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The studies concerning the disposition of the blood vessels of ascidians have been
presented by many investigators, but little has undertaken concerning developmental
comparative anatomy of the circulatory system of the ascidian. It is interesting from
the view point of comparative anatomy to know whether the circulatory system of
the ascidian is comparable with the circulatory system of the vertebrates. To answer
the question, the author previously studied the disposition of the blood vessels in
the alimentary tract of an adult ascidian.

This paper deals with the development of the circulatory system with concern

about the alimentary tract of the ascidian.

Material and Method

The young ascidians of Ciona robusta, were collected in summer from the fish
rearing tank of the Onagawa Fisheries Laboratory of the Tohoku University. One
per cent Berlin blue solution was injected into the large ventral vessel or into the
large dorsal vessel of the material under menthol anesthesia for two to three hours by
a syringe with a sharp glass needle. Immediately after the injection, the material was
fixed with ten per cent formalin. Dissection and observations were made under the
binocular microscope. The body length as measured is the range from the anterior
end of the branchial siphon to the posterior end of the body excluding the proximal
peduncular portion, if it is present.

Observations

Individuals of one mm in length:
A pair of large ventral vessels are situated on the ventral side of the endostyle.

1) Present address: Marine Biological Station of Asamushi, Tohoku University, Aomori City, Japan.
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At the postero-ventral corner of the branchial sac, or at the posterior end of the
endostyle, these vessels are formed by the bifurcation of a short trunk, which arises
from the abvisceral end of the heart, and then extend anteriorly along the ventral
side of the endostyle to its anterior end in a pair of ventral vessels keeping a short
distance between them and giving off a few branches to the branchial wall on each
side on the way (Fig. 1, A).

A thick vessel, the large dorsal vessel, is found on the dorsal side of the branchial
sac. It begins at the antero-dorsal corner of the branchial sac, where the neural
ganglion is situated, runs downwards along the dorsomedian of the branchial sac to
the middle of the sac, where the anus opens, then goes down along the right side of
the rectum, the last part of the intestine, till it reaches the postero-dorsal corner of the
branchial sac. From this site it runs further downwards closely along the left side of
the esophagus to reach the stomach, where it gives off a few branches to form a coarse
network, and the thick main trunk leads finally to the advisceral end of the heart
(Fig. 2, A).

Some disordered rows of stigmata are found on each branchial wall. A single
atrial siphon is found in this stage, although there are two in the young individuals
of a preceding stage of 0.5 mm in length.

The intestine is divisible into three parts. The first part is a short tube just fol-
lowing the stomach. The second part, the so-called mid-intestine, is a slight swelling
of the tube and situated on the left side of the stomach, forming together with the
first part a horizontal U-shaped loop with a constriction between the two parts. The
distal branch of the loop, namely the second part of the intestine, continues to the
proximal portion of the third part, which curves anteriorly. The distal portion of
the third part runs straight to the anus closely along the left side of the large dorsal
vessel. The anus is situated at the middle level of the branchial sac.

An otocyst and an eye are found on the neural ganglion (Fig. 2, A).

Individuals of 2 to 2.5 mm in length :

The interspace between the two large ventral vessels along the ventral side of the
endostyle becomes narrower (Fig. 1, B).

Six rows of stigmata are formed and these perforate the branchial wall on each
side. The branchial transverse vessels are recognized running across the branchial
wall on each side between the large ventral and dorsal vessels. In this stage the
transverse vessel has not yet been differentiated into the outer and inner tubules.

Fig. . Array of the ventral sides of young ascidians injected with dye to show the development of
the large ventral vessel. A, individual of 1 mm in length; B, 2 mm; C, 3mm; D, 4mm; E, 5mm.
bs: branchial siphon, en: endostyle, vv: large ventral vessel.

Fig. 2. Three earlier developmental stages of the large dorsal vessel shown by dye-injected ascidians,
dorsal side. A, individual of 1 mm in length; B, 2.5 mm; C, 3mm. br: branchial sac, bs: branchial
siphon, dv: large dorsal vessel, es: esophagus, in: intestine, inv: vessels spreading on intestine, ng:
neural ganglion, r: rectum, st: stomach, trv: branchial transverse vessel.
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The interstigmatic vessels are formed already, but not yet the inner longitudinal
vessels. The branchial wall and body wall are connected with each other across the
peribranchial space by thin strands at intervals, but no vessels are confirmed in any of
these strands by the method of dye-injection.

