A MONOGRAPH OF THE TUNICATE CIONA INTESTINALIS (LINNAEUS).

LoBedT™ H. Mi.LAR.
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INTRODUCTION.

Genersal Aims.

| The purpose of this study was to provide the basis for

8 monograph on the Tunicate Ciona intestinalis (Linnseus).

Provisional arrangements have been made for publication in
the Liverpool Marine Biological Committee's series on typical
British marine organisms. This species has already been the
subject of a monograph by Roule (1884). The justification
for producing another lies mainly in these two points.
Firstly there have been advances in our knowledge of Tunicate
struocture that render Roule's work in some respects incom-
plete and inacourate, and that necessitate further investi-
gation of many features. Sgcondly the older monegraph is
not generally available for the use of students, and it was
felt that a type so commonly used in teaching should be the
subject of a work more widely accessible.

In this research the emphasis has been on anatomy and
more particularly on microscopic anatomy. Two main con-
siderations have been in mind when dealing with structure.
The fi;st has been to reduce to an undexlying plan the
variability shown by many of the organs, or as Ritter (1909)
has expressed it to enquire "as to the extent of law and
order that prevails in a single species”. The second

‘consideration has been to throw light on some of the more
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persistent problems of Tuniecate structure and function. In
these latter efforts the approach has been mainly histologieal.

This desoription of Ciona is not exhaustive or evenly
balanced, in that some aSpects have received less attention
than others about which greater controversy has centred. The
form in which the results are presented is thus not that of an
L.M.B.C. Memoir. From this it differs prineipslly in the
following points. Several sections that would be required to
complete theqL,M.B.c. mamoir have beeg omitted. ‘These include: «
The body cavities (peribranchial, atrial, epicardiac cavities)
reproduction, 9mbryology and metamorphosis; growth; species
and forms of Ciona. On the other hand some aspects of the sub-
jeet have received more detailed treatment than would probably
be required in the Memoir. Undecided questions are discussed
and incomplete evidence stated. Material has also been freely
drawn from the literature of other Tunicates where this has
appeared relevant. Formal instructions for dissecection have
been omitted. In general only a brief outline has been given
of maeroscopic structure, except where existing accounts have
appeared to be inaccurate or incomplete in important details.
The illustrations have not been put into a form which is

necessarily suitable for an L.M.B.C. Memoir.

Material and Methods.

Most of the specimens used were supplied from the tanks of
the Soottish Marine Biological Aésociation, Millport. Smaller
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numbers, for comparison and verification,were obtained from .
the Clyde, Plymouth, Isle of Man and west of Scotland sea-loch
areas. |
Accounts of the methods used will be found in the various
sections, in cases deserving notice, but oné method was so
frequently used that it should.be mentioned hers. This is the
Ester wax snd Methylene blue technique for sectioning and stain-
ing, evolved by Steedman (1947). I was fortunate in having
aceess to this method before its publication, and also in
receiving much help in using it, from Dr. H. F. Steedman. Even
when other staining methods were used the Ester wax embedding and
sectioning techniques were in general retained, because of
their advantage in the matter of shrinkage, over paraffin wax.
The most satisfactory of all sectioning methods for histologi-
cal detail, however, proved to be double embedding in celloidin
and paraffin wax. Clearest pictures wereAalmost invariably
obtained from Heidenhain's iron haematoxylin, either without
counterstain or followed by acid fuchsin. A number of other
routine staining methods were employed, including Mallory's
triple stain, GiemSa, methylene blue, several hsematoxylin
staiﬁs, and for the detection of mucus, McManus' (1946)
modification of Schiff, and also mucicsrmine:. Intra vitam
methylene blue staining was used in connection with the nervous

system, as was also Bielschowsky's method, the latter without

success.
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4.
BODY FORM (Plate 1).

The body form in Ciona (Figs. 1, 2, 3.) shows & considerable
degree of individual variation, and is much influenced by the con-
ditions of growth. The body is sub-cylindrical, attached at one
end and bearing at the other two tubuler siphons. Of these the
oral siphon (Fig. 1, Or. s.) continues the long axis of the body,
and the atrial siphon (Pig. 1, At. s.) is oblique, pointing antero-
dorsally. The orientation of the adult Cions is:-

anterior - oral siphon.

posterior- basal sttachment ares.

dorsal - the long side towards which the
atriasl siphon is obliguely directed.

ventral - the long side opposite to the dorssal.

Over the attachment sres is deve10pe§ & number of finger-
like projections, the villi (Fig. 1, Vi.) which &id in fixing the
enimal to the substratum.

The shape of the animsl, as measured by the ratio of breadth
to length, changes as the length increases during growth. When
approximately the full size has been reached and growth is
minimal, this ratio is sbout 5/28. 1In very young animals that
bave only attained a length of 0.2 cm. the ratio is 1/2. The
nature of this change can be seen in Text-fig. 2, where the
logarithm of the length of individuals at different stages of
growth plotted against the corresponding logarithm of breadth
gives a straight line. The equation describing body form in
terms of length amd breadth, as found by the least squares method,
is :

0.642
B=0.383 L , where
B="body width at anal level.

L=body length.




Some of these measurements were made on normally expanded
living snimals, others on specimens that had been fixed

while under the influence of a narcotiec. The length was taken
| from the tip of the oral siphon to the base of the animal,
excluding any irregulerities due to attachment villi, or post-
abdominal appendix in young specimens. The breadth was taken
across the animal at the level of the anus.

The lengths of the siphons relative to the total length
show considerable variation and may be to some extent influenced
by environmentsl factors. It was found by Fox (1924) that an
abundant supply of algel food induced great elongation of the
siphons in young specimens, although later investigators have
not been sble to repeat these results (Wermel and Lopsschov,
1930). Nevertheless Fox's observations do seem to establish
the facf that the environmment msy determine to a large extent
the relative siphonal lengths, through the amount or nsture of
the availsble food. It will be shown later (vide p. 16) that
the ends of the siphons are important growth zones, and it is
probable that a greatly increased supply of food materials might
stimulate these growth zones to produce long siphonms.

Before considering other aspects of body form it must be
stated that the adult Ciona exhibits positive phototropism.

The long axis of the body is orientated into line with the direc-
tion of the prevailing illumination, with the siphon openings
~ presented to the source of light. This reaction sometimes

- involves the siphons or the whole body in bends of as much as a
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right angle. The contour of the body depends partly on the
extent of its contact with the substratum. Over the surface
of contact attachment villi are produced, and a long attach-
ment area results in the thickening of the posterior part of
the body. On a horizontal substratum under vertical lighting
the body is straight and tubular with a small asttachment area
confined to the posterior part of the animsl (Fig. 3.). On a
vertical substratum with similar lighting conditions the body
is closely applied to the substratum along a greater length
and commonly has an attachment area reaching more than half way
up the body. In these latter conditions the body is thickened
in its posterior half and tapers to the siphons (Fig. 2.).
Between these two extremes many intermediste stages can be
found.

Often & number of animals grow so closely together that
they are in contact over a considerasble part of their length.
In such cases attachment villi develop over the contact area.
This effect was largely responsible for the erroneous recog-

nition of the former species "fascicularis".
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PHOTOTRORISM (Figs. &, b, ¢, d.).

It is well known that many Ascidianllarvae have photo-
tactic reaoctions. No reference can be found, however, to
phototropism in the sdult. That this phenomenon exists in
Ciona intestinalis will be indicated by the evidence to be brought

forward. The following observations were made in 1946 on the
animals in ténks at Millport. Experiments made to discover
whether the ocelli are involved in the phototropic reaction were
inconclusive, but the methods adopted will be outlined.

| Observations on specimens living in various tanks suggested
that there was a light-controlled orientation of the body. 4
tank was found in which the lighting conditions were critical and
which in effect provided s ready-made experiment. This tank was
protected on all sides from the light except on the front which
was of glass. The entire upper and under surfaces were also
shielded so that all light entering the tank did so through the
glass front. Animels were growing on the floor, the side walls,
the back wall and the glass face, all under the ssame conditions
of illumination. On each of these surfaces the animals were
growing towards the light. This involved changes in alignment
in many directions relative to the animal's "normal" position
which is perpendicular to the substratum. 0f all the specimens
in the tank 80 to 90% showed orientation of this kind. The
effects were most clearly seem in those animals attached to the

front glass wall. Phototropic response here forced the animals
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to lie flat along the glass. The siphons were curved round
to face the light (Pigs. a, b, e, ) No other factor
could‘regsoﬁably explain such attitudes.

A preliminary experiment was made to find whether such
‘responses could be elicited under artificisl conditions within
- a short period. Two animels were attached to weighted cork
mats and placed in an experimentsl tank provided with unils-
teral lighting. After 48 hours of constant illumination from
one 40 watt lamp at 4 feet distaﬁce, one of the animals showed
marked, and the other slight change of attitude, towards the
light source. From this it was thoughﬁ worth attempting an
experiment with a view to testing if the ocelli might be in-
volved in the response. This possibility suggested itself

1) from the structure of the ocelli (vide p.i8. ) which
resenble known light receptive organs, and the fact that they
| do ﬁot appear to be responsible for the rapid light responses.

2) from the alignment of the siphons which brings the
ocelli into such a position that they receive equal illumination
(Pigs. a, b, o¢.). |

Tenks were equipped to provide unilateral lighting, a
constant renewal of sea water and a grid to measure the orien-
tation of the contained animals. Records were made photographi-
cally every night and morning. A single recording is shown
(Pig. d.) to illustrate the method.

In order to remove the ocelli completely and at thé same

time as little as possible of the surrounding tissues it was
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necessary to narcotise the animals for a considerable time.
Menthol was used for this purpose, and four hours under the
narcotic were necessary to allow of the removal of the ocelli.
The operation waé followed by an hour's washing in sea water.
The animals were then secured to weighted cork mats by means
of small pins through the test of the basal attachment aresa.
These mats were held in a perspex frame fitted within the
tank.

Control animals were subjected to the same narcotisstion
and were treated in every respect as were the experimental
animals, except that their ocelli were left intact. In the
experiment 96 animals were used, half of them being used as
controls. Each tank held 8 animals, 4 of which were controls
(Fig. d.). The experiment was run for 8 days in each tank,
there being an overlap of one or two days between the setting
up of successive tanks. In spite of precautions tsken to keep
the animsls healthy, more especially the removal of faeces,
and continuous water circulation, there were signs of poor
condition emongst both experimental and control animals after
about 8 days. Perhaps the prolonged subjection to menthol
was partly responsible for this.

As already stated the results of this experiment were
inconclusive. Even the control animals did not show a
suffieiently marked and uniform response to justify any con-
clusions as to the nature of the phototropic reasection or the

mechanism involved. Future experiments along the lines
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adopted here would in the first place have to eliminate the
cause of the poor condition into which the animals fell after
about a week. As & step in this direction the use of any
narcotic would have to be abandoned. This would involve e
change in the method of removing the ocelli, and the only
satisfactory prdeedure appears to be the amputation of the whole
siphon tip.

