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Introduction.

The justification of the following paper is found in the fact that notwithstanding the
investigations of Ducrs (1834), GERGENBAUR (1861, 1862, 1876), HAssE (1892), ZYKOFF
(1893), GorPPERT (1895), PETER (1895), GApOW (1896), KAPELKIN (1900), SCHAUINS-
LAND (1906) and EMELIANOFF (1925), which deal with the development of the vertebral
column in Urodela, there still remains a great deal of uncertainty as to the relationship
which exists, first, between the arches, the intervertebral and the vertebral bodies ;
secondly, as to the exact constituent parts of the neural and the heemal arches ; thirdly,
as to whether any change takes place in the developing vertebra as it passes from its
cartilaginous condition to its ossified stage, for none of the above-mentioned workers
has traced the full development to the adult condition ; fourthly, as to the development
of the first (atlas) vertebra and its relation to the occipital region ; lastly, as to how the
Urodelan skull has developed two condyles for articulation with the first vertebra.

The writer desires to acknowledge his indebtedness to Prof. E. W. MacBripE, who,
with valuable advice and criticism, has greatly facilitated these researches. He has
also to acknowledge his obligations to Mr. H. R. Hewgr, Mr. N. Murri, Mr. P. Gray,
and Mr. C. Joun for their kind assistance, which has led to the improvement of this
paper. ,
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Material.

The material for the development of Triton vulgaris was derived from specimens
reared by the author himself, with the aid of Miss D. SLADDEN, in the Huxley Research
Laboratory of the Imperial College of Science and Technology, London. The writer
also wishes to take the opportunity of expressing his indebtedness to Miss SLADDEN in
the rearing of the animals under artificial conditions.

Method.

Owing to the absence of any definite means of ascertaining the age of the animal, the
writer has adopted the usual method of indicating age by size. It must, of course, be
borne in mind that size can never be the sole factor in determining age, since there are
individual variations in rapidity of growth.

Larvee were measured from the tip of the snout to the end of the tail. The early
embryonic stages of Triton vulgarts were fixed in Smith’s fixative.* The larval and the
post-larval stages were fixed in Bouin’s fluid. ‘The states of preservation were generally
very satisfactory. KEven for the early embryonic stages direct embedding in paraffin
gave quite a good result. Generally the paraffin used in this investigation was of the
melting point 56° C., but for the material fixed in Smith’s fixative paraffin of 52° C.
melting point was used.

To decalcify the advanced stages, 3 per cent. nitric acid with 70 per cent. alcohol was
used for a number of days, according to the size of the specimen. The majority of the
specimens were studied by means of serial, transverse, frontal and sagittal sections.
For early embryonic stages Delafield’s heematoxylin was used for staining the sections,
they were differentiated afterwards with acid alcohol and then exposed to ammonia
vapour in order to get rid of the last traces of acid. Mallory’s triple stain and borax
carmine, followed by picro-indigo-carmine, were used for larval as well as adult stages.

In order to compare the structure of a developing vertebra with its adult condition,
in relation with other skeletal structures, the alizarine methodf of staining the skeletal
system was used. This was very useful especially for the vertebral column of Triton
vulgaris, which is so very slender.

Method of Rearing Urodela.

White sand was kept in a glass tank, up to a height of 2 inches, after rinsing it in
water to get rid of the various salts. A few stones and weeds were kept in the tank
with 4 inches of water over the sand. At the beginning of spring the adult female
newt was kept in the tank and she began to lay eggs one at a time on the leaves of the
weed. These eggs were collected and transferred to another tank. The water was
aerated all the time by means of an air pump, so that there might be an adequate supply
of oxygen and the growth of bacteria prevented. It took about a month for the eggs

to hatch. During this period different embryonic stages were fixed. Soon after
* ¢ Journ. Morph.,” vol. 23, p. 91 (1912).
T ¢ The Museums Journal,” vol. 28, No. 11, pp. 341-4 (May, 1929).
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hatching the larvee acquired their limbs, and the necessity of feeding them arose. The
newts have a very striking peculiarity in their feeding habits ; unless the object of prey
moves about they will not take it as food. For early larval stages Daphnia is the best
food ; for post-larval stages and adults, cut pieces of slender earthworms are the best,
but one has to move these earthworms to-and-fro by means of a pair of forceps before
the snout of the animal, as otherwise it would not accept them as food. Periodically the
water was changed in order to get rid of the contamination caused by the excretory
matters as well as food particles.
Termanology.

Gapow introduced a series of terms for the different parts of a developing vertebra
in his paper on Pisces (* Phil. Trans. Roy. Soc.,” London, 1895). In a subsequent paper
(‘ Phil. Trans.,” 1896) he applied those terms in describing the Amphibians, and this is
now recognised as the standard terminology. He, along with Miss ABBOT, compared
these terms with those of other authors, so far as they thought the terms synonymz)us
with their own. It is therefore needless to recapitulate the terminology of the previous
authors.

Some of the parts of a developing vertebra were not known to GApow, such as the
Dorsointervertebral procartilaginous piece, which becomes divided into the zygapophyses.
Gapow thought that the intervertebral cartilage was divided into two definite pieces,
an interdorsal and an interventral ; but, as a matter of fact, no such division exists,
the whole thing being one mass ; so that we have termed it the intervertebral.

Gapow did not observe the connective tissue arches. The upper cartilaginous arch
has been described as basidorsal and the connective tissue arch as the upper connective
tissue arch. Similarly the lower cartilaginous arch has been described as basiwentral.
and the connective tissue arch as the lower connective tissue arch.

Observations of Stages.

Stage A. (The embryo is almost spherical.)—This is the first stage in which we can
see the distinet notochord. The neural folds on the two sides are wide apart. The
neural canal is still a curved plate without dorsal protection. Ventral to the neural
plate is the notochord on which the neural plate rests. In transverse section the noto-
chord has a squarish shape (Plate 44, fig. 1). It is to be noted that there is no endoderm
on the ventral side of the notochord as there is in Anura. The endodermal and meso-
dermal tissues are in contact with the notochord on two sides.

Stage B. (The embryo is curved ventrally.)—The notochord is round in transverse
section. It has severed its connection with the mesodermal band. The anterior part of
this band is already divided into somites, but its caudal portion is still undivided. The
anterior somites have each acquired a cavity, called the myocele. In longitudinal section
the notochord is seen to consist of more than one row of cells (fig. 2). The neural folds
of the two sides have united to form the spinal cord, which is still in contact with the
notochord. '

312
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Stage C, 3 mm. (The embryo is slightly curved.)—A few vacuoles have appeared in the
notochord. Outside the notochord an elastic cuticular sheath has appeared. The somites
of the anterior region have budded off sclerotomic cells from their ventrolateral corners.
The dorsal aorta is seen for the first time, ventral to the notochord. The caudal
portion of the mesodermal band is now divided into somites but they have neither
developed a myocoele nor do they proliferate sclerotomic cells like the anterior ones.

Stage D, 5mm. (The embryo is almost straight.)—The notochord is very much vacuo-
lated and only a few notochordal cells can be detected here and there. At the periphery
of the notochord there is one layer of notochordal cells forming the notochordal epithelium,
which has secreted a cuticular layer, the elastic sheath. Between this epithelial
layer and the elastic sheath there is formed another fibrillar layer (elastica tnterna
Gapow). The intersomitic septa are very distinct. After the liberation of sclerotomic
cells the somites should be called myotomes and the septa between them myosepta.
Corresponding to each anterior half of the myotome there is a spinal nerve ganglion.
The cartilaginous auditory capsules are situated at the two antero-lateral sides of the
notochord. Posterior to each auditory capsule is the vagus nerve ganglion.

Stage B, Tmm. (Theembryoisabsolutely straight.)—The notochord s fully vacuolated.
The sclerotomic cells liberated from each somite take on the form of a ring round the
notochord called the perichordal ring, which corresponds to the middle of each
myotome. The limit of each sclerotome is from one myoseptum to the next. This
should be called the primary segmentation of the skeletogenous layer round
the notochord. There are scattered sclerotomic cells round the spinal cord. Round
the notochord there are some scattered spindle-shaped mesenchymatous cells which
have not yet taken up any definite position.

Stage F', 8 mm.—In the anterior region of the notochord there are metamerical aggrega-
tions of sclerotomic cells above the dorsolateral corners of the notochord, the position of
each of which corresponds to each posterior half of the myotome (fig. 3). The sclerotomic
perichordal rings round the notochord have become extended both cranially and caudally
The posterior portion of the notochord has just acquired the sclerotomic perichordal
rings but has as yet no dorsolateral aggregations of cells. At the hindermost end of the
animal there are neither the spinal nerve ganglia nor the sclerotomic perichordal rings.
The notochord is only surrounded by scattered sclerotomic cells.

Stage 10 mm.—A few of the most anterior of the dorsolateral aggregations of cells
have become cartilaginous. These are the rudiments of the basidorsals. The mesen-
chymatous spindle-shaped cells which were disposed in a scattered manner have now
taken up a definite position. They have filled up the interspaces between the consecutive
sclerotomic perichordal rings and have also extended outside the sclerotomic perichordal
rings. Thus we get a continuous tube outside the notochord, which should be called the
perichordal tube. Even in the hindmost end of the notochord the perichordal rings
have been formed and also the mesenchymatous spindle-shaped cells have filled up the
interspaces between them.
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In contrast to the previous stage, in which the notochord is of uniform diameter
throughout, the present stage exhibits a notochord slightly moniliform in structure, and
the perichordal tube has the same shape. The dilatations correspond to the middle
of each myotome where there are perichordal rings, and the constrictions correspond to
the intermyotomal regions where there are spindle-shaped mesenchymatous cells. These
mesenchymatous spindle-shaped cells are almost in contact with the sheath of the noto-
chord in the interperichordal (vertebral) region, and have extended in both cranial and
caudal directions and partly envelope the perichordal rings. The basidorsals appear to
exert pressure on the dorsolateral sides of the notochord between the successive peri-
chordal rings. In the intermyotomal region of the most anterior segments there are
some sclerotomic aggregations which are the beginnings of the posterior part of the ribs.

Stage ¢, 12 mm.—All the dorsolateral cellular aggregations have become cartilage in
the trunk region. The fibrous mesenchymatous tissue alternating with the perichordal
rings and also to some extent investing them, has become ossified. With the ossification
of the mesenchymatous tissue the boundaries of the segments of the skeletogenous layer
change ; this is the secondary segmentation. We have seen that the primary segmentation
of the skeletogenous layer outside the notochord corresponded to that of themyotomes.
The spinal ganglion corresponds to the anterior half of each myotome and the basidorsal
to its posterior half. With the onset of secondary segmentation the limit of a segment
changes from being at the end of a myotome to the middle of a myotome. Theossifiedpart
of the skeletogenous layer outside the notochord has become transformed into a series of
hour-glass-shaped double cones. The middle portion of the hour-glass is the centrum
proper, which is very much constricted, but before and behind it are the thick perichordal
rings ; so that each new segment of the skeletogenous layer is formed by the union
of the caudal half of one segment with the cranial half of the next primary segment.

