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Chapter I 

INTRODUCTION

The Weberian o s s ic le s  fora  a chain o f  t in y  bones that 

connect the a ir  bladder and the ear o f  many freshw ater f is h e s . 

I t  i s  thought that the o s s ic le s  are derived  at le a s t  in  part 

from the vertebrae and that they serve t o  transm it v ib ra tion s 

or  changes in  h yd rosta tic  pressure to  the ear from the a ir  

bladder or  swim bladder.

The Weberian apparatus, which was f i r s t  d escribed  by 

Weber in  1820, i s  c h a ra c te r is t ic  o f  the la rg es t order o f  

freshw ater f is h e s , the O stariophysi, a group that includes
i '

fo rty -tw o  fa m ilie s , among which are the minnows, suckers, 

s i lu r o id s ,  and characids. The apparatus o f  the fam ily 

Catostomidae, the suckers, i s  one o f  the more complex because 

the an terior  vertebrae are more h igh ly  m odified  than in most 

oth er groups. Although the suckers have a more complex 

form o f  apparatus, they have received  com paratively l i t t l e  

study, and th is  is  the f i r s t  developmental in v e s t ig a tio n  o f  

the Weberian o s s ic le s  o f  any catostom id.

The species  stu d ied , Pantosteus p leb iu s Baird and Girard, 

i s  commonly re ferred  to  as the Rio Grande mountain sucker.

I t  is  endemic to  the mountain streams o f  the R io  Grande and 

Kimbres R iver basins (R oster, 1957, p . 4 6 ).
The Weberian apparatus in  the adult Pantosteus p leb ius 

co n s is ts  o f  a movable p o rt io n , the pars auditum, and a support,



. .



th< pars sustentaculum .

The pars auditum (p la te  1, figu re  1 ) i s  composed o f  fou r 

o s s ic le s  and an in te ro s s icu la r  ligam ent. Beginning at the 

a n ter ior  end and passing p o s te r io r ly , the parts o f  the pars
9

auditum arei the c la u s trm , scaphlmn, in te ro s s icu la r  

ligam ent, in terca larium , and tr ip u s . The claustrum and 

scaphium form the connection  o f  the Weberian apparatus to  

the in tern a l ear; the in te ro s s icu la r  ligament lin k s  the 

scaphium and intercalarium  with the , r ip u s , and th is , in  turn 

is  connected to  the a n terior  w all o f  the a ir  b ladder.

The tr ip u s , the la rg e s t  o f  the o s s i c le s ,  i s  a s ic k le ­

shaped bone, whose body or main p ortion  had three processes 

or  rami. The a r ticu la r  process extends la t e r a l ly  from the 

body o f  the tr ip u s  to  the centrum o f  the th ird  vertebra .

The medial end o f  th is  process i s  fla red  and f i t s  in to  a 

deep groove that runs v e r t ic a l ly  across the la te r a l  s ide  o f  

the centrum. The p o s te r io r  process or  ramus extends from 

the body o f  the tr ipu s to  the a ir  bladder where i t  tapers 

in to  a th in , d e lic a te  extension  that is  embedded in  the 

tu n ica  externa, the ou ter la yer  o f  the a ir  b ladder. This 

slender prolon gation  o f  the p o s te r io r  ramus is  the 

transform ator p rocess . I t  passes through the tissu e  o f  the 

a ir  bladder and curves s u f f ic ie n t ly  so that i t s  t ip  p ro je c ts  

forward out o f  the tu n ica  externa. The a n ter io r  process or 

ramus extends forward from the body o f  the tr ip u s  and is  

united w ith the other bones o f  the s e r ie s  by the 

in te ro s s icu la r  ligament*
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Fig. I

Fig. 3
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ABBREVIATIONS FOR PLATES I  and I I

ABBREVIATION PART

A rt. P T A rticu lar process o f  the tripus

Ant. P T Anterior process of the tripus

Body T Body o f the tripus

C Centrum

C5 Centrum o f the f i f t h  vertebra

Ci Claustrum

DR2 Dorsal rib  o f the second vertebra

EP Esophageal process

I Intercalariua

IL In tero ssicu la r ligament

NA Neural arch

NS Neural spine

Os. S Os suspensorium

PPT P osterior process tripus

PR2 Pleural rib  of the second vertebra

PR4 Pleural rib  o f the fourth vertebra

S Scaphium

T Tripus

T r. P T Transformator process o f the tripus

Trans. PI Transverse p late

WF Weberian fenestra



Plate I ,  Figure Is Dissected Weberian O ssicles

Plate I ,  Figure 2 : Anterior View of the Weberian Apparatus.

Plate I ,  Figure 3 : Lateral View of the Ydeberian Apparatus







ABBREVIATIONS FOR PLATES I  and I I

abbreviation PART

A r t. P T A rticu lar process o f the tripus

Ant. P T Anterior process of the tripus

Body T Body o f the tripus

C Centrum

C5 Centrum o f the f i f t h  vertebra

Cl Claustrum

0R2 Dorsal rib  o f the second vertebra

EP Esophageal process

I Intercalarium

IL In terossicu lar ligament

NA Neural arch

NS Neural spine

Os. S Os suspensorium

PPT P osterior process tripus

PR2 Pleural rib  of the second vertebra

PR4 Pleural rib  of the fourth vertebra

S Scaphium

T Tripus

T r. P T Transformator process o f the tripus

Trans. PI Transverse plate

WF VJeberian fenestra
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The in te ro ssic u la r , or interosseous, ligament connects 

the anterior process of the tripus to  the i ntercalarium and 

to  the scaphium. In Pantosteus plebius the ligament is  short 

and is  divided into two halves by the in sertion  o f the 

intercalarium .

The intercalarium  is  a slender, curved bone that articu la tes  

with the second vertebra and extends an terio rly  and la te r a lly  

to jo in  the in tero ssicu la r  ligam ent. Tiro regions are 

distin gu ish ed : the shaft and the manubrium in cu dis, which

is  the enlarged la te r a l end that separates the in tero ssicu lar  

ligament into two d iv is io n s .

The scaphium is  a cup-shaped bone bearing three processes. 

The cup-shaped portion is  the concha sta p e d is . The f ir s t  of 

the processes, the central process, a rises  from the center 

o f the outer convexity of the cup, is  aimed la te r a lly  on the 

f is h , and is  the point o f attachment for the interosseous 

ligam ent. The second process is  d irected  v en tra lly  and 

a rticu la te s  with the second vertebra. The third process, 

which points toward the head, is  an extension of a ridge 

that runs an teriorly  along the cup from the central process.