Phototropism mey be of common occurrence smongst Ascidians.
The only other observations that I have made are on Ascidis
asperssa. This species is cormon in shallow water in certain
West Highland sea lochs, and was under observation during the
summer of 1947. It grew abundsntly on cemented cardboard
containers put out for oyster settlement. (Ciona, which was also
present, but in smsller numbers, showed positive phototropism.
A. asperse in the great majority of cases was orientated in the
same way as Ciona, with the oral siphon towards the light. In

other situations, where A. asperss occurred alone, its orientat-

ion could in all cases be explasined on the basis of phototropism.
It is reasonsble to conclude that this species also exhibits
positive phototropism.

As to the functional significance of this reaction, it can
be suggested that its value is probably to carry the siphons
clear of the substratum. Thereby the inhalant current is kept

free of detritus and fouling organisms.
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COLOUR.

Ciona 1is 8 semi-transparent animsl, usually yellowish or
greenish grey and often suffused with some shade of orange.
Three distinoet colour patterns have been found in the specimens

examined, and are characterised by the following features:-

Type 1) Body wall with little pigment; trabeculae and
transverse baré of the pharynx yellow, giving the animal a
striped appearance; dorsal septum and some of the viscersl
mesenteries yellow.

Type 2) dey wall deeply suffused with reddish orange,
'hiéh i8 often most intense on the siphons and becomes gradually
paler towards the posterior end of the body; 1little or no
yellow in the trabeculae, transverse bars of the pharynx or the
visceral mesenteries.

Type 3) The whole body psle translucent greyish green;
little or no yellow or orange in any part of the body.

These three colour forms are however connected by a series
of intermediate stages. No explanation based on environmental
conditions has been found to explain the colour patterns, since
individuals of all three types are found to occur in close
Proximity and apparently under the same conditions of environment.
It is not known whether these eolour patterns are inherited.
Equally striking colour variations are found in other Ascidians.

In Botryllus,for example, widely dissimilar colour patterns are
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to be seen in neighbouring individuals of a colony.

A ring of ocelli (Figs. 1, 10, Oc.) or pigment spots round
the rim of each siphon constitutes the only constant colour
pattern of the animal. ©Each ocellus has é small red centre
surrounded by a more diffuse yellow area. An ocellus lies at
the base of each notch between the lobes of the siphon. The
histology of these structures will be deslt with later (vide
P. (8. )e

Pigment is laid down in the body mainly in the following

sites: -

(a) in the walls of the branchial sac, chiefly in the

| large transverse bars.

(b) in the trabeculae connecting the branchial sac and the
body wall.

(e¢) along the walls of the oviduot.

(d) along the endostyle, and particularly st its anterior
end where a distinet pigment spot is often formed.

() geﬁerally distributed in the body wall.

(f) immediately dorsal to the ganglion, where a distinct
red pigment spot may be formed. This is, however,
often completely absent.

(g) in the dorsal septum and to some extent in the visceral

mesenteries.
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TEST. (Plate 2.).

The body of Ciona is covered on the outside by a protective
coat or test (Fig. 4, T.) which is thin over most of the body
but is thickened on the area of attachment. The two siphons
are also lined by test. In the oral siphon it covers the whole
inner surfsace. In the atrial siphon the test lines rather less
than half of its length (Fig. 13.).

The test is a nearly transparent gelatinous coat, composed
of two layers, which generally separate in dissection. Of these
the outer is merely the specially hardened superficial part of
the test, while the inner retains a softer consistency. Both
layers are formed primarily of an epidermal secretion which is
converted 1nto'a living tissue by immigration of mesenchyme cells.
In the outer layer of the test there is a fairly high concentra-
tion of these cells (Fig. 4.), while in the inner layer there is
a much smaller number. This distribution of cells differs from
that given by St. Hilaire (1931), who maintained that the cells
were evenly scattered throughout the test.

The ground substance of the test is almost smorphous but
shows & laminated structure resulting perhaps from changes in
pressure.

The following cell types are found in the test:-

1) amoeboid cells with granular cytoplasm, clear lobose or
pointed pseundopodia and a spherical nucleus. These cells appear

to be less specialised than the other types. (Fig. 5, a.).
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2) vesicular cells characterised by a single large vacuole
occupying most of the cell body, and foreing to one side the
discoid nucleus. The contents of the vacuole are homogeneous
and acidophil in reaction. (Fig. 5, b.).

3) phagooytic cells of irregular shape, with contours
rounded or extended into lobose or pointed pseudopodis. Within
these phasgocytic cells are one or more vacoules contsining
masses of ingested particles, which in living cells show Browniaﬁ
movement. (Fig. 5, c.).

Many cells close to the surface are degenerate, and probsbly
these cells are constantly being lost to the surrounding water.
Replacement of surface cells is effected by migration of new
cells through the epidermis, a process that continues throughout
life.

The functions of the different types of cells in the test
are not well established. It has been shown (Metschnikoff 1883,
Lubarsch 1891 and St. Hilaire 1931) that the phagocytic cells
migrate to and surround an intruding body. They therefore
protect the animal from the entry through the test of harmful
organisms.

The role of the other two cell types remsins obscure.

The test substance, K at least when newly secreted,is adhesive,
a property that enables the animsl to secure and maintain a firm
hold on the substratum. The ability of the animal to become
attached is not lost as might be expected once the larva has
settled and metamorphosed. This fact, mentioned by Seeliger
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(in Bronn),was verified by removing 12 aquarium specimens to
separate glass vessels and leaving them undisturhed. After
3 weeks 8 of these animals had thrown out long villi and
reattached themselves firmly to the glass. The remsining 4
had developed villi but had failed to become fixed.

One of the best known and most remarkable features of the
Tunicate test is its chemical affinity to plant cellulose, but
the speecial significance of this is gquite unknown. |

No nerve fibres have been found in the test of Ciona such
as those described by Das (1936) for Herdmania.

Three functions may be ascribed to the test:-

1) it is 8 protective covering acting not only as a
mechanical but also as a phagocytic shield.

2) the test is responsible for the attachment of the
animal to the substratum.

3) it is an exoskeleton 1mpor£ant in restoring the body to
its extended shape after contraction, and probsbly in keeping
open the body cavities.
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EPIDERMIS (Plste 2.)

The epidermis lies immediately under the test and like it
extends into the siphons. It consists of a single layered
epithelium composed of two types of cells differentiated by
their heights. Tn transverse section the eells of the terminal
quarter of the outer and inner surfaces of each siphon are tall,
and narrowed at the base with a freely projecting body. (Fig. 7,
a.). In surface view these cells are hexagonal. Their cyto-
plasm is weakly staining and their nucleus has distributed
chromatin blocks. (Fig. 6, C3.). Not infrequently two daughter
nuclel are found in one cell before cell division has occurred.
The terminal epithelium, whose charscters have Just been described,
constitutes a growth ring round the tip of each siphon.

The cells of the rest of the epidermis have, in transverse
section, a low flattened form. In surface view they also are
hexagonal. These cells are characterised by their deeply
staining cytoplasm and resting nuelei. (Fig. 6, Cg.). A vacuole
usually occupies part of the cell.

In the ocellar areas between the bases of the lobes the
epidermal cells are of the flat type with resting nuclei. It is
to be expected that a region with such a well defined and constant
structure as the ocellus would take little or no part in growth.
The ocellus must be carried forward as a static struoture by the
neighbouring growth areas. |

Other local varieties of epidermal cells are found at the

base of the animal and on the test vessels, where the cells



17.

(Pig. 87.) are tall and narrow, and somewhat resemble those

of the siphonsl growth zones. Over the test vessels, however,
the nucleus of the epidermal cells often appears to be in a
reating condition. There is, nevertheless, much cell division
and mitotic figures are seen. The significance of this high
rate of cell division will be discussed in the description of
the test vessels (vide p.ios.).

The epidermis over the test vessels shows in certain parts
even more remarksble shapes than those found in the siphonal
growth zones. At intervals in this area there are patches of
cells in which the elongation of the cell body has been carried
to such an extent that part of the eytoplasm penetrates the test
for some distance as a long fine strand the end of which is
expanded into a small bulb (Fig. 7, b.). These processes may
represent the secretory threads described in Distaplia by Della
Valle (1881), in Fragaroides by Maurice (1888) and in Clavelina
by Seeliger (1893). |

The sensory structures of the epidermis will be described
in the section dealing with the nervous system (vide p.76. ).
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OCELLI (Plates 2, 3.)

Round the tip of each siphon there are a number of pigment
spots or ocelli (Fig. 1, Oc.) which are situated on the outer
surface in the notches between ths lobes. An ocellus consists
of a small area of differentiated epidermal tissue and immediately
underlying this an acoumulation of pigment cells to which the
ocellus owes its colour. The epidermis of the ocellus forms
a moderately deep pit and its cells are tall and colummar (Fig.

8, Oc.c.). The nuclei lie basally in these cells, but unlike
Seeliger (in Bronn) and von Haffner (1933) I am unsble to see any

essentigl difference between these nuclel and those of the

surrounding epidermal cells. A vacuole is situsated between the

(fa

nucleus and the outer edge of the cell, but similar vacuoles are
present in normal epidermal cells. Both Seeliger (in Bronn)

and von Haffner have deseribed and figured fine hair-like processes
projecting from the outer border of these cells. Seeliger was
unwilling to make a decision as to the nature of the processes but
von Haffner regarded them as sensory. I have seen no structures
resembling these hair-like processes on the cells of the ocellus.
Lying immediately behind the pit is a layer of orange-red pigment K{
cells (Fig. 8, 0.c.). These constitute the red centre of the
ocellus as seen in surface view. Yellow pigment cells (Fig. 8,
Y.c.) are situated on each side of the red centre and to a less

extent behind it. No specisal innervation was seen in connection

with the ocelli.
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The ocelli are sometimes regarded, on rather slight evidence,
. as sensory structures. The histological basis for such a

belief consists of the observations of Seeliger and von Haffner
already quoted, but from an experimental point of view no support
has been found for the sénsory theory. Hecht (1918) showed thsat
in Ascidig atra no light sensitivity could be attributed to the

ocelli. It is possible, as suggested by Huus (in‘Kﬂkenthal),
that they are vestigeal organs. One further possibility,
although a remote one, I have mentioned in the section on photo-
tropism (vide p. 3. ).

There are characteristically 8 and 6 ocelli on the orsl and
the atrial siphons respectively, and these numbers have been
regarded as typical for the genus. A considersble degree of
variation is found, however, in the number of oral ocelli, and a
very small degree of veriation in the_number of atrial ocelli.
Messurements of these varistions were made in the following

- populations of Cions: -

(1) that found in Loch Sween.
(2) that of one aquarium tank in the Millport Station.

The results, for the oral ocellus numbers, are shown in
Text~-figs. 4a.and 4 b, which refer respectively to the Loch Sween
and the Millport tank populations. The relstive constancy of
the atrial ocellus number in both populations rendered a histogram

unnecessary. Most, although not &ll, cases in which the satrial
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ocellus number differed from 6 could be correlated with an
abnormality in the siphon itself. This usually took the form
either of a definite malformation, or of an exceptionally wide
siphon.

It will be seen from Text-fig. 4a that in the Loch Sween
population 8 is the modal number and that there is a slight skew.
A variation from the modal number occurs in 7.6% of the animals
examined. Von Haffner (1923) found a variation in only 3% of
the specimens that he examined. In the Millport tank population
the modal number is 7 (Text-fig. 4b), and 71% of the population
vary from the generic number of 8.

There are two possible explanations of the low number of oral
ocelli: -

(1) The population in the tank may be an approximastely closed
one and may have been so for some time. It is therefore possible
that a mutation involving siphon width could spread in this
population. This is rendered more likely by the fact that the
variation is practically confined to one siphon.

(2) Siphon width may however be the eontrolling factor in
ocellus number, as indicated by the regeneration experiments of
Von Haffner (1933). The availsbility of food might affect the
siphon width and therefore the ocellus number, Fox(1924) showed
that the proportions of the siphons could be altered by changing
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- the concentration of food materials in the water. Although

he only observed alterations in the length of the siphons it
seems possible that the relative width might also have_changea,
or that it could be changed by other nutritional factors. The
animals whose ocellus numbers are represented in Text-fig. 4b
were living in a rather dark squarium tank in which the food
supply probably differed considerably from thet of the open sea.
This line of argument however does not readily explain the

constancy of the atrial ocellus number.
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Histology of the Body Wall.

A histological deseription of the body wall will be given.
For this purpose that part of the body wall has been chosen
that overlies the pharynx. The test, which has salready been
described, will not be regarded here as part of the body wall,
which will therefore be divided into the following sections: -

Epidermis.
Connective tissus.
Muscle.

Atrisl epithelium.

The epidermis and its varieties have already received
attention (vide pp. /6,17 ). Below the epidermis (Fig. 4, BEps.)
there 13 a relatively thick layer of connective tissue (Pig. 4,
Cn. ti.), bounded on its inner side by the atrisl epithelium
(Fig. 4, At. e.). The longitudinal muscles (Fig. 4, Lon. mu.)
and circular muscles (Fig. 4,‘Cir. mu. ) are embedded in this
oonnective tissue which also contains blood vessels and lacunse.

Connective tissue. The connective tissue (Figs. 4, 9, Cn. ti.)

gﬁoonsists of a clear extra-cellular ground substance in which
“yxﬂ connective tissue fibres are developed to a varisble extent. In
A many ocases these fibres can be traced to a connective tissue cell
(Pig. 9, Cn. ti. c.). Tﬂgwéonnective tissue fibres may be
regarded as strengthening structures, and attain a high develop-
ment in certain parts of the body where mechanical support may be

required. The connective tissue cells are mesenchyme elements
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\of various shapes but with almost constant nuclesr characters.

- 5

Most often the cell is spindle shsped and drawn out into s
tapering process at each end. Each process may give rise to

one or more fibres. Other shapes are found amongst connective
tissue cells. These are sometimes irregularly rounded with no
fibrous processes, sometimes stellate and giving rise to a group
of outwardly radiatiné fibres. The nucleus is typically
sphericael, with & rounded nucleolus usually applied to the nuclear
membrane. Small chromatin blocks are scattered in the nucleué,
but occur mainly at the periphery. The importance of recognising
connective tissue cells as such lies in their resemblance to
ganglion cells. The nucleus prbvides the best diagnostic feature,
and more especially the position of the nucleolus.

Musele (Fig. 9, Lon. mu. and Cir. mu.). The relative positions

- of the longitudinal and eircular muscles will be mentioned else-

where (vide p.27.). A muscle consists of a close aggregation of
smaell muscle strands. Each strand is composed of many non-
striated muscle fibres. The fibres of & strand usually number 6
to 15 in a transverse section through the strand, and are arranged
round & common centre. Each muscle fibre is a long narrow rod,
tapering at each end to a point which in sections appears gently
curved. Undifferentiated protoplasm occupies the centre of the
muscle strand, and within this protoplasm are embedded the muscle
nuclei. The nucleus is elongated in the direction of the fibre,
and contains a small nucleolus and finely divided chromatin.

Sinve completing-the: work, on:which. the above: description is based,
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Fig. 9a. Transverse section through a muscle strand,

with five fibres. Each fibre shows eenstituen$5
fibrils.

Pig. 9b. Prom a longitudinal section through s muscle

strand, showing pert of one fibre, a nucleus

and residusl protoplasm.

Mu. fi. = Huccle fibre.
- N. ~ = jkiuscle nucleus,
K. pm. = Residual , undifferentiated protoplasm,
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I have made further investigations on the histology of the body
muscle. Best results have been obtained by stsining with iron
haematoxylin and van Gieson, after brief fixation (45 minutes)
in Bouin. Ester wax sections were cut at 5 m. Each muscle
fibre was seen to be not homogeneous, as has been thought, but
to consist of s number (probably 30-50) of fine longitudinal
fibrils closely packed within the fibre and rumning its entire
length. There was still no evidence of cross striation.
Additional figures (Figs. 9a and 9b) have been inserted to
illustrate these details.

Atrial epithelium (Fig. 9, At. e.). This is & single layered

sheet of flattened cells, each of which generally has a vacuole
beside the nucleus. The ovoid nucleus somewhat resembles that
of the epidermal cells, but with rather more chromatin in a
dispersed form. The existence of cupulas sense organs in the
atrial epithelium will be referred to in the section desling
with the nervous system (vide p. 77.).
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BODY WALL MUSCULATURE (Plate 3.)
The body wall musculature is divided into two systems: -

a) Longitudinal system.

b) Ciroular system.

The longitudinal system,which over most of the body lies
external to the circular system, is organised into a small
number of well defined bands. The circular system is relatively
diffuse and consists of slender transverse and oblique strands
which by anastomosing form a network encirecling the body.

a) Longitudinal system. There are two similar groups of

longitudinal muscles one lying on each side of the body, and
running the entire length of the snimal from the basal attachment
area to the tips of the siphons. All the longitudinal muscles
of each side of the body have a common origin in the small pro-
longation of the body wall by means of which the test vessels
enter the test. This body wall prolongation has been called the
"post-abdominal appendix" (Figs. 11, 12, T. ve. ro.) by Arnbdck-
Christie-Linde and Brien (1932). From this appendix five muscles
(Fig. 12.) run forwards along each side of the body diverging as
they pass towards the siphons. These muscles Will be denoted by
the letters L1 to I5. L1 is the most ventral and I5 the most
dorsal muscle. The oral siphon is supplied by muscles L1 to

L3. 13 is a double muscle, its division tsking place at a

varisble position along its length. The most usual position for
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this division is gbout half way from the appendix to the
base of the oral siphon. Each of the muscle bands L1, 12,
L3a and L3b is finally distributed to a single lobe of the
orel siphon.

The atrial siphon is supplied by the muscles 14 and 15
on both the right and the left sides. The two ventral lobes
on each side of the siphon are supplied by L4, while strands
from L5 cover the remaining lobe on each sige.

I do not agree with Roule (1884) that the most constant
muscle is one passing to the intersiphonal region and there
dividing to send a branch to each siphon. Although I have seen
such a disposition it was certainly exceptional. The inter-
siphonal region is supplied by both L3b and L4 but typically
neither divides to send branches to both siphons, nor are the
two muscles often united.

In addition to the longitudinal muscles already described
there is a pair of weak ventral longitudinsl muscles (Pigs. 10,
11, 27, V. lon. mu. Junder the endostyle. These differ in
distribution from the muscles L1 to IS5 described sbove and origi-
nate slightly further forward in the same appendix area of the
body. They pass forward to the snterior end of the endostyle
where they diverge sharply from each other and are soon indistin-
guishable from the sdjacent circular muscle strands (PFig. 10).
Roule (1884) stated that the ventral longitudinal muscles lie
deeper in the body wall than the other longitudinal muscles, but
I have found no difference in their depth from that of the musecles

L1 to 15.
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On reaching the bases of the siphons the longitudinal
muscles show features that require more detailed description.
L1, 12, 13a and L3b become considerably constricted at the
‘level of the anterior end of the endostyle and remain so
almost up to the tentacle ring (Fig. 10). At that position
they start to divide repeatedly into small strands which fan
out as they pass up towards the lobes of the oral siphon.

Each of these muscles L 1 to L3b distributes its subdivisions
to one of the lobes, end the arrangement is such that between
the bases of the lobes, that is in the ocellar region, there
are no longitudinal muscles.

I4 and 15 are similarly distributed to the atrial siphon
lobes, except that there is no constriction of the muscles at
the base of the siphon. This difference may be connected with
the fact that in the case of the atrial siphon there is no
}union of the body wall and the pharynx. In the orsl siphon,
on the other hand, the body wall and the anterior end of the
pharynx sre fused at the base of the siphon. It is over this
area of fusion that the longitudinal muscles are constricted.

At or Jjust anterior to the ring of tentacles in the oral
8iphon, and at a corresponding level in the atrial siphon the
longitudinal strands pass more deeply into the body wall.

They now come to lie internsl to the eircular muscles so re-
versing the arrangement found in the rest of the body. The
outermost strands of each longitudinal muscle, however, retain

their external position.

Prom the foregoing desoription, therefore, if there are
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eight lobes, each receives one of the branches L1 to L3b of
the longitudinal system. Where the oral lobe number is less
than eight, the number of muscles is not reduced to equal that
of the lobes. A single muscle often spreads over two, or
parts of twe, lobes.

The arrangement of the longitudinal muscles usually conforms
to the plan outlined above, but where there is individual
variation, the most common depsrtures from normal are:-

1) L3 is frequently split to the base, so that L3a and
1L3b appear as separate muscles, ranking equally with L1 and
L2.

2) There may be partial or even complete fusion of adjacent
muscles, sometimes reducing the number to three on each side of
the oral siphon.

3) Occasionally one of the muscles dces not extend down to
the base of the animal, but originates at some level higher than
this.

b) Circulsr System. The general characters of the circular
musculature have already been described. The individusl strands
of which it is composed are much more slender than those of the
longitudinal system. The frequent branahing and fusion of the
strands produoes'a wide-meshed reticulum, but in this the
circular direction predominates.

In the postero-dorsal area the irregularity of the system
i1s most pronounced (Fig. 1l.). Here strands from the circular

" system turn and run longitudinally, forming linkages with the



29.

longitudinal system.

The siphons on the other hand, and particularly the orsl
siphon, are characterised by the more strictly cireular course
of the muscles (Fig. 10). Even here, however, they are not
isolated hoops passing round the siphons, but are linked to
one another by conneoting branches. The muscles become progres-
sively thinner and more closely spaced as they approach the
siphon ends. Circuler muscles are present in the ocellar sreas
and lie internal to the ocelli. One conspicuously large
circular muscle at the base of the oral siphon lies under the
ring of tentacles (Fig. 10, Ten. mu.). No similar muscle marks
the base of the atrial siphon.

Although somewhet distinet in character from the circular
musculature of the rest of the body, that on the siphons is not
separasted from it. Ansstomoses join the muscles of the two
regions.

Over most of the body there is little cross connection
between the eircular and longitudinal muscle systems except in
the postero-dorsal region. The anterior distribution of the
ventral longitudinal muscles constitutes another link between

them.
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TENTACLES (Plate 4.)

The base of the oral siphon 1s marked by a8 ring of tentacles
(Fig. 13, Ten.). These project from the imner surface of the
body wall across the opening to the pharynx. They stand on a
flange running round the base of the inside of the oral siphon.
Within this flange is s well developed ring muscle (Figs. 10, 14,
Ten. mu. ).

The tentacles, which are sickle shaped with the concavity
facing forward towards the oral opening, taper to a blunt point
(Figs 14, Ten.). In transverse section the tentacle is seen to
have the posterior face rounded and the anterior face shsped like
a keel (Fig. 15, K.), the sides of which are concave. A smooth
flat epithelium covers the posterior surface of the tentacle
(Pig. 16). On the anterior surface there are three bands of
ciliated cells running the whole length of the tentacle (Fig. 15,
Cil. bd.). One is situated on the ridge of the keel and the two
others are situsted laterally on the shoulders where the keel
meets the posterior facs. All three ciliated bands are thus
presented to the oral opening and inhalent current. The sides
of the keel, between the median and the lateral ciliated bands,
are covered with a sparse ciligtion. No sensory cells have
been seen, although thése were mentioned‘and illustrated by
Seeliger (Bronn). Mechanical support to the tentacle is pro-
vided by the connective tissue that occupies its interior. At

regular intervals along its length transverse sheet-like
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thickenings (Pig. 15, Lam. th.) increase the rigidity of the
connective tissue. A pair of tentacular blood vessels (Fig.
15, Ten. ve.) run within the shoulders and inter-communicate
distally to form the two limbs of a double vessel. No muscle
fibres have been found in the tentacles of Cions, although these
have been described for other Ascidisns.

The tentacles are of different lengths and the longest
almost reach to the centre of the sgiphon. Alternating with
these are somewhat shorter ohes, while a third, fourth and some-
times a fifth series, may be distinguished. The largest
tentacles are designated tentacles of the first order and the
succeeding groups of tentacles are the second, third and fourth
orders. The arrangement, which results from a process of
intercalation, is set out in Fig. 17, Ideally the first order
tentacles number 8, one corresponding in position to each of the
longitudinal museles L1 to L3b. The theoretical arrangement

and number of the tentacles is therefore: -

Order. No. of tentacles.
1. 8.
2. 8.
3. | 16.
4. | 22,
Total 64.
(+ rarely 5. 64 )
Total 128 )

The total is only attained with a certain minimum body size
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and even then there is considersble individusl variation from
the idesl full complement of 64. The correSpondence between
tentacle number and body size is shown in Text-Fig. 5, and this

figure suggests the following conclusions: -

1) This is & case of heterogonic growth, as the points
appear to lie around an approximstely logarithmic curve. This
form of increase is rather obscured by the amount of numerical
variation and probably also by the discontinuous nature of the
increese in number, as all the members of a new order will
appear nearly simultaneously.

2) There is quite a high degree of individual variation.

It would sppear that the tentacle number gs a taxonomic
feature has certain limitations. In the first place it is
necessary to use the tentacle number with reference to the
corresponding body dimensions. Secondly the wide variation
within a species necessitates the study of large numbers of
individuals before assessing the tentacle number of the popu-
lation under consideration.

Ritter (1909) who studied the degree of variation in
Halocynthia, gave figures for tentacle number and body length.
He was not, however, primaerily concerned with the form taken
by the increase in number, and so did not plot his results.
When this is done & wide scatter is found and no curve can be
drawn amongst the points. As no small specimens were measured
the difficulty of suggesting such a curve is increased. Lindsay

and Thomson (1930) working along the same lines made tentacle
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counts in the two closely related forms Ascidia aspersa and

A, scabra, but only with a view to discovering specific differen-
ces. The curves drawn by these workers also show considerable
scatter. Unfortunately the specimens measured by Lindssy and
Thomson were rarely less them 10 cms. in length. Nevertheless
the same tendency towards a logarithmic curve as was suggested
for Ciona, is discernable.

No general agreemerit has been reached as to the functional
significance of the tentacles. Almost certainly they are useful
in filtering out large particles from the inhalent current before
it reaches the pharynx. The efficiency of the filter is
probably greater with an arrangement of alternating sizes than
with equal tentacle size, as the former gives a more even
netting effect. The tentacles may also be sensory structures
which test the incurrent water, and certainly for this function
their poSition is suitable. The histological evidence for a
sensory function is, however, not very strong. Seeliger (in
Bromn) claimed to have demonstrated sensory cells in the tentacle
epithelium of Ciona. Hunter (1898) also maintained’ that the

tentacles in Molgula manhattensis are sensory. On the other

hand Roule (1884) found that in Ciona they are less semnsitive
to mechanical stimulation than the neighbouring parts of the

siphon. In Ascidia atra, however, Hecht (1918) described the

tentacles as sensitive to mechanical and probably to thermal

stimuli, and Day (1919) showed that in Ascidia mentula they are

sensitive to chemical stimulation.
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In my experience the sensitivity of the tentacles to
mechanical stimulation is low, and I have seen no sensory
cells in their epithelium. In sddition to any sensitivity
that the tentacles themselves might possess, there is the
possibility of their transmitting to the body wall any shocks
received from the impact of large particles.

A respiratory function has been ascribed to the tentacles
of Ascidians. This is likely to be of importance only in
those forms with large branched tentacles. In Ciona the
respiratory surface of fered by the tentacles is small relative
to that of the branchial ssac.

The role of the ciliated bands is obsecure. As the cilia
beat from the base to the tip of the tentacles, they might
convey lodged particles to the centre of the siphon from which
position they are more esasily blown clear in the water current

of the ejection reflex.
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PHARYNX (Plates 4, 5, 6.)

The pharynx extends from the ring of tentacles to the
mouth of the oesophagus, and occupies rather more than three
quarters of the total body length. This proportion is
remarkably constant throughout the life of the animal (Text-
fig. 3).

The pharynx is divided into &8 narrow anterior prebranchial
zone (Fig. 13, Pre. z.) and & wide posterior branchial zone.
The branchial zone is characterised by the presence of clefts
(stigmata) in the walls, the endostyle mid-ventrally on the
floor and the line of languets mid-dorsally on the roof.

Prebranchial zone. The prebranchial zone occupies 8

relatively small part of the pharynx. Its walls consist of a
flat non-cilisted epithelium of polygonal cells, msny of which
ere in division.

Close to the posterior end of the prebranchisl zone lies
the peripharyngesl band (Pig. 13, Per. bd.), which encircles
the phsarynx. The right and left halves of this band meet
ventrally in the anterior end of the endostyle, and dorsally
beneath the neural gland. The whole band consists of a narrow
non-ciliated anterior lip (Fig. 19, Ant. lp.) arching back
over a wide cilisted posterior lip (Fig. 19, Pos. 1lp.). The
posterior lip bears a series of small two-lobed papillae
cilisted at their tips. These may be homologous with thé
papillae of the branchisl sac. The function of the band, which
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is part of the feeding mechanism, will be referred to later
(vide p. !50.).

Branchial zone. That portion of the pharynx which con-
stitutes the branchial zone occupies a great part of the total
volume of the animal, and is generally referred to as the
branchial sac.

The walls of the branchial sac are perforated by very large
numbers of clefts, the stigmata (Fig. 20, Sti.). These are
arranged in transverse rows that pass round each lateral wall
of the pharynx, from the endostyle to the line of languets.
Between the rows of stigmata the wall of the branchisl sac has
inward projections, the interstigmatio transverse bars (Pig.

20, Tr. ba.). Between the interstigmatic bars and passing
across the centre of the rows of stigmata, are the parastigmstie
transverse bars. These slender bars are suspended internally
elear of the stigmata which they therefore cross but do not
interrupt. Internal to the transverse bars are the longitudinal
bars (Fig. 20, Lon. ba.) which run along the whole length of

the branchial ssac. The wall of the branchial sac is therefore
divided into & number of meshes within each of which lies a
group of stigmata. Each longitudinal bar bears & papills
(PFigs. 20, 24, Pp.) at each point of intersection with an
interstigmatic bar and also sometimes with a parastigmatic bar.

The transverse bars vary in size according to their age
in much the same way as do the tentacles. The arrangement of

the different orders of transverse bars in the pharynx has been
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enalysed by Damas (1901), and it is on his results that the
following outline is based.

Naming the largest transverse bars, bars of the first
order, we have a descending series of orders. There are five
bars of the first order dividing the branchial sac into six
fields that are of gradually ﬁecréasing length towards the
posterior end of the branchial ssaec. The middle of the first
(anterior) field is marked by the end of the genital ducts.
The posterior end of the second field is level with the anus.
For the remaining fields there are no convenient landmarks.
Bi$seeting each field just described, and consequently alternat-
ing with the first order bars, there is a second order bar.
By a process of intercalary growth new bars are added between
pre-existing ones and in a large individual there may be 9 orders
of transverse bars. In the third and higher orders the number
of bars in any order is twice that in the preceding order. Only
in the highest orders is this law of doubling not applicable
(orders 8 and 9), and here because of the existence of an antero-
posterior growth gradient in the branchial sac, the anterior end
of which is in s more advanced stege of development than the
posterior end. The mejority of the large bars - in a large
animal orders one to six - are interstigmatic, and only the
smallest are parastigmstic.

The pharyngeal wall is a thin sheet of tissue bounded on the

outer side by the flat non-ciliated atrial epithelium. The
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endodermal epithelium of the inner, pharyngeal surface is
similsr and also is non-ciliated. The connective tissue
between these two epithelia is provided with a rich system

of blood vessels. It has alresdy been noted (vide p./XR. )
that the pharyngeal'walls mey have & deep yellow colour due

to the presence of many pigment cells in the connective tissue
of this region.

The stigmate (Fig. 20, Sti.), typically long and narrow,
have their major axis along the pharynx. Cilisted cells
numbering 6 to 8 across the thickness of the branchisl wall
line the margins of the stigmata (Fig. 23). Each cell,
elongated in the length of the stigma, bears a row of 15 to 20
eilia. These cilia are long enough to reach the centre of the
stigma. The cells of the narrow anterior and posterior ends
of the stigmata are more crowded together and assume a tall
narrow form. The cilia of the stigmata, lashing across the
stigmata from the branchial cavity towards the peribranchial
cavity, are responsible for the feeding current.

A number of stigmata are enclosed in the mesh formed by
the intersection of transverse and longitudinal bars. This
number undergoes & gradual increase &s the animal grows. Use
has been made of the stigmatic number in separating species,
but here, as in the case of the tentacles, the number should
be correlated with the size of the specimen. _

Multiplication of stigmata takes place by the divisidn
of pre-existing ones and not by new perforation of the branchial

wells. Between two long stigmata two shorter ones are often
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to be seen, and these are the products of division of a single

long stigma.
Small stigmata (Pig. 25) may also be seen in the pharynx

of animals that are senile, starved or for some other reason in
poor condition. In this ease however the small round stigmata
result from the reduction not the division of larger ones.

Selys Longchamps and Damas (1900) found a similar appearsnce in
the pharynx of Molguls, and Damas (1901) suggested that this

in Ciona was dus to unfavourable conditions. It has been
possible to verify this experimentally in the case of starvation,
and to make observations on senile animals. In Ciona there
appears to be no doubt that this condition of the branchial

wall is characteristic of malnutrition or senility. Simul-
taneously with the reduction in size of the stigmata other changes
take place. The transverse and longitudinal bars degenerate and
disappear. Large areas may then be found with‘no bars and only
& few small round irregulsrly plsced perforations.

The interstigmatic transverse bars are in their final form
merely ridge-like dilsatations of the branchial wall. The
.parastigmatic bars on the other hand are slung between the inner
longitudinal bars and only connect with the wall by occasional
pillars. The whole epithelium of the transverse bars is smooth
and flat. Blood vessels are present in all the bars.

The inner longitudinel bars sre supported by the transverse
bars by fusion at each‘crossing point. The longitudinal bars
are slightly flsttened dorso-ventrslly so that in a transverse
section they project inwards at right angles to the branchial
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wall (Pigs. 21, 24). A dorsal and a ventral groove run
along the bar forming a partial constriction which separates
an inner rod-like from an outer undifferentisted portion. This
rod, the histology of which does not spnear to have been
previously investigated in detail, is differentiated into
cilisted and zlsndular parts. The upper 8/3 of the epithelium
is ciliated end only a narrow strip along the ventrel side is
glandular (Figs. 21, 24, Gl. c.). The cilia of the dorsel
cells are presumably what Orton (1913) refers to as the "frontal
ecilia”.
The strip of gland cells is further divided into two zones.
- 0f these the more dorsal consists of two or three tall cells
which after haematoxylin or methylene blue staining sre character-
ised by the deep colour of the cytoplasm distal to the nuclsus.
The extreme ti? of the cell is lightly coloured. The more
ventral of the two glandular zones contains one or two cells
(Fiz. 22) of a squat shape. These are vacuolated, each vacuole
having e single secrétory body. With Schiff's stain, used
according to the method of McManus (1946) the distal ends of
the tall cells and the vacuole ineclusions of the shorter cells
give & positive reaction for mucus. It is curious that two
cell typves should exist side by side, perform the same function
end yet differ considerably in their histological apnearance.
The presence of this strip of mucuslproducing tigsue on
| every longitudinal bar is & hitherto unrecognised factor perheps

of some importence in the feeding mechanism of Ciona (vide pe./48. ).
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The short broad papilla (Fig. 24, Pp.) that springs from
the intersection of the longitudinal with the transverse bars
is flattened in the transverse plane and curved dorsally. The
dorsal edge is notched to s variable depth, and the ventral
edge bears a groove (Pig. 24, Cil. gr.) running from tip to
base. Within this groove is a band of short cilia that beat
from the base to the tip of the papilla, that is towards the
roof of the pharynx. The strip of gland cells of the longitud-
insl bar continues across the base of the papilla, and ventral
to the gland cells is an isolated triangular patch of ciliated
cells.

In many Ascidians the roof of the branchial sac is provided
- with a dorsal lamina hanging down into the cavity. In Ciona
this is replaced by a series of languets (Fig. 20, La.). Each
languet corresponds in position to one of the transverse bars.
There is an altermation in size in the languets of the series
but this tends to become obscured. The languets are long
finger-shaped structures curved round to the right into a sickle-
shaped form. Each languet is flattened antero-posferiorly and
is tapered from a broad base to a pointed tip. A flat non-
ciliated epithelium covers the anterior and posterior faces, but
the lateral margins sre ciliated (Fig. 26.). This ciliation
extends the whole length of the languet and not as Damas (1901)
implies only over the base. The cilia beat towards the tip of
the lenguet. '

The function of the languets will be discussed with the
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feeding mechanism (vide p. I49. ).

Brief mention must be made of the existence of muscles in
the pharynx. Along the whole length of the roof of the
branchial sac there is a band of longitudinal muscle (Fig. 57,
Lon. ph. mu.). This band accompenies the dorsal strand, the
visceral nerve and the genital ducts. Museles lie also in
the larger transverse bars and link up dorsally with the longi-
tudinal muscle. The transverse muscles are horse-shoe shaped
with the open ends pointing ventrally. Muscle strands in the
dermatobranchial trabeculae unite the transverse muscles of the
pharynx with the muscles of the body wall.

The function of the pharyngeal musculature is not known.
It may however be connected with feeding, as Orton (1913) and
Hecht (1918) recorded movements of the pharyngeal wall during

feeding.
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ENDOSTYLE (Plates 4, 6.)

The endostyle (Fig. 13, Es.) occupies the mid-ventral strip
of the pharyngesl wall, and under it the pharyngesl wall and the
body wall are united. The endostyle has s deep narrow groove
which opens dérsally to the cavity of the branchial sac. It is
bilaterally symmetrical about this groove.

Each half has three strips of gland cells separated from one
another by two bands of ciliated cells. There is also & mid-
ventral band of ciliated cells ocecupying the floor of the endo-
style. The strips of glend cells are named dorsal (Fig. 27, D.
gl.), middle (M. gl.) and ventral (V. gl.) strips. Separating
the dorsal strip of gland cells from the walls of the branchigl
sac is the dorsal ciliated band (D. ecil.). Betweeh the dorsal
and the middle glend strips is the middle ciliated band. (M. cil.)
Between the middle and the ventral gland strips is the ventral
ciliated band (V. cil.). A flat non-ciliated epithelium covering
the outer surfaces of the endostyle joins the dorsal ciliated
band and the pefforated walls of the pharynx. The cells of the
dorsal ciliated band are tall and each bears a single row of cilis.
These cilia beat from the groove towards the branchial walls.

The dorsal ciliated cells are separated from the dorsal gland
cells by a traet of non-cilisted epithelium. A narrow strip of
this epithelium imnmediately adjacent to the dorsal cilisted

cells appears to be glandular. These gland cells, which are non-
ciliated, have a basal nucleus and a distalvacuole containing &

rounded body. The use of McManus' Schiff staining method suggests
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that these gland cells are mucus cells. Because of their
small numbers it is unlikely that these gland célls are of
much importance.

The dorsal gland strip is the most massive of the three.
As it tapers out dorsally and ventrslly to the thickness of
the sdjacent epithelia, the dorsal gland strip contains cells
of varying heights. All of the cells (Fig. 29) have certain
common characteristiecs. There is a basal spheriocal nucleus
with large nucleolus. The eytoplasm is deeply staining and
| basophil except for & clear area in the centre of the}cell.
Mucus drops (Fig. 29, Sec. dr.) are stained by iron haematoxylin
during certain phases of cell secretory activity. Roule (1884)
indicatedlthat the cells of the dorsal gland strip are ciliated,
an opinion not shared by Seeliger (Bromn). I am in agreement
with Roule om this point, although the eiliation is sparse and
requires heavy staining to show it eclearly. It may be that esasch
cell bears only & single process. These structures are not con-
‘sidered to be the same as the "Secret-faden" figured by
Sokélsks (1931).

The middle ciliated band is similar to the dorsal ciliated
band but occupies a narrower area.

The middle and ventral glandular strips although similar
to one another differ from the dorsal glandular strip in that
they both have a very restricted opening to the endostylar'
groove. No evidence has been found of any ciliary mechanism
in these cells. They also differ from the cells of the dorsal
glandular strip in showing a somewhat fibrillar cytoplasmiec

structure (Fig. 28, Gl. c.). Secretory drops aie also less
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common and less distinet than in the cells of the dorsal gland
strip.

The ventrsl ciliated band differs in several respects
from the dorsal end middle ciliated bands. In the formation .
of the ventral ciliasted band the wall of the endostyle does
not thin out to a flat epithelium. The band consists of a
large number of closely packed cells and the nuclei instead
of occupying & single row are 7 to 10 deep. In spite of ﬁhis,
however, it appears to be a single layered -epithelium, in that
each cell extends across the whole width of the epithelium.
This is possible only by virtue of the form of the cell, which
is spindle-shaped with long narrow tapering ends and a thickening
Just wide enough to hold the nucleus. These thickenings in
different cells lie at different levels and are in this way
accommodated in the width of the epithelium.

The median cilisted cells are situsted on the floor of
the groove. They have extremely long cilia but are otherwise
more like the cells of the ventral than those of the other
ciliated bands. Here again the nuclei appear - not in a single
row but scattered in the depth of the epithelium. The cells
(Fig. 28, Cil. c.) are fusiform, with the swelling containing
hthe nucleus close to the surface. The cells have thus a short
tapered end bearing the cilia and a long narrow tapered end
passing down to the basement membrane. The long tapered end
is often seen to pass under the bases of the adjacent gland

cells as an glmost fibrous process.
At the meeting place of the peripharyngeal bands with the
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endostyle the latter forms s small hood (Fig. 30, H.). This

covers the anterior end of the endostylar groove, and no doubt
prevents a powerful water current from entering the groove at

the front, a circumstance that might interfere with the proper
functioning of the endostyle.

The dorsal ciliated bands of right and left sides diverge
before reaching the hood. They are continuous with the
posterior ciliated ridges of the peripharyngeal bands.

| The part played by the endostyle in the colleetion of food
is discussed later (vide p. /47 ).

The Endostylar Appendix.

The endostyle projects in s modified form beyond the
posterior end of the pherynx as a short endost&lar appendix
(Fig. 31, Bs. ap.). In the sppendix the dorsal, middle and
ventral gland strips, and the middle, ventral and median cilisated
bahds are present. The dorsal ciliated band of the right side
(Fig; 32, R. d. cil.) is developed into a wide belt that forms
one wsll of the arched roof which clbses over the groove. The
opposite wall is dérived from the non-ciliated epithelium
continuous with the upper part of the left side wall of the
endostyle. This roof consisting of one half ciliated and one
half non-ciliated epithelium is continuous with the retropharyngeal
band of the posterior wall of the pharynx. The histological
features of the endqstylar appendix roof and the retropharyngeal

band are carried across the mouth of the oesophagus and into the

ventral groove of the oesophagus.
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The Retropharyngeal Band.

The narrow retropharyngesl band lies in the posterior wall
of the branchial sac. It runs from the endosﬁylar sppendix
up to the ventral side of the oesophageal mouth. The band is
composed of a ciliated right and a non~ciliated left half. A4s
indicated above the ciliated right lip is derived from the right
hglf of the roof of the endostylar appendix, and the non-ciliated
left lip from the left half of the roof of the endostylar

appendix.
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OESOPHAGUS (Plates 7, 8).

The mouth of the oesophagus (Pig. 33, Oe.) lies in the
postero-dorssal corner of the branchial sac. From here the
oesophagus passes back to the stomach with a slight ventral
curvature and with a distinet taper. The wall is marked by
two grooves, one of which is prominent and the other obscure.
The more distinet groove is a continuastion of the retropharyngeal
band which crosses the ventral lip of the oesophageal mouth.
This groove will therefore be called the ventral groove (Figs.
33, 35, 44, V. gr.) of the oesophagus. The dorsal groove (Fig.
35, D. gr.) originstes at the oesophageal mouth in line with the
posterior end of the series of languets. Both of these grooves
pursue & spirasl course. The ventral groove curves up the left
side wall of the oesophagus as it passes back, and occupies a'
dorsal position at the posterior end of the oesophagus. The
dorsal groove has a less pronounced spiral and only reaches the

right side of the oesophagus at its posterior end.

Histology of the Oesophagus.

Histologieally the oesophagus shows marked differentistion
into three tracts.

1) The ventral groove is recognised in a transverse section
by the thinning out of the epithelium to very low flattened
gland cells (Fig. 36, Gl. ¢.). These cells afe separated from

enother tract of gland cells by a narrow strip of ciliated non-

glandular tissue (Fig. 36, Ng. c.). This latter is the
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continuation of the right half of the retropharyngeal band which
in turm originates from the right dorsal ciliated band of the
endostylar sppendix (vide p.46. ).
2) The dorsal groove consists of gland cells similar to
those of the ventral groove.
3) The remainder of the oesophageal wall is composed entirely
of colummar ciliated epitheliwm (Fig. 35, lLat. w., Fig. 38).

A few structural details of the glanduler and ciliated cells

are worth further mention.

Gland Cells (Pig. 36, Gl. c.).

There can be no doubt as to the glandular nsture of the cells

found in the two grooves. Secretory drops (Fig. 37, Seec. d4r.)
are well shown by iron haematoxylin stains. Only one kind of
;ell is present in this glandular tissue, but the epithelium is
uniformly cilisted. An arrangement of c¢ilia must exist that is
compatible with the discharge of secretory drops involving, as it
does, most of the free surface of the cell. In sections parallel
to the surface of the epithelium cilia are seen to be arranged

not in rows but in a pattern that conforms roughly to that of the
intercellular boundaries. It appears that the cilia borne on a
cell are arranged close and parallel to two or three of the six
cell walls (Fig. 37). That the cilia do not follow &ll the walls
of each cell is indicated by the absence of closely placed parallel

rows which would result from such an arrangement.

Non-Glandular Ciliated Cells (Fig. 38).
These tall narrow ciliated cells have a well deiined
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supporting system for the cilia. The upper end of the cell
bears a number of basal rods which are continued down into the
cell a8 fibrous processes. Methylene blue staining reveals

the presence in the upper parﬁ of the cell of s mass of

granules. These take on g mauve shade and may be the same
granules that Yonge (1925) found to stain with osmic acid.

These granules are not discharged from the cell. Similar bodies
are found in tall columnar ciliated epithelium at the entrance

to the intestine (vide p.53. ).

The‘deseription just given of the oesophagus is difficult
to reconcile with the results of previous workers. Yonge (1925)
in his histological description followed, with modifications,
the earlier account of Roule (1884). Yonge describes tall
ciliated cells in the dorsal groove, shorter cells amongst which
are mucus cells in the lateral waslls, and relatively low cells,
non-cilisted and uniformly mucué-producing, in the ventral groove.
A certain amount of confusion could be caused by any failure to
'reeognise the spirsl twist of the grooves and consequent reverssl
of orientation along the length of the oesophagus.

The oesophagus has two functions:-(1) It actively transports
the mucus-food chain from the pharynx to the stomach. It appears
to me that this is not merely the onward transmission of a chain
with which it is supplied by the branchial sac. The oesophageal
ciliation has to pull the chain the whole length of the branchial
sac which is provided with no mechanism adequate for this.task.

(2) The oesophagus adds more mucus to the mucus-food chain.
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STOMACH (Plates 7, 8.)

The stomach (Figs. 33, 39, 44, St.) is an ovoid sac which
lies a little on the right side of the mid-line, and maekes an
obtuse angle with the oesophasgus so that the posterior end is
ventral to the anterior emd. It is much more voluminous than
the oesophagus or the intestine. A series of longitudinal
ridges (Fig. 44, St. fl.) and furrows, visible from the outside,
increase its swrface ares. Part of the testis is developed
within the highly vascular connective tissue that surrounds
the stomsch. This may to some extent mask the folding of the

stomachal epithe 1ium.

Histology of the Stomach.

Two types of cell are found in the wall of the stomach.

(1) Absorptive cells (PFigs. 40, 41, Abs. c.) make up the
main part of the epithelium on the inwardly projecting folds.
These cells are tall and mrrow with a fringe of short cilia.
A series of vacuoles occupy the ceytoplasm between the basal
nucleus and the ciliasted border. Around the periphery of the
vacuoles numerous granules are arranged, and these are most
¢clearly shown by methylene blue staining. The significance of
these bodies is not understood.

(2) Gland cells (Figs. 40, 41, Gl. c¢.), secreting digestive
enzymes are scattered amongst the absorptive cells of the folds

and constitube the greater part of the epithelium of the furrows.
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In these furrows, however, s few absorptive cells are present.
The gland cells are distinguished by the nucleus with its
massive nucleolus, and by the preseﬁce of secretory drops (Pig.
41, Sec. dr.) in the cytoplasm. A number of cells are in
active division at the bases of the furrows and these are
gpparently of the gland cell type. These dividing cells have
already been noted by Yonge (1985).

The production of ferments and the absorption of some at
least of the products of digestion are the functions of the
stomsch.

Berrill (1947) was the first person to observe the presence
of a gastric caecum in Ciona. He pointed out that this is found
in young individuals. In older specimens it appesrs to atrophy.
Berrill gave no histological detsails of the caecum. It is a
short blindly ending pouch arising from the junction of the
stomach and the intestine, on the posterior side, and projecting
in & dorsal direction. Histologically it shares the characters
of the stomach and the intestine. Its dorsal half consists of
cells of the glandular type found in the furrows of the stomach,
and its ventral (intestinal) half is composed of cells identical
with those of the anterior cilisted ring of the intestine (vide
}p..55. )e As it has no histological characters not found also in
the stomach or the intestine, it is doubtful if any specifiec

function ecan be ascribed to the caecum.
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INTESTINE (Plates 7, 8.)

The intestine (Figs. 33, 39, 44, I.) and rectum together
form a tube of nearly uniform dismeter which is much less.than
that of the stomach. The intestine and rectum cannot Be
distinguished externally slthough histologically the division
is quite clear. The two make a sigmoid curve from the stomach
to the roof of the pharynx. The junction of the intestine and
the rectum lies to the left of the oesophagus. Along the whole
length of the intestine and rectum there is a well marked groove
or typhlosole (Figs. 33, 34, Ty.) formed by an inpushing of one
wall. In transverse section the intestine is therefore crescentic.
Round the intestine there is a rich development of testicular

tubules, and a few pyloric gland tubules.

Histology of the Intestine.

A narrow ring (Fig. 42, Cil. rg.) of the intestihe that
adjoins the stomach ig differentisted from the remainder. This
ring is of s uniform ciliated epithelium, which as noted pre-
viously (vide p.SO. ) resembles the epithelium of the lateral
. walls of the oesophagus. It is presumably the function of this
ciliated ring to pull the mucus-food chain from the stomach into
the intestine. ,

Two kinds of cells in about equal nunbers form the rest of
the intestinal epithelium. Both of these cell types are |
ciliated and are evenly scattered throughout the epithelium.

1) Gland cells (Fig. 42, Gl. c.) with the spherical nucleus
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and large nucleolus common to other secretory cells, are
spparently engaged in mucus production.

2) Absorptive cells (PFig. 42, Abs. c.) with s less con-
spicuous nucleus differ from the absorptive cells of the
stomach in having no spherically arranged granules in vacuoles.
The staining reaction of these cells is rather strongly acidophil,
contrasting in this respect with that of the gland cells.

There are certain large cells in the intestine which might
be mistaken for glycogen cells (Yonge, 1985). These are in
fact Gregarine parasites (Fig. 42, Greg.) probably of the species
Lankesteria cionae, which almost invariably infeets Ciona,some-
times in great numbers. These Gregarines inhabit the intestine

prineipally, but also ocour in other parts of the gut.
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RECTUM (Plates 7, 8.)

The rectum (Figs. 33, 34, Re.) is the straight terminal
part of the gut which is situated dorsal to the phsrynx. The
typhlosole (vide p.S53. ) which at the posterior end of the
rectum is dorsal, moves down the right side as it approaches
the anus. It is partly occupied by the genital ducts. The
anus has an expanded and lobed rim, and isAprovided with a
sphincter_muscle consisting of a few strands forming a ring
round the rectum close to the anal lobes.

The rectum is enclosed in an enveloping reticulum of
tubules, which belong to the pyloric gland (vide p.S57 ).

The epithelium that surrounds the rectum and pyloric gland
- tubules is part of}the satrial epithelium. In this respect
the rectum differs from the rest of the digestive traect which

is enclosed in folds of the epicardiac epithelium.

Histology of the Rectum.

The entire wall of the rectum, with the exception of a
small part c¢lose to the snus, consists of one cell type. This
is a rather squat eell provided with a powerful cilistion (Fig.
43). The large spherical nucleus with its conspicuous nucleolus
lies at the base of the cell body, the distal part of whiech is
occupied by a vacuole. ~ Within this vacuole one or a few
secretory bodies are situated. The occasionsl large epithelial
cells with very deeply staining mess, described by Yonge (1925),
probably represent a phase in secretory activity of these cells.



56.

In a very short terminal part of the rectum the mucus
cells are replaced by undifferentiated non-ciliated epithelium.

The rectum, salthough perhaps slightly concerned in sbsorption,
is éhiefly engaged in the formation of faeces, and in their
transport and elimination. It has been suggested by Yonge
(1935) that the high pH of the rectum is responsible for in-
creasing the viscosity of the faeées.
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PYLORIC GLAND (Plate 8.)

The pyloriec gland has long been known to exist in Ascidians
and is now recognised to be of general occurrence in the
Tvnicates with the exception of the Larvacesa.

Great diversity of opinion has beenvexpressed on the function
and even on the form of this orgsn. Thus its true nature as a
diverticulum of the gut was not always recognised. It has been
described as part of the blood system by Kupffer (1872), R.
Hertwig (1873) and Roule (1884). Roule, in his monograph on
Ciona, deseribed the pyloric gland as partly blood vessels and
partly testis tubules.

Vogt (1854) sew the gland but thought it to be muscular
tissue.

Of those recognising its connection with the gut some have
regarded the pyloric gland as absorptive in fumetionm. Pizon
(1893) and Lefevre (1898) were of this opinion, which they shared
with some older writers. This view may be rejected as the flow
of the liquid contents is towards the gut lumen not away from it.

The two most widely held opinions remain to be mentioned,
and sufficiently strong evidence has not yet been produced to
settle the question beyond doubt.

Of these two views one is that the pyloric gland is a true
digestivé gland contributing ferments to the intestinal contents.
Supporting this theory have been Milne Edwards (1842), Giard (1872).
Hancock (1868), Chandelon (1875), Maurice (1888), Lacaze Duthiers
and Delage (1889), Seeliger (Bromn), Isert (1903) and Sokdlska
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(1931). Of these workers Chsndelon, Isert and Sok§lska have
provided the strongest and most detailed evidence. '

On the other hand the pyloric gland has been regarded as
an excretory organ. Amongst the advocates of this view were
Krohn (1852), Kowalevsky (1874), Roule (1886), Todaro (1901-02)
and Colton (1910). Roule's evidence can be discounted as he
believed the gland to be a closed system. Colton was almost
alone in bringing forward any experimental evidence.

~ Im Ciona the pyloric gland is & system of anastomosing and
blindly ending tubules spread over the surfacé of the rectum
and & small part of the intestine (Fig. 45). The numerous
collecting tubes combine and open by a single duet into the
alimentary canal (Fig. 49, Pyl. gl. du.).

The small round opening of the duct is placed in the anterior
ciiiated ring of the intestine, close to its union with the
stomach. It lies on the left side of the intestine. From this
point the duct (Fig. 45, Pyl. gl. du.) passes forward along the
left wall of the stomach for & short distance. On leaving the
stomach wall the duet divides into two and the branches pass
obliquely forward in s sheet of mesentery, to meet the ascending
11ﬁb of the intestine. Dichotomous branching now produces a
system of fine tubules over the anterior part of the intestine.
Lateral branches comnect sadjacent tubules and the gland becomes
a system of inmtercommunicating vessels. The gland which envelo-
pés the whole circumference of the intestine and rectum on which

it is present, passes right to the anus.
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Slightly swollen smpullae (Fig. 48) are found at the ends
of the tubules. At frequent intervals along the tubules, both
at points of forking and in unbranched parts, there are con-
spicuous dilatations (Pigs. 46, 47). These give to the gland
as a whole a varicose appearance. Within the dilstations
concretions (Fig. 47, Con.) are laid down, which will be discussed
later.

The pyloric gland tubules are embedded in the connective
tissue swrrounding the rectum, and are closely associated with
blood vessels and lacunae.

The wall of the pyloric gland consists everywhere of a
single layered epithelium that bears a thin clothing of long
cilia. The cells of this epithelium are rather flat along
the whole course of the tubules and become even more flsttened
in the walis of the varicose swellings and of the terminsl
ampullae. In all of these regions a part of the cell is occupied
by a vacuole. The nucleus in consequence lies close to one
side of the cell. The exact arrangement of the cilia has not
been discovered dbut their scarcity suggests that there is only
one cilium to each cell. They lie with their free ends towards
the intestine. |

In the collecting ducts the cells are taller, with rounded
or somewhat pointed ends projecting into the lumen. These cells
are also provided with cilia. At the opening of the duct into
the alimentary canal these cilia can be seen as a tuft protrﬁding

from the duct (Fig. 49).
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I have not been able to see secretory drops in the cells
of the pyloric gland although these have been described by
Isert (1903) in Microcosmus vulgaris. The presence of vacuoles
has alresdy been mentioned but the discharge of their contents
has not been verified. Sokolsks (1931) has, however, described
such & discharge in the pyloric gland of Clavelina.

No thin sress in the end ampullae are seen in the glsnd of
Ciona like those observed by Colton (1910) in Botryllus.

A very characteristic feature of the gland in Ciona is the
presence of concretions. These 40 not appear to have been
recognised in the past, al though solid ahd semi-solid bodies
have been noted in the pyloric gland of a few Ascidians. Thus
in Perophora, Chandelon (1875) has described a refringent rounded
body lying in the endvampullae. The surface of this body was
marked by incisions that suggested to him a process of division
of the body. Isert (1903) deseribed, in the gland of Microcosmus,

masses of matter formed by the sccumulation of seeretion within
varicosities of the tubules. The bodies found in Ciona, however,
ere no mere accumulations of seeretory products. They are
crystalline coneretions built up in concentrié layers. This is
clearly demonstrated by the use of polarised light in which the
concretions are bright sgainst the dark background (Pigs. e - 1i).
They show, moreover, the msltese cross typical of concentrically
arranged shells of erystals when viewed through crossed Nicol

~ Prisms. The substance of which they are formed, it appears,

orystallises out from the liquid contents of the tubules.
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Generally the concretion is a compound structure consisting
of a fused group of larger and smaller bodies. ~ The smaller
of these are almost solid but the larger appear to be little
more than hollow shells. Each element of the compound con-
cretion shows the black maltese cross in polariséd light.
Typically the concretions are located in the dilstations of
the gland, but they also form along the length of the tubules,
of which they may occupy almost the whole diameter.

In 0ld enimsls the concretions.. are larger and more
numerous than in young ones. This suggests that they are per-
manent structures which increasse throughout the life of the

animal.

Function of the Pyloric Gland.

Evidence as to the funetion of the‘pyloric gland is very
scarce. The histological evidence in favour of a digestive
role is of the kind advanced by Isert (1903). He regarded
the presence of yellow secretory bodies in the vacuoles of the
epithelial cells as a sufficienﬁly strong argument to establish
8 digéstiwe function. Sokolska (1931) established that the
vacuoles discharge into the lumen. The mere fact that there
'are vacuoles and that they discharge their contents into the
tubule cannot be regarded as indicating the nature of the
secretory product. In the Malpighién tubes of insects, for
example, the epithelial cells discharge coloured dfops from
their vacuoles, as part of the excretory process. No experi-

ments have been carried out to test the possibility of



6la.

digestive action by the gland contents. The work of Henri
(1903) established the presence of amylase in the "ganglion
pylorique" of Salps, not as stated by Colton (1910) in the
"glande pylorique“.

4 growing concretionary body in the lumen of an organ is
from the start likely to be an excretory product. Colton's
vital staining tests with neutral red, Bismsrck brown and indigo
carmine gave positive results, indicating excretory processes.

In this conﬂection I have found that neutral red used as a vital
stain colours the concretion more intensely than it does any
other structure in the body.

- On the other hand Seeliger (Bronn) thought that the presence
of another exeretory organ argues against an excretory function
for the pyloric gland. The other organ referred to is the renal
vesiele or vesicles found in several Ascidians, although absent
from Cionsa. Ciona also has snother method of excreting, however,
by means of certain blood cells (nephrocytes) to which reference
will be msde later (vide p.f28 ). George (1936), howevef, is
of the opinion thst blood cell excretion goes on both in Ascidians
with and withoﬁt othér excretory organs, the methods not being
mutually exclusive.

The only other likely function of the concretions is to
act as reserve material, but on this possibility no evidence -
exisfs.

The question of the function of the pyloric gland must
remain open, but the balance of the evidence seems to lie in

favour of sn excretory funeti on. Certainly one of the most
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profitable lines of investigation for the future will be a
chemical analysis of the eoneretions. After a few preliminary
tests 'it was decided that this programme was beyond the scope of
the present study. | '
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NERVOUS SYSTEM (Plates 9, 10.)

The nervous system will be considered un@er four headings:-

&) Ganglion.
b) Body wall nerves.
 ¢) Visceral nerve.

d) Sense organs.

a) The ganglion (Figs. 1, 50, Ga.) is the central mervous |
system of the adult. It lies embedded in the body wall of the
saddle-shaped inter-siphonal region. The ganglion is roughly
spindle-shaped and is forked at the amterior and posterior ends,
where paired nerves originate. The ganglion lies over, and
partly sinks into, the dorsal surfsce of the neural gland (Fig.
51). A thin layer of connective tissue separates the ganglion
from the overlying epidermis.

Histology of the ganglion.

On the outside of the gaenglion there is a relatively thin
cortical layer (Fig. 51, Cor.) end within this lies & Oentral mass
of nerve fibres, which will be called the medullary core (Fig.

51, Med.). The cortical lsyer consists mainly of closely
packed ganglion cells (Fig. 52, Ga. c.) of two types. These"
differ in size but otherwise appear similar. There seems to be
no justification for the opinion held by Lorleberg (1907) that
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the large cells are not in fact ganglion cells but neuroglia
cells. The only essentisl difference in structure between

these large cells and the remsining cells of the ganglion is their
size. The ganglion cells of the cortical layer lie three or
four deep, and the number varies somewhat from place to place in
the ganglion, depending to some extent on the proportions of large
to smell cells. The large ganglion cells mske up only about 1/5
of the cortieal cells. They measure sbout 9 m by 18 n, and have
8 nucleus of 5.25 u to 6 » in diameter. = The small ganglion cells
have an average diameter of 5 pn to 7 n, and a nucleus of 3.5 m

in diameter. Both cell types are unipolar and have a tapering
process usually directed inwards to the medullary core. The
characteristic nucleus is spherical with a prominent nucleolus.
Peripheral chromatin blocks are conmected to the nucleolus by

fine achromatic threads. Even with haemstoxylin stains s
fibrillar structure can be seen in the cytoplasm of the cell.

The fibrillae extend into the axon from the adjacent part of the
cell body and may be interpreted as neurofibrillae. Similar
pictures to this have been obtained by Hunter (1898) in Cynthia.
The only other structure visible within the cell is a clear ares
ususlly occupying part of the cytoplasm between the nucleus and
the sxon root. Within this area there is often an indefinite
body which stains more deeply. = The whole structure may correspond
to the centrosome and sphere identified by Hunter in Cynthis.

In Ciona the presence of this structure is not associasted with any

distortion of the nucleus as is the case in Cynthia. In most
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cases the process of the ganglion cell passes directly into the
medullary core. Not infrequently, however, it bends on reaching
the boundary between the cortical and the medullary regions, |
and runs along this boundary for some distance before turning
again and penetrating the medullary core.

' The medullary core of the ganglion consists of a dense
aggregation of nerve fibres running for the most part along the
length of the ganglion. A few cells are scattered amongst the
fibres, and consist of small ganglion cells, doubtful multipolar
cells and blood cells. The blood cells are often found aggre-
gaied in small pockets (Fig. 52, Bl. ¢.). The great number and
sinuous oourse of the nerve fibres in the medullary core make
it very hard to form any idea of their inter-relations. No
attempt was made by the use of special staining methods to
clarify these relstionships.

b) Body wall nerves.

The prineipal nerves given off by the ganglioﬁ are 1) the
paired anterior, 8) the paired posterior and 3) the unpaired
visceral. The visceral nerve does not come into relation with
the body wall and is dealt with in another section (vide p. 68).

The paired anterior nerves (Fig. 50, Ant. n.) arise from
what appears to be a bifurcation of the anterior end of the
. ganglion. After running forward for a short but varisble dis-
8tance each of these gives off two anterior siphonal nerves (Pig.
53, Ant, n. 8.) to the orsl siphon. The more dorsal of these
two nerves travels along the dorsal side of the oral siphonm, -

genersally in the vioinity of muscles L3a and L3b, but is very



66.

varisble in position. It mgy even be absent on one or the
other side. When this anterior branch is missing from one

side that of the other side often assumes a more median position
and then gives the effect of s single median nerve. The second
and more ventral of the two anterior siphonal nerves lies for
most of its length near the muscles L1 and L2, between which it
usually passes forward towards the tip of the oral siphon.

The anterior trunk nerves (Fig. 53, Ant. n. tr.) arise by the
division of the remaining part of each of the paired anterior
nerves. The more anterior of these trunk nerves crosses the
peripharyngeal band (Fig. 53, Per. bd.) and runs posteriorly
along the ventral body wall near the ventral longitudinal muscle
and muscle Ll. The more posterior of the two anterior trunk
nerves also crosses the peripharyngesl bande. It then runs back
over muscles L3a and L2 to lie along muscle Ll.

The pairgd posterior nerves (Fig. 50, Pos. n.) arise from
what appears to be s bifurcation of the posterior end of the
ganglion. Iike each of the paired anterior nerves, each of the
paired postefior nerves supplies two nerves (Fig. 53, Pos. n. s.)
to the siphon, in this case the atrial siphon, while two branches
rass to the trunk region. A short distance from its root each
peired posterior nerve gives off a small nerve that runs up the
anterior side of the atrial siphon, within muscle L4. This
nerve in many cases forks, its posterior branch usually passing
across into muscle I1I5. The second nerve to the atrial siphon

reaches its postero-dorsal surface. At sbout the level of
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origin of this second nerve to the atrial siphon the main
posterior nerve bifurcates. The two. posterior trunk nerves
(Fig. 53, Pos. n. tr.) thus formed supply the dorsal part of the
body wall posterior to the atrisl siphon.v The more dorsal
trunk nerve comes to lie close to or within musecle I5. The
more ventral nerve runs bsck in the general viecinity of muscles
13a, L3b and I4. Further subdivision of this second trunk
nerve may oceur before it is lost to view.

There'is a great deal of variation from the basic pattern
described asbove and the amount of variability only allows the
following generalisations to be made. The oral siphon is
supplied exclusively by the anterior nerves, and the atrial
exclusively by the posterior nerves. The body wall of the
pharyngesl region ié innervatéd partly from the anterior and
partly from the posterior nerves; in general the ventral part
takes branches froﬁ the anterior, and the dorsal part from the
posterior nerves. The line of demarkation between the dorsal
and the ventral regions in this respeet is not clear and possibly
not constant.

In addition to the main nerves whose distribution has been
described above, there is & small number of fine lateral nerves.
These consist of relatively few fibres, and appear to break up
quite close to the ganglion. They are in part at least respon-
sible for the fact that around the ganglion the comnective tissue
contains many more nerve fibres than in other parts of the body.

The roots of all of the nerves contain a short extension
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of cortical tissue in the form of large and sméll ganglion cells.
After a short distance, however, cells disappéar from the'nerves,
which now consist of nerve fibres and some kind of supporting
substance, the form of which is difficult to determine. In
transverse sections this supporting substance looks like s
reticulum in the meshes of which the nerve fibres are contained.
Longitudinal sections show that the material of this supporting
substance has the same alignment as the nerve fibres, and would
therefore seem to consist of a series of closely packed tubes
within which the nerve fibres are situated. Hunter (1898)

interpretated similar structures in Cynthia as ganglion cell

process sheaths, within which nerve fibrils are seen.

¢) The visceral nerve and dorsal strand.

The visceral nerve and the dorsal strand are most conveniently
considered together in this sectionm. They are closely connected
with one another and have generally been linked together by those
authors concerned with either. These structures have been the
objects of many studies, but even that of Huus (1924), which is
the most complete on the dorsal strand, has left a number of

questions unsettled.

The visceral nerve.

The visceral nerve (Fig. 50, Vis. n.) takes its origin from
the ganglion between the roots of the two posterior nerves. It

almost immedistely passes into the roof of the branchial sac where

ssel.
it lies in the connective tissue above the dorsal ve
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When the genital ducts are reached the‘visceial nerve is inserted
between the genital duets and the dorsal vessel (Fig. 57, Vis. n.).
The position of the visceral nerve between the genital duects and
the dorsal vessel varies as its path is sinuous. By the time it
has reached the anterior end of the intestine the visceral nerve

is more difficult to distinguish as it has become very slender.

A short distance further back the nerve is no longer visible.
Alohg its course the visceral nerve gives off fibres to the walls
of the branchial sac, the rectum and the oviduct. The relations

of the visceral nerve with the dorsal strand will be described

when the dorsal strand is considered.

Nerve supply to_ the viscera.

It haes been claimed by Fedele (1923) that a visceral nerve
plexus exists in mare than one group of Tunicates. He briefly
mentioned that & ganglionated nerve plexus is found in Cioma.

In the course of this study an investigation was undertaken
with a view to finding if Pedele's statement could be verified.
Strip preparations were made and stained with Heidenbain's
haematoxylin. In these the gut epithelium was stripped off
leaving the atrial or epicardiac epithelium, according to the part
of the gut being dealt with, along with a thin layer of connective
tissue. The removal of the gut epithelium, which stains very
intensely; allows of sufficient light transmission for the use of

ar3" oil immersion objective. This technique was found much more
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useful than sectioning, Bielschowsky silver impregnations
failed to give any useful results.

The oesophagus, stomach, intestine and rectum were sll
treated in this way. Each showed the presence of a system of
| branching and ocecasionslly - anastomosing nerves (Fig. 61). In
addition a similar dispogsition was found in some at least of the
adjacent mesenteries.

I have seen no ganglion.calls emongst the nerve fibres
round the gut of Ciona. Connective tissue cells (Fig. 61, Cn.
ti. c¢) and blood cells do oecasionally come into contact with
the fibres but they are t o be distinguished from ganglion cells
by their nuclear claracteristics as well as by other features;

The nerve plexus{lies close t0 or in contact with the otrial
or epicardiac epitheliun. It was rarely followed far through
the connective tissue towards the gut epithelium. Nerve endings
have not been seen, bﬁt are not to be exnected in prepsrations
from which the gut epithelium hed been removed. Visceral nerve
fibres are more sbundant over the surface of the oviduct (Fig. 61,

0ds ) than in any of the other regions examined.

The dorsal strand.

The dorsel strand was first described by Kowalevsky (1874)
who found in Didemmum a strand of cells running from the ganglion
back along the roof of the pharynx and ending in a visceral
gangiion. According to Xowalevsky this strand gave off nerves

to the branchial sac, and the visceral genglion provided branches

to the stomach, heart snd ovary. EKowalevsky indicated that
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Similar structures were found in young specimens of Phallusisa

mammillata and Ascidis canina (Ciona intestinalis), although

he gdve no histological detsils.

Since then the dorsal strand has‘been identified and
described in detail in e large number of Ascidians. Van
Beneden and Julin (1884, 1886) investigated it in Molgula,
Clavelina, Perophora, Polycarps, Styelopsis, Microcosmus,
Cynthis and Phallusia. Maurice (1886, 1888) found it in

Amgroucium and Fragsroides. Julin (1892) further investigated

Styelopsis, and Damas (1902) studied Anurella. Lorleberg (1907)
worked on Perophg;a and Metcalf (1900) msde a survey of 54 species,
in all of which the dorsal strand was identified. Willey (1893)
supplied an embryological study in Ciona. The most complete
investigation into the development of the strand was made by Huus
(1924) in Corells.

In order to avoid a long and largely historiocal account of
this considerable mass of work, the main findings of these workers

have been condensed into the following summary.

1) The dorsal strand originates from the posterior end of the
neural gland duct. It runs along the roof of the pharynx and
after passing between the oesophagus and the rectum, ends somewhere
in the visceral region. Its posterior end has in many cases not

been seen.
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'2) It is a narrow cylindrical rod usually of not more
than six cells in section. These are arranged peripherally
and have a conspicuous but not very large nucleus. By meny
they have been regarded as ganglion cells. | This is however,

denied by Huus.

3) There is perhaps nervous connection, but certainly

anatomical proximity, between the dorsal strand and the visceral

. nerve.

4) Embryologically the dorsal strand is derived from that
part of the larval nervous system which also proliferates to

form the neural gland duct.

Huus arrived at the following conclusions after his work

on Corells parallelogramms.

e) The dorsal strend is the persisting part of a strand of
tissue that during early adult life is responsible for the.
formation of the genital ducts; Its persistance in the mature
adult appears to have no functional significance.

b) The strand contains neither nerve cells nor nerve fibres

and has no connection with the viscersl nerve.

The dorsal strand in Ciona.

The dorsal strand (Fig. 50, D. str.) originates under the
ganglion as a posterior extension of the neural gland duct.

It arises anterior to the forking of the two posterior nerves,
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and at first lies between the ventral surface of the ganglion,
with which it is in contact, and the dorsal surface of the
néural gland. At the level of the posterior end of the ganglion -
the dorsal strand twists from side to side and ususlly, perhaps
'always, makes a complete loop around the right posterior nerve
(Fig, 50). From this point the dorsal strand accompanies the
visceral nerve along the roof of the branchial sac (Figs. 57,
58, D. str.). At the snterior end of the intestinal loop,
however, the dorsal strand passes dorsally to lie along the roof
of the oviduct. It enters the dorsal body wall for a short
distance and returns to the mesentery that unites the ovary and
body wall. In this mesentery it passes back to the anterior
end of the ovary (Fig. 60, Ant. ov.), where it terminates
rather sbruptly after a slight swelling (Fig. 60, Pos. sw.)
in some specimens. |

The histological festures of the dorsal strand are constant
throughout its length. It is a cylindrical rod of sbout 10 n
to 15 m in dismeter, