver1fied ln larger tadpoles. However, the two 
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pressure peaks per cycle are consistent with the functional 

enatomy of breathing, enesthetized tadpoles. The first pharyn­

geal pressure peak occurs in phase with an increase in buccal 

pressure and ls due to the transmitted effect of buccal pressure 

in the pharynx during expiratlon. Pharyngeel constriction prob­

ably causes the second peak in the phayngeal pressure (Fig. 24) 

durlng the latter part of buccal lnspiratlon. 

The presence in Ascaphus of a ventral velum which, like that 

of ~ catesbelana (14), la structurally suited to function as a 

valve between the buccal cavity and pharynx, is circumstantial 

evidence favoring the existence of a pharynge al pressure pump in 

Ascaphus. The absence of flrst gil1 clefts prevents'ref1ux of 

water directly from the gill cavities into the buccal cavity when 

the buccal floor depresses, and so facilitates the generation of 

negative buccal pressures. By increasing the pressure difference 

between the buccal cavlty and pharynx, the fall in buccal pressure 

probably closes the passive ventral velum during early inspiration. 

Therefore neither is there reflux of pharyngea1 water lnto the 

buccal cavity during this phase and the suction generated by 

buccal decompression is rendered more effective at the mouth and 

nares. The occurrence of pharyn~eal constriction Ister in inspi­

ration, maintains the pressure in the pharynx ~t a positive value 

relative to the buccal cavlty (Fig. 24) and therefore keeps the 

n"on-muscular ventral velum shut. ResiduEll uater in the pharynx 

can then only leavc via the palred g111 clefts 2, 3, and 4, and 

enter the gill cavlties. 

During expiration aIl the buccal water must flow over the 

ventral velum and into the pharynx. The anatolUlcal relation 

between the dorsal and ventral vela of Asoaphus supports the view 

that, as in ~ catesbelanB (14), the ventral velum of Ascaphus 
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aets as a hydrofoil to daflect water against the dorsal velum 

during buccal expiration. From here, the water must flow through 

the gill clefts 2, 3. and 4 to reach the bilateral gill cavities 

(there is no transverse opercular canal ln Ascaphus). 

The recording (Fig. 25) of sustained, though fluctuating, 

pos1tive pressures from the gill cavities, and the continuous, 

though var1able, flow from the slngle branchial outlet (as shown 

by dye to be greatest during buccal insp1ration), lndicate that 

the dual pumping mechanlsm facilitates a cont1nuous water flow 

over the gills. Dissect10ns of anesthetlzed, regularly breath1ng 

tadpoles showed that the gills are also themselves moved through 

the water in the gill cavit1es, synchronou.sly w1th the vent1lat1on 

cycle. Inspection of the glll arches revealed that thelr move­

ments are bilaterally synchronlzed; no evldence was found for 

unilateral pumplng by the pharynx or g1l1 cavitles. 

The foregolng results May now be summarlzed by a descr1pt1on 

of the sequence of,events durlng a typical ventllation cycle. 

). The ventllation cycle 

Inspiration 

Depression of the bucoalfloor causes a fall in the buccal 
1 pressure relative to the amblent pressure. Thls probably closes 

the ventral velum in a valve-Ilke fashion that occludes the buccal 

cavity from the pharynx. If the oral sucker is not engaged, the 

only lnhalent channels are the nares and mouth, through whlch 

ambient water can fION to equilibrate the negatLve bucoal pressure~ 

On the other hand, if the sucker is engaged, an inflow still 

oocurs through the nares, but an oral lnflot'l is sealed by the 

sucker. 
-----------_ .. 

1 
ambient' pressure = atmospheric pressure plus hydrostat1c 

pressure st depth of tsdpole below wa'ter surface. 
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Pharyngeal constriction occurs toward the end of inspiration 

and causes a rise in pharynge al pressure, which probably keeps 

the ventral velum shut. Therefore llater 1n the pharynx passes 

through the gill clefts and over the gills in the gill cavities. 

A strong flo't'1 leaves the non-contractile gill cavities by the mid­

ventral branchial outlet. The lack of reflux at the branchial 

outlet during large negat1ve buccal pressures may perhaps be ex­

pla1ned by valvular action of the ventral velum. 

Expiration 

Elevation of the buccal floor causes compression of the 

buccal cav1ty. When the buccal pressure exceeds the amb1ent 

pressure, the valvular 1nternal nares close and so does the oral 

valve lf it 1s not already seal1ng the mouth oW1ng to engagement 

of the sucker: but the ventral velum probably opens at this time. 

Therefore no reflux of water occurs at the nares or mouth, and 

the buccal water ls 1nstead deflected by the ventral velum against 

the dorsal velum. Hence the l'later ls further deflected until 1 t 

leaves the pharynx by the gill clefts. After passing over the 

g1lls, a weaker flow leaves the g111 cav1t1es v1a the branch1al 

outlet than during inspiration • 

~'" 
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Discussion 

The present study assumes that the gills provide the more 

important respiratory surface in the ventilation system, but it 

Is possible that the llning of the buccal cavity and pharynx also 

partic1pates as a respiratory surface. 

There ls a functional interact10n between the suctlon and 

gill ventilation mechanisms. For convenience of description, they 

are conslderedseparately ln the present report. 

The dent1culated sucker of Ascaphus ls 1mmediately suggest1ve 

of a feedlng adaptatlon, but ~ccording to Noble (33, p. 66): 

"Undoubtedly, sorne particles are scraped off the vegetatlon on 

the rocks as the tadpole moves along. But only the lower mandlble 

would function ln this process and this structure ls.exceedingly 

small (Fig. 9)"; and aga1n (p. 69): "The larval teeth are modified 

ln order to better grlp the 1rregularlties in the rocks to whlch 

the larva holds." However, the present investigation suggests 

that the dental apparatus does not partic1pate in sucker adheslon, 

as the sucker is effic1ent on smooth gla$s and Perspex, even ,'rhen 

the teeth have been dissected away. Furthermore, although Noble 

bel1eved that Ascaphus tadpoles feed by tak1ng in suspended food 

particles through their nares, he nevertheless pointed out (p. 67) 

that the entlre horny edge of the beak of the upper jel" is in 

n~ture continually worn down by abrasion ~gainst the substratum. 

The present study shows that the beak is used for scraping algae 

off the substratum. 

On the basis of his dlscovery of nasal cilia in Ascaphus and 

on "food materials in both the nasal sacs and preoral buccal 

cavityl1, van Eeden (49, p. 50) supports Noblets contention (33) 

that the nares serve as feedlng channels. Van Eeden also suggests 

(p. 49) that 1mmedlately wlth1n the mouth, a patch of clliated 
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eplthe1lum (whlch Pusey, 38, p. 113, found to be Innervated by 

'~a branch of the olfactory nerve"). May asslst thls type of feedlng • 

But these sma1l areas of c1lla are separated from the pharynx by 

a re1at1ve1y w1de expanse of non-cl11ated eplthelium (Gra<:!l'lell, 

unpub11shed). Moreover, ln comparlson wlth the strong water flow 

produced by buccal and pharynge al pumplng, the slgn1flcance of 

the nasal and oral cil1a for food transport, could scarcely be of 

much consequence. 

The dual peaks recorded per ventllatlon cycle from the 

posterlor areas of the engaged sucker May be the result of syn­

chronous lower jaw movements, for It has been estab11shed ln the 

sucker catfish, Plecostomus (Gradwell, in preparat1on), that the 

w1thdraw'al of the lowerjal'l from the substratum, causes identlcal 

dual peaks in the sucker pressure of th1s flsh. However, the 

elucldat10n of this po1nt requ1res an understandlng of the rele­

vant functlonal anatomy, to be descrlbed ln a later contrlbution. 

The sim11ar1ty between pressures recorded from the sucker 

durlng detachment of livlng as weIl as plthed tadpoles from a 

substratum, Indicates the d1spensab11lty of direct muscle act10n 

for reslst1ng sucker abduction. But ln the llvlng an1mal, the 

Indlrect muscle action of buccal pump1ng effects sucker engage­

ment and reslsts sucker d1sengagement by reduclng the sucker 

pressure when forces of abductlon act on the animal. 
. 1 

Mucosal flaps, wh1ch form an oral valve , are an Important 

component of the sucker apparatus of Ascaphus tadpo1es. Th1s 

feature ls rem1nlscent of certa1n flshes wh1ch have oral valves 

(17). In dee.d Lampreta, the tongue acts as a passlve oral valve 

1 
Absent ln non-suctorlal tadpoles 
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(S). The toothed sucker of L. w1lder1 18 an adaptat10n for ad­

hes10n and feed1ng (S), but unllke the sucker of Ascaphus, 1t 1s 

incapable of active crawl1ng over a substratum (Gradwell, unpub­

lished). When the sucker of Ascaphus 18 engaged, the occlus1on 

of the mouth confines the resp1ratory Inflow to the naree. 

Lampreta have no nares for water flow 1nto the resp1ratory system. 

In these f1shes gill ventilation during sucker engagement there­

fore occurs solely through the 1nflow and outflowof water through 

the branch1opores (S). There are other compar1sons that could be 

attempted between Ascaphus tadpoles and sucker cyclostomes, but 

such a study must be left unt1l the functional anatomy of both 

groups is better underetood. 

In the disengaged sucker the oral valve and lower jaw move­

ments open and close the mouth rhythmlcally in coordination with 

the ventilation cycle, but ambient water cannat enter the buccal 

cavity by this route while the sucker 18 afixed to a substratum. 

The importance of the naree for 1nterm1ttent buccal inflow is 

therefore evident. As in ~ catesbe1ana (12), valvular flaps 

of the buccal mue osa prevent narial outflow during buccal com­

pression. In the light of the present f1ndin.~s, Noble 's conten­

tion (J3) that the external nares close when exposed to air seems 

correct, but he 81so stated, in conflict with the present research, 

that the external nares close in a fast current of water. How­

ever, in 8 stream of ambient water, the external nares are the 

only inlets to the ventilation system to account for the con­

tinuous flow from the distended branchial outlet. It therefore 

seemS that, even in a stream, water enters the external nares 

cyclically during the inspiration phase of breathing, just as 

suspensions of ind1cators have shown 1t daes in tadpoles clin~g 

in non-flowing water. 
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The teleost, Remora, has Its dorsal fln modlfled Into a 

sucker. The flsh decreases ventllatory pumplng and eventually 

stops actlve ventllatlon of Its gllls ln favor of passlve ventl-

1atlon by adjustlng the degree of oral abductlon If amblent water 

ls experlmentally drlven over the flsh (32). There ls no such 

abl11ty ln Ascaphus tadpoles to utlllze the amblent stream for 

passlve gill ventllation, desplte the somewhat funnel-shaped 

external nares. The mou th of Ascaphu8 ls sealed by the sucker 

when the tadpole clings in a fast current, and relatlve to the 

size ot the ventilatlon system, the nares are too amall to admit 

a flow adequate for passlve ventllatlon~ . 