The claustrum is  also somewhat cup-shaped, but the 

medial depression is  much sm aller than that o f the scaphium.

The claustrum l i e s  dorsom edially to the scaphium and is  

attached to i t  la t e r a l ly .

The claustrum and scaphium plus an extension o f the 

perilymph spaces form the connection between the Weberian 

o s s ic le s  and the membranous labyrinth o f the ear. The
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£i! ■ - •’ xî ui <;.? aoiey-i-iq' ; ijuibsra

7 ***• .•■ A ' -̂ .-O •* •’ I; ■*■-• ■ ■’3*0 i. o jl

- ' •- 1

■**" - *4 ‘ J - • J . - ’ ? ten J-fvi. i, s

' • ' • :■ SO 3 . -J • •

'



9

perilymph spaces, which occur between the membranous labyrinth  

of the internal ear and the bone o f the cranium, extend 

p o sterio rly  from each ear. The extensions from the two sides  

jo in  and form the atrium sinus impar, which surrounds the 

dorsal h a lf o f  the spinal cord back as far as the f ir s t  

vertebra. The scaphium forms a la te r a l part, and the 

claustrum a d orso la tera l p a rt, o f the w all of the sinus.

The Weberian o s s ic le s  have three points o f a rticu la tio n  

with the vertebral column. These p oin ts, which act as 

fu lcra  for the movement o f the o s s ic le s , l i e  at the medial 

ends o f the ventral process o f the scaphium, shaft of the 

intercalarium , and a rticu la r  process of the tr ip u s .

The pars sustentaculum (p lates 1 & 11) includes the 

f i r s t  four vertebrae, a l l  o f which are highly modified from 

the pattern of the remaining trunk vertebrae. There is  much 

fusion of the p a rts . The centra of the second, th ird , and 

fourth vertebrae are coalesced. The supradorsal or neural 

spine elements of these three vertebrae form a la rg e , 

continuous neural spine that is  the most dorsal portion of 

the pars sustentaculum. The d is ta l ends of the second and 

fourth rib s are jo in ed .

The f i r s t  vertebra is  a thin  d isc  without ribs or other 

p ro jectio n s. Only the centrum is  present and i t  is  greatly  

fla tten ed  a n te ro -p o ste rio rly .

The centrum o f the second vertebra bears two processes.

A transverse process, which represents a modified dorsal rib  

(Watson, 1939, p . 4 6 3 ) , is  d irected  la te r a lly  and s lig h t ly
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p o ste rio rly  (p late  I I ,  figures 2 & 3 ) ,  while a heavy, p la te ­

lik e  process, which represents a strongly modified ventral 

rib  (Watson, 1939, p . 4 5 6 ), extends ven tra lly  and caudally  

and fuses with the s im ila r ly  modified rib  o f the fourth  

vertebra. The two ventral ribs o f the second vertebra also  

fuse with one another beneath the centrum. The p la te  thus 

formed has a pair of p o ste rio rly  directed projection s that 

are termed esophageal processes (p la te  I ,  figu re  2) because 

of th e ir  proximity to  the la te r a l w alls o f the esophagus.

The third vertebra lacks transverse and ventral processes. 

A deep, v e rtic a l groove in  the la te r a l surface o f  the centrum 

receives the a rticu la r  process of the tr ip u s .

The fourth vertebra possesses a s in g le , much enlarged 

rib  that passes v e n tra lly  and forms, by i t s  fusion  with the 

ventral rib  o f the second vertebra, a complex structure that 

l i e s  in contact with the anterior w all of the a ir  bladder. 

Between the angle formed by the two ribs and the centra of 

the second, th ird , and fourth vertebra, there remains an 

opening, the Weberian fen estra , through which the tripus  

passes. The ventral ribs of the fourth vertebra give o f f  

at th e ir  bases the ossa suspensoria, which together form a 

transverse p la te  (p la te  I I ,  figure 2 ) .  The tunica externa

of the a ir  bladder is  continuous with th is  p la te
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Chapter I I  

HISTORICAL SURVEY

Shortly a fte r  the i n i t i a l  d escrip tion  by Weber (1820) 

in  h is  "De Aure et Auditu Horainus et Animallum. Pars. JL. De 

Aure Animalium aquatilitm ,*’ the apparatus was described in  

various species by several authors. Among the early  

in v e stig a to rs , Huschke (1 8 2 2 ), S t . H ila ire  (pu blication  of  

1824, cited  from Watson, 19 39), Muller (1 8 4 2 ), ana Beaudelot 

(1868) were notable*

From h is  work on S ilu r is  g la n is , Weber (1820) judged 

the function o f the apparatus to be related  to audition and 

concluded that the o s s ic le s  were homologous with the mammalian 

ear bones. He therefore referred to them as the auditory  

o s s ic le s . Three o f the individual bones he ca lled  the 

m alleus, incus, and stapes a fte r  th eir supposed mammalian 

homologues. The fourth bone, with no supposed counterpart 

in the mammals, Weber termed the claustrum.

Many o f the in vestigators o f the nineteenth century shared 

Weber’ s view and adopted h is term inology, but some did n ot.

S t . H ila ire  (vide Watson, 1939, p . 4 6 4 ), M uller (1842, 

pp. 323-328) and Beaudelot (1868, pp. 8 7 -1 0 9 ) , for example, 

disputed the homology o f  the o s s ic le s  with the ear bones of 

mammals and instead considered them to be parts of the 

anterior vertebrae. However, i t  was Bridge and Kaddon 

(1889, 1892) who gave impetus to th is concept which la te r
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replaced that o f Weber* They described the Weberian apparatus 

o f ninety-two species o f  s ilu ro id s  and replaced the misnomer 

"auditory o s s ic le s "  with a new term, Weberian o s s ic le s , in  

honor o f  the in vestigator who f i r s t  described them. They 

proposed the now commonly used terms, tr ip u s , interealarium , 

and scaphium, as su b stitu tes for the names properly associated  

with the mammalian ear bones. The term claustrum used by 

Weber for the additional bone was retained by these authors. 

Bridge and Haddon (1892, p . 143) also suggested a hydrostatic  

function for the a ir  bladder and the o s s ic le s .

Not only did M uller re a lize  that the o s s ic le s  were 

d erivatives o f the vertebrae, but he a lso  was the f ir s t  to  

conclude that the Weberian organ had system atic importance.

He concluded that several extern ally  d iverse groups, the 

s ilu r o id s , cyprlnids, and characids, were related  because of  

the presence o f th is  complex apparatus. In 1 8 8 5 ,Sagemehl 

(pp. 1 -119 ) used the Weberian apparatus as a taxonomic 

character with which to separate many fis h  from th e ir  e a r lie r  

categories and combine them in a new group, the O stariophysi.

Certain in v estig a to rs , e sp e c ia lly  V?right (1884 , pp. 249-250) 

who worked with Amiurus £= Ictalurus^ ca tu s, believed  that 

the Weberian o s s ic le s  were not e n tire ly  derived from the 

vertebrae, but that connective tissu e  o s s ific a tio n s  also  

contributed to the d e fin it iv e  stru ctu res. Wright f ir s t  

discovered the fused condition o f the second, th ird , and 

fourth vertebrae, a condition found to a greater or le sse r  

extent in a l l  the O stariophysi.
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The nomenclature in  common usage in  the lite ra tu re  

published in German is  the resu lt o f the work o f Thilo (1 90 8). 

For the term malleus as used by Weber, T h ilo  (1908, pp. 780­

787) proposed the term Hebei; for the incus, Lenker; for  

the stap es. Deckel; and for the claustrum, JSinlage. T h ilo ’ s 

experiments with pressure convinced him that the function  

o f  the Weberian apparatus was h yd rostatic .

The apparatus in a catostom id, Ictiobus urus, was 

described b r ie f ly  by Adams (1 9 2 8 ) . Adams (1928, p . 117) 

concluded that only the f i r s t  three vertebrae v/ere involved  

in the Weberian apparatus and that i t  was the third  rather 

than the fourth ventral rib  that was highly modified around 

the tripus and the anterior end o f the a ir  bladder.

Chranilov (1927, 1930) used the Weberian apparatus as 

an aid in c la s s if ic a t io n  w ithin the order O stariophysi.

Two more recent works, dealing with morphology o f the 

Weberian apparatus, trea t with the Catostomidae. Krumholz 

(1943) studied the Weberian apparatus o f  North American 

ostariophysines including eleven members o f the Catostomidae. 

Nelson (1948) compared the Weberian structures in catostoraids 

with reference to th e ir  s ig n ifica n ce  in system atics.

The f i r s t  complete embryological study was that by 

Nusbaum in 1908 on Cyprinus carpio, fam ily Cyprinidae. He 

thought that the f i r s t  three vertebrae formed part o f the 

sk u ll and that the o s s ic le s  were e n tire ly  derived from the 

fourth and f i f t h  vertebrae. According to Nusbaum1s 

in terp retation  the intercalarium  was derived from the fourth
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vertebra and the tripu s from the f i f t h .

Matveiev (1929, pp. 464-465) agreed with Wright that 

the o ss ic le s  originated both from modified vertebrae and 

from other connective tissu e  elements. Matveiev discovered  

in Scardinius erythropthalmus. a cyprinid , evidence that led  

him to conclude that both the intercalarium  (1929, p . 501) 

and the scaphiura (1929, p . 503) have dual o r ig in s .

The most recent work o f an embryological nature is  that 

o f J . M. Watson (1939) on another cyprinid, the g o ld fish . In 

h is excellen t paper, Watson compared the development of the 

o ss ic le s  as seen in  the go ld fish  with that described by 

previous authors. He corroborated the concept that both 

vertebral and connective t issu e  elements have a part in the 

origin  o f the o s s ic le s . He (Watson, 1939, p . 453) discovered  

that an arch o f ca rtila g e  dorsal to the f i r s t  vertebra is  

continuous with the e x o cc ip ita l bones o f the cranium; th is  

cartilaginous arch he ca lled  the '’ca rtila g e  r in g ."  In 

addition Watson (1939, p . 456) believed that the transverse  

processes o f the second vertebra are homologous with dorsal 

r ib s , that the ventral processes o f the second and fourth  

vertebrae are homologous with p leural or ventral r ib s , and 

that the ossa suspensoria are homologous with hemopophyses.

The Weberian mechanism has received considerable study 

of a morphological nature but much le s s  attention  has been 

given to developmental and p h y sio logical aspects. Among 

the studies concerned prim arily with the function o f the 

o s s ic le s  and the a ir  bladder, the papers of Kuiper (1915)
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and Evans (1925) are outstanding. Kuiper (1915, pp. 572-582) 

observed the reactions o f f is h  to  pressure changes, variations  

in  lig h t  in te n sity , h ydrostatic disturbances, and v ib ration s, 

both before and a fte r  the Weberian organ had been disrupted.

Ke agreed with Weber that the organ was associated  with the 

hearing o f f is h e s . Evans (1925, pp. 5 4 7 -5 7 4 ), studying many 

ostariophysines, discovered more evidence corroborating  

Weber’ s theory. Bridge and Haddon (1892, p . 142) thought 

the ossicu la r arrangement too la x  to conduct rapid v ib ration s, 

but Evans found the Weberian organ capable o f  such. He also  

determined that i t  was p ossib le  for the a ir  bladder to  

receive fa in t changes in the pressure impinging upon the 

sides o f the f is h . These changes were, Ue postu lated , 

transferred to the in tern al ear by the o s s ic le s . Subsequent 

in vestigators have been in agreement with Kuiper and Evans.

Other than the paper by Nelson (1 9 4 8 ), vihich dealt with 

adult morphology and system atics, the Weberian apparatus of 

the fam ily Catostoraidae has had r e la t iv e ly  l i t t l e  a tten tio n . 

The development o f the apparatus in  the catostomids apparently 

has not been studied p reviou sly . I t  is  the purpose o f  th is  

paper to describe the orig in s o f  the Weberian o s s ic le s  as 

seen in a common New Mexican catostomid, Pantosteus p lebiu s, 

and to trace the developmental path o f  the Weberian apparatus 

to i t s  mature condition .
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Chapter I I I  

MATERIALS AND METHODS

The specimens used in th is  study were from two sources. 

The m ajority were co lle cte d  during June, 1958, from the 

backwaters o f the Jemez River and the San Antonio Creek near 

Jemez Springs, New Mexico. The remainder o f the fish  studied  

were reared from eggs obtained from adults taken in the two 

above mentioned streams. A fter a r t i f i c ia l  fecundation, the 

eggs w e r e  incubated and the young raised in tanks at 16° C. 

Eight days were required for  development before hatching.