Bearing this in mind, if we examine the auditory region of the skull we find that at
the posterior limit of the auditory capsule there is the arch which corresponds to the
caudal half of a myotome. Corresponding to the next myotome behind we get for its
cranial half, the Vagus nerve ganglion; both these two taken together form one
secondary segment. Corresponding to the caudal half of this vagus myotome we find
the occipital arch. Corresponding to the cranial half of the myotome behind this
there is a small nerve ganglion, and in addition another arch which is slightly deflected
laterally. Corresponding to the caudal half of the next myotome behind this again we
find the Atlas (first) arch proper. So that between the atlas (first) arch proper and the
occipital arch there is an intercalated arch through which a spinal nerve passes
(nervus suboccipitalis). The two pillars of this arch do not unite dorsally, but are
deflected lateralwards and divide in a peculiar manner into two. There should be a
ganglion between the atlas and the intercalated arch corresponding to the cranial half
of the myotome, but this ganglion has disappeared.

After the chondrification of this arch element, connective tissue cells grow in from the
sides, slanting forwards in a cranial direction, dividing the two bases of this arch into
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two balls and two sockets. These connective tissue cells ultimately meet the sheath
of the notochord from two sides, and then they continue outside the bony cone of the
centrum towards the cranium and meet each other round its tip, enclosing between them
the whole of the intervertebral cartilage between the occipital arch and the atlas centrum ;
so that in frontal section the path of the connective tissue cells has an inverted “ U ”
shape. The cartilaginous cells of the occipital arch proper are quite different from the
cartilaginous cells of the occipital condyles, which are the balls derived from the
intercalated arch. Similarly the cups on the two sides which articulate with the
occipital condyles, which are likewise pieces of the intercalated arch, have a different
kind of cells from the atlas (first) arch proper (fig. 4).

The scattered sclerotomic cells, which surrounded the spinal cord in previous stages,
have become aggregated at the dorsolateral corners of the notochord in each vertebral
region of the trunk. A few notochordal cells, which were at the junction of the
notochordal septa and also at the periphery in the previous stages, have become
ageregated at the middle of the notochord in the vetebral region.

In contrast to the previous stage we note that the sclerotomic aggregation in the
intermyotomal septum which is the distal end of the rib has become cartilaginous.
The two ventrolateral sides of the notochord have two fibrous cellular masses applied
to them which are the beginnings of the baswentralia of the trunk vertebre. These
masses are ventral to the vertebral artery. In the tail region the moniliform diameter
of the notochord has just begun to be evident. The perichordal rings surround the
dilated portions of the notochord and the fibrous mesenchymatous tissues surround its
constricted portions. At the extreme end of the tail the spinal nerve ganglia and the
perichordal rings can still be made out, but the fibrous mesenchymatous cells are
disposed in a scattered manner.

Stage H, 15 mm.—The atlas (first) vertebra has more than one pair of dorsal arcualia,
viz., the atlas (first) arch proper which is now cartilaginous. In front of this there is
another small archlike structure slightly below the level of the atlas (first) arch proper.
This small piece of arch is derived from the intercalated arch between the occipital arch
proper and the atlas (first) arch proper, and part of it will fuse with the atlas (first) arch
proper, forming the cups of the atlas (first) vertebra. These cups are projected laterally,
so that in this stage of development there is an indication of lateral projections from
the atlas (first) arch proper (fig. 5).

The occipital arch can be seen very clearly and can be differentiated from the occipital
condyle, which is composed of quite different kind of cells. The connective tissue cells,
which in the previous stage grew between the occipital arch proper and the atlas (first)
arch proper, have been split into two layers. As a result of the split a cavity is formed
between the two layers of the connective tissue, which is the synovial cavity between
the occipital condyle and the cup on the atlas (first) vertebra. The connective tissue
cells are on the surfaces of the occipital condyles as well as on the surfaces of the sockets

of the atlas (first) arch, which are now in a procartilaginous state. The nerve sub-
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occvpitalis can be seen distinetly in the region of the cup portion of the atlas arch. The
sclerotomic perichordal rings round the notochord corresponding to the middle of each
myotome are now in cartilaginous condition. i

The trunk vertebree have still cartilaginous basidorsals, but the basidorsal of one side
does not meet and fuse directly with that on the other side. Between the two basidorsals
in the mid-dorsal region there is & mass of sclerotomic connective tissue cells which
bridges the gap between them. On the outer lateral aspect of each basidorsal cartilage
of the second, third and fourth vertebra there are sclerotomic cell aggregations, which
will ultimately form the rib-bearing processes. On the two ventrolateral sides of the
notochord in the trunk region in each sequence there are two ossified thin bands, which
were in a fibrous condition in the previous stage and which extend outwards and come
into connection with the rib-bearing processes at their outer ends ; these may be termed
the parapophyses.

Between the two consecutive cartilaginous arches in the intervertebral region there
are aggregations of sclerotomic cells at the dorsolateral corners. The myotomes of two
sides do not unite mid-dorsally, but they are in contact with these sclerotomic aggrega-
tions on two sides, so that these look like the continuation of the myotomes. These
aggregations of sclerotomic cells are continued in a slanting manner, craniocaudally,
so as to join the supradorsal cartilage on one vertebra with the anterior connective tissue
arch (v. wnfra) of the next vertebra. This is to be called the Dorsointervertebral. The
dorsointervertebral is responsible for the formation of the zygapophyses of the vertebra.

Between the two consecutive cartilaginous arches there is fibrous tissue filling up the
interspaces. This fibrous tissue is continuous from right to left above the spinal cord.
It forms pillars in front of and behind the basidorsal which are joined above by a con-
nective tissue roof, which has lateral projections at its two sides. The sclerotomic
dorsointervertebrals are situated at the dorsolateral corners of these connective tissue
pillars. The spinal nerve ganglia are on two lateral aspects of them (fig.6). These pillars
when ossified are what we term the anterior and posterior wpper connective tissue arches.

The wntravertebral notochordal cells have become aggregated much more markedly
than in the previous stage. The posterior portions of the ribs, which are now distinct
cartilaginous structures lying within the intermyotomial septa of the trunk region, have
acquired sclerotomic connections with the sclerotomic rib-bearing processes of the
second, third and fourth vertebrs.

In the tail region in this stage there are dorsolateral aggregations of sclerotomic cells
between successive perichordal rings. The fibrous mesenchymatous cells surrounding
the interspaces between the perichordal rings have constricted the notochord, and also the
dorsolateral aggregations help them to constrict the notochord at the dorsolateral
corners. There are numerous scattered sclerotomic cells ventral to the notochord,
without a definite arrangement, surrounding the blood vessels.

At the extreme end of the tail, the fibrous mesenchymatous tissue cells have taken up
a definite position. They have occupied the interspaces of the perichordal rings round
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the notochord. They not only occupy the interspaces of the perichordal rings but also
project over the perichordal rings slightly at their two extremities.

Stage I, 20 mm.—Occipital condyles can be clearly differentiated from the cartilaginous
cells of the occipital arch proper and the cups of the atlas (first) vertebra also exhibit
a clear differentiation from the cartilaginous atlas (first) arch proper. The cartilage
of the occipital condyles and of the cups of the atlas exhibit an identical arrangement
of cells. We can identify these structures more precisely from the peculiarity of the
second vertebral arch. The atlas (first) arch is followed by the second vertebra, which
carries a rib-bearing process. The nerve sub-occipitalis (== spinalis I) can be easily seen
coming out through the cup of the atlas, and between the atlas (first) arch and the second
vertebral arch there is the nerve spinalis IT (fig. 7), which is the hypoglossal nerve.

The cartilaginous dorsal arcualia slant backwards and in the trunk the dorsal arcualia
which were not complete in previous stages now enclose completely the spinal cord.
The basidorsals of the two sides do not however meet, but between them dorsally is
mterposed a third piece of cartilage, which is of independent origin. This piece we
shall term supradorsal (fig. 8). It is situated slightly posterior to the basidorsals, which
therefore in their anterior portions are merely connected above by fibrous tissue. The
cartilaginous cells, and especially the arrangement of their nuclei of the “ supradorsal,”
are quite different from the cells of the basidorsal or their nuclei.

In a para-sagittal section in which we find the basidorsal (dorsal arcualia) we cannot
find the connective tissue arches, because they are not in the same plane. The basi-
dorsal arch is very much curved, but the connective tissue arch is almost at right-angles
to the body of the vertebra. The dorsointervertebral mass of mesenchyme is now in a
procartilaginous state and there are connective tissue cells migrating to this horizontally.
These connective tissue cells split up into two layers along the line of their migration,
so that the space between them goes to form the synovial cavity (fig. 9).

The rib-bearing processes of the second, third and fourth vertebrse are now in a
procartilaginous state. The proximal portions of the ribs, in the cases of second, third
and fourth vertebrze, are still in a membranous condition. In contrast to the previous
stage there are now sclerotomic cell aggregations on the outer sides of the basidorsals
in almost all the trunk vertebree. Another aggregation is formed ventral to the vertebral
artery which eventually attaches the rib to the centrum.*

Behind the union of the dorsal arcualia the supradorsal cartilage projects backwards,
and where anteriorly the basidorsals flank the sides of the spinal cord there are the

* According to a paper by Mr. P. Gray, B.Sc., now in the press (‘ Proc. Zool. Soc. Lond.,” 1930), ¢ On
the attachment of the Urodele rib to the centrum,”” Mr. MookKERJEE is not quite correct in this statement.
The attachment of the rib to the centrum in Triton, according to Mr. Gray, is effected as in Ammiota by
the growth of the rib inwards beneath the vertebral artery until it reaches the centrum This attach-
ment therefore is exactly homologous with the capitulum or head of the rib. The rib-bearer (diapophysis)
joins, however, not only the dorsal fork of the rib (tubercle) but also establishes secondarily an osseous

attachment with: the neck of the capitulum above the vertebral artery. This has been mistaken by
previous authors for the true capitulum.—E.W.M.
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procartilaginous dorsointervertebral bodies, which will form zygapophyses. A strand
of connective tissue cells is growing into the procartilaginous dorsointervertebral bar,
in a horizontal plane, so that the end of this bar joining the supradorsal is at higher
level than the end joining the basidorsals of the next vertebra. The portions of
the dorsointervertebral which are at a higher level, forming the lateral portions of the
supradorsal, are the post-zygapophyses, and those which are at a lower level are
the pre-zygapophyses.

The growth of the intervertebral (perichordal) cartilage rings of the trunk vertebrze
has increased and these slightly constrict the notochord ; so that the dilated notochord
in the intervertebral region has diminished and has the same diameter as that of the
constricted vertebral portions.

In the tail region the dorsolateral aggregations of a few anterior vertebrz are in pro-
cartilaginous state. There is another aggregation of sclerotomic cells on the ventro-
lateral corners of the notochord of these anterior vertebra of the tail region. These
ventrolateral aggregations of sclerotomic cells are slightly inclined backwards. Between
the bases of the ventrolateral sclerotomic mesenchymatous masses is situated the caudal
artery (fig. 10).

Stage J, 25 mm.—Through the cup portion of the intercalated arch adhering to the
atlas, in front, the nerve sub-occipitalis can be clearly seen (fig. 11). Posterior to the atlas
(first) arch we get corresponding to the cranial half of the myotome a spinal nerve
ganglion and corresponding to the caudal half the second arch.

In frontal sections through the occipital region we discover the occipital arch followed
by the ball and the socket, and between the ball and the socket there are the connective
tissue cells which grew in the previous stage ; these are now in a cartilaginous con-
dition and are divided into two layers. Between the ball and socket on the right side
and those on the left there is new cartilaginous tissue in the shape of a “ U’ with
arms turned backwards. The base of the “ U ” is the so-called odontoid process of the
Urodela. This base consists of cartilage nside the bony cone of the centrum and must,
therefore, be regarded as homologous with the intervertebral cartilage found between
successive centre (fig. 12). A section passing dorsally to the previous one shows the
relative positions of the arches and the ball and socket, as well as the exit of the nerve
sub-occipitalis through the cup portion of the atlas (first) arch (fig. 13).