The main disposition of the large dorsal vessel is much the same as in the case
of one mm long individuals. Namely, the large dorsal vessel begins at the antero-
dorsal corner of the branchial sac, runs down along the mid-dorsal line of the sac,
extends onto the left side of the esophagus, goes around the posterior surface of the
stomach, and then reaches the advisceral end of the heart. In this stage a branch
arising from the anterior end of the large dorsal vessel is distributed to the dorsal
region of the branchial siphon. The trunk of the vessel is partly covered by the distal
part of the rectum around the middle of the branchial sac. «Near the posterior end of
the branchial sac, the dorsal trunk gives off some fine branches which are spread out
to form a network on the third part of the intestine. On the posterior surface of the
stomach the trunk also gives off several thin vessels to form a coarse network, fine
branches issued from which are spread on the first and second parts of the intestine
(Fig. 2, B).

Individuals of 3 mm in length :

The two ventral trunks have approached each other to become partly in contact
at the level of the posterior one third of the endostyle (Fig. 1, C).

There are six stigmatal rows on each side of the branchial sac. Thinner
rudimentary transverse vessels are appearing as fragmentary parastigmatic vessels con-
necting the middle points of some adjacent interstigmatic vessels. Some transverse
vessels give off the lateral branches, the so-called dermato-branchial vessels, to the body
wall at intervals across the peribranchial space.

The dorsal trunk, which runs down along the mid-dorsal line of the branchial
sac, is covered partly with the distal part of the rectum as shown in Fig. 2, C. The
trunk vessel is divided into several branches in the stomach region, so that the network
of the vessels covers the area wider than in the individuals of the foregoing stage.
The fine vessels issued from this network on the stomach surface are now com-
municating with the partners arising also from the dorsal trunk and being distributed
there via the third part of the intestine (Fig. 3; A, B).

The rudimentary ovary is found in the mesentery connecting the stomach to the

Fig. 3. The large dorsal vessel divided into several branches to form a network of vessels in the
stomach region. A showing the left and B the right side of 3 mm long individual. bs: branchial
siphon, dv: large dorsal vessel, en: endostyle, es: esophagus, ht: heart, in: intestine, ovv: vessel
passing through ovary, r: rectum, st: stomach.

Fig. 4. Photographs showing Two developmental stages of the large dorsal vessel shown by dye-
injected ascidians. A: 4 mm long individual, postero-dorsal view; B, C: 5mm long individual,
dorsal (B) and postero-dorsal (C) view. dv: large dorsal vessel, es: esophagus, in: intestine, inv:
vessel spreading on intestine, ovv: vessel passing through ovary, r: rectum, st: stomach.
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Fig. 5 a. Diagrammatic cross sections of the surrounding re-
gion of the endostyle to show the successive developmental
stages of the large ventral vessel. A, B, and C showing the
individuals of Imm, 2mm, and 3 mm in length respectively.
brc: branchial cavity, brw: branchial wall, bw: body wall,
dbv: dermato-branchial vessel, en: endostyle, p: papilla,
pbc: peribranchial cavity, stig: stigmata, vv: large ventral
vessel.

body wall. On this mesentery, a thin cord, which is the rudimentary oviduct, is
extending anteriorly from the rudimentary ovary to reach the intestine. In certain
individuals, a thin vessel extends to the rudimentary ovary from the network on the
intestine along the rudimentary oviduct. After nourishing the rudimentary ovary,
this vessel extends further to the posterior surface of the stomach to join the network
in the stomach region (Fig. 3, A).

Individuals of 4 mm in length:

The two ventral trunks have drawn each other so closely that they are now in
contact along their whole length (Fig. 1, D).
The branchial transverse vessel has been differentiated into two, inner and outer,

tubules along the whole course, which are connected with each other by short branches
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Fig. 5 b. Diagrammatic cross sections of the surrounding region of the
endostyle to show the successive developmental stages of the large
ventral vessel. D and E showing the individuals of 4 mm and 5mm
in length respectively. brc: branchial cavity, brw: branchial wall,
bw: body wall, en: endostyle, it: inner tubule of branchial transverse
vessel, ot: outer tubule, p: papilla, pbc: peribranchial cavity, stig:
stigmata, vv: large ventral vessel.

at intervals.
At the anterior end of the large dorsal vessel a branch is given off. The branch

passes by the right side of the ciliary groove to reach the dorsal region of the branchial
siphon, while in the younger individuals a pair of branches pass respectively by either
of both sides of the ciliary groove to be distributed there. The vessel arising from
the large dorsal vessel forms a network of fine vessels on the intestine surface; and a
part of the network has developed to a thick vessel running down towards the stomach.
Soon after branching off from the trunk vessel, this thick vessel gives off a branch which
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Fig. 6. Schematic diagrams showing the development of the main blood vessels in
relation to the alimentary tract of the ascidian, Ciona robusta. The left figure
represents a much younger individual, the right represents an adult, and the
middle is an intermediate stage between the two. es: esophagus, ht: heart, in:
intestine, ov: ovary, ph: branchial sac, r: rectum, st: stomach.
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comes down to the stomach by way of the rudimentary ovary. Before reaching the
advisceral end of the heart, the trunk of the large dorsal vessel issues many thin
branches to form a network of fine vessels around the esophagus and stomach, some
of these branches come down to the esophagus running through the body wall.
Although the primary trunk vessel leads still directly to the advisceral end of the heart.

Several vessel branches are derived from the network of fine vessels around the
esophagus, stomach and intestine, these then converge on the thick short trunk leading
to the advisceral end of the heart (Fig. 4, A).

Individuals of 5 to 5.5 mm in length:

In this stage, the two ventral trunks are completely united along their whole
length to form a single large ventral vessel (Fig. 1, EJ.

The transverse vessels connecting the large dorsal and ventral vessels have
increased to twenty or more on each side. The inner longitudinal vessels have
not been established yet.

The middle one third of the large dorsal trunk vessel is covered by the distal half
of the rectum. In this stage, the vessel running along the intestine and leading to
the rudimentary ovary takes the place of the main vessel. This main vessel reaches
the stomach through a short thick vessel and there it is divided into small vessels. On
the other hand, the primary dorsal vessel running posteriorly along the esophagus
becomes thin and forms a network of numerous fine vessels in the esophageal region.

The thick vessel running down on the intestine gradually decreases its thickness
as it approaches the stomach and communicates with the vessels originated from the
network spreading on the stomach. ‘

The network of fine vessels on the stomach is constituted by the anastomoses
between the two systems of thick vessels. One of them is the group of vessels derived
from the large dorsal vessel and reaching there by way of the esophagus, intestine and
ovary. The other is a thick short trunk connecting the advisceral end of the heart
with the anastomoses spreading over the stomach (Fig. 4; B, C).

Discussion

In the earlier stages, in which the branchial wall does not yet function sufficiently,
the blood goes and backs the same large ventral vessels or large dorsal vessel according
to the heart pulsation. When the branchial transverse vessels are established, the
blood vessel system is completed to make the circuit of the alimentary tract.

In the 1 mm stage, there are a pair of the large ventral trunk vessels along the
endostyle. With further development, the two ventral trunks draw closer to each
other to come in contact along their whole length. Finally in the 5 to 5.5 mm stage,
they are united to form together a single large ventral trunk (Fig. 5). This trunk
seems to correspond to the truncus arteriosus, ventral aorta, of the vertebrates in its
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relative position to the heart and pharynx, the so-called branchial sac. It is very
noteworthy that two ventral trunk vessels are united to form a single trunk.

In the 4 mm stage the branchial transverse vessel is differentiated into two, inner
and outer, tubules along its whole length, while it is represented by a single tubule in
the younger stages. It is not clear whether or not the relation between the outer and
inner tubules of the branchial transverse vessel is homologous to the relation between
the afferent and efferent gill vessels of higher chordates.

In the earlier stages, the large dorsal vessel runs downwards along the mid-
dorsal line of the branchial sac, then along the left side of the esophagus, on the
posterior side of the stomach, and finally connects with the advisceral end of the heart.
With further growth, the trunk of this vessel is divided into many branches to form a
network of fine vessels in the stomach region. Accordingly, in the adult ascidian the
large dorsal vessel connects with the heart never directly but indirectly through the
network of fine vessels spreading in the stomach region (Fig. 6).

It seems possible to consider that the large dorsal vessel belongs to the venous
system in the earlier stages, for it connects directly with the advisceral, posterior, end
of the heart. But later, the formation of the network of fine vessels in the stomach
region makes the property of the large dorsal vessel incomprehensible, because the
vessel corresponding to the dorsal aorta has not been identified as yet. It is
clear that the large dorsal vessel has developed at first independently of the rectum
and intestine, but secondarily acquired a close relation to them as seen in the adult,
in which the principal part of the large dorsal vessel is enclosed by the wall of the

intestine and rectum.

Summary

The development of the circulatory system with relation to the alimentary tract
of the young ascidian, Ciona robusta, was observed.

In the earlier stages, there are a pair of large ventral vessels which are running in
parallel with each other along the ventral side of the endostyle. But, they draw closer
to each other with growth, till they are united with each other along their whole length
to form a single large ventral vessel.

In the earlier stages, the large dorsal vessel connects directly with the advisceral
end of the heart, but with further growth, the dorsal trunk becomes divided into fine
vessels spreading on the esophagus, stomach and intestine. These vessels spreading on
the viscera are then converged to a short trunk communicating with the advisceral
end of the heart. Thus, in the adult ascidian the connection between the large dorsal

vessel and the heart is indirect.
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