The larvae at hatching were approximately 8 mm. long and 

three days la te r  were 9 mm., the s iz e  at which ca rtila g e  

formation was apparent in the vertebral column o f  f ie ld -  

co llected  specimens. However, in acuarium-raised specimens, 

ca rtila g e  did not appear in the vertebrae u n til the fish  

were 10 mm. long. In general the aquarium-raised fish  were 

about 1 mm. longer than the stream-reared specimens in  a 

comparable stage o f  development. Therefore, a f is h  raised  

indoors reached a length o f 11 mm. before i t  showed the same 

bone formation as a f is h  o f 10 mm. co llected  from the normal 

h a b ita t. A ll  measurements quoted in th is  paper were taken 

from f ie ld -c o lle c te d  specimens.

The la rv a l f is h  were eith er fixed in Douin's f lu id  and 

preserved in 70% alcohol or were fixed  and stored in 10% 

form alin . Transverse, fr o n ta l, and s a g it ta l section s for





m icroscopic examination were prepared by standard h isto lo g ic a l  

techniques. Methylene blue and a liza rin  sta in s yielded the 

best tissu e  d iffe r e n tia tio n .

To study the ossicular apparatus in  adults and ju v en iles , 

several types o f preparations were used. Skeletons o f large  

adult f is h  were prepared by the use of dermestid b eetles and 

were bleached in ammonia. Some skeletons were prepared by 

dipping specimens into boiling water and removing the 

softened fle sh  from the bones. Other adult specimens were 

treated  with a liz a r in  ag a stain  for bone, cleared with 

potassium hydroxide, and stored in g lycerin e . A fourth  

method, which d ifferen tia ted  between bone and c a rtila g e , 

involved sta in in g  the cartilage with methylene b lu e, 

macerating the fle sh  with potassium hydroxide, and stain ing  

the bone with a liz a r in .

Development was traced from the condition found in  the 

ad u lt, through successively younger stages, to the e a r lie s t  

recognizable beginnings of the Weberian apparatus.

17
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DEVELOPMENT OF THE APPARATUS

The tra d itio n a l b e lie f  concerning the development o f  

the Weberian o s s ic le s  is  that they represent modified  

portions of the f i r s t  three vertebrae. Recent studies  

indicate a more complex h istory  o f development. In addition  

to  m odifications o f  the three anterior vertebrae, other 

connective tissu e  elements contribute to the rudiments of 

the o s s ic le s . These non-vertebral elements are o f two 

typ es, masses o f mesenchyme c e lls  in which membranous bone 

is  la te r  formed and ligament which la te r  o s s i f i e s .

In an em bryological study, the vertebral rudiments are 

best discussed in  terms o f the arcualia  o f the vertebrae 

rather than as rib s or transverse processes, because complete 

structures such as rib s are not present in the younger sta g e s . 

The arcualia  or arch components tnat fuse to form a typ ica l 

vertebra are the basidorsal and in terd o rsa l, which are paired  

components o f  the upper or neural arch, and the basiventral 

and in terv en tra l, which are paired components o f the lower 

or hemal arch. Only the basidorsals and b asiv en tra ls are 

involved in o s s ic le  construction .

Basidorsals and basiven trals may be e ith er mesenchymatous 

or cartilaginous (Watson, 1939, p . 4 6 2 ), but both are 

e n tire ly  cartilagin ou s in Pantosteus p le b iu s . The basidorsals

Chapter IV

and b asiven trals develop f i r s t  at the an terior end o f the
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vertebral column and develop p o ste rio rly  in  regular sequence* 

B asiventrals do not occur in the f i r s t  and second vertebrae. 

The f i r s t  basiven tral to  appear, the th ird , is  a contributor  

to the tr ip u s . I t  was found that o s s if ic a t io n  o f the 

b asid orsals and basiven trals does not occur u n til the fish  

reach a length o f 30 nan. In Pantoste -s there is  no evidence 

o f d is t in c t  interdorsals or in te rv e n tra ls .

In the d iscussion  o f  the homologies of the various parts 

o f the apparatus, i t  is  necessary to refer to the time of 

development. Thus far,  length in m illim eters o f fish  

co llected  from th eir normal habitat has been used to designate  

any given stage o f development. Because there is  d ifferen ce  

in length o f specimens at a d e fin ite  le v e l o f o s s ic le  

formation between fish  raised in  aquaria and those raised in  

stream s, the specimens have been designated according to  

f iv e  standard sta g e s :

1 . F irst appearance o f the arcualia  o f the vertebrae  
as groups o f ca rtila g e  c e lls  ly in g  alongside the 
notochord. This stage is  approximately the same 
as Balinsky’ s ’’stage 32” (1948, p . 3 3 7 ).

2 . Arcualia and connective tissu e  elements present 
in p osition  o f future o s s ic le s .

3 . Fusion o f the elements o f each o s s ic le  complete.

4 . O ssicles assume mature shape. Stages 2 , 3 , and 
4 occur during and before B alinsky’ s ’’stage 33” 
( Ib id . ) .

5 . Ossification of a ll ossicles complete. Balinsky’ s 
"stage 36” ( I b id .)  is approximately the same as 
thi3 stage.

The stages described by Balinsky, even though intended to  

apply to the Cyprinidae, f i t  the steps in development of
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Pantosteus pltebius fa ir ly  accurately (K oster, unpublished 

d a ta ).

The way in which the centrum o f the vertebra develops 

is  not c le a r ly  understood. The best explanation is  that a 

cylinder o f  bone develops w ithin a layer o f mesenchyme that 

surrounds the notochord and i t s  shealhs (Goodrich, 1930, 

pp. 4 3 -4 4 ) . The arcualia have only a small share in the 

formation o f the centrum, but a thin  layer o f ca rtila g e  

surrounds the bony layer at the 25 mm. sta g e .

Vertebral elements are the ch ief or so le  contributors 

to  three o f the four o s s ic le s : the scaphium, -utercalarium ,

and tr ip u s . The fourth bone, the claustrum, is  derived  

e n tire ly  from mesenchyme and does not pass through a 

cartilaginous stage.

TRIPUS. The tripus (malleus of Weber), which is  the 

most complex of the o s s ic le s  in i t s  beginning, has a 

threefold  o r ig in . The major portion of the bone is  contributed  

by the basiventral o f the third  vertebra. The a rticu la r  

process, body, and much o f the anterior and p osterior  

processes form from th is  beginning (p late  V I, figu re 2 ) .

The d is ta l portion o f  the an terior process is  tormed by 

o s s ific a t io n  within the in te ro ssicu la r  ligam ent. That 

o s s ific a tio n  o f  the p osterior end o f the in tero ssicu la r  

ligament contributes to the anterior process can be detected  

by comparison o f the length o f the ligament in p la tes V, 

figu re 1 and p late  IX , figu res 1 and 2 . In early stages  

the transformator process can be seen to have an o rig in

20
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d is tin c t  from that o f  the rest o f the tr ip u s ; th is  origin  

is  shared with the more caudal part o f  the p o sterio r  ramus. 

The transform ator rudiment, a mass o f c a rtila g e  in the 

p o sitio n  o f the dorsal rib  o f the third  vertebra, is  seen 

on p la te  V II , figu re 2 befoie  i t s  fusion with the third  

b a siv e n tra l.

The f i r s t  rudiment o f the tripus to appear is  the third  

b a siv en tra l, which appears f i r s t  at the 9 mm. sta g e . The 

additions to the anterior and p osterior processes and the 

transform ator rudiment are v is ib le  at about 9 .5  mm. By the 

10 mm. stage the various elements of the trip u s have fused 

into a s in g le , arch-shaped stru ctu re. O ss ific a tio n  o f the 

bone is  nearly completed by the 15 mm. sta g e , but the 

a rtic u la r  process remains cartilaginous through the 30 mm. 

sta g e .

INTBRCALARIUM. The slender sp icu le  o f  bone, ca lled  

by Weber (1820, p . 87) the incus and by Bridge and Haddon 

(1889 , p . 317) the intercalarium , is  c h ie fly  a derivative  

o f the second vertebra. As in other O stariophysi, the shaft 

of the intercalarium  o f Pantosteus a rises  from the basidorsal 

of the second vertebra. However, in agreement with Watson’ s 

(1939 , p . 457) finding in the g o ld fish , the intercalarium  

of Pantosteus has a second o r ig in . This is  a small formation 

of bone, which forms the manubrium in cu d is, in  the 

interosseous ligam ent. Thus, the manubrium incudis is  

membranous while the sh aft is  vertebral in o r ig in . The two 

elements are d is t in c t  at 9 .5  mm. but at 10 mm. are completely
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fused. The sh aft o f  the bone has o s s ifie d  by the 11 mm. 

sta g e . This is  much e a r lie r  than o s s if ic a t io n  o f the part 

o f the basidorsal that forms the neural arch.

SCAPHIUM♦ Contrary to the resu lts o f  other authors 

working upon d iffe re n t groups, the scaphium o f Pantosteus 

has but a s in g le  contributing element, the basidorsal o f the 

f i r s t  vertebra. At the e a r lie s t  stage at which a rudiment 

of the scaphium can be detected , there is  a rod o f  c a rtila g e , 

which consists o f only a few c e l l s ,  that p ro jects  a n teriorly  

from the b a sid o rsa l. As seen in s a g it ta l se c tio n s , the 

cartilaginous rod and the basidorsal proper make an L-shaped 

structure o f  c a r tila g e . This cartilagin ou s rod is  directed  

ob liq u ely , d o rso -a n terio rly , from the h orizon tal plane, and 

as i t  f a l l s  in the same plane as do the w alls o f the concha 

stapedis in older specimens, we may conclude that the c a rtila g ­

inous rod is  the beginning of the concha sta p ed is . The rod 

is  present within a mass o f mesenchyme more densely arranged 

than the surrounding t is s u e . As development progresses, 

the basidorsal extends d o rsa lly  to form the second neural 

arch, and the cartilaginous rod, as i t  elongates beyond the 

concha stap ed is , forms the anterior process o f the scaphium.

The h istory  o f  the scaphium begins in  the 9 mm. stage  

when a few ca rtila g e  c e l ls  are seen ly in g  next to the 

notochord. The d e fin it iv e  aspect o f the bone is  seen by 

11 mm. and o s s ific a tio n  is  complete by the 15 mm. stage .

CLAUSTRUM. The claustrum, the sm allest o f  the o s s ic le s ,  

a lso  has a sin g le  o r ig in . H is to r ic a lly , the origin  o f  the

22
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claustram has been the biggest puzzle to in v e stig a to rs . I t  

has been described as a derivative o f  the s k u ll , as a part 

o f the f i r s t  neural arch, and as an accessory c a rtila g e . In 

Pantosteus the claustrum has no formation in c a r tila g e ; i t  

forms as a d irect o s s ific a tio n  o f connective tissu e  elements, 

not connected w ith, nor derived from, the vertebrae. The 

anterior vertebrae are surrounded by a sheath, the saccus 

p aravertebralis , that separates them from the musculature.

The spinal cord is  surrounded, in the p o sitio n  to be occupied 

by the sheath in la te r  stages, by a thick layer o f lo o se ly  

packed mesenchyme. Clumping together o f some o f the c e lls  of 

th is  layer dorsal to the scaphium. plus subsequent o s s if ic a t io n ,  

forms the claustrum. The rudiment o f the claustrum lie s  

d o rso -la te ra l to the sp in al cord and the adult bones occupy 

part o f the p osition  o f the f i r s t  neural arch.

The claustrum develops la te r  than the other o s s ic le s .

The rudiment cannot be detected u n til 10 mm. (p la te  Y, 

figure 2 ) .  P late V II, figure 1 shows the o s s ic le  p artly  

mesenchymatous and p a rtly  osseous while the scaphium 

d ir e c t ly  below is  p artly  osseous and p a rtly  ca rtila g in o u s.

A fu l ly  developed claus trum is  not present u n til  the 12 ram. 

sta g e .

INTEROSSICULAR LIGAMENT. During the time when the 

scaphium, intercalarium , and tripus are taking form, the 

Interossicul& r ligam ent, which connects the three, makes 

i t s  appearance. Dense mesenchyme is  present in the future 

p osition  of the ligament by 9 .5  mm. and the fibrous nature





o f the ligament is  clear in section s o f 10 mm. fis h  (plate V, 

figure 1 ) .

PARS SUSTiilITAGULUM. The only representative o f the 

vertebral column in Pantosteus o f  8 mm. and younger stages 

is  the notochord. The arcualia  f i r s t  appear around the 

notochord at 9 mm.

The f i r s t  vertebra develops neither ribs nor neural 

arch. The spinal canal in th is  region is  roofed over by an 

arch, the so -c a lle d  Mring o f  c a r t i la g e ."  The "c a r tila g e  

rin g " is  not v is ib le  in  section s u n til the o s s ic le s  are 

completely formed. In f is h  o f  12 ram. the "c a r t ila g e  rin g " 

is  v is ib le  above the spinal cord as an extension o f the 

cranium. By 20 ram. the "c a r t ila g e  r in g " extends p osterio rly  

to the junction o f the f i r s t  and second centra. The more 

la te r a l parts o f the area normally occupied by the f i r s t  

neural arch are formed by the c la u stra , which are mostly 

posterior to the "c a r t ila g e  r in g " in  sections o f 10 mm. to 

12 mm. Pantosteus. The component, which in the trunk 

vertebrae would ord in a rily  form the neural arcli, gives r ise  

to the scaphium.

The second vertebra develops the two ribs ty p ic a l of a 

fish  vertebra, a dorsal or intermuscular r ib , and a ventral 

or pleural r ib . The dorsal rib  develops in the junction of 

the horizontal and v e r t ic a l skeletogeneous sep ta . The 

pleural rib  is  d irected  p o ste rio rly  as w ell as v e n tra lly . 

During development the two p leural ribs o f  the second 

vertebra broaden, f la t te n , and fuse to form a p la te , inclined
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45° from the long axis o f the body (p la te  I ,  figure 3 ) . It  

is  at the ventral edge o f  th is  p la te  that the p leural ribs  

of the fourth vertebra jo in . The esophageal processes 

arise  m edially to the suture lin e  o f  the second and fourth  

ribs and project p o ste rio rly  and s lig h t ly  v e n tra lly . Tart 

of the b a sid o rsa l, or neural arch, element o f th is  vertebra  

is  modified to form the intercalarium  and a part forms the 

anterior sectio n  o f  the cartilaginous mass that develops 

into the compound neural arch and spine o f  the second, third  

and fourth vertebrae. In young stages the centrum o f  the 

second vertebra is  d is tin c t  from those o f  the third and 

fourth vertebrae, but la te r  the three centra fuse into the 

so -c a lle d  "compound vertebra" o f the ad u lt. However, even 

in  the adu lt, the sutures are v is ib le *

The th ird  vertebra lacks processes o f any type. The 

neural arch elements fuse with those from the second and 

fourth vertebrae to form a compound neural arch and spine. 

The ventral part o f the arch f la r e s  la t e r a l ly  from the 

centrum and gives the appearance o f  a short transverse  

process. The ventral and dorsal ribs of th is  vertebra are 

absent. Their rudiments, the basiven tral and a mass of 

ca rtila ge  in the p osition  o f  the dorsal r ib , form much of 

the tr ip u s .

The fourth vertebra develops a sin g le  pair o f processes 

the ventral r ib s , that develop into expanded p lates and 

fuse with the ventral ribs o f the second vertebra. This 

accessory part o f the Weberian apparatus appears at the
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same time as the o s s ic le s  and by the 12 ram. stage is  completely 

formed in c a r tila g e . The rudiments o f the ossa suspensoria. 

which are projection s from the bases o f  the ventral or 

pleural r ib s , can be seen next to the an terior w all o f the 

air bladder at 10 mm.
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Chapter V

DISCUSSION

Three general theories o f the origin  and development 

o f the Weberian apparatus have been proposed. Weber (1820) 

believed the o ss ic le s  to be homologous with the mammalian 

ear bones; S t . H ila ire  (1 82 4), Muller (1 8 4 2 ), Beaudelot 

(1 8 6 8 ), Bridge and Haddon (1 89 3), and Nusbaum (1908) thought 

the o s s ic le s  were formed by simple separations o f  parts of 

the anterior vertebrae; and Wright (1 88 4), Matveiev (192 9), 

and Watson (1939) concluded that connective tissu e  

o s s ific a tio n s  supplemented the modified portions o f the 

vertebrae in the development o f the o s s ic le s . The resu lts  

o f th is  study are in accord with the la s t  theory. The dual 

o rig in  is  best seen in the intercalarium (p la te  IV, figu re 2 ) .

The development of the o ss ic le s  in  Pantosteus is  very 

rapid; the passage from stages one to four in any one series  

occurs within the length increase o f a s in g le  m illim eter .

The basidorsals and basiventrals appear at 9 mm, and the 

two previously described elements that fuse to form the 

intercalarium  have joined by the 10 mm. sta g e . Most o f the 

very rapid development of the o ssic le s  takes place between 

the lengths o f 9 .5  mm. and 10 ram. Watson (1939, pp. 452,

458) found cartilaginous basidorsals and basiven trals in  

gold fish  of 8 mm., but the elements of the intercalarium  

were not fused u n til 15 mm.
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A ll  three o f the orig in s o f the tripus have been disputed. 

Kruraholz (1943, p . 36) concluded that the tripus articu lated  

with the second vertebra , but p la te  V II, figure 2 shows that 

much o f the bone is  derived from the basiven tral o f  the third  

vertebra, and th erefore , i t  is  the third  vertebra with which 

the tripus a r tic u la te s . The transforraator process has been 

called  an o s s if ic a t io n  in  the tunica externa o f the a ir  

bladder (Wright, 1884, p . 249) or th is  plus the dorsal rib  

o f the third vertebra (Watson, 1939, p . 4 6 1 ). The 

transformator process a rises  at the junction o f the third  

myoseptum with the horizontal skeletogenous septum, the 

normal p osition  o f a dorsal r ib . Since the third  vertebra  

of the adult bears no r ib s , we may conclude that part o f the 

transformator process represents the th ird  dorsal r ib .

P late V II, figure 2 shows the basiven tral and rib  rudiments 

before th eir fusion . Watson (193 9 , p . 461) believed the 

anterior process o f the tripus to be lengthened by 

o s s if ic a t io n  in the in te ro ssic u la r  ligam ent, a process that 

is  a lso  seen in Pantosteus.

The two elements that contribute to the intercalarium  

are e n tire ly  separate at stage two (p late  IV, figure 2 ) .

P late IV, figure 2 a lso  demonstrates that o s s ic le  formation 

involves both vertebral and other connective t issu e  elements.

A connective tissu e  contributor ( la te r a l  element seen on 

p la te  IV, figure 2) is  the manubrium in cu d is, and the 

vertebral element is  the basidorsal (p la te  IV, figu re 2) o f  

the second vertebra. The next stage in the development of
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the intercalarium  is  the fvision of the two p a rts , as shown 

on p late  V III , figu re 1 .

There are two parts to the sc phitaa, which seemingly 

develop independently o f  one another during the f ir s t  stages, 

but i t  i s  questionable i f  there are two d is tin c t  origins for  

the bone. According to Matveiev (1929, p . 503) a mass of 

mesenchyme appears anterior to the basid orsal, and 

o s s ific a tio n  in th is  mass produces the concha stapedis or 

cup-shaped part o f the scaphiuta. Watson (1939, p . 457) 

concurs with th is  idea . Sections of Pantosteus show a mass 

o f mesenchyme and w ithin th is  a cartilaginous rod that is  

continuous with the ca rtila g e  of the b asid orsa l. I f  the 

cartilaginous rod were d is t in c t ly  separate from the 

b a sid o rsa l, we might conclude a dual origin  for the scaphium, 

but at i t s  f i r s t  appearance the rod is  continuous with the 

b a sid o rsa l. Therefore, i t  seems more lik e ly  that the 

scaphiuta arises from a sin g le  rudiment, the f i r s t  b asid orsa l.

The f i r s t  vertebra of Pantosteus has no neural arch. 

Because the ca rtilagin ou s "r in g ” that l ie s  dorsal to the 

sp in al cord i s  continuous with the cranium, the origin  in  

Pantosteus is  in agreement with Watson*s (1939, p* 453) 

explanation that the "r in g ” is  an extension of the e x o cc ip ita ls .

A second ca rtila g in o u s mass becomes v is ib le  ea rlie r  in  

development than does the "c a rtila g e  ring” and forms a roof 

over the spinal cord dorsal to the anterior h a lf  o f the 

second vertebra. The fa te  of th is mass is  to become part o f  

the larger mass o f  c a rtila g e  that forms the compound neural
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spine and arch o f  the second, th ird , and fourth vertebrae.

The entire mass has been interpreted as a part o f the sk u ll 

(Nusbaum, 1908, pp. 53 0 -5 3 1 ), as a complex o f the neural 

spines o f the f i r s t  three vertebrae plus the lfirst three 

interspinous bones (Matveiev, 1929, p. 47 7 ), and as a complex 

o f the basidorsals o f the second, th ird , and fourth vertebrae  

plus probable contributions from the f^rst three interspinous  

bones (Watson, 1939, p . 45 5 ). Sections of Pantostens show 

that there is  no connection between the cartilaginous mass 

and the s k u ll. Findings of th is  study are in agreement 

with Watson’ s re su lts  concerning contributions from the 

b a sid o rsa ls , but there are no indications o f d is tin c t  

interspinous bones. Therefore, i t  is  necessary to attrib u te  

the cartilaginous mass to the basid orsals.

The modified ventral process of the fourth vertebra has 

had a complex h isto ry  o f suggested homologues. The vertebra  

possessing th is complex ventral process has been ca lled  the 

third  vertebra by Adams (1928, p . 117) and Krumholz (1943, 

p. 3 6 ), probably because they did not recognize that The 

second and third  centra are fused. The process has been 

termed a hemal process (Adams, 1928, p . 117), a transverse  

process (Wright, 1884, p . 250; Bridge and Haddon, 1889, 

p. 311), and a pleural or ventral rib (VJatson, 1939, p . 4 5 6 ). 

Because the modified ventral process a rticu la te s  with the 

centrum in the fashion typ ical of a pleural rib  as described  

by Goodrich (1939, pp. 3 4 -4 4 ), one may conclude that the 

process represents a pleural r ib .
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The ven tra l r ib  o f  the second vertebra , l ik e  that o f  the 

fo u rth , is  c le a r ly  homologous w ith the p leu ra l r ib  o f  the 

trunk vertebrae , both because o f  i t s  type o f  a r t icu la t io n  and 

because o f  i t s  p o s it io n  in tern a l to  the hyp a x ia l muscle mass*

The h orizon ta l p ro je c t io n  o f  the second vertebra  has 

been termed a transverse process by most e a r ly  in v estig a tors  

and a d orsa l r ib  by Watson (1939, p . 456), In Pantosteus the 

p o s it io n  o f  the p ro je c t io n  at the ju n ction  o f  the myoseptum 

w ith  the h orizon ta l skeletogenous septum v e r i f ie s  i t s  

homology w ith a d orsa l r ib .

The ossa  suspensoria occupy the p o s it io n  o f  hemopophyses, 

p ro je c t io n s  from the ventra l s id e  o f  the centrum representing 

remnants o f  the hemal arch, and are so termed by Watson 

(1939, p . 45 6 ). However, even during development, the os 

suspensorlum is  never d is t in c t  from the fou rth  p leu ra l r ib .

The esophageal processes are mentioned on ly by Matveiev 

(1929, p . 482) and Nelson (1948, p . 230) and are d i f f i c u l t  

to  determine as to  th e ir  homology. The process a r ise s  from 

the second r ib  component o f  the second and fourth  p leu ra l r ib  

complex. As the p la te  formed by the two p leu ra l r ib s  o f  the 

second vertebra  is  uninterrupted, i t  i s  p o ss ib le  that the 

esophageal processes represent extensions o f  the hemopophyses 

in corporated  in to  the f la t  p la te . I t  i s  a lso  p o ss ib le  that 

in  many ostarioph ysin es the esophageal p rocesses have no 

homologues but have evolved separately  in  those groups which 
possess a very  complex Weberian apparatus.





Chapter VI

SUMMARY

The development o f the Weberian o s s ic le s , a se r ie s  o f  

sm all bones that carries vibrations from the a ir  bladder to  

the internal ear, was studied in various stages o f the Rio 

Grande mountain sucker, Pantosteus p lebiu s, a member o f the 

fam ily Catostomidae.

The Weberian apparatus in the adult has two d iv is io n s , 

a pars auditurn, which consists o f the Weberian o ss ic le s  

proper, and the pars sustentaculuxa, which con sists o f the 

modified four anterior vertebrae that support the o s s ic le s .

Microscopic examination of sections through young f is h  

indicated that the o s s ic le s  are derived from the arcualia  

or arch components of the f i r s t  three vertebrae plus other 

connective tissu e  elements. The tripus has a threefold  

o r ig in , from the basiventral of the third vertebra, from a 

mass o f ca rtila g e  in the p osition  o f the dorsal rib  of the 

third  vertebra, and from an o ss ific a tio n  o f the p osterior  

end o f the in tero ssicu la r ligam ent. The intercalarium  

forms from two beginnings, the basidorsal o f  the second 

vertebra and an o s s ific a tio n  in the center of the in te ro ssicu l  

ligam ent. The scaphium has a sin g le  o r ig in , the f i r s t  

b asid orsa l. The claustrum is  derived by d irect o s s ific a t io n  

w ithin a mass o f mesenchyme that is  apparently unrelated to  

any vertebra. Except that the scaphium has a sin g le  rather

than a dual o r ig in , the development of the o s s ic le s  in the
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catostom id sp ecie s  Pantogteus p leb ius i s  s im ila r  to  that 

described  fo r  the two cyp r in id s , Carassius (Watson, 1939) 

and Scardin ius (ttatveiev , 1929)•

Development o f  the pars sustentaculum in  Pantosteus 

does not vary g re a tly  from that described  by Watson (1939) in  

the g o ld f is h , even though the an terior  vertebrae are 

con siderab ly  more m odified  in  the suckers* The ca rtila g in ou s  

"r in g ”  over the f i r s t  vertebra  i s  a cra n ia l extension  and the 

mass o f  ca r t ila g e  that forms the neural arch and spine o f 

the second, th ird , and fourth  vertebrae is  d e f in i t e ly  

formed from the b a sid orsa ls  o f  those vertebrae . The ven tra l 

processes o f  the second and fourth  vertebrae fuse and form 

the Weberian fen estra  and a complex r ib  com bination. These 

r ib s  are true p leu ra l r ib s . The ossa  saspensoria  represent 

hemopophyses o f  the fourth  vertebra . The homology o f  the 

esophageal processes is  not c le a r , but they may represent 

hemopophyses o f  the second vertebra  or  may have evolved 

sep a ra te ly  and without in volv in g  verteb ra l elem ents.
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Plate IV , Figure l j  Photomicrograph of a transverse  

sectio n  of a Pantosteus embryo at stage 1 ( t e x t , pp. 2 2 -2 3 ) ;  

methylene blue and a liz a r in  s ta in s ; orange f i l t e r ;  150 X. 

3D2, basidorsal o f the second vertebra; CM, cartilaginous  

mass; NC, notochord.

Plate IV, Figure 2 : Photomicrograph o f a fro n ta l section

o f a Pantosteus embryo at stage 2 ( te x t , pp. 2 2 -2 3 ); 

methylene blue s ta in ; orange f i l t e r ;  150 X. BD1, basidorsal 

o f the f i r s t  vertebra; BD2, basidorsal of the second 

vertebra; BD3, basidorsal o f the th ird  vertebra; CS, concha 

stapedis portion of the scaphium; MI, manubrium in cu d is.

The two elements that contribute to  the intercalarium , the 

second basid orsal and the manubrium in cu d is, are v is ib le  

before fu sion .
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Plate V, Figure 1: Photomicrograph o f  a fro n ta l se c tio n

o f  a Pantosteus embryo at stage 2 ( t e x t ,  pp« 22 -23); 

methylene blue s ta in ; orange f i l t e r ;  150 X. BD2, b a sidorsa l 

o f  the second vertebra ; IL, in te ro s s icu la r  ligam ent; S, 

scaphlum.

Plate V, Figure 2: Photomicrograph o f  a s a g it ta l  se c tion

o f  a Pantosteus embryo at stage 2 ( t e x t ,  pp. 22 -23); 

methylene blue s ta in ; orange f i l t e r ;  150 X. BD1, ba sidorsa l 

o f  the f i r s t  vertebra ; BD2, b a s id orsa l o f  the second 

vertebra ; BDZ, b a sid orsa l o f  the th ird  vertebra ; Cl R, 

rudiment o f  the claustrum; CM, ca rtila g in ou s  mass.
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Plate VI, Figure Is Photomicrograph o f  a s a g it ta l  section  

o f  a Pantosteus embryo at stage 2 ( t e x t ,  pp. 22 -23 ); 

methylene blue and a liz a r in  s ta in s ; orange f i l t e r ;  150 X.

BD1, b a sid orsa l o f  the f i r s t  vertebra ; SR, s k u ll. The rod 

o f  ca r t ila g e  that extends a n ter io r ly  from the f i r s t  b a s id orsa l 

i s  v is ib le  on th is  photograph. This rod o f  ca r t ila g e  i s  the 

rudiment o f  the o n ch a  stapedis portion  o f  the scaphium.

Plate VI, Figure 2: Photomicrograph o f  a s a g it ta l  se ction

o f  a Pantosteus embryo at stage 2 ( t e x t ,  pp* 22-23); 

methylene blue s ta in ; orange f i l t e r ;  150 X. BV3, b& siventral 

o f  the th ird  vertebra ; BV4, ba siven tra l o f  the fourth  

vertebra ; T r. T, rudiment o f  the transform ator process o f  

the tr ip u s . which i s  the dorsa l r ib  o f  the th ird  vertebra .
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Plate V III , Figure 1 : Photomicrograph of a s a g it ta l  section

o f a Pantosteus embryo at stage 3 ( te x t , pp. 2 2 -2 3 ); 

methylene blue s ta in ; orange f i l t e r ;  150 X . C l, claustrum; 

I ,  intercalarium : S, scaphium. The parts that form the 

o s s ic le s  have fused and are shown in th e ir  d e fin itiv e  

shapes on th is  photograph.

Plate V III , Figure 2 : Photomicrograph o f  a s a g itta l section

o f a Pantosteus embryo at stage 4 ( te x t , pp. 2 2 -2 3 ); 

methylene blue s ta in ; orange f i l t e r ;  150 X . Ant. T, 

anterior process of the tr ip u s ; IL, in tero ssicu la r  ligament;

MI, manubrium in cu d is; S, scaphium.
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Plate IX , Figure 1 : Photomicrograph o f a fro n ta l section

o f a Pantosteus embryo at stage 5 ( te x t , pp. 2 2 -2 3 ); 

methylene blue and a liz a r in  s ta in s ; 120 X . C l, claustrum; 

S, scaphium; SC, spinal cord.

Plate IX , Figure 2 : Photomicrograph o f a fro n ta l section

o f a Pantosteus embryo at stage 5 ( te x t , pp. 2 2 -2 3 ); 

methylene blue and a liz a r in  s ta in s ; 120 X . BD1, basidorsal 

of the f i r s t  vertebra; BD2, basidorsal o f the second vertebra;

BV3, basiven tral o f the th ird  vertebra; I ,  intercalarium ;
*

S, scaphium.
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Plate X, Figure Is Photomicrograph of a fron ta l section  

o f a Pantosteus embryo at stage 5 ( t e x t ,  pp. 2 2 -2 3 ); 

methylene blue and a liz a r in  s ta in s ; 120 X . Sk, sk u ll;

T, tr ip u s .

Plate X, Figure 2s Photomicrograph of a fro n ta l section  

of a Pantosteus embryo at stage 5 ( t e x t , pp. 2 2 -2 3 ); 

methylene blue and a liz? .rin  s ta in s ; 120 X. DR2, dorsal 

rib  of the second vertebra; PT, posterior process o f the 

tr ip o s ; Sk, s k u ll; T r. T, transformator process o f the

tr ip u s .
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