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Preface

Considering the growing literature on fish ventilation
mechanisms (mainly from the laboratory of Dr. G.M, Hughes,
University of Bristol), anuran tedpoles, which are the only
emphibians with internal gills, have been neglected. The present
thesis attempts to lay a broad foundation for later detailed
studies of gill ventilation mechanisms in the Anura. For this
reason, three species showing marked differences in their gill
ventilation mechanisms were chosen for investigation: Rana

catesbelana represents a phylogenetically advanced tadpple which

is essentially a bottom-dweller in sluggish water such as that

found in small lakes; Ascaphus truei is senerally believed to be

phylogeneticelly the most primitive living anuran, end its tadpole
clings by an oral sucker to rocks in mountain torrents; Xenopus
laevis represents a ph&logenetically primitive tedpole, which is
nektonic in ponds, and which is aberrant in several interesting
‘aspects of 1ts water pumping mechanism. AMlthough these three
types of tadpole by no means show all the possible variation of
the gill ventilation mechanisms, they exhibit functional end
morphological differences which reveal close adaptations to their

respective habltats.

The present thesis is arranged in autonomous chapters, each
covering & specific aspect of the subject. I believe that the
greater clarity afforded.by this arraneement outweighs the very
small extent of duplication. The final chapter is devoted to an
overall discussion of the research, in which the chlef points in
the comparative functional morpholosy of £ill ventilatlion are
emphasized, and hypothetical models are presented as a working

basis for further investications.
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CHAPTER 1

THE MORPHOLOGY OF GILL VENTILATION IN RANA CATESBEIANA

ABSTRACT. The gross and histological anatomy of the gill
ventilation apparatus are discussed. Two histologically different
types of muscle fiber are identified in certain muscles by virtue
of the variation in the proportion of fibrillar to sarcoplasmic
material in the muscle fibers. An accessory jaw tendon, the valve
of the first zill cleft, and several ligaments are described for
the first time in an anuran tadpole. An opercular muscle and a
fascia lateralis are also described for the first time in a ranid
tadpole. The rugulose lining of the pharynx is well éascularized;
attention is also drawn to conical epithelial cells whose points
project into the lumen of the pharynx. Several discrepancies in
the literature on tedpole anatomy are discussed end & numerical
terminology is proposed for the muscles of the gill ventilation

apparatus.
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A auricle
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AR arteriole
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Intrdduction

Complementary but independent reports discuss the structure

and functioning of the jaw apparatus of the larvae of Rana

temporaria (5) and R. catesbeiana (18). The findings (5) on the

punping apparatus of temporaria do not include the branchial muscles

but otherwise compare closely with the situation in catesbelana.

Measurements of h&drostatic pressures in the ventilation system of
normally breathing bullfrog tadpoles (23) are consistent with
'earlier evidence (29) for two regularly alternating force pumps in
front of the gill clefts. However, a better ﬁnderstanding of the
bullfrog tadpolets water pumping mechanism requires famillarity
with i1ts structure. Hence, the present report describes the gross
and histologlcal anatomy ofithe gill ventilation apparatus of the
bullfrog tadpole preparatory to a more detailed funcfional study of
the system (21).

Incidental references have been made by many authors to
structures in the gill ventilation epparatus of anurans, but only
for the following species is there enough detall to permlt functionel

. deductions end useful comparisons with Rana catesbelana:

. R. temporeria (35, 37, 13,45)3 Pelobates fuscus (45, 46); Xenopus
laevis (8, 54, 33, 49); Rena dalmatina (= R. agilis) (29): Ascaphus
truei (38, 53, 22); Bufo regularis (47, 48); and Phyllomeduse

trinitatus (26).

The most important early research on the visceral skeleton of

anuran tadpoles concerns Rena temporaria (35, 36, 37: 13, 14).

Other findings were based on dissections of Pelodytes punctatus (39),

Alytes obstetricans (40), Xenopus and Pipa (41). There is also a

comparison of the hyobranchial skeleton of Alytes with that of

several genera from other anuren families (42). More recently,



the visceral skeleton has been described in Bufo reguleris (48, 50),
Xenopus laevis (33, 49), Raﬁa tigrina (3), and R. temporaria (5). '

Concerning R. catesbeisna, the only published information on the

larval visceral skeleton is contained 1n‘br1ef references (55, 18,
20), which indicates the need for further data on this component of
the gill ventilation apparatus,

It has been pointed out (49) that very little published research
exists on the visceral musculature of larval anurans. There ig
great diversity in the feeding and water pumping mechanisms of
anuran larvae and so little is known of the concomitant
specializations of musculature, that further studies along these
lines are called for. It is therefore also the object of the
present paper to help fill this hiatus, thus completing the

structural basis neecded for further functionel studies of the

bullfrog tadpole (21).




Materials and Methods

.~ Bullfrog tadpoles (Rana catesbelana Shaw) were collected at

Lake Hertel, St. Hileire, Quebec, and thirty large specimens were
selected for study. These tadpoles were at stage 35 of Gosner (17).
Cenadian populations of bullfrog tadpoles attain a

. snout-to-vent length of over 4 cm before metamorphosis. It was
therefore possible to substitute gross dissection for reconstructions
based on serial histological sections. The results were checked on

the basis of seven sets of histological sections.
Dissections were made on tadpoles which had been deeply

enesthetized in 1 % urethane and then_kille@ by immersion in 40° C
tap water. The animals were bathed for 5 min in 10 % glacial acetic
acid. This procedure softened the skin, pefmitting its easy removal
" with watchmaker's forceps. The normally transparent hyaline
cartileges became translucent when contacted by the acid, and easier

.o see under a dissecting microscope; this procedure was found

preferaeble to staining. )
Tissues destined for histological study were fixed in aqueous

Bouin's solution, dehydrated in a graded series of aqueous ethanol

solutions and cleared in xylene before being embedded in paraffin.

Serial sections were cut at Qum thickness, stained with Ehrlich's
haematoxylin; counter-stained with erythrosgin, and mounted in balsam.
The dissections were photogrephed with a single lens reflex
camera and the enlarged image (X10) was printed on mat paper. Indla
ink was used to outline the relevant structures on the print, which

was then dried, and the bhotographic emulsion bleached with 5 %

potassium ferricyanide. Frosted acetate film was used as an overlay
to trace the inked photograph and the detaills were then added by
. freehand drawing from dissections. The same photographic and

drawing procedure weas used for illustrating histological sections

photographed throuzh a photomicrescope.




Results

- A8 it i8 necessary to reiterate certain somewhat cumbersome
terms in the text, the following abbreviations will be used:
ceratobranchiale = CB, ceratohyale = CH, ceratohyale lateralis =
CHL, ceratohyale medialls = CHNM, hypobranchial platée = HP.
EPITHELIAL ARD VASCULAR LININGS

Aspects of the mucosa of the gill ventilation apparatus of

anurans have been investigated in Pelobates fuscus (45, 46); Rana

dalmatina (29); R. temporaria (5, 27); Phyllomedusa trinitatus
(26, 27); and several other species (27). In this respect, there

are close structural similarities between Rena catesbeiana and

these other species. Therefore, in the present sectlion of this
report, appropriate references to these other investigations has
permitted the avoldance of needless duplication of research.
Moreover, in deference to Mr. Van Kuljen, University of lelden,
who 1is preparing a detailed study on the vascularizstion of larval

R. temporaria (de Jongh, in 1itt.), this subject has been only

briefly considered in the present report on R. catesbelana.

Buccal cavity

At the entrance to the buccal cavity, keratinized skin covers
the single cartilago rostrale superior and also the bilateral
cartilagines rostrale inferiores to form the crescentic upper and
lower beaks reSpectively'(Figs. 1-4). Rows of horny denticles on
the upper and lover lips form the other component of the dental
épparatus.

Immediately within the oral entrance a pad of epithelium
covers the cornua trabeculae and consists of squamous cells which
are. partly stratified (EC, Fig. 3). The cushion-like structure
so formed is prominent anteriorly where its surface 1s studded

with hillocks of slight eplthelial elevations, but its thickness

6
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diminishes more posteriorly. The rest of the buccal roof is
formed by the ventral cartilages and nascent parasphenold of the
skull &nd is lined by mucosa which projects p2plillae into the
buccal cavity (Fig. 3). The epithelium of the buccal roof is
similar to that of Pelobates (45) and Phyllomedusa trinitatus (26).

papillac also project into the buccal cavity from the mucosa
covering the cartilages of the buccal floor (Fig. 4). Figure 4
also shows that the adult tongue, which develops above copula 1,
is not yet present at stage 35 of Gosner (17). Medial to the
CHL, at gill clgft 1, the mucosa is continuous with the lining of
the glll cavity (Figs. 4, 8). The epithelium of the buccal floor
consists of one or two layers of squamous cells. ’

Relative to the pharynx énd gi1l cavity, the buccal lining 1s
poorly vascularized end it is probably of little significance for

blood ventilation by the buccal water current.

The vela

The ventrel velun has been found to act in a valve-llke
fashion during normal gill ventilation; both dorseal and ventral
vela serve &= hydrofoils in deflecting the ventilation current (20).
A consideration of the structure of the vela may permit a better
understending of these functions.

The flexible cartilaginous spicula on both sides of the
middle line, are sparmed end covered ventrelly and dprsally by
epitheliun between which there is a highly vascular plexus, thus
forming the single, non-muscular véntral velum (V, Figs. &, 6AB, 8).
it extends bilatefally and then turns upward and backward to
becone tﬁe paired dorsal vela (D, Figs. &, 68, 8). These are
mucosal folds attached alone their length to the pheryngeal roof

and they pass toward the entrance of the esophagus (sce also L6,

- 1



26, 29). Approaching the middle line, the dorsal vela becone
reduced in size until, at 1 to 2 mm in front of the esophageal
entrance, they are mutually joined by a low, transverse fold of
mucosa. Whereas the dorsal velum protrudes mainly anteroventrad,
1ts medial aspects are folded toward the esophagus. The dorsal
velum has neither skeletal nor muscular support. However, there
are a pair of small swellings, the dorsal velar pads (DVP), on
both left and right sides of the pharynx. They hang immediately
behind the dorsal vela, near the lateral junctions of the dorsal
and ventral vela with each other. These pads consist of squamous
epithelium which covers a resilient connective tissue. In vivo,
the convex surface of these bilateral pads is oval, the more
mediel ones appearing postériorly more bulbous, but their shapes
are distorted in fixed materiel (DVP, Fig. 6B). Between the pads
there is a groove which i1s 1 mm wide and 2.5 mm long. Similar
pad-like structures have been called "pressure cushions" in Rana

dalmatina (29) and Phyllomedusa (26).

The dorsal epithelium of the ventral velum consists of
non-glandular simple squamous cells at its margin, and stratified
taller squamous cells farther back, over small posterlior processes
of the velar edge. There are five bllaterally paired processes

end a single median process (Fig. 4).

Like Phyllomedusa (26), the ventral velum of Rana catesbeiana

glso has secretory columnar cells on its underside. These cells
are orientated in continuous rows parallel to the velar edse, but
the rows between the spicula are somewvwhat crescentlc, being slightly
convex to the anterior. The secretory rows are separated from one
another by squamous cells. The nuclei of adjacent secretory cells
are sometimes at different levels, which gives them a stratified

appearance. Filter traps under the ventral velum, similar to those

of Phyllomedusa (26), are also present in Rana catesbelana,




Pharynx
In the middle line, the pharynx is partially divided by the

dorsal bulge of the heart (Fig. 6A), but latexAcasts showed that
en interchange of water across this partial division is possible
at least during explfation, when the pharynx is expanded. The
left and right sides of the pharynx may therefore be regarded,és
a single chamber. '

Ventrally, the pharynx is perforated by three gill clefts
(G2-4, Figs. 1, 4, 6B, 8). These clefts correspond to endodermal
pouches 3, 4, and 5, as was deduced from the position of the
aortic arches, using the method of Millard (32; see also Table II).
In all amphibien larvae except those of the Gymnophiona, the
-endodermal pouch 1 (the spirecle of elasmobranchs) doeé not

perforate (34). Rana catesbelena is no exception in this respect,

but it differs from Ascaphus, Xenopus, Scaphiopus, Phyllomedusa,

and many other genera in that the endodermal pouch 2 perforates
to become the membranous gill cleft 1 of the tadpole. It_has
been proposed that the ventral velum be used to demarcate the
buccal cavity from the pharynx (éj). Therefore, unlike the thrce
clefts between the pharynx and gill cavity, the first cleft opens
directly into the g£ill cavity from the buccal cavity (Gl, Figs.1,4,8),
Valvular activity at the filrst gill cleft is facilitated by
the rostrad projection of CB 1, which 18 covered by mucosa of the
buccal floor (Fig. 4). The connective tissue sandwiched between
this cartilaginous support and its epithelium has a resilience
which probably adds to the efficlency of the valve.
The pharyngcal roof is lined by mucosa covering the planum
basale, the nascent parasphenoid, the floor of the orbit (fenestra
subocularis,35), and the pterygoquadrate (Figs. 3, 6B). The |

mucosa contains a glandular zone in the sgame position as that of
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Pelobates (45) end Rana dalmatina (29), but unlike Kenny's Fig. 1

(27) of Hyla geopraphica, the zone extends across the middle line

4in Rena catesbeiana, where it is V-shaped, pointing toward the

esophagus. Nevertheless,the histological character of this zone

in R. catesbelana is similar to Kenny's descriptions (26, 27).

Injected latex revealed that a dense capillary bed in the pharyngeal

roof, like that of ‘the glandular ventral velum, coincides precleely

with the position of the glendular zone in catesbelana.

Simple columnar end pseudostratified columnar cells form a
ciliated groove immediately behind the dorsal velum, running from
the bilateral junctions between the dorsal and ventral vela
toward the esophagus (CG, Fig. 8). The groove 18 narrow at first,-
but, as it passes obliquely backward, it broadens. In the middle
line the grooves of both sides meet and together they form a
continuous ciliated funnel near the esophageal entrance.

The dorsal aspect of the CBs are covered by & rugulose nmucosa
in gross structure 1like that of Pelobates (Fig. 9). A8 in

Phyllomedusa (26), this mucosa 1is erranced in single filter plates

on CBs 1 and L4, end double filter pletes on CBs 2 and 3.

Superficial ridges, supported by en arteriole system, form an
intricate latticework (Fig. 10A,B,C). The crests of these ridges
are sharp, because they are formed by pointed cells (PT.C, Fig. 10C).
A dichotomously branching arteriole system, exactly corresponding

to the lattice of epithelial ridges was demonstrated by the
injection of latex via the truncus arteriosus. These arterloles

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

superficial capillary bed (mesh diameter, 20 to 6O/Lm) in the
vertical sides of the filter folds (Fig. 10B). In vivo staining

with enilinc blue recvealed that there are no vfilter shelves® or

urslter crevices" (of Kenny, 26) in Rena catesbelana.
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Gill cavity
Unlike 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 and a forward projection of CB 1
and 1t connects the gill cavity directly with the buccal cavity
(Gl, Figs. 1, 4, 8). The absence of this gill cleft in several
other genera is an important difference in respect to water flow.

_ The fold of the intepgument forming the operculum, which has
grown back from the hyoidean arch (2, 34), is fused at the level
of the diaphragm to the skin covering the abdomen, except for a
left, lateral branchial outlet. This outlet is neither analogous
nor homologous to the spiracle of certain elasmobranchs. It is
free from membranous or muscular valves and projecfs into a short
spout whose orifice faces backward and slightly upward.

As the left and right sldes of the gill cavity are joined
. by a fairly broad opercular canal across the ventral midline
(OC, Figs. 1, 6A), the gill cavity may be considered as a single
chamber. Anteriorly, the opercular canal is, however, slightly
constricted by the meeting in the middle line of the dorsal and
ventral bundles of the H? muscle (Figs. 1, 6A,B).

There are four pairs of gills, and they are structurally
simllar to those of Pelobates (Fig. 9). The gills consist of
soft tufts attached linearly by connective tissue end by the
arteries at their bases, to the respective muscles B2, B6, and B9,
along the CBs. As there 18 no branchial muscle along CB 4, its
few gill tufts are attached directly to the certilage by connective
tissue. Tﬁe gill tufts form flexible, arborescent villosities
vhich are highly vascular and they are continuously bathed in

water within the sac-like gill cavity. There is occasional
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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 some turgldity from the blood pressure
transmitted to them from the heart.

In addition 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 is
continuous with the capillary bed of the pharyngeal mucosa.

Strawinskil (52, for Rana esculenta) was the first to point out

the respiratory importance of this vascular lining, the membrana
vasculosa opercularis. It lines the gill cavity and it is
posteriorly in contact with the diaphragm end ventrally with the
‘opercular skin (MVO, Figs. 1, 8). Anteriorly, the membrane 1s
separated from the stratum compactum to form the anterior border
of the gil) cavity (Fig. 8). The membrane is reflected on to CB 1l
and it lines gill cleft 1; at a point just medial to the cleft,
connective tissue attaches the membrane to the dorsal surface of
the H6 muscle just before the latter inserts on the CHL. This
lateral attachment of the opercular lining enables venous end
arterial vessels to augment the rich blood circulation of the
mgmbrana vasculosa opercularis (19). In_the ventral midline, the
opercular lining is attached by connective tissue to the posterior,
fast fibers of the B6 muscle (24; Fig. 1). In addition to

gserving as a bridge for nerves, this connectlon also permits
unilaterel or bilateral blood supply to the membrana vasculosa

opercularis (19).
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CARTILAGES |
De Beer's terminology (4) will be used in the present study
except where otherwise 1ndicated.‘ ‘ |
The movable cartilages of the gill ventilation apparatus
are essentielly those of the visceral skeleton. This stfucture
has been so well investigated in Rana (e.g. 35, 37, 13, 14, 15, 42,

29, 3, 5) that only a summary of its anatomy in R. catesbeiana

is necessary in the present study.

In the middle line, transverse, parallel collagen fibers
interconnect the bilsteral cartilagines rostralelinferiores
(CRI, Figs. 4, 5, 7). These short fibers are attached peripherally
around the joint, forming a strong sheath and enclosing what
appears to be a small medlen copula as in R. temporaria (cf. 5).

However, in R. catesbeiana this median structure has small,

closely packed chondrocytes in a sparse matrix, and it resembles
a chondrified ligament. Further account of the maﬁdibular

skeleton of catesbeisna is unnecessary as 1t 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 flexibility and articulation at the joints
between the elements of this complex (Figs. 1, 4, 5, 6A, 11). The
medial union of the CHlis by the pars reuniens and by the copulae,
end the median connection between the HPs, facilitates bending
along the axis of the tadpole, while the bilateral junctions of
the HPs with the CHMs and with the unpaired copulae 2, also permit
transverse bending. Each CHM has two forward protrusions, and a
processus posterior hyalis (14) (PPH, Fig. 4) which slightly
overlaps the EP dorsally. The processus anterior hyalis (14)

(PAH, Fig. 4), wvhich is the more medial of the two forward




protrusions, is larger and more robust than the second protrusion,
the cornu hyalis (C.HY, Fig. 4), which has apparently not been

hitherto described.

The CHL 1s more robust than the dorsoventrally flattened CHM.

A firm prominence on the ventral CHL, oblique to the axis of the
tadpole, subserves the insertion of an important pumping muscle
(H6, Figs. 1, 7, 11). A surface for articulation 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 is relatively rlat
and provideé support for the attachment of three hyoidean muscles
(CHL, Fig. 7).

Copule 1 is somewhat cylindfical and bluntly pointed at its
ends., It lies in the pogterior'part of the ligementum
interhyoideun, transversely spanning the hyoglossal sinus between
the anterior processes of the CHMs (Cl, Figs. 4,'6A). The pars
reuniens lies immediately behind copula 1, and it is cup=-shaped
in transverse section, being convex toward the ventral aspect.
This shape, combined with the resilient material of the pars
reuniens, render the structure well suited to withstand such
tensile and compressive forces that seem tb occur due to
dorsoventral oscillations of the buccal floor (Fig. 11).
Histological inspection of %he pars reuniens revealed that, unlike
the hyaline elements of the rest of the visceral skeleton, its
smaller chondrocytes are clustered In a sparse matrix.

The coupling of the CHis by the pars reuniens (Pﬁ, Pigs. 1,
4, 5, 6A) and the additional strong but flexible tissue between
the other cartilages of the buccal floor, ensure the efficient
transfer of movement, enabling the CHs, copulae and HPs to function

as a concerted whole during operation of the buccal pump.

I8



Unlike the rest of the viSceral skeleton, copula 2 is not
derived from cells of the neural crest (%4, pp. Lo6, hLo7, A47L4),
The hyaline certilage of copula 2 merges anteriorly with the pars
reuniens. A short posteroventral projection of copula 2, the
crista hyoldea (46) (CR.H, Fig. 64), pfovides & firm site for the
origin of the B? muscles (Fig. 1) which couple the bilateral CBs
to the buccal cartilages.

There 1s controversy regarding the ontogenetic origin of the
pars reuniens and copula 2 (4, pp. 406, 407, 474). These
cartilages, like the HPs, are more élosely associated with the
branchial complex, in an ontogenetic sense, than they are with
the hyoidean arch. However, in a functional sense, the pars
reunlens, copula 2, and HPs are active elements of the buccal
pump, because they form part of the buccal floor (Figs. 1, 5).

Posterolaterally, the CBs are directly fused with one another
by the commissurae terminales. CB 1 is directly fused with the
BP (Figms. 4, 5). Lateral to its junction with the HP, CB 1 is
anteriorly expanded and dofsoventrally flattened into a blunt
process (Figs. 4, 5) which supports the valve of the gill éleft 1.
The CBs 2, 3, and 4 are not directly fused with the HP by hyaline
cartilage but the junctions between these CBs and the HPs are
flexible and of a similar histological character fo the pars
reuniens.

The CBs 2, 3, and 4 are rused with dne another where they
meet the HP. A ventromedial prominence of CB 2 (the processus
branchialis) near the medial Junction of CRs 1, 2, and 3, fornms
a buttress for the attachment of seven branchial muscles (Table
I). Posteriorly directed spicula (SP, Fig. 5) project freely
from the dorsal aspect of the j%%tions between CBs 2, 3, and 4,

and the HP. Spiculum 1 (SP', Fig. 5) is not attached to the HP,
but it extends posterolaterally from CB J. .




tnlike the rest of the viéceral skeleton, copula 2 is not
derived from cells of the neural crest (4, pp. 406, 407, Lou)y,
The hyaline certilage of copula 2 merges anteriorly with the pars
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cartilages, like the HPs, are more élosely assoclated with the
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by the commissurae terminales. CB 1 is directly fused with the
HP (Figs. 4, 5). Lateral to its junction with the HP, CB 1 is
anteriorly expanded and dofsoventrally flattened into a blunt
process (Figs. 4, 5) which supports the valve of the gill cleft 1.
The CBs 2, 3, and 4 are not directly fused with the HP by hyaline
cartilage but the junctions between these CBs and the HPs are
flexible and of a similar histological character to the pars
reuniens.

The CBs 2, 3, and Ut are fused with one another where they
meet the HP. A ventromedial prominence of CB 2 (the processus
branchialis) near the medial junction of CBRs 1, 2, and 3, forms
a buttress for the attachment of seven branchial muscles (Table
I). Posteriorly directed spicula (SP, Fig. 5) project freely
from the dorsal aspect of the j@%tioms between Cds 2, 3, and 4,

and the HP. Spiculum 1 (SPl, Fig. 5) is not attached to the HP,
but it extends posterolaterally from CB 1.
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CONNECTIVE TISSUE

Mandibular arch

The ligementum rostrale superior cartilago Meckeli has been

illustrated in Rana catesbeiana (18). It has since been realized

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

mandibulo-suprarostrale in Pelobates, a term which is adopted in
the present study by virtue of its priority. Howéver, in" Rana

catesbelana there are two such ligaments interconnecting the

suprarostral and Meckel's certilages. They have the same general
attachments, and they run parallel and close to each other. The
one ligement (MS,Fig. 7) is more superficial than the other and
its fibers are attached to the 1atera1 edge of the cartilago
rostrale superior, whence they run to the dorsal aspect of the
medial epiphysis of the cartilago Meckeli and diveréé slightly as
they attach themselves to it. The second ligament (not shown in
Fig. 7) 1s slightly deeper than the first and its fibers have a
‘wider attachment on the inner surface of the cartilago rostrale
superior, at its lateral edge and just behind the attachment of
the first ligament. The fibers then run toward the cartilago
Meckell and are attached to it immediately within the attachment
of the first ligament.

A short, chondrified ligameht, the 1. cornu suprarostrale
(CS, Fig. 2), joins the cornu trabeculae with the cartilago
rostrale superior, while the median notch in the cartilago rostrale
superior (CRS, Fig. 2) is spammed by a fascia rostralis enterlor,

The H3 muscle in Fig. 7 covers a short 1. quadrato Meckeli,
which joins the most lateral aspect of the cartilago Meckeli to
the outer Surface of the pars articularis quadrati. The other

Jaw liraments have already been discussed (18) and are shown in

Figs., 2, 3, and 7.




2!

Hyoidean arch

Such tensile forces that are imposed 6n the copulae during
the extreme dorsoventral excursions of the CHMs are probably
relieved to some extent by a strong axial ligament, which has
been called the 1. interhyoideum (5). It interconnects the
anterior processes of the CHIs by brideing the hyoglossal sinus
immediately rostral to the pars reuniens (Figs. 1, 4). Anteriorly,
this ligement is partly chondrified to form the first copula. A
thin 1. snterohyoideum, not hitherto described, interconnects the
processus anterior hyalis and the cornu hyalis (AH, Fig. 4).

The triangular space bounded by copula 2, the CHM, and the
HP (Figs. 1, 4) is occupied by a 1. intrehyoideum which 1s attached
tangentially to the latersl aspect of copula 2 neer the posterlor
1imit of the pars reuniens. It then diverges as it passes caudad
to form & wide attachment to the enterior edge of the HP.

In the posterolateral reglon of both sides of the buccel
cavity there is a small pad of connective tissue. The anterlor
edge of the pad is attached to the posterior aspect of the CHL.
The flat, inner face of the pad is lined with non-glandular
'squamous epithelium, while its outer face is convex and 1s
covered by some ten muscle fibers of the HZ muscle (Fig. 7).

A bilateral ligament which-has not been previously reported,
arises from the ventral surface of the CH, medial to the base of
the cornu hyalis. The iigament is flaettened anteroposteriorly .
and it diverges slightly as it passes into the stratum compactum
of the skin below this area of the CH, Jjust medial to the fascla
lateralis Schulze (FLS, Fig. 1).

The median raphe of each of the M10 and H6 muscles is Joined

by weak conncctive tissue to the underlying buccal skin.
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Branchial arches

The medial fusions between the CBs are reinforced by short
interconnecting ligaments (Fig. 1) which have nect been mentioned
in earlier publications on tadpole morphology. Gill clefts 3 and

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

g1ll cleft is spanned by two such ligaments, which converge on a
point of mutual attachment to CB 2. There is no ligamentous

connection between the CH and CB 1.

The fascia lateralls, Schulze (FLS, Fig. 1), occurring
symmetrically on both sides of the ventral midline, is a pigmented
sheet of strong connective tissue. Along the line 'FS, the fascia
1s atteched to the ventrolateral edges of the cartilagines
quadratum and pterygoquadratum; and along LS, it is attached to
the anterior border of the lateroventral bundle of the H? muscle.
The side FL is entirely free from attachnent.

Cranial elements

Aside from the visceral apparatus, there are other ligaments

- which ere also important in the g1ill ventilation system. For
example, the most dorsal part of the processus musculaeris quadrati
is bound to the chondrocranium and to the ethmoid region of the

quadrate cartilage by a strong connective tissue containing two

main ligaments. A 1. supraorbitalis cranii (SC, Fig. 11) joins
the processus muscularis quadrati to the roof of the brain case,
while the 1. supraorbitalis ethmoidale (SE, Fig. 11) connects the
processus muscularis quadrati to the dorsal surface bf the quadrate
which lies at the base of the processus pseudopterygoideus (PP,
Fig. 3). 1In addition, a 1. intertrabeculare across the midline,
spans the rostral ends of the cornua trabeculae (CT, Fig. 2).
Immediately behind the 1. intertrabeculare, a sheet of connective

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

the medial edges of the cornua trabeculae.
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MUSCLES

Nomenclature

Of the various nomenclatures used by earlier authors (6, 16,
L6, 31, 29, 9, 30), Edgeworth's (9) is finding the most popular

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

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

(21), -and general studies of other species (22; Gradwell in
preparation) have revealed inadequacies 1n'Edgeworth's terminology.
They stem mainly from his variable reliance on function, based on
cadavers and histological sections, as a nomenclatorial criterion.
The value of function as a standard for naming muscles is
questionable when unsupported by detalled physiological evidence.
There are many instances where electromyography has failed to
confirm conventional functional enatomy as an infallible criterion
of muscle function. Moreover, muscles often have more than one
function, and in the absence of detailed research, it may be
difficult to assess the relative importence of the functions. For
example, Edgeworth's "lLevatores arcuum branchialium" in lerval
anurans are believed by Kratochwill (29) to raise the (Bs as well
as open the gill clefts. It is also difficult to grasp from
Edgeworth's "Constrictores branchialium" which components of the
branchlal apparatus are constricted. Kratochwill has suggested
that these muscles might constrict the afferent branchial arteries,
while in Xenovous tadpoles where these muscles are clearly visible
through the transparent operculum, they appear to constrict the
gill clefts (Gradwell, unpublished). The naming of muscles
according to functions deduced from non-living anatoumy may

therefore lead to controversy.
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Edgeworth's system is not'consistent, as 1t names certain
muscles from thelr supposed funct;ons eand others from their
locations (e.z. Constrictor branchilalis; Intermandibularis). To
overcome the problem of naming muscles which perform the same
function, for instance the elevation of the mandible, Edgeworth
used combinations of functional and locational criterla, but this
ylelded cumbersome terms like "Ievator mendibulae posterior
superficialis®,

In some cases, Edgeworth's terms are anatomically misleading.
For example, the "Geniohyoideus" of tadpoles does not originate
on the hyoidean arch. In addition, Pusey (38) has presented a
cogent argument opposing Edgeworth's use of the term "Transversus
ventralis II" (see discussion).

Notwithstanding the impartial precepts of the 1nvestiéator,
the naming of muscles from their supposed functions deduced frqm
classical anatomy, tends to prejudice enquiry. Thls is perhaps
why recent studles by some physiologlists designate muscles by
numbers, aside from the hélpful brevity of such a system.

In preserved materlal, which is usually first to be documented,
it 1s far more reliable to name muscles according to their
topography than to name them according to functions deduced from
such material. However, for accurate descriptionlof the origins
and insertions of the muscles, their names would become
inordinately long. 1In the bullfrog tadﬁole (Table I) and in the
tadpole of Ascaphus (22), this problem has been solved by dividing
the visceral muscles of the gill ventilation apperatus into groups
according to their innervations, numbering the muscles in each
group, and tabulating their origins and insertions for a
partlicular stage of development. The systenm is particularly

suitable for larval anurans since during metamorphosis these




" visceral muscles change thelr positions by migration(if they do
not atroph@. Their functions may also alter owing to changes in
muscle fiber composition or changes in attachments, or by the
combined effect of both these conditlons. The advantage of the
proposed numerical system over names incorporating topography or
function, 1s that the new positlions and functions which individual
muscles acquire during aend after metamorphosis, cannot conflict
with their numerical names. In other words, the numerical system
stabilizes the nomenclature and permits the tabulation of:
topographical and functional properties of the muscles before,

during, and after the metamorphic stages of the specles.
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Conventions

Myogenetic data for Rane catesbeiasna are not available. The

following conventions for the descriptions of the muscles have
therefore been adopted in the present study. "The place of
attachment which in sny particular movement remains #ixed when

the muscle contracts is called the origin; that which is caused to

move 1s the insertion ..." (25, p. 200). Where the attachments of
the two ends of a muscle are equally movable or inert, the central
end 18 the origin and the peripheral end is the insertion.

In view of the conspicuous difference in natural coloration
of the two types of muscle fiber in the H6 muscle, it has been
convenient to refer to them as pink and white fibers (24). It has
also been shown (24) thet these fibers have functional and
structural properties in comron with conventional Slow and rast
muscle fibers reSpectively.. However, in other ventilation muscles
of the tadpole the two types of muscle fiber are not so well
segregated and they do not show their pinkish or whitish color es
| when they are viewed en masse. Therefore it is not generally
practicable to use color for distingulishine between these two types
of muscle fiber. Instead, the following terms will be used as
histological criteria in the present study:

(1) "plasmic" for muscle fibers with a large amount of sarcoplasm
relative to their myofibrils

(11) “fibrillic" for muscle fibers in which the myofibrils are so
abundant that the sarcoplasm forms & thin peripheral sheath around
them.

These teyms are most suitable for such muscles as the H6, where
the muscle fibers are regsonably well segregated (Fig. 124).
However, in certeain muscles these criteria cen only be applied to

extremes of the two fiber types because there seems to be a
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mergence of the one type of fiber into the other, for example the
Hl muscle (Fig. 12B,C).' Motor innervation or relative speed of
muscle fiber contraction might Be better criteria, but they were
outside the scope of the present study.

Non-phasic skeletal muscles of. the bullfrog tadpole, when
examined by light microscopy, usually have only fibrillic fibers.
On the other hand, phasic skeletal muscles show both plasmic and
fibrilllc fibers, but in variable proportions and distribution.
Consplcuous 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 M8 muscle has no median raphe and it may therefore be
regarded as a single muscle in an snatomical sense. However, it
is bilaterally innervated aﬁd ontogeny might reveal that it has a
dichotomous origin. The other visceral muscles of the tadpole
are symmetricaelly paired about the middle line; each muscle of a
| pair is unilaterally innervated.

During gi1ll ventilation, the visceral skeleton vndergoes
considerable mechenical displacenment. Therefore in the present
study, all the muscleswith attachments to the visceral skeleton
will be described, although some evidence has been given (18) that
certain of these muscles do not participate in normal gill
ventilation. |

With the exception of the H? muscle, the jaw and hyoidean
muscles of the builfrog tadpole have already been cursorily
describedv(18). However, the exact position of muscles in relation
to the surrounding structures, and the orientation or their muscle
fibers are important considerations for the understanding of their

functions (7, 11). Therefore these Jaw and hyoidean muscles will




be reconsidered in the present report,in addition to the branchial

and hypoglossal muscles.

Mandibular group

Ml (MP-ML)(Figs. 7, 8, 11)
The M1 is the deepest of the three muscles on the floor of

the optic orbit. 1Its fibers arise on the anterodorsal surface of
the processus ascendens pterygoquadrati. They run forward,
laterad, and somewhat diagonally aé a dorsoventrally flattened
strap. The fibers diminish until, at the anterlor edge of the
processus muscularis quadrati, only a tendon remains. This
dorspventrally flattened tendon continues rostrad to the
anterodorsal face of the cartilago Meckeli, where it 1ls inserted
on the cartilage just medial to its articulation with the pars
articularis quedrati. Figure 5 shows only the tendon at the level

of the processus muscularis quadrati.

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

The M2 originates low on the medial face of the processus
muscularis quadrati, near 1its enterior edge. From thelr
dorsoventrally broad origin, the muscle fibers converge on thelir
way rostrad and slightly mesiad, to insert by a short tendon on
the outer surface of the cartilago rostrale superior, near 1ts

lateral edge.

M3 Appecars at stage 40 of Gosner (17)
Mu' [} " " 39 " 1] "

2¢




24

M5 (MM-MD)(Figs. 7, 8)

The few muscle fibers of the somewhat ¢ylindrical M5 arise

low on the medial face of the processus muscularis guadrati,

from where they pass rostrad and 8lightly mesiad. They insert on

the anterodorsal cartilago lMeckeli Just medial to the insertion

of the Ml.

M6 (MP-MD)(Figs. 7, 8, 11)

The M6 arises at the base of the processus asoendené of the
bfgrygoquadrate. The muscle begins as a wide crescentic group
of fibers on the dorsal surface of this cartilage and above the
M7. The origin of the M6 is immediately lateral and slichtly
rostral to the origin of the Ml. The fibers of the M6 form a
dorsoventrally flattened bundle at first, but they'converge as
they run forward on the floor of the optic orbit. Near the
anterlor edge of the processus muscularis quadrati, the muscle is
circuler in cross-section just before ending in a robust tendon.
The insertion of this tendon 1s on the anterodorsal surface of

the cartilago Meckeli, near the cartilago rostrale inferior.
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M? (MP-RS)(Figs. 7, 8, 11)

._ This muscle's fibers originate Jjust anterior and ventral to
the origin of the M6, partly on tﬁe anterior dorsa} face of the
processus ascendens pterygoquadratum. The medial fibers arise
Just lateral and anterior to the origih of the Ml. The other
fibers follow the curvature of the orbit as they arise more

laterally and anteriorly on the pterygoquadratum to form a

dorsoventrally flattened muscle. It passes forward and becomes
somewhat cylindrical but still more flattened above, as it leaves
the orbit. It continues forward as a main tendon and then runs
parallel and ventral to the shorter smaller tendon of the M2.

The main tendon of the M? 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 thé tendon
of the M2. The main tendon is dorsoventrally flattened and passes
forward to the diapophysis of the cartilaco Meckeli. A few
collagen fibers, forming the tendo accessorius (TA, Fig. 7),
diverge from the ventral surface of the main tendon at about the
level of the cartilago Meckell and pass into a larger mass of
collagen fibers at the bases of the dermal papillae near the
medial end of the cartilage Méckeli. Along its entire length,

the M7 1s separated from the M6.




M8 (MRI)(Figs. 1, 7)

This is a small muscle at stage 35 of Gosner (17); it vecomes
promingnt during metemorphosis. Its muscle fibers are attached
bilaterally to the cartillagines rostrale inferiores and they
straddle the joint between these cartilages. The muscle does not
have a median raphe of connective tissue separating its left and

right moieties.

M9 (MM-L)(Figs. 1, 7)
The medlal epiphysis of the cartilago Meckell, near the

cartilago rostrale inferior, is the site of origin of the M9.
Its few muscle fibers arise on the posteroventral face of the

cartilage from where they diverge and end in the dérmis of the

lower lip.

This muscle is bib-like, behind and below the mouth. Tts

origin is in a broad sagittal raphe from which its muscle fibers
curve laterad and slightly rostrad. They also converge, and end
in a short tendon which inserts on the ventral face of the paired
cartilago Meckeli, about midway along its lengzth.

Cross-scctions of this muscle clearly show that it is

composed of both plasmic and fibrillic fibers.

3
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Hyoidean group

Hl (HM-CL)(Figs. 1, 4, 7, 11) .
The Hl1 arises chiefly on the peripheral aspects of the lateral

face of the processus muscularis quadrati, About 12 of the most
medial of its fibers originate on the éoncave central areé of the
process. The muscle runs as a wide, thick, but somewhat flattened
band ventrad and slightly caudad, passing over the origins of the
HZ2, H3, and H4 to insert on the dorsolateral surface of the CHI,.
Cross-sections of the H1 show that, like the H6 (Fig. 124),
i1t consists of plasmic and fibrillic fibers (Fig. 12B,C). Except
peripherally and somewhat anteriorly, where the plasmic fibers
predominate, there is much intermingling and gradation of structure

among the muscle fibers of the Hl.

H2 (HMP-CL)(Figs. 4, 7, 11)

The HZ originates along the lower two-thirds of the
posterolateral edge of the processus muscularis quadrati. Tts
muscle fibers are covered by the posterior region of the Hl.

Part of the H2 also originates on the lateral edge of the
cartilago pterygoquadratum that is confluent with the base of the
processus muscularis quadrati. The H2 1s laterally flattened into
a thin sheet. Those fibers originating on the processus
muscularis pass dowmward to cross over the origin of the H3, and
together with those H2 fibers originéting on the pterygoquadratunm,
all these fibers insert posteriorly, on the outer surface of the

CHII' °

Cross-sections of the H2 showed thet it is composed entirely

of plasmic fibers,
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H3 (HMS-M)(Figs. 4, 7, 8)
A course parallel to the shorter H4 is taken by the

converging fibers of the H3 from its origin on the posterolateral
processus muscularis quadrati. At this point its fibers are
covered by the HL and to a lesser exteﬁt by the HZ2. The'HB inserts
by its own aponeurosis on the processus retroarticularis of the
cartilsgo Meckell, medial to the aponeurosis of the larger HS5.
There 1s a slight predominance of fibrillic fibers over the

plasmic type, as seen in cross-sections of the H3.

H4 (BMI-M)(Figs. 1, 4, 7, 8)

From its origin on the ventral face of the processus
muscularis quadrati, the HY4 passes forward and inwerd to insert
on the processus retroarticularis of the cartilago Meckeli by its
own aponeurosis ventral to the aponcuroses of the H3 and H5. The
point of origin of the H4 is anterior to the CHL-quadratum joint
and anterior to the origin of the larger H5.

Plasmic and fibrillic fibers are about equally well

represented in this muscle.

H5 (HCL~-M)(Figs. 1, 7, 8)

The H5 originates on the outer face of the CHL, where its
muscle fibers are covered by the Hl. In profile,>the H5 narrowvs
as 1t emerges from under the Hl and it then runs forward and inward.
The H5's insertion is by an aponeurosis ﬂhioh somewhat envelops
the lateral aspect of the processus retroarticularis (PRA, Fig. 4)
of the cartilago Meckeli. The muscle partly covers the H3 and H4
laterally and ventrally.

The fibers of the H5 are of the plasmic and fibrillic type

in approximately equal proportions.




H6 (HR-CL)(Figs. 1, 64, 7, 8, 11, 124)

The fibers of the H6 originate at a raphe of connective
tissue in the middle 1line; they then pass laterad to insert on
the CHL as shown in Fig. 1. The absence of nervous connections
across this raphe explains the need for bilateral innervation of
the contralateral moleties of the H6, which 1s provided by the
remi hyoidei jugularis (VII). The larger, sensory, |
glossopharyngeal component of the ramus jugularis is shown in
Fig. 1’running caudad, inferior to the H6. The nerve has been
truncated at the hind edge of this muscle.

Near the middle line, some of the whitish posterior muscle
fibers (fibrillic type) of the H6 run obligquely backward and are
attached by connective tissue to the membranous lining of the
operculum. The other fibrillic fibers and the pinkish anterior
fibers (plasmic type) are aligned parallel to one another in a
transverse direction. The plasmic fibers partly disappear after
the onset of metamorphic climax, at about stacxe ki of Gosner (17),
put a few pleasmic fibers are still present in the nevly

metemorphosed frog; in older frogs the plasmic fibers disappear.

H? (HR-Q)(Figs. 1; 6A,B; 8)

The membranovs lining of the operculum is reinforced by this
muscle. Its fibers, like those of the H6, originate in a medlan
rephe of connective tissue, from either side of wnich, two bundles
of muscle fibers immediately diverge. By virtue of the fascia
lateralis cnding on the guadrate end along the lateral edge of
the pterygoquadrate as well as the auditory capsuvle, the H7? has

a wide region of insertion. Some of its fibers also insert in

the dlaphrasm.

Y-
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A lateroventral bundle spreads laterally from the median
raphe and adheres to the ventral aspect of the superficial
operculer lining. The fibers of this bundle terminate near the
lymph gland (1) at the level of the euditory capsule while still
in contact with the opercular lining and without themselves
inserting on the cartilage. Furthermore, the medial part of this
muscle bundle is cfossed obliquely and ventrally by single muscle
fibers (Fig. 1) which have not been previously described in anuran
tadpoles. These single fibers, although usually separated from
one another, are clcsely applied to the lateroventral muscle fibers
of the H? and together with them, form the superficial compenent
of this muscle. A

A laterodorsal bundle (H7*, Fig. 1) passes laterocaudad along
the dorsal surface of the deep opercular lining and then crosses
under the origins of the S2 and Bll in the'diaphragm, and itselfr
then ends in a wide contact with the anterior aspect of the
diaphfagm. In the present study, the bundle will be called the
deep component of the H?. Both muscle components are dorsoventrally
flattened, beingp only one to three fibers thick, and they sare
intimately epplied to the superficial and deep opercular linings
respectively.

The medial connective tissue between the H6 and H? affords a
bridge for the spread of innervation from the remi hyoidei
Jugularis to the H7? (24).

All the fibers of the H? are of the fibrillic type.




Branchial group
Bl (BP-IL); B5S (BA-IL); B8 (BA-2LA); B10O (BA-ZLP)(Figs. 1, 4, 6B)

The Bl originates on the posterolateral edge of the
pterygoquadrate, while B5 and B8 originate on the leteral edge of
the processus oticus. Inmediately behind the base of the
processus oticus and dorsally on the auditory capsules, the B1l0
has its origin. Bl and B5 insert ventrolaterally on CB 1 while
B8 and B10 insert ventrolaterally on CB 2 near i1ts Junction with
CB 3. BlO inserts on CB 2, immediately ventral and somewhat
posterior to the insertion of B8. Bl0 is elliptical, almost
circular in cross-section but the other members of this subgroup
are only one or two muscle fibers thick, each muscle forming a
sheet which is outwardly convex when relaxed,

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

B2 (B2M-1.2); B6 (B2M-2.3); B9 (B3M-2.3)(Figs. 1, 8, 9)

The ventral face of the processus branchialis of CB 2 is the
| site of origin of the B2 and B6, while B9 originates close to them,
but on CB 3. These three muscles then curve backward along the
ventral aspects of the branchial arches. They insert on the
commissura terminalis Joining CB 1 and cB 2 (B2), and on the
commissure of CB 2 and CB 3 (B6 and B9). Each muscle is apposed
to its ¢B, halr encirceling the gill cleft and runninq parallel to
the respective branchial arterics,as in Pelobates (Fig. 9).

Each of the muscles of this subgroup have 10-15 muscle fibers.
Half of the fibers are cleerly of the fibrillic type, but the
ofhers are somewhat like the plasmic type, although their

sarcoplasm 1s not exactly copious relative to the myofibrils.




B3 (BCM-1M), B4 (BCM-2M), B12 (B2M-4M) (Figs. 1, L4, 6B, 11)

B3 and B4 originate on the laterocaudal edge of the processus
posterior hyalis of the CHM. The muscle fibers run backward to
insert ventromedially near the base of the anterior process of CB 1
(B3) end on the ventral face of the processus branchialis of CB 2
(B4). The third muscle of this subgroup (Bl2) arises on the ﬁentral
face of the processus branchialis‘next to and in contact with the
insertion of B4. Bl2 ends on the ventral aspect of CB 4

immediately medial to the short ligement joining CB 4 to CB 3.

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

Unlike H6, the ventral medien raphe of connective tissue in
which the B7 originates, is attached to a skeletal .support, the
crista hyoldea of copula 2. The muscle, which ig nearly
cylindrical,then crosses the Sl ventrally and inserts on the
ventral face of the processgus branchialis of CB 2. Not all the B?
- fibers have a tangential Ainsertion; a few of the more dorsal fibers
insert ﬁerpendlcularly on the medial, vertical face of the
procescus branchialils, _

Cross-sections of the B?7 showed that it is composed of
intermingled plasmic and fibrillic fibers with a slight tendency

for the plasmic fibers to concentrate themselves in the deeper

region of the nuscle,




Bll (BD~2.3)(Figs. 1, 8)

A transverse course 18 taken by the Bll from its origin in
the dilaphragm laterocavdal to the heart, to its insertion on the
commissure of CB 2 and CB 3. 1Its fibers originate in the anterior
and lateral aspect of the diaphragm} the more ventral fibers
originate dorsal to the deep component of the H?7. Bll runs ventral
to B13 and B1k4, but slightly dorsal to B9. Bll is somewhat
fan-shaped in an almost vertical plane, its fibers converging
toward thelir insertion. 5
Bi2 (B2M-U4M)(Figs. 1, 6B)

This muscle originates on the processus branchialis in close
association with B4 and B?7. The B12 is a flattened, short muscle

which runs straight back and 1s inserted near the front, mediel
edge of CB 4,

B13 (BA-4L)(Fig. 1)
Arlsing on the auditory capsule adjacent and medial to B1lO,

. the fibers of B13 pass mesiad end cross Bll dorsslly, before
ending on the ventral face of CB &4 near the end of gill cleft 4.
BiL4 (B4L-~S)(Fig. 1)

Bll originates ventrally on the CB 4 close to the distal
fusion of CB L with CB 3. The muscle passes posterolaterad and
ends on the anterior face of the nascent ecapula.

Imnediately bchind the B 14, a muséle bundle (not shown, Fng
1) arises in the connective tissue between the glottis and the
medial CB 4 and it is separated from the origin of its

contralateral molety by a space in the middle line., The bundle
runs posterolaterad and converges on Bl4 to also become inserted

on the enterior face of the ncscent scapula. The muscle bundle

1s not easily accessible and as 1t 1s not inserted on the branchial
skeleton, its role (if eny) in gill ventilationlis probably minor.
The muscle bundle runs alongside and anterior to the dilator

larynzeus muscle but does not fuse_with i¢t.
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Spinal sroup

Sl . (SH~RI)(Figs. 1, 7, 11)

Sl arises posteroventrally on the HP, near the CBs. The
muscle crosses B7?7 dorsally and almost at right angles and the
left and right moieties tend to converge on each other as they
pass forward. Anteriorly, the Sl lies immediately ventral to the
CHM end therefore dorsal to the M10. The S1 1nserté ventrally
on the cartilago rostrale inferior, just lateral to the ¥8.

There are 25 to 35 fibers in tgls muscle, of which usually

more than half are of the plasmic type while the others are of

the fibrillic type.

S2 (SD-2M)(Figs. 1, 6B)
S2 arises in the diaphragm lateral and caudal to the heart,

Its fibers are widely spread in the diaphragm but they soon

converge into a compact bundle which is elliptical in cross-section,
. being dorsoventrally wider. The muscle runs rostrad and slightly
laterad, to end on the ventral face of the processus branchialis
of CB 2, alongside and medial to the origin of Bi2. Some of the
fibers of the S2 are also 1nserfed along the medial edge of the
ventral side of CB 3.

Fibrillic fibers are present in this muscle to a slightly

greater degree than the plesmic type.
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Discussion.

The aim of the present research is to establish a structural
basis for experimental studies of the gill ventllation mechanlsm
in the bullfrog tadpole (see 21). For this reason, the more
dynamic components, such as cartilages and muscles, are émphasized,
although éttention is also given to connective tissues and
epithelial and vascular linings wherever they are considered
important from a mechanical point of view.

Certain discrepancies in the literature on tadpole

morphology are pointed out in the following discussion.

EPITHELIAL AND VASCULAR LININGS

Vela

Rows of secretory columnar cells along the undersurface of

the ventral velum of Rana temporaria were mistaken for muscle

fibers during dissections (43). Microtomy of the ventral velun
has revealed that there are no muscle fibers present in this

structure in R. temporaris, Phyllomedusa trinitatus, "... several

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

Rena catesbelana (20), Pscudis paradoxa, Pelobates syriacus,

Scaphiopus bombifrcns and Ascaphus truel (Gradwell, unpublished).

Pharynx
Although cpithelial cells with points which project into the
lumen of the pharynx, were dravm for Pelobales (46, Figs. 26, 32),

Rana dalmstina (29, Fig. 14), Xenopus (32, Fig. 1), thils type of

cell has not been discussed in recent publications which concern

anuran larvec in general and Phyllomeduse trinitatus in particuler

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

rugulose pharyngeal epitheliuwn in Rana catesbeiana which in this

respect closely resembles Pelobates (see 46, Figs. 26, 32).
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Gill cavity

The respiratory importance of the membrana vasculosa

opercularis of Rana esculenta was first pointed out by Strawinski

(52), whose findings were based on measurements of capillary

density. In R. caltesbciana kept under specific conditions, the

main opercular blood vessels have been mapped and identified and
the density of the capillaries has 2lso been measured (19) end
found to support Strawinski's postulate. However, there are many
anuran genera in which the blood system of the opercular lining
is poorly developed and is therefore apparently of little value
for blood ventilation (Gradwell, unpublished).

In Rana catesbeiana water passing through the first pair of

2111 clefts enters the gill cavity directly from the buccal cavity,
thus by-passing the pharynx and gill clefts 2 to u'(zo, 23). In
the present study, attention has been dravm to the well
vascularized rugulose lining of the pharynx. Although the flow

~ through the first gill cleft bathes the first 111, much of this
water impinges directly on the membrana vasculosa opercularis,
affording better utilization of it for ventilation of the blood in
this membrane than the water reaching the membrane via the gill
clefts 2 to 4. The coincidence of first gill clefts and a well
vascvlarized opervcular lining would seem to be consistent with

the view that this associastion is an adaptation for the increased
ventilation of the blood. In contrast, & first zill cleft is
generally absent in those anurans having a poorly vascularized

operculum (Gradwzll, unpublished).

It is wecll knovn that the position of the branchial outlet
varies amons the genera of anuren tadpoles. Thls variation has
been explainced by Brock (2, p. 339): "Since the branchial opening

is at onc time a single wide suzep from side to slde across the
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ventral surface of the body, 1t is easy to understand that the

definitive position may vary in different forms."

CARTILAGES
Without implying homogeneity of the.cartilages, Geaupp (13,

14? 15) described the larval hyobranchial skeleton of Rana
temporaria (= R. £2§2§) as a cartilaginous continuum
("Homokontinuitat"). The homogeneity of the hyobranchial
skeleton 18 interrupted by a youthful type of cartilage (5)
between certain of 1ts cartilaginous elements. This condition is
especially evident in the large bullfrog tadpole, in which the
inherent flexibility of hyaline cartilage tends to be reduced
and there 1is a greater neced for zones of bending to facilitate
the movements of the hyobranchisl components. However, as Geans
(12) has pointed out, snatomical components need not necessarily
represent f@btional units; several anatomical components may act
together to express one or more functions.

De Beer (4) has expressed doubt regarding the ontogeny of the
‘pars reuniens and he considered it to originate independently of
copulee 1 and 2. Ridewood (42) referred to the “fibrous® nature of
the parg reuvniens in dissected material. A histological difference
between the pars reuniens and the other visceral certileges was
reportced by Chacko (3). According to do Jongh (5), the anterior
region of tho pars reuniens has a more "youthful?® appecerence than
its posterior. Eovever, the precise naturc of the intercellular
substance has not becn histologically ldentified and may hold the
answer to the particuler resilicence of the pars reuniens.

Parker (35, p. 155) introduced the tcerm "hypobrenchial platc®
for'the reletively rlat, broad cartilace lying betusen the hyoideén

and branchisl clerents in Rana temporaria. This term has becone




so well esteblished in the literature that it 1s also used in the
present study, but with #he reservation that, when Rana tadpoles
ere in a natuvral prostrate orientation, the hypobranchial plate
does not lie below the level of eny component of the branchial

apparatus (HP, Figs. 1, 4, 64).

MUSCLES |
Concerning the terminology of the muscles, the present study

18 & departure from earlier publications on larvs)l sasnurans. The
application of the nomenclature of Edgeworth (9) was attempted in

an egrlier functional study of Rena catesbeiana (18), but more

detalled research has led to the proposal in the preseﬁt report of
a numerical terminology for the visceral muscles associated with
the gill ventilatlion apparatus of anurans., A numerical system has
the advantage of avoiding controversies that have stemmed pertly
from attempts to homologize tadpole muscles with those of other
vertebrates,

Notwlithstanding Edgeworth's monograph (9), some
misundefstandings of tadpole visceral musculature persist, the
most relevant of which are considered in the following discussion.

According to de Jongh (5, for Rana temporaris), larval muscle

fibers become replaced during metemorphosis be new muscle fibers
which differentiate into those cheracteristic of adults. In R.

catesbelana, there are two histologically different types of

muscle fiber in several muscles (particulerly the Bl and HG) of the
£ill ventilation apparatﬁs before the major events of metamorphosis

begin at about stege U1 of Gosner (17).




Mendibular group

M2 _
Thls muscle was regarded as the levator mandibulae externus

pars anterior to distinguish it from the 1l.m.e. pars posterior ﬁéx

but in the general absence of a l.m.e. pars posterior at stage 35

of Gosner (17) in Rana catesbeiana, the M2 is probably homologous
to the l.m. externus (Table I).

M6, M7
The 16 is regarded as being fused posteriorly with the M7 in

Rana temporaria (1.m. posterior superficielis end l.m.p. profundus

respectively, 5)., 1In R. catesbelana, the M6 and M7 are distinctly

separete from each other at stage 35 of Gosner (17). Moreover,

the tendon of M? in catesbelana is not fused with that of M2, which

also contrasts with temporaria (5).
Occasionally the fibers of the M7 are segregated into dual,
parallel bundles. On this basis a l.m.e. pars posterior of Sedra

(47) vias shoim in Rena catesbeiana (18). However, further research

has shown that this muscle is generally asbsent at stage 35 of

Gosner (17) in R. catesbelana.

Hyoldean group

H3, HY, HS

In Rana temporariq_(S), the quadratoanmularis has a similar

topoerephy to the H4 of R. cetesbelana, except that this muscle

does not insert with the hyoansularis (H5) by a common aponeurosis
on the cartilago Meckeli. Wrereas the insertions of the B3 and H5
are lateral on this cartilage, the Bl is inserted more ventrally
and medially (Figs. 1, %, 7). This distinction hes functional

implicstions (see 21).




H6
Earlier reports on the E6 have not furnished details on its

histological composition (6, 46, 9, 30, 38, 47, 49), Recently,
it has been foundg (5) to consist entirely of "lLarval fibers" at
stage 25 of Kopsch (28) (= stage 4O of Gosner, 17). 1In the
bullfrog tadpole the H6 is composed of two structurally different
types of muscle fiber, each Specialized for a particular function
(24). This difference has also been found in seversal other
Species of Rana tadpoles (Gradwell, unpublished),
HY7

The H7 has been reported (9, 38) as being absent in Rana

(particularly B. temporaria). More recent work has shown that it

occurs generally in Rana (1nclud1ngl§. temporaria), Pseudis, and

Pelobates, but not in pipids, Bufo, end Scaphiopus (Gradwell,

unpublished),

The H? has been described (46) in Felobztes ag two musciles,
the diaphragmatopraecordialis and the subbranchialis in
approximately the ssnme positions as the deep and superficial

components respectively of the H7 in Rana catesbelana. Further

research is needed to decide whether this is one or two musciles.

Branchial group

B1, B5, B8, Bl0

Kratochwill (29, for Rane dslmatina) described four branchial

levator muscles ("Kiemenbogenhcber") as orleginating on the
underside of the pterysoquadrate (“"Lanina pterygo-temporalis").

Edgeworth (9, for Pelobates, Rana, and Bufo) did not recosnize a

levator arcus branchialis &, Pusey (38) reported that in Ascaphqg

there 1is no separate constrictor branchizlis L, but that the

combined constrictor branchialis 4 apd levator branchialis are
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inserted farther ventrally on the branchial skeleton than are the
1.a. branchialium 1 to 3. If the muscle B10 (Fims. 1, L) really

js & combinatioa of Edéeworth's l.a. branchiglis L and c. braﬂchia11~
L, then Pusey's description of the condition in Ascaphus also

applies to Rana catesbeiana,

Sedra and Michael (33, L9, for Xenopus) have assigned the
nsmes "constrictores branchialium i-iv" to the muscles which

Edgeworth (9, for Rana temporaria), Pusey (38, for égpaghus), and

earlier researchers called the "levatores arcuunm branchialium i-1iv".

B2, B6, B9

Heving glven the name weonstrictores brenchialium i-iv®* to
the conventionsl "levatores arcuun branchialium i-iv", Sedra and
Michael (33, 49) 1dentified the customary “constrictores

branchialium i-11i" as thelr vgybercuales recti ii-iv" (Welsz's

ngubarcual muscle strands", sl; see also Hymenochirus, Sokol 51).

B3, Bl, Bl2

Edgeworth (9, p. 157, for Rana temporaria) reported that
the subarcuales rectl 1'and 2 have fused to form a single muscle
iy 8 mm larvee, and later (11 mm larvae), two muscles reappear:
np fasciculus subscquently separates from the enterior part of the
fused subarcuales rectl 1 and 1i". However, no data in this

regard ere available for R. catesbelana,

Edrmeworth's subarcﬁales recti 4 and ii (9) were described as
a single "ceratobranchialis" by sclhulze (46) in the fully
developed tadpole of pelobates. He also described an
“interbrenchialis”, epparently the subarcuales recti 1ii and iv of

Edgeworth'(9). Kratochwill (29, for Rana dalmatina) referred to

the subarcuales rccti i and ii by the term."hyoukeratobranchiales"
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and adopted Schulze's "interbranchialis" as the term for Edgeworth's

subarcuales recti 1ii and iv (9).

B7

Edgeworth (9, pp. 156, 162) rezarded the primitive amphibian
branchial segments as each containing a transversus ventralis,
end a subarcualis which was in the rectus or obliquus form, but
not in both forms at once. Pusey (38, p. 14k4) disagreed and
malnly on the basis of his Ascaphus research, he sugeested that
"... & primitive branchial seament could contain simultaneously a
S. rectus, a 8. obllquus, and a Transversus ventralis muscle pair",

and, "In future the term 'Transversus ventralis TIY must be

abandoned in favour of 'S. obliguus II' in the Anura".

Fox (10) reported on the ontogeny of the lungfish, Neoceratodus,

and showed that the adult has a transversus ventralis and a
subarcualis rectus but it has no S. obliquus in each of its five
branchial segments. For this reason, Fox (in 1itt. 1969) favors
the retention of Edgeworth's transversus ventralis ii in the Anura.
In the present study end in agreement with Sokol (in 1litt.
1969), the cogent reasoning of Pusey is regsrded as sufficient
grounds for favoring the term "subarcualis obliquus" for the muscle
which Edmeworth has called the "transversus ventralis 11i".
However, the subject of muscle ontogeny and homolosy is outside

the scope of the present report.

Bll
Edreworth (9, p. 133) states fox Pelobates: "... a dovmerowth
from Constrictor 1v forms the Diaphraematico-branchialis ...",

There is no “Constrictor branchi=zlis iv" in Rana catesbejana, but

s a 'Ulaphrocmatobranchialis ive (B21) is present and is separate

from the muscle lzbhelled B10 in Figs. 1 end 3, its ontogenetice
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origin is a problem in embryology.

B13
The tympanopheryngeus of Pelobates (Schulze 46) was not

discussed by Edegeworth (9) although he reproduced Schulze's Fig.
16 which shows thls muscle. By virtve of a close similarity of
position, this muscle is probably homologous to the B13 of Ransa

catesbelana,

Spinal groun

S2
In view of almost identical origins and insertions, the S2

(which Edgeworth, 9, calls the "rectus cervicis") may be homologous
to the muscle described by Schulze (46) and Kratochwill as the

"diaphragmato-branchialis medialis.”




Acknowledsments

Versions of this report, in its various stages of preparation,
have been critically read by the following gentlemen, to whom I
am most grateful: H.J. de Jongh, C. Gans, and 0.M., Sokol. There
are some points of contention, however, and I am therefore alone

responsible for the final verslon.




References

1. Bacull, B.S., end E.L, Cooper. 1967. Lymphomyeloid organs of

Amphibia. II. Vasculature in larval end adult Rena catesbeilana.
© J. Morphol. 123: 463-180. o
2. Brock, G.T. 1929. The formatioﬂ and fate of the opercﬁlum‘and g11l
chambers in the tadpole of Rana temporaria; Quart. J.'Microscop.

Sei. 73: 335-343.
3. Chacko, T. 1965. The development and metamorphogis of the

hyobranchial skeleton in Rana tigrina, the Indian bull frog.

Acta Zoologica, Stockholm 46: 311-328. .

k. De Beer, G.R. 1937. The development of the vertebrate skull.
Oxford Univ. Press. London and New York.

5. De Jongh, H.J. 1968. Functional merphology of the jaw apparatus

of larval and metamorphosing Rana temporaria. Neth. J. Zool., 18:

1-103.
6. Dugds, A. 1834, Recherches sur l'ostcologle et la myologie des
Batraciens & 1'Acadénmie royale des Sciences. Pafis. Sci., math. et

phys. Vol. 6: 1-216. (Cited from Edgeworth (1935).

7. Dullemeijer, P. 1958. The mutual structural influence of the
elements in a pattern. -Archs. nedrl. Zool. 13 suppl. 1: 74-88.

8. Edgeworth, F,H, 1930. On the masticatory end hyold muscles of
Xenopus laevis, . J. Anat. 64. 184-188.

9+ ===-1935. The cranial muscles of vertebrates. Cembridge Univ.,
10. Fox, H. 1965. Eerly development of the head and pharynx of

Neoceratodus with a consideration of its phylogeny. J. Zool. Lond.

146 470-554,
11. Gens, C. 1966. Some 1limitations end approachee to problems in
functionel anatomy. Folia Biotheoretica, 6: 41-50.

12, ---~ 1968, Functional cornponents or mechanical units. An. Zool.

8 (It): 808,




13,

14,
15.

16.

1?0

18.

19.

20.
21.
22.

23,

2’4’ .

51

.Gaupp, E. 1893. Beitréme zur Morphologie des Schadels. I.

Primordial-Cranium und Kieferbogen von Rana fusca. Morpho-

logische Arbeiten 2: 275-481.

---- 1894, Idem. II. Das Hyo-Braenchial-Skelet der Anuren und
seine Umwandlung. Ibid. 3: 399-438.

---- 190Lk. Das Eyobrenchialskelet der Wirbeltiere. Ergeb.

Mat. EntwGesch. Abt. 3, 14 Band: 965-1008,

Gotte, A. 1875. Die Entwicklungsgeschichte der Unke (Bombiﬁator
1gneus) als Grundlage einer vergleichenden Morphologie der
Wirbeltiere. lelipzic.

Gosner, K.IL. 1650. A simplified table for staging anuran
embryos and larvae with notes on identification. Herpetologlca
16: 183-190.

Gradwell, N. 1968. Tne jaw and hyoldeaﬁ méchanism ol the
bullfrog tadpole during aqueous ventilation. Can. J. Zool. 46
1041-1052.

~~=- 1969. The respiratory importance of the vascularization

of the tadpole omerculum in Rens catesbeiana Shaw. Ibid. 47:

1239-1243,
-=== 1970. The function of the ventral velum during gill

ventilation in Rana catesbeiana. Ibid. In the press. See Ch. 2.

---= 1970. The musculoskeletal mechanism of gill ventilation

in Rana catesbecisnz (see Ch 3).

-=~~- 1970. The tzdpole of Ascaphus: experiments on the suction
and glll ventileiion mechanisms. (Seé Ch Ly,

Gradwell, N., 2rnd V,(}i, Pasztor. 1968. Hydrostatic pressures
during normal veatilation in the bullfros tadpole. Can. J. .
Zool. h6: 1169-2174,

Gradwell, F., and 3. walcdtt. 1970. Dual functional and struc-
tural propertiss of the interhyoideus muscle of the bullfrog

(Rana catesbeinnz). J. E<p. Zool. In the press.




52

25. Hyman, L.H. 1922. Comparative vertebrate anatdmy. Univ. Chic.
Press. Second edition 1942,

26. Kenny, J.S. 1969a. Feeding mechanisms in anuran larvee. J. Zool.
Lond. 157: 225-246.

27. === 1969b. Pharyngeal mucous secreting epithelia of anuran‘larvae.
Acta Zool. 50: 143-153,

28. Kopsch, F. 1952, Die Entwicklung des braunen Grasfrosches, Rana
fusca Roesel. Darstellt in der Art der Normentafeln zur
Entwicklungsgeschichte der Wirbeltiere: 1-70.

29. Kratochwill, K. 1933, Zur Morphologie und Physiologie der
Nehrungsaufnahme der Froschlarven. Z. Wiss., Zool. 164: 421-468.

30. Lubosch, W. 1938. Muskeln des Kopfes: Visceralemuskulature. C.

Amphibien und Sauropsiden. 1In Bolk, et al.(eds.), Handbuch dér
Verglelchenden Anatomie der Wirbeltiere. 5: 1025-1064. Urban and
Schwartzenberg. Berlin and Vienna.

31. Luther, A. 1914, ﬁber die vom N. trigeminus versorgte Muskulatur
der Amphibien, mit einem vergleichenden Ausblick uber den
Adductor mendibulae der Gnathostomen, und einem Beitrédg zum
Verstandnis der Organisation der Anurenlarven;.Acta Soc. Sci.
Fennica 44 (7): 1-151.

32. Millard, N. 1945, The development of the arterial system of

Xenopus laevis, including experiments on the destruction of the

larval aortic erches., Trens. Roy. Soc. S. Africa., 30: 217-234,
33. Nieuwkoop, P.D., and J. Faber (editors). 1956. Normal table of

Xenopus laevis, Daudin. North-Holland Publ. Co., Amsterdam.

34. Noble, G.K. 1931. The biology of the mmphibia. McGraw-Hill, N.Y.

Reprinted 1954, Dover Publ., N.Y.
35. parker, W.K. 1871. On the structurc and development of the skull

of the common frog (Rena temporaria L). Phil. Trans. Roy. Soc.

161 H 13?"211 .




36-

37.
38.

39.

ho.

41,

42,

43.

Ly,

L5,

.ué.

53

-=w= 1876. On the structure and development of the skull in
Batrachie. Part II. Ibid. 166: 601-669.

-~~~ 1881, Idem. Part III. Ibid. 172:1-266.

Pusey, H.K. 1943. On the head of the liopelmid frog, Ascaphus

truel. I. The chondrocranium, jaws, arbhes, end muscles of a

partly-grown larva. Quart. J. Microscop. Sci. 84: 105-185.,
Rldewood, W.G. 1897. On the structure end development of the

hyobrenchial skeleton of the parsely frog (Pelodytes punctatus).

PI‘OG. ZOOl. SOO. Londo 26: 5?7"‘595.
~~==~ 1898a. On the development of the hyobrenchial skeleton of the

midwife toad (Alytes obstetricans). Ibid. 27: 4-12.

~==~ 1898b. On the structure and development of the hyobranchisl

skeleton and larynx in Xenopus and Pipa, with remarks on the

affinities of the aglossa. J. ILinn. Soc. Zool. 26: 53-128.,

~w=~- 1898c. On the larval hyobranchial skeleton of the anurous
batrachians,lwith special reférence to the axial parts. J. Linn.
Soc. Iond. Zool. 26: 474486,

Savage, R.M. 1952. Ecological, physiological and anatomical
observatiorns on some species of anuran tedpoles. Proc. Zool. Soc.
Lond. 122: 457-514,

--== 1955. The ingestive, digestive and respiratory systems of

the microhylid tedpole, Hypopeachus aguae. Copele 2: 120-127.

Schulze, F.E, 1888. Uber die inmeren Kiemen der Batrachlerlarven.

I. Mittellung: chr das Epifhel der Lippen, der’Mund-, Rachen-

und Kicmenhohle erwachsener Larven von Pelobates fuscus. Abhandl.

Koniglichen Akad. Wiss. Berlin. 32: 715-768.
---~ 1892. Idem. Skelet, Muskulatur, Blutgefgsse,’Filterapparat,
respiratorische /nhenge und Atmungsbewegungen erwachsener Larven

von Pelobates fuscus. Ibid. 13: 1-66.




4?.

L8,

Lo,

50.

51.

52,

53.

54,

55.

51,

Sedra, S.N. 1950. The metamorphosis of the jaws and their

muscles in the toad, Bufo regularis Reuss correlated with changes

in the animal's feeding habits. Proc. Zool. Soc. Lond. 120: 405-440,
Sedra, S.N., and M.I, Michael. 1956. The structure of the
hyobranchial apparatus of the fully developed tadpole larva of

Bufo regularis Reuss. Proc. Egyp. Acad. Sci., 12: 38-46,

——== 1957, The deveiopment of the skull,'visceral arches, larynx
and visceral muscles of the South Africen clawed toad, Xenopus
during metamorphosis (stages 55-66). Verhand. Koninkl. Akad.
Wetenschap. Natuurk. 51 (4): 1-80.

=~~~ 1958. The metemorphosis and growth of the hyobranchial

apparatus of the Egyptien toad, Bufo regularis Reuss. J. Morphol.

103: 1“300
Sokol, O.M. 1962, The tadpole of Hymenochirus boettgeri. Copeia

2: 272-284,
Strawinski, S. 1956. Vascularization of respiratory surfaces in
ontogeny of the edible frog, Rana esculenta. 2Zool. Polon. 7 (3):

327-365.

Van Eeden, J.A., 1951. Tne development of the chondrocranium of

Ascaphus truel Stejneger with special reference to the relations

of the paletoquadrate to the neurocranium. Acta Zool. 32: 41-176,
Weisz, P.B. 1945. The development end morphology of the lerva of
the South Africaen toad, Xenopus laevis. J. Morphol. 77: 163-217.

Witschi, E. 1956. Development of vertebrates. W.B., Saunders Co.

Philadelphia and ILondon.




55

TABLE I

The positions of the anterior visceral muscles of Rana catesbeiana,

.stage 35 of Gosner (17). Motor innervations are parenthesized. Key
letters designate the group to which each muscle belongs and refer
to the origin-insertion relationship of individual muscles. For
use in the text and illustrations, each muscle is also identified
by a number, preceded by the initial letter of. the group'to which

the muscle belones,

Edgeworth (9), Origin-insertionl, Rana catesbelana No. Key

letters]

Rana tadpole

MANDIBULAR GROUP

Levator mandibulae pterygoquadratum ascendens, dorsal - M1 MP-ML

anterior Meckell, lateral dorsal

L.m. externus lMusculoquadratum, anterior - rostrale M2 MM-RS
superior, lateral

L.m.a..subexternus Appears at ca. stage 40 of Gosner (17) M3

. L.m.a. lateralis " " " " 39 " " " M4

L.m.a. articularis lMusculoquadratum, medial - Meckeli, M5 MM-MD

dorsal, lateral

L.m. posterior Pterygoquadratum, dorsal- Meckell, Mé MP-MD
superficialis dorsal, medial -
L.m.p. profundus Pterygoquadratum, dorsal - rostrale M7 MP-RS

superior, lateral

Intermandibularis Interconnects left and right rostrale M8 MRI

anterior inferiory no median raphe

Mandibulo-labialis Meckell, anterior - lower lip M9 MM-L
Intermandibularis Median raphe = Meckeii, medial M10 MR~M
posterior |

(n. trigeminus)

e e T et e PR R




HYOIDEAN GROUP
Orbitohyoideus

Suspensoriohyoideus
Suspensorioangularis
Quadratoangularis
Hyoangularis
Interhyoideus
Interhyoideus

posterior2

(n. facialis)

Musculoquadratum, lateral - ceratohyale
lateralis
Musculoquadratum, lateral, posterior -
ceratohyale_lateralis
Musculoquadratum, lateral, superior -
Meckell retroarticularis
Musculoqﬁadratum, lateral, inferior -
Meckeli retroarticularis
Ceratohyale lateralis - Meckéli
retroarticularis
Median raphe - ceratohyale lateralis

" " - quadratum + otic process

+ diaphragm, lateral
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Hl HM-CL

H2 HMP-CL

H3 HMS-M

H4 HMI-M

H5 HCL~M

H6 HR-CL
H7? HR-Q




BRANCHIAL GROUP

Levator arcus

branchlalis I

Constrictor

branchialis I

Pterygoquadratum, lateral - 1, lateral Bl Bp-1L

2, medial - commissure 1, 2

Subarcuelis rectus I Ceratohyale mediallis, posterior =-

S.r. II

Iev. arc. br,
Constric. br.
Transversus

ventralis 113
lev. arc., br.

Constric., br.

Iev. arc, br,

‘Diaphragmato-

branchialis IV

II
IT

TII

IIT

Iv

1, medieal

Ceratohyale medialisjposterior'-
2, medial

Otig process - 1, lateral

2, medial ~ commissure 2, 3

Crists hyoidea - 2, medial

57

B2 B2M~1.2

B3 BCM-1M

B4 BCM-2M

B5 BO-1L
B6 B2M-2.3

B7 BH-2H

Auditory capsule - 2, lateral, antericrBS BA-2LA

3, medial - commissure 2, 3
Muditory capsule - 2, lateral,
posterior

Diaphragm, medial - commissure 2, 3

Subarc. rec. III+IV2, medial - 4, medial

Tympanopharyngeus5

? Transversus

ventralis IV

Muditory capsule -~ 4, lateral

L, lateral -.scapula

(hn. glossophazryngeus + vagus)

B9 B3MN=-2.3
B10BA-2LP

Bll BD-2.3
B12 B2M -414

B13 BA-41,
Bil B4L-S




SPINAL GROUP
Geniohyoideus Hypobranchial plate -~ rostrale inferlor S1 SH-3I

Rectus cervicis Diaphregm, medial - 2, medial S2 Sbh-2M

(n. hypoglossus)

pva

i
Attachments are assumed to be ventral except vhere otherwise

indicated. Arabic numerals refer to the ceratobranchialia.

2
According to Edgeworth (9), this muscle is absent in Rana,

but present in Bufo and Pelobates. Recent evidence shows this
muscle to be generally present in Rana; it is also found in

Pseudis, Phyllomedusa, and Hyvla, but it is absent in Ascaphus,

Scaphiopus, Bufo, pipids and microhylids (Gfadwell,.unpublished).

Pusey (38) cells this muscle the Subarcualis obliquus IT

.
Edgeworth (9) states that this muscle is absent in Rana.

5
From Schulze (46).




TABLE II. Rana catesbeiana. The ontozenetic relationship between the arches, endodermal

pouches, visceral clefts and gills. Modified from a schema suggested by Dr. N. Millard
(1667, in litt.).

j

Arch Endodermal Tadpole Condition
Viscerel fortic ' Pouch Visceral Clefts Gill Tufts
Mandiduler 1 Premetamorphic} o
atrophy
1 Does not perforate
Hyoidean 2 Vestigial 0
2 Gill cleft 1 (ca. 1 mm )
Branchial 1 3 Carotid 11-13
3 " " 2 (ca. 6 mm) -
u 2 ‘4 Systemicw— 13-15
L " " 3 (ca. 7 mm)
" 3 5 Metamorphick
atrophy F 13-15
5 " " 4 (ca. & mm)
" L 6 Pulmonary ' 7-8
6 Does not perforate

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

ventilation apparatus. The gills and opercular lining have been
removed on the right éide of the animal. FLS demarcates the
triengular erea of the fascia lateralis, Schulze. PP!', QQ', and RR'
indicate the levels of microtomy of the sections drawn iﬁ Figs.

6 and 8. |

.FIG. 2. Anterior view of the upper Jaw system. The beak covering
the distal edge of the cartilego rostrale superior has been removed
on the right side of the aninal.

FIG. 3. Ventral aspect of the buccal roof. Papillae project into
the buccal cavity from the epithellum shown on the left side of

the animal.

FIG. 4., Dorsal aspect, buccal floor and pharynx after removal of
overlying structures, However, a small part of the pterymoquadrate
end certain otic cartilages have been left intact, showiﬁg the
origins of the branchial musoies 1, 5, & and 10. The dorsal

velum (D) is shown in its downwerd henging orientation es during
expiration, thus widening the space between the dorsal and ventral
vela,

FIG. 5. The visceral skeleton shown from the dorsal aspect.

Fig. 6. A. Sagittal section at the level PP', Fig. 1. B. Cross-
section at the 1eve1.QQ', Fig. 1.

FIG. 7. The muscles, cartilages and lipgsments of the jaw and
hyoidean apparatus drawn from a lateral énd_slightly anterior aspect,

FIG. 8. An obligue vertical section at the level RR', Fig. 1.
FIG. 9. A gill) arch of Pelobates fuscus redrawn from Schulze (46).

FIG. iO. A. Tuo filter rows of a pharyngeal filter plete.
B. Enlargcd distal aspect of the filter folds. C. Vertical section
throush a filter ridge (XX', Fig. 10B). Scale: 0.5 mm in A.; 10 pm

in C.
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FIG. 11. The muscles, cartilages and ligaments seen in a
cross-section of a tadpole's head at the level of copula 2 (Figs.
1, 4).

FIG. 12. Photomicrographs of cross-sections of parts of the two
main pumping muscles. The arrows point anteriorly. BV, blood
vessel. A. Muscle fibers of the H6 at its dorsal periphery. A
clear separation 1s shown between the fibrillic (white) and
plasmic (pink) fibers. B. Anterior muscle fibers of the BHi
showing a predominance of plasmic over fibrillic fibers at.the
periphery of the muscle., C. Muscle fibers in the center of the

Hi showing an intermingling between the plasmic and fibrillic

fibers.




P
I

\\uummmmm,,,
Il 1

iy,
. Z
S~ II//// /1,,4

| ik

Rl

3MM

62



63

3 MM




63



b4




imm

s







LEVATION
(expiration)

DEPRESSION
(inspiration)

MM

67

VRS, 1Y




CHAPTER 2

THE VELAR MECHANISM OF RANA CATESBEIANA

ABSTRACT. The direct observetion of the ventral velum in
normally breathing tedpoles 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 meximum volume of the buccal cavity, it
38 unnecessary for the pharynx also to become filled with
inspired water during the sinking of the buccal floor. Therefore
the ventral velum's cyclic occlusion of the buceal cavity faiom
the pharynx is no handicap to normal ventilation; on the contrary,

it is a prerequisite for the effliciency of the pharynseal pump.

The dorsal vélum does not perticipate in valwvular activity,
but deflects the respiratory current downward and inward to thé
2111 cavity via gill clefts 2, 3, and 4. Therefore the strong
flow pumped into the pharynx by buccal conpression is prevented
from impinging directly on the ciliated groove behind the dorsal

velum end thereby interfering with the transport of food into

the. esophagus.
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Introduction
The concealed location of the ventral velum has prevented
direct observation of it during gill ventilation and controversy
has been generated in the literature by speculations regarding its

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

"Kiemendeckplatte" in Pelobates fuscus. Kratochwill (1933) believed
that in Rana dalmatina (= R. agilig) it was a valfular
"Filterklappe", because he recognized that in addition to the

. bucceal pump, there is a pharyngeal force pump which, when active,
must be occluded from the buccal cavity to ensure that.water flows
into the gill cavity and not back into the buccal cavity. OCn the
other haend, Savage (1952), in describing R. temporaria, used the
term "ventral velum" (of Gotte 1875) and did not see the need for
& valvular hypothesis, as he recognized only one pump, the buccal
cavity (p. 494): v,,, it is not hecessary that there should be a
~valve, for a pump’ can act if there is a resistance of any kind in
the outlet channel."

Opposite points of view concerning the ventral velum are taken
by de Jongh (1968) and Kenny (1969a; "anterior filter valve"), but
like earlier researches, their findings are based on functional
anatomy'and visual observations of surrounding structures. In
addition, de Jongh used cihematography on R. temporaria and his
support for the valvular hypothesis agrees with evidence based on
hydrostatic pressures monitored simultaneously in the buccal

cavity and pharynx of R. catesbelana (Gradwell and Pasztor 1968).

However, de Jongh's support for a valvular ventral velum is not
based on the recognition of Kratochwill's pharyngeal pump (1933),

for de Jongh contends that there is only a single puwap in tadpoles,
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and that it lies in the oral (buccal) cavity. Kenny worked

mainly on Phyllomedusa trinitatus but from hls exeminations of

the enatomy of Rana temporaria and Bufo bufo he concludes (p. 244)

that the water pumping mechanisms of these specles are the sanme:
", ,. the primary feeding mechanism must function in exactly the'
seme way in thése forms." Elsewhere (pp..242, 243), he makes
close comparisons between his description of the pumping mebhanism

of Phyllomedusa end Kratochwill's work (1933) on Rana dalmatina,

and rejects Kratochwill's valvulaer hypothesis of the ventral velum
on the grounds that: "While this actlion is theoretically possible,
1t is inconsistent with the sequence of movementsvof the pumping
mechanism (of Phyllomedusa ?)1. The valve would have to be
maintained in this position on the intaeke stroke of the pump, when

the entire buccal floor, including the anterior filter valve

(ventral velum)l, is lowered." However, in Rana dalmatina
(Kratochwill 1933) the hind part of the buécal floor is not
lowered, but is somewhat raised during the intake stroke of the
buccal pump and the ventral velum is closed against the buccal
roof. Kenny (1969a) was chilefly concerned with the feeding
mechanism end proposed that large particles are filtered from the
water flowing through the slit between the ventral velum and the
dorsal velum.

Tt will be realized that if valvular closure of the ventral
velum occurs during inspiration, it must preclude inhaled water
from entering the pharynx. In the bullfrog tadpole the water flow
1s almost completely unidircctional. During each ventilation

cycle the water volume inhaled should therefore equal the volume

- —— ———

1

Parentheszs mine




exhaled., It follows that if the exhaled volume is greater than
the inhaled volume of the buccal cavity, the pharynx must also
become filled to some extent by inhaled water during inspiration
and the ventral velum could then not act as a valve. It is
therefore important to establish whether the buccal volume alone
is adequate to account for the spout outflow per ventilation cycle.
The present research was undertaken with this object in view as
there is no published information on the volume of water pumped by
tadpoles per ventilation cycle nor on the volume of the buccal
cavity.

Mn attempt 1s also made in the present study to settle the

velum controversy, at least in Rana catesbeiana, by direct

observatlon and by determining the effect on hydrostatic pressures
of experimental interference with normallvelar movements.
By virtue of thelr close association with the ventral velun,

some notes are included on the function of the paired dorsal vela.
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. Materials and Methods

Ten bullfrog ﬁadpoles (stage 30 of Gosner 1960), having an
.entire length of 10.2 cm and & snout-to-vent length of 4.0 cm,
were used for the volumetric measurements. The animals were
acclimated to 22°¢ for two weeks in dechlorinated tap water and
fed on algae and cooked spinach.

Individual tadpoles were placed in a 500 ml Perspex troush
(Fig. 1) and deeply enesthetized with 1 % urethane for ca. 10 min.
A cannula of 2 cm p51yethy1ene tubing (PE 160, Clay-Adems Inc., N.Y.)
with 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 iron. Heat was also
applied along the length of the cannula to bend it in a smooth
curve through 900. The spout (diemeter, 1.1 mm) of the tadpole
was slightly enlarged by a 0.5 mm cut at right angles to its
anterior edge to accommodate the flared end of the cannula. This
end was placed in the spout and fixed with a fine copper wire
(diameter, 80M m) tied in a moderately tight knot eround the skin
of the orifice. The cannula was withdrawm slightly until the
flared end was stopped by the tied circumference of the spout.
Tightening of the knot then made all the exhaled water flow through
the cannula without leaks at its Junction with the spout. The
branchial outflow via the cannula would encounter more frictional
resistence than through the normal spout, were it not for the
greater inner diameter of the cannula than the spout. Therefore
the resistance to the bfanchial outflow was probably negligible
in the experiments.

After the cannula was passed through & hole in the side of
the trough, a sealaent (Dow Corning Silicones Ltd) was used to stop
leaks and to fix the cennula with its distel end vertical. A

stream of acrated 0.5 % urethane (prepared with dechlorinated tap




7

water) was passed through the trough. Displacement of the 1 %
urethane occurred, and a constant volume was maintained in the
trough by adjusting the inflow until the liquid surface in the
trough was kept level with the cannulat's aperture. When the

tadpole was breathing with a frequency (ca. 75 cycle/min) end
amplitude (Jjudged from the vertical oscillations of the buccal

floor) identical with that of conscious, unrestrained tadpoles,
the water issuing from the cannula's aperture was collected during
100 cycles of ventilation.

The tedpoles were killed by deep anesthesia after the
experiments and the ventral velum was exposed by dissecting the
pharynx away. Latex was injected through the mouth of eaéh tadpole
to fill the buccal cavity completely while the ventral velum was
held closed against the buccal roof.

Some 20 tadpoles of the same size and developmental stage as
those usea for the volumetric measurements, were also acclimated
eand anesthetized by the same procedures. These tadpoles were used
under a binocular dissecting microscope for anatomical and
experinmental studies of the vela. Hydrostatic pressures were

monitored by the method of Gradwell and Pasztor (1968).
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Results and Discussion

‘ The anatomy of the dorsal and ventral vela has already been
discussed (see Chapter 1). 1In the present study, following the
lead of Savage (1952), the term "velum" is reteined both by reason
of priority and for its suggested accessory role of deflécting
water (Gradwell snd Pasztor 1968), aithough it will be shown that
it also functions as a respiratory valve and as a sécretory surfeace.

One objection to the acceptance of the ventral velum ag a
valve, is that such a function would restrict inspired water to the
buccal cavity and this volume would therefore be insufficient for
normal ventilation.  The present study is arranged so as first to
overrule this objection with evidence based on measurcments of the
buccal volume and of the total volume pumped per ventilation cycle.
The the results of functional anatomicel studies, direct
obserﬁation, and hydrostatic pressure measurements will be
presented as further evidence for a valvular function orf the

~ ventral velum.

Buccal and ventilation volumes

Muran tadpoles (except pipids, Rhinophrynus and certain

microhylids) are the only amphibians with internal 8ills. In Rana

catesbelana, the gills are lrrigeted by mesns of a complex water

punping mechanism that ensures an Intermittent oral end nassl
inflow end a continuous branchial outflow (Gradwell and Pasztor
1968). The single exhalent aperture of the gill cavity is projected
into a short spout, which facilitates the experimental collection
of the brenchial outflow (Fig. 1). In addition, these tadpoles

. grow to é large size and as they then have a surface-to-volume
ratio unfavorable for . cutaneous ges exchange, gill ventilation
tends to be increcased. Tt is thereforé convenient to measure the

ventiletion volune with the simple apparatus shown in Fig. 1.
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Five determinations of the ventilation volume were made on
each of the ten tadpoles, and renged 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 cyclg 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 eacﬁ ventilation cycle as enters the buccal cavity
during inspiration. However, the spout outflow (0.0451 ml)
during moderate breathing is less than the direct measurement of
maximum buccal volume (0.055 ml). The difference in volumes
would be explained if the buccal cavity was not exerting its full
capacity, as scens 1ike1y fronm th¢ observation that during the
collection of the spout outflow in moderate breathing, the tadpoles
did not depress the buccal floor maximally end were presvmably not
expanding the buccal cavity completely. This observation therefore
emphasizes the adequacy of the buccal cavity to account for all
the spout outflow per ventilation cycle.

The &ignificence of the above results is best judeed in the
light of what is known at present of water flow through the
bullfrog tadpole (Gradwell 1968, Gradwell and Pasztor 1968) (Fige 2).
IhSpiration begins with a slight opening'of‘the mouth and a
passive sinking of the buccal floor by its inherent elastlcity.
Simultaneously, pharyngeal constriction occurs, and the consequent
rise in pharyngeal hydrostatic pressure (second peak, Fig. 3A)
probably seals the ventral velum against the buccal roof anﬁ
prevents backflow of pharyngeal water into the buccal cavity. In

this respect, graphic results were previously misinterpreted
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(Gradwell and Pasztor 1968), fér pharyngeal constriction occurs
early and not late in fhe inspiration phase. Water, rendered
visible with dyes, emerges through gill clefts 2, 3, and %, and
leaves the gill cavity via the spout. During the second part of
inspiration there 1s a wider opening of the mouth simultaneously
with further depression of the buccal floor, but this time by the
abductor muscles of the hyoidean arch.

During expliration, buccal levation by the pink fibers of the
H6 muscle (see Chapter 1) csuses 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 the gill cavity and out through the spout.
A spall volume also leaves the buccal cavity by gill cleft 1 and
flows into the gill cavity, thus by-passing the pharynx.

The measured buccel and ventilation volumes show that it is
unnecessary for both the buccal cavity and pharynx to become filled
with water during inspiration; the buccal volume is more than
adequate to account for all the water leaving the spout during the
ventilation cycle. These findings therefore invalidate the
argument that valvular action of the ventral velum cannot occur
because the inspired water would be restricted to the buccal cavity
and therefore would be insufficient for normal ventilstion.

Functional anatomy

After partial rcmoval of the pigmented skin éovering the
ventral aspect of the ventilation apparatus, bullfrog tadpoles
under light anesthesia continue to breathe normally. The movements
of the water pumps can then be easlily seen, but the movements of

the ventral velum are difficult to determine with certainty




78

because this structure is concéaled fron view, lyihg between the
buccal cavity and pharynx (Fig. 2).

In pithed, bisected tadpoles, manibulation of the splcular
supports of the ventral velum revealed_its possible movements. The
simulteneous displacements of the adjoining certilages wére also
noted end compared with their displacements in normally breathing,
partly dissected enimals. The experiments showed that the
dorsoventral movements of the medial aspects of the ceratohyalia
caused obligatory but much smaller dorsoventral excursions of the
hypobranchial plates. During normal buccal depression, the
sinking of the hypobranchial 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 ceratobranchiallia
simultaneous with elevation of the lateral aspects, as occurs
during pharyngeal constriction, causedAa slight depression of the
hypobrenchiel plates. Manual displaceménts of this kind in
bisected tadpoles tended to bend the distal ends of the Spiculé
toward the buccal roof, suggesting that this mechanlism may be a
factor in maintaining the edge of the ventral velum against the
buceal roof during at least the early part of normal Iinspiration.

Direct observation and hydrostatic pressures

It was previously thought that exposure of the ventral velum
in breathing tadpoles by cutting into the buccal cavity or pharynx
wéuld influence the hydrostatic pressureé of these chambers and
probably disturb normal velar movements. This diécouraged earller
attempts at direct observation of the ventral velum. However, in
the present study, parts of the ventral velum were exposed in
lightly ancsthetized, regulafly breathing'tadpoles, while hydrostatic
pressures in the buccal cavity and pharynx were simultencously

monitored. The effect of this surgery on the buccal and
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pharyhgeal 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 branchial
arteries, caused a reduction of the buccal and pharyngeal pressures.
It was therefore possible to observe movements of the ventral
velum from the posterior aspect. The velum closed in a valve-like
fashlion against the buccal roof during pharyngeal constriction and
buccal expansioh, and deflected water against the dorsal velun
during buccal constriction and pharyngeal expansion.

In other bullfrog tadpoles, the ventral velum was exposed to
view during lightly anesthetized breathing by less extensive
dissection. After implantatlion end connectlion of the buccal and
pharyngeal cannulae to the pressure transducers, a small patch of
skin ({1 mmz) was removed from the reglon covering the H2 muscle
(see Chapter 1) just below the eye and on the same side as the
pharyngeal cannula. A small slit cut between the posterior {ibers
of this muscle permitted observation of the functioning of the
lateral part of the ventral velum ffom an anterior'aspect. The
reduction in hydrostatic pressures caused by this light surgery
was insignificant, and the visual observations of the ventral
velum's movenents generally agreed with those obtained by eblations
of a second gill aerch. Study of the ventral velum throush the
slit in the H2 muscle was so successful that with a strong
spotlight even the medial part of the velum was visible. The
lateral part of the velum showed greater flap-like dorsoventral
movenents than the medial part during opening and closing of the
valve. It was also scen that a pad of resilient connectivé tissue
covered by a few of the posterior fibers of the HZ muscle was

forced inward by cyclic contraction of this muscle. Therefore
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the contiguous buccal lin;ng was also pressed inward and against
the most lateral part of the ventral velum's edge, ensuring a
flush contact and efficient valvular action.

Direct observation through the slit in the HZ2 muscle revealed
that the'dorsal velum did not participate in the valvular activity
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 helpéd to support this
region of the dorsal velum so that 1t was not unduly deformed by
water impinging on it from the buccal cavity. On the contrary,
the impact of this water spread the dorsal velum out like en
unfolding sail, enabling it to deflect the water downward and
toward the more medial aspects of the gill clefts 2, 3, and 4. By
this means, water from the buccal cavity was preveﬁted from
displacing the mucous cord containing entrapped food particles
behind the dorsal velum. The ciliated tract of this region could
~ therefore continue moving the cord of food particles into the
esophagzus unhampered by the periodic flow of buccal water into
the pharynx.

As final evidence for a valvular ventral velum, an experiment
was conducted to determine the effect on hydrostatic pressures of
menually preventing closure of the ventral velum. A loop of filne
wire was passed through the smsll slit in the H2 muscle while
hydrostatic pressures were monltored in the normally breathing
tadpole. Figure 3B,C shows the depression of the sccond
pharynseal pressure peak when the lateral edge of the ventral
velum was prevented from making contact with the buccal roof
during phafyngeal constriction. The buccal pressure and 1its
transmitted effect in the pharynx (first pedk) were scarcely

influenced by the operation. This is not surprising, as the
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.efficiency of the buccal pump is negligibly dependent on the
closing of the ventral velum. Withdrawal of the wire allowed
the velum to resume its valvular action and the second pharyngeal
pressure peak was prémptly restored. Consistent with thg view of
separate left and right respiratory streams entering the pharynx
from the buccal cavity (Kratochwill 1933, Kenny 1969a), the velar
interference affegted the pharyngeal pressure significantly only
if the 1mp1antedbcannu1a was on the same side as the experimental
abduction of the ventral velum. |

The regularity of normal gill ventilation is occasionally
disturbed by irritants, such as suspended debris, in the oral
intake. 1In nature, tadpoles respond to such stimuli with greater
depression of the buccal floor. Sometimes this behavior also
occurs spontaneously in lightly anesthetized tadpoles. Furthermore,
this behavior was induced by adding dyes or debris to the oral |
intakes of unrestralned conscious tgdpoles, and alternatively, by
mechanically stimulating the opercular lining with a fine wire
inserted into the gilll cavity through the spout. The phenomenon
has been called "coughing" (Gradwell 1968) but the term
"hyperinspiration" 1s more descriptive. Hyperinspirations are
caused by ventrad jerks of the buccal floor of variable amplitude
during the inspiration phase of the ventilation cycle, while the
mputh s open (Fig. #A). In consequence? abnormally large
negative hydrostatic pressurcs are generated in the buccal cavity
and also in the pharynx (Fig. 4B), but the comparison of Fig. 3A
with Fig. 4A reveals that the hyperinspirations occur after
pharyngeal constriction (second pressure peak). Hyperinspiration
may occur carly or late durlng inspiration but no evidence was
found of its occurrence so early that it might completely abdlish

valvular activity of the ventral velum during the power stroke cf
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'the pharyngeal pump.
Taken-together, the above results permits the conclusion

that the ventrel velum of Rana catesgbelana acts as a valve during

pharyngeal constriction and as a hydrofoll to deflect water
against the dorsal velum during‘explration. The function of the
dorsal velum is to deflect ﬁhe fespiratory current downward,‘
preventing it from displacing the mucous cord of entrapped food
parficles which lies behind the dorsal velum. The secretion of
nmucus by the underside of the ventral velum 1s indicated by 1its
:glahdular columnar epithelium and by the high density of its
vascular bed. However, the detailed investigation of Kemny's
proposal (1969a) that the ventral velum participates mechaniceally

in food filtration, was outside the scope of the present research.
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' I1lustrations
FIG. 1. Stereogram of the simple method used to determine the
ventilation volume of the bullfrog tadpole. The cannula's outflow
was collected in a bezker while the ventilation cycles were
counted by observins dorsoventral o;cillations of the buccal floor.
C, cannula; S, seelant; SP, spout: W, copper wire.
FIG. 2. Composite diagram of segittal and vertical oblique sections
throush the head of = bullfrog tadpole. Orientatiohs of the
enatomy are shown at the onsct of expiration, when the mouth and
neres are closing and the buccal floor has begun to rise. The
ventral velum has just been pulled away from the buccal roof,
presumably by an increzsse in buccal hydrostatic pressufe. The
flow of buccal water over the ventral velun and into the pharynx
is beginning (large arrow). Gill cleft 1 has opened in
preparation.for the flow from the buccal cavity into the gill
cavity. BC, buccal ecavity; D, dorsal velum; GC, gill cavity; PH,
pharynx; V, ventral velumn; 1-4, gill clefts 1 to 4.
" FIG. 3. The effect on buccal and pharyngeal hydrostatic pressures
of experimentelly preventing valvular closure of the ventral velum
in lightly anesthetized tadpoles. Positive pressures eppear above
the horizentel lines. Upper traces: pharyngeal pressures; lower
traces: buccal pressures. A. Reguler breathing before surgery.
B,C. Experimental abduction (AB) of the edge of the ventral velun
caused depression of the second pharyngeal pressure peak. After
the perlod of experimentszl veler abduction (shovm by the arrow
in B.), withdrawal of the wire loop allowed gradual recovery end
réappearance of the second pharyngeal pressure peak. 1In C.,
midway albng thke arrow AB, the wire was manually released and was

left in situ during subsequent deep anesthesia and dissection to
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confirm that it was mechanically obstructing velar adduction.
There was no reappearance of the second peak in pharyngeal pressure,
AR, artifact caused by insertion of the wire. Calibrations: 1 cm
water; 1 sec.

FIG. 4. Simulteneous records of the buccal floor movements and
hydrostatic pressures in a lightly anesfhetized bullfrog tadpole
during gill ventilation. Hyperinspirations are indicated by the
arrows. A. Movements of the medial ceratohyalia (CH) correlated
with buccal pressures. B. Buccal and pharyngeal pressures recorded

simultaneously. Pressure calibration: 1 cm water,
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CHAPTER 3

THE MUSCULOSKELETAL MECHANISM OF GILI, VENTILATION IN
RANA CATESBEIANA

ABSTRACT. The jaw and hyoidean 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 ventilatory muscles has been
established. Intermittent variations in the amplitude of
ventilation have been found to result from naturel and experimentsl
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, HS5, and

B7 muscles. liotor denervations of the H6 muscle durine phesic
ventilation have revealed its importance for the powver strcke of
the buccal water pump. The respective contributions of the
alternating buccal and pharyngeal pumps to phesic ventilatiorn hes
been shown to depend on ambient temperature. /An auxiliary
branchial pressure pump behind the gill clefts is powered by the

H7 muscle which lies in the soft opercular skin of the «ill cavity.
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Introduction

Anuran tadpoles are the 6n1y amphibians with internal gills,
although true gillskare lacking in some genera. A8 in the case
of other animals with'enclosed g1lls, a means of ventilating these
structures with the ambient medium is usually necessary for
efficient respiration in tadpoles, and has caused the evolﬁtlon
of suitable pumping mechanisms. However, to varylng degrees,
tadpoles also practice microphagous ingestion by filtering
suspended organic psirticles from water pumped through tﬁe pharynx.
This water enters the gill cavity and if gills are present, the
water flows over them and 1s then exhaled through one or two
apertures in the operculum of the 3111 cavity. The problem of how
water is pumned through tadpoles has therefore received the
attention of researchers interested in glll.ventilétion as well as
‘those interested in microphagous feeding.

It was inadvertently overlooked (Gradwell 1968) that Schulze
(1892) first discovered the mechanism of upper jaw opening in the
tadpole of Pelobates fuscus. Indeed, Schulze (1888, 1892)

published the first and only existing detailed account of anuran
gill ventilation, and described the relevant anatomy, skeletal
movenents, muscle activity and water flow of normal ventilation.
Schulze's conclusions on function were based on observatlons of
wninjured or partly dissected tadpoles while they pumped stained
wéter through their ventilation systems. His emphasis was on a
rhythmic Buccal force pump, but he a2lso mentioned a subsgidiary
water pump, for he occasionally observed a ”pot inconsiderable®
spout outflow during oral and narial 1nép1ration. He seems to

have correctly correlated this outflow with branchial movements
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but he overlooked pharyngeal constriction and vaivular éctivity,
of the ventrsal velum. These are two prerequisites for the

. operation of this pharyngeal pump, end are undoubtedly satisflied
by Schulzet!s description of the elevation of the lateral aspects
of the gilll arches. It is therefore clear that Schulze did not
properly understand the mechanism of thisISpout outflow during
inspiration. He also described an occasional branchial or orél.
expulsion of suspended foreien particles by an auxilliary pressure
pump behind the gilll clefts.

Willem's description (1920) of water flow through tadpoles
agrees essentially with that of Schulze (1892).

Except for de Jongh (1968), all other publiéhed 1nforﬁation
on anuran water pumping is concerned with filter feeding.
Similar research methods as those of Schulze (1888, 1892) were
used by Kratochwill (1933) whose study of water flow through

tadpoles of Rana dalmatina (= R. agills) was also alded by thelr

poorer pigmentation than tadpoles of Pelobates fuscus. Kratochwlll

described a buccal pumping mechanism like that of Pelobates

except that in Rana dalmatina the hind part of the buccal floor,
supported by the hypobranchial plates, was somevhat raised and |
not loweréd like the rest of the buccal floor during inspiration.
This new observation enabled Kratochwill to realize the valvular
nature of the ventral velum and to interpret the simultaneous
elevation of the lateral aspects of the glll arches as causing
constriction of the pharynx. The raising 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 pharyngeal constriction. This valvular action
of the ventral velum prévents a reflux of phafynmeal water into

the buccal cavity and pharyneeal water is consequently forced to
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the outside throﬁgh the gil1l1 clefts, gill cavity, end the spout,
Kratochwill had therefore added more detail to Schulze's original

. concept (1892) of a pumping mechanism to explain this flow of water
from the spout during 1nsp1ratioh. In other respects, Kratochwill's
findings are generally consistent with those of Schulze for both
the normal ventilation mechani sm end the auxilliary branchial_
constriction by the somewhat muscular lihing of the operculum.
However, the more recent publications of Savage (1952, 1961), de
Jongh (1968), and Kenny (1969) do not corroborate a branchial
constriction mechanism and a pharyngeal punping mechanism of the
type described by Schulze (1892) and Kratochwill (1933)
respectively. ' |

According to Savage (1952), the buccal floor is the only pump

for trensporting water through tadpoles of Rana temporaria and Bufo

bufo. He does not refer to the earlier reports of a pharyngeal
pump and an auxilliary branchial bumnp. Savage's error in reporting
muscles in the ventral velum has been pointed out (Chepter 2).
Responding to Kratochwill's views on the function of the ventral
velum, Savage believed that valvular action of the ventral velum .
was unnecessary because of the high resistance of the pharyngeal
filters to branchial backflow during the intake stroke of the
buccal pump. He therefore seems to have missed Kratochwill's
point that a valvular ventral velum 1s related to the pharyngeal
pumn end 1s not just a device for preventing branchial backflow
durine; the intake stroke of the buccal pump.

In his report on Rana temporaria, de Jongh (1968, p. 77)

states: "In tadpoles there is only one pump chamber, the oral

' (buccal) cavity, and the water current is discontinuous." These _

——— et e e e e s

Parenthesis mine
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views and a few othersconflict with Schulze (1892) and Kratochwill

(1933), and with electrophysiological findings on Rena catesbeiana

(Gradvell and Pasztor 1968). De Jongh also does not mention the
first gill cleft of R. temporaria, which connects the buccal

cavity directly with the gill cavity, and he therefore fails to
take account of the ability 6f buccal water to by-pass the pharynx.
On the problem of velar function, de Jongh supports the valvular
hypothesls (see Chapter 2).

The wéter pumping mechanism which Kenny (1969) describes

in Phyllomedusa trinitatus and extends to include Rana and Bufo

on account of their structural affinities with Phyllomedusa,

conflicts with the situation in Rana catesbeiana (Gradwell and

Pasztor 1968). Although Phyllomedusa has all the necessary

apparatus of Kratochwill's pharyngeal pump, Kenny proposes a
sequence of pumping movements discordent with Kratochwillt's
pharyngeal pump. Moreover, Kenny's rejection (p. 242) of
Kratochwill's valvular 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 & branchlial pump powered by a muscle in the opercular
lining, but in disagreement with Schulze (1892) and Kratochwill
(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 écheme to include Bufo,
provides further evidence that his views on the punping mechanism
are questionable, as muscle fibers in the operculum of Bufo are
few anc sparsely scattered, Af at all present, and can hardly be
regarded as a rhythmically active ventilatory muscle.

Earlier reports on Reana catesbeiana (Gradwell 1968, 1969a,

1969b; Gradwell and Pasztor 1968) have covered specific aspects
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of the comﬁlex functional morphology of branchial ventilation.
These findings and the further detail én the relévant morphology
glven in Chapter 1 of the present thesis, now permit an account

of the musculoskeletal mechanism of water transport through the
bullfrog tadpole. Such an account, ﬁith a detailed discussion

of the pertinent literature, 18 called for in view of the existing

controversies on the subjecc of water transport through anuran

tadpoles.




Materisls and Methods

Some 80 bullfrog tadpoles (Rane catesbeiana Shaw) were

selected from collections made at ILake Hertel, St. Hilaire,
Quebec. The developmentalnstage of these tadpoles was 35 of
Gosner 1960, and the snout-to-vent lengfh of them was 3.8 ¥ 0.5
cm. The animals were kept at 14°¢ for three weeks before
commencement of experimentation, and they were fed on bolled
spinach and algae.

Hydrostatic pressures, functional anatomy, and direct extra-
cellular electrical stimulation were studied in some tadpoles by
methods already described (Gradwell 1968, Gradwell and Pasztor
1968). The methods included rectilinear pen recordings on a
Gilson Polygraph (CH~CBPP), which were monitored with Statham
P23B3B pressure transducers. In addition, hydrostatic pressures
and electromyograms (recorded with a bipolar electrode of varnished
and twined 70 £x copper wire) were monitored in upright tadpoles
allowed to recover consciousness after anesthesia (ca. 25 min in
1% urethane at 14°C). A pélaroid camera was used in some cases to
record data from the oscilloscope screen to permit the precise
correlation of breathing events. Blood circulation during
experinentation was maintained by the animal 's normal heart beat.

Mouth and hyoidean movements were correlated ﬁith buccal
pressures by dual, synchronized television cameras, thus freeing
the moving anatomy from constraint of any kind. One camera photo-
graphed the moving Polygraph record of hydroétatic pressures while
the other camera monitored the mouth and hyoidean movements. The
two television signals were displayed as juxtaposed pictures 6n
a television screen. These data were simultaneously recorded at

32 frame/sec on video tape for subsequent analysis at slow replay

speeds.

W%




Results

Bullfrog tadpoles (Rana catesbeisna) in nature and in simulated

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 substratunm, encumbered.by mechanical constraints imposed by
gravity. Moreover, in an aqueous medium the effect of gravity on
mechenical displacements of the visceral apparatus is probably of
little importance.

The oral and narial 1ﬁtakes are elevated above the level of
the substratum, thus decreasing the tendency for debris to enter
the ventilation system by these channels during insplration.

Against a natural background of benthic detritus, the
disruptive camouflage provided by the chromatophores of the
integument render motlonless tadpoles difficult to see, even in
clear, shallow water. 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 1its
immediate vicinity and so assist detection by predators, were 1t
not for the posterodorsally pointing spout (Fig. 1).

Tn the visceral skeleton of the large bullfrog tadpole and
probably in meny other species of tadpoles, there eare specialized
zones of bending where 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 mobility of articulation is also an important factor

governing mechanical displacements in R. catesbeiana. Furthermore,




98

the articulation of elements at-a joint is governed by:

(a) motive forces acting on the elements

(b) degrees of freedom of articulation

(c) friction between the elements

(d) flexibility of the elements themselves

(e) viscosity of the medium through which the elements are moved
(f) weight of the elements

The visceral arthrology is therefore in itself a deep subject.
The present study of it considers only the motive forces (or
muscles) and the degrees of freedom (or bending) of the cartilages;
these two aspects and thelr behavioral effect will together be
termed the musculoskeletal mechanlsm. To facilitate description
of thls mechanism, the abbreviations used in Chapter 1 for the

relevant morphology, will be retained in the present study.

1.Jaw mechanism

The mandibuler anatomy will be considered together with the
cornua trabeculae (which are apparently part of the premandibular
arch; see de Beer 1937, p. 476), as forming the upper and lower
jaw complex. Included in this system are also three hyolideen
muscles which open the Jjaws.

In the present research,‘the jaw mechanlsm was studied in
partly dissected tadpoles allowed to gradually recover from deep
anesthesia (20 min in 1% urethene at 20°C) after the implantation
of electrodes in the jaw muscles. The complete range of Jaw

movements were analyzed by this method.

Opening
puring deep anesthesia the lower beak is folded out of sight

behind the upper beak (Fig. 3A) and no movements of the jaws occur.
When these tadpoles are bathed in fresh water, the first sign of
recovery from anesthesia is a feeble, rhythmic dorsoventral

movement of the lower jaw although the opening 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 Jjaw movement, but‘this
disappears as the amplitude of the lower Jaw movements increases,
and a gap appears between the beaks, representing the opening of
the mouth (Fig. 3B). The H4 muscle is responsible for this
abduction, by causing rotation of the.cartilago Meckell at its
transverse and horizontal joint with the processus articularis
quadratl. This rotation moves the medial epliphysis of the
cartilago Meckell and the cartilago rostrale inferior away (outward:
from the buccal cavity. As recovery proceeds, a stage is reached
when part of the H5 muscle begins contracting at aﬁout‘the same
time, or immediately after the beginning of the H4 activity

(Fig. 3B). As the aponeurosis of the H5 muscle is inserted

partly ventrally on the processus retroarticularis.of the cartilago
Meckeli, this muscle is able, if neceséary, to cause the same

effect as the H4 muscle. The H5 muscle normally augments the

. action of the H4 muscle, and causes a greater outward rotation of

the lower jaw. The narrow opening phase of Jjaw abduction ends
when the cartilago Meckeli is maximally rotated outward while it
lies in a transverse horizontal position.

The onset of the wider opening phase of Jaw abduction 1s
smoothly continuous with the end of the narrow opening phase
because the activity of the H5 muscle ié spread over both phases.
Immediately after the ventral muscle fibers of this 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. 3C)
eand carries the cartilago rostrale inferior into a wider state

of abduction, which effect is also relayed to the upper Jjaw by



100

the mandibulo—sﬁprarostrale ligements (MS, Fig. 3C). At 20°C
the mouth does not open more than this during normel gill
ventilation. But higher temperatures and polluted water promote
an even wilder 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
of the jaws during hyperinspiration (Fig. 3D). During recovery
from anesthesia this event is occasional at first, but it becomes
more frequent until bouts of'h to 5 consecutive hyperinspirations
occur, each characterized by jaw protrusion (Fig. 4). The insertion
of the H3 muscle on the most lateral aspect of the processus
retroarticularis Meckeli (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 Meckeli and the cartilago rostrale inferior; fhe
effect 1s also again relayed by the mandibulo-suprarostrale
lligaments to the upper jaw. The coupling provided by these
ligaments thus permits both jaws to protrude simultaneously.

The above description reveals that the opening of the mouth
may be regarded as a superimposition of wider jaw opening on
narrow opening, and during hyperinspiration, of the superimpésition
of Jaw protrusion on wide opening.

The B4 and H5 muscles are phasically active end give larger
bursts during hyperinspiration, but the H3 muscle is active only
during hyperinspiration (Fig. 5). Bilateral denervation of these
muscles and of the Sl muscles reduced, but did not abolish
rhythmic jaw movements. The jaws opened by their nqtural elastiéity
alternating with normal jaw adduction by the relevant muscles (p.ll¥).

The mandibulo-suprarostrale ligaments were not active, and
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protrusion of the jaws did not occur. Nevertheless, a wide
opening of the Jjaws was possible through hyomandibular

interaction (p.W%). It therefore seems likely that Jaw elasticity
- and hyomandibular interaction cpmplement the normal muscular
opening of the jaws, '

Certain ligaments (RSQ, CQL, Fig. 3D) are stretched taut
during jJaw protrusion and therefore restrain the jaws from
excessive abduction. Thése constralning ligaments are assisted
by the ligamentum intratrabeculare, fascia interrostralis, 1.
cornu suprarostralis, and tendo accessorius (Chapter 1, Figs. 1, 7).
Closing

The closing phase of the mouth occurs more rapidly than the
opening phase (Gradwell 1968, Fig. 5) and involves both a transverse
horizontal and a vertical rotation of the cartilago Meckeli at its
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 df this movement, the lower beak closes
within the crescént of the upper beak without the cutﬁing
engagement between the beaks that is typical of purpoéive feeding
on large organic material (Gradwell unpublished).

The lower jaw is apparently pulled closed by the simultaneous
contraction of the Ml, M5, and M6 muscles acting on the cartilago
Meckell, but no electromyographic confirmation of this observation
was obtaiﬁed, nor for the apparently simultaneous contraction of
the M2 and M7 muscles which seem to close the upper jaw. However,
some closing is also caused by the elastic return of the upper
Jaw to its resting position, especially from a widely open or

protruded state. Part of the closing effect of the M? muscle is




conveyed to the lower jaw via the tendo accessorius but this
seems negligible in comparison with the tendon's possibly more
important role during feeding.

Jaw interaction

Interaction between the upper and lower jaw is 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 18 held in a wide open or in a protruded position. The
same effecté are caused on the upper jaw if the lower jaw is
8imilarly d1Sp1aced.

When the ambient wéter was lowered to ca. 10°C; the jaw
movenents became slower and it was possible to observe them more
precisely. Their amplitude of movements also decreased but before
this occurred to an apprecisable extent, it was possible to see
that the rhythmic cycle of mandibular movements that begins with
the opening, and ends with the closing of the mouth, consists of
& scoop-like maneuver of the lower jaw because the closing
novement is not an exact reversal 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 lower jaw therefore follows
a'direct path upward and inward until 1t.comes to rest in a closed

position behind the cartilago rostrale superlor.




2.Hyoldean mechanism1

Lightly anesthetized, partly dissected tadpoles were used

‘ for direct observation of the ventilation apparatus while

simultaneous records were mede of hydrostatic pressures and
electromyograms in these animals.

A. Direct observation

At its articulation with the quadrate, the CHIL is capable of
longitudinal horizontal rotation which moves the CHM alternately
dorsad and ventrad. The CHL is also capable of slight transverse
horizontal rotation at its quadrate joint, which permits
anteroposterior tilting of tﬁe CHL. Like the cartilago Meckeli,
the CHL therefore has two degrees of freedom at its articulation
with the quadrate.

Hl muscle

The intermingling between phasic and fibrillic fibers of the

Hl muscle increases the difficultyvof direct observation of the

. effects of these two types of fiber of this muscle. However,
anteriorly and peripherally there is a predominance of plasmic
fibers over fibrillic fibers (Chapter 1, Fig. 12B,C), end these
plasmic fibers were seen contracting phasically during 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 thé buccal floor facilitates
the valvular closure of the ventral velum against the buccal roof.
The force of buccal depression leaves little doubt that there is
simultaneous complementary contraction of the plasmic fibers that

are intermingled with the fibrillic fibers.

1
inclqging the pars reuniens, copula 2 and HPs
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Although there is non-uniformity in the proportion of
contfactile material to sarcoplasm in the plasmic fibers, the
usually copious nutritive sarcoplasm per unit cross-sectional
area in these fibers would seem to correlate with their
continuous phasic activity. oOn the other hand, the,largé amount
of contractile material per unit cross-sectional area of the
fibrillic fibers suggests a greater capability than the plasmic

Tibers for the generation of tension and it may be conjectured at

this stage, that the. fibrillic fibers are responsible for the
enhanced depression of the buccal floor during hyperinspiration
(Chapter 2, Fig. La). |
HZ muscle

The H2 muscle may help to preserve the integrity of the
CHL-quadrate joint (Gradwell 1968), especlally during hyper-
inspiration. However, observation of the exposed H2 muscle in
lightly anesthetized tadpoles showed that it contracts rhythmically
and assists the closing of gill cleft 1 by pulling the CHI toward
the anterior horn of the Cﬁ 1. Simultaneously, those fibers of
the HZ2 muscle which 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
cbrrelates with the energy demands of ité continuous cyclic
contraction.

Hé muscle

The plasmic (pink).fibers of the H6 muscle were seen to
contract rhythmically during regular gill ventilation. Tt has
been demonstrated that these contractions raise the CHMs of the

buccal floor and alternate with contractions of the H1 muscle which
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depresses the CHMsS (Gradwell 1968). Chapter 2, Fig. 4A shows that
the normal vertical oscillations of the CHMs ére.correlated with

buccal hydrostatic pressures. The fibrillic (white) fibers of

the H6 muscle do not contract during this activity nor during
hyperinspiration.

During buccal levation, the medial buccal floor is at first
lower anteriorly than posteriorly, but near the end of levation
the medial parts of the buceal floor are nearly horizontal and
almost in contact with the bucecal roof. As only the anteriorly
located plasmic fibers of the H6 muscle contract rhythmically, it
is the anterior part of the buccal floor, supported by -the CHMs
and pars reuniens, that is preferentially raised, allowving
displaced buccal water to flow caudad over the posterior buccal
floor (supported by the HP8) and into the pharynx. i

In the middle 1line, the posterior border of the H6 muscle is
attached to the opecular lining by connective tissue. This
attachment apparently has no mechanical value for normal buccal
.levation by the plasmic fibers since 11, Fig. 6 shows that buccal
préssures are unaffected by complete cutting of this medial
connective tissue. However, it is an important nervous and
vascular route from the H6 muscle to the opercular lining (Chapter 1.

The ribrillic fibers are inactive during regular breathing but
they twitch intermittently during natural or artificial irritation
in the g1l1l cavity. Theée twitches are correlated with powerful
elevations of the buccal floor, and cause the large pressures of
hyperexpiration (Fig. 7B to E). The contractions of the fibrillic
fibers occur so rapidly that it 18 difficult to see their other
effects, but they seem to assist in the closure of gill cleft 1
and also to pull forwerd the raphe of the H? muscle, thus helping

to keep open the opercular cenal during simultaneous H7 contraction.
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The continuous c¢yclic activity of the plasmic fibers is
cogent reasoﬁ for their rich vascular bed. The fibrillic fibers,
on the othef hand, are dormant for relatively long periods
between twitches and therefore do not require such a rich blood
supply. In addition, relative to the myofibrils, the greater
amount of sarcoplasm in the plasmic fibers than in the fibrillic
fibers, correlates with the continuous phasic activity of the
plasmic fibers. The fibrillic fibers are structurally better
adapted for occasional powerful twitches.

H? muscle

The H?7 muscle contracts even more intermittently than the
fibrillic fibers of the H6 muscle. Accordingly, the H? muscle
itself consists entirely of fibrillic fibers. Therefore 1its
occasional contractions are nevertheless powerful énough to cause
vigorous constriction of the gill caviity and the consequent
expulsion of branchial water through the spout. When these
~ contractions occur, they are always synchronized with activity of
the H6 fibrillic fibers (see below).

Hyoldean interaction

As the H6 fibrillic fibers do not contract rhythmically, it
was nececssary to excite them experimentelly, but this also evoked
responses from other muscles and calls for study of the
interactions within the hyoidean mechenism.

Aside from the less rellable stimulation provided by
addition of suspended carmine to the oral inflow, it was possible
to evoke greater ventilation amplitudes by direct mechanical
stimulation of the opercular lining. The one end of a fine wire
(diameter,'0.18 mm) was inserted into the gill cavity through the
continuously open spout. This end was touched against the

opercular lining by gentle manual menipulatiions of the other end.
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The response to this stimulation was variable and complex and
apparently not unlike the behavior of conscious tadpoles while
flushing debris from the ventilation system:

(a) Consecutive hyperinspirations occurred without participation
of the H6 fibrillic fibers (Fig. 7A). This response was

effected by greater than normal éctivity of the Hl muscle.

(b) Hyperexpirations occurred and were caused mainly by the H6
fibrillic fibers and weré without accompanying or intermittent
hyperinspirations. This response was often preceded by abrief
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 ribrillic fibers active). When & hyperinspiration was
followed by a hyperexpiration, the buccal floor, formed largely

by the CHMs, 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 cesused by the H6 fibrillic fibers (Fig. 7D), but H?
contractions were sometimes superimposed on the H6 activity.
Consecutive hyperexpirations were also sometimes markedly different
in 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 through the mouth and not via the more resistent pharynx

and glll cavity.
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During hyperexpirations the effect of the HS6 fibrillic fibers
was enhanced by more vigorous contractions of the H6 plasmic fibers.
Facultative contraction of the H? muscle occurred during opercular
stimulation, and like the H6 fibrillic fibers, the H? muscle was
easily fatigued by repeated activity. Determination of 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 found
of partial branchial constriction asynchronous with hyperexpiration.
H6 fibrillic activity independent of H? contraction, or combined
with it, seems to reinforce the closure of the first gill cleft,

7 thereby preventing reflux of branchial water directly into the
buccal cavity.

Further information on the functioning of the hyoidean
mechanlism 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 systenm (Fig. 8). Branchial
constriction by the H?7 muscle was also still possible. The
failure of these lesions to abolish the typically greater amplitude
of buccal levation during hyperexpiration demonstrates the
capacity of the H6 plasmic fibers for particularly strong
contractions, thus comnpensating for the loss of H6 fibrillic fiber
function. Several such contractions resulted from a stimulation
of the operculum, and they were superimposed on the phasic
contractions of regular breathing. The trains of activity were
followed by ventilation pauses of 5 to 10 sec when the mechanism
had been repeatedly activated. The pauses may therefore have been

due to the fatigue produced by 8such muscular exertion.
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After the medial connective tissue joining the H6 and H?
muscles was severed, mechanicai opercular stimulation never caused
H7 contraction. Nelther 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 H6bmuscle
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 H7 muscle, it may not be the route (or the only route) of
sensory nerves from the opercular 1lining, as the H6 plasmic fibers
still responded to mechanical opercular stimulation.

The bullfrog tadpole has an exhalent aperture from the gill
cavity only on the left side. A transverse opercuiar canal 1is
important for the flow 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 H7 muscle contracts.

The forward pull on the medial connective tissue probably also
provides support for the H?7 muscle (especiaily its deep component)
when it contracts. 1In the breathing tadpole, no occlusion of the
opercular canal was seen during branchial expulsions caused by

the combined contraction of the H6 fibrillic fibers and the HY?
muscle. However, as the gill cavity became empty at the end of
branchial constriction, there was a transient loss of opercular
distension, including the area covering the opercular canal. One
or two ventilation cycles later, the operculum regained its normal,

inflated appearance.
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Sporadic branchial constrictions would seem to be a useful
mechanisn in nature for the expulsion of suspended debris and
perhaps parasites in the oral intake that escape the pharyngeal
filters and enter the gill cavity. The usually strong, contihuous
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 H1 and H2 muscles in breathing

tadpoles greatly reduced but did not eliminate rhythmic buccal
depression. The 82 muscles as well 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 facialis on the right side of
the H6 muscle paralyzed the plasmic fibers on this side of the
muscle and reduced the amplitude of the buccal and pharyngeal
pressures, but the lesion did not paralyze rhythmic contractions
of the dontralateral plasmic fibers (L2, Fig. 6). Contraction of
these plasmic fibers deflected the median raphe toward the side
of active innervation because the lesion had eliminated the
synchronized, rhythmic tensions produced in both sides of the H6
muscle. Bilateral denervation (L3, Fig. 6) paralyzed both moieties
of the H6 muscle and almost abolished buccal and vharyngeal
pressures; the persisting small pressures were caused by certain
other visceral muscles (p.l8). 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

demonstrated by severing them at their bilateral insertions on the




CHLs: normal buccal préssures were wnaffected, 1In tadpoles whose
muscle fibers were uninjured, bilateral denervation 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
maeximal 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
irrespective of the functional condition of the mouth. Such
stimulation applied after the Hl muscle of one side was removed
to expose the CHL-quadrate joint, was seen to tilt the CHIL
backward.

Stimulation of the B6 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 1 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. 1 min (1dentical voltage and interelectrode
distance were used as for the plasmic fibers). Therefore the
fibrillic fibers of the H6 muscle Tatigue much sooner then its
plasmic fibers, as was also shown by Kuffler and Williams (1953)
for fast versus slow muscle in adult frogs, and similarly by

Andersen et al. (1963 in the hagfish.
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‘ Stimulation of the H?7 muscle after the medial connective
Q ~ tissue between the H6 end H? muscles had been cut, caused partial
occlusion of the transverse opercular canal, whereas this effect
was far less apparent when the medial COnnecﬁive tissue was left
1ntacf, and direct shocks applied simultaneously to the H6 fibrillic
fibers and the H? muscle.

B.Electromyography

The smal;_size and difficult accessibility of the H2 and H?
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
hydréstatlc pressﬁre is shown in Fig. 10A. Buccal pressure begins
to rise 16-20 msec after the onset of electrical activity in the
plasmic fibers (at 70-90 ventilation cycle/min). There is a small
rurther increase in buccal pressure after electrical activity in
the muscle has apparently ceased. However, in some tadpoles the
electrical discharge was sustained throughout the period of
increasing buccal pressure (Fig. 10B). It seems that this
discrepancy 18 related to the particular location of the electrode
among the plasmic fibers, for it is possible that, within the

. active period of the muscle, some muscle fibers contract at

different times than others.
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Figure 7C shows the synchrony between the contralateral

‘ moleties of the H6 muscle which, it has been noted (Chapter 1),
is bilaterally innervated, end consists of two muscles mutually
Joined by connective tissue in the middle line.

The timing of the H6 plasmic fibers relative to the

antagonistic Hl plasmic fibers, is shown in Fig. 10B, while
Fig. 10D shows that the timing reiationship between these muscles
is the same in conscious tadpoles as in snesthetized animals.
The phasic relationship of these two muscles (from Fig. 10B) is
25 mm/33 mm or 0.76 (scale = 0 to 1.0, where 0 and 1.0 are in

phase and 0.76 is antiphase).

3.Hyomandibular interaction

The efficiency of the buccal pump depends on a close
coordination of it with mouth movements. The interaction between
the mandibular and hyoidean arches has been adequately described
in anesthetized tadpoles (Gradwell 1968). 1In addition, the
timing that has been advanced for the jaw and hyoidean movements
relative to buccal pressures (Gradwell and Pasztor 1968) has been
confirmed in the present study by dual, synchronized video
recording while buccal pressures were simultaneously monitored
from the same tadpoles. It now requires only a few observations
to be commented on for conscious tadpoles.

During inspiration, the anterior parts of the CHHMs are much
more depressed than the hind parts,which remain near the buccal
roof. Permitting the anterior CHMs this greater freedom is the

‘ opening of the mouth, for if the mouth is held closed in breathing
. : tadpoles, it constrains to a large extent, the sinking of the
' buccel floor, even though the Hl muscles are still rhythriically

active.
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Tadpoles whose CHMs were manuelly held agalnst the buccal

roof, could not protrude their Jaws but were able to open thenm
only by a downward rotation of the cartilagines Meckeli. During
this type of mouth opening the B} muscle was nopmally 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 ligahents were scarcely active in opening the upper
Jaw. Instead, the sliéht opening of the upper jaw seemed to be
caused by its elastic recoil upon relaxation of the Jaw adductor
muscles. |

In tadpoles whose CHMS were manually héld in a‘fully depressed
position,'the jaws could close rhythmically;but with difficulty.
When the mouth.was held in a wide open condition, the CHMs retained
a large amplitude of rhythmic movement but they could not quite
~reach the buccal roof.

These manual operations constrained the mandibular and
hyoldean cartilages from their normal displacements during
regular breathing by causing excessive tension in the general
connective tissue interconnecting the mandibular and hyoidean
arches.

The insertion of the S1L muscle on the cartilago rostrale
inferior and the position‘of this muscle immediately beneath the
CHMs warrants its consideration in the context of hyomandibular
interaction. No electromyographié evidence is available fof the
Sl muscle, but it would seem that a siight contraction of it at
the onset-qf expiration would help buccal levation end also assist
in pulling the ventral velum free from the buccal roof, but a

strong contraction at this stage womld probably hinder lower jaw

addﬁction.
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It is difficult to see contraction of the Sl muscle during

dorsoventral oscillations of the buccal floor and it is therefore

. still questionable if the Sl muscle contributes to the rhythmic
opening of the lower Jjaw, but contraction of this muscle was
clearly seen during the hyperinspirations which sometimes interrupt
apnoeia in tadpoles allowed to recover consciousness. On these
occasions, the effect of the Sl muscle was to open the lower jJaw
(the jaw abductor muscles H3, HY, and H5 had been'deﬁervated) and
to pull the HPs anteroventrad. Such contraction of the Sl muscle
during normal hyperinspiration, when the CHMs sink suddenly,
would help to distribute the force of the CHMs to the HPs, thus
ensuring concerted sinking of the elements forming the buccal
floor. Bilateral Sl denervatidn showed that it is not indispensable
for jaw opening, but jaw protrusion during hyperinspiration then
appeared less efficient.

L4.Branchial mechanisn

The branchial skeleton (Chapter 1, Fig. 5) consists of the

HPs and the CBs. Bilaterally, the CBs 2, 3, and 4 have more
flexible Junctions with the HPs than that afforded by the
continuity of the hyaline cartilage between the CB 1 end the HP
(Fig. 2). These flexible junctions are important regions of
articulation, while the HP-CB 1 junctioﬁ provides an elastic
recoll to assist the posterolaterad displacement of the CBs
during the normal ventilation cycle. Bending glso occurs along.
the medien symphysis between the HPs and at the junctions
between the HPs and CHMs. The least amount of bending occurs
between the HPs and‘copula 2 (Fig. 2).

’ ' The pharynx and «ill cavity lie on the dorsal and ventral
sides respectively of the CBs. The pharynx certainly undergoes

changes of volume durine the movements of the CBs which constitute
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the pharyngeal force punp. Hoﬁever, appreciable changes in
volumé of the sac-like glll cavity occur only during occasional
branchial constriction by the H? muscle in the lining of the
operculum. _ '

The cyclic displacements of the CBs during normal bfeathing
consist primarily of an anteromesiad stroke which alternates with
~a returning posterolaterad stroke. Both these displacements are
parallel to the B?7 muscle., However, there are subsidiary
movements of the CBs that also influence water flow in the
ventilation system.

Mteromesiad stroke

A forward bending of the CBs toward the middle line is
powered chiefly by the B?7 muscle whose contraction is synchronized
with that of the H6 muscle (Figs. 10A, 11). The medial aspects of
the CBs are bent somewhat dorsad, but the lateral aspects undergo
an excursion slightly ventrad.

There are two subsid;ary displacements of the CBs that oceur
simultaneously with the anteromesiad movement of the CBs. One
displacement is the forward bending of the medial CBs 1 and 2 by
contraction of the B3 and B4 muscles. This movement tends to
open 111 cleft 1 connecting the buccal cavity directly to the
z11l cavity. The other subsidlary displacement is the mesiad
movement of the lateral aspects of the CBs by the B1ll muscle
which is therefore antasonistic to the Bi, B5, B8, and Bl0 muscles.

These three displacements of the anteromesiad stroke are
billaterally synchronized with one another and with buccal levation
(Fig. 12). They result in the ¢ills, which are borne on the
ventral sides of the CBs, being swept anteromesiad through the
water in the gill cavity. An important consequence of the

anteromesiad stroke is its preparatory orientation of the branchial




(2

apparatus for the action 6f the pharyngeal pump during the
following (return) stroke of the CBs. |

Posterolaterad stroke

Immediately after the CBs have reached their most forward
position, a backward and laterad return begins, and this ovérall
displacement 1s also bilaterally synchronized (Fig. 12). The
gills are again swept through the water in the gill cavity, but
this time in a posterolateral direction.

The elastic recoil of CB 1 and 2 after release of the forces
drawing them forward, is one agent of the posterolaterad stroke.
The backward component is effected by contraction of the S2
muscles (Fig. 13), while the somewhat subsidiary laterad component
is produced by the activity of the Bl, B5, B8, and Bl0 muscles
(antagonists of Bll). The Bl muscle also simultaneously helps in
the closure of glll cleft 1 and in the opening of gill cleft 2.
The activity of these branchlal muscles, which are slightly convex
when relaxed, was apparent from the shortening and flattening of

their muscle fibers during contraction.

5.Hyobranchial interaction

In 1lightly anesthetized, breathing tadpoles, the movements
of the branchial apparatus are largely inhibited if the crista
hyoidea of copula 2 is nanually held in a fully elevated or fully
depressed position.

In pithed tadpoles, mesnual levation of the CHis caused a
slight anteromesiad bending of the CBs, especially when the
displacement of the CHMs caused the copuia 2, HPs, and the
spicula to contact the buccal roof. This passive anteromesiad
movement of the CBs was greatly reduced if the B7 muscles were

severed. Apparently, the B7 muscle is able to simulate a
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ligament by coupling the crista hyoidea to the processus
branchialis, which permits the crista hyoldea to pull the CBs
"anteromesiad during buccal levation. In breathing tadpoles, this
effect is accentuated by the superimposed contraction of the B?7
muscle. Simulteneously, the B3 and B4 muscles contract end draw
the processus posterior hyalis and the medial CBs 1 and 2 closer
together, which tends to open gill cleft 1. By these contractions
the slight, passive anteromesiad stroke of the CBs.that accompanies.
buccal levation, is accentuated.

Alternatively, 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 hardly affected if the B?7 muscles were severed before the
manual depression of the CHMs and crista hyoldea. ‘Electromyography
and motor denervation in breathing tadpoles, and direct electrical
stimulation of muscles in pithed tadpoles, disclosed that this
~ hyobranchial interaction is promoted by other muscles. These are
the S2, Bl, B5, B8, and B10, which all contract together.

The anteromesiad stroke contributes to the compression of
the buccal cevity because it causes slight elevation of the HPs,
through contraétion of the B3, B4, and B?7 muscles, which explains
the persistence of buccal pressure oscillations after bilateral

denervation of the H6 muscle (Fig. 6).'
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6.Sequence and intesration of muscle activity

While the terminology proposed in Chapter 1 for the ventilatory
muscles 1is retéined in the present study, these muscles will also
be divided into functional groups tq 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 mechanism is operated by.antagonistic
muscles which drive oscillatory pumping movements and cause water
to flow continuously over the gills.

() Inspiratory muscles

Individual, rhythmically active muscles of normal inspiration

have different effects, which are coordinated to facilitate

‘inspiration.,.

(1) Mouth opening. The action of the H3, HY4, and H5 muscles in
opening the mouth has been considered earlier in the present thesis
(p.98). 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 tining
shoﬁn in Fig. 13. This muscle seems to initiate lower jaw abduction
at the peak of the buccal pressure curve. The ventral fibers of the
H5 muscle appear to enhance the initial openinc of the lower jaw.
The lateral fibers, forming the bulk of this muscle, definitely
contract léter in inspiration and are in phase with depression of
the CHMs by the Hl1 and H2. muscles. Functionql anatomy has shown

(p. &) that the wider opening of the jaws is possible only if the
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CHMs are simultaneously depressed. The synchrony between the H5

lateral fibers and fibers of the Hl and H2 muscles is therefore.
1mpor£ant for the unimpeded opening of the Jaws. Electromyography
has shown (Fig. 5) that fibrillic fibers of the H3 muscle.are.active
during hyperinspirations, when there is a convulsive sinking of the
buccal floor. As jaw protrusion is only mechanically possibie when
the CHMs are dépressed, it is important that this muscle has s
timing like that of the buccal floor depressors. However, the
presence in the H3 muscle of some plasmic fibers suggests that part
of this muscle is also phasically active, probably during the slight
jew protrusion that accompanies rhythmic jaw abduction (p.4%4).
Twitches of the Sl muscle were seen during hyperinspiration, but

the small girth of this muscle, the passive displacement of it by
lower Jaw movements, and the dorsoventral oscillations of the buccal
floor, hampered the arrival at definite conclusions. However, the
presence in this muscle of plasmic fibers, is circumstantial
evidence supporting the proposal (Gradwell 1968) that it is
phasically active.

(11) Buccal depression. The comparison between Fig. 10B and Chapter
2, Fig. 4A, shows that the main buccal depressor (H1l) is active

only after buccal depression has begun. The initial buccal
depression therefore seems to be a passive movement, probably caused
by elasticity of the hyobranchial apparatgs. The H2 muscle was seen
coﬁtracting in phase with the H1 muscle. The synchrony between the
Hl and H2 muscles which lower the buccal floor, and the H3 and HS
muscles of wide jaw abduction, 1is necessary because the normal
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.l13). The

slnking of the buccel floor during mouth opening also pernits 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 this seems to be adequate for ventilation below ca. 8 C; the

Jaws are then hardly active, if at all.

(111) Pharyngeal constriction. The pherynx is constricted by the
Bl, B5, B8, B10, and S2 muscles which, probably together with the
B1l3 and B1l4 muscles, contract simultaneously at the peak of bucecal
pressure and ere therefore synchronized with the jaw abductor, H4
(Fig. 13). fThe contraction of the prharyngeal constrictors at this
time allows the resultant hydrostatic pressure to be superimposed
on that which 1s transmitted to the pharynx from the buccal cavity
during expiration (Fig. 14B). The work of the pharyngeal
constrictors is therefore less than that needed to increase the
hydrostatic pressure of the pharynx from an embient level to the
level suitable to permit water to traverse the gill clefts 2, 3,
and 4, and enter the gill cavity. It would seem that the backwerd
pull exerted on the HPs by mainly the 82 muscles, would brace this
element in preparation for possible contraction of the &L muscle
during regular breathing but especially during hyperinspiration.
(1v) Hyperinspiration. The plasmic fibers of the Hl muscle, which
are cyclically active during normal 1n8p1ratlon, show greater
electrical activity during hyperinspiration (Fig. 9). Stronger
than normal contractions have also been observed in the H2 muscle
dﬁring hyperinspiration, while this may possibly élso be true of
plasmic fibers in the H3 and Sl muscles. It is postulated here
that the gill cleft constrictors B2, B6, B9, Bl2, contract during
hyperinspiration. Such action would prevent the transmission of
large negative hydrostatic pregsures from the pherynx and dbuccal

cavity to the gill cavity. In this way the delicate gill cavity

- would be protected from a reflux of unfiltered ambient water through
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the non-valvular spout. The simultaneous recording.of hydrostatic
pressures from the pharynx and gill cavity during hyperinspira-
tion supports the postulated contraction of the gill cleft con-
strictors, because these recordings show that the larsge negative
pharyngeal pressures do not reach the glll cavity (Fig. 16).
However, électromyography and visual évidence of the contraction
of these gill cleft constrictofs is lackiﬂg. On the other hand,
twitches of the s1 musclé 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 1s shorter than the inspiration phase,

' "~ wvisual .'mterpretatibn of the coordination of the relevant

individual muscles is difficult and electromyographic evidence

is particularly important. |

(1) Mouth closure. Judging from the shortness of the closing

phase of the mouth relative to its opening phase (Gradwell 1968),

it seems that the jaw adductors contract simultaneously, or

nearly so. However, phasic electrical activity could not be

detected in the ML, M6, end M7 muscles, which suggests that they

are not active during rhythmic breathing. When the eye was

lifted slightly above the floor of the orbit, small passive
anteroposterior displacements of the 16 muscle were seen, but
contractions of this muscle were not apparent during phasic
ventilation. The almost complete lack of plasmic tibers in the
muscles on the floor of the orbit (M1, M6, M7) suggests that these
adductors may be more important for intermittent activities such
as feeding and hyperventilation than for phasic ventilétion.
Contractlions of the M2 muscle could also not be detected visually
or electrically, although i1t was occasionally found to have some
plasmic fibers. The M5 muscle, on the other hend, has the
greatest proportion of plasmic to fibrillic fibers (usually 1:1)
of all the jaw adductors. However, this muscle is also the
deepest in position and it was not poséible in the present study
to establish its functional relation to phasic jaw adduction.
(11) Buccal levation. Lesion experiments (Fig. 6) have shown
that the most importent agent of the power stroke of the buccal
. force pump is the H6 muscle. Only its plasmic lflbers are
phasically active, and they are responsible for the rise in the

hydrostatic pressure in the buccal cavity during expiration
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(Pigs. 9,‘1OAB). After bilateral denervation of the H6 muscie,
rh&thmic buccal compression still occurs; it 1s of smaller
amplitude than before H6 denervation, but it shows the same.phase
difference as before (Fig. 6). These persisting buccal pressures
depend on the activity of the B7 muscle. The normal synchrony
between the H6 and B7 muscles (Figs. 10AB, 11) is in accordance
with the simultaneous elevation of the anterior and posterior
parts of the buccal floor. However, even when both these muscles
are bilaterally denervated, small rhythmic elevations of the buccel
floor, of still smaller amplitude and with the same normal phase
difference, peréist. These persisting movements are then abolished
by bilateral denervation of the B3 and B4 muscles. It therefore
seems that the H6, B3, B4, and B? muscles are all synchronized to
promote an even power stroke of the buccal force pump.

(111) Pharyngeal expansion. The B3, B4, and B?7 muscles, which
assist buccal floor levation, also effect the anteromeslad stroke
of the CBs that affords pharyngeal expansion. The Bll muscle also
contracts during expiration but it was not possible to establish
whether it is exactly synchronized with the muscles of buccal
levation. In anesthetized, breathing taedpoles, the rhythmiec
contractions of the Bll muscle were clearly seen to be antagonistic
to the pharynmeal constrictors, Bl, B5, B8, end B10 muscles, and
possibly also to the B13 end Bl4 muscles.

(iv) Byperexpiration. The muscles which have been recorded active
(Pig. 9) and those which are proposed to be active during hyper-
-expiration, are schematized in Flg. 13. The fibrillic fibers of the
H6 and B?7 muscles, which are inactive during phasic ventilation,
contract during hyperexpiration, while the plasmic fibers of these
muscles show stronger contractions than during phasic ventilation.

Simul taneously, contraction of the H7 muscle apparently occurs
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and seems to be accompaniled by unusually strong contractions of
the B3, B4, and Bll muscles. The jaw adductors, M1, M2, M5, Mé,

. and M7 muscles, may possibly also contract at this time. An
unusually strong elevation of the buccal floor, and expansion of
the pharynx, results from the integrated activity of the above-
mentioned muscles. Gill cleft 1 is apparently closed, and the
great compression of the ventilation chambers expells water from
the system via the spout, or less frequently, via the spout and

the mouth.
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7. Hydrostatic pressures, functional anatomy, and water flow

General description

The anatomy shown in Fig. 14A and the records of Fig. 14B
will be used as a basis for the present desoripﬁion.of ventilation
in the bullfrog tadpole. However, reference will also bé made to
an earlier study on bullfrog tadpoles from Carolina, USA (Gradwell
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 understandinz of water
flow during gill ventilation in the bullfrog tadpole.

Acclimated tadpoles were studied at 14°C, which 1s a close
approximation to ambient water temperature in the natural habitat
of Quebec tadpoles durineg most of the year. Experimental animals
were anesthetized for 25‘to 30 min in 1% ﬁrethane at lhoc and
after the implantation and connection of the pressure cannulae,
recordings were made from uprisght tadpoles allowed to recover
consclousness in stream'water of identical temperature. Figure
15B shows the condition of the ventilation pressures 3 to 5 min
befére the first sien of consciousness (feeble tail undulations).

At 1400 the graphs of buccal pressure (BU.P), pharyngeal
pressure (PH.P), and branchial pressure (BR.P), are regular and
slow enough to facilitate visual interpretation of the sequence
of mechanical events durineg the typlcal ventilation cycle. 1In
éddition, dual video recording of mouth énd_buccal floor movements
simultaneously with pressure recording has permiﬁted the precise
correlation of these breathinz phenomena.

A variety of indicators (e.g. carmine, India ink, algae, and
milk) have all shouwn that oral and nasal inflow is intermittent
whereas the spout outflow is continuous. However, indicators

pipetted into the inflows do not begin emerging from the spout
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until several ventilation cycles latér. It usually takes a few
minutes for the pharyngeal filters to become saturated with
suspended particles before particulate matter begins emerging

from the spoutlin the respiratbry outflow. As such loading of

the filters was considered too great an interférence with the
natural ventilation current, the continuous spout outflow was also
demonstrated in tadpoles without the uée of 1ndicatdrs.

Streamers were made from freshly coasulated frog blood and .

were held at the inflow and outflow apertures of conscious,
ﬁnrestrained tadpoles under normal ambient conditions. The inter~
mittent character of the oral and nasal inflows was confirmed.

The spout outflow was found to be continuous but less effusive
during the expiration phase of ventilation.

Video recording showed that fhe 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. 14B). The buccal floor
' movements were found to confirm the recording in Chapter 2, Fig.
LA, |

The dual peaks of the PH.P graph in Fig. 14B are evidence
for the existence of two alternating force pumps in front of the
2111 clefts., At 1400 the buccal pump is a more important driving
force of the ventilation stream than is the pharyngeal pump, but
at temperatures below about 10°C, the pharyngeal pump assumes a
larger share of ventilation (Fig. 15). The BR.P 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 graﬁhs, the BR.P lags behind the BU.P graph. Moreover, the
BR.P peaks are much lower 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 gili cavity. On the other hand, there
is negligible resistance to the flow 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 1s that of inspiration. Inspiration begins at the peak of
the BU.P graph, which then shows a progressive decline throughout
this phase. However, the PH.P in Fig. 14B shows that inspiration
has two components.
1. The mouth opens but water does not enter through it nor
through the nares at this time, when BU.P is greater than the
ambient pressure. Water would be expected to flow out of these
apertures were it not for'the fact that at this stage, the buccal
floor 1is elevated, the narial valves are closed, and the buccal
water has already been pumped into the pharynx. There is a trans-
verse fold of mucosa on the buccal roof, which may possibly also
hinder reflux through the mouth. Moreover, the buccal cavity
begins expanding passively at the onset of Inspiration and causes
e steep fall in the BU.P. A small reflux occurs from the gill
cavity into the buccal cavity through gill clefts l,just before
they close

During the first third of inspiration, the PH,P shows a slight
fall vefore a second rise (Fig. 14B). In small tadpoles at 22°C,
this slight fall in pressure is absent before the second rise,
which immediately reinforces the BU,.P that is transmitted to the
pharynx (Gradwell'and Pasztor 1968). 1In the larger Quebec tadpoles
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at lhoc, the buccal pump is still more important than the
pharyngeal pump, for producing a positive pressure in the
'ventilation system. This 1s shown by the greater height of the
first peak than the second peak of PH, P in Fig. 1u4B. Figure 15
shows, at 8° and 10° C, the BU.P and PH.P of the sape tadpole used
for Fig. 14B. The second PH.P pesk 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 is therefore the
phase of greatest flow from the spout and, together with the
results of observations of streamers, contradicts all previous
publications, which propose a étronger spout outflow during
expiration,

2. The second component of inspiration occupies the next two
thirds of this phase, The second third of inspiration is passive
éXpansion of the buccal cavity, causing the inflow of water
through the mouth and nares. Relaexation of the pharynx also occurs
at this time and its pressure begins falling, but PH.P is still
positive relative to BU.P and the ventral velum therefore remains
closed while water continues to enter the gil1 cavity from the
pharynx,

| During the last third of inSpiratioﬁ, there is a simultaneous
wider opening of the mouth and an active depression of the buccal
floor. The wide mouth opéning and the large buccal volume at

this stage tend to dampen the fall of BU.P, and its value tends

to level at equilibrium with the ambient pressure. PH.P continues
to fall but as it is still positive relative to 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, like inspiration, are
coordinated to effect changes in presgsure.
1. Buccal pressure begins to rise at the instant of rapid mouth
closure end simultaneous elevation of the buccal floor. The
valves of the internal nares are closed by the'increasing BU.P
relative to ambient pressure. Opening of the falvular ventral
velum occurs at 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 buccel cavity

18 compressed during this phase. The first buccal water flowing
over the ventral velum (Fig. 14A) helps to expand the pharynx
after 1ts constriction during inspiration, and watér does not
flow through gill clefts 2, 3, and 4 at this egriy stage in
expiration. Neither does a flow through gill cleft 1 occur et
. this stage. The absence of water flow into the gill cavity
during early expiration causes a decline in Bﬁ.P and watef flows
from the spout less effusively than during inspiration.
2. Immedliately after the entrance of buccal water Iinto 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
seme time, a strong flow gushes into the &1lll cavity directly
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 gi]l.and also on the membrana
vasculosa opercularis. Toward the end of expiration the gill
. clefts 2, 3, and 4 appear to close, but some pharyngeal water
still passes through then. Moreover, the apparent closure of

these clefts is so transient that this eveht does not stop




branchial outflow. The great flexibility of the operculum also

tends to offset sudden changes in BR.P and branchial outflow,

(3!




"Discussion
The present study has permitted a re-examination of earlier
findings (Gradwell 1968, Gradwell and Pasztor 1968) and further
experimentation has yielded details which have increased the
understanding of the musculoskeletsl mechanism of the bullfrog
tadpole. Salient points of this contribution,and discrepancies
in the relevant literature now require discussion.

Jaw mechanism

" The Jaws, with their two degrees of freedom, ligamentous
interactions, 12 pairs of muscles, elasticity, and variable modes
of function, are undoubtedly the most complicated mechanisms in
the gill ventilation systems of eanuran tadpoles.

The present study has definitively correlated the jaw move=-

ments of Rana catesbelana with buccal pressures by means of video

recording. Electromyogrephy has shown that the H3 muscle has
muscle fibers which are active:during the jaw protrusiqpiof
hyperinspiration but not during phasic ventilation. It has not
been possible to record electrical ectivity from several of the
Jew muscles, either because they are 1napt1ve during phasic
ventilation or because of the technical difficulties of smallness
and inaccessibility. A muscle particularly calling for further
study is the S1, whose function has been somewhat clarified by
the observation that it cbntracté during hyperinspiration, but
phasic activity end the true effect(s) of this muscle are
remaining problems for investigation.

Sedra (1950) used dissection and microtomy on cadavers of

Bufo regularis. He interpreted the jaws as possessing only one

degree of freedom at the cartilago Meckeli-quadrate joint.
Examination of the functional anatomy of this species in the

present study showed that like Rona catesbeiana, Bufo recularis
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has two dearees of freedom at the cartilaco Meckell-quadrate joint.
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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 Sedra regarded the Jaw
abductors, H3, H4, and H5, as participating in jaw closure (see

Gradwell 1968, vp. 1046, 1047), he was left with only the SL

-

muscle to propose as an abductor of the lower Jaw., Sedra's
morphological data are a useful contribution but although the

muscular anatomy of Bufo regularis differs slightly from that of

Rana catesbelana, the jaw mechanism 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 Rana

temporaria: “The respiratory and feedines movements are essentially

similar", This statement is true for R. catesbeiana‘only when the
animal is not actively feeding by means of its dental apparatus,
but is ventilating its gills phasically with water which has been
filtered of particulate matter (e.g. algae) in the pharynx. A |
small volume 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 siﬁultanebusly and the Jjaw mechanism
described in the present study for phasic ventilation also serves
for incidental and involuntary filter feeding 1n‘which the dental

apperatus plays no masticatory role. However, R. catesbeiana

eand several species of American Rana tadpoles have been seen to
feed intermittently by mastication of food (Gradwell, unpublished).
This 1s a voluntary behavior where tadpoles swim in search of

food and they utilize their crescentic beaks and labial denticles

for masticating such food as algae growines on substrata, plant
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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 Jaw and respifatory mechanisms are more vigorous
during this type of feeding than during phasic ventilation. 1In

view of 1ts close anatomical affinities with R. catesbeiana, R.

temporaria probably also has an involuntary method of filter

feeding during which the dental apparatus is not active 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 during masticatory feeding, water
that enters the mouth and is probably needed for food conveyance
to the pharynx, is also passed over the %111s after filtration.
Some postulates have been advanced concerning masticatory féeding
(Gradwell, 1968), and enough observations of such feeding in
consclous, uninjured tadpoles were made in the present study to
support the notion that masticatory feeding and involuntary
feeding involve distinctly different Jaw mechenisms. The views

of Savage (1952, 1961) and Kenny (1969) on R. temporaria tadpoles

end examinations of the anatomy of this species in the present

study tend to support the belief that temporaria has a Jaw

mechanism similar to that of catesbeiana.

' Two of de Jongh's hypotheses concerqing the jaw mechanisnm
are questionable: _

(1) Unless appropriate peristaltic musculature caﬁ be shown to
exist in the esophagus, it is doubtful whether tadpoles are
capable of "swallowing"; the movement of food down the esophagus
occurs at least to some extent by ciliary action.

(11) The protrusion of the jaws as shown in de Jongh's Fig. 154,

requires recognition of two degrees of freedom at the cartilago



. Meckeli-quadrate Jjoint; de Jongh refers only to downward and
upward rotation of the quadrate articular surface of the
cartilago Meckeli, but he also mentions a "translation" (p. 80)
without associating it with Jaw protrusion.

‘In the light of the present research, a few discrepancies
in an earlier publication (Gradwell '1968) call for discussion.
Further study of the geniohyoldeus (S1) muscle has given rise to
some doubt regarding its proposed phasic activity. Some doubt
now also exists concerning the proposed phasic activity of the
suspensoriohyoideus (H3) muscle. Wide 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 simultaneous contraction of the
other jaw abductors. The present study suggests tﬁat the Q1
muscle assistg Jaw protrusion during hyperinspiration by acting
together with the other Jaw abductors. 1In view of muscular
. Interactions in the normal animel, the electrical stimuletion of
individual muscles for the study of their functions, has limita-
tions, and should not be relied upon too greatly without supportinz
evidence, ‘ L

Passive displacements of the Jaw adductors have been mis-
interpreted (Gradwell 1968) as contractions of these small, generally
deep-lying muscles. Althouzh the actionvof these muscles is to

close the jaws, electromyography is needed to show definitively

. when they are active.
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Hyoidean mechanism

Schulze (1892) and Kratochwill (1933) considered the hyoidean

mechanism as a simple dorsoventral oscillation, and they correctly
described the muscles performing this 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 Jongh. (1968) has rightly described the phasic function of the

H1l and H2 muscles and given an interesting account of the CH-

quadrate joint of Rana temporaria, but he has also omitted dis-

cussion of the function of the other hyoidean muscles, the H6 and
H?. In trying to explain irregularities of branchial outflow,
Kenny (1969) has speculated that the H7 muscle is normally active
in gill ventilation.

_In the present study, 1t has been found that the CHs of Rana

catesbeiana are movable mainly doréoventrally, but there is a

slight degree of backward tilting,'énd there are also two types
of functionally end structurally different muscle fibers in the
two chief hyoidean punping muscles; the Hl and H6. These newly
discovered facts have helped to elucidate the intermittent
variations of CH amplitude which are manifested as hyperinspiration
or hyperexpiration.

Hyperinspiration is effected by a sudden sinking of the CHMs.
The phasically inéctive Hl fibrillic fibers become actlive at this
time and are accompanied by stronger than normel contractions of
the plasmic fibers. This produces a large negative buccal
pressure. If the mouth opens simultaneously, water is drawn through
it into the buccal cavity, but air 1s evacuated from the lungs 1if
the mouth closes at this time. On the other hand, the CHis are

elevated abnormally vigorously during hyperexpiration, thus

causing an unususlly large positive buccal pressure. If the mouth
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is simultaneously closed, water is driven through the gill clefts
and gilll cavity with great force; if the mouth opens at this
time, water is expelled through it. The phasically inactive
fibrillic fibers of the H6 muscle become active during hyper-
expiration and they are augmented by ebnormally vigorous contrac-
tions of the plasmic fibers (which are phasically active). The
H? muscle often also participates in hyperexpirations to cause a
superimposed branchial constriction (first discoveréd by Schulze
1892). However, contrary to Kenny's proposel (1969), the H?
muscle is not phasically active; it shows rapid fatigue and it
has no plasmic fibers.

In a correlation between the Hl muscle and CH movement
(Gradwell 1968, Fig. 7B), this muscle is correctly shown as
depressing the CHM. However, the recording equipment was
apparently insufficlently sensitive to monitor the passive
depression of the CHM by elasticity of the hyobranchial apperatus
at the onset of inspiration. The present study has shown that

the Hl1 muscle contracts late in the inspiration phase, just before

the onset of expiration.




Branchlial mechaenism

The movements of the branchial apparatus proposed by Schulze

(1892) for Pelobates, and by Kratochwill (1933) for Rana dalmatina

(= R. agilis), are essentially similar to those of R. catesbeiana.

Kenny's description (1969) of the movements of the CBs
concerns food filtration in the pharynx and the punping of water
through tadpoles in general. As the branchial epparatus lies on
the ventral side of the CBs, Kenny's proposals have a bearing on
the branchial mechanism and warrant consideration in the present

discussion, particularly since he has extended his findings on

Phyllomedusa to include Rana tadpoles.
(1) Kenny proposes that the "brenchial levators III and IV" (B8,
B10) contract during mouth adduction. Video recording has shown

that this is certainly not the case in Rana catesbeiana, where the

mouth 1is decidedly open during simultaneous contraction of the
Bl, B5, B8, and B1l0 muscles.

(11) Kenny's "gill chamber musculature™ is the H? muscle, which
.he states 1s active cyclically (p. 237): "Superimposed on this
cycle, is the asynchronous contraction of the gill chamber
musculature ..." It seems likely that Kenny was observing
occasional branchial constriction, elicited by the experimental
introduction of “"carmine or other particles" into the ventilation
current. However, he has interpreted this response as a component
of normel cyclic ventilation, which certeinly it is not. This
discrepancy points to the advantage of using alternative methods
fbr following the respiratory stream, for example the colored
streamers which have been used in the present study.

(111) &2s the edge of the dorsal velum is deflected away from the
ventral velum during the power stroke of the buccal pump, it is

unlikely that the dorsal and ventral vela serve to filter food
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by their juxtapositibn in Rana. Kenny's findings in this regard

may, however, be valid for Phyllomedusa, of which living tadpoles
were unavallable during the present study. .

The small muscles of the brancﬁial 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 Bl2, 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. Therefore this problem is another that
awalts the sophistication of experimental technique.
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sequence and integration of muscle activity

The time dependence of muscles which have been proven or are
believed to be active during normal gill ventllatlon and /or during
hyperventilatioﬁ, 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 resesrch. It has been shown in the present study that
certain muscles have two functionally end structurally different
types of muscle flber. It 1é therefore important in future studies,
to taeke cognizaence of the possibility that some parts of a muscle
mey contract independently of other parts of the muscle and that,
in addition to the temporal difference, there may glso be a
difference in the effects produced by segregated components of a
muscle. |

The integration of muscle activity to produce speciflc
behavioral effects is, in part, a consequence of their individual
timing or sequence of contraction. However, the abllity 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 4ndividual muscles or groups
of muscles inevitably requlres &a thorough knowledge of the
relevent morphology. Thls concerns not only the muscles themselves,

but also their skeletal relationships and their assoclations with

soft tissues such as ligaments.




Hydrostatic pressures, functional anatomy, and water flow

Regarding hydrostatic pressures, the present research is
consistent with an earlier study (Gradwell and Pasztor 1968).
However, two misinterpretations have been found. Firstly, the
occurrence §f the second pharyngeal pressure peek imnmediately
after the first peak, is clear evidence that constriction of the
pharynxvoccurs early end not late in the inspiration phase of the
ventilation cycle. Secondly, the rise in the branchial pressure
graph during inspiration, corroborates evidence obtained with
streamers held at the spout of Slowly breathing tadpoles, that the
branchial outflow is stronger durine inspiration than during
expiration. |

Intermittent variations of hydrostatic pressure of abnormally
large amplitudes have been recorded in the present'study simul-

- teneously in the three chambers of the ventilation system. These
variations are termed "hyperinspiration" (negative buccal and

~ Pharyngeal pressures) angd "hyperexpiration® (positive pressures
throughout the system).

The functional enatomy and water flow of normal and hyper-
ventilation have been broadly studied partly with the object of
1solatine problems for solution durine continuing investications.
Many problems have been found whose solutions are required for =
better understandine of gill ventilation in enuran tadpoles. The
most important of these.problems nov appear to be:

(1) The time dependence of several muscles (see Fig. 14) needs to

be established,

(11) The functioning of all the muscles of g111 ventilation needs

further 1n§est1gation, including the hyoideean group, which has so

far been better studied than the others. Especially perplexing at

present, are the B2, B6, and B9 muscles. Schulze (1892) believed
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that when these muscles contract, they constrict the afferent
branchial arteries and so help with the circulation of blood
through the gills. As these muscles sre so intimately invested
with blood vessels, this proposal deserves close study.

(111) Chapter 2 of the present thesis considers the sub ject of
velar function, which is so important for an understanding of
water flow. The precise route followed by water in the pharynx

1s a problem of greater concern to filtration feeding than to gill
ventilation.

(1v) Numerous mucosal papillae that project from the lining of the
buccal cavity into its lumen, call for a functional explanétion.
Preliminary experiments (Gradweli, unpublished) indicate that they
are either flow receptors or mechanoreceptors for detection of

large particles in the oral intake.

(v) A fine network of blood capillaries in the pharyngeal filter
folds is reported in Chapter 1 of the present thesis. This
vasculaf bed seems consistent with the view (Calori 1842, Gotte
1875, and Weisz 1945) that the rugulose pharyngeal mucosa contri-
butes to respiratory gas exchanese. If this is so, the water from
the pharynx reaching the gills and membrana vasculosa operculeris
through gill clefts 2, 3, and L, may not ve so efficient for
ventilation in the gill cavity. - In this case the importance of
gill cleft 1, bringing fresh water to the gill cavity directly
from the relatively poorly vascularized buccal cavity, 1s
emphasized. Stalned water flowing through gill cleft 1 was seen
to impinge on the gill tufts of branchial arch I and was deflected
by thqm against the membrana vasculosa operculeris where the
caplllary density is relatively high (250-350 meshcs/mmz, Gradwell
1969b). Therefore the provision of a pharyngeal by-pass in the .

form of gill cleft 1 would seem to be an advantage for branchial
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ventilation. Quantitative data are now neededfto test this

»

hypothesis,
(vi) The production of hyperventilation and branchial constriction

by mechanical stimulation of the inner surface of the operculum

18 always successful in rested, normally breathing tadpoles, but
mechanical stimulation of the g1lls themselves is less effective
in producing theée responses. However, there 1is great variation
and adaptation of these responses to branchial stimulation. In
all cases when the responses were elicited, the fibrillic fibers
of some muscles were brought into action, whereas during phasic
ventilation they are inactive. fThe further investigation of hyper-
ventilation may yield Important data on the Tunctioning of the
fibrillic fibers. The fibrillic fibers of the HS muscle have
several structural and functional properties in cozmon with
conventional fast contracting muscle fibers of vertebrates
(Gradwell and Walcott 1920). In this regard, the fibrillic fibers
of other muscles still need investigation. Intracellular
recordings from fibrillic fibers and measurements of their tensions
would seem tﬁ be the next stage of research pointed to by the
functional étudies of the present thesis.

(vii) In much of the present research, for easier observation of
breathing movements, tadpoles have been studied at lower embient
temperatures than those of previous studies (Gradwell 1968,
G?adwell end Pasztor 1968). The relative importance, one to the
other, of the buccal and pharyngeal pumps has beeh shovin to change
with femperature. Further research is needed to establish vhether

other temperature dependent functions of g£111 ventilation exist.




it

The solution of fhe above-listed problems in the bullfrog
tadpole will undoubtedly increase the understanding of gill
ventilation in this species, However, useful and perhaps more .
important information relevant to this subject may also be
gathered by comparative studies of g11ll ventilation in other
species of anuran tadpoles (see Chapters 4, 5, and 6 of the present

thesis).
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Illustrations

Fig. 1. Rana catesbeliana shown in profile, resting on the bottom

of an aquarium. The only visible movemenfs are those of the
mouth, and the dorsoventral oscillations of the buccal floor.

The inflows and outflow of ventilatory water are shown by the
arrows.

Fig. 2. Semidiegramatic view of water flow relative to the larval
visceral skeleton of Rana. TImmediately on entering the mouth and
nares, the inflows diverge into left and richt streams, but
Iintermixing of the outflowlng water occurs just before it leaves
through the sinistral spout. In addition to the three gill clefts
between the éeratobranchialia (CB), there is a first gill cleft
between the ceratohyale (CH) and CB 1. Broken lines indicate
water flow dorsal to the skeleton. Zones of particular bending
of the skeleton are between the : (1) C3 ané the hypobranchial
plates (HP), (ii1) bilateral moleties of the HP, (iii) copula 2
(c2) and CH, (iv) CH eand HP, (v) CH and C2, and (vi) cartilagines
Meckeli (CM) end infrarostral certilases which lie between then,
but there 3is little or no natural bendins between the bilatersal
infrarostrals themselves.

Fig. 3. The jaw skeleton shown in profile during stages of
opening end protrusion of the jaws. CQL, ligsmentum cornu
quadratum laterale; CRI, cartilago rostrale inferior; CRS, c.r.
sﬁperior; MC, cartilaxgo Néckeli: 1S, ligaﬁentum mandibulo-
suprarostrale; PAQ, processus articularis quadrati; RSQ, liga-
mentum rostrale superior quedrati; TC, trabeculae cranii. See

Ch 1, Teble I for H3, H4, end HS5 muscles.
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Fig. 4. Pharyngeal pressures during increasing frequency of
hyperinspiretion on recovery from anesthesia. Each hyperinspira-
tion is characterized by a large fall in pressure and by con-
spicuous protrusion of the jaws. Pressure calibration: +1 cm
water. Frequency: 70 cycle/min.

Fig. 5. Simultaneous recording of buccal pressures (tﬁp trace)
end electrical activity in the H3 muscle. only during the fhree
hyperinspirations, shown by the zreater troughs of the pressure
graph, were electrical discharazes monitored from the fibrillic
fibers in the muscle. Pressure calibration: + 1 cm water.
Frequency: 75 cycle/min.

Fig. 6. Simultaneous recording of buccal and phar&ﬁgéal pressures
during experimental lesions. L1, medial connective tissue cut
between the H6 muscle end the operculsr lining; L2, dennervapion
on left side of HB6 muscle; L3, billateral dennervation of ﬁ6 ‘muscle
completed.

Fig. 7. Hydrostatic pressures durine mechanical opgrcular stimu-
latioh (arrovis) invsemiconscious bullfrog tadpoles. A. Nermal
gill ventilation punctuated by hyperinspirations producing
particularly large neéative pressures. B. A single hyperexpira-
tion (large pressure peaks) following & brief pause in the normal
ventilation rhythm. C. Regular breathing is shovm interrupted by
hyperinspirations and hyperexoirations. D, E. Consecutive
hyperexpirations caused by intense opercular stimulation.
Pressures above the horizontal lines are positive. BR.P,
branchial pressure; BU.P, buccal pressure;PH.P, pharyngeal

pressure. Calibrations: 1 cm viater; 1 sec.
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Fig. 8. Hydrostatic pressures in the buccal cavity during
hyperexpirations evoked by mechanical stimulation of the operculum
(arrows). Only the plesmic fibers of_the H6 muscle were active
on account of bilateral lesion of the fibiillic fibers. Further
detaiis are given in the text. Calibrations: 1 cm water; 1 sec.
Fig. 9;.Norma1 and hyperventilations recorded in the buccal
cavity simultaneously with electromyography of (A) H6 plasmic
fipérs, (B) H6 fibrillic fibers, (C) Hl plasmic fibers, and (D)
H1 fiﬁrillic f'ibers. Pressure calibration: 1 cm water.

Fig. 10. A. Buccal pfessure (BU.P) recorded simultaneously with
the electromyography of the H6 plasmic fibers. B. Electromyo-
graphy of the H6 and Bl plasmic fibers monitored simultaneousiy
with buccal pressures C. Recording of electrical discharges from
the left and right sides ot the H6 plesmic fibers, showling that
their contractions are exactly synchronized. D. Buccal pressures
correlatéd with electromyography of the H6 end Hl plesmic fibers
of a sméll,semiconscious tadpole (left), and of the same tadpolé
allowéd to recover cdnsciousness (right). Celibrations: time,
0.5 sec; pressure, 1 cm water; electromyography, 30 mv.

Fig. 11. Bﬁocai pressures (BU.P) monitored simultaneously with
electrical activity in the B7 and HS5 plasmic fibers. Calibrations:
pressure, 1 cm water; electromyograms, 35 mv; frequency, 75
cyéle/min.

Fig. 12. HMechanography (force transducer, Gilson Polygraph) of
the left and right branchial skeleton during light anesthesia.
Upward deflection: anteromesiad stroke. Dovmward deflection:

posterolaterad stroke. Freguency: 70 cyclce/min.
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Fig. 13. Schematic summary'of muscular activity during normél
regular and hyperventilatlon. The.blaokened rectangles represent
data acquired by electromyography; the.blank rectangles repfesent
data gathered in studies of functional anatomy and direct'obéer-
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
shown in its orientation at the onset of expiration. Ihellargé
errow indicates water which is beginning to flow over the ventral_
velum. BC, buccal cavity; D, dorsal velum; GC, gill cavity;

PH, pharynx; V, ventral velum; 1 to U, g1ll clefts 1 to k.

B. Correlated hydrostatic pressures in the buccal cavity (BU.P),
pharynx (PH.P), and gill cavity (BR.P) of a regularly breathing
tadpole at 11°¢.

Fig. 15. Simultaneous recording of buccal (BU.P) and pharyngeal
(PH.P) pressures to show the greater importance of the pharyngesl
pump at ambient teﬁperatures below the acclimation temperature of
14°¢. Calibrations: pressure, 1 cm water; time, 0.5 sec.

Fig. 16, Branchial (BR.P) and pharyngeal (PH.P) pressures
monitored simultaneously during regular phasic ventilation which
ls internittently interrupted by hyperinspirations. Although
ebnormally large negative pressures occuf'in the pharynx, the
pressures in the giil cavity are simultaneously made abnormally
positive. Frequency, 75 cycle/min. Pressure calibration: 1 cm

water.
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CHAPTER U

_ THE TADPOLE OF ASCAPHUSQ
EXPERIMENTS ON THE SUCTION AND GILL VENTILATION MECHANISMS

ABSTRACT. Sucker engagement is effected by application of the
oral disec to a reasonably flat surface. Increased dbuccal pump-
ing immediately begins, and the ﬁegative pressures of buccal
inspiration are trensmitted to the sucker through the open
mouth. However, during expiration, the transmission of positive
buccal bressures to the sucker is hindered by é membranous oral
valve. Therefore a partlgl vacuun 18 progressively created .
between the sucker end the substratum. Buccal pumping and the
oral jglve enable ambient pressuré to ensure and maintain sucker
engagement. Adhesion of the sucker is immedlately increased by
greater buccal pumping when forces operate which tend to disen-

gage the sucker.

There are two continuous, rhythmicelly alternating force
punps in front of the glll clefts. Habitual sucker attachment
fo the substratum restricts buccal inflow to the nares, and des-
pite the intermittent nature of the narial inflow, the action of
these pumps ensures a continuous Flow of wétor over the gills.,
Tubular external nares feacilitate their_closure during spontene-
ous protrusion of the snout above water, but they do not com-
pletely close while subnmerged, nor does ventilation stop, even

in the fastest tolerable current.
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Introduction

Ascephus truei is America’s most primitive anuran (35, 38).

- It occurs in the North-West United States and British Columbla
(47). In addition to having an oral sucker armed with a distinc-
tive dental apparatﬁs, Ascaphus tadpoleé have several enatomical
features in common with urodeles (38). Notwithstanding the pecu-
liarities of Ascaphug, except for scattered incidental remarks in
the literature, no functional or experimental research has been
published on the genus.

Several reports exist on the anatomical adaptations of tad~
poles to a habitat in torrential mountain streams in North and
Middle America, Soufh Africa, and South-East Asia (18, 19; 1, 2;
9; 3: 20-23; 33-36; 4; 9; U46; 24-26; U4, b5: 43; 30, 31; 50; 7).
Of thesez asdaptations, ventral suctorlel discs have been most
often noted or described in the literature; it has been pointed
»out (3) that these discs should not be mistaken for the secret-
ory edhesive organs which, when present in newiy hatched anuran
larvae, tend to disappear when a fold of the integument grows
back from the hyoidean arch to form the tadpolets operculum.
However, even in fisheé, where there are such powerful suckers
as that of Remora, there is a paucity of published findings on
the functioning of the sucker. Reports on the suctorial mecha-
nisms of anuran tadpoles have been chiefly observational or based
on deductions of function from preserved material (e.g. 3%, 4);
they show the need for en experimental approach to the problem.
Moreover, the 1little information that does exist, is confined to
Staurois, an Asian gcnus, where the suctorial disc lies poste-
rior to the nmouth,

Most species of anuran tadpoles live in stagnant or sluggish

water and need to ventilate their gills aend sometimes a vascular

16%




lining of the operculum as well, by continuous water pumping
(42; 28; 39-41; 48; 6; 11-16; 27). However, Ascaphus tadpoles
inhabit cold, well-oxygenated mountain streams and prefer loca-

tion in a swift current, although they also occur in stagnant or

semistagnant water (9, 30). The respiratory anatomy of Ascaphus

nevertheless suggests that it ventilates its gillg by pumping
water through a pair of g1ll cavities; but Noble (33) reported
that the external nares close in swift water. As these are the
only inhalent apertures during sucker engagement, one might ex-
pect suspension of g1ll ventilation under such conditions. The
present study was therefore undertaken to ascertain whether ven-
tilation occurs in tadpoles anchored by their suckers in a

torrential flow, or only when the enimals are washed into quiet

. pools,

In meny specles of tadpoles inhabiting stagnant or sluggish
water, lung ventilation is well developed. But there are non-
functionel lung rudiments in fully developed Ascaphus tadpoles
(e.g. stege 39, of Gosner 1960). This is not surprising, as the
mouth and nares of Ascaphus tadpoles are structurally incapable
of air breathing and are adaptéd for other purposes. The tade
poles of torrential etreams have greater need for the stability
gained from compactncss than for the buoyancy provided by lungs.
Thg absaence of lung breathing in Ascaphus tadpoles increases the
importence of g111 ventilation, but thore exists no publiched
information on the ventilation of its larval gllls. Except for
Hora (23), neither has this subject been reported on for anurans
in Africa and Asia which also inhabit mounéain streams,

In the present research, the publications of Pusey (38) and

van Eeden (49) have been useful eand should be referred to for

‘detalls on the cranial anatomy of Ascaphus tadpoles.
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Materials and Methods

Tadboles of Ascaphus true11 (stage 32, of Gosner 1960) were

placed in four Dewar flasks, each containing ten tadpoles in one
liter of stream waeter. By occasional addition of ice during the
flight to Montreal, the animals were kept at 8 to 11°C, which
was the diurnal range at the collecting site, 1 to 3 Sept. 1969.
At McGill University, ca. 18 hr after the tadpoles had left
the Snhoqualmie River, they were placed in a 3 kiloliter spill-
over aquarium with a fast inlet stream of dechlorinated tap water
at 10°c. Immediately on liberation from the Dewar flasks, the
tadpoles began swimning about and alightihg and feeding on the
algae growing on the walls of the glass and slate aquarium, by

rasping movements of the horny beak and labial denticles; they

grew ca. 1 mm in four weeks and relative to their counterparts in

nature, they appeared normal in all obvious respects.,

Hydrostatic pressures

Bydrostatic pressures associated with the suction end venti-
lation mechanisms were monitored in 20 tadpoles (Figs. 1, 2A).
The snout-to-vent length of these enimels was 10 ¥ 1 mnm. Experi-
ments were performed at 10°C except where otherwise indicated in

the text and 1llustrations.

1 .
From Alpentel Ski Regort, near Snoqualmie Pass, Washington.

cdllectlona were made along the Snoqualmie River from the start
of Snow Lake Trail, near the foot of the 8ki 1ift of the Resort

to a meadow ca. 1.5 knm upstream.
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Simultaneous pressure recordings from the buccal cavity,
- . pharynx, and gill cavities were made with methods similar to
those descrlbed earlier (15), However, for recording sucker
. pressures in moderately stégnant water, & hole of 1.5 mm diameter
was mede in the center of a pa erspex disc of 5 mm thlckness. The
blunted point of a hypodermic needle was sealed into the hole to
form a pressure monitor, and the other end of the needle was
attached to a pressure transducer (Fig. 1l). Concentric'gradua-
tlons on the Perspex disc permitted determination of‘the precise
location of parts of the sucker relative to the pressure monitor.
Sucker pressures were monitored from tadpoles in a stresm
of water, with the apparatus shown in Fig. 2A. &myth (43, p.109)
pointe out the nced for date on the velocity of streams inhabited
" by such species as Ascaphus. A flowmeter was not avallable on
the collecting trip of the present research but one was used in
the laboratory to determine flow velocity. A water flow of 200
to 2,000 ml/min was passed through tubing of 1.5 mm internal
radius (r). Therefore by calculationl, the velocity of the water
emerging from the tubing was 47 to 472 cm/sec. As Ascaphus ted-
peles cannot attach .themselves to submerged rubber foam, the sides
of the container were lined with this materiel. Therefore when
tadpoles became detached fronm the inclined Perspex plate (Fig. 24A),
the only place where they could reattach themselves was the plate.
They could then be easily returned to the recording posgsition over
the monitor of the pressure transducer by manual s8liding, without

disengeging the sucker.

1 - -
I'I(r)2 = II(O.lS)2 = 2,25 TI X 10 2 = 7.08 X 10 2 cm2

2 3 ~1 -
2.X 10 0?2 mig 2830 em min™' = 47.2 om seo
7,08 X 10 " em

— e ———— 4 i e dlp ~ .o
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The adhesive capability of the oral sucker, as well as the
influence of this structure on buccal pressures, was investi-
gated by gradually abducting a conscious tadpole from & pressure
monitor embedded in Perspex (Fig. 1). The pressure monitor was
orientated downward so that the tadpole was turned into a supine
position, hanging from the horizontal Perspex. Loads were added
to a scale pan attached to the post-cranial dorsum by & poly-
ethylene loop through the dorsales trunci muscles. Sucker shapes
were studied by allowing the animal to attach itself to the
underside of horizontal Perspex, through which the sucker was
photographed during progressive loading.

The signels from the pressure transducers were amplified and
recorded graphically on a rectilinear Gilson CH-CBPP Polygraph.
Pregsures were calibrated manometrically (Fig. 1), and baseline
reference pressures were determined after the experiments by
anesthetizing the tadpoles until ventilation ceased.

Cannulation

Intramedic polyethylene tubing (PE 10, Clay-Adams Inc., N.Y.)
was used for implantation in the buccal cavity and pharynx of
tadpoies anesthetized ca. 30 min in 1% urethane at 10°c. The one
end of the tubing was flared near a heated iron. The other end
was fitted to a steel needle and shaved to form a tight, tapered
sleeve. The needle with its attached tubing was passed through
the tadpole's mouth and then through the buccal roof until the
flange of the tubing formed a flush seal inside the buccal cavity.
After detachment of the needle, the free end of the tubing was
passed over the hypodermic needle of a pressure transduoer
(Fig. 1). Hydrostatic pressure curves from cannulae implanted

posteriorly in the buccal cavity near the ventral velum, were of

16%
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jdentical shape end phase difference to those from cannulae

farther forﬁard. The reglon of the buccal cavity between the

" neres was therefore chosen for 1mp1antatimn in most cases on

~account of its easler accessiblility and the absence in this

region of muscles and large nerves and blood vessels.
Implentation in the pharynx of Ascaphus tadpoles was more

difficult than in Rena catesbeiena (cf. 15) because of the small-

ness of the Ascaphug specimens end greater inaccegsibillty of the
pharynx. |
The small brenchial outlet of Ascaphus prevented cannulation
of the gill cavities with the availeble materiels. Branchial
pressures were therefore monitored by inserting the hypodermlc
needle (30-gauge, BD Yale) of & pressure transducer into the gill
cavities through the valveless branchial outlet. The branchisal
orifice was widened with a small cut to compensate for the slight
plugging effect of the needle.
Water veloclity

A water tunnel (Fig. 2B) wés used to determine the meaximum
velocity of turbulent water, as occurs in natural streams, which
could be tolerated by the sucker without its slipping. The water
velocity at which the flow changes from gtreemlined to turbulent
in the tunnel is estimated by assuming this change to take place
when Reynold 's number has the value 2000 for a round pipe having
the same cross-sectional area and carrying the seme flow as the

actual tunnel.

I1et VR = water velocit&lin circuler pipe at which Reynolds*

number has the value 2000.

D= diaméter of round pipe having the same cross~sectional

area as the tunnel. 1Its value 18 calculated to be 2.26 cm.
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M. = viscosity of water at the experimentel temperature of
. ' o ~ _
10°C. Ite valve 18 1.31. X 10 - g ocm 1 sec 1.

R = density of water, taken to be 1 g em™.

From the definition of Reynolds' number for a pipe of circular

cross-section, it follows that

2 2000 X 1.31 X 10™2 1 oect -1
- 000 A 000 X 1.31 X 38 em  8€C__ . 17.6 om sec

A/
R D 2.26emX1genm

Thus the flow through the water tunnel is turbulent at water

veldcities greater thean about 12 cm sec-l.

Flow indicators

The nature of the inhalent and exhalent flows in tedpoles
was studied with a dissecting microscope while flow indicators
such as carmine, milk, and algal suspensions were plpetted near
the mouth, external nares and branchial outlet. The flow through

the exposed gill clefts of emesthetized tedpoles was also studied
by this method.

Dental inscriptions

Impressions made on the substratum by the horny beak, were
recorded directly on photogrephic film. The emulsion of unil-
formly exposed end developed 35 mm film was softened by a
potassium hydroxide solution. After thorough rinsing in water,
the fi1lm was attached to a wall of an aquarium. When tadpoles
clung to the film they were menually displaced backward, forward
end sideways. The backward displacement caused contact between
the upper beak and the emulsion and inscriptions were thus pro-
duced which could be printed on photographic paper by normal

procedures,
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Results

To avoid reiteration, ¥Ypressure"™ will be used in its hydro-
static sense in fhis report.

The small size of the available Ascaphus tadpoles waes dis-
couraging for the measurement of pressures. However, considering
the difficulty of manually detaching tadpoles from a substratum,
it was expected that measurement of the suction pressure would be
simple. The first attempt was gratifying, for, contrary to the
expected constant negative pressure, the graph showed an oscillat-
ing negative pressure. Inspection of the animal revealed that the
undulaﬁions were synchronized with pulsations of the skin covering
the tadpole's pharynx. The data suggest that internal pressures
caused by pumping movements of the ventilation apperatus are trans-
mitted to the sucker cavity (Fig. 3B). In agreement with this
- view is the simultaneous recording in the seme enimal (Fig. &) of
buccal and sucker pressures, of identical amplitude and frequency
during regular breathing. Therefore, it seems that sucker function
is influenced by the buccal pump of gill ventilation. On the
other hand, as efficient gill ventilation still occurs in tadpoles
with their suckers disengaged, the sucker is not indispensable for
gill ventilation. FHowever, it will be shown that the functional
state of the sucker affects the course of the amblient flow into

the ventiletion system. On account of this interdependence

between the suction and ventilation mechanisms, the separate treat-
ment of them in the present study is somewhat artificial, and is
intended to facilitate deecription.

The anatomy of the visceral muscles of Ascaphus tadpoles has
been described in adequate detail (38) to guide functional studies.

The positions of these muscles are summerized in Table I, which
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also proposes a gimplified nomenclature based on the innervation

" and origin~insertion relationships. Until verified by electro-

myography, the functions of certain relevant muscles are presented

tentatively in Table II.

The §gct16n Mechanism

‘In their natural habitat at the Touchet and Snoqualmie Rivers,
Washington, USA, Ascaphus tadpoles were seen clinginé to rocks
and stories by an oral suckef. They freed themselves from such
adhesion only for swimming short distances from one place of
attachment to another. They preferred the undersides of substrata
end tended to face upstream in swiftly flowing water. However,
at the Snoqualmie site, where isolated, stegnant pools occur, tad-
poles were often seen in these pools, and wherever denied an
undersurface for adhesion, they weie seen clinging to the verti-
cal or upper surfaces of substrata. When these tadpoles were
placed in aquaria and allowed choice of orientation, they, like
" those caught on the undersides of rocks in a fast current, pre-
ferred fast water and the undersides of substrata. Ascaphus
_tadpoles are negativély phototropic, which is consistent with
their preference for shaded wndersurfaces.
l. Sucker engagement

In the disengaged sucker, the periphery of the upper and
lower lips forms a rim around a shallow, central conéavity (Figs.
3, 5). The periphery of the upper lip, and the lateral flaps
(LF, Pig. 6) are supported by a hydrostatic skeleton of lymph
cénals which are turgid when the sucker is not engaged, but they
become somewhat compressed during the achievement‘and maintenance
of sucker engagement. The lower 1lip has no lymph canals, but

flexible papillae (P, Fig. 6) instead of denticles at its peri-
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phery probably assist sucker engagement on slightly irregular
surfaces by filling the small spaces between the posterior rim
of the sucker end the substratum. The 8b11ity of the rim of the
sucker to mold itself to irregularities of the substratum, facili-
tates the creation of a water-tight seal when, at the onset of
sucker engagement, the .entire rim of tﬁe sucker is epplied to
the substratun (Fig. 3p). | |

The second staée of sucker éngagement ensues when indirect
muscle action, operating the buccal bump,  causes substantial
negative buccal pressures (Figs. 7, 8A). Water trapped between
the sucker and the substratum 1s sucked into the buccal cavity
through'the mouth, thereby generating a negative sucker pressure,
In consequence, the central area of the suctorial disc, like the
periphery, beconmes firmly pressed againgt the substratuﬁ‘(Fig.
3C). Therefore the sucker cavity (Fig. 3B) becomes restricted
to the small area immediately outside the mouth (Fig. 3C; No. 3,
Fig. 6). The passive, flap-like oral valve (ov, Figs. 34, 5, 9)
closes the mouth at the instent that the sucker pressure becomesg
- negative relative to the buccal pressure. The flow of water into
the buccal cavity through the mouth (but also through the nares),
combined with a change to predominance of the compression phase
over the decompression phése of the buceal pump, then tends to
overcome the large negative buccal pressure. To account for the
simultaneous partial removal of the negative suckér pressure, it
18 proposed that the oral valve bends toward the sucker cavity,
thereby reducing its volume. It was not possible to verify this
postulate by direct observatioh as the oral valve ig obscured by
the beak, especlally in the engaged sucker. However, the elas-

ticity of the central area of the sucker tends to cause it to
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withdraw from the substratum end to form & concavity like that
of the disengaged sucker (Figs. 3A, 5). This slight natural
abduction probably helps to maintain & pressure between theb.
sucker and the substratum that is negative with resbect tp the
embient water and to the buccel cavity. Once the oral valve. has
shﬁt, it 18 probebly maintained in this condition even dﬁring'
subsequent regular gill ventllation, provided that bucecal
pressure 18 kept positive relative to the sucker pressure,

The maximum sucker pressure generated by spontaneous buccal
pumping during sucker engagement, is =18 to ;25 torr.

2. The engaged sucker

The welght of Ascaphus tadpoles in water is very small
(<0.01 g for those used in the present study). Therefore it is
not surprising that they were able to hang upside-down by their
suckers for periods exceeding esn hour, without showing evidence
of disconmfort.

In enuran species which do not have suckers, conscious tad-
poles exhibit vigorous struggling if they are turned upside-.
down. This contrasts with the indifference of Ascaphus tadpoles
to all possible orientations in three dimensions when their
suckers are engaged.

When the sucker of & tadpole is apposed to a surface, the .
tendency for water to be drawn into the gouth by decreasing
buccal pressure during inspiration causes a general negative
pressure between the sucker and the substratum. The oral valve
(Figs. 3Cy 5, 9) so restricts the rising phase of buccal pressure,
that the residual negative pressure 18 not overcome to the degree
that sucker adhesion is lost. Presumably, the fluctuations of
this regidual sucker pressure synchronous with buccal pressure

(Fig. h),»are caused by bending of the oral valve during compres-
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sion and decompression of the buccal cavity. Synchronized with
“breathing, there are also slight dorsoventral movements of the
more medial parts of the lower jaw, but it is doubtful if these
movements are caused by direct muscle action. It seems more
likely that the lower jaw cartilages (e.g. CRI, Fig. 9) are
pulled dorsad by the ceratohyale and that their returh movement
is by elasticity. Vhatever the contribution of these 1owei Jaw
movements, 1t is essentlially the oral valve that opens and closes
thg mouth during normal gill ventilation.

The pipetting of indicators around the periphery of the
sucker disclosed no leakage of embilent water directly into the
sucker cavity and thence into the buccal cavity via the mouth.

puring prolonged sucker engagement 1ﬁ stagnant water, the
sucker préssure was usually found to vary between ~2 end -4 torr.

It was noticed that although the posterilor areas of the
sucker registered pressures of the same frequency, and locked to
the same phase of buccal pressures, the shapes of these posterior
suéker pressures were unlike thosz monitored in the éucker cavity
nearer the mouth. To clarify this point, recordings were made
along & midline transect of the sucker (Fig. 6). The graphs
show that areas of the sucker demarcated by the lower lip yleld.
curves with two peaks per ventilation cycle and there is a pro-
gregsive fall in amplitude the farther away that pressures are
monitored from the mouth. The changes in sucker pressure caused
by menual repositioning in Flg. 6 agreed with those monitored
during spontaneous sucker repositioning over the pressure monitar
(e.g. Fig. 10).

Simultaneous recording of buccal pressures and posterlor
sucker pressures showed smooth single buccal pressure peaks,

indicating that the dual-peaked curves are not an inherent proper-
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ty'éf the ventilation mechanism. The general shape of the dual
peaks remains the same for anh ventilation cycle. Therefore
whatever causes these dual peaks, acts synchronously with the
ventilation cycle. The dual peéks persisted regardless of the
| orientation of the tadpole on the pressure monitor, provided
that pressures froﬁ»areas Ik to 6 (Fig. 6) were being recorded.
The possibility that the heart, which lies near the posterlor
border of the sucker, 18 responsible fdr the notch in the sucker
pressures, was disproven by the electrocardiogram, which does
not have the same frequency as the ventilation rhythm (Fig. 11).
Therefcre further investigation 1s'needed to determine the cause
of these dual peaks.

Two shapes of pressure curve were recorded from area 6, Fig.
6. When recordings ere first ﬁade from this area, fhe ocurves
have a relatively shallow notoh between thelr pesks and it is
possible to distinguish one ventilation ecycle from the next.
. However, the shape of the curves from this area usually changes
before cé. 3 min after the location of the sucker over the
pressure monitor and the beg;nning of recording. There is a
deepening of the notch between the pressure peaks until it is
possible to distinguish individual ventilation cycles only by

assuming that one cycle 1s composed of two peaks.

3. Effects of leslons

As the Perspex substratum used in the experiments on the
sucker was perfectly smooth like some rock surfaces found in the
naturel habitat of Ascaphus, the beek, (B, Fig. 6) end labial
dentic;es:may be assumed to have played little or no frictional
role in the engagement of the sucker and in the maintenence of
its adhesion. When the labial teeth and the edge of the besk

were dissected eway, sucker adhesion was still efficient end
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sucker pressures did not differ significantly from those monitored
in normal enimels. Therefore these structures do not seem to .be.
used for effecting and maintaining sucker adhesion; they may be
concerned with rasping plant material fo the substratum (cf.

Fig. 12).rather than with providing a mechanical grip for the
sucker., .

Iesion such as a radial cut at any part of the periphery of
the suctorial disc, reduced the amplitude of sucker pressures by
causing & leak of eambient water into the sucker cavity. This
effect was greatest when the lateral ﬁarté of the periphery were
cut ﬁear the junction of the upper and lower jaws (LF, Fig. 6).

Surgicel damage to the oral velve (OV, Figs. 34, 5, 9), 8o
as to destroy its valvular action, did not prevent sucker en-
gegement, but to maintain sucker engagement, the tadpole had to
keep breathing at the high frequency and amplitude characteris-
tic of the 6nset of sucker engagement. As this could not usually
be meinteined for longer than ca. 30 sec, adhesion gradually
weakened until sucker disengagement resulted. These effects
were demonstrated by such a surgically injured tadpole which en-
gaged its sucker to a vertical side of the aguarium. At first,
the snimel was nearly horizontal. Immediately buccal pumping
became subdued, a gradual loosening ahd rotation of the sucker
ogcurred, so that the animal assumed a pgrpendicular orientation
with its tail pointing downward. The animal then slid slowly
dovmwerd by gravitationel pull and became disengaéed from the
glass. Figure 13 shows such a tadpole just before disengagenent.
The tadpole then slid on to the bottom of the aquarium, where‘it
lay with its sucker disengaged like the normal but fetigued tad-
" pole shovn in Fig. 14A., Iesion to the oral valve therefore

demonstrates the importance of this structure for the maintenance

of sucker engagement.




L, Effects of water velocity

In a strong current, tadpoles are always aligned so that
the stream washes over their bodies, from headlto tail. Once
sucker engagement has been effected, this alignment can, if
necegsary, be achieved through the passive rotation of the sucker
and the streamlined body and ta1l into an orientation of least
resistance to the embient flow. |

The fall in pressure concomitent with sucker engégement over
the pregsure monitor of a transducer is shown in A, Fig. 15. As
& gentle flow of water (47 cm/sec) began over the tadpole's head
(4 cm from the inlet, Fig. 24), the slight further fall in
pressure which occurred, 1is shown in B, Fig. 15. Simultaneously,
the rhythmic pressures of the buccal cavity, registered in the
sucker cavity, showed a skell lncrease in emplitude. These
effects were exaggerated when the ambient flow was substantially
fncreased (236 cm/sec; C; Fig. 15). Howev.r, while the ambient
flow was kept at this high level, the pressure curve tended to
return to its earlier condition, monitored in stagnent water,
except that its averege value was more negative (D, Fig. 15),
owing to the greater adhesion of the sucker. When the flow was
further increesed, to 472 cm/sec, taedpoles could not usually
maintain their positicn at 4 cm from the inlet for longer than ca.
2 min. They then begen to slip backward in the stream, gradu-
ally end passively, to ca. 5 cm fron the inlet where, in the
glower current, they remained for periods excecding 10 min. Dis-
engagement of the sucker was caused when the inlet was moved
closer to the tadpole than 4 cm.

The use of a water tunnel (Fig. 2B) permitted the accurate
determination of the maximum velocity of a turbulent stream which

could be withstood before slipping of the sucker occurred. Of
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' five tadpoles tested, only one slipped backwerd (at & constant

' slow rate) when the aembient velooity reached 165 om/sec. Slipping
oceurred in the other tadpoles at 140 to 185 em/sec (163 cm/sec
average).

Tadpoleo resist sucker disengaéemenf«by a 8lightly greater.
frequency end much greater amplitude of buccal pumping when forces
of‘abduction act on them. For example, Filg. 15 shows increased
suction during en increase (C) in the velocity of the ambient
flow. During the onset of such a vigorous pumping‘response, the
inspiration phage or reduced pressure phase of ventilation, is
greater than the expiration or increased pressure phase. When
the net reduction of buccal pressure falls below the sucker
pressure, the oral valve probably opens and further‘water is
sucked from the sucker cavity (Fig. 3) into the buccal cavity.
Tﬁis generates an even greater negative sucker pressure, and it
usually draws the first row of lower lip denticles slightly
.anterodorsad to‘theledge of the beak and therefore out of sight.
~ The double tooth pattern of the first row of dentlicles distin-

‘ guishés 3t from the other rows, which facilitates the recognition
of the phenomenon (Fig. 16A,B). The increased adhesion is
maintained by the resealing of the oral valve. By this means,
the animal regulates the adhesion of its sucker to suit the
velooity of ambient flow, and thereby resists abduotioh.

5. Properties of adhecgion

Clinging tadpoles can be manualiy s8lid parallel to the plane
of the substratum,‘but their slippery, stréamlined bodles meke .
it difficult to abduct them from the substratum. Therefore &a
hold was secured by passing a polyethylene loop through the
dorsales trunci muscles of anesthetized'animéls, which were then

returned to the aquarium for recovery. Two days later, vhen their
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wound s ﬁad héaled reasonably weil, the suckers of tadpoles could.
be disengeged by menuelly pulling the polyethylene loop at right
.angles away from the substratum. The tadpoles then swem awey
and re-engeged their suckers elsewhere ;n the aquarium. Tadpoles
oould also be held by the loop and induced to engage their |
suckers over a pressure monitor embedded in a Perspex plate (Fig.l).
The suckers of dead tadpoles were engaged over the pressure
monitor by manually pressing their heads ventrad (i.e. toward
the pPerspex) and then suddenly releasing the pressure. In this
case, the adhesion mechanism is simpler than in the breathing
tadpole. Immediately the periphery of the sucker contacts the
substratum, a water-tight seal i1s formed (Fig. 3B). Consequent-
ly, & space (the sucker cavity) is created between the central,
concave surface of the sucker and the substratum. For engagement
of the sucker, the water in the sucker cavity must flow through
the mouth and into the buccel cavity, thereby flattening the
centrel area of the sucker'and greatly reducing the sucker cavity.
These effects can be achieved by manually pressing the dead
tadpole's sucker against the substratum, simulating the effect
of buccal pumping when breathing tadpoles engage their suckers.
The elastic tendency of the central area to withdraw from the
substratum then creates a negative pressure in the sucker relative
to the buccael cavity because the passive oral valve 1sg deflected
ciosed eand it prevents buccal water from }e-entering the sucker
cavity. The negative sucker pressure maintains adhesion while
the oral valve remains closed snd the peripheral seal of the
sucker remains intact. Dead tadpoles, whose suckers were engaged -
in this vay, remained clinging to the substratum for over an

hour.
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Forces of sucker abduction tend to increasevthe sige of the
sucker cavity, but as this is a closed chamber, an even greater
suction is produced and the oral valve becomes more tightly
sealed. . The sucker pressures genergted by manuaily pulling a
conécious tadpole away from the pressure monitor are little
different from the pressures genergted by abducting thé same, but
killed, animel from the pressure monitor (Fig. 17A,B). Therefore
it seems that adhesion is passive after sucker engagement has
been achieved, and no further muscular expenditure is normally
heeded for maintaining the suctipn. * However, when necessary,
breathing tadpoles are able to véry the strength of adﬁesion by
regulating the degree of buccal pumping.

Study of the sucker during abduction of it from a smooth
Perspex plate was aided by a photomicroscope for direct observa-
tion through the Perspex, end for photography, The first

noticeable effect of sucker abduction is en infolding of the

first row of denticles (Fig. 16A,B; unlike the other rows, it 1é

double, snd there is slso a space dividing it in the middle line).
As gradual sucker abduction progresses, the bilateral horny
plates of the upper jaw, forming the beek (B, Fig. 6), are

slowly drawn away from the substratum by virtue of the flexible
cleft between the plates (Fig. 16C to F). This flexibility of
the beak is facilitated by the thinner keratin in the middle line
then elsewhere on the beak. There is also a further withdrawal
of the bilateral moleties of the lower jaw from the substratum,
end the second to fifth rows of denticles fold toward the mouth
énd also éway from the substratum. The slighfly transparent
lateral fleps (LF, Fig. 6) are drawn mesiad'and wrinkles occur

at the edge of the lower 1lip, especially at the moment of sucker
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disengagement (Fig. 16F). Simultaneously, as ambient water
floods the sucker cavity and déstroys its negative pressure, the
tooth rows of the lower 1ip become more visible again (Fig. 16E,F).
The oral valve is not visible during this abducting proce-
dure but the great fall that abduction causes in sucker pressure
(Fig. 174,B), would probably pull the oral valve (ov, Figs. 3, 5,
9) into the sucker cavity were it not for bilateral ligaments
which firmly bind the lateral aspects of the valve to Meckel's
cartilages. On both sides, the ligament runs latérad, caudad,
and slightly ventrad and is attached to the medial face of
Meckel's cartilage immediately dorsal to the insertion of the M5
muscle (Table I) on this cartialge. Study of the partly exposed
oral valve of a breathing, enesthetized tadpole disclosed that
these ligaments do ﬁot interfere with the normal rahge of move=

ments of the valve.

Sucker abduction by loads permitted an estimate of the force

required to cause sucker disengagement under water, Figure 184

shows the stepwise increase in suction in a conscious tadpole by
loads, until the climax of disengagement was reached (7.?98: 7.5
torr/g load). 1In five tadpoles tested {Table III), 5.79g was the
greatest tolerable load borne under water for 8 sec by instan-
taneous application (Fig. 18B). A load of 6.79g was borne for

4 sec before it also disengaged the submerged sucker, On the
other hand, after the sudker was attached to a submerged 1oad} the
tadpole was held by the polyethylene loop through its back muscles
and lifted manually ebove the watér surface. By this procedure,
the mean meximum load which could be lifted into the air was 48. 3z,
sbout six times greater than the maximum submerged load borne for
L sec. PFurther regearch 1s needed to explain this 1nconsistency,

but it may ve speculated that closure of the external nares




when exposed to air, would facilitate the generation of greater

negative buccal pressures and these may help the sucker to resist

disengagenent.

Parker (37) defines adhesion efficlency as

force required for disengagement

area of sucker1 X atmospheric pressure
In conscious tadpoles, the meen maximum pressure in the sucker
is -125 torr (Table III). From elementary mechanlcs, it follows
that force required for disengagement ’

1
= area of sucker1 X (atmospheric pressure - pressure in sucker )

Thus adhesion efficiency

area of sucker1 X (atmdspheric pregsure - pressure in sucker%l

area of sucker1 X atmospheric pressure

_ atmospheric pressure - pressure in sucker _ (760 - 635) torr
atmospheric pressure 760 torr

= %%g = Ca. % or 174 (for the submerged sucker).

.1 |
at the instant of disengagement.
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6. Sucker locomotion end feeding

Like thelr counterparts in nature, laboratory tadpoles of

' Aécaghus crawled forward 5y altérﬁate backward and then forward
Jerks of the lower lip. In é weak stream of aquarium water at
looc, the crawling occurred sporadically. A crawl consisted of
one to ca. 15 cyclic jerks of the lower 1lip. When trensferred to
a trough of fresh but stagnant water at 15°C, the tadpoles showed
a greater crawling tendency during the first 5 min and they
generally exhibited more cyclic hitches per crawl (up to 2L were
counted). During the next 5 min, theilr crawling was interspersed
with progressively more frequent swimming between pleces of
sucker attachment to the substrétum, possibly because, on finding
no algae on it, their behavior'became more searching than in the
algae-laden aquarium. Both types of errant behavior became
greatly reduced during the third 5 min period and the tadpoles
then remained clinging to tﬁe sides of the trough for several
minutes before further, but less vigorous searching. Generally
conslistent results were obtained in two further experiments of
this k}nd.

As the backward movement of the lower lip encountered fric-
tion with the substratum, the tadpole's snout was thrust forward
and simultaneously the trunk and tall were 11ftedAfrom the sub-
stratum (Fig. 14C,D). During its alternate forward movement, the
lower 1lip again encountered friction with the substratum and the
snout was then pulled backward (Fig. 14D,E). However, as.the
snout's forward displacement (AD, Fig. 14D) was usually greater
than its alternate backward displacement (AB, Fig. 1l4E), the net
result (X) was a slight forward progression during each cycle
(usually of duration 1 sec) of the crawl. Depending on the

material nature of the substratum, its slope, and the density of
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its covering vegetation, the net forward progression during each
cycle varied, but was usually 1 mm on horizontal, smooth Perspex
and glass. No backward or lateral progression by this means was
seen,nor, from study of the functional anatomy would such pro-
gression seem to be possible in Ascaphus.

Described above are the conspicuous characteristics of
sucker locomotion. Further information on the behavior was
gathered in three ways. Firstly, a dissecting mlcroscope was
focussed through the aquarium glass asnd on the ventral surfacé
of the sucker to study its movements under conditions close to
those obtaining in nature. Secondly, pressures were recorded
from the suckers of five tadpoles during their crawiing on
Perspex in which was embedded the monitor of a transducer. The
Perspex was orientated vertioally and the tadpoles were placed
on it in a head-up position. This arrangement sometimes caused
the forward movement of the animal to be cancelled by its
alternate backward movement (probably helped by gravitational
pull), so that the net result kept the sucker over the pressure
monitor and ylelded consistent recordings of sucker pressures
associated with crawling (Figs. 19, 20).. The rise and feall of
sucker pressures correspond respectively with the forward end
backward displacements of the snout during crawling. The
recorded pressures therefore furnish data on the frequency and
emplitude of crawling and on its periodicity. Thirdly, a tadpole

was allowed to engage its sucker on a glass cover~slip. The

tadpole was then gradually anesthetized until it could be turned

supine without struggling, to permit study of the sucker through

1359 ]

the glass with a dissecting microscope. The lower lip was gripped

with forceps and slowly pulled cauded, imitating its naturel,
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though faster, movement during crawling, and the changes in the
dispositions of the relevant anatomy were noted.

The date gained during these experiments permit general
description of sucker locomotion. A cycle of this behavior may
be consldered as composed of two phaées:

Abduction phase: the snout is thrust forward

Sucker locomotlion begins with a backward (abduction) movement
of the lower jaw and the entire lower 1lip kFig. 16G,H) es a con-
sequence of the muscular (cf. Table II) ventrocaudad rotation of
the bilateral Meckel's cartilages. Howe#er, the peripheral seal
of the sucker is maintained by a stretching apart of the over-
lapping Junctions between the bilateral flaps (LF, Fig. 6) and
the anterolateral edges of the lowef lip. This backward displace-
ment of the lower lip 18 facilitated by a transverse fold in the
skin Joining the upper and lower jaws at the corners of the mouth.
The fold at no time contacts the substratum; it permits the free
backward displacement of the lower jaw and it is pulled somewhat
taut near the end of the phase. The d1Spiacement opens the mouth
by pulling the oral valve (OV, Figs. 3, 5, 9) free from its con-
tact with the upper jaw. Therefore buccal water enters the
sucker cavity and tends to obliterate its negative pressure.
Accordingly, Fig. 19 shows that there ig usually a rise in the
graph of sucker pressure. However, the inspiration phase of the
ventilation cycle 1mmed1ate1y preceding the onset of crawling, is
sometimes accentuated, causing a sudden large fall in the graph
of sucker pressure (Figs. 7, 20B). Consequently, the following
rise in sucker pressure, as the snout is thrust forward, is of an
amplitude generally greater than when crawling 18 not preceded

by a vigorous inspiration.




Synchronous with the lower jaw's backward displacement,
there 1is a’b;latefal 1ndentatlon of the skin below the eyes that
covéis the Hl muscles (Table I). The relaxation and stretching
of theselmuécles, which the sagging of the skin seems to indicate,
woulé be in eccord with the contraction of the H6 muscle which
raigses the buccal floor and 1n¢reases the buccal pressure at
this time. The trensmission of this buccal pressure to the
sucker cavity as the mouth opens, reduces suction and the contact
which the broad lower lip makes with the éubstratum provides
enough friction for it to thrust the snout forward. The small
denticles eand the beak of the upper Jaw have thelr edges directed
backward, end, as a result of the decrease in suetion, they tend
to be pulled away from the substratum by the snout's elasticity.
Therefore their friction with the ‘substratum during.this phase of
the locomotion cycle 1s probably too smell to hamper the forward
sliding of the snout. Flgures 19, 20 show that the sucker
_preasure during this phase does not quite reach the baseline
reference pressure, Therefore, in sluggish or stagnant water,
where crawling seems to occur most readily, sucker engagement is
not greatly endangered by this partial loss of suction.

Abduction of the trunk and tail from the substratum by the
(?) dorsales truncil muscles also occurs during this phase (Fig.
14¢,D). As the tall 1is laterally flatténed, 1t encounters very
1ittle resistence from the ambient water during this movement.
Depending on the orientation of the tadpole, the abduction of the
trunk and tail (usually 30o to 40° when prostrate on the bottom)
is 1nf1uenqed by gravitational force, but in water the magnitude
of its effect is probably small. During the periods of rest
between crawling, the tail is held against the substratum (Fig.

14B). A space between the branchial outlet and the substratum
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(Figs. 6, 14B, 16G) during sucker engagement, permits free
branchial outflow. The substantial increasé in buccal pressure
‘during the abduction phase (Fiés. 7, 20C) accentuates the expira-
tion of ventilation water. The concomitant 1lifting of the
ebdomen from the substratum (Fig. 14D) mey safeguard the branchial
outlet from occlusion by occasionally more vigorous backward

displacements of the lower lip.

Adduction phase; the snout is_pulled backward

The lower Jaw end lower 1lip are capeble of returning to
their normel position (Fig. 6) by their naturai elasticity.
However, like the backward displacement of these structures in
the abduction phase, the return movement (gdduction) is so
vigorous that it is undoubtedly also powered by muscles attached
to Meckel's cartilages (Teble II). The greater intercalation of
the lateral fleps with the lower 1lip is restored by this move- .
ment. Simulteneous increase in suction (Figs. 19, 20) is prob-
ably ceused by depression of the buccal floor and the flow of
sucker water into the buccal cavity. As there is also at this
time an outwerd bulging of the skin covering the Hl muscles, it
seems likely that these musclés are responsible for buccal de-
pression. '

The greater suction produced by buccal depression, end the
forward pointing denticles (contrary to 49) of the broad lower
1ip probebly increase its friction enough to permit the 1lip to
resp algee off the substratum. This friction of the lip may alsb
help in pulling the snout backward to 1its resting vosition.
During this backward movement fhe upper jaw denticles and beak
are pressed against the substratum by the prevailing suction.

These conditions favor the view that the keratinized parts of the
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sucker, especially the besk, are concerned with scraping algae
free from the substratum, to be sucked into the buccal cavity

by its lowered pressure during.this phase (Figs. 7, 20C). The
simultaneous, slightly delayed fall in sucker préssure during

the greater pert of this phase (Figs. 194,B; 204) seems8 to reflect
the scraping action, particularly of the upper beak, because a
smooth fall in sucker pressure occurred after the edge of the
Beak was dilssected away (Figa 20B,C). However, sucker locomotion

at about the same rate still occurred after the beak had been

completely dissected away. Inscriptions of the scraping action

. of the dentel apparatus were sometimes found over areas where

algae grew on the aquarium walls. Moreover, Fig. 12 shows

similar marks produced by manual backward displacement of a tad-
pole's sucker which was adhering to photographic film. The con-
tinuous buccal pumping between crawling and also during crawling

(Figs. 7, 19C, 20C) probably facilitates transport of the

loosened algae to the pharyngeal ciliated tracti, whence the food

j8 carried in a cord of mucus into the esophagus. The details of
this process are, however, outside the scope of the presenf
research. In support of the above evidence for a feeding utility
of sucker crewling, it was observed that on all occaslions when
continual crawling occurred over areas of algae, & continuous
colunn of algal feces emerg:d from the anus, even after the
aquarium had been flushed of all plenktonic algse.

After one or several cycles like the one described above,
the oral valve closes at the end of the adduction phase (Fig. 16i),
and seals a negative pressure in the sucker cavity. Gill ventl-
lation occurs mainly by buccal pumping (Figs. 7, 190,-200)
during the pauce which extends to the next series of crawling

movements. The grephs also show a coordination between crawling

not hitherto described in Ascaphus.
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and gill ventilation; indeed, in some respectse crawling seems
to be scarcely more than an enhancement of the amplitude of gill

ventilation. The length of the pause between crewling 1s

highly variable, but in feeding tadpoles it was often 20 to 30 sec.

Sucker disengagement sometimes.occuré immediately after
crawling movements (Fig. 19B) and the animal then swims to e new
place of attachment where crawling may agaein occur.

Sucker locomotion may ﬁot always be associated with feeding,
nor restricted to still water, for although it was most often
seen under these conditions, one tadpole in the water tunnel
(Fig. 2B) was seen crawling slowly against a turbulent flow (ca.
60 cm/sec), in which the animal's forward progress was slower
than normal end trunk and tail elevating movements did not occur.
Crawling against a stream of water may occur by the general
lowering of the range of sucker pressures to resist abduction.

Functiohal anatomy disclosed that the lower jaw movements
-are caﬁsed by muscular displacements of Meckel's cartilages, whose
movements are always bilaterally synchronized. As the left and
right sets of the relevant muscles appear usually to exert equal
forces on Meckel's cartilages, the lower Jaw and 1lip are moved
stralght back (abduction; Fig. 16H) and then straight forward
during the edduction phase of crawling. Consequently, the
animal advances in a straight line. However, occasionally the
left and right sets of muscles seem to exert unequal forces, for
it was plainly visible that the lower jaw sometimes did not move
straight backward, but either the left or the right side of the
jaw moved more than the other. The muscles movirg the lower jaw
forward would then presumably also exert different tensions in

returning the somewhat skewed lower JawAand 1lip to its resting




place egainst the upper jaw (Figs. 6, 16I). This unequal dis-
placement of the lower jaw and 1llp causes the tadpole to change
1ts direction slightly at each hitch of the sucker. Consecutive
step-like changes in directlon always supplement one another
end tadpoles are able to turn through 90° by this means with 7 to
13 hitches of the sucker. In other words, once a turning to the
left or right has begun, consecutive hitches are cumulative in
promoting the turn. |

Backward sucker locomotion independent of tail movements
wasg never seen in Ascaphus tadpoles, but by coordinated action
with tail flips to left and'right; and by loosening the sucker at
the appropriate moment and then tightening it when suitsable, the
enimal can pull itself slightly backward (usually 2 to 6 mm).

7. Sucker disengagement

At the Snoquelmle site, tadpoles in small sunlit pools would
disengage their suckers and swim downward to reattach themselves
in dark recesses when a shédow fell on them. Sucker disengage-
ment was investigated in the laboratory by allowing tadpoles to
afix themselves by sucker over the monitor of a pressure trans-
. ducer (Fig. 1). After adeptation of the tadpoles to normal
lighting, the lights were switched off and the usuél response was
that of Fig. 4, where the sucker became 8lightly loosened due to
a sudden 8licht loss of suction, but in the absence of further
disturbance, the animals immediately restored their normal condi-
tion. 4An identical response was elicited from dark adapted tad-
poles when the lights were switched on, which suggests that the
response 18 triggered by a change in i1llumination rather than

only by a decrease in 1llumination.
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The sudden decreése in suction in the above experiments is
probably an early behavioral stage in sucker disgengagement. The
increase in pressure always occurred during the beginning of
1nép1ration, despite the stage in the ventilation cycle of the
change in illumination. However, in constant lighting, spon-
taneous sucker disengagement also occurs by & sudden rise in
suckei pressure at the onset of expiration. The rise in the
pressure curve is associéted with an opening of the mouth by the
s8light caudad displacement of the lower jaw, possibly by the s1
muscles (Fig. 9; Table I). Study of the mouth through the glass
substratum with a dissecting microscope during sucker disengage-
nment, showed that the lower jaw displacement caused a rulling
awey of the oral valve from its seal against the skin of the
upper jaw. Compression of the buccal cavity at this time by ele-
vation of the buccal floor would help to destroy the partial
vacuum of the sucker and therefore would facilitate sucker disen-
gagement. However, technical problems and the short supply of
tadpoles precluded the gathering of functional data to support
this conjecture. |

At the time of sucker disengagement,.a bilateral buckling of
the anterior rim of the snout (Fig. 21) 1lifts the front of the
sucker off the substratum. The paired M2 muscles are responsible
for this buckling of the snout. The effect 1s achleved by the
lifting of the bllateral cartiléges of the suprarostral systenm.
Simulteneously, the head and tail are abducted by'contraction of
the (?) dorsales trunci musclés. Tail undulations then cause the
displacement of the sucker to another area of engagement. Alter-
natively, buckling of the snout and 1ifting of the sucker off the
substratum does not occur after opening of the mouth. Instead, a

8ingle tall flip to left or right causes a swivelling of the




loosened sucker in the same direction as the tail flip, often
through about 90°, without producing complete sucker disengage-
ment. The broad profile of the tall (Fig. 14) and consequently
the.high resistance it must encounter from the ambient water
during these flips, is no doubt an important factor in this
maneuver., The swivelling could be experimentally induced by

plugging the external nares with orgenic debris suspended at their

entrances.

8. The disengaged sucker

During enesthesle preparatory to buccal cannulation, the
"sucker became loosened from its normally engaged condition.
After ca. 30 min in 1% urethane (10°C), the tadpole no longer
responded to skin pricks, and it was turned suplne with its
sucker disengaged., The suctorial disc became somewhat cup-
shaped through its inherent elasticity, and the median symphysis
between the rostral cartilages of the lower jaw became more vis-
ible. Indicators pipectted at the nares, mouth; and branchial
outlet, showed that reguler breathing continued. Figure 84 shows
that in the dlsengaged sucker the amplitude of buccal ventilation
18 slightly smaller than when'the sucker is engaged, but the
frequency is approximateiy the same in both conditions.

Microscopic examination of the slightly displaced lower jaw
revealed that the mouth was regularly opéned and closed by move-
ments of the oral valve. ILower jaw movements such as occur
faeintly in the engaged sucker, were absent. Possibly the cerato-
hyalia (Fig. 9) do not under these circumctances reach far enough

upward to exert a pull on the lower jaw.
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The Ventilation Mechanism

. The flow of embient water into the ventilation systen de-
rends on the functional state of the sucker, Indicators

pipetted at the entrances to the mouth and nares showed that

when the sucker is engaged, water enters the buccal cavity only
through the nares, but both nares and_mouth gserve as water intakes
when the sucker 1is not engaged, For understanding gill ventila-
tion, it is therefore necessary to take the sucker into account.
Moreover, the identical relation between the sucker and buccal
pressure curves (Flg. 4) permits the emplitude and frequency of
g11ll ventilation to be monitored in conscious, uninjured and un-
restrained tadpoles. The recordings can also be made in ell
posslble orientations in three dimensions and in variable velo-
cities of ambient flow. The sucker therefore provides a con-
Venient way of collecting respliratory data without anesthesia,
cannulation, or other 1nterference with the animal.

Tadpoles at 10° C ventllate their gills continuously (ca. 50
cycle/min) even in a swift current of water. In tadpoles cling-
ing to a substratum, ventilation 1is also of regular anplitude,
but mechanical or visual disturbance in the laboratory, as experi-
ments earlier in the present study have shown, tends to cause
irregular emplitudes. Identical pressures recorded from the
sucker of conscious, unrestrained tadpoles in all possible orien-
tatlions suggest that in 8till water they can ventilate thelir gills
equally well, regardless of orientation.

l. Buccal cavity v

The buccal pump subserves both the suction and gill ventilae-
tion mechanisms. Flgure 7 shows a élight increase in the fre-
quency but a marked increase in the amplitude of buccal pumping,

which causes a general fall in buccal pressure during sucker




" engagement. These effects were also produced by lightly touching
the skin of a tadpole with‘a blunt probe, or by manually sliding
a tadbole from en engaged position alongside the pressure monitor
to an engaged position over the moﬁ;tor (Fig. 8B). The increase
in pumping.frequenoy is ﬁot'shown in Fige. BA because the animal
was already breathing at a high frequency'(lBoc) at the commence-~
ment of sucker engagement. Further experiments showéd thaﬁ spon=-
teneous hyperexpirations occur in the buccal cavity during
recovéry from deep enesthesia (Fig. 22). Unusually large buccal
pressures also occur during elevation of the external nares above
water (Fig.'ZBA,é). Moreover, there is greater buccal ﬁumping
when the velocity of amblent floﬁ is suddenly increased (Fig. 15).
Taken together, the above results demonstrate that the buccel
pump is capable of greater effort fhan during quiet ventilation
(Fig. 4). .

The following experiments are concerned with the water
‘intakes of the buccal cavity during gilliventilation.

During inspiration, suspensions of indicators were dravn
through the tubular external nares by the buccal pressure which
was lower than the pressufe of the ambient water. There was no
reflux of indicators pipetted at the external nares, because non-
muscular valves of the internal nares ware pressed cloged by the
buccal pressure which vas greater during expiration than the
pressure of the ambient water. For a similar reason, there was
no reflux at the mouths of tadpoles whose suckers were in a dis-
ehgaged condition. When the mouth of a tadpole was gently opened
by displaéing the lower jaw with a probe, 1t vas seen that
immediately within the mouth, and normally opscured by the horny
beak, is a flap-like fold of skin (OV, Flgs. 3, 55 9). The
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action of this fold, -the oral valve, under the influence of'
buccal'preséure, closes the oral entrance at the onset of expira-
tion (pressure rises). The anterior surface of the valve becomes
apposed against the skin of the upper Jaw. Conversely, dgring
1n9p1;at;on, the fold is pulled away from the upper Jjaw by ge-
creasing,buccal pressure, which draws water into the buccal.cavity
through the mouth. ‘

Tadpoles were sometiﬁes.seen clinging by their suckers to
the sidesof dimly-11t aquaria, and with their Qnouts end nares
Just protruding above the wﬁter surface. Metter (30) has wit-
nessed this behavior in nafure'qt night. As the water intakes
of the.buccai cévity becone éealed by this protrusion 6f the
nares.above wafer, the effect of this behavior on buccal pumping
was consldered worthy of investigation in the present study.

In the laboratory, a consclous tadpole adhering to a verti-
cal Perspex plate was slid until 1£s sucker was over the submerged

monitor of a pressure transducer. As the snout was pointing up-

‘ward, it could be easily raised above water level by gradually

elevating the transducer and Perspex plate until the nares became
exposed to air. Tadpoles tolerated this procedure, even when
raised above wafer for over 1 min. Pressures monitored in all
areas of the sucker during snout protrusion showed increased
agplitude and reduced frequency (e.g. Flg. 23A,B). The eleQation
of the nares above water often caused greater ventilation empli-
tudes when the nares were resubmerged, than those'monitored before
the nares were raised above water.

_ Closure of the external nares is facilitated by their
tubular nature, which prevents air from entering the buccal
cavity when the snout protrudes above water. 'This finding agrees

with Noble (33). Closure of the external nares occurs immediately
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. On exposure of them to air and it is caused by thélr mesiocaudad
displacement. As tadpoles usually crawl Spontaneously above water

: While they are in a vertical position, snout upward, the force of

and while the mouth is sealed by the Sucker's éngagement, prevents
ambient water from entering the buccal cavity. 81mu1taneousl&,
the branchial outlet appears cbllapsed end indicators pipetted at
1ts orifice disclosed no water flow from the 811l cavities. Never-
theless Fig. 23A,B shows that buccal pumping continues while the
snout and nares are raised above water. Therefore, water that may
be retained in the closed ventilation system is probably circu-
lated by these pumping movements. If snout protrusion is a means
whereby tadpoles can feed on vegetation above the waterline, the
mixing of water in the closed ventilation system (except during
oral ingestion) would probably facilitate respiratory gas exchange
by ensuring that the fullest advantege is taken of the water in
the system. However, the transport of food in the buccal cavity
to the esophagus would probably require the tadpole to resubnerge
its external nares.

Tadpoles crawl out of the water by the mechanical action of
their suckers against the substratum, similar to the manner of
the submerged crawling described earlier in this report. Aquariun
tédpoles return themselves to the water from their elevated posi-
tions by a loosening ofAthe sucker and a passive éliding into the
water by gravitational pull, or by assisting this return with one
or more vertical flips of the tail. These tail flips do not
usuelly alternate, left and right, but are repeated on the left

or right sides of the body until the animal returns to the water.
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The external nares "bend down and close" when a flow of
water is directed against them.(33, p. 65), but in the present
study it was found that in a fast stream, buccal pumping (Flg. 15)
and branchial outflow continue, indicating that the external
narés are probably not closed by a fast current. Submerged
Ascaphus tadpoles even in a swift stream, can control narial in-
flow simply by changing the emplitude and frequency of buceal
depression. Perhaps the most significant finding of monitoring
ventilation pressures from Ascaphus tadpoles in an embient flow
;s that, unlike the suckerfish, Remora, where ventilation de-
creases end may even stop in a fast stream (32), the ventilation
frequency of Ascaphus is not reduced by increased velocity of the
ambient flow (Fig. 15). | '

In Ascaphus there i1s no first glll cleft comnecting the
buccal cavity to the gill cavity (cf. Rana catesbeiana, 14).

Therefore, a8 the valves of the internal nareg and mouth are
closed by buccal compression during expiration, the only normal
channel for the exit of water from the buccel cavity is over the
ventral velum aend into the pharynx.
2. Pharynx and gill cavities |

The difficulty of monitoring pharyngeal presgsures by cannulae
permitted only a single recording to be made (Fig. 24). The
cannula's position was determined by dissection after the experi-
mént and found to be lodged laterally in the pharynx, near the |
edges of the dorssl and ventral vele. It is possible that elther
or both the vela may have interfered with the recording of normal
pharyngeal'pressures. Therefore the pressure recording is presented

tentatively until verified in larger tadpoles. waever, 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 is due to the trensmitted effect of buccal pressure
in the pharynx during expiration. Pharyngeal constriction pfob-
ably causes the. gecond peak in the phayngeal pressure (Fig. 24)
during the latter part of buccal inspiretion. '

The presence in Ascaphus of a ventral velum which, like that

of Rana catesbeiana (14), is structurally suited to function as a

valve between the buccal cavity and pharynx, is circumstantial
- evidence favoring the existence of a pharyngeal pressure pump in
Ascaphus. The absence of first gill clefts prevents reflux of
water directly from the gill qavitieé into the buccal cavity when
the buccal floor depresses, end so facilitates the generation of
negative buccal pressures. By increasing the pressure difference
between the buccal cavity and pharynx, the fall in buccal pressure
probably closes the passive ventral velum during eerly inspiration.
Therefore neither is there ieflux of pharyngeal water into the
buccal cavity during this phase and the suction generated by
buccal decompression is reﬁdered more effective at the mouth and
naeres. The occurrence of pharyngseal constriction later in inspi- -
ration, maintains the pressure in the pharynx at a positive value
relative to the buccal cavity (Fig. 24) and therefore keeps the
non-muscular ventral velum shut. Residual water in the pharynx
can then only leave via the paired gill clefts 2, 3, and L, and
enter the gill cavities.

During expiration all the buccal water must flow over the
ventral velum end into the pharynx. The anatomical relation

between the dorsal and ventral vela of Ascaphus supports the view

ﬁhat, as in Rana catesbeiana (14), the ventral velum of Ascaphus




acts as a hydrofoil to deflect 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 in Ascaphus).

The recording (Fig. 25) of suétained, though fluctuating,
positive pressures from the gill cavities, and the continuous,
though variable, flow from the single branchial outlet (as shown
by dye to be greatest during buccal inspiration), indicate that
the dual pumping mechanism facilitates a continuous water flow
over the gills. Dissections of anesthetized, regularly breathing
tadpoles showed that the gills are also themselves méved through
the watei in the gill cavities, synchronously with éhe ventilation
cycle. Inspection of the gill afches revealed that their move-
ments are bilaterally synchronized; no evidence was found for
unilateral pumping by the pharynx or gill cavities.

The foregoing results may now be summarized by a description
of the sequence of events during a typical ventilation cycle.,

3. The ventilation cycle

Inspiration

Depression of the buccal floor causes a fall in the buccal
pressure relative to the ambient pressurel. This probably closes
the ventral velum in a vaive-liké fashion that occludes the buccal
cavity from the pharynx. If the oral sucker is not engaged, the
ohly inhalent channels are the nares end moufh, through which
ambient water can flow to equilibrate the negative buceal pressure.
On the other hand, if the sucker is engaged, an inflow still .
occurs through the nares, but an oral inflow is sealed by the

sucker.

1 -
ambient pressure = atmospheric pressure plus hydrostatic

pressure at depth of tadpole below water surface.




Pharyngeal constriction occurs toward the end of inspiration
end causes a rise in pharyngeal pressure, which probably keeps
the ventral velum shut. Therefore water in the pharynx passes
through the gill clefts and over the gills in the gill cavities.
A strong flow leaves the non-contractile gill cavities by the mid-
ventral branchial outlet. The lack of reflux at the branchial
outlet during large negative buccal pressures may perhaps be ex=

plained by valvular action of the ventral velum.

ExRiration

Elevation of the buccal floor causes compression of the
Succal cavity. When the buccal pressure exceeds the embient
~ pressure, the valvular internal nares close and so does the oral
valve if it is not already sealing the mouth owing 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 is instead deflected by the ventral velum against
the dorsal velum. Hence the water 1s further deflected until it
leaves the pharynx by the gill clefts. After passing over the
gills, a weaker flow leaves the gill cavities via the branchial

outlet than during 1n8piratloh.
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Discussion

The present study assumes that the gills provide the more
important respiratory surface in the ventilatioﬁ system, but it
18 possible that the lining of the buccal cavity and pharynx also
participates as a respiratory surface.

There is a functional interaction between the suction and
gill ventilation mechanismé. For convenience of description, they
are considered separately in the present report.

The dénticulated sﬁékér‘of Ascaphus 1s 1mmed1ate1y suggestive
of a feeding adaptation, but according to Noble (33, p. 66):
"Undoubtedly, some particles are scraped off the vegetation on
the rocks as the tadpole moves along. But only the lower mandible
would function in this process and this étrncture is exceedingly
small (Fig. 9)"; and again (p. 69): "The larval teeth are modified
in order to better grip the irregularities in the rocks to which
the larva holds." However, the present investigation sugeests
that the dental apparatus does not participate in sucker adhesion,
as the sucker is efficient on smooth glass and Perspex, even when
the teeth have been dissected away. Furthermore, although Noble
5e11eved that Ascaphus tadpoles feed by taking in suspended food
particles through their nares, he nevertheless pointed out'(p. 67)
that the entire horny edge of the beak of the upper jaw is in
nature continually worn down by abrasion asainst the substratum.
The present study shows that the beak is used for»scraping algee
off the substratum.

On the basis of his discovery of nasal cilia in Ascaphug and
on "food materials in both the nasal sacs and preoral buccal
cavity", van Eedeﬁ (49, p. 50) supports Noble's contention (33)
that the nares serve as feeding channels. Vaﬁ Eeden also suggests

(p. 49) thaet immediately within the mouth, a patch of ciliated
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epithelium (which Pusey, 38, p; 113, found to be innervated by
“a branch of the olfactory nerve") may assist this type of féeding.
. © But these small areas of cilia are separéted from the pharynx by
a relatively wide expanse of non-cliliated epithelium (Gradwéll,
unpublished). Moreover, in comparison with the strong water flow
produced by buccal and pharyngeal pumping, the significance of
the nasal and oral cilia for food transport, could scarcely Be of
much consequence.

The dual peaks recorded per ventilation cycle from the
posterior areas of the engaged sucker may be tﬁe result of syn-
chronous lower jaw movements, for it has been established in the

sucker catfish, Plecostomus (Gradwell, in preparation), that the

withdrawal of the lower jaﬁ from the substratum, causes identical
dual peaks in the sucker pressure of this fiéh. However, the
elucidation of this point requires an understanding of the rele-
vant functional anatomy, to be described in a later contribution.

The similarity between pressures recorded from the sucker
during detachment of living as well as pithed tadpoles from a
substratum, indicates the dispensablility of direct muscle action
for resisting sucker abduction. But in the living animal, the
indirect muscle action of buccal pumping effects sucker engage-
ment end resists sucker disengagement by reducing the sucker
pressure when forces of abduction act on the animal.

Mucosal flaps, which form an oral valvel, are an important
component of the sucker spparatus of Ascaphus tadboles. This
feature 1s reminiscent of certailn fishes which have oral valves

(7). In dead ILempreta, the tongue acts as a passive oral valve

Absent in non-suctorial tadpoles




aon

(5). The toothed sucker of L. wilderi 1is an adaptation for ad-
hesion and feeding (5), but unlike the sucker of Ascaphus, it 1is
incapable of active crawling over a substratum (Gradwell, unpub-
vlished). When the suckef of Ascaphus is engaged, the occlusion
of the mouth confines the respiratory inflow to the nares.
Lempreta have no nares for water flow into the respiratory system.
In these fishes gill véntilation during sucker engagement there-
fore occurs solely through the inflow and outflow of water through
the branchlopores (5)« There are other compsarlsons that could be
attempted between Ascaphus tadpoles and sucker cyclostomes, but
such a study must be left until the functional anatony of both
groups 18 better understood.

In the disengaged sucker the oral valve and lower jaw move-
ments open and close the mouth rhythmically in coordination with
the ventilation cycle, but ambient water cannot enter the buccal.
cavity by this route while the sucker 1is afixed to a substratum.
The inportance of the nares for intermittent buccal inflow 1is

therefore evident. As in Rana catesbeiana (12), valvular flaps

of the buccal mucosa prevent narial outflow during buccal com-
pression. In the light of the present findings, Noble's conten-
tion (33) that the external nares close when exposed to air seems
correct, but he also stated, in conflict with the present research,
that the external nares close in a fast current of water. How-
ever, in a stresm of ambient water, the external nares are the

only inlets tb 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 indicators have shown it does in tadpoles clinging

in non-flowing water.
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The teleost, Remora, has its dorsal fin modified into a
sucker. The fish decreases ventilatory punmping and e#entually
stops active ventilation of its gills in favor of passive venti-
lation by adjusting the degree of oral abduction if ambient water
is experimentally driven over the fish (32). There is no such
ability in Ascaphus tadpoles to utilize the ambient stream for
passive gill ventilation, despite the somewhat funnel-shaped
external nares., The mouth of Ascaphus 18 sealed by the sucker
when the tadpole clings in a fast current, and relative to the
8ize of the ventilation system, the nares are too small to admit
& flow adequate for passive ventilation.

Ventilation in Ascaphus 1s by two cyclic force pumps in front
of the gill clefts, as in Rana catesbeiana (14, 15). The cycles

are out of phase with each other, and this ensures a strong, uni-
directional flow of water over the gills during pharyngeal com-
presslon and a weaker branchial flew during phafyngeal decompres-
sion and buccal compression. - Therefore, the gills are continually
bathed by moving water and, in addition, they are themselves
moved rhythmically to and fro through the branchisl water. The
development of thie efficlent g111 ventilation mechanism in tad-
poles which 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 into
and trapped in stagnant or semisfagnant pools,

Unlike Rena, Hyla, Bufo, Pseudis, and probably some other

genera, Ascaphus tadpoles have no first glll clefts connecting
the buccal cavity to the paired gill cavities. Therefore the
buccal pump can drive water oniy over the ventral velum, through

the pharynx end gill clefts 2, 3, and 4, into the gill cavities;
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Constriction of the pharynx theh drives residual pharyngeal water
directly through the same gill clefts. A valvular ventral velum
. - and the absence of & first gill cleft probably facilitate the
large negative buccal pressures necessary to increase sucker ad-
hesion when forces of abduction operate. |
The presence of one or two branchial outlets is probably é
primitive feature which tends to persist in nektonic tadpoles

(e.g. Xenopus). Ascaphus has a single midventral branchial out-

let, but thils feature 1s not a prerequisite for the life of tad-

- peles in sylft streams, as Heleophryne (18) and also Staurois (35{

) and several other sucker-bearing genera (e.g. 24-26) have sini-
stral branchial outlets. ‘The lateral or posterilior transposition
of thls feature in benthic species, and the frequent extension
of it into a spoﬁt, may have occurred fo prevent detritus and
parasites from entering the delicate gill cavity. The confine-
ment of the branchial outflow to a single, small aperture prob-
ably assists in the generation of a constent positive pressure in
the gill cavity. Therefore water exits continuously through the
branchial outlet and this too, guards against entry into the gill
cavity of extraneous material through the branchial orifice., It
may be conjectured that the sinistral branchial outlet of many
species of stream-dwelling sucker tadpoleé was derived from an- .
cestors living in sluggish or non-flowing water. The feature may
héve persisted when such forms adapted to.life in torrents, be-~
cause 1t became no handicap to gill ventilation. '

The short supply of tadpoles precluded extensive experi-
mentation on the several phenomena associated with suction and .
‘ ventilation and the present study should therefore be regarded as
preliminery. However, it provides a basis for en understanding

of the suction eand gill ventilation mechanisms in Ascaphus.




Aspects of the relevant functional anatomy have been briefly con-

sidered, but they need to be amplified before a detailed eluci-
dation of the suction and gill ventilation mechanisms of Ascephus

can be attempted,
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Table I. The positions of the anterior visceral muscles of
Ascaphﬁs, stage 32 of Gosner (10). Motor innervations are par-
enthesized. FEach muscle is identified by & number, preceded by
the initial letter of the group to which the muscle belongs.
Edgeworth (8), ;usey Origln—inéertlon} No.
Rana tadpole ;(38) Ascaphus
MANDIBULAR GROUP
Levator'mandibulae Absent
anterior
L.m. externus Absent
L.m.a, sSubexternus Absent
L.m.a. lateralls Absent
L.m.&., erticularis; lmam Pterygoquédrate, dorsal, iateral - Ml
Meckeli; dorsal, lateral
L.m. posterior imsm! Auditory cepsule, anterior, M2
superficialis superficial - rostrale superior
lateralis, dorsal
L.m.p. profundus Impm' Auditory capsule, anterior, deep - ' M3
Meckeli, dorsal, anterior
Intermandibularis Interconnects left and right Ml
anterior infrarostrals; no medien raphe
Mandibulo~lebialis. Absent
Intermandibularis
posterior ipm | Medien raphe - Meckell, medial M5

(n. trigeminus)




HYOIDEAN GROUP
Orbitohyoideus

Suspensoriohyoldeus
Suspensorioanguleris

Quadratoangularis

Hyoangularis
Interhyoideus

I. posterior

ohnm
shm

sam

qdm

ihm

Musculoquadrate - ceratohyale

lateralis, lateral

Fuséd with the Hl muscle
Pterygoquadrate - Meckeli

Quadrate anterior, medial -
Meckell, medigl

Absent

Median raphe - ceratohyale
lateralis |

Absent

a

Hl.2

H4

H6

(n. facialis)




IIIllIl...lllllI..I..l..IlIIIIIIIIII-_-----L*,

BRANCHIAL GROUP
Ievator arcus
branchislls I
Constrictor
brenchialis I
Subarcualis rectus
I, ? +II

lev. arc. br. II

constric. br. II

Subarc. obliquus II2

lev. arc. br. III

Constric. br. III

lev. arc. br. IV

Diaphragmato-

-branchialis IV

Subarc. iec. Iv,

? +III, ? 4V
Transversus
ventralis IV
Suberc. obliq. III
Tympanopharyngeu 33
Subarc. oblig. IV

Branchiohyoideus*

labm

cbm

sarm

labn

cbm

saom

labm

cbm

labm

dbm

sarm

tvm

saom

saom

bhem

Auditory capsule, leteral -
1, lateral

2, medial -~ commissure 1,2

Cceratohyale medialls, posterior
- 1, medial

Auditory capsule, lateral -

2, lateral

3, medial - commissure 2,3
Ccrista hyoldea - 2, medial
Auditory cepsule, posterior -
3, lateral

3, medial -~ 3, lateral

Nucha, superficial - 4, lateral

Diaphragm, medial - 4, posterior
1, medial - 4, medial
Medien raphe - 4, medial

Crista hyoidea - 3, medial
Msent

crista hyoldea - 4, medial
ceratohyale lateralls, postero-

dorsal - 1, lateral

pib

Bl

B2

B3.4

B5
B6
B7
B8
B9
B10
Bll
Bl2
Blk
Bl5

B16

B17

(nn. glossopharyngeal + vagus)
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SPINAL GROUP
Geniohyoideus ' ghm | Planum hypobranchialis - rostrale s1

inferior

Rectus cervicis | rcm, |Diaphragm, medial - crista hyoldea S2

rcsm

(n. hypoglossus)

1
Attachments are assumed to be ventral except where otherwise

indicated. Arabic numerals refer to the ceratobranchialia.

2 .
From Pusey (38). Edgeworth (8) calls this muscle the Transversus

ventralis IT.

3
From Schulze (42),

L
‘Pusey (38) placed this muscle with the hyoidean group, but it is

not innervated by the n. facialis (Gradwell, unpublished). This

muscle is absent in Rana (8).
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Table II. The function of muscles of the suction and gill venti-

lation mechanisms. Application of 0.45% KCl in frog Ringer

solution was used to depolarize the relevant muscles of pithed

tadpoles while the effects of contraction were observed with a

dissecting microscope. These effects were also compared with

those which occur spontaneously in consclous tadpoles.

Muscle (from Table I)

--Function1

Adducts lower Jaw durlng snout retraction

M1, M3
phase of sucker locomotion

M2 Buckles the anterior rim of the snout
during sucker disengagement

H1.2 Depresses the buccal floor during inspira-
tion and during snout retraction phase of

. sucker locomotion

H3, H4 Abduct lower jaw during snout advancement
phase of sucker locomotion

H6 Elevates buccal floor during expiration

and during snout advancement phase of

sucker locomotion

B1, B5, B8, Bl0

B2, B6, B9, Bl2

B3.4, B?7, Bll, Bl4,
Bl5, B16, Bl7

Elevate lateral aspects of branchial skele-
ton during pharyngeal constriction

(?) Constrict the branchial clefts and/or
branchial erteries

Assgist pharyngeal expansion




Dorsales trunci

219

Assists lower jaw abduction during snout
advancement phase of sucker locomotion
Assists buccal floor depression during

snéut retraction phase of suckef locomotion

Abduct trunk and tail during snout advance-
ment phase of sucker locomotion; (?) assist

head and tail abduction during sucker dis-

engagement
: 2
Rectus abdominis Adducts trunk and tail during snout retrac-
tion phase of sucker locomotion
1

2

Pending electromyographic evidence.

From Noble (35).
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Table III. Mean values from five Ascaghus tadpoles (stage 32, of

Gosner 10).

Slze

3.2 cm entire length; 1.0 cm snout-to-vent length
0.280 g weight in air
0.006 g weight in water

6L.4 mm2 area of engaged sucker

Water velocity: turbulent flow needed to cause slipping of sucker

163 em/sec (140 to 185 cm/sec)

Loading tolerances of sucker (g)

48.3 mex. wt., 1lifted for 3 sec into air

7.79 " ®  porne underwater by progressive loading (Fig. 18A)
5.79 " " o . for 8 sec (Fig. 18B)
6.79 w o oon " . w 4 gec (Fig. 18C)

Suction (torr)
min. 0 to -4 (usually -2 to -4)

mex.-18 to -25 (spontaneous pumping)

v 2125 (manual sucker abduction, living animal)
" 131 (" - " , pithed " )
" =59 (abduction by progressive loading)

" .80 ( " * instantaneous )




Illustrations

Fig. 1. Diagram of the apparatus used for the simultaneoue
recording of hydrostatic pressures in the sucker and bucoal '
cavities. cAL, calibration. MAN, manometer P, Perspex disc; PG,
connection to Polygraph; PM, pressure monitor; PT, Statham Pp23BB

pressure trensducer; S, sealant (Dow Corning Silicones Ltd).

. Fig. 2. Diagram of the apparatus used to study the properties of
suction and ventilation during exposure of tadpoles to flowing
ambient water., A, Monitoring hydrostatic pressures of the oral
sucker. B, Determination of the maximum velocity of a turbulent
stream which can be withstood without the 8lipping on disengage~
ment of the sucker. FR, foam rubber; MAN, connection to mano-
meter; PG, connection to Polygreph; PTy Statham P23BB pressure

transducer; S, sealant.

Fig. 3. Composite diagrams of cross-sections of the mouth and
nares during sucker engagement. A. The valves of the internal
nares (NV) and the oral valve (OV) are shown in a closed condi-
tion during the expiration phase cf the ventilation oycle. B.
During inspiration, a greater volume of water is drawn into the
buceal cavity (BC) through the mouth than through the neres. ag
the periphery of the sucker 1s sealed against the substratum, the
progressive pumping of water from the éuoker cavity into the
buccal cavity, causes the central area of the sucker to become
pressed against the substratum. C. The sucker cavity is reduced.
to the small region outside the mouth. During inspiration, the
reduction in bucecal pressure opens the internal nares and draws
ambient water into the buccal cavity; but the orel valve remains
closed because once sucker engagement has been effected, the

buceal pressure doeg not rall below the sucker pressure,

Mo |
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Fig. 4. Pressures recorded simultaneously in the buccal and
sucker cavities of a consclous tadpole at lhoc. The graphs show
the effect on breathing of switching the lights off (in the case
of a light- édapted tadpole, 1eft),.and of switching the ligts

on (in the case of a dark-adapted tadpole, right). 1In both cases,
tﬂe'stimulus caused a rise in the pressure curve, which reflects

a reduction in the adhesion of the sucker. Calibrations: 1 cm

water; 1 sec.,

Flg. 5. A composite diagram of sagittal and parasagittal sec-
tions through the head of a tadpole with its sucker in a disen-
gaged cbndition. The valves are shown in their orientations
during the beginning of the expiration phase of the ventilation
cycie. The large arrow indicates the commencement 6f flow of
buccal water over the ventral velum and into the pharynx. BC,
buccal cavity; D, dorsal velum; GC, glll 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 midline tran-
gsect, 1 to 7. Dual peaks per ventilation cycle ére 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 distinguish the exact beginning and end of each ventilation

cycle. B, beak; LF, lateral flap; P, papillae.
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Fig. 7. The effects of sucker engagement (E) and crawling (C) on
buccal pressures monitored in a consclous tadpole. Artificial
changes in the baseline and distortions of the pressures were
avoided by bringing the substratum, a glass cover-slip, 1nto con-
tact with the sucker end not vice versa. Calibration: 1 cm water;
3 sec. |

Fig. 8. Buccal and sucker pressures recorded simultaneously in g
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 tadpolets sucker into contact
with the pressure monitor during engagement, and by the with-

- drawal of the sucker from the pressure monitor during disengage-
ment. However, the larger amplitudes of buccal pressures when

the sucker is engaged than when it is diéengaged, are clearly
shown. B. A consclous, quiescent tadpole's response to the sudden
manuel sliding of it on to the préssure monitor and then off again.
The sucker was in the engaged 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: 1 em water; 3 sec,

Fig. 9. Photomicrograph of a parasagittal paraffin section (12
thickness) through the oral entrance of an Ascaphus tadpole

(stage 32, of Gosnef 10). B, beak: BC, bugcal cavity; BV, blood
veésel; CH, ceratohyale; CRI, cartilago rostrale inferior; CRS,

¢. rostrale superior; OV, oral valve; 9, musculus.Spinalis 1; 1,

nascent tongue,
Fig. 10. Spontaneous repositioning of a conscious tadpole over a
pressure monitor. The numbers refer to pressures monitored from

éreas of the sucker in Fig. 6. Calibrations: 1 cm water; 1 sec.
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Fig. 1l Simultaneous recording of the electrocardiogrem (top trace)
and buccal pressures (bottom trace) from a lightly enesthetized
tadpole with its sucker in an engaged condition. The heart beat
1s out of phase with the ventilation cycle. Calibrations: 1 cm

water; 1 sec.

Fig. 12. Photograph of dental 1ﬁscr1ptions made directly on .
photographic film by the manual backward displacement of the en-
gaged sucker. The contact between the beak and the substratum is

broken by the medien cleft of the beak (ef. Figs. 6, 16).

Fig. 13. A tadpole adhering weakly to the glass of an aquarium
Just before disengagement of the sucker occurred. The oral valve
of the animal had been surgically injured but this did not prevent
sucker engagement end adhesion to the substratum for short

periods (usually <50 sec).

_Fig. 14, Profile silhouettes tracéd from photographs of a tadpole
with its sucker disengaged due to repeated manual disturbancé (4)
and of the stages in orawling while the sucker is in an engaged
condition (B to E). AB, abduction (snout advancement); AD,
adduction (snout refractlon); X, net forward progression during

one cycle of locomotion.

Fig. 15. Sucker pressures recorded from a conscious tadpole to
show the effect of water velocity on suction and gill ventilation.
A, sucker engagement; B, beginning of gentle water flow (47 cm/
sec); C, water flow increased to 236 cm/sec; D, plateau reached
vhile the flow was kept at 236 cm/sec, but the average value of

the graph 18 lower than that recorded in still water. Calibrations:

5 cm water; 3 sec.
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Fig. 16. Photographs of sucker shapes during abduction from &
glass substratum (A to F), and during sucker locomotion (G to I).
A. Weak suction of the undisturbed tadpole is shown by the ex-
posed first row of denticles, which is divided by a space in the
middle line. B. Increased suction caused by the beginning of
abduction is revealed by the firét row of denticles which has
folded out of sight, behind the beak. The medial areas of the
beak have also begun their withdrawal from the glass. C. Further
abduction of the tadpole causes further folding of the denticles
away from the glass end in toward the mouth. The medial areas
of the beak also continue to withdraw from the substratum. D,E.
The effects shown in "C" continue during progressive abduction
of the tadpole. F. The instant of sucker diseﬁgagement. Wrinkles
which occur at the édge of the lower lip, break the peripheral
seal-of tﬁe sucker. As water floods the sucker cavity, the den-
ticles reappear. The deformities of the somewhat transparent
lateral flaps (LF, Fig. 6) are not visible in the photographs.
Visual examination of the lateral flaps during abduction showed
that they are also progressively withdrawn from the substratum;
but their edges do nof lose cbntact with the substratum before
the edge of the lower lip. G. The appearance of the sucker
during the ¥est period between cfawling activity of the sucker.
The branchial outlet is shown by the arrow. H. Spontaneous
opening of the mouth by backward movement of the entire lower

Jaw and lower lip. I. Strong suction at the end of the adduction
phase of sucker locomotion is evident from the first row of den-

ticles which 18 folded out of sight behind the beak.
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Flg. 17. Sucker pressurés during disengagement of the sucker by
manual abduction of thé tadpole from the substratum. A. The
arrows indicate negative pressures generated by sucker engage-
ments prior to abduction of the conscious, breathing 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 disencagement of the sucker by
loading. Abduction of the conscious breathing tadpole from the
substratum. A. After attachment of the scale pan (SP), gradual
abduction was effected by progressive increments of load (500

mg, 1 to 14). B. The arrow indicates the 1mmed1até increase in
suction caused by application of 5.79 g which was then borne

for 8 sec. C. A weight of 6.79 ¢ (arrow) caused a large increase
in suction and was borne for'# sec. Osclllations of the graphs
are pressures transmitted to the sucker from the gill ventilation

system. E, sucker engagement; D, sucker disengegement. Calibra-

tions: 10 torr; 3 sec.
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Fig. 19. Sucker pressures recorded from three different tadpoles
(A,B,C) during spontaneous crawling over the monitor of a pressure
transducer. The typical slightly delayed fall of the curves from
their peaks is shown by the arrows. This effect 18 not so well
demonstrated in the record from tadpole C. Spontaneous sucker
disengagement after crawling i1s shown in B (left). In A and B
(from area 1, Fig. 6) the apparent suspension of ventilation
between crawling 1s partly attributable to the low sensitivity of
the recording apparatus in order to monitor the relatively large
pressures of crawling. In C, the sudden appearance of small
oscillations in the curve was caused by the spontanecous movement
of the animal into a more sensitive recording position over the
pressure monitor (area 3, Fig. 6). The oscillations demonstrate
that rhythmic gill ventilation by the buccal pump occurs between
reriods of crawling. Gill ventilation and crawling ére so well
coordinated that during crawling the curves are reinforced with-
out noticeably changing their phase difference. Calibrations:

10 torr; 2 sec.
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Fig. 20. Sucker pressures recorded from an uninjured tadpole
during spontaneous crawling. Artifects in some of the troughs
were caused by overshoots of the writing pen. B. Sucker pressures
from the seme tadpole as in graph A, but recorded after the beak
and denticles were dissected away. The smooth fall of the
pressures from their peaks demonstrates that the dental apparatus
(especially the beak) 1s responsible for the retarding effect on
pressures from uninjured tadpoles (arrow, graph A). D, sucker
disengagement. C. Sucker pressures (top trace) and buccal
pressures (bottom trace) monitored simultaeneously in an uninjured
conscious tadpole. The restraining effect of the buccal cannula
sncreases the difficulty of simulteneous recording from the buccal
cavity and sucker during crawling activity. Therefore these
graphs were the only ones made during many hours of recording.
Three incidents of crawling activity caused sponteneous movemeﬁt
of the animal to a less senéitive recording position, which is
reflected in the smaller esmplitudes of the graphs after the third
crawl. The movement also displaced the buccal pressure baseline.
Ccalibrations: A,B: 5 torr, 3 sec; C: 10 cm water, 1 sec.

Fig. 21, Front views of a tadbole showing spontaneous dlsengage-
ment of the sucker by a buckling of the énterior rim of the snout
during contraction of the M2 muséles (arrows).

Eig. 22. Buccal pressures recorded during recovery from deep
anesthesia of two tadpoles. Intermittent hyperexpirations show |
the capecity of the buccal pump for unusueally iarge compression
relative to the much smaller amplitudes of normal ventllatién.

Calibrations: 10 cm water; 20 sec.
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Fig. 23. The effect on sucker pressures of protrusion of the
external nares above water, Narial protrusion (P) causes a re-
duction in ventilation frequency and an increase in its amplitude.
The protrusion also causes a progressive general increase in
suction, but this may be a consequence, at least to some extent,
of the change in depth of the tadpole during the experiment.
Probably for the same reason, on submergence (8) of the nares,
there 1s a gradual reduction in suction until the stable normal
level is reached. A. Recording made from area 5, Fig. 6. B.
Recording made from area 6, Fig. 6. Calibrations: 1 cm watei;

1 sec.

Fig. 24, Pressures (PR) recorded simultaneously from the buccal
cavity and pharynx of a lightly anesthetized tadpole. In each
ventilation cycle, the first pharyngeal pressure peék is the
transmitted effect of the buccal force pump. The second pharyn-
geal pegk 18 caused by constriction of the pharynx during its
~occlusion from the buccal cavity by the ventral velum. Calibra-
tions: 1 cm water; 1 sec.

Fig. 25. Pressures (PR) monitored simultaneously from the buccal
and gill cavities of an anesthetized tadpole. Branchial pressures
remain positive throughout each ventilation cycle, ensuring a
continuous branchial outflow. A. The arrows indicate slight
evidence of the operation of two alternéte force pumps. In
lightly anesthetized and conscious tadpoles these pumps are usually
8o well coordinated that they produce single peaks in the branchial
pressures. B. The recording of dual branchial pressure peaks
during deep anesthesia, when thé force pumps are not so well
coordinated. Single branchial pressure peaks were gradually
restored as the tadpole regained consciousness. Calibrations:

1l em water; 1 sec,
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CHAPTER 5
THE WATER PUMPING MECHANISM OF XENOPUS

ABSTRACT. Regular phasic water pumping normally occurs only
during feeding in Xenopus tadpoles, but it can be induced by
light anesthesia and sometimes also by restraining conscious

tadpoles from swimming, when they are not feeding.

The peculiar simplicity of the water pumping apparatus 1s
associated with an equally peéﬁliar simplicity of the mechanlism
whereby water is rhythmically pumped through the arimal. The jJjaus
have neither two phases of opening nor the abillity to protrude.
No evidence was found to indicate the segregation of muscle
fibers in the pumping muscles into different structural and
functional groups. Nevertheless, tedpoles are capable of hyper-
expiration when they are deeply enesthetized or vhen India ink is

pipetted into the oral intake; no evidence of hyperihspiration

was found.

The absence of a valvular ventral.velum makes Xenopus unique
emong the Anura end it necessitates the presence of only a single
force pump in front of the pharyngeél clefts. Xenopus also does
not have an auxiliary pressure puﬁp behind the pharyngeal clefts,
in the opercular cavities. The cyclic functioning of the passive
opércular valves is controlled by hydrostatic preésure alone.
Closure of the pharyngeal clefts is effected by special muscles
during intermittent hyperexpirations, when contaminated water 1is
expelled, first through the mouth and then sometimes also through

the opercular outlets, as the cleft constrictors relax.
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Introduction

‘ A The peculiarities of the tadpoil_e of Xenopus laevis, the
common South African clawed frog, were emphasized In a'doctoral
thesis submitted to McGill University by Paul Welsz. His views
were also expressed’in a published version of the thesis (19%5,
p. 163): "So unique are the peculiarities of the Xenopus tadpole
that the latter, from an academio’vieWpoint, becomes one of the

most interesting vertebrate forms."

Aside from Rana, the cranial morphology of Xenopus is better
known than that of any other species of anuren tadpole (Parker
1876; Beddard 1894; Ridewood 1898; Bles 1905; Dreyer 1915; de
Villiers 1932; Kotthaus 1933; Edgeworth 1930, 1935; Paterson 1939a,
1939b; Millard 1945; Weisz 1945; Smit 1953: Nieuwkoop and Faber
1956; end Sedra and Michael 1957. In these researches, the
general anatomy of the water punping apparatus is described
sufficiently well to permit an examination of the pumping mechanlsm

of this genus.

Young Xenopus larvae have external gills, but these gllls
decenerate when the operculum grows back from the hyoidean arch,
and a set of true internal gills in gill cavities does not occur
in Xenopus tedpoles (Beddard 1894, Bles 1904, Dreyer 1915, &nd
Nieuwkoop and Faber 1956). This absence of gills 1in Xenopus
tadpoles caused Beddard (1894) to ascribe. a ventilatory function
to the rugulose lining of the pharynx. Bles (1905) pointed out
that Beddard had overlooked the respiratory function of the lungs
and that if some oxygenation of the blood does occur in the

a pharyngeal lining, it is apparently subsidiary to the function of
the lungs. Nevertheless, Zgggggg tadpoles rhythmically punp water

through the buccopharynx and opercular cavities and although this
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activity seems more important for filter feeding, it is still
possible that the blood of tadpoles 1s simulteneously oxygenated

‘ to some extent by this pumping. In support of this view 1is the
observation by Dreyer (1915, D. 243): "fhe lungs are developed end
supplied with pulmonary arteries and %eins at a very early stage,
but they remain sacs with such delicate walls that it is not
probable that they are the only orgens active in respiration.
Also, the tadpoles do come to the surface to swallow air
occasionally, but they cean remain under water for such long
periods that the air cannot be their only source of oxygen."
Dreyer also showed that the rugulose lining of the pharynx is
richly vascularized.

For want of functional data, the state of knowledge until
1945, on the oxygenation of blood in Xenopus tadpoles, was based
largely on anatomy end 1t 1is best stated by Millard (1945, Dp. 226):
"Blood from the filter apparatus is returned to the venous system
.end not to the sortic arches. In spite of this fact Beddard (1894)
and Dreyér (1915) both ascribed a respiratory function to the
filter apparatus in addition to its obvious one of filtering f'ood
material from the outgoing water current. This theory is favoured
by the suthor on the grounds of the intense vasculerisation of the
filter apparatus. It 1is supported by the following facts: (&)
internal gills are absent; (b) the arterla cutanea magna does not
appear until metamorphosis; and (c¢) the lungs, though present
from an early stage, are simple, undivided sacs and do not appear
capable of playing any important part in respiration.” Moreover,
Weisz (1945) contributed some functionel data (p. 188): “Tadpoles

Q 7 days or older, when prevented for even an indefinite period to
come to the surface of the water to use theif lungs, stay perfectly

normal and alive; since there are no external gills at this
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advanced stage, the internal gill system1 alone fulfills all
O - respiratory requirements." |

These views tend to favor a respiratory role of the rugulose
lining of the pharynx. The definitive épproach to this prbblem
would seem to be through an analysis of blood gas content, but
the smallness of Xenopus tadpoles suggests that there are .technical
difficulties in this approach. Analysis of water gas content
before and after 1t is pumped through tadpoles may be technically
easier. Perhaps the most feasible approach is to monitor the
effects on pumping, of ambient water of known gas content. Light
may be shed on the bearing of the phasic water pumping mechanism
on respiration, if it cen be shown that at constant temperature,
the frequency or amplitude of water punping is related to the
oxygen content of the ambient water. Experiments of this kind
may be assisted by the present broéd study of the water pumping
mechanisn of Xenopus tadpoles. The present research also calls
attention to several anatoﬁical end functional peculiarities of

Xenopus tadpoles for comparison with Rana and Ascaphus (see

Chapter 6).

1
refers to the rusulose lining of the pharynx, which Weisz also

Q calls "pscudo-internal-gills",
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Materiels esnd Methods
The normal developmental table of Nieuwkoop &nd Faber (1956)

will be used in the present study for stagling the larvee of

Xenopus laevis Daudin.

Adults of X. laevis were induced to ovulate by injections of
frog pituitary extract into the dorsal lymph sac. Larvae were
raised from eggs fertilized with sperm from extlirpated testés,
end hatched in stream water at 22°C. oOn the fifth day after
hatching, when the mouth and operculum had developed (stage 46)
and water pumping had begun, filter feeding was encouraged by
transferring the tédpoles to stream water made slightly turbid
with suspensions of dried baker's yeast. Feces were seen
emerging from the cloaca ca. 30 min after commencement of feeding.
The tadpoles were fed daily by this method and thelir behavior
during laboratory rearing was 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). Tadpoles were anesthetized in
0.5% urethane (10 min at 22°C), which rendered them insensitive
to light surgery. After surgery, individual tadpoles were
transferred into 0.25% urethane for study of their functional
anatomy cduring phasic water pumpiﬁg. Indicators and streamers
(see Chepter 3) were used to observe water flow during normal
pumping and after lesions to ventilatory muscles were made.
Microscopic observations on uninjured, anesthetized tadpoles and
on unanesthetized, unrestrained tadpoles were also made. The
smallness of the animals frustrated attempts at electromyography,
. but the lack of skin pigmentation was an ald to the study of the

actions of the main pumping muscles in uninjured tadpoles.
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For hydrostatic pressure recordings, cannulae of poly-
ethylene tubing (PEl0, Clay-Adams Inc. N.Y.) were constructed
and implanted after esuesthesia of individual tvadpoles, by the
method of Gradwell and Pausztor (1968). Implantation sites were
mid-dorsal, between the nares, and posterolateral, behind and
below the eye, where the cannula was passed through part of a
thin sheet of muscle, the “constrictores branchiales" of Sezdra
and Michael (1957). The cannuiae were connected to P23BB venous
pressure transducers, the outputs of which were fed into a
Gilson Polygraph (CH-CBPP) for amplification and recording by
rectilinecar pens. Calibration was performed as described by

Gradwell and Pasztor (1968).
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Results

Nomenclature

The morphology of the wster punpine eppsratus of the tadpole
of Xenopus has been documented well enoﬁgh to provide a basis for
a functional interpretation of it in the present study. m
perticular, the publications of Weisz (1945), Nieuwkoop and Faber
(1956), and Sedra snd 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-
cription from becoming élouded by lengthy Latin terminology, the
same ebbreviations will be used for the cartilages of Xenopnus as
those in Chapter 1 of the present thesis.

A nurerical terminology has been proposed for the muscles of
Rana and Ascaphus (Chapters 1 and 4), and it has been found to
greatly facilitate the expression of functional themes in Chapters
3 and 4, PFor the same reasons siven in Chapter 1, the muscles of
the Xenopus tadpole are aléo numbered in the present study, on
the basis of motor innervation. However, thils practice is not

intended to imply homology between the muscles of Rana, Ascaphus,

end Xenopus, except to the extent of the primordial muscle plates,
which are innervated by the nervi trigeminus, faclélis, glosso-
pharyngeus end vagus, and hypoglossus. On the other hand, the
sequence of muscles in each major group of these genera, has been
so arranged as to indicate analogies between the genera; as far
as present knowledge permits. The numerical terminology proposed
for Xenopus is shown in Table 1I.

The M1, M2, and M3 muscles are fused tosether at their
origins, but they become separate fasciculil anterior to the

processus muscularis quadrati end they have independent insertions.
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Moreover, the I3 muscle.is functionally independent of the M1 end
M2 muscles (p.25).). On these grounds, the three fasciculi are
here regarded as individual muscles. These muscles erise on the
posterior pterygoquadrate, while the M4 muscle arises.on the
anterior pterygoquadrate. However, Sedra and Michael (1957)

have called the Mi, M2, and M3, the "Levator mandibulae enterior",
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 Edgeworth's terms (1935) to the
somewhat aberrant Xenopus. The absence of the M6 and M7 muscles
in Xenopus may be associated with its simple jaw mechanisnm (pI50)
relative to Rena, in which the M6 and M7 muscles are well-
developed.

Sedra and Michael (1957) have proposed that their "Quadrato-
hyoanguleris" represents a fusion of the Suspensorio~, Quadrato-,
and Hyoangulares of Bana. Until this proposal is investigated in
detail, the Quadratohyoangularis of Sedra and Micheel 1s assigned
the numbers 3, 4, and 5 of the hyoidean group in Table I. The
H7 muscle of Rana 1is not present in Xenopus at any stage of
development.

The need for a new nomenclature for the visceral muscles of
Xenopus is shown by the confusion generated by the use in Xenopus
(Sedra and Michael) of the terms "Constrictor branchialis" and
"Subarcualis rectus" for Edgeworth's terms (1935) "levator arcus
branchialis" and “Constrictor branchialis" respectively. In
addition, the "Levator arcus branchialis IV" of Sedra and Michael
would seem to be the "qympanopharyngeus" of Pelobates (Schulze

1892) end of Rana (Chapter 1). The use of these two terms for
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what is probably the same muscle, is a consequence of the double

O- stendards that have existed in the neming of muscles. The
reasons for sbandoning both these standards in favor of a

numerical system, are presented in Chapter 1.

The water pumping mechanism

In the absence of susﬁended food, Xenopus tadpoles swim
ebout restlessly, opening theilr mouths periodically to sample
the nature of the water. During this searching behavior, the
water pumping mechanlism 18 not rhythmically active, but as soon
as tadpoles encounter food, guch as clouds of yeast suspension,
they assume a head-down, tail-up orientatlon, and begin phasic
water pumping. Filter feeding continues incessantly except for
short dashes of the animal to and from the water sufface for lung
ventilation. The greater musculature of the tall is utilized
for these dashes, which occur at 3 to 7 min intervals. However,
during feeding, only the tip of the tail vibrates rapidly, and
if i1t is emputated, the animel is uneble to resume its normal
feeding posture. Similarly, this posture could not be adopted by
tadpoles which were prevented from inflating their lungs. It
appears that the typlcal feeding posture of Xenopus depends on &
delicate balance between the buoyancy of the inflated lungs and
the downward propulsion afforded by the-vibratinq tip of the tall.
The animal is thus able to vary its depth gradually, simply by
varying the intensity of tail vibration. Amputation of the tail
tip caused the animal to smmediately rise passively to the water
surface and float there, which proves the buoyency of the lungs,
‘ for if they were then punctured, the tedpole sank passlvely to

the bottom of the aquarium.




1. The jaw mechanism

The dental apparatus of anuran tadpoles has long been used
as a reliable taxonomic criterion. As pipids, Xenopus tadpoles
are characterized by the complete absence of labial denticles
and keratinized beaks. In addition, the moﬁth is wider (3.8 mm)
relative to the size of the head, than that of all non-pipid
tadpoles. The head of Xenopus 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 is probably an adaptation to filter feeding.

Opening

The opening of the mouth and the depression of the bucco-
pharyngeal floor occur together. Protrusion of the jaws 1is not
possible in Xenopus because the joint between the Meckellan and

infrarostral cartilapes is not fleiible like it is in Rana. In
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eddition, the cartilapgo Meckeli-quadrate Joint has only one degree

of freedom, which permits the rotation of Meckel's cartilage
solely in the paraéagittal plene. The jJaw abductor, H3.4.5, 1s
inserted ventrolaterally on Meckel's cartilage, medial to the
base of the tentacle but lateral to the insertion of the MI10
muscle. Contraction of the H3.4.5 muscle, therefore, can produce
only a dovwnwerd swing of the lower jaw.

Lesions to the bilateral moleties of  the H3.4.5 muscle were
made to test the hypothesis that it is the only jaw ebductor
during phasic pumping: normal lower jaw abduction was abolished.
However, a wide opening of the lower jaw was intermittently
caused during ecasping movements. It seems thet the Sl muscle 1is
responsible for this 1nterm1ttent sbduction, for it no longer
occurred after the Sl muscles were also severed. The bucco-

pharyngeal floor was still rhythmically depressed, and as the



lesions prevented the simultaneous opening of the mouth, the only
water inlets were the nares. Rapid elevation of the bucco-
pharyngeal floor then caused such a great increase in the hydro-
static pressure of the buccopharynx that the mouth was forced
open and some water was expelled through it. During this ab-
normal behavior, the Jaw adductors might have relaxed, whereaé in
phasic pumping they (or some of them) contract during bucco-
pharyngeal compression and thus close the mouth tightly. There-~
fore water is forced caudad and through the gill clefts because
valves of the internal nares close.at this time. The lesions to
the H3.4.5 muscle showed that contraction of this muscle is the
only normallway that tadpoles have of jaw abduction during bucco-
pharyngeal depression. They are, however, still sasble to abduct
their jaws by first drawing water into the buccopharynx through
the nares and then vigorously compressing the buccopharynx. The
resultant pesitive hydrostatic pressure then forces the nmouth
passively open, possibly because the Jaw adductors do not
actively oppose this opening movement.
Closure

The closing of the mouth occurs more rapidly than its
opening. All or some of the jaw adductors, M, M2, M4, and M5,
cause phasic closure of the lower jaw. It was not possible to
detect contractions of individual muscles, but it was definitely
seen on repeated occasions that the mouth normally closes before
the end of the elevation stroke of the buccopharynseal floor.
There is sometimes a slight oral reflux just before the mouth
closes, but this was the exception rather than the rule. It is
thereforc likely that mouth adduction can occur even before com-

pression of the buccorharynx beecins with elevation of its floor.

ast
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During none of the movements of the lower jaw is there any

independent or participatory movement of the upper Jaw; opening

and closing of the mouth is possible only through movements of
the lower Jjaw.

The oral tentacles play no parf in the normal phasic move-
ments of the mouth. When the turbidity of the water begins to
clear through the filtering behavior of tadpoles, they gradually
increase 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 orgenic particles
that are present on the substratum. The agitation of tﬁe sub-
stratum on these occasions was seen to be performed by the
caudad flicking of the oral tentacles when they contacted the
substratun. The 133 muscle, which is inserted near the base of
the tentacle, is relatively superficial and it was therefore
possible to see its spontaneous contraction through the trans-
‘parent overlying skin during these flicking movements. There is
no antagonistic muscle for the return of the tentacle to its
resting position. However, menipulation 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
resting posgition after the force causing caudad displacement of
it vias released. The spontaneous flicking of the tentacles occurs
so intermittently and repidly that it was not possible to

correlate this phenomenon with mouth movements.
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2.The buccopharyneeal mechanism

When the hyobranchial apparatus of Xenopus is examined from
@ " the dorsal aspect, one is immediately struck by the sbsence in

these tadpoles of the flap-like ventral velum that is present in
all non-pipid tadvoles. However, the histological studies of
Kratochwill (1933) and of Kemny (1969a, 1969b) have shown that
the underside of the ventral vélum of anuran tadpoles is glandular.
On either side of the mid-dorsal line of the hyobranchial apparatus
of Xenopus there is a structure (the "pharyngo-branchisl tract" of
Weisz 1945) whose position in relation to the branchisl skeleton,
and whose glandular nsture, justify calling it the ventral velum.

From extensive observations of uninjured, conscious tadpoles,
and of partly dissected, anesthetized tadpoles which were
cyclically pumping water, it was postulated early in the present
research, that the ventral velum of Xenovus is non-valvular. This
postulate was then tested by recordine hydrostatic pressures
simultaneous;y from the fore and hind parts of the pumping systenm.
The sites of cannula implantation were chosen to ensure that if a
straight line was passed between them, it would cross over the
ventral velum. Therefore, the pressures recorded by the cannulac
of the transducer apperatus, may be resgarded as those of the water
before and after it had passed over the ventral velum.

_ Flgure 1 shows that the hydrostatic pressures monitored
anteriorly and posterlorly in the tadpole are in phase with each
other. Both asrophs have a sincle peak to each cycie of pumping;
the absence of dual peaks in the graph monitored posteriorly,
immediately discloses the absence of a valvular ventral velum in

@ Xenopus, which is consistent with the functional anatomy of these
tadpoles. The amplitude of the pressures moniﬁored posteriorly

is about 307 lower than that of the pressures monitored anterior
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to the ventral velum, which is to be expected for the uni-
directional flow of water, anterior-to-posterior, through the
enimal. This fall in amplitude may be attributed to the greater
volume of the posterior parts of the system than of the region
nearer to the anterior cennula. In addition, some frictional
resistance4is probably encountered by the water In its course
backward. The above results reveal that although there is a
phasically active musculature which constricts the posterior
parts of the pumping system, and although it is apparently active
just after compression of the anterior parts of the system, it
cannot be regarded as an independent pump because the ventral
velum does not act as a valve,

The confirmation of Kratochwill's view (1933) that there 1is
a valvular ventral velum between a buccal pump and a pharyngeal
pump in Rena tadpoles, gave rise to the proposal (Gradwell and
Pasztor 1968) that the buccopharynx of this genus be regarded as
two functionally distinct chambers, the buccal cavity end pharynx.
From a functional point of view, perhaps the most important
peculiarity of Xenopus is its lack of a valvular ventral velun.
Therefore, it is suggested that the classical term of "buccopharynx"
be retained for Xenopus tadpoles.

Buccopharynseal compression

During cyclic water pumpin% under the influence of light
enesthesia, compression of the buccopharynx by elevation of 1its
floor, begins simulteneously with the onset of mouth closure. A
slicht oral reflux wes seen in these tadpoles. However, in semi-
conscious and in conscious tadpoles, fhe floor of the bucco-
pharynx begins its elevation immediately after the mouth has

closed, and no oral retlux of water occurs.
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The elevation of the buccopharyngeal floor causes a positive
increase in the buccopharyngeal pressure (Fig. 2). The H6 muscle
0 i1s chiefly responsible for these effects, because they are greatly
. reduced if this muscle is denervated. However, small cyclic
oscilletions of the buccopharyngeal bressure of the seme phase
difference persist after H6 denervation, which reveals that there
are also other muscles which participate in buccopharyngeal
pumping. Contrary to Sedra and Michael (1957), it was found in
the present study that the M10 muscle does not coﬁtract during
phasic pumping in the tadpole. On the other hand, the B7 muscle
contracts synchronously with the H6 muscle, and in addition,
contractions of the Bl, BS5, B8, and Bl0 muscles were easily seen
through the transparent skin. The B1, BS5, B8, and B10 muscles

are active toward the end of elevation of the anterior bucco-

pharyngeal floor, or Jjust after its elevation. In consequence,
they enhance the compression effect of the H6 end B? muscles.

All the buccopharyngeal compressors are well co-ordinated
with onevanother and they cause a smooth compression of the
buccopharynx, the movement beginning anteriorly and then passing
caudad.

The effect of buccopharynpeal compression on water flow may
now be consildered. Experiments such as those.performed on Rana
(Gradvwell 1969a) showed that the valves of the internal nares of
Xenopus are closed durins buccopharyngeal compression. As the
mouth is also closed at this time, buccopharyngesl water has only
one course to follow: backward, over the ventral velum and throush

the pharyngeal clefts. As gills are absent in Xenopus tadpoles,

the space which the water then enters is better called the
opercular cavity than the gill cavity. The bilateral opercular

cavities have their exits to the outside via the flap-like



256

structures which have hitherto been called spiracles, but which
will be called opercular outlets in the present study. water

vwhich has entered the opercular cavities during buccopharyngeal
compression, flows immediately to the outside via the opercular
outlets (Fig. 3). As there is no transverse opercular canal in
Xenopus, the water from opposite sides of the buccopharynx does

not internix before it flows to the outside.

Buccopharyneeal decompression

Water pumping does not occur in pithed tadpoles nor in
deeply anesthetized tadpoles. In these animals the bucco-
pharyngeal floor essumes by its inherent elasticity, a depressed
position. If the buccopharyneeal floor is manually elevated, it
returns to its depressed position soon after release of the force
pressing i1t against the buccopharynegeal roof.

The passive depression of the buccopharyngeal floor by its
natural elasticity is greatly enhanced by the simultaneous
contractions of the bilatefal Hl muscles. These are relatively
large muscles but their effect (Pig. 3) in drawing water into
the buccopharynx through the mouth and nares 1s not usually
noticeable in the buccopharynszeal pressure graphs (Fig. 1).
However, the effect of the Bl muscle (arrows) on bﬁccopharyngeal
pressures is demonstrated in Fig, U4, where the pressures wvere
recorded from a tadpole while it was pumﬁin@ water very much like
tadpoles do while filter feeding. The contrection of the m
muscles appears to be simultaneous with the openine of the mouth.
As mouth closure and buccopharynzeal compression soon follow
these events of decompression, the intake (decompression) phase
may be seen in Fig. 4 to be much shﬁrter than -the outflow

(compression) phase of water pumping.
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From its topography, it would seem that the small H2 muscle
1s suited to contraction durineg decompression of the buccopharynx,
O but it was not possible to observe such contractions in the

present study.

Water 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 water from filling the
éntire buccopharynx during decompression (Fig. 3). Another
consequence of a non-valvular ventral velun is that the negative
buccopharyngeel pressure would cause an opercular reflux were it
not for the flap-like operculsr valves which are passively closed
when the hydrostatic pressure in the opércular cavities falls

below the ambient pressurel.

The natural, slight elastic tendency ot the opercular valves
to revert to a resting open condition, was studied in a pithed
tadpole. As the tadpole was not pumping water, the opercular
valves were immobile and were orientated in an open condition.
Either or both the valves could be manually pressed closed, but on
release of the weak force that was displacing them, they
immediately sprang wide open again. Closure of these valves was
also experimentally caused by manual depression of the bucco-
pharynseal floor of the tadpole,tb thus produce a hydrostatic
pressure which was lower in the opercular cavities than the
embient pressure. Conversely, the valves immediately opened

when the buccopharyngeal floor was menually elevated.

embilent pressure = atmospheric pressure plus hydrostatic pressure

-at the particular depth of the tadpole in the surrounding weter.




Subsidiary muscles

The function of several muscles which are associated with
the water pumping apparatus of Xenopus, but which are inactlve
during normal pumping, have not been considered in the foregoing
description of the typlcal cycle of pumping.

Contractions of the B2, B6, and B9 muscles were never seen
during regular phasic pumping, but these muscles become inter-
mittently cctive during deepening anesthesia. The function of
these muscles 1s to close the three pharyngeal clefts, and as
they contract synchronously with the H6 and B7 muscles, an
ebnormelly large positive pressure resuvlts in the buccopharynx
(Fig. 5). These effects were also elicited by India ink which
was pipetted into the oral intake of consclous, but restrained
tadpoles (Fig. 6A,B). During the onset of the abnormally large
positive buccopharyngeal pressure, the mouth, contrary to its
nornel timing, opened and there was a vigorous discharge of water

through it from the buccopharynx. Careful observation of the
pharyngeal clefts through the opercular skin during these experi-
ments with India ink, revealed that immediately after the oral
discharge, an opercular discharge of stained water occurred
simultaneously with the relaxation of the B2, B6, and B9 muscles.,
This result nay be the effect of mputh closure Just before the
buccopharyngeal pressure reaches equilibrium with the ambient
pressure. Therefore the only remaining outlets through which the
persisting positive buccopharyngeal pressure could drive water,
would be the pharyngeal clefts.

In thé present research, no informatlon was gathered on the
functioning of the remaining minute and inaccessible muscles of

the water pumping apparatus (nzmely B3.4, B13, Bl4, Bl5, and S1).
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-Discussion

O ' Most of the investigators of 'Xenopus who were interested in
the mode of respiration of its tadpole, have favored the view
that the rugulose lining of the buccopharynx is a respiratory
surface. Indeed, Welisz (1945, p. 173) was unequivocal on this
point and qent so far as to call the rusgulose 1lining, the "pseudo-
internal-g111 system", while Sedra and Michael (195?,Ap. 19) have
assigned the name "branchial chamber" to the ruculose part of the
buccopharynx. |

The present iInvestigation offers no evidence to refute or to
substentiate the view that the ruszulose lininz is respiratory.
Instead, the investigation has been devoted to the nature of the
water pumping mechanism, with the supposition that, in view of
the rich vascularization of the rugulose lining, at least some
degree of respiratory gas exchange nust occur here. On the other

hand, relative to Rena catesbeisna (Gredwell 1969b), the operculum

of Xenopus ié poorly vasculerized, and also considering the
absence of gills,vvery 1ittle (if any) respiratory gas exchange
would seem to be possible in the opercular cavities.
Electromyography has not been attempted in the small tadpoles
of Xenopus. Therefore, the muscle activity that has been des-
cribed earlier in this Chapter, 1s based solely on visual observa-
tions, and the timing susmgested for the muscles is particularly
in need of electromyosraphic evidence. The absence of such data
and also the simplicity of the water punping mechanisnm of Xenoﬁus,
has permitted the joint treatment of muscle activity, movement,

hydrostatic pressures, and water flow in the foregoing description

of the pumping mechanism.
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The simplicity of the water pumping cycle of Xenopus is a

consequence of the general and peculiar simplicity of the

pumping apparatus:
(2) an immovable upper Jaw

(p) & single plane of articulation at the cartilago Meckeli-quadrate

joint
(c) an inflexible joint beﬁween the Meckelian and infrarostral
cartilages
(d) absence of the M6 and M7 muscles
(e) structurally homogeneous muscle fibers in the hyoildean muscles
(f) absence of the H7 muscle and of a pars reuniens
(g) apparent fusion of the H3, HY, and H5 muscles into a single
muscle
(h) a non-valvular ventral velum
(1) absence of a pharyngeal cleft between the ceratohyale and Ehe
Tirst ceratobranchiale; also, the absence of gills, a membrana
vasculosa opercularis, opercular canal, end the Bll and Bl2 muscles.
Apart from the need for electromyographic data for the
pumbing muscles of Xenopus, thé detalled nature of the water flow
through the tadpole has still to be established. 1In addition,
further morphological information is needed on the intricate,
small cavities and water channels in the buccopharynx and opercular
cavities. An elucidation of the filtration mechanism would also
do much to help in the understanding of water flow during phasic
pumping.
With regard to its water pumping mechanism, Xenopus 1s
certainly peculiar.among tadpoles in having only a single force

pump in front of the pharyngeal clefts. Other functional peculi-

arities of Xenopus are discussed in Chapter 6.
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Illustrations

Fle. 1. Hydrostatic pressures recorded simultaneously from the
enterior and posterior buccopharynx in a lightly anesthetized
tadpole. Horizontal lines represent ambient pressure. Frequency :

50 cycle/min; calibration: 4 mm water.

Fig. 2. Records from a conscious, restrained tadpole. lechano-
erem (force transducer, Gilson Polysgraph) of the medial cerato-
hyale (CHM) monitored simultaneously with hydroststic pressure

in the anterior part of the buccopharynx. Frequency: 6v cycle/min;

pressure calibration: 6 mm water.

Fiz. 3. Composite diagram of sagittal end parasagittal sections
throusxh the head of a tedpole. The anatomy is shown in its
orientation at the onset of buccopharynaeal compression. The
mouth end nares are closine while the opercular valves are
openine. The flow of water past the ventral velum (not seen in
‘profile).and into the entire buccopharynx is indicated by the

large errow. BPH, buccopharynx; OP.C, opercular cavity.

Fig, &4, Buccopharyngeal pressures monitored anteriorly in a
conscious, unrestrained tadpole., The srrows 1hdicate the onset
of sctive depression of the buccopharyngeal floor by the Hl
muscles durine opening of the mouth. Hoﬁth closure and bucco-
vherynecal compressicn becin so soon afterward,'that the intake
phase (decompression) is extremely short relative to the outflow

phase (compression). Frequency: 60 cycle/min; calibration 7 mm

water,




Fig. 5. Bydrostatic pressures nonitored simultaneously from the
anterior and posterior buccopharynx in a deeply enesthetized
tadpole in which phasic pumping had ceased. Hyperexplirations are

shown by the peaks of the graphs. calibration: time, 6 sec;

pressure, 1 cm water.

Fig. 6. Hydrostatlc pressures of a 1lightly anesthetized tadpole
during injection of India ink (arrows) into the oral intake.

A. Anterior snd posterior buccopharyngeal pressures monitored
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sinultaneously. B. interior buccopharyngeal pressures. Frequency:

55 cycle/min; calibration: 5 mm water.
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TABLE I

The positions of the anterior visceral muscles of Xenopus léévis,

stage 52 of Nieuwkoop and Faber, 1956 (= stage 31 of Gosner 1960).
Motor innervations are parenthesized. Key letters designate the
group to which each muscle belongs and refer to the origin-
insertion relationship of individusal muscles. For use in the
text, each muscle is also identified by & number, preceded by the

initial letter of the group to which the muscle belongs.

1
Terms used by Origin-insertion No. Key
Sedra & Michael (1957) letters

o

MANDIBULAR GROUP

Levator mandibulae Pterygoquadrate, dorsal,

enterior posterior -
pars medialis (a) Meckeli, dorsal, medial Ml MP~MDM
*  intermedius (b) " " intermedial M2 MP=-MDI
* lateralis (c) Tentecle, posterior M3 MP-TP
L.m. externus Musculoquadrate, anterior - Meckeli, M4 MM-ML
lateral
L.m. posterior Pterygoquadrate, dorsal, anterior -
Meckelil, dorsal, posterior M5 MP~-MDP
Intermandibularis Appeérs at étage 56: interconnects M8 MRI
anterior medial aspects of the single rostrale

inferior; no median raphe
I. posterior Median raﬁhe - Meckeli, medial M10 MR-M

(n. trigeminus)

————

Attachments are assumed to be ventral except where otherwise

indicated. Arabic numcrals refer to the ceratobranchialia.




269

" HYOIDEAN GROUP

Orbitohyoideus Musculoquadrete, lateral - Hl. HN~-CL
ceratohyale lateralis, lateral

Suspensoriohyoideus Pterygoquadrate, ventrolateral - HZ HP-CL
ceratohyale lateralis, dorsal

Quadratohyoangularis Pterygoquadrate, lateral - Meckeli, H3. HP-MV
ventrolateral L5

Hyo- and suspensorio- Absent as individual muscies

angulares

Interhyoideus Median raphe - ceratohyale lateralis H6 HR-CL

(n. facialis)




BRANCHIAL GROUP
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Constrictor Pterygoquadrate, ascendens - 1, B1 BP-
branchialis I lateral 11,
Subarcualis rectus II 2, medial -~ 2, lateral B2 B2M-
' 2L
S.r. I Ceratohyale medialis, posterior - B3.4 BCH-
1, medial 1M
Constric. br. II Pterygoquadrate, ascendens - 2, B5 BP-~
lateral 2L
Subarc. rec. III 3, medial - 3, lateral B6 B3N~
- 3L
Transversus Median raphe - 2, medial B? BM-
ventralis II 2M
Constric. br. III Crista parotica - 3, lateral B8 BCP-
‘ 3L
Subarc rec., IV 3, medial, posterior - 3, lateral, B9 B3M~
posterior 3L
Constric. br. IV Auditory capsule - 4, lateral B10O EAC-
L
Levator arcus Auditory capsule - 4, medial B13 BAC-
branchielis IV Ly
Cucullaris L, lateral -~ scapula B14 B4T-
S
Transversus Median raphe ~ 4, medial B1l5 BM-
ventralis IV Ly
(nn. glossopharyngeus + vagus)
SPINAL GROUP
Geniohyoideus 1, medial -~ rostraleinferior S1 SiM-
RI
- (n. hypoglossus)
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CHAPTER 6

DISCUSSION OF COMPARATIVE AND CONTRASTING ASPECTS OF WATER FLOW

IN THREE SPECIES OF ANURAN TADPOLES

The important points of the information furnished in the
earlier Chapters of this thesis, may now be considered in-'a com-

parison between the water pumping mechanisms of Rana catesbelansa,

Ascaphus truei, and Xenopus laevis. As an ald to this discussion,

diégrams of hypothetical models are presented for each of these

species (Figs. 1, 2, and 3).

The tadpole of Raena catesbeisna is generally a bottom-dweller

in water having & wide annual range of temperature. As the tadpole
grows to a large size (reaching ca. k.5 em, snout-to-vent), and as
it is sometimes subjlected to poorly oxygenated watef, its respira-
tory system is well-developed, &nd both the lungs end gills are
functional throughout the life of the tadpole. However, in Cansada,
_the respiratory demands of this tadpole cannot be great in winter
and as open bodies of water freeze over in winter, lung ventilation
is suppressed during this season, but gill ventilation, although
reduced in frequency and amplitude, continueé.

The suctoriasl tadpole of Ascaphus truei habitually clings to

substrata in cold, cascading mountain streams. It is a small
tadpole, reaching ca. 2.0 cm, snoﬁt-to-vént. AMlthough it cen swim
against the strong current in short dashes between feeding stations
on the algae-covered rocks, powerful dasﬁes to and from the water
surface for air do not oécug and the tadpole is totally dependent

on agueous ventilation for its respiratory gas exchange.
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Xenopus laevis has a small nektonic tadpole (reaching ca.

1.5 cm, snout-to-vent) found naturélly in warm, stagnant water.
Lung ventilation begins immediately the larva loses its external
gills and becomes a tadpole. However, there is controversy in
the literature regarding the respiratory or hydrostatic function
of the lungs, as well as of the rugulose lining of the 5ucco-
Pharynx. As rhythmic water pumping begins only when the tadpole
i1s feeding, it would seem that the animal is negligibly dependent
on the feeding current for respiratory gas exchangef in such a
small tadpole, ventilation of skin capillaries may be relatively

more importent for respiration than it is in the larger Rana and

Ascaphus tadpoles.,

1.The jaws

Mnatomical and functional adaptations of anuran tadpoles to
thelr habitats are particularly evident for the activities of
feeding and respiration (Gradwell 1968), The specializations of
the jaws of the three species studied in the present research are
apt examples of the effects of selective pressures of habitat on
anatomy and on function. |

The Jaws of Rana are protruded during hyperinSpiration‘and
during voluntary feeding on plant and animal tissues. Both jaws
are movable, but the upper Jaw is normally active together with
the lower jaw only sebove ca. 10°C. The synchrony between the
upper and lower jaws is ensured by the efficient éo-ordination of
tﬁeir muscles, and secondarily, by ligements interconnecting the
upper and lower jaws. At temperatures below ca. 5°C both jaws

are inactive and the nares sre the only water intsakes.
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Mn oral valve in Ascaphus seems to be a unique feature
among tadpoles, and the presence of it eliminates the need for
rhythmic muscular movements of the jaws during gill ventilation
at all tolerable émbient temperaturgs. When the sucker is enpgaczed,
fhe mouth is sealed closed by the oral valve and the nares are
the only water intakes. When it is impossible for the sucker to
become engaged to a substratum, the tadpole Still-pumps water
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 thém. The
highly denticulated jaws of Ascaphus are conspicuously active
during cyclic hitches of the sucker while feeding. . Both the
upper and lower jaws are active dufing these movements, but in
contrast with Rana, the jaws are not protrusible. Those
mandibular muscles that are present in Ascaphus, are well-
“developed, buﬁ five others that occur in Rana, are absent in
Ascaphus.

In Xenopus, the horizontal slit-like mouth is, relative to
the width of the head, wider than that of all non-pipid tadpoles.
This permits a large intake to occur rapidly during the very
‘short decompression phase of water pumping. The wide mouth also
dispenses with the need for two pleznes of articulation at the
cartilego Meckeli-quadrate joint, and with the need for a
flexible joint between theiﬁeckelian and infrarostral cartilages,
which are two conditions essential for the protrusion of the
Jaws in Bégg. Moreover, there i1s no need for a movable upper jaw

in Xenopus. The simplification of the jaws of the Xenopus tadpole
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is also reflected in the total fusion of the jaw abductors, and
in the partial fuslion of the jaw adductors. Also, three'
mandibular muscles that oécur in gggg; are absent in Xenopus.
Frazzetta (1966) has shown that in snakes, the Jaw muscles
of the primitive boas are simpler and fewér than those of more

modern species. Such a phylogenetic trend seems to occur also

in enuran tadpoles, because both Ascephus and Xenopus, which

show a reduction in jaw musculature, are universally regarded as

more primitive than Rana.
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2 .BuccopharynXx

‘ On the basis of a valvular ventral velum, the classical
buccopharynx of gggg has been divided into an enterior buccal
cavity and a posterior pharynx (Gradwell and pasztor 1968). The
cyclic alternation of the buccal and pharynseal férce pumps
facilitates the occlusion of the buccal cavity from the pharynx
during inspiration, but the buccal cavity becomes confluent with
the pharynx during expiration.

All 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 habitual sealing of the mouth while
the sucker is engaged, adapts Ascaphus to the‘easy pfoduction of
negative pressures In the buccal cavity. By light microscopy,
the pumping muscles of Ascaphus appear to be composed of struc-
turally homogeneous muscle fibers. Nevertheless, they are capable
of producing both the hyperinspiration and hyperexpiration effects
which, in Rena, are mainly caused by muscle fibers which appear
to be analogous to conventional fast contracting or twitch muscle
fivers of vertebrates (Gradwell and Walcott 1970).

Contrasting with Rana and Ascaphus, the large mouth of
Xenopus hampers the production of large negative pressures in the
pumping system. The absence of & valvular ventral velum 1s
probably also & hindrance to the production of negative dbucco-

pharyngeal pressures in Xenopus. Rana, Ascaphus and Xenopus &are

all capable of hyperexpiration, but the phenomenon 1s best
‘ developed in Rana.
‘ _ ' There is appaerently little difference between the phaslc
| buccal and pharyngeal pumping mechanisns of Rana and Ascaphus, but

the absence of & valvular ventral velum in Xenopus seemsS to be
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the chief handicap to & dual pumping mechanism in this tadpole.
In Xenopus, the pharyngeal constrictors are active Just after
buccal compression and a peristaltic wave of buccopharyngeal
constriction therefore forces water caudad, and through the
pharyngeal clefts. Rana end Apscaphus have taken advantage of the
slight contractile delay of the pharyngeal constrictors behind
the buccal compressors, by evolving the valvular ventral velum
between the buccal cavity and pharynx, to produce two alternating
pumps. They appear to have then co-ordinated the mouth movements
with these pumps, to facilitate an efficient dual pumpine mechanisnm.
In Rana, buccal water is deflected by the ventral velum
against the dorsal velum, which then deflects this water down
toward the gill clefts in the rugulose floor of the pharynx. The
same route is supposedly also followed by the buccai water in
Ascaphus, whose anatomica%_relationshipsbetween the vela and the

pharyngeal gill clefts are similar to those in Rana. Xenopus, on

_ the ather hand, has a compiicated system of mucosal folds above
its pharyngeal clefts. Therefore, except for the obvious fsect
that water leaves the buccopharynx by the three pairs of
pharyngeal clefts, it has not been possible in the present research,
to postulate the detailed course followed by the water. The nature
of water flow in the pharyngeal region of Xenopusg is probably
important in its filtration mechanism, although mucus secreted by
the ventral velum is also involved in this process,

A cleft between the buccal and gill cavities is present in
Rana but not in Ascaphus and Xeniopus. During buccal compression in
Rana, buccal water reaches the gill cavity mainly via the
pharynmeal gill clefts, but some buccal water reaches the gill
- cavity directly, through the first gill cleft, thus by-passing

the pharynx. 1In Ascaphus, the absence of a first 2111 cleft betweer




the buccal and gill cavities causes buccal compression to pump
water into the gill cavity only via the pharyngeal gill clefts.
In both Rana and Ascaphus, some buccal water remains in the
pharynx at the end of buccal compression and this water 1s then
punped 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 iﬁ Xenopus (which, like Ascaphus, has only
the three pharyngeal "gill" clefts), all the buccopharyngeal
water 1s pumped through the pharyngeal clefts and directly into

the opercular cavity, and there is no separate pharyngeal pumping

phase.

277



17%

3.The =2ill (or opercular) cavities

A transverse opercular canal in Rana, interconnects the

. right and left sides of the £111l cavity, with the result that all

the branchial water leaves the gill cavity through the single

sinistral spout. Xenopus does not have gills and the water

leaving the pharyneeal clefts enters an opercular cavity instead

of a glll cavity as in Rana and Ascaphus. A transverse opercular

canal is absent in both Ascaphus and Xenopus; the left and right

gill cavities of Ascaphus and opercular. cavities of Xenopus, have

'-1ndependent outflows. However, the single median branchial

outlet of Ascaphus serves as a common orifice of dischafge for
the left and right gill cavities. In Xenopus, the opercular
cavities each have an outlet which, unlike the spout of Rana and
the branchial outlet of Ascaphus, is distinctly valvular. The
outflow of Rana and Ascaphus 1s continuous but it is internittent
in Xenopus.

It has not been possible to establish the function of the
B2, B6, and B9 muscles of Rana and Ascanhus,'but their action is
apparently that of closing the gill clefts. In Xenopus, the
absence of gills end the transparency of the operculum has
facilitated the study of these muscles of the pharyngeal clefts.
They are not phasically active during regular water pumping, but
they contract during hyperexpiration: they close the pharyngeal
clefts and thus facilitate the oral expulsion of contaminated
water,

In Rana, hyperexpiration may or may not be enhanced by
branchial expulsion through the facultative contraction of an
hyoidean muscle in the opercular lining. Such a muscle (the H7)

i1s absent in Ascaphus and Xenopus.
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The opercular lining is highly vascular in Bana, but not in

" + Ascaphus and Xenopus. For Ascaphus, living in well oxygenated

mountain streams, gills alon: seem to be adequate for respiration.v
In the smaller Xenopus tadpole, lung. ventilation and possibly

also ventilation of the pharyngeal blood capillaries may explain
thé absence of gills and of a poorly.vascular membrana vasculosa

opercularis,

Diagrams of hypothetical models of water pumping in three species

of anuran tadpoles

The diagrematic models (Figs. 1, 2, and 3) represeht.an
..overall summary of probable muscle activity, mechanical displace-
ment, hydrostatic pressure, and water flow in the tadpoles com-

pared with one another in the present Chapter. Functionsl
anatomical studies of several other’Species of Rana have revealed

no importent differences in their water pumping mechanisms from

that of R. catesbeiana. Ascaphus has only one species, namely

truei. Dissections of cadaevers of other species of Xenopus have
shown that their tadpoles are almost'idéntical to that of X. laevisg,
in regard to the water pumping appvaratus. It therefore seems
likely that the models presented here may serve as a useful gulde
to species other than those which have been investigated in the
present research. ‘

Chapter 3, Fig. 13 shows that there is little electromyo-
graphlc basis for the muscle activity postulated in the model for
Rana. For Ascaphus end Xenopus, no electromyography has been
attempted in the present study. The muscle activity and the

. mechanical diASplacements shown in fhe models are chilefly based on
visual observations of breathing, anesthétizéd tadpoles,

dissected under a microscope. The H7? muscle is parenthesized in
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Fig. 1 because this muscle is not active during regular phasic
breathing. It may or may not contract during hyperexpiration
(see text.above). water flow has been deduced from the hydro-
static pressures shouwn graphically in the earlier Chapters, and

has been found consistent with the results of studies with

streamers and dyes.

Abbreviations

The origins end insertions of 11 the muscles referred to in the

models have been tabulated in the Chapters describing the respec-
tive species. The lengthy conventional terminology for the muscles
is also tabulated in these earlier Chapters (Table I, Ch 1; Table
I, Ch 4; end Table I, Ch 5).

BC, buccal cavity; BPH, buccopharynx; br., branchial; GC, gill

cavity; op., opercular; OP.C, opercular cavity.
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