Ventllatlon in Ascaphus ls by two cyc1ic force pumps ln front 

of the gill cletts, as ln Rana catesbelana (14, 15). The cycles -
are out of phase with each other, and thls ensures a strong, unl­

directional flow of water over the gllls during pharyngesl com­

pression and a weaker branchial flow durlng pharyngeal decompres­

slon and buccal compresslon •. Therefore, the g11ls are continually 

bathed by movlng water and, in addltlon, they are themselves 

moved rhythmlcally to and fro through the branchial water~ The 

development of this efficient glll ventilatlon mechanlsm ln tad­

pOles whlch generally live in cold, well-oxygenated water, seems 

surprising, but may perhaps be explained by the absence of func­

tional lungs and by the tendency for tadpoles to be washed lnto 

and trapped ln stagnant or semlstagnant pools~ 

Unlike ~, ~, ~, Pseudis, and probably Sorne other 

genera, Ascaphus tadpoles have no flrst gill clefts connectlng 

the buccal cavity to the paired gill cavitiea~ Therefore the 

buccal pump can drlve "Tater only over the ventral velum, through 

the pharynx and glll clef ta 2, 3, and 4, Into the gi11 cavitie8~ 
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Constriction of the pharynx then drives resldual pharynge al water 

dlrectly through the same gill clerts. A valvular ventral velum 

and the absence of a flrst glll cleft probably facll1tate the 

large negatlve buccal pressures necessary to lncrease sucker ad­

heslon when forces of abductlon operate. 

The presence of one or two branchlal outlets lB probably a 

prlmitive feature whlch tends to persist ln nektonic tadpoles 

(e.g. Xenopus). Ascaphus has a single midventral branchial out­

let. but thls feature ls not a prerequlslte for the life of tad­

poles !~ ~~1ft streams. as Heleophryne (18) and also staurols (35) 

and several other sucker-bearing genera (e.g. 24-26) have sini­

stral branchial outlets. The lateral or posterlor transposit1on 

of this feature ln benthlc specles. and the frequent extension 

of it lnto a spout. May have occurred to prevent detritus and 

parasites from enterlng the dellcate glll cavlty. The confine­

ment of the branchial outflow to a single. small aperture prob­

ably assists ln the generatlon of a constant positive pressure ln 

the gill cavity. Therefore water exits contlnuouBly through the 

branchlal outlet and this too. guards against entry lnto th~ g111 

cavity of extraneous materlal through the branchial orifice. It 

May be conjectured that the sinistral branchial outlet of many 

species of stream-dwelllng sucker tadpoles was derlved from an­

cestors living ln slugglsh or non-flowing water. The feature may 

have persisted when such forms adapted to llfe ln torrents, be­

cause it became no handicap to glll ventilation. 

The short supply of tadpoles precluded extensive experl­

mentatlon on the several phenomena assoclated with suction and 

ventilat10n and the present study should therefore be regarded as 

prellmlnary. However, lt provides & basis for an understanding 

of the suctlon and glll ventllatlon mechanisms in Ascaphus~ 
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Aspects of the relevant functlonal anatomy have been brlefly oon~ 

sldered, but they need to be ampllfled before a detalled elucl­

dation of the suctlon and gill ventilation mechanisms of Ascaphus 

oan be attempted • 
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Table l. The positions of the anterior visceral muscles of 

Ascaphus, stage 32 of Gosner (10). Motor innervations are par­

enthesized. Each muscle is identified by a number, preceded by 

the· initial letter of the group to wh1ch the muscle belongs. 

Edgeworth. (8), 

~ tadpole 

MANDlBULAR GROUP 

Lavator mandibulae 

anter10r 

L.m. externus 

L~m.a. subexternus 

L.m.a. lateralis 

r . 1 
,Pusey Orlg1n-1nsert1on. 

(38) Ascaphus 

Absent 

Absent 

Absent 

Absènt 

No. 

L.m.a. artlcular1s lmam pterygoquadrate, dorsal, lateral - 1-11 

Meckeli, dorsal, lateral 

L.rn. posterlor 

superficialls 

lmam Aud1tory capsule, anter1or, 

superf1c1al - rostrale superior 

lateralis, dorsal 

M2 

L.m.p. profundus 1 lmpm Auditory capsule, anterior, deep - ~l3 

Intermandlbularis 

anterior 

Mandibulo-Iabla11s· 

Intermand1bularls 

poster1or 

(n. trlgemlnus) 

Heckel1, dorsal, anter10r 

Interconnects left and rlght 

lnfrarostrals; no medlan raphe 

Absent 

M4 

1pm Hed1an raphe - Mecke11, med1al 1 fol5 

_J. _____________ . ________ J=_ 



". HYOIDEAN GROUP 

Orbltohyoldeus ohm Musculoquadrate - ceratohyale Hl.2 

lateralls. lateral 

SUspensorlohyoldeus shm Fused wlth the Hl muscle 

Suspensorloangularls sam Pterygoquadrate - Meckell 10 

Quadratoangular1s qdm Quadrate anterlor. med1al - H4 

Meckel1, med1al 

Hyoangular 1 s Absent 

Interhyo1deuB lhm Medlan raphe - ceratohyale H6 

lateralls 

1. posterlor Absent 

(n. faclalls) ._--

• 



-...... ...... -------------------
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BRANCHIAL GROUP 

Leva tor arcu s 

branchla11s l 

ConstrIctor 

labm Audltory capsule, lateral -

1. lateral 

obm 2, med1al - commissure 1,2 

'l'5 

BI 

B2 

Subarcuaiis .rectus sarro Ceratohyale med1alls, posterior 

- 1, medial 

B3.4 

l, ? +II 

Lev. arc. br. II 

Constric. br. II 

labm Auditory capsule, 1ateral -

2, latera1 

obm 3, mediai - commIssure 2,3 

B5 

B6 

SUbare. obllquus 11
2 saom Cr1sta hyo1dea - 2, med1al B? 

Lev. arc. br. III 

Constric. br. III 

Lev. arc. br. IV 

Dlaphragma~o­

'branchialls IV 

Subarc. rec. IV, 

? +III, ? +v 

Transversus 

vr::ntra11s IV 

SUbarc. obllq. III 

TympanopharyngeuJ 

SUbarc. obllq. IV 

Branchlohyoldeus4· 

labm Audltory capsule, posterior -

3, 1ateral B8 

cbm 3, med.lal - :3, lateral B9 

labm Nucha, superficial - 4, lateral BIO 

dbm Dlaphragm, medial - 4, posterlor BIl 

Barro 1, medial - l~, medial 

tvm Median raphe - 4, media1 

Baom Crista hyoidea - ), medial 

Absent 

saorn Crlsta hyoldea - 4, media1 

bhem Ceratohyale latera1is, postero­

dorsal - l, lateral 

B12 

B14 

BlS 

Bl6 

Bl? 

(nn. glossopheryngeal + vagus) 
--_.-----,_._-

,---,------~--
------------
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SPINAL GROUP 

Gen1ohyoldeus . ghm 'Planum hypobranehlal1s - rostrale 

1nfer1or 

ISl 

Beetus eerv101s rem, Dlaphragm, med1al - erlsta hyoldea 52 
1 

reBml 

(n. hypoglossus) 

1 
Attaehments are assumed to be ventral exeept where otherwlBe 

lndleated. Arable numerals rerer to the eeratobranchlalla. 

2 
From Pusey (38). Edgeworth (8) calls thls muscle the Transversus 

ventralls II. 

3 
From Sohulze (42). 

4 
Pusey (38) plaeed th1s muscle wlth the hyoldean group, but lt ls 

not 1nnervated by the n. faclal1s (Gradwell, unpubllshed). Thls 

muscle ls absent ln ~ (8) • 
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Table II. The function of muscles of the suction and gill venti­

lation mechanisms. Application of 0.45% KCI in frog Ringer 

solution was used to depolarize the relevant muscles of pithed 

tadpoles while the effects of contraction l'Tere observed with a 

dissecting microscope. These effects were also compared with 

those which occur spontaneously ln conscious tadpoles. 
1 

Muscle (from Table 1), Function 

Ml, MJ 

M2 

Hl.2 

HJ, H4 

H6 

BI, B5, B8, BlO 

B2, B6, B9, Bl2 

B3.4, B7, Bll, B14, 

BIS, B16, B17 

Adducts lower jaw durlng snout retractlon 

phase of sucker locomotlon 

Buckles the anterlor rim of the snout 

during sucker dlsengagement 

Depresses the buccal floor dur1ng lnsplra­

tion and dur1ng snout retractlon phase of 

sucker locomotion 

Abduct lower jaw during snout advancement 

phase of sucker locomotion 

Elevates buccal floor during expiration 

and durlng snout advancement phase of 

sucker locomotion 

Elevate lateral aspects of branchial skele­

ton dur1ng"pharyngcal constriction 

(?) Constrlct the branchial clefts and/or 

branchial arteries 

Assist pharynge sI expansion 

;-----------------------
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2 
Dorsales trunci 

2 
Rectus abdominis 

1 

Assists lower jaw abduction during snout 
advancement phase of BUcker locomotion 
Ass1sts buccal floor depression during 
snout retractlon phase of sucker locomotion 

Abduct trunk and tail durlng snout advance­
ment phase of sucker locomotion; (?) ssslst 
head and tail abduction during sucker dls­

engagement 

Adducts trunk and tail dur1ng snout retrao­
tion phase of sucker locomotion 

pending electromyographlc evidence. 

2 
From Noble (35) • 
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Table III. Mean values trom tive Ascaphus tadpo1es (stage 32, of 

Gosner 10). 

~ 

3.2 cm entlre length; 1.0 cm snout-to-vent 1ength 

0~280 g weight in air 

0.006 g weight ln water 

64.4 mm2 area of engaged sucker 

Water velocity: turbulent tlow needed to cause slipplng of Bueker 

163 cm/sec (140 to 185 cm/sec) 

Loadlng tolerances ot sucker Cg) 

48.3 max. wt. I1fted for J sec into air 

7.79 " n borne underwater by progressive 10adlng (Fig. 18A) 

5.79 n " ft • for 8 sec (Fig. 18B) 

6.79 .. .. ft • " 4 sec (Fig • l8C) 

SUetion (torr) 

min. 0 to -4 (usually -2 to -4) 

max. -18 to -25 (spontaneous pumplng) 

" -125 (manual sucker abduction, 11ving animal) 

" -131 ( " • .. , pithed .. ) 

Il -59 (abduction by progressive loading) 

" -80 ( • • instantaneous .. ) 
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Illustrations 

Fig. 1. Diagram of the apparatus used for the simultaneous 
recording of hydrostatic pressures ln the BUcker and buccal 
cavitles. CAL, calibration: MAN, manometer: P, perspex dlsc; PG, 
connectlon to polygraph: PM, pressure monitor: PT, statham P23BB 
pressure transducer: S, sealant (Dow Cornlng Silicones Ltd). 

Fig. 2. Diagram of the apparatus used to study the properties of 
suction and ventllation during exposure of tadpoles to flowing 
ambient water. A. Monitoring hydrostatic pressures of the oral 
sucker. B. Determlnation of the maxlmum veloclty of a turbulent 
stream whlch can be withstood withoutthe slipping or disengage­
ment of the sucker. FR, foam rubber; MAN, connectlon to mano­
meter: PG, conn~ction to polygraph; PT, Statham p23BB pressure 
transducer: S, sealant. 

Fig. 3. Composite diagrams of cross-sections of the mouth and 
nares durlng sucker engagement. A. The valves of the internaI 
nares (NV) and the oral valve (OV) are shown in a c10sed condi­
tion durlng the expiration phase of the ventilation oycle. B. 
During inspiration, agreater volume of water ls drawn lnto the 
buccal cavity (Be) through the mouth than through the nares. As 
the perlphery of the sucker is sealed agalnst the substratum, the 
progressive pumplng of water from the sucker cavity into the 
buccal cavlty, causes the central ares of the sucker to become 
pressed agalnst the substratum. C. The sucker cavity ls reduced 
to the 8mal1 region outside the Mouthe During inspiration, the 
reduction in buccal pressure opens the internal nares and draws 
ambient water into the buccal cavity; but the oral valve remains 
closed because once sucker engagement has been effected, the 
buccal pressure does not fa1l be10w the sucker pressure. 
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F1g •. · 4. Pressures recorded simultaneously ln the buccal and 
o 

sucker cav1t1es of a consc1ous tadpole at 14 C. The graphs show 

the effect on breathlng of swltchlng the l1ghts off (ln the case 

of a llght- adapted tadpole, left), .and of sw1 tch1ng the ligts 

on (in the case of a dark-adapted tadpole, right). In both cases, 

the st1mulus caused a r1se in the pressure curve, wh1ch reflects 

a reduct10n in the adhesion of the sucker. Cal1brations: 1 cm 

water; 1 sec. 

F1g. 5. A composite d1agram of sagittal and parasaglttal sec­

tions through the head of a tadpole with lts sucker in a dlsen­

gaged condition. The valves are shown in the1r orlentatlons 

during the beginnlng of the expiration phase of the ventilation 

cycle. The large arrow indicates the commencement of flow of 

buccal water over the ventral velum and into the pharynx. BC, 

buccal cavity; D, dorsal velum; GC, gill cavity; OV, oral valve; 

PH, pharynx; V, ventral velum. 

Fig. 6. Ventral aspect of the sucker, left, to show the record­

ing positions of sucker pressures monitored along a mldline tran­

sect, 1 to 7. Dual peaks per ventilation cycle are recorded from 

the more posterior areas of the sucker (4 to 6). Records first 

made from area 6 have a shallow notch between the peaks, but the 

notch usually deepens before ca. :3 min and it is then difficult 

to dist1nguish the exact beginn1ng and end of each vent1latlon 

cycle. B, beak; LF, lateral f1ap; P, pap1llae • 
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Fig. 7. The effects of sucker engagement CE) and crawling (C) on 
buccal pressures monitored in a conscious tadpole. Artificial 
changes in the baseline and distortions of the pressures were 
avoided by bringing the substratum, a glass cover-slip, i~to con­
tact with the sucker end not vice versa. Calibration: 1 cm water: 
3 sec. 

Fig. 8. Buccal and sucker pressures recorded simultaneously in a 
conscious tadpole. A. The effects of sucker engagement (E) and 
disengagement (D) are shown. The baseline of the buccal pressures 
was changed by the need to move the tadpole's sucker into contact 
with the pressure monitor during engagement, and by the with­
drawal of the BUcker from the pressure monitor during disengage­
ment. However, the larger amplitudes of buccal pressures when 
the sucker is engaged than when it is dlsengaged, are clearly 
shown. B. A conscious, quiescent tadpole's response to the sudden 
manual sliding of it on to the pressure monitor and then off again. 
The sucker was in the enga~ed condition.throughout the recording, 
but the disturbances still caused increased buccal pumping like 
that of sucker engagement and like that elicited by forces of 
abduction (e.g. Fig. 15). Calibrations: l cm water; 3 sec. 
Fig. 9. Photomicrograph of a parasagittal paraffin section (12~ 
thickness) through the·oral entrance of an Ascaphus tadpole 
(stage 32, of Gosner 10). B, beak; BC, buccal cavity; BV, blood 
vessel; CH, ceratohyale; CRI, cartilago rostrale inferior; CRS, 
c. rostrale superior; CV, oral valve; 81, musculus spinalis 1: T, 
nascant tongue. 

Fig. 10. ~ontaneous repositioning of a consclous tadpole over a 
pressure monitor. The numbers refer to pressures monltored from 
&ress of the sucker in Fig. 6. Calibrations: l cm water; 1 sec. 
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Fig. 11. Simu1taneous recording of the e1ectrocardiogram (top trace) 

and buccal pressures (bottom trace) from a lightiy anesthet1zed 

tadpo1e w1th lts suoker in an engaged oondition. The heart beat 

is out of phase w1th the ventilation oyo1e. Ca1ibrat1ons: 1 om 

water; 1 seo. 

Fig. 12. Photograph of dental insoriptions made direot1y on 

photograph10 film by the manual backward d1sp1aoement of the en­

gaged suoker. The oontaot between the beak and the substratum is 

broken by the med1an oleft of the beak (of. Fige. 6, 16). 

Fig. 13. A tadpo1e adherlng weakly to the glass of an aquarium 

just before dlsengagement of the suoker oocurred. The oral valve 

of the an1mal had been surglcally injured but th1s d1d not prevent 

sucker engagement and adhesion to the substratum for short 

periods (usual1y (30 sec). 

,F1g. 14. Profile silhouettes traced from photographs of a tadpole 

with 1ts' sucker disengaged due to repeated manual disturbance (A) 

and of the stages in orawlirlg wh1le the sucker is in an e'ngaged 

condit1on (B to E). AB, abduction (snout advancement); AD, 

adduotion (snout retract1on); X, net forward progression during 

one cycle of locomotion. 

Fig. 15. SUoker pressures recorded from a conscious tadpole to 

shol'1 the effect of water ve10city on suction and gill ventilation. 

At sucker engagement; Bt beginning of gentle water f10w (47 cm/ 

sec); Ct water flow increased to 236 cm/sec; D, plateau reached 

whlle the f10w was kept at 236 cm/sect but the average value of 

the graph is lower than that recorded in still water. Calibrations: 

5 cm water; 3 sec. 
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Fig. 16. Photographs of sucker shapes durlng abductlon from a 

glass substratum CA to F), and durlng sucker locomotlon CG to l). 

A. weak suctlon of the undls~urbed tadpole ls shown by the ex­

posed ~irst row of dentlcles, whlch ls dlvlded by a space ln the 

mlddle line. B. lncreased suotlon caused by the beglnnlng of 

abduction 18 revealed by the first row of dentloles whlch has 

folded out o~ 81ght, behlnd the beak. The medlal areas of the 

beak have al.8o begun thelr wlthdrawal from the glass. C. Further 

abductlon of the tadpole causes further foldlng of the dentlcles 

away ~rom the glass and ln toward the mouth. The medlal areas 

of the beak also cont1nue to w1thdraw from the substratum. D,E. 

The e~~ects shown in "C" contlnue durlng progresslve abductlon 

of the tadpole. F. The lnstant of SU9ker dlsengagement. Wr1nkles 

whlch occur at the edge of the lower l1p, break the perlpheral 

seal of the BUcker. As water floods the sucker cav1ty, the den­

tlcles reappear. The deformltles of the somewha.t transparent 

latersl flaps (LF, Fig. 6) are not vls1ble in the photographe. 

V1sual exsatnation of the lateral flaps dur1ng abduct10n showed 

that they are also progresslvely w1thdrawn from the substratum, 

but their edges do not lose contact wlth the substratum before 

the edge of the lower l1p. G. The appearance of the sucker 

during the rest perlod bett'leen craw'l1ng act1vlty of the sucker. 

The branchial. outlet ls shown by the arrow. H. Spontaneous 

openlng of' the mouth by backward movement of the entlre 101'1er 

jaw and lor.er lip. l. strong suctlon at the end of the adduct10n 

phase of sucker locomot10n ls evldent from the f1rst row of den­

tlcles which iB folded out of Slght behlnd the beak • 
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Fig. 17. SUcker pressures durin; disengagement of the sucker by 

manual abduction of the tadpole from the substratum. A. The 

arrows indicate negative pressures generated by sucker engage­

ments prior to abduction of the consclous, breathlng animal. B. 

Abductions of a pithed tadpole after engagements of the sucker 

were effected by manually pressing the suctorial disc against the 

substratum. Calibrations: 10"torr: 30 sec. 

Fig. 18. Sucker pressures during d1sengagement of the sucker by 

loading. Abduction of the conscious breathing tadpole from the 

substratum. A. After attachmont of the scale pan (SP), gradual 

abduction 'tlas effected by progressive increments of load (500 

mg, 1 to 14). B. The arrow indicates the 1mmediate increase in 

suctlon caused by application of 5.79 g which 11as then borne 

for 8 sec. C. A weight of 6.79 g Carrow) caused a large lncrease 

in suction and llas borne for 4 sec. oscillations of the graphs 

are pressures transmitted to the sucker from the gill ventilation 

system. Et sucker engagement; D, sucker d1sengagement. Calibra­

tions: 10 torr; 3 sec • 
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Flg. 19. Sncker pressures recorded from three dlfferent tadpoles 

(A,B,C) durlng spontaneous cral'1l1ng over the monltor of a pressure 

transducer. The typlcal sllghtly delayed fall of the curves from 

thelr peaks ls sho~m by the arrONS. Thls effect ls not so weIl 

demonstrated ln the record from tadpole C. ~ontaneous sucker 

dlsengagement after crawllng ls shown ln B (left). In A and B 

(from area l, Flg. 6) the apparent suspenslon of ventllatlon . 

between crawllng ls partly attrlbutable to the Iow sensltlvlty of 

the record1ng apparatus ln order to monltor the relatlvely large 

pressures of oraw11ng. In C, the sud den appearance of smal1 

oscll1ations in the ourve was caused by the spontaneous movement 

of the anlmal lnto a more sensltlve recordlng posltlon over the 

pressure monitor (area 3, Flg. 6). The osclllatlons demonstrate 

that rhythmlc gll1 ventllation by the buccal pump occurs between 

perlods of craw11ng. Gll1 ventllation and crawllng are so we1l 

coordlnated that durlng crawllng the curves are reinforced with­

out notlceably changing thelr phase dlfference. Callbratlons: 

10 torr: 2 sec • 
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F18. 20. SUcker pressures recorded from an unlnjured tadpole 

durlng spontaneous crawllng. Artlfacts ln some of the troughs 

were caused by overshoots of the wrltlng pen. B. SUcker pressures 

from the same tadpole as 1n graph A, but recorded after the beak 

and dent1cles were d1ssected away. The smooth fall of the 

pressures from the1r peaks demonstrates that the dental apparatus 

(espec1ally the beak) 1s respons1ble for the retard1ng effect on 

pressures from un1njured tadpoles (arrow, graph A). D, sucker 

disengagement. C. Sucker pressures (top trace) and buccal 

pressures (bottom trace) mon1tored simultaneously in an un1njured 

consc1ous tadpole. The restra1n1ng effect of the buccal cannula 

increases the dlfflculty of s1multaneous recordlng from the buccal 

cavlty and sucker dur1ng craw11ng act1vlty. Therefore these 

graphs were the only ones made dur1ng Many hours of recordlng. 

Three lnc1dents of crawling act1v1ty caused spontaneous movement 

of the an1mal to a less sensit1ve record1ng pos1t1on, which 18 

reflected in the smaller amp11tudes of the graphs after the th1rd 

crawl. The movement also dlsplaced the buccal pressure baseline. 

Calibrat1ons: A,B: 5 torr, 3 sec; C: 10 cm water, 1 sec. 

F1g. 21. Front v1ews of a tadpole show1ng spontaneous d1sengage­

ment of the sucker by a buckl1ng of the anter10r r1m of the snout 

during contract1on of the M2 muscles (arrOl'1s). 

Fig. 22. Buccal pressures recorded during recovery from deep 

anesthosia of tl'10 tadpoles. Interm1ttent hyperexplrations show 

the capac1ty of the buccal pump for unusually large compress10n 

relative to the much smaller amplitudes of normal vent1lation. 

Calibrat1ons: 10 cm water; 20 sec • 
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Flg. 23. The effect on sucker pressures of protruslon of the 

externel nares above water. Narlal protruslon (P) causes a re­

duction in ventilation frequency and an increase ln lts amplitude. 

The protrusion also causes a progressive general increase ln 

suctlon t but thls May be a consequence, at least to sorne extent, 

of the change in depth of the tadpole durlng the experiment. 

Probably for the same reason, on submergence (S) of the nares, 

there ls a graduaI reductlon in suctlon until the stable normal 

leve1 la reached. A. Recordlng made from area 5, Flg. 6. B. 

Recordlng made from area 6, Fig. 6. Callbratlons: 1 cm water; 

1 sec. 

Flg. 24. Pressures (PR) recorded simu1taneous1y from the buccal 

cavity and pharynx of a lightly anesthetized tadpole. In each 

ventl1ation cycle, the first pharynge al pressure peak ls the 

transmitted effect of the buccal force pump. The second pharyn­

geal peak ia caused by constrlctlon of the pharynx durlng lts 

occlusion from the buccal cavlty by the ventral velum. Calibra­

tions: 1 cm water; 1 sec. 

Fig. 25. Pressures (PR) monitored simultaneously from the buccal 

and g1ll cavities of an anesthetized tadpole. Branchial pressures 

remain positive throughout each ventilation cycle, ensurlng a 

continuous branchial outf101'l. A. The arrows indlcate sllght 

evldence of the operation of two alternate force pumps. ln 

11ghtly anesthet1zed and conscious tadpoles these pumps are usually 

so l'le1l coordinated that they produce single peaks in the branchial 

pressures. B. The recording of dual branchial pressure peaks 

during deep anesthesia, when the force pumps are not so weIl 

coord1nated. Single branchial pressure peaks were gradually 

restored as the tadpole regalned consclousness. Calibrations: 

l cm l'Tater; l Bec. 
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CHAPTER 5 

THE WATER PUl1PING HECIL'\NISI'4 OF XENOPUS 

ABSTRACT. Regular phasic l'later pumplng normally occurs only 

during feedlng in X~nopus tadpoles, but it can be induced by 

llght anesthesia and sometimes also by restraining consclous 

tadpoles from sl'1imming, l'lhen they are not feedlng. 

The peculiar slmpliclty of the l'Iater pumplng a.pparatus ls 

assoclated l'li th an equally peculiar simplici ty of the mechanism 

1'1hereby water 1 s rhythmlcally pumped throu~h the animal. The jaus 

have ne1ther tl'lO phases of opening nor the abi11ty to protrude. 

No evldence \'las found to Indj.cate the segregation of muscle 

flbers in the pumping muscles into different structural and 

functional groups. Nevertheless, teàpoles are capable of hyper­

expirat10n when they are deeply anesthetized or l'Than !ndia inl{ i8 

plpetted into the oral intake; no evidence of hyperinspiration 

was found. 

The absence of aval vular ventral velum makes Xenopus unique 

among the Anura end it necessltates the presence of only a single 

force pump in front of the pharyngeal clefts. Xenopus also does 

not have an auxl11ary pressure pump behind the pharynge nI clefts, 

in the opercular cavltles. The cyc11c funct10nlng of the passive 

opercular valves 18 controlled by hydrostatic pressure alone. 

Clomœe of the pharyngeel clefts ls effected by special muscles 

during intermittent hyperexplrations, when contamlnated water is 

expelled, first through the mouth and then sometlmes also through 

the opercular outlets, as the cleft constrictors relax. 
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Introduction 

The pecu1iarities of the tadpo1e of !enopus 1aevis, the 

common South African c1awed frog, were emphasized in a doctoral 

thesls submitted to HcGi11 University by paul Welsz. His 'Viel'IS 

were a1so expressed in a pub1ished version of the the sis (i9~5, 

p. 163): "So unique are the pecu1iarlties of the Xenopus tadpole 

that the latter, from an academic viewpoint, becomes one of the 

Most interesting vertebrate forms." 

Aside from ~, the cranial morpholof!:y of Xenopus is better 

known than that of any other species of anuran tadpole (Parker 

1876; Beddard 1894; Ridewood 1898; Bles 1905; Dreyer 1915; de 

Villiers 1932; Kotthaus 1933; Edgeworth 1930, 1935; Paterson 1939a, 

1939b; Mi11ard 1945: Welsz 1945: Smit 1953: Nieuwkoop and Faber 

1956; and Sedra and Michael 1957. In these researches, the 

genera1 anatomy of the watèr pumpin~ apparatus ls described 

sufficlent1y weIl to permit an examlnation of the purnpin~ mechanlsm 

of this genus. 

Young Xenopus 1arvae have externe1 g111s, but these g111s 

de~enerate when the opercu1um ~rows back from the hyoldean arch, 

and a set of true internaI ~i11s ln g111 cavities does not occur 

in XenoEus tadpo1es (Beddard 1894, Bles 1904, Dreyer 1915, and 

N1euHkoop and Faber 1956). Thls absence of g111s ln Xenopus 

tadpo1es caused Beddard (1894) to ascribe· a ventilatory functlon 

to the rugulose 11nlng of the pharynx. Bles (1905) polnted out 

that Beddard had over100ked the resplratory function of the 1un~s 

and that if sorne oxygenation of the b100d does occur in the 

pharyngea1 11nin~, lt ls apparently subsldiary to the functlon of 

the 1ungs. Nevertheless, ~opus tadpo1es rh~thmlcal1y pump \'later 

throur;h the buccopharynx and opercular cavlties and a1though thls 
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activ1ty seems more 1mportant for filter feed1ng, it is still 

possible that the blood of tadpoles is s1multaneously oxygenated 

to some extent by this pump1ng. In support of this view 1s the 

observation by Dreyer (1915, p. 243): nrl'he lungs are developed and 

Bupp11ed with pulmonary arteries and veins at a very early stage, 

but they remain sacs wlth such delicate walls that 1t 1s not 

probable that they are the on1y organs active 1n respiration. 

A1so, the tadpo1es do come to the surface to swa1low air 

occaslona1ly, but they can rema1n under water for such long 

perlods that the alr cannot be their on1y source of oxygen." 

Dreyer a1so ShOl'19d that the rugulose 1ining of the pharynx ls 

rlch1y vascu1arlzed. 

For want of functlona1 data, the state of knol'll;edge untll 

1945, on the oxygenation of b100d ln Xenopus tadpoles, was based 

large1y on anatomy and lt is best stated by Nl1lard (1945, p. 226): 

tlBlood from the fi1ter apparatus ls returned to the venous system 

·and not to the aortic arches. In spite of this fact Beddard (le9~) 

and Dreyer (1915) both ascrlbed a resplratory function to the 

fl1ter apparatus in addit10n to lts obvious one of fi1ter1ng food 

material from the outgoing l'later current. This theory ls favoured 

by the author on the grounds of the intense vascularisation of the 

fllter apparatus. It is supported by the follol'ling facts: (a) 

1nterna1 gi1ls are absent; (b) the arterla cutanea magna does not 

appear unti1 metamorphos1s; and (c) the lungs, though present 

from an early stage, are simple, undivided sacs and do not appear 

capable of playing any important part ln resp1ration." Horeover, 

\olelsz (1945) contributed sorne functional data (p. 188): "Tadpo1es 

7 days or older, l'Thon prevented for even an indefini te periocl to 

come to the surface of the l'Tater to use their 1ungs, stay perfectly 

normal and alive; slnce thera are no externa1 g1lls at th1s 
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1 
advanced stage, the internaI gill system alone fulfills aIl 

respiratory requirernents." 

These views tend to favor a respiratory role of the rugulose 

lining of the pharynx. The definitive approach to th1s problem 

would seern to be through an analysis of blood gas content, but 

the smallness of Xenopus tadpoles sug~ests that there are .technical 

difflcultles in th1s approach. Analysls of water gas content 

before and after lt ls pumped through tadpoles may be technlcally 

easler. Perhaps the most feaslble approach ls to monitor the 

effects on pumping, of ambient water of known gas content. Light 

May be shed 011 the bearing of the phasic water pumping mechanism 

on respiration, if i t can be ShOl'ffi that at constant temperature, 

the frequency or amplitude of 't'Tater pur,1ping is related to the 

oxy~en content of the ambient water. Experiments of this kind 

May be assisted by the present broad study of the water pumping 

mechanism of Xenopus tadpoles. The present research also calls 

attention to several anatomical and functional peculiarities of 

Xenopus tadpoles for comparlson with ~ and }scaphus (see 

Chapter 6). 

1 
refers to the rugulose l1nln,~ of the pharynx, \'lhich lVelsz also 

calls "pscudo-internal-gil1s" • 



• 

• 

Materiels and Methods 

The normal developmentel table of Nieul'lkoop and Faber (1956) 

will be used in the present study for staging the larvae of 

Xenopus laevis Daudin. 

Adults of X. laevis were induced to ovulate by injections of 

frog pi tui tary extrac t in to the dor s8.1 lymph sac. Larvae were 

raised from eggs fertilized with sperm from extirpated testes, 
o and hatched in stream l'Tater at 22 C. On the fifth day after 

hatchin~, when the mouth and operculum had developed (stage 46) 

and l'Tater pumpin~ had bep;un, fil ter feeding l'78.S encouraged' by 

transferring the tadpoles to stream l'Tater made slightly turbid 

wi th suspensions of dried baker' s yeast. Feces l'lere seen 

emerging froID the cloaca ca. 30 min after commencement of feeding. 

The tadpoles were fed daily by this method and their behavior 

durins; labore.tory rearing l'TElS like that of normal tadpoles 

observed in their natural habitat. 

Experiments were performed on 26 larvae reared to stage 52 

(snout-to-vent length, 14 mm). Tadpole s l'lere ane sthetized in 
o 0.5% urethane (10 min at 22 cl, lrThich rendered them insensitive 

to light surgery. After surgery, individual tadpoles were 

transferred into 0.25% urethane for study of their functional 

anatomy Guring phasic l'Tater pumping. Ind1cators and streamers 

(see Chapter 3) l'Tere used to observe l'18tcr flol'T during normal 

pumping and after les10ns to ventilatory muscles were made. 

Hicroscop1c observations on uninjured, anesthetized tadpoles and 

on unanesthetized, unre strained tadpole s l'lere also made. The 

smallness of the animaIs frustrated attempts at electromyography, 

but the lack of skin pigmentation "TaS an a1d to the study of the 

actions of the main pwnpin~ muscles in uninjured tadpoles. 
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For hydrostatic pressure recordings, cannulae of poly­

ethylene tublng (PElO, Clay-Adams Inc. N.Y.) were constructed 

and imp1anted after fI.l.Lt::sthesia of indiv1dual t.adpoles, by the 

method of Gradwe11 and Pauztor (1968). Implantation sites were 

mid-dorsal, betl'Teen the nares, a.nd posterolateral, behind and 

below the eye, where the cannula l'TaS passed through part of a 

thin sheet of muscle, the Itconstrictores branchiales" of Sedra 

and r1ichael (1957). The cannulae 't'lere connec~ced to P2JBB venous 

pressure transducers, the outputs of which lrere fed into a 

Gilson Po1ygraph (CH-CBPP) :for amplification B..."1d record,ing by 

recti1inear pens. Calibration was performed as described by. 

Grad\'le11 and Pasztor (1968) • 
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Results 

Nomenclature 

The morphology of the l'Tster pumping- B.pps.ratus of the tadpole 

of Xenopus has been docurnented l'Iell enough to provide a basis for 

a functional Interpretation of lt ln the present study. In 

particular, the publications of Weisz (1945), Nieuwkoop and Faber 

(1956), and sedra and Michael (1957), should. be consulted for 

morphological details, as frequent reference will be made in the 

present study to the morphology of tadpoles. To prevent the des­

cri ptlon from be comlng clouded by lengthy Latin terminolo~y, the 

same abbrevlations will be used for the cartilages of Xenopus as 

those in Chapter l of the present thesis. 

A numerlcal terminology has been proposed for the muscles of 

Rana and Ascaphus (Chapters land 4), and it. has been found to 

greatly facilitate the expression of functional themes in Chapters 

3 and q,. For the same reasons ~lven in Chapter l, the muscles of 

the Xenopus tadpole are also numbered in the present study, on 

the basls of motor innervation. HOl'lever, this practice ls not 

intended to imply homology bet't'leen the muscles of Rana, Ascaphus, 

and ~~nopus, except to the extent of the primordial muscle plates, 

l'Ihich are innervated by the nervi trigeminus, facialis, glosso­

pharyngeus and vagus, and hypoglossus. On the other hand, the 

se'quenee of muscles in each major group o:f these fl:enera, has been. 

so arran.ged as to indicate analogies between the genera, as far 

as pre sent knOlvled?;e permi ts. The numerieal terminolop;y proposed 

for Xenopus is sho't'ffi in Table 1 • 

The T-n, H2, and !13 muscles a.re fused toe.~ether at their 

ori~ins, but they become separate fasclculi anterior to the 

processus muscularis quadrati 8nd they have independent insertions. 
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Moreover, the 113 muscle.is functionally inde pendent of the Ml and 

M2 muscles (p .15').). On these grounds, the three fasciculi are 

here regarded as individual muscles. These muscles arise on the 

posterior pterygoquadrate, while the N4 muscle arises on the 

anterior pterygoquadrate. Ho't'rever, Sedra and 111cl1ael (1957) 

have called the 111, H2, and N3, the trLevator mandibulae anterior", 

and they have called the M4, the"l.m. posterior". This confusion 

between anterior and posterior, might have resulted from the 

attempt by these authors to adapt Edge't'lOrth' s terms (1935) to the 

some't'rhat aberrant Xenopus. The absence of the M6 and M7 muscle s 

in Xenopus may be associated with its simple jal'l mecha.nism (p.))"q 

relative to ~, ln Which the r.r6 and f.17 muscles are well­

developed. 

Sedra and Hichael (1957) have proposed that their "Quadrato­

hyoangularis" represents a fusion of the Stlspensorio-, Quadrato-, 

and Hyoangulares of~. Until this proposaI is investlgated in 

detail, the Quadratohyoangularis of Sedra and Hichael ls assigned 

the numbers J, 4, and 5 of the hyoidean group in Table I. The 

H7 muscle of' Rana is not present in Xenopus at any stage of 

development. 

The need for a new nomenclatpre for the visceral muscles of 

Xenopus is ShO't'ffi by the confusion generated by the use in Xenopus 

(Sedra and Hichael) of' the terms "Constrictor branchiaLts" and 

Il SUbarcualls rectus" for Edge't'lOrth' s terms (1935) "Levator arcus 

branchialis" and "Constrictor branchialis" respectively. In 

addition, the "Levator arous branchlalis IV Il of Sedra and Hichllel 

would seern to be the "Tympanopharyngeus" of Pelobates (Sc11ulze 

1892) and of Rana (Chapter 1). The use of these t\'10 terms for 
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what 1s probably the same muscle, 1s a consequence of the double 

standards that have ex1sted in the naming of muscles. The 

reasons for abandoning both these standards in favor of a 

numerical system, are' presented in qha.pter 1. 

The water pumpln~ mechan1sm 

In the absence of suspended food, Xenopus tadpoles s't'11m 

about restlessly, open1ng the1r rnouths periodically to semple 

the nature of the water. During th1s searching behavlor, the 

water pumping mechanism is not rhythmlcally active, but as soon 

as tadpoles encounter food, such as clouds of yeast suspension, 

they aSSume a head-doim, tail-up orientation, and begln phasic 

water pumping. Filter feeding continues lncessantly except for 

short dashes of the animal to and from the water surface for lung 

ventilation. The greater musculature of the ta il is utilized 

for these dashes, \'lhich occur at 3 to 7 min lntervals. However, 

,durlng feedin~, only the tip of the tall vibrates rapidly, and 

if i t 1s a.mputated, the an1mal 1s unable to resume 1ts normal 

feed1n~ posture. S1milarly, this posture could not be adopted by 

tadpoles which l'lere prevented from 1nflatinf-Ç their lunp:s. It 

appears that the typical feeding posture of ~pus depends on a 

de11cate balance beti .. men the bUOya,l1cy of the inflated lungs and 

the do\'mward propulsion afforded by the v1bratin~ tlp of the tail. 

The animal 1s thus able to vary lts depth gradually, simply by 

varyinr; the intensity of tail vibration. Amputation of the tail 

tip caused the animal to immediately rise passively to the water 

surface and float there, which proves the buoyancy of the lungs, 

for if they "lere then pUl1ctured, the tedpole sank passi vely to 

the bottom of the aquRrium. 
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1. The jau mechanism 

The dental apparatus of anurari tadpoles has long been used 

as a reliable taxonomie criterion. As pipids, Xenopus tadpoles 

are characterized by the complete absence of labial denticles 

and keratinized beaks. In addition, the mouth is wider (J.8 mm) 

relative to the size of the head,than that of aIl non-pipid 

tadpoles. The head of XenoDus tadpoles is itself wider than the 

trunk of the animal. The gape is therefore considerable for a 

tadpole of this size, and like that of manta rays and baleen 

whales, it ls probably an adaptation to filter feeding. 

Ooening 

).50 

The openin~ of the rnouth and the depression of the bucco­

pharynge al floor occur together. Protrusion of the ja"ls is not 

possible in Xenopus because the joint between the r1eckelian and 

lnfrarostral cêll'tila(':es ls not flexible llke it is in Rana. In 

addition, the cartilago Heckeli-quadrate jolnt has only one degree 

of freedom, l'lhich permi ts the rotation of 11eckel' s cartilage 

solely in the parasagittal plane. The jaw' abductor, HJ.4.5, 1s 

inserted ventrolaterally on Heckel's cartilage, medial to the 

base of the tentacle but lateral to the insertion of the MIO 

muscle. Contraction of the HJ.4.5 muscl~ therefore, can produce 

only a dO"ml'lard stdnp; of the 10i'rer ja\'T. 

Lesions to the bilateral moleties of, the HJ.4.S muscle were 

made to test the hypothe si s that i t 1s the only ja", abductor 

durinp; phasic pumping: normal 10l'ler ja", abduction l'laS aboli shed • 

HOl'1ever, a ",ide opening of the lower jaw l'Jas interml ttently 

caused durinp; gasplnp; moveme11ts. It seems that the SI muscle ls 

responsible for this intermittent abduction,-, for it no longer 

occurred after the SI muscles were also severed. The bucco­

pharynge al floor \'las still rl1ythmlcally ctepre ssed, and as the 
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leslons prevented the simultaneous openlng of the mouth, the only 

water Inlets were the nares. Rapid elevatlon of the bucco­

pharyngesl floor then caused such a great Increase in the hydro­

statlc pre ssure of the buccopharynx that the mouth l'laS f'orced 

open and sorne water was expelled through lt. Durlng this ab­

normal behavlor, the ja\'l adductors mlght have relaxed, wheress ln 

phaslc pumplng they (or sorne of them) contract during bucco­

pharTngeal compression and thus close the mouth tightly. There­

fore l<Tater is forced caudad and through the gill clefts because 

valves of the internaI nares close nt this tlme. The lesions to 

the H3 .4. 5 muscle ShOl'led that contractIon of thls muscle ls the 

only normal l'lay that tadpoles have of ja1'1 abduction during bucco­

pharynge al depre sslon. They are, hOvlever, stIll able to apduct 

thelr jal'1S by flrst drawlng l'lD.ter Into the buccopharyn.x throu5'h 

the nares and then vlgorously compresslng the buccopharynx. The 

resultant p0sitlve hydrostatlc presffilre then forces the mouth 

passlvely open, posslbly because the jal'l' adductors do not 

actlvely oppose thls openlng movement. 

Closure 

The closlng of the mouth occurs more rapldly than tts 

openlng. AlI or sorne of the ja\'1,adductors, rn, r12, H4, and M5, 

cause phasic closure of the IOl'1er jaH. It l'las not possible to 

detect contractions of indi vidual Inuscles, but 1 t was deflnl tely 

seen on repeated occasions that the mouth normally closes before 

the end of the elevatlon stroke of the buceopharyn~8al floor. 

There Is sometimes a sllght oral reflux Just before the mouth 

closes, but thls was the exception rather than the rule. It ls 

thereforc likely that mouth adduction ca.l'! oceur even before com­

presslon of the buccopharynx bc~lns l'11th elevation of its floor. 
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During none of the movements of the lower jaw is there any 

lndependent or participatory movement of the upper jaN'; opel1ing 

and closing of the mouth is possible only through movements of 

the lot'ler jal'l. 

The oral tentacles play no pB,rt in the normal phasic move­

ments of the mouth. l..,hen the turbidlty of the water begins to 

clear through the filtering behavior of tadpoles, they gradually 

lncrease the depth of their filtering stations. Eventually, when 

the ambient water has been cleared of suspended yeast or other 

food material, tadpoles begin to stir up such organic particles 

that are present on the substratum. The agitation of the sub­

stratum on these occasions l'las seel1 to be performed by the 

caudad flickin~ of the oral tentacles when they con~acted the 

substratun. The ln muscle, l'Illich is inserted near the be,se of 

the tentacle, is relati vely superficia.l and i t l'laS therefore 

possible to see its spontaneous contraction through the trans­

parent overlyino; skin during these flicking movements. There is 

no antagonistic muscle for the return of the tentacle to its 

restinfS position. HOl'leVer, manipule,tion of the tentacle after 

the M3 muscle was severed, disclosed that the elasticity of the 

tentacular cartilage was able to return the tentacle to its 

restin~ position after the force causing eaudad displacemcnt of 

it l'iaS releas~d. The spontaneous flicking of the tentacles oceurs 

so intermi ttently and rapidly that i t l'laS not possible to 

correlate thls phenomenon with 1!10uth movements • 

251. 
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2.The buccopharyn~eal mechanlsm 

\olhen the hyobranchial apparatus of Xenopus is examlned from 

the dorsal aspect, one ls Immedlately struck by the absence ln 

these tadpoles of the flap-11ke ventral velum that ls present in 

aIl non-pipld tadpoles. However, the hlstolo~ical studles of 

Kratochl'1111 (1933) and of Kenny (1969a, 1969b) have ShOl'ffi that 

'2.53 

the underside of the ventral velum of anuran tadpoles ls glandular. 

On either side of the mld-dorsal line of the hyobranchial apparatus 

of Xenopus there ls a structure (the "pharyngo-branchle.l tract" of 

Weisz 1945) whose posltion ln relation to the branchial skeleton, 

and whose glandu1ar ne.ture, justify cal1ing 1 t the ventral velum. 