The cartilaginous cells of the trunk basidorsals together with the inner perichondrial
layer now degenerate (fig. 14). This section shows the anterior end of the dorsal arcualia,
where there is no supradorsal element but where the basidorsal of one side is connected
with the basidorsal of the other by means of an osseous band, which was developed from
fibrous mesenchymatous tissue, like the connective tissue arch pillars which intervene
between the two consecutive basidorsals. This osseous roofing is peculiar in that it
has a lateral projection on both sides. The procartilaginous rib-bearing processes on
the dorsolateral arcualia of the second, third and fourth vertebree of the trunk region
are now cartilaginous. Between the centrum and the rib-bearing process (diapophysis)

VOL. CCXVIIL—B 3 K
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on two sides the vertebral artery can be clearly identified. There are the remnants of
the inner perichondrial layer at the base of each basidorsal. The pillars of the anterior
connective tissue arch are joined above by a roof of connective tissue, from the middle of
which there projects upwards a fibrous projection which gives rise to the neural spine.

This outer perichondrial layer now becomes ossified and the ossification spreads into
the connective tissue arches between the two consecutive pairs of dorsal arcualia, but
the portion of each arch just near the zygapophyses remains fibrous without undergoing
ossification, so as to permit the movement of one vertebra on another.

In contrast to the previous stages the notochord has again changed its shape. After
the ossification of the mesenchymatous tissue which filled up the interspaces of the peri-
chordal rings of the perichordal tube, the region of growth of the perichordal tube
changesfroma vertebral toan intervertebral zone, and herethe cartilaginousring increases
in bulk and constricts the notochord in the intervertebral region; so that the original
dilatations of the notochord in the intervertebral region become more constricted than
the constricted portion of the vertebral region. Thus we get the reversion of the
moniliformity of the notochord (fig. 15). Each end of the hour-glass-like bony centrum
overlaps the intervertebral cartilage, but the overlap of one centrum does not reach the
overlap of the next. Between them grows in a tongue of connective tissue, slanting
towards the head, which cuts the intervertebral cartilage into two pieces, viz., a concave
piece in front and a convex piece behind. These connective tissue cells can clearly be
differentiated from the cartilaginous cells of the perichordal (intervertebral) ring.

The strands of connective tissue which penetrated into the procartilaginous dorso-
intervertebral bodies in the previous stage have split up into two, with a cavity inside
them. This cavity is the synovial cavity. The dorsointervertebral bodies are clearly
divided into two, the pre- and the post-zygapophyses. The pre- and the post-zygapo-
physes are now cartilaginous and the connective tissue cells at the edges of the synovial
cavity are in a procartilaginous state.

The ribs, which were in mesenchymatous condition at their proximal ends where
they were articulated with a rib-bearing process, have become procartilaginous. The
neural arches of the tail vertebra are just like the neural arches of the trunk vertebrze.

In the posterior portion of the tail there are a few cartilaginous basiventral arches.
These arches are not completed ventrally by cartilaginous structures so as to enclose
the blood-vessels. There is a median aggregation of sclerotomic cells, which connects
the basiventral of one side with the basiventral of the other ; this should be called the
infraveniral. The ventral arcualia are slightly inclined posteriorly. On the two sides
of the basiventral cartilages there are two sclerotomic cell aggregations, which are
projections near the base of the basiventral and have a tendency to bend upwards.
These are the parapophyses.

The rest of the tail region has sclerotomic arches at the dorsolateral corners of the
notochord in the vertebral regions. The fibrous mesenchymatous tissue filling up the
interspaces of the perichordal rings of the anterior portion of the tail becomes osseous,
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and has an hour-glass form ; this is the centrum. The perichordal rings are also
changed into cartilage. As the fibrous mesenchymatous tissue also partly envelopes
the perichordal ring there is a little space left by the two consecutive hour-glass shaped
osseous structures. The moniliform shape of the notochord is very prominent here,
the dilatations are confined to the intervertebral region (perichordal ring) and the con-
strictions to the vertebral (interspaces of the perichordal rings). There are a few noto-
chordal cells aggregated in the middle of the vertebral region. The posterior portion
of the tail has still the fibrous mesenchymatous tissue cells filling up the interspaces
between sclerotomic perichordal rings. Here the moniliform shape of the notochord
18 not very distinct.

Stage K, 35 mm.—The cartilaginous cells of the occipital arch and the cartilaginous cells
of the occipital condyles are now in a mature condition and are difficult to distinguish
one from the other ; so also are the cartilaginous cells of the cups of the atlas (first)
vertebra and the rest of the atlas (first) arch. Only the cartilage cells of the edges of the
condyles, as well as the edges of the cups, are quite different. These originated
from the connective tissue which cut into the odd piece of arch from which the
condyles and the sockets were formed.

If we go through the serial transverse sections of a trunk vertebra we shall find first
just a little bit of the post-zygapophysis of the vertebra in front articulating with the
pre-zygapophysis of the vertebra in question. The connective tissue arch, which forms
the anterior portion of the vertebra, is clearly seen to be ossified (fig. 16). The roofing
of the arch is also ossified and is identical in character with the side pilllars of the arch.
Outside the notochordal sheath there is the intervertebral cartilage, which has con-
stricted the notochord to a great extent. Outside this intervertebral cartilage there is
the osseous layer of the projecting end hour-glass shaped centrum of the vertebra.

In a few sections posterior to this we encounter the connective tissue arch ossified.
The connective tissue arch has two vertical sides, with a third piece as roof, which has
two lateral projections (see text-fig. 2, p. 431). These projections are responsible for
the formation of the shelf-like structures found in the adult vertebra. The roof has a
dorsal projection just at the middle point, which is also osseous ; this middle projection
is the neural spine. There is also a vestigial trace of an osseous basiventral element.
Between the downwardly projecting vertical pillars of the connective tissue arch which
arethediapophysesand the osseous basiventral lies the vertebral artery. On the left-hand
side of the figure there is seen the union of the diapophysis with the parapophysis of
the basiventral. Outside the notochord there is the thin intervertebral cartilage, but
as the sections approach the waist of the hour-glass or the middle of the centrum there
is no cartilage at all outside the notochordal sheath (fig. 17). The rib which in the
previous stage was connected to the centrum by connective tissue is now joined to it
by an osseous rod which is below the vertebral artery.

Further backwards we encounter the degenerated basidorsals with little projections of
the inner perichondrial layer at the bases. On the two lateral aspects of the degenerated
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basidorsal elements there are the cartilaginous rib-bearing processes, and also a
trace of the proximal portion of the rib. As the dorsal arcualia arc bent backwards we
cannot get the whole of the dorsal arcualia in the same section. The roofing of this
region is completed by the connective tissue arch, with two lateral projections, and a
median dorsal projection which is the neural spine. All these structures are now ossified.
The notochord has no cartilaginous cells outside the sheath, because this section passes
through the waist of the hour-glass shaped centrum, where there is no trace of inter-
vertebral cartilage, but the notochordal cells which were aggregated in the vertebral
region are now transformed into cartilage. These cartilaginous cells are called, according
to their position, wntravertebral cartilage, and this is the only known instance of noto-
chordal cells being converted into cartilage (fig. 18). A few sections after this we get
the supradorsal as a huge cartilage.

We should remember that the cartilaginous cells of the dorsal arcualia have degener-
ated, except those of the supradorsal, and now with growth this has become a massive
structure. On its two lateral aspects we get the post-zygapophyses. There is a good
deal of difference between the cartilaginous cells of the supradorsal and the cartilaginous
cells of the post-zygapophyses, because the latter have developed much later than the
former. At the edge of the post-zygapophyses there are some new cartilaginous cells,
quite distinct from the post-zygapophyses proper. These are the cells derived from the
connective tissue cells, which migrated inside in order to divide the dorsointervertebral
body into pre- and post-zygapophyses. Articulating with the post-zygapophysis we
get the pre-zygapophysis of the next vertebra. Below the pre-zygapophysis we get
the connective tissue roof (now ossified) of the next vertebra.

This section passes through the junction of the two vertebree and we get the fibrous
layers on the two sides of the spinal cord, the existence of which in previous stages has
been already mentioned, when part of the connective tissue arch remained as fibrous
connective tissue at the junction of the two vertebree and the remaining portions of
this arch became ossified. To prove that this is the junction of two vertebree we have
the articulation of the zygapophyses and also the ball and the socket portion of the
former intervertebral cartilage. The notochord is very much reduced owing to the
fact that the ball portion of the intervertebral cartilage has constricted it. Outside the
cartilaginous mass of the ball we get the socket which is in osseous condition and there
is a continuous cavity, the synovial cavity, between the ball and the socket.

The supradorsal element is in the posterior limit of a vertebra and does not carry a
spine. The spine originates from the connective tissue arch element, and not from the
dorsal arcualia. At the base of the fibrous connective tissue element there are on two
lateral aspects of the notochord the vertebral arteries (fig. 19).

If we go through a series of frontal sections through a trunk vertebra, we shall
encounter first the osseous neural spine at the anterior region of the vertebra, and at the
posterior region the supradorsal cartilage. A section below this level shows the spinal
cord in the middle. In the intermyotomal region there are two cavities which were
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occupied by the cartilaginous basidorsals now degenerated. The two lateral cartilaginous
projecttons from these are the post-zygapophyses. The post-zygapophyses are seen to
articulate with a little bit of the pre-zygapophyses of the next vertebra. There are
parallel osseous bars both at the anterior and the posterior ends of the degenerated
basidorsals. These osseous rod-like structures are the connective tissue arches. At the
junction of the rod-like osseous bar with the zygapophyses we can see just a break and
the slightly diverging element of the bar. These are the fibrous layers of the connective
tissue arch at the junctions of the pre- and the post-zygapophyses (fig. 20).

A frontal section through the body of the vertebra shows the intervertebral articula-
tion. The connective tissue cells which grow in a slanting manner in a caudal to cranial
direction are now in a procartilaginous state. These cells can be easily differentiated
from the cartilaginous cells of the intervertebral body. The procartilaginous cells
formed from connective tissue cells have not yet split up into two so as to divide the
intervertebral cartilage into ball and socket, as will ultimately take place.

The intervertebral cartilage is outside the notochordal sheath and its position is in
the centre of a myotome. The centrum proper is the intermyotomal region, and within
the notochordal sheath in the middle portion of the hour-glass shaped centrum we
find the intravertebral cartilage, which developed from the notochordal cells. On
the two sides of the centrum there are the rib-bearing processes with ribs and at the
points of articulation of the ribs there are sutures.

That the vertebra is opisthoccelous can be definitely seen from the direction of the arc
of the connective tissue, which will form the joint as well as the spinal nerve ganglia
at the anterior half of the myotome, so that the cranium is towards the top (fig. 21).

Sagittal sections through the trunk vertebrse show the supradorsal cartilages slanting
in antero-posterior direction. In front, as well as at the back, of this supradorsal
cartilage there are osseous rods. These are the connective tissue arches which are now
ossified. Below this there is the spinal cord. This section shows clearly the reversion
of the moniliformity of the notochord. The original moniliformity was the dilated
intervertebral regions and constricted vertebral regions. Now the reversed monili-
formity is the dilated vertebral regions and the intervertebral cartilages. In the verte-
bral region within the notochordal tissue there is the trace of the intravertebral cartilage
(fig. 22).

In the anterior tail vertebrse the supradorsal is cartilaginous; the two basidorsals
of each arcualia have degenerated, just like the trunk vertebra, leaving only the outer
perichondrial layer (fig. 23). The post-zygapophyses bodies are cartilaginous, and so
also the pre-zygapophyses. The connective tissue arches in front, as well as at the back,
of the dorsal arcualia are now osseous. From the middle point of the roof of connective
tissue arches there are osseous projections, the neural spines.

The parapophyses have severed their connection with the basiventral and have pushed
upwards, .., they arc at the middle portion of the vertebral centrum. They have partly
degenerated, owing to the degeneration of their cartilaginous cells and also of their
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inner perichondrial layer. A few anterior vertebre of the tail region have now acquired
cartilaginous infraventral bodies (fig. 24). Between the two consecutive ventral arcualia
there is mesenchymatous connective tissue, like that in the dorsal region. The noto-
chordal cells which aggregated in the middle of the vertebral region have changed into
procartilage (the intravertebral cartilage).

The posterior vertebreae of the tail have osseous vertebral bodies and also the cartilagin-
ous perichordal rings. Connective tissue cells are growing in a slanting manner caudal
to cranialwards for the division of the perichordal (intervertebral) cartilage. In the
vertebral region there are notochordal cell aggregations for the formation of the intra.
vertebral cartilages. The dorsal arcualia are cartilaginous. The zygapophyses are also
cartilaginous. The connective tissue arches anterior as well as posterior to the vertebra
are in a fibrous mesenchymatous mass. The ventral arcualia are procartilaginous and
the infraventral body is sclerotomic.

Stage L, 40 mm.—The supradorsal cartilage of the trunk vertebra is partially replaced
by bone-marrow. The outer perichondrial layers of the basidorsals are osseous and
have grown thicker, with a knob-like structure at their free ends. The rib-bearing
cartilage is also partially replaced by bone-marrow. The intervertebral cartilage is
completely divided into two parts, as the ball and the socket. Iven these cartilaginous
structures are also partially replaced by bone-marrow. The intravertebral cartilage
is partially evacuated by bone-marrow. The rest of the rib-bearing processes are now
mature cartilage, and also the whole of the rib.

The anterior portions of the tail vertebree have cartilaginous supradorsals. The
outer perichondrial layer of the basidorsals has become ossified. On the outer sides
there are cartilaginous projections (diapophyses) directed downwards. The basiventral
cartilages have also degenerated leaving the outer perichondrial layer to become bone,
like the dorsal arcualia. The infraventral body retains its cartilage. On the two sides
of the centrum there are cartilaginous projections directed upwards (parapophyses).
The diapophyses and parapophyses meet near the middle region of the body of the
vertebra. The connective tissue arches between two successive dorsal arcualia are ossi-
fied, except at the place of articulation of the ribs, where there is a fibrous mass present
throughout life. The connective tissue intervening between successive ventral arcualia
likewise becomes ossified when the outer perichondrial layer of the arches becomes
ossified (fig. 25).

A sagittal section of the anterior vertebree of the tail region shows the backwardly-
directed supradorsal, in front, behind which there are the ossified connective tissue
arches. Below this there is the spinal cord. The most constricted region of the noto-
chord is changing from a vertebral to an invertebral position. As a result of this change
we get the dilatations in the vertebral region and constrictions in the intervertebral
regions, on account of the growth of the intervertebral cartilage.

Beneath the centrum we get the backwardly-directed infraventral cartilage, before
and behind which are the osseous rods derived from the connective tissue arches
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on two sides of the ventral arcualia. There are also traces of intravertebral cartilage
(fig. 26).

The parapophysis which retains its connection with the basiventral has become
ossified and is connected with the downward projected diapophyses of the neural arch.
There is no rib in the tail region (fig. 27).

Stage M, 45 mm.—The supradorsal of the anterior region of the tail has been replaced
partly by bone-marrow. The outer perichondrial layer of the basidorsals is osseous.
The parapophyses are osseous. The hemal ossified connective tissue arches have long
ventral spines (hseemal spine). The intravertebral cartilages are in a mature condition.
A remnant of the notochord still persists in the intervertebral region. The posterior
portion of the tail has cartilaginous supradorsal as well as infraventral.

Stage N, 65 mm.—The occipital condyles are osseous and are no longer distinguishable
from the occipital arch. They articulate with the cups of the atlas arch on two sides,
and between them there is a bony piece projecting forward, the so-called odontoid
process. The cups are somewhat deflected laterally, so that they are not in the same
plane as that of the atlas (first) arch proper. There is quite a big gap between the cranium
and the atlas (first) arch proper on the dorsal side, where the spinal cord is exposed,
because of the slanting and incomplete nature of the cup portion of the arch of the atlas
(first) vertebra.

In the trunk vertebra, if we go through a series of transverse sections, we will find at
the posterior portion of the articulation of vertebree, the prominent pre-zygapophyses
and just a trace of post-zygapophyses. Both are still cartilaginous. Between them
is the synovial cavity. Below the pre-zygapophyses we encounter the roofing of the
connective tissue arch, which is now ossified and has grown thicker, with a middle dorsal
projection, the neural spine. There is fibrous tissue on the two lateral aspects of the
centrum connecting the zygapophyses with the centrum, for facilitating the movement
of the vertebrze. Near the base of these fibrous masses and the centrum there are
vertebral arteries. The cup portion of articular body is osseous, but the ball still
retains some cartilaginous cells, which have an osseous outer layer (fig. 28).

A few sections posterior to this, the post-zygapophyses, on two sides have almost
disappeared. As a continuation of the anterior zygapophyses we get the projections
of the roofing of the connective tissue arch, which is now osseous. The neural spine is
thicker than before. As it approaches towards the vertebral region the centrum is
almost evacuated by bone-marrow, so that hardly any trace is left of either cartilage or
notochord (fig. 29).

A section posterior to the above shows that there are osseous outer perichondrial
layers of the basidorsals which are thickened slightly with the growth of the animal.
There are rib-bearing processes (diapophyses) on two lateral aspects of it which have
been hollowed out by a mass of bone-marrow. There are the vertebral arteries
on each side of the centrum. The centrum is also evacuated by bone-marrow.
The basidorsals in this region are roofed by connective tissue as this section is just



430 HIMADRI KUMAR MOOKERJEE ON THE DEVELOPMENT OF

anterior to the region of the supradorsal element. In the middle of this roof is the
neural spine (fig. 30).

Caudal to this region the section shows that the supradorsal element, which retained
its cartilages till the previous stage, has now been evacuated by bone-marrow ; it is
quite a massive structure. On the two lateral sides of the supradorsal there are the
osseous connections with the cartilaginous post-zygapophyses. Ventral to these post-
zygapophyses are the synovial cavities. Below this there are just traces of the pre-
zygapophyses. Connecting the pre-zygapophyses there are partly the traces of fibrous
connective tissues and partly connective tissue arches, which are now osseous. Within
the notochord there are the cartilaginous cells of the intravertebral element. The
spinal nerves can be found, penetrating through the connective tissue arches, which
are now osseous. Outside the arch on two lateral sides are the spinal nerve ganglia.
On the two lateral aspects of the arch and the centrum there are cut ends of the tuber-
culum and the so-called capitulum of the ribs (fig. 31).

The next section shows the extreme limit of a vertebra. On the dorsal side there is
the massive supradorsal with the cartilaginous dorsolateral. Below the supradorsal
in the middle region is a trace of the roof of connective tissue arch of the next vertebra.
Articulating with the post-zygapophyses are the pre-zygapophyses of the next vertebra.
On the two dorsolateral sides of the centrum there are fibrous connective tissue cells.
There are cartilaginous cells within the osseous ring of the intervertebral element, which
is the ball, and the outer ring is the socket (fig. 32).

The Adult Atlas (first) Vertebra. (Text-fig. 1.)

That the so-called odontoid process is the intervertebral element is certain, from the
fact that it is a projection of the vertebral body, on the two lateral aspects of which
there are the cups for the articulation with the occipital condyles. On the anterior
portion of the dorsal surface there is a median ridge-like structure, the neural spine,
whose posterior wall forms the supradorsal. There are two lateral shelf-like projections
of the neural arch, which are formed by the projections of the connective tissue arches.
There is a slight ventral outward projection, which is formed by the parapophysis,
which. is almost at the middle line of the centrum. The posterior end of the centrum
has a cup for articulation with the ball of the next vertebra.

An Adult Typical Trunk Vertebra. (Text-fig. 2.)

The neural arch has the neural spine from the beginning of the vertebra up to the
supradorsal element ; the latter structure forms the posterior boundary of it. There
are dorsal shelf-like structures, but at the middle of the vertebra, where there were
formerly cartilaginous dorsal arcualia, there are lateral projections for the diapophyses
which are slightly below the level of the dorsal shelf-like structure. There are also
ventral outward and backward projections, formed from the parapophyses. The
vertebra has ball at the anterior end and socket at the posterior, 4.e., it is opisthoceelous.
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od. pr

TexT-F16. 1.—Figure of an adult atlas (first) vertebra. cp., cup for articulating with the condyle of the
skull and also cup for articulating with the second vertebra; od.pr., odontoid process; pi.z.,

post-zygapophysis.

n.sp.

2

TexT-FI6. 2.—Figure of an adult trunk vertebra. con., condyle (ball) of the vertebra; cp., cup for
articulating with the next posterior vertebra; d.shf., dorsal shelf; n.sp., neural spine; pt.2.,
post-zygapophysis ; rb.pr., bifurcated rib bearer.
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An Adult Typical Tail Vertebra. (Text-fig. 3.)

The neural arch and the centrum have just the same structure as in the trunk vertebra.
At the ventral region there is the heemal arch with hemal spine, and the posterior ventral
wall is formed by the infraventral body.

nsp 3

cOrn.

n sp fo.

h.sp.

TexT-F16. 3.—Figure of an adult tail vertebra. con., condyle (ball) of the vertebra; ¢p., cup for articulating
with the next posterior vertebra ; d.shf., dorsal shelf; m.sp., neural spine ; n.sp.fo., foramen for the
spinal nerve; pt.z., post-zygapophysis; rb.pr., bifurcated 1ib bearer; wv.shf., ventral shelf; h.sp.,
hemal spine.

Discussion.

It is now a well-established fact that the notochord of Urodela has two sheaths.
First, the elastic sheath (primary chordal sheath, KuaaTsch, 1897), which arises directly
from the chorda when there are only a few vacuoles in it. Vacuolation increases to
such an extent that chorda cells are only present at the periphery forming the chordal
epithelium, and then the second layer of the chorda sheath or the fibrillar layer (secondary
chordal sheath, KLAATSCH,1897), or inner sheath (GoETTE;1875), or elastica interna (GADOW,
1896), appears between the elastica externa:and the peripheral chordal epithelium.



THE VERTEBRAL COLUMN OF URODELA. 433

According to G:ADow (1896) the skeletogenous layer surrounds the notochord uniformly
as an undifferentiated structure. There is no trace of segmentation into the vertebral
and the intervertebral bodies till the formation of the dorsal arcualia in the vertebral
region. He proposed to give the name ‘‘ membrana reuntens ” to this undifferentiated
layer and to the remnants of it which remain after the cartilaginous structures are formed
from it. Its remnants persist as the perichondrial layer of the cartilaginous structures.
The dorsal arcualia become cartilaginous at the same time as the skeletogenous structures
of the intervertebral region. This intervertebral ring of cartilage, according to Gapow,
is formed from four different cartilage centres, viz., a pair of interdorsalia above and a
pair of interventralia below. The thickness of the membrana reuniens in the vertebral
(centrum) region is different from its thickness in the intervertebral region, so that the
two structures, namely, the vertebral and the intervertebral bodies are at different levels.
This has led some to the mistake of homologizing the intervertebral cartilage in Urodela
with the cartilaginous centra of the Dipnoi and Elasmobranchs.

The present writer’s observation shows clearly that it is possible to differentiate the
skeletogenous layer outside thenotochord into perichordal rings and into mesenchymatous
tissues filling up the interspaces between them, both together constituting the peri-
chordal tube. Gapow’s definition of “‘ membrana reuniens” is wrong, because the
intervertebral cartilage is formed from this perichordal ring and the mesenchymatous
tissue between two successive rings becomes ossified, forming an hour-glass shaped
centrum. The waist of the hour-glass corresponds to the intermyotomal (vertebral)
region, for there is no other structure there besides this mesenchymatous tissue. The
two free ends enclose the perichordal ring (or intervertebral cartilage) which is thus
partly surrounded by the osseous hour-glass, so that there is only a narrow space left
at the middle portion surrounding each perichordal ring between two consecutive hour-
glasses.

The sclerotomic perichordal ring becomes cartilaginous all at once, and so there is
no justification for saying that it is derived from four cartilaginous centres. The Russian
zoologist. EMELIANOFF (1925) has also failed to find the four different cartilaginous
centres for the formation of the intervertebral cartilage. Surrounding the middle of
each intervertebral cartilage is a space left between the successive osseous vertebral
centra. Through each of these spaces a regular strand of connective tissue cells grows
into the intervertebral ring of cartilage from all directions. This has not been described
by any previous workers. GramaM KERR (1921) has stated that the intervertebral
cartilage increases considerably in thickness, bulging out between the adjacent somewhat
expanded ends of the bony tube. It seems that the connective tissue cells which cut
into the intervertebral cartilage have been mistaken for a ‘‘ bulging out ”’ by Granam
Kerr, as he could not differentiate the connective tissue cells from the inter
vertebral cartilage.

The vertebre of T#iton vulgaris are opisthoccelous so that the connective tissue cells
growin ina slanting direction, caudo-cranially, dividing the intervertebral ring of cartilage
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into the ball and the socket, the ball being in front of a vertebra and the socket at the
back. The connective tissue cells split up into two parts. Ultimately these connective
tissue cells become cartilaginous, but one can easily differentiate the structure of the
intervertebral cartilage from the cartilaginous cells of the connective tissue at the edge
of either the ball or the socket. Between ball and socket there appears a synovial
cavity which facilitates the flexibility of the vertebree. GramAM KERR has surmised
that in completely ossified Urodela the joint may be formed by softening of the
cartilage along what would be the surface of the joint, or that a layer of cartilage
may be liquefied, so that the intervertebral cartilage is completely divided, but of this
the present writer could find no evidence.

There is a controversy regarding the formation of the intravertebral cartilage which is
formed in the vertebral region, replacing the notochord. There are two schools—
Lworr (1893), ZyxorF (1893) and GaApow (1896) belong to one, which believes that it is
formed by the migration of cartilaginous cells from intervertebral cartilage, which
rupture the sheath of the notochord. GEGENBAUR (1862), FiELD (1894-5), HEBNER
(1896), KraaTscH (1897) and SCHAUINSLAND (1906) belong to the other, who hold that it is
formed from the notochordal cells. . The observations of the present writer support the
latter school. .

The cartilaginous elements of the intervertebral as well as intravertebral bodies are
evacuated by bone-marrow. Only the cartilaginous cells which are formed from the
connective tissue cells, which cut in the intervertebral cartilage to form ball-and-socket,
remain in cartilaginous condition throughout life.

According to Gapow (1896) and workers previous to him the dorsal arcualia are
formed first as aggregations of sclerotomic cells, corresponding to the posterior (caudal)
half of each myotome, just in front of the intermyotomial blood vessel. Corresponding
to the anterior (cranial) portion of the myotome there is the spinal nerve ganglion with
its nerve. The cartilaginous dorsal arcualia do not sit directly on the elastica externa.
But ScHAUINSLAND (1906) contradicted Gapow. The recent worker EMELIANOFF
(1925) has not touched this point. The observation of the present writer definitely
supports the views of Gapow (1896). Even the figure given by SCHAUINSLAND (1906)
on p. 491 contradicts his own statement.

Allthe workers, including EMELIANOFF (1925), assert that the arch of one side eventually
meets its fellow on the other side, enveloping the spinal cord, but the present writer’s
observation has definitely proved that there is a third piece of cartilage distinct from the
cartilaginous structures of the two sides. This third piece should be called * supra-
dorsal.”

The anterior portion of the basidorsal cartilages on two sides are not connected
dorsally by cartilage, but they are connected by connective tissue. The posterior
portion of it has the supradorsal to complete the neural arch. This supradorsal projects
caudalwards, where there are no basidorsals.

The formation of zygapophyses has not been touched on by Gabpow. Miss PraTt
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(1897), who worked on Necturus, says that the neural arches become connected with one
another at their dorsal extremities by a pair of parallel longitudinal bars of procartilage,
which break up into two, to form the articulation of the vertebra. Miss PLATT has not
mentioned how it breaks up into two. SCHAUINSLAND (1906) has stated that the dorsal
part of the upper arches broadens out to articulate with the next arch.

According to the present writer, on the lateral aspect of the caudal portion of the
backwardly projected supradorsal, just posterior to the dorsal portion of the neural
arch, there are formed two aggregations of sclerotomic cells. The myotomes of two
sides do not unite mid-dorsally, but are in contact with these sclerotomic aggregations
on the two sides, which look like the myotomes bent over the spinal cord.

These aggregations of sclerotomic cells continue cranially and caudally into the arches
of two different vertebree, in a slanting manner. These are the ““ dorso-intervertebral
masses. After they become procartilaginous a strand of connective tissue cells cuts them
horizontally in two pieces. These procartilaginous pieces become cartilage, and the
connective tissue cells split up into layers, keeping the direction of their ingrowth.
The space between the two is the synovial cavity, and the connective tissue cells become
procartilaginous. The upper or the dorsal ones articulate with the supradorsal to form
the post-zygapophyses. The lower or the ventral ones articulate with the anterior
region of the next neural arch to form the pre-zygapophyses, and the gap between the
two becomes the synovial cavity.

GEGENBAUR (1862), Gapow (1896), ScHAUINSLAND (1906) and all the principal
workers held that the dorsal arcualia were the only structures responsible for the
formation of the entire neural arch. Apart from the cartilaginous basidorsal there are
formed simultaneously membranous arches which fill up the spaces between the two
consecutive cartilaginous basidorsals. Support to this statement has been given by
EumeLiaNorr (1925), who has recorded that in Urodela in the mesenchyme stage there
is, apart from the basidorsal, also an aggregation of mesenchyme, which from its position
and form reminds one very much of an arch. This aggregation is not retained long and
soon disintegrates. ' @

The present writer differs from EMELIANOFF (1925) considerably. The structure of
the mesenchymatous tissue is quite different from the structure of the sclerotomic arch
of the basidorsal. The present writer has not observed a single section which shows the
disintegration of cells of these connective tissue arches. These arches soon turn into
bone, leaving merely a space above the intervertebral cartilage, where only the fibrous
layer persists in order to give facility of movement to the vertebree. It follows that two
bony arches are formed between each two consecutive basidorsals. The front one
joins the cartilaginous basidorsal in front, and the hinder one joins the basidorsal
behind ; between the two there remains the fibrous layer in which the zygapophyses
are embedded. EMELIANOFF (1925) saw the posterior bony arch, but failed to find
the anterior or tissue arch.

Another point overlooked by EMELIANOFF is that the connective tissue arch is at
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right-angles to the centrum, but the basidorsals (dorsal arcualia) are not. They are
curved, so that in a sagittal section in which portions of the dorsal arcualia appear, the
connective tissue arches are not seen because they are at a different level. The roof
of the neural arch is not formed by the direct junction of the two sides of the arch, but,
as we have already seen, by the supradorsal. This piece carries projections on its sides
where the basidorsals meet it ; these projections form a shelf-like structure, which can
be found even in the adult skeleton. |

The origin of the dorsal (neural) spine in Urodela has not been dealt with by any
previous worker ; it has been tacitly assumed that it is formed from a mid-dorsal union
of the basidorsals. What actually happens is that it originates from the mid-dorsal
roofing of the connective tissue arch. The supradorsal forms only a curved wall at the
posterior end of the vertebra.

The most striking fact described in this paper, which has not been recorded by any
previous worker, is that part of the dorsal arcualia, 7.e., except the supradorsal, degenerates.
The degeneration does not take place in the basidorsal as a whole, but cartilaginous
cells together with the inner perichondrial layer degenerate, leaving behind the outer
perichondrial layer which is converted into bone.

If we go through the series of transverse sections of a degenerated basidorsal we find,
first, the outer perichondrium, beyond which there is the connective tissue to complete
the arch, and the differences of these two tissues dan very easily be detected. The
thickness of the upper (or roofing) connective tissue is much greater than that of the
outer perichondrial layer of the degenerated basidorsal. A transverse section posterior
to this region shows that, instead of the connective tissue roofing the space between two
degenerated basidorsals, we get the supradorsal, which retains its cartilage cells, together
with the dorsolateral posterior cartilages on two lateral sides to form the posterior
zygapophyses.

A comparative study of sections of cartilaginous stage with the adult osseous stage
shows that the thickness of the connective tissue arches which become osseous in the
adult stage is greater than the thickness of the basidorsal arch, because after the degenera-
tion this is represented only by the outer perichondrial layer. The cartilaginous supra-
dorsal element is ultimately ossified and evacuated by bone-marrow, but the pre- and
the post-zygapophyses retain their cartilages throughout life.

The ventral arcualia of the trunk region and of the tail region are quite different.
The lower arch in the trunk region develops from the membranous stage into an osseous
rod, without passing through the cartilaginous stage. These rod-like structures project
laterally, not ventrally. GorppERT (1895) first noted that in T'riton alpestris the original
basal part of the hemal arch element, which lies ventral to the vertebral artery,
disappears so far as cartilage is concerned and is replaced by a thin rod of bone.
The rib-bearer, which according to him is an outgrowth of the hemal arch element,
is cartilaginous. This cartilaginous rib-bearer fuses completely with the neural arch.
GoEPPERT’S explanation has been quoted by GaApow and SCHAUINSLAND.
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- The hwemal arch element according to GOEPPERT has no direct relation with the
rib-bearing process, since the two structures are independent in origin. Support has
been given to this view by GamMBLE (1922), who worked on Necturus, and the Russian
zoologist EMELIANOFF (1925) has also supported this statement.

Concerning the lower (heemal) arch of the tail region GApow (1896) says that the
ventral arcualia lie as a rule in a slightly more caudal position than the corresponding
dorsalia. These ventralia (basiventralia according to (GApow) ultimately meet and
fuse with each other below the caudal vessels. The statement of Gapow (1896) has
been corroborated by ScHAUINSLAND (1906) and from the figure given in his paper
it seems that it is only the cartilaginous arches which ultimately form the osseous heemal
arch. :

According to the present writer the heemal arch in the tail region is formed in the
middle region of the vertebra. The basiventral of one side does not meet directly
that of the other, but there is a third piece corresponding to the supradorsal of the
neural arch elements intervening between them. This third piece may be called
“infraventral ”; it has not been seen by any previous worker. Just as in the case
of the basidorsals successive basiventrals are connected by a belt of connective tissue,
which become ossified into anterior and posterior bony arches separated by unossified
tissue which forms a flexible joint. From the middle of the floor formed by the union
of a pair of these arches there projects the hwmal-spine, which has nothing to do with the
infraventral cartilage—this only forms a pad on its posterior boundary. As in the
case of the basidorsals the cartilaginous cells of the basiventrals degenerate together
with the inner perichondrial layer. The cartilage of the infraventral element remains
intact. When the degeneration is complete it is the outer perichondrial layer, together
with the cartilaginous infraventral element plus the connective tissue arches in front
and behind, which form the hemal arch.

The thickness of the connective tissue arches is greater than the thickness of the
basiventral arch, after the degeneration, because this latter is represented only by the
outer perichondrial layer. At a later stage all these elements become osseous, so that the
thickness of the whole heemal arch differs in different regions. The infraventral cartilage
undergoes no degeneration, but ultimately becomes osseous, so that in the adult stage
it is a massive structure and is evacuated by bone-marrow cavities. Such cavities
have not been previously described in the vertebral column of Urodela.

The question next arises, What is the exact relationship between the posterior portion
of the skull and the first (atlas) vertebra ? We know that in the secondary segmentation
of the skeletogenous tissues the caudal half of one primary segment unites with the
cranial half of the segment behind. Each myotome has a spinal nerve ganglion opposite
its cranial half and a cartilaginous arch opposite its caudal half. The posterior wall of
the auditory capsule corresponds to the caudal half of a myotome. The vagus nerve
ganglion next to it corresponds to the cranial half of the next segment. These two half
segments form a complete secondary segment. = Following this there is the occipital arch
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corresponding to the caudal half of a primary segment, but instead of having a nerve
ganglion for the next cranial half we get an intercalated arch through which a nerve
passes.

If we now examine the column starting from the second vertebra, which is the first
vertebra having a rib, we see that this arch corresponds to the caudal half-segment of
a myotome ; the cranial half of this has a nerve ganglion. In front of this ganglion
there is an arch corresponding to the caudal half of the myotome in front ; this arch is
the first (atlas) arch proper. Instead of having a nerve ganglion for its cranial half, we
get an intercalated arch, so that the cranial half of the occipital segment is occupied by
this arch. Half of this intercalated arch becomes added to the first (atlas) arch proper, as
cups, and the other half goes to the occipital arch, as condyles ; so that the first (atlas)
vertebra has more than one pair of dorsal arcualia, viz., its own arcualia together with
the two articular cups. This intercalated arch is not complete dorsally but deflected
lateralwards. Although HorrmaNN (1878) had suggested that the atlas vertebra was a
double vertebra, it is now proved for the first time that he is partly correct.

When this intercalated arch is in a procartilaginous stage, connective tissue cells
grow in a slanting manner from two sides, as they do in the division of the other inter-
vertebral cartilages. The connective tissue cells slant inwards and caudally, so that
the balls (occipital condyles) are in front and the sockets behind. The connective tissue
cells grow in such a way as to form an inverted “ U’ ; the two limbs of the “ U ” form
the condyles, and the base of the “ U > forms from the intervertebral cartilage between
the occipital segment and the atlas segment, so that the two condyles are wide apart.

PArkER (1882) has stated that the odontoid-like process is formed by a pair of carti-
lages derived from the posterior parachordals; but this odontoid-like process is inside,
not outside, the bony cone. Gapow (1896) has suggested that it represents the basi-
ventral element of this region; but that is absurd, since the basiventral element is outside
the bony cone. According to Gapow (1896) the atlas of Urodela is not homologous to
the atlas of Amniota. This is certain, since the animal in question has 10 cranial nerves
instead of 12 or more. '

We know that the occipital arch marks the posterior boundary of the cranium.
Therefore the condyles, the cups and the odontoid-like process, lying between the atlas
(first) arch proper and the occipital arch proper, can collectively be called the proatlas.

We know that in Elasmobranchs the ribs are connected with the centrum by means of
a basal stump (basiventral element) which is situated ventral to the vertebral artery.
In Urodela on the contrary the ventral head of the rib is attached to a process of the
neural arch above the vertebral artery. If the second attachment were brought about
by the simple dorsal shifting of the rib and the basal stump, the relation of the vertebral
artery with these structures would be necessarily changed. Obviously this attachment is
a new one. This explanation was given by RaBL (1892). The most generally accepted
view on this subject was given by GOEPPERT (1895).

According to GOEPPERT the rib is an outgrowth of the basal stump, while RaBL
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holds that it is of independent origin. In Triton the basal portion of the basal stump is
replaced by an osseous rod ; the distal end of the basal stump has the attachment of the
rib.

GAMBLE (1922), who worked on Necturus, says that the rib is not an outgrowth
of the basal stump, but is independent in origin. The distal end of the rib also develops
independently within the myosepta. EMRLIANOFF (1925) has stated that the first
rudiments of an Urodelan rib appears as concentrations of cells in the myosepta. Ribs
become cartilaginous first at their distal ends. The rib grows proximally and unites
itself secondarily with the rib-carrier. The ribs of the Urodela are according to their
position on the horizontal myoseptum homologous with the upper ribs of fish.

The present writer’s observations lead him to conclusions similar to those of EMELIA-
NOFF. In the trunk vertebre the distal end of the rib in the myoseptum develops first ;
then the osseous basal stump ; then it is followed by an independent rib-bearing process
on the side of the basidorsal. These two, namely, the basal stump and the rib-bearer,
meet and are also joined by the proximal part of the rib, but although the ventral head
of the rib is attached to a process above the vertebral artery there is a third attachment
to the centrum ventral to this artery.* The two conspicuous heads of the rib
obviously correspond to a bifurcated * Tubercle” of the ribs of Amniota, but the third
attachment is obviously the true homologue of the head of the rib of Amniota.

In the tail vertebra, the parapophyses originate from the heemal arch as a dorsal out-
growth. At a later stage their free ends join with the rib-bearing processes (diapophyses)
and between the diapophyses and the parapophyses there is the vertebral artery. So.
that in the tail region the arrangement can be compared with that in Amniota, in
which the head of the rib lies beneath the vertebral artery and the tubercle above it.

Summary.

1. The sclerotomic cells, just after liberation from the ventromedian corner of each
somite, aggregate round the notochord corresponding to the middle portion of the
myotome forming the perichordal rings.

2. The notochord, which primarily has a uniform diameter throughout, undergoes
moniliform differentiation. Dilatations are confined to the middle portion of the
myotome, while the constrictions occur in the intermyotomial regions.

3. Ordinary mesenchymatous cells fill up the interspaces between the successive
perichordal rings, forming a continuous tube-like structure outside the sheath of the
notochord, called the perichordal tube.

4. The perichordal tube follows the moniliform shape of the notochord.

5. The perichordal tube becomes ossified, forming thus a series of bony rings, but
the perichordal rings become cartilaginous. Each perichordal ring is overlapped by
these bony rings ; but the overlap of one does not meet the overlap of the next, so that
the middle of the perichordal ring remains unprotected.

* See note on p. 422 referring to P. Gray’s paper.
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6. Each bony tube forms an hour-glass shaped centrum. The narrow waist of the
hour-glass is the vertebral region, and the two wide ends where the cartilaginous cells
forming the perichordal rings are situated are the intervertebral regions.

7. The intervertebral ring of cartilage has only one centre of chondrification, contrary
to the views of GaDow.

8. Connective tissue cells grow into the cartilaginous perichordal ring in a caudal to
cranial direction, forming a complete arc through the interspace between the two
successive hour-glass shaped centra, and then a split appears in the middle region of the
line of this arc of connective tissue cells, thus forming a synovial cavity. Thus the
intervertebral cartilage is divided into a ball and a socket ; the ball articulates with
the front end of a vertebra and the socket with the back of the previous vertebra. The
connective tissue cells lining the synovial cavity become cartilaginous, forming the
surfaces of the ball and socket.

9. The notochordal cells in the middle of each centrum become converted into cartilage.
This cartilage is the intravertebral cartilage. It eventually becomes ossified and then
hollowed out by marrow cavities.

10. Between the occipital arch and the atlas (first) arch proper is a pair of
intercalated cartilaginous arches, which extends horizontally outwards, not laterally.
Connective tissue cells grow into these intercalated arches, dividing them into
two, just as in the case of the intervertebral cartilages. These arches are outside the
notochord and, unlike the intervertebral cartilage, do not crush the notochord nor do
they unite with one another. Thus the connective tissue cells cut the bases of the
arches into two balls and two sockets forming two ares.

11. Between the two balls, where originally there was the notochord, there is
formed a projecting cartilaginous piece from the intervertebral cartilage between the
occipital arch and the atlas arch proper; this is the so-called odontoid process. The
atlas has thus more than one pair of dorsal arcualia. It has a portion of the inter-
calated cartilaginous arch, forming cups, plus the dorsal arcualia proper, and the portion
of the intercalated arch forming the cups and the odontoid-like process may be called
the proatlas.

12. Instead of having the cartilaginous dorsal arcualia formed by the fusion of the
basidorsal of the right with the basidorsal of the left there is a third distinct piece of
cartilage—the supradorsal—intervening between the basidorsals to complete the
arch.

13. The anterior portions of the dorsal arcualia are not connected in the mid-dorsal
line by cartilaginous structures but have a connective tissue roofing with lateral out-
growths projecting dorsally.

14. There are two connective tissue arches and not one for each vertebra, as EMELIA-
NOFF states. One connective tissue arch is formed in front of the cartilaginous dorsal
arcualia of each vertebra and is almost at right-angles to the centrum. It has two pillar-
like structures with a scparate roofing, with two projections laterodorsally.
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15. The other connective tissue arch is formed at the back of each pair of cartilaginous
dorsal arcualia and has the same structure as that in front of it, and the supradorsal
forms the roof for the cartilaginous dorsal arcualia, which are deflected backwards.

16. ¥rom the middle portion of each roof of the connective tissue arch there arises
a projection—the neural spine.

17. Between the two consecutive cartilaginous dorsal arcualia therefore, there are
two bony arches formed from connective tissue, one (the posterior) attached to the
basidorsals in front, and the other (the anterior) attached to the basidorsals behind.
Between the posterior connective tissue arch of one vertebra of the anterior connective
tissue arches of the next there is a flexible region of connective tissue allowing of
movement. ‘

18. At the sides of the caudal portion of the supradorsal cartilage there are formed
two aggregations of sclerotomic cells connecting the two consecutive neural arches in
a slanting manner. The myotomes of two sides do not unite mid-dorsally, but they are
in contact with these sclerotomic aggregations. This sclerotomic aggregation should
be called dorsountervertebral.

19. The dorsointervertebral body becomes procartilaginous and then a strand of
connective tissue cells grow into it. A split occurs within this connective tissue strand
dividing the dorsointervertebral body into two. The portion attached to the lateral
sides of the supradorsal forms the post-zygapophysis, which is at a higher level than the
other portion which is attached to the anterior portion of the next neural arch which
forms the pre-zygapophysis. Between the two there is the synovial cavity.

20. Both the pre-zygapophysis and the post-zygapophysis become cartilaginous,
with & lining of a different kind of cartilaginous cells on the surface of the synovial
cavity, formed from the connective tissue cells which migrated inwards. These cells
remain cartilaginous throughout life.

21. The connective tissue arches become osseous and the lateral projections of their
roofs, together with the connective tissue roof uniting the cartilaginous arcualia with
their similar projections, form the dorso-lateral shelf-like structure found in the dried
adult vertebra.

22. The cartilaginous cells of the basidorsals together with their inner perichordial
layers degenerate.

23. The cartilaginous ventral arcualia of the tail vertebra are not formed by the
fusion of the basiventral of the right with the basiventral of the left ; there is a third
distinet piece of cartilage between them, which we shall term the nfraventral.

24. A connective tissue arch is formed both in front of and behind the cartilaginous
ventral arcualia of the tail vertebra. Hach arch is almost at right-angles to the centrum,
It has two pillar-like structures with a separate roof connecting the two pillars, with
projections on the two sides.

25. In the middle portion of each third piece of connective tissue arch, which connects
the two lateral pillars, there forms a projection—the heemal spine.

3 M2
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26. There is no degeneration of the cartilaginous supradorsal, but when it eventually
becomes ossified it is hollowed out by marrow cavities.

27. The outer perichondrial layer of the basidorsals becomes osseous.

28. The cartilaginous cells of the basiventrals on the two ventro-lateral sides of the
notochord, together with their inner perichondrial layer, degenerate, but the outer
perichondrial layer, just as in the basidorsals, becomes ossified and hollowed out by
marrow cavities.

29. There is no degeneration of the cartilaginous infraventral elements.

30. The occipital condyles and the corresponding cups on the atlas vertebra are
hollowed out by marrow cavities, but connective tissue cells which form the surfaces
of the balls and sockets become cartilaginous and remain so throughout life.

31. The cartilaginous rib-bearer which forms on the dorsolateral aspects of the basi-
dorsal is hollowed out by bone marrow.

32. The rib forms as an independent aggregation of cells in the septum between two
myotomes. This becomes cartilaginous, and becomes secondarily joined (a) to an
out-growth from the side of the basidorsal which is the diapophysis, (b) to an out-growth
from the side of the centrum which is the diaapophysis. Both these lie above the
vertebral artery and together correspond to the diapophysis of the Amniote vertebra,
but there is a third connection with the centrum ventral to the vertebral artery and
this corresponds to the true head of the rib in Amniota and its connection with the
centrum. In the tail, also the heemal arch which replaces the rib, is a direct out-
growth of the basiventral.
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EXPLANATION OF PLATES.

All the figures, except the text-figures of the adult vertebra, are microphotographs from actual sections
so0 that the magnification in each case has not been stated.

Prate 44.

Fig. 1.—Transverse section through the stage A.  m., mesoderm ; nch., notochord ; n.p., neural plate;
y., yolky endoderm cells.

T'i¢. 2.—Frontal section through the stage B. nch., notochord ; n.c., neural cord ; sm., somite.

Fia. 3.—Frontal section through the 8 mm. stage. Bd., basidorsal ; can., central canal of the nerve cord ;
m., myotome ; n.c., neural cord ; n.¢., nerve ganglion.

Fie. 4. —Frontal section through 12 mm. stage. at.ar., atlas arch ; au.cap., auditory capsule ; br., brain ;
ep., cup ; conm., connective tissue ; nch., notochord ; oc.ar., occipital arch ; oc.con., occipital condyle ;
@ch.r., perichordal ring.



THE VERTEBRAL COLUMN OF URODELA. 445

F1e. 5.—Transverse section through the atlas vertebra at 15 mm. stage. bd., basidorsal ; ¢p., eup of the
atlag vertebra ; nch., notochord ; #.c., neural cord.

Fic. 6.—Transverse section through the interspace between two consecutive cartilaginous dorsal arcualia
at 15 mm. stage. ao., aorta; conn.ar., connective tissue arch ; w.c., intervertebral cartilage ; nch.,
notochord ; #.c., neural canal ; sd., supradorsal ; s.n.g., spinal nerve ganglion.

F1a. T.—Sagittal section through the occipital and the atlas regions at 20 mm. stage. af.ar., atlas arch ;
¢p., cup ; conm., connective tissue which forms the synovial cavity ; n.c., neural cord ; n.sp.I., nerve
spinalis I (sub-occipital) ; #n.sp.II, nerve spinalis II (hypoglossal; Ild.arc., second dorsal arch ;
oc.ar., occipital arch ; oc.com., oceipital condyle ; r.b.pr., xib bearing process.

Prare 45.

Fia. 8.—Transverse section through the trunk vertebra at 20 mm. stage. ao., aorta; bd., basidorsal ; n.c.,
neural cord ; #ch., notochord ; #.b.pr., rib bearing process ; sd., supradorsal ; v.a., vertebral artery.

Fia. 9.—Sagittal section through a few neural arches at 20 mm. stage. Ud., basidorsal ; pr.z., prezygapo-
physis; pt.z., post-zygapophysis; sd., supradorsal; sy.c., synovial cavity; s.n.g., spinal nerve
ganglion.

1. 10.—Transverse section through the tail region at 20 mm. stage. bl.v., blood vessel ; h.ar., hemal
arch ; n.c., neural cord ; nch., notochord ; sd., supradorsal ; s.n.g., spinal nerve ganglion ; z., zygapo-
physis.

Fia. 11.—Sagittal section through the atlas region at 25 mm. stage. at.ar., atlas arch ; ep., cup; conn.,
connective tissue which forms the synovial cavity ; oc.con., occipital condyle ; s.n.g., spinal nerve
ganglion.

F1c. 12.—Frontal section through the occipital and the atlas regions at 25 mm. stage. cen., centrum ;
conn., connective tissue which forms the synovial cavity ; c¢p., cup; v.c., intervertebral cartilage ;
nch., notochord ; oc.ar., occipital arch ; oc.con., occipital condyle ; od.pr., odontoid process.

Fia. 13.—Frontal section through the same specimen as that of fig. 12, more dorsally. at.ar., atlas arch ;
au.cap., auditory capsule; cp., cup; nch., notochord ; m.c., neural cord ; n.sp.l, nerve spinalis I;
oc.ar., oceipital arch ; oc.con., occipital condyle ; 7., rib ; v.n.g., vagus nerve ganglion.

Prate 46.

Fic. 14.—Transverse section through the trunk vertebra at 25 mm. stage. «o., aorta; bd., basidorsal ;
conn., connective tissue forming roof of neural canal; #.c., neural cord; nch., notochord ; +.b.pr.,
rib bearing process.

Fia. 15.—KFrontal section through the centra of a few vertebre at 25 mm. stage. conn., connective tissue

- which will form a synovial cavity ; bd., degenerating basidorsal ; ¢v.c., intervertebral cartilage ; nch.,
notochord ; 7., rib ; 7.b.pr., rib bearing process.

Fic. 16.—Transverse section through the beginning of a trunk vertebra at 35 mm. stage. ao., aorta ;
cen., centrum ; conn.ar., connective tissue arch ; comm.ar.sf., connective tissue arch roof; dtv.c.,
intravertebral cartilage ; nch., notochord ; n.c., neural cord ; nch.sh., notochordal sheath; pr.z.,
pre-zygapophysis ; pt.z., post-zygapophysis; v.a., vertebral artery.

Fre. 17.—Transverse section of the same stage a little posterior to the above. ®&v., basiventral ; cen.,
centrum ; conn.ar., connective tissue arch ; conn.ar.yf., connective tissue arch roof; <v.c., inter-
vertebral cartilage ; m.c., neural cord ; nch., notochord ; n.sp., neural spine; pap., parapophysis ;
+.b.pr., rib bearing process.

Fia. 18.—Transverse section of the same, further posterior to the above. &d., basidorsal ; conn.ar.zf.,
connective tissue arch roof ; d.shf., dorsal shelf ; ¢n.per., inner perichondrium in course of dissolu-
tion ; out.per., outer perichondrium of basidorsal which ossifies ; ».b.pr., rib bearing process.
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F1e. 19.—Transverse section through the same vertebra at the extreme posterior end. ao., aorta,
conn.ar.rf., roof of connective tissue arch; cp., cup of the vertebra behind ; f.., fibrous tissue;
nch., notochord ; nch.sh., notochordal sheath; pr.z., pre-zygapophysis; ptz., post-zygapophysis ;
sd., supradorsal ; sy.c., synovial cavity ; v.a., vertebral artery ; v.con., condyle of the vertebra behind.

Prate 47.

F1a. 20.—Frontal section through the dorsal portion of the neural arches at 35 mm. stage. bd., basidorsal ;
conn.ar., connective tissue arch; f.i., fibrous tissue; m.c., neural cord; pr.z., pre-zygapophysis;
pt.z., post-zygapophysis.

Fic. 21.—Frontal section through the centrum at 35 mm. stage. bd., basidorsal ; conn., connective tissue
forming the synovial cavity ; conn.ar., connective tissue arch ; tv.c., intravertebral cartilage ; v.c.,
intervertebral cartilage ; #ch., notochord ; 7., rib ; s.n.g., spinal nerve ganglion.

Fra. 22.—Sagittal section through the middle of a few trunk vertebre at 35 mm. stage. conn.ar.sf., con-
nective tissue arch roof; 4v.c., intervertebral cartilage ; =.c., neural cord; nchk., notochord ; sd.,
supradorsal. -

F1a. 23.—Transverse section through the middle of an anterior tail vertebra at 35 mm. stage. cd.ar.,
caudal artery; comn.ai.rf., connective tissue arch roof; m.c., neural cord; m.sp., neural spine;
nch., notochord ; .b.pr., rib bearing process.

F'ia. 24.—Transverse section through the posterior region of a tail vertebra at 35 mm. stage. conn.ar.,
connective tissue arch ; fv., infraventral ; 4v.c., interventral cartilage ; nch., notochord ; #.c., neural
cord ; nch.skh., notochordal sheath ; pr.z., pre-zygapophysis; pt.z., post-zygapophysis; sd., supra-
dorsal ; sy.c., synovial cavity.

Fra. 25.—Transverse section through the tail in the region of the connective tissue arch at 40 mm. stage.
cd.ar., caudal artery; comm.ar., connective tissue arch; conn.ar.sf., connective tissue arch roof;
d.shf., dorsal shelf ; 4fv., infraventral ; #ch., notochord ; n.c., neural cord.

PraTe 48,

Fia. 26.—Sagittal section through the middle of a few tail vertebrae at 40 mm. stage. conn.ar.zf., con-
nective tissue arch roof ; f.t., fibrous tissue; ¢fv., infraventral ; #nch., notochord ; n.c., neural cord.

F1c. 27.—Transverse section through a tail vertebra at 40 mm. stage. conn.ar., connective tissue arch ;
ifv., infraventral ; nch., notochord ; pap., parapophysis; ».b.pr., rib bearing process ; sd., supradorsal.

I1e. 28.—Transverse section through the beginning of a trunk vertebra at 65 mm. stage. conn.ar.if.,
connective tissue arch roof ; f.t., fibrous tissue ; #.sp., neural spine; pr.z., pre-zygapophysis; pt.z.,
post-zygapophysis ; sy.c., synovial cavity ; v.a., vertebral artery ; v.con., vertebral condyle ; w.cp.,
vertebral cup.

F1a. 29.—Transverse section through the same vertebra a little posterior to the previous figure. cen.,
centrum ; conm.ar., connective tissue arch ; d.shf., dorsal shelf ; ma., marrow ; n.sp., neural spine.

Fia. 30.—Transverse section through the same vertebra further back. b&d., basidorsal; cen., centrum ;
n.c., neural cord; n.sp., neural spine; pap., parapophysis (i.e., the true capitulum); r.b.pr., rib
bearing process; wv.a., vertebral artery.

F1a. 31.—Transverse section through the end of the same vertebra. cap.r., capitulum of the rib ; conn.ar.,
connective tissue arch; <v.c., intervertebral cartilage; sd., supradorsal; sy.c., synovial cavity ;
tu.r., tuberculum of the rib.

F1a. 32.—Transverse section through the same vertebra at the extreme end of it. conn.ar., connective
tissue arch ; conn.ar.rf., connective tissue arch roof ; pr.z., pre-zygapophysis ; pt.z., post-zygapophysis ;
sd., supradorsal ; v.a., vertebral artery ; v.con., vertebral condyle.
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TexT-FI16. 1.—Figure of an adult atlas (first) vertebra. cp., cup for articulating with the condyle of the
skull and also cup for articulating with the second vertebra; od.pr., odontoid process; pt.z.,

post-zygapophysis.



n.sp.

TexT-F16. 2.—Figure of an adult trunk vertebra. con., condyle (ball) of the vertebra; cp., cup for
articulating with the next posterior vertebra; d.shf., dorsal shelf; n.sp., neural spine; pi.z.,
post-zygapophysis ; rb.pr., bifurcated rib bearer.
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TexT-F16. 3.—Figure of an adult tail vertebra. con., condyle (ball) of the vertebra ; ep., cup for articulating
with the next posterior vertebra ; d.shf., dorsal shelf; n.sp., neural spine ; n.sp.fo., foramen for the
spinal nerve; pt.z., post-zygapophysis; rb.pr., bifurcated rib bearer; wv.shf., ventral shelf; Z.sp.,
hamal spine.
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Fic¢. 1..—Transverse section through the stage A.  m., mesoderm ; nch., notochord ; n.p., neural plate ;
Y., yolky endoderm cells.

I'i¢. 2.—Frontal section through the stage B. nch., notochord ; n.c., neural cord ; sm., somite.

Fic¢. 3.—Frontal section through the 8 mm. stage. Bd., basidorsal ; can., central canal of the nerve cord ;
mt., myotome ; n.c., neural cord ; n.g., nerve ganglion.

F1e. 4.—Frontal section through 12 mm. stage. at.ar., atlas arch ; aw.cap., auditory capsule ; br., brain
c¢p., cup ; conm., connective tissue ; nch., notochord ; oc.ar., oceipital arch ; oc.con., occipital condyle

e

»ch.r., perichordal ring.

F1e¢. 5.—Transverse section through the atlas vertebra at 15 mm. stage. bd., basidorsal ; ep., eup of the
atlas vertebra ; nch., notochord ; n.c., neural cord.

Fia. 6.—Transverse section through the interspace between two consecutive cartilaginous dorsal arcualia
at 15 mm. stage. ao., aorta ; conn.ar., connective tissue arch ; 4v.c., intervertebral cartilage ; nch.,
notochord ; m.c., neural canal ; sd., supradorsal ; s.n.g., spinal nerve ganglion.

Fia. 7.—Sagittal section through the occipital and the atlas regions at 20 mm. stage. ai.ar., atlas arch ;
¢p., cup ; conn., connective tissue which forms the synovial cavity ; n.c., neural cord ; n.sp.l., nerve
spinalis I (sub-occipital) ; #.sp.JI, nerve spinalis IT (hypoglossal; Ild.are., sccond dorsal arch :
oc.ar., oceipital arch ; oc.con., occipital condyle ; 7.b.pr., rib bearing process.
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Fic. 8.—Transverse section through the trunk vertebra at 20 mm. stage. «@o., aorta ; &d., basidorsal ; n.c.,
neural cord ; nch., notochord ; =.b.pr., rib bearing process ; sd., supradorsal ; v.a., vertebral artery.
Fia. 9.—Sagittal section through a few neural arches at 20 mm. stage. Ud., basidorsal ; pr.z., prezygapo-
physis ; pt.z., post-zygapophysis; sd., supradorsal; sy.c., synovial cavity; s.n.g., spinal nerve

ganglion.

F1c. 10.—Transgverse section through the tail region at 20 mm. stage. 0lw., blood vessel ; h.ar., heemal
arch ; m.c., neural cord ; nch., notochord ; sd., supradorsal ; s.n.g., spinal nerve ganglion ; z., zygapo-
physis.

Fia. 11.—Sagittal section through the atlas region at 26 mm. stage. «t.ar., atlas arch ; ep., cup; conn.,
connective tissue which forms the synovial cavity ; oc.con., occipital condyle ; s.n.g., spinal nerve
ganglion.

Fia. 12.—Frontal section through the occipital and the atlas regions at 25 mm. stage. cen., ecentrum ;
conn., connective tissue which forms the synovial cavity ; cp., cup; w.c., intervertebral cartilage ;
nch., notochord ; oc.ar., occipital arch ; oc.con., occipital condyle ; od.pr., odontoid process.

Fia. 13.—Frontal section through the same specimen as that of fig. 12, more dorsally. af.ar., atlas arch ;
au.cap., auditory capsule ; c¢p., cup; mnch., notochord ; #n.c., neural cord ; n.sp.l, nerve spinalis I ;
oc.ar., occipital arch ; oc.con., occipital condyle ; 7., rib ; v.n.g., vagus nerve ganglion,
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Fia. 14.—Transverse section through the trunk vertebra at 25 mm. stage. «o., aorta ; bd., basidorsal ;
conn., connective tissue forming roof of neural canal; n.c., neural cord ; nch., notochord ; ».b.pr.,
rib bearing process.

F1c. 15.—Frontal section through the centra of a few vertebre at 25 mm. stage. conn., connective tissue
which will form a synovial cavity ; bd., degenerating basidorsal ; w.c., intervertebral cartilage ; nch.,
notochord ; 7., mib ; 7.b.pr., rib bearing process.

Fia. 16.—Transverse section through the beginning of a trunk vertebra at 35 mm. stage. «o., aorta ;
cen., centrum ; comn.ar., connective tissue arch ; conn.ar.rf., connective tissue arch roof; ifv.c.,
intravertebral cartilage ; nch., notochord ; =.c., neural cord ; mch.sh., notochordal sheath ; pr.z.,
pre-zygapophysis ; pt.z., post-zygapophysis; v.a., vertebral artery.

Fia. 17.—Transverse section of the same stage a little posterior to the above. bv., basiventral ; cen.,
centrum ; conn.ar., connective tissue arch ; conn.ar.sf., connective tissue arch roof; 1v.c., inter-
vertebral cartilage ; m.c., neural cord ; nch., notochord ; n.sp., neural spine; pap., parapophysis :
.0.pi., r1b bearing process.

Fi1a. 18.—Transverse section of the same, further posterior to the above. bd., basidorsal ; conn.ar.af.,
connective tissue arch roof ; d.shf., dorsal shelf ; vn.per., inner perichondrium in course of dissolu-
tion ; out.per., outer perichondrium of basidorsal which ossifies ; ».b.pr., rib bearing process.

Fra. 19.—Transverse section through the same vertebra at the extreme posterior end. ao., aorta,
conn.ar.rf., roof of connective tissue arch; ep., cup of the vertebra behind ; f.t., fibrous tissue ;
nch., notochord ; nch.sh., notochordal sheath ; pr.z., pre-zygapophysis; pt.z., post-zygapophysis ;
sd., supradorsal ; sy.c., synovial cavity ; v.a., vertebral artery ; v.con., condyle of the vertebra behind.
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Fie. 20.—Frontal section through the dorsal portion of the neural arches at 35 mm. stage. bd., basidorsal ;
conn.ar., connective tissue arch; f.t., fibrous tissue; #.c., neural cord ; pr.z., pre-zygapophysis ;
pt.z., post-zygapophysis.

Fic. 21.—Frontal section through the centrum at 35 mm. stage. &d., basidorsal ; conn., connective tissue
forming the synovial cavity ; comn.ar., connective tissue arch ; <tv.c., intravertebral cartilage ; 7v.c.,
intervertebral cartilage ; nch., notochord ; 7., rib ; s.n.g., spinal nerve ganglion.

Fic. 22.—Sagittal section through the middle of a few trunk vertebrae at 35 mm. stage. conn.ar.zf., con-
nective tissue arch roof ; wv.c., intervertebral cartilage ; n.c., neural cord ; nck., notochord ; sd.,
supradorsal.

Fic. 23.—Transverse section through the middle of an anterior tail vertebra at 35 mm. stage. cd.ar.,
caudal artery; comm.ar.sf., connective tissue arch roof; wn.c., neural cord; #.sp., neural spine;
nch., notochord ; 7.b.pr., rib bearing process.

Fia. 24 —Transverse section through the posterior region of a tail vertebra at 35 mm. stage. conn.ar.,
connective tissue arch ; ifv., infraventral ; ev.c., interventral cartilage ; nch., notochord ; ».c., neural
cord ; nch.sh., notochordal sheath ; pr.z., pre-zygapophysis; pt.z., post-zygapophysis; sd., supra-
dorsal ; sy.c., synovial cavity.

F1a. 25.—Transverse section through the tail in the region of the connective tissue arch at 40 mm. stage.
cd.ar., caudal artery ; comm.ar., connective tissue arch; conn.ar.sf., connective tissue arch roof;
d.shf., dorsal shell ; 4fv., infraventral ; #nch., notochord ; #.c., neural cord.
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Fia. 26.—Bagittal section through the middle of a few tail vertebre at 40 mm,. stage. conn.ar.sf., con-
nective tissue arch roof; f.t., fibrous tissue; ifv., infraventral ; nch., notochord ; #.c., neural cord.

Fia. 27.—Transverse section through a tail vertebra at 40 mm. stage. conn.ar., connective tissue arch ;
ifv., infraventral ; nch., notochord ; pap., parapophysis; #.b.pr., rib bearing process ; sd., supradorsal.

Fic. 28.—Transverse section through the beginning of a trunk vertebra at 656 mm. stage. conn.ar.af.,
connective tissue arch roof ; f.f., fibrous tissue ; n.sp., neural spine ; pr.z., pre-zygapophysis; pt.z.,
post-zygapophysis ; sy.c., synovial cavity ; v.a., vertebral artery ; v.con., vertebral condyle ; wv.cp.,
vertebral cup.

Fia. 29.—Transverse section through the same vertebra a little posterior to the previous figure. cen.,
centrum ; conn.ar., connective tissue arch ; d.shf., dorsal shelf ; ma., marrow ; n.sp., neural spine.

F1a. 30.—Transverse section through the same vertebra further back. 0d., basidorsal ; cen., centrum ;
n.c., neural cord ; mn.sp., neural spine ; pap., parapophysis (v.e., the true capitulum); 7.b.pr., rib
bearing process; wv.a., vertebral artery.

Fia. 31.—Transverse section through the end of the same vertebra. cap.r., capitulum of the rib ; conn.ar.,
connective tissue arch; w.c., intervertebral cartilage; sd., supradorsal; sy.c., synovial cavity ;
iu.r., tuberculum of the rib.

Fie. 32.—Transverse section through the same vertebra at the extreme end of 1t. conn.ar., connective
tissue arch ; conn.ar.rf., connective tissue arch roof ; pr.z., pre-zygapophysis ; pt.z., post-zygapophysis ;
sd., supradorsal ; v.a., vertebral artery ; v.con., vertebral condyle.