From extensive observatlons of unlnjured, consclous tadpo1es, 

and of partly dissected., anesthetlzed tadpo1es whlch were 

cyclica11y pumpln~ l'later, 1 t l'laS postulated early in the present 

research, that the ventral velum of Xenopus is non-valvu1ar. Thls 

postu1ate was then testcd by recordln~ hydrostatic pressures 

sirrlUl te.neous1y from the fore and hind pa.rts of the pumpin.cs system. 

The sites of cannu1a implantation were chosen to enEnlre that if a 

strai~ht line was passed between thern, It would cross over the 

ventral vëlum.' Therefore, the pressures recorded by the cannu1ae 

of the tral1sducer appe.ratus, Jnay be rer;arded as those of the l'rater 

before and after it had passed over the ventral velum. 

l<")igut'e 1 ShOl'lS that the hydrostatlc 1?re ssures moni tored 

anteriorly and posteriorly in the tadpole are in phase wlth each 

other ,. Both p-;rDphs have a sin~le peaJc to each cycle of pumping; 

the absence of dual peaks in the graph monltored posteriorly, 

immediatcly discloses the absence of a valvular ventral velum ln 

Xenopus, l'lhich is consistent l'7ith the functional anatomy of these 

taclpoles. The amplitude of the pressures monitored posteriorly 

is about 30t lOl'ler than that of the pressures monitored anterior 
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to the ventral velum,· '\rlhich ls to be expected for the unl­

directional flo'\rl of \'Tater, anterior-to-posterlor, through the 

animal. This fall in amplltude may be attrlbuted to the greater 

volume of the posterior parts of the system than of the region 

nearer to the anterio:r ca.nnula. In a.ddi tion, sorne frlctional 

resistance ls probably encountered by the water ln its course 

backl'lard. The above results reveal that although there ls a 

phasically active musculature which constrlcts the posterlor 

parts of the pumplnr: system, and e.lthough lt ls apparently actlve 

Just after compression of the anterior parts of the system, lt 

cannot be regarded as an inàependent pump because the ventral 

velum does not act as a valve. 

The confirmation of Kratochwi11's vlew (1933) that there ls 

a val vu1ar ventral velum betv-leen a buccal pump and a pharYl1gee.1 

pump in Rana tadpo1es, gave rise to the proposaI (Gradl're11 and 

Pasztor 1968) that the buccopharynx of this genus be regarded as 

two functtonal1y distinct chambers, the buccal cavity and pharynx. 

From a functional point of viel'l, perhaps the most important 

pecu1iarity of Xenopus is its lack of a va1vular ventral velum. 

~'herefore, i t is suggested that the c1asslcal term of "buccopharynx" 

be retained for Xenopus tadpoles •. 

Buccopharyn~eal compression 

Durin~ cyc1ic 1'1ater pumpinçr, under the influence of liQ;ht 

anesthesla, compression of the buccopharynx by elevation of lts 

floor, be~lns simu1taneously with the onset of mouth closure. A 

sll~ht oral reflux wes seen in these tadpoles. However, in seml­

consclous and ln consclous tadpoles, the floor of the bucco­

pharynx beglns its e1evatlon lmmedlate1y after the mouth has 

elosed, and no oral reflux of l'Tater oceurs. 
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The elevation of the buccopharyn.~eal floor causes a positive 

lncrease in the buccopharyn~eal pressure (Fig. 2). The H6 muscle 

ls chiefly responsible for these effects, becau~e they are greatly 

reduced if thls muscle ls denervated. HOl'1ever, small cyclic 

oscillations of the buccopharyn.cseal pressure of the same phase 

d1fference persist after H6 denervation, which reveals that there 

are also other muscles l'7hlch partlcipate in buccopharyngeal 

pumping. Contrary to Sedra and Nlchael (1957) t i t "las found in 

the present study that the MIO muscle does not contract durlng 

phasic pumplng in the tadpole. On the other hand, the B7 muscle 

contracts synchronously wlth the H6 muscle, and in addition, 

contractions of the BI, B5, B8, and BIO muscles were easlly seen 

through the transparent skln. The BI, B5, BS, and ~lO muscles 

are active toward the end of elevatlon of the anterior bucco­

pharyngeal floor, or Just after its elevatlon. In consequence, 

they enhance the compression effect of the H6 B,nd B7 muscles. 

AlI the buccopharynr;eal compressors are l'Tell co-ordlnated 

wlth one another and the y cause a smooth compresslon of the 

buccopharynx, the move~ent beginning anterlorly and then passing 

caudad. 

The effect of buccopharyngeal compression on water flow may 

nO~l be consldered. Experiments such as those performed on Rana 

(Gradvlell 1969a) shOl'led that the valves of the internaI nares of 

Xenouus arc closed durin~ buccopharyngeal compresslon. As the 

mouth ls also closed at thls tlme, buccopharynge8.l l'Tater has only 

one course to folloN: backward, over the ventral velum and through 

the pharyngeal clerts. As gills are absent ln Xenopus tadpoles, 

the space which the water then enters ls better called the 

opercular cavlty than the g11l cavlty. The bilateral opercular 

cavltles have thclr exits to the outslde via the flap-like 
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structures l'lhich have hitherto been called spiracles, but l'lhich 
l'lill be called opercular outlets in the present study. Water 
which has entered the opercular ~avlties during buccopharyngeal 
compression, flows immediately to the outside via the opercular 
outlets (Fig. 3). As there is no transverse opercular canal in 
Xenopus, the l'J'ater from opposite sides of the buccopharynx does 
not intermix before it flows to the outslde. 

Buccopharyn~eal decompression 

Water pumping does not occur in pithed tadpoles nor in 
deeply anesthetized tadpoles. In these anl!J1als the bucco­
pharyngeal floor e.ssumes by its Inherent elasticity, a depressed 
position. If the buccopharyngeal floor is manually elevated, it 
returns to its depressed position soon after release of the force 
pressing it a~ainst the buccopharyngeal roof. 

The passive depression of the buccopharyngeal floor by its 
nature.l elastici ty i s greatly enhanced by the simul taneous 
contractions of the bilateral lU muscles. These are relatively 
large muscles but their effect (Fig. 3) in dravdng l-vater into 
the buccopharynx throueh the mouth and nares is not usually 
noticeable in the buccopharyngeal pressure graphs (Fig. 1). 
HOl\"ever, the effect of the Hl muscle (arrovnJ) on buccopharyn.cseal 
pressures ls demonstrated in Fig. 4, \'J'here the pressures l'Jere 
r~corded from a tadpole while It was pumpln~ water very much like 
tadpoles do whlle filter feedinf?;. The contraction of the :tU 
muscles appears to be simultaneous Nith the opcnino; of the mouth. 
As mouth closure end buccopharyn.o;eal compression soon follo'!'l 
these cycnts of decompression, the intake (decompresslon) phD.se 
me.y be seen in Fig. J~ to be l'JUch shorter than· the outflo't'l 
(compre SSi011) phase of l'J'ater pmnpino;. 
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From 1 ts topography, 1 t l'lOuld seem that the small H2 muscle 

is suited to contraction .durlng decompression of the buccopharynx, 

but lt l'laS not possible to observe such contractions in the 

present s"Cudy. 

}Jater enters the buccopharynx mainly through the mouth, but 

a small volume also enters via the nares. As the ventral velum 

is non-valvular, it does not prevent l'rater from filling the 

entire buccopharynx durlng decompression (Fig. 3). Another 

consequence of a non-valvular ventral velum is that the negative 

buccopharyngee.l pre ssure l'lOuld cause an opercular reflux l'lere i t 

not for the flap-like opercula.r valve s l'lhich are passi vely closed 

\'lhen the hydrostatic pressure ln the opercu1ar cavities falls 
1 belol'l the ambient pre ssure • 

The natural, slight elastic tendency 01' the opercular valves 

to revert to a re sting open condition, l'laS studled in a pi thed 

tadpole. As the tadpole l':as not pumpine; l'Tater, the opercular 

valves l'lere immobile and l'Tere orientated. in an open condition. 

Either or both the valves could be manually pressed cloaed, but on 

release of the weak force that was displacing them, they 

lmmedlately spran~ wide open again. Closure of these valves was 

also experimentally caused by manual deprcssion of the bucco-

pharyngeal f100r of the taclpole,to thus produce a hydrostatic 

pressure l'lhich l'ms lm'ler ln the opercular cavlties than the 

ambient pressure. Conversely, the valves immedlately opened 

when the buccopharyngeal flocr l'laS menually elevated • 

. ---_ ... _-_._---------.-_._--------- •.. _----_ ..•. _-_._--~._---.------_._'-

1 
ambient pressure = atmospheric pressure plus hydrostatlc pressure 

. et the pnrticular depth of the tadpole .in the surrounding water. 
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SUbsidlary muscles 

The functlon of several muscles whlch are assoc1ated wlth 

the l'later pumplng apparatus of Xenopus, but whlch are lnactlve 

during normal pumplng, have not beel1 consldered ln the foregoing 

description of the typlcal cycle of pumplng. 

Contractlons of the B2, B6, and B9 muscles l'Tere never seen 

during regular phaslc pumplng, but these muscles become lnter­

mlttently (O'.ctl ve durlng deepenlng anesthesia. The fUllctlon of 

these muscles ls to close the three pharynge al clefts, and as 

they contrnct synchronously with the n6 and B7 muscles, an 

abnorma11y large positive pressure results in the buccopharynx 

(Fig. 5). These effects l'lere also eliclted by India ink which 

was plpetted lnto the oral lntake of consclous, but restrained 

tadpoles (Fig. 6A, B). During the ollset of the abnormally large 

positive buccopharyngeal pressure, the mouth, contrary to its 

normal timlng, opened and there was a vigorous dlscharge of water 

through lt from the buccopharynx. careful observation of the 

pharyngeal clefts thrOllgh the opercular skin during these experi­

ments with India ink, revealed that immediately after the oral 

dlscharge, an opercular dlscharge of stained water occurred 

slmultaneously wlth the relaxation of the B2, B6, and B9 muscles. 

This result may be the effect of mouth cl06ure just before the 

buccopharyngca.l pressure reaches equilibrlum with the ambient 

pressure. Therefore the only remalning outlets through llhich the 

persistlng posltlve buccopharyngeal pressure could drive l'Tater, 

l'lould be .the pharyngeal clefts • 

In the present research, no information wes gathered on the 

functlonlng of the remalning minute and inaccessible muscles of 

the ''Iater pUJllplng apparatus (n~mcly B3.4, B13, B14, B15, and 81). 



• 

'. 

Discussion 

Most of the investip;ators of Xenopus llho were Interested ln 

the mode of respiration of lts tadpole, have favored the view 

that the rugulose lining of the buccopharynx 15 a resplratory 

surface. Indeed, \oleisz (19~-5, p. 173) l'laS unequlvocal on this 

point and "lent so far as to calI the ru~lose 11nlng, the Itpseudo­

internal-~ill system", l'~hi1e Sedra and Hlchael (1957, p. 19) have 

assio;ned the name "branchial chamber" to the rugu10se part of the 

buccopharynx. 

The present investigation offers no evldence to refute or to 

substantiate the viel'l that the rUf.l;ulose I1ning ls respiratory. 

Instead, the investigation has been devoted to the nature of the 

water pumping mechanlsm, l'li th the supposl tlon that, ln viel" of 

the rlch vascu1arlzatlon of the rugulose I1nlng, at le~wt some 

degree of respiratory gas exchange must occur here. On the other 

hand, relative to ~ cntesbeil1na (Gre.dl'1el1 1969b), the operculum 

of Xenopus is poor1y vasctila:rlzed, and also conslderln,g the 

absence of gi1ls, very lltt1e (if any) resplratory gas exchunl~e 

wou1d seem to be possible 111 the opercular cavltles. 

E1ectromyography has not been attempted ln the smal1 tadpoles 

of Xenopus. Therefore, the muscle activity that has been des­

cribed earlier in this Chapter, Is based solely on visua1 observa­

t'ions, and the timin~ sup;,~ested for the nœscles ls particularly 

in need of electromyo!?;raphlc evidence. The absence of such data 

and also the simplicity of the 'Nate:c purnpin~ I!lechanlslj of Xenopus, 

has permitted the joint treatment of muscle actlvlty, movement, 

hydrostatic pressures, and water fION in the foreeoing description 

of the pumping mechanism. 
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The simplicity of the water pumping cycle of Xenopus ls a 

consequence of the goneral and pecullar slmpllclty of the 

pumplng apparatus: 

(a) an lmrnovable upper jaw 

l.bo 

(b) a single plane of articulation at the cartilago l1eckeli-quadrate 

joint 

(c) an inflexible joint between the Neckelian and lnfrarostral 

cartilages 

(d) absence of the M6 and 117 muscles 

(e) structurally homogeneous muscle flbers ln the hyoldean muscles 

(f) absence of the H7 muscle and of a par~ reunlens 

(g) apparent fuslon of the H), H4, and H5 muscles lnto a slngle 

muscle 

(h) a non-valvular ventral velum 

(1) absence of a pharynge al cleft betl'lOen the ceratohyale and che 

flrst ceratobranchiale; also, the absence of gills, a membrana 

vasculosa opercularis, opercular canal, and the Bll and B12 muscles. 

Apart from the need for electromyographlc data for the 

pumplng muscle s of Xenopus, the detal1ed nature of the l'1ater flol'l 

through the tadpole has still to be establlshed. In addition, 

further morphological information.is needed on the intricate, 

small cavlties and water channels in the buccopharynx and opercular 

cavities. An elucidatlon of the filtration mechanism would also 

do much to help in the understandlng of water flol'l durlng phasic 

pumping. 

Hith regard to lts l'lB.ter pumpln~ mechanism, Xenopus is 

certall1ly peculiar runong todpoles in having only a single force 

pUlllp in front of the pharyngeal clefts. Other functional pecull­

arities of Xenopus are discussed in Chapter 6. 
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Illustrations 

Fi~. 1. Hydrostatic pressures recorded simultaneously from the 

anterior and posterior ùuccopharynx in a li~htly anesthetized 

tadpole. Horizont::ü lines represent .. ambient pressure. Frequency: 

50 cycle/min: calibration: 4 mm water. 

Fig. 2. Record s froIn a consc ious, re strairled tadpole. 1>~echano­

~ram (force transducer, Gilson Poly~raph) of the medial cerato­

hyale (CHN) monitored simultaneously with hydrostatic pressure 

in the anterior part of the buccopharynx. Frequency: 6ù cycle/min: 

pressure calibration: 6 mm water. 

Fi~. 3. Composite diagram of sa~ittal end parasagittal sections 

throu,~h the hes.d of a tadpole. The anatomy i S ShO\,;,11 in i ts 

or ientation at the on set of buccopharyno:eal compre ssion. The 

mouth and nares are closin~ while the opercul&r valves are 

openinQ;. The flow of watel' past the ventral velum (not seen in 

profile) and into the entir~ buccopharynx Is indicated by the 

lar~e arrow. BPH, buccopharynx; OP.C, opercular cavity. 

Fi~. 4. Buccopharyn~eal pressures monitored anteriorly in a 

conscious, unrestrained tadpolc. The a.rrows indicate the onset 

of active depression of the buccopharyngeal floor by the Hl 

muscles durln~ openin~ of the mouth. Mouth closure and bucco­

pharyn~cal cœnpressi0n be~in so soon afterward, that the intake 

phase (decompression) is extremely short relative to the outflow 

phD.se (compression). Frequency: 60 cycle/min: calibration 7 mm 

wétter • 
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Fit:l;. 5. P,ydrostatic pre ssure s moni tor-ed simul taneously from the 

anterior and posterior buccopharynx in a deeply anesthetized 

tadpole in \'lhich phasic pumping had ceased. Hyperexpirations are 

sholm by the peaks of the graphs. Calibration: time, 6 SeCi 

pressure, l cm water. 

Fig. 6. Hydrostatic pressures of a lightly anesthetized tadpole 

durin~ injection of India ink (arro'Hs) into the oral intake. 

2bS 

Il. J\nterior ~md posterior buccopharyn,~eal pre ssures moni tored 

simultaneously. B. Imterior buccopharyn~eal pressures. Frequency: 

55 cycle/min i cal ibration: 5 mm water. 
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TABLE l 

The positions of the anterior visceral muscles of !enopus laevis, 

stage 52 of NieUl'lkoop and Faber, 1956 (= stage 31 of Gosner 1960). 

Jwlotor innervations are parenthesized.· Key letters designate the 

~roup to l'Ihich each muscle belongs and refer to the origin­

insertion relationship of individual muscles. For use in the 

text, each muscle ls also identified by a number, preceded by the 

ini tial letter of the group to \'lhich the muscle belongs. 

Terms used by 

Bedra & JtJichael (1957) 
.......--.~-_ .... _ .... _------

MANDIBULAR GROUP 

Levator mandlbulae 

anterior 

pars medialis 

ft intermedius 

" lateralis 

L.m. externus 

L.m. posterior 

Intermandibulari s 

anterior 

I. posterior 

(n. trigeminus) 

·1 

1 
Origin-insertion No. Key 

letters 
----_ .. _-----------------. 

Pterygoquadrate, dorsal, 

posterlor -

(a) Meckeli, dorsal, medial 

(b) " " intermedial 

ln NP-HDH 

M2 MP-t'IDI 

(c) Tentacle, posterior Jw13 MP-TP 

l1usculoquadrate, anterior - ~1eckeli, M4 MM-ML 

lateral 

Pterygoquadrate, dorsal, anterior -

Heckeli, dorsal, posterlor 

Appears at sta~e 56: interconnects 

medial aspects of the single rostrale 

inferior; no median raphe 

Nedian raphe - r'1eclœli, medial 

M5 HP-J1DP 

M8 MRI 

MIO rm-N 

Attachments are assumed to be ventral except where other\'lise 

indicated. Arabie numerals refer to the ceratobranchialia. 
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HYOIDEAN GROUP 

Orbitohyoideus Husculoquadra.te, Iateral -

ceratohyale lateraIis, Iateral 

suspensoriohyoideus Pterygoquadrate,'ventrolateral-

Hl m'l-CL 

H2 HP-CL 

ceratohyale lateralis, dorsal 

Quadratohyoangularis Pterygoquadrate, Iateral - l1eckeli, HJ. HP-r·TV 

ventrolateral 4.5 

Hyo- and suspensorio-Absent as individual muscles 

angulares 

Interhyoideus 

(n. facialis) 

I\1edian raphe - ceratohyale lateralis H6 HR-CL 
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BRANCHIAL GROUP 

Constrictor Pterygoquadrate, ascendens - 1, 

branchialis l lateral 

SUbarcualis rectus II 2, medial - 2, lateral. 

8.r. l 

Constric. br. II 

SUbarc. rec. III 

Transversus 

ventralis II 

Constric. br. III 

SUbare rec. IV 

Constric. br. IV 

Levator arcus 

branchialis IV 

Cucullaris 

Transversus 

ventralis IV 

ceratohyale medialis, posterior -

1, medial 

Pterygoquadrate, ascendens - 2, 

lateral 

3, medial - 3, lateral 

Nedian raphe - 2, medial 

Crista parotica - 3, lateral 

3, medial, posterior - 3, lateral, 

posterior 

Auditory capsule - 4, lateral 

Auditory capsule - 4, medial 

4, lateral - scapula 

Nedian raphe. - 14., medial 

(rm. glossopharyngeus + vagus) .. -... -.... _~._~ ..... ..,.- .. , ~.-~ . .-.~-....,_.~_ ....... -----_ ....... '." ........ -._~--------

SPUJJiL GROUP 

Geniohyoideus l, medial - rostrale inferior 

. .(n. hypoglossus) 

1.70 

Bi BP­

iL 

B2 B211f-
2L 

BJ.4 BCH-

l~t 

BS BP-

2L 

B6 B3N-
. 3L 

B7 BM-

211 

B8 BCP-
3L 

B9 B3J11-

3L 

BIO BAC-
4L 

B13 BAC-

4J1 

B14 B4L-
8 

BIS Bf.1-

4t1 

81 81M-
RI 

.. -_ ............. __ ... -. .' "-" "-_. 
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CHAPTER 6 

DISCUSSION OF COMPARATIVE AND CONTRI\STING ASPECTS OF WATER FLml 

IN THREE SPECIES OF ANURAN TADPOLES 

The important points of the information furnished in the 

earlier Chapters of thls thesis, may now be considered in'a corn-

par1son between the water pump1n~ mechan1sms of Rana catesbe1ans, 
- ---- ------~~-

Ascaphus truei, and Xenopus laev1s. As an a1d to th1s discussion, 

diagrams of hypothetical models are presented for each of these 

species (Figs. 1, 2, and 3). 

111 

The tadpole of ~ catesbeiana ls generally a bottom-dl'leller 

ln water having a wide annual range of temperature. As the tadpole 

grows to a large size (reachlng ca. 4.5 cm, snout-to-vent), 'and as 

it 1s sometimes subjected to poorly oxygenated water, lts respira-

tory system ls well-developed, and both the lungs and. gills are 

functlonal throughout the life of the tadpole. However, in Canada, 

the respiratory demands of th1s tadpole cannot be great 1n l'linter 

and as open bodies of water freeze over in wlnter, lung ventllation 

ls suppressed durlng thls season, but glll ventilation, although 

reduced in frequency and amplltude, contlnues. 

The suctorial tadpole of Ascaphus truei habitually clings to 

substrata 1n cold, cascadlng mountain streams. It is a small 

tadpole, reaching ca. 2.0 cm, snout-to-vent. Although it can si'l1m 

against the strong current in short dashes between feeding ste.tions 

on the algae-covered rocks, pOl':erful dashes to and from the l'later 

surface for air do not occu~ and the tadpole is totally dependent 

on aqueous ventilation for its respiratory gas exchange • 
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Xenopus laevis has a small nektonlc tadpole (reaching ca • 
1.5 cm, snout-to-vent) fOQ~d naturally in warm,stagnant water. 
Lung ventilation begins immediately the larva loses its external 
$ills and becomes a tadpole. Ho'tlever, there is controversy in 
the literature regarding the respiratory or hydrostatic function 
of the lungs, as weIl as of the rugulose llning of the bucco­
phru~ynx. As rhythmic water pumping begins only when the tadpole 
is feeding, it would seern that the animal is negligibly dependent 
on the feeding current for respiratory gas exchange. In such a 
small tadpole, ventilation of skin capillaries ma:{ be relati vely 
more important for respIration than it is in the larger Rana and -Ascaphus tadpoles. 

1.The jal'1S 

Anatomical and functional adaptations of anuran tadpoles to 
their habitats are particularly evident for the activities of 
feeding and respiration (Gradl'Tell 1968). The speciallzatlons of 
the jal'1S of the three species studied in the present research are 
apt examples of the effects of selective pressures of habitat 011 

anatomy and on function. 

The jaws of ~ are protruded during hyperinspiratioll and 
during voluntary feeding on plant and animal ti ssue s. Both jal'IS 
are movable, but the upper jaw Is normal~y active together with 

o the lOl'Ter jal'l only above ca. 10 c. The synchrony between the 
upper and 10i'Ter ja'l'lS ls ensured by the efflcient co-ordinatlon of 
their muscles, and secondarily, by ligaments Interconnecting the 

o upper and 10l'lCr jaHs. At temperatures belol'l ca. 5 C both jaws 
are inactive and the nares are the only water intakes. 
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An oral valve in ~scaDhus seems to be a unique feature 

amonQ; tadpoles, and the presence of it eliminates the need for 

rhythmic muscular movements of the jaws during gill ventilation 

at aIl tolerable ambient temperatures. Vlhen the sucker is enga;ed, 

the mouth is sealed closed by the oral valve and the nares are 

the only l'iater intakes. \'lhen it is impossible for the sucker to 

become enlSs.ged to a substratum, the tadpole still ·pumps l'later 

rhythmically. The oral valve then opens and closes cyclically 

and both the nares and mouth serve as intakes. Oral suckers are 

found in many species of tadpoles inhabiting mountain streams, 

but oral valves have not hitherto been described in them. The 

highly denticulated jaws of Ascaphus are conspicuously active 

durlng cyclic hi tches of the sllcker \'1hile feeding. ,Both the 

upper and 10\'1er ja\'ls are active during the se movements, but in 

contrast with Rana, the jaws are not protrusible. Those -
mandibular muscles that are present in Ascaphus, are \'lell-

. developed, but five others that occur in Rana, are absent in 

Ascaphus. 

In Xenopus, the horizontal slit-like mouth is, relative to 

the .. [id th of the head, l'lider than that of aIl non-pipid tadpoles. 

This permits a large intake to occur rapidly during the very 

short decompression phase of water pumplng. The wlde mouth also 

dispenses with the need for tl'10 }?lanes of articulation at the 

cartilago Heckeli-quadrate joint, and l'li th the need for a 

fl:exible joint betl-;reen the Neckelian and il1frarostral cartilages, 

which are tl'lO conditions essential for the protrusion of the 

jal'1S in ~. r1oreover, there is no need for a movable upper jal-l 

in XenoE,us. The simplification of the javls of the Xenopus tadpole 
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is also refleeted in the total fusion of the jaw abduetors, and 

in the partial fusion of the ja"T adduetors. Also, three 

mandibular muscles that oeeur in Rana; El,re absent in Xenopus,. 

Frazzetta (1966) has sho'trm that in snake s, the ja,,; muscles 

of the primi ti ve boas are simpler and fel'ler than those of more 

modern speeies. Sueh a phylogenetle trend seems to oeeur also 

in anuran tadpoles, beeause both AseaE,hus and Xenopu~, 'l'Thieh 

show a reduetlon in jaw musculature, are illliversally regarded as 

more primitive than ~. 

2711-
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2.Buccopharynx 

On the basis of a valvular ventral velum, the classical 

buccopharynx of ~ has been divided into an anterior buccal 

cavity and a poster10r pharynx (Gradwell and Pasztor 1968). The 

cyc11c alternation of the buccal and pharyn~eal force pumps 

facilitates the occlusion of the buccal cavity from the pharynx 

durin~ inspiration, but the buccal cavity becomes confluent with 

the pharynx during expiration. 

AlI the evidence that has so far been gained, points to the 

existence of the same type of pumping mechanism in Ascaphus, except 

thet the small nares and the habituaI sealin'3: of the mouth while 

the sucker is engaged, adapts Ascaphus to the easy production o~ 

negative pressures in the buccal cavity. By light microscopy, 

the pumpin,Cl; muscles of Ascaphus appear to be composed of struc­

turally homo~eneous muscle fibers. Nevertheless, they are capable 

of producing both the hyperinspiration and hyperexpirat10n effects 

which, in Rana, are mainly caused by muscle fibers which appear 
-

to be analogous to conventional fast contract1ng or tw1tch muscle 

f1bers of vertebrates (Gradwell and Walcott 1970). 

Contrasting l'li th ~ and Ascaphus, the large mouth of 

Xenopus hampers the production of lar~e negative pressures in the 

pump1nCl; system. The absence of e. valvular ventral velum 1s 

probably also a h1ndrance to the production of negat1ve bucco­

pharyngeel pressures in Xenopus. Rana, Ascaphus and Xenopus are 

aIl capable of hyperexpirat1on, but the phenomenon 1s best 

developed in Rana • 

There 1s apparently li ttle difference bet\'leen the phasic 

buccal and pharyngeal pumpinp; mechan1sms of ~ and Ascaphus, but 

the absence of a valvular ventral velum in Xenopus seems to be 
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the chief handicap to a duàl pump\ng mechanism in this tadpole. 

In Xenopus, the pharyngeal constrlctors are actlve Just after 

buccal compresslon and a peristaltlc wave of buccopharyngeal 

constrlctlon therefore forces water caudad, and through the 

pharyngeal clefts. ~ and Ascaphus have taken advantage of the 

sllght contractile delay of the pharyngeal constrlctors behlnd 

the buccal compressors, by evolving the valvular ventral velum 

betl'leen the buccal cavi ty and pharynx, to produce two al ternating 

pumps. They appear to have then co-ordinated the mouth movements 

with these pumps, to facilltate an efficient dual pumpln~ mechanism. 

In ~, buccal water ls deflected by the ventral 'velum 

agalnst the dorsal velum, which then deflects thls water down 

tow'ard the gill clefts ln the rugulose floor of the pharynx. The 

same route is supposedly also followed by the buccal water in 

Ascaphus, whose anatomical relationshipsbetween the vela and the 

pharyngeal gill clefts are similar to those in ~. Xenopu~, on 
• 

, the other hand, has a complicated system of mucosal folds above 

its pharynge al clefts. Therefore, except for the obvious fact 

thet 't'mter leaves the buccopharynx by the three pairs of 

pharyngeal clefts, it has not been possible in the present research, 

to postulate the detailed course follol'led by the l'later. The nature 

of l'later fI 01'1 in the pharyngeal ree;ion of Xenopus is probably 

important in its filtration mechanism, although mucus secreted by , 

the ventral velum is also involved in this process. 

A cleft bet'\'feen the buccal and gill cavi ties is present in 

HanEt but not ln Ascaphus and Xenepus. Durlng buccal compression ln 

Hana, buccal l'mter reaches the gill cavi ty .mainly via the 

pharYf!lSeal gill clefts, but seme bucc.9.l l'mter reaches the gill 

cavity directly, through the first gilI'cIeft, thus by-passing 

the pharynx. In J\scaphus, the absence of El. first gill cleft betweer: 
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the buccal and gill cavities causes buccal compression to pump 

water into the gill cavity only via the pharyngeal gill clefts • 

In both ~ and Ascaphus, some buccal l'lElter remains in the 

pharynx at the end of buccal compressio.n and this water is then 

pumped into the gill cavity via the pharyngeal gill clefts. The 

force of·this second pump is provided by constriction of the 

pharynx immediately after buccal compression. During bucco­

pharyngeal compression in Xenopus (l'lhich, like Ascaphus, has on1y 

the three pharyngeal "gi11 11 clefts), aIl the buccopharyngeal 

water ls pumped through the pharyn.geal clefts and directly lnto 

the opercular cavity, and there is no separate pharyngeal pumplng 

phase • 

1..17 
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A transverse opercular canal in Ran~ interconnects the 

right and left sides of the gill cavity, with the result that aIl 

the branchial water leaves the gill cavity through the single 

sinistral spout. XenoEus does not 'have gills and the water 

leaving the pharyn~eal clefts enters an opercular cB.vity instead 

of a gill cavity as in Rane and Ascaphus. A transverse opercular - -
canal ls absent in both Ascaphus and Xenopus; the left and right 

gill cavlties of Ascaphus and.opercular. cavities of ~~, have 

·lndependent outflOl'lS. Hm 'le ver , the sin~le med ian branchial 

outlet of AscaEhus serves as a common orifice of dlschar~e for 

the left and right gill cavities. In Xenopus, the opercular 

cavities each have an outlet which, unlikethe spout of ~ and 

the branchial outlet of Ascaphus, is distinctly valvular. The 

outflow of ~ and AscB,phus is continuous but it is in~~rmittent 

in Xenopus. 

It has not been possible to establish the function of the 

B2, B6, and B9 muscles of ~ and Ascaphus, but their action ls 

apparently that of closing the giil clefts. In Xenopus, the 

absence of ESills and the transparency of the operculum has 

facilitated the study of these muscles of the pharynge al clefts. 

They are not phasically active durin~ re~ular water pumping, but 

th~y contract during hyperexpiration: they' close the pharynge al 

clerts and thus facilitate the oral expulsion of contaminated 

water. 

In Rana, hyperexpiration may or may not be enhanced by 

branchial expulslon through the facultative contraction of an 

hyoidean muscle in the opercular lining. SUch a muscle (the H7) 

ls nbsent ln Ascaphus and Xenopus. 
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The opercular lining is highly vascular in B~, but not in 

Ascaphus and Xenopus. For Ascaphus, livi~g in weIl oxygenated 

mountain streams, gills alon~ seem to be adequate for respiration. 

In the smaller Xenopus tadpole, lung. ventilation and possibly 

also ventilation of the pharyngeal blood capillaries may expIa in 

the absence of gills and of a poorly vascular membrana vasculosa 

opercularis. 

Dlagrams of hypothetlcal models of water pumpins; in· three· specles 

of anuran tadpoles 

The dlagramatlc models (Figs. 1, 2, and 3) represent an 

overall summary of probable muscle actlvlty, mechanical displace­

ment, hydrostatic pressure, and water flo11 ln the t~dpoles com­

pared wi th one another in the present Chapter. Functiona.l 

anatomical studies of several other species of ~ have revealed 

no important differences in their l'Tater pumplng mechanisms from 

·that of R. catesbeiana. Ascaphus has only one species, namely 

truei. Dissections of cade.vers of other species of Xenopus have 

shown that their tadpoles are almost' identical to that of ~ laevis, 

in regard to the llTater pumping apparatus. It therefore seems 

likely that the models presented here May serve as a useful guide 

to species other than those which have been investigated in the 

present researeh. 

Chapter ;, Fig. 1; ShOl'lS that there is 1ittle electromyo­

graphie basis for the muscle actlvity postulated in the model for 

Rana. For Ascaphus and Xenopus, no electromyography has been 

attempted "in the present study. The muscle activity and the 

mechanical displacements sho\'1n in the models are chlef1y based 011 

visual observations of breathing, anesthetized tadpoles, 

dissected under a microscope. The H7 muscle is parel1thesized in 
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Fig. 1 because this ~uscle is not active during regular phasic 

breathing. It May or may not contract during hyperexpiratlcn 

(see text above). Water flol'l has been deduced from the hydro­

static press1.œes ShOl'ffi graphically in the eEœlier Chapters, and 

has bf:en found consistent with the results of studies with 

streamers and dyes. 

Abbreviations 

The origins and insertions of B.ll the muscles referred to in the 

models have been tabulated in the Chapters describing the respec­

tive species. Tne lengthy conventional terminology for the muscles 

is also tabulated in these earlier Chapters (Table I, Ch 1; Table 

I, Ch 4; and Table I, Ch 5). 

Be, buccal csvi ty; BPH, buccopharynx; br., branchial; GC, gill 

cav1ty; op., opercularj OP.C t opercular cavity • 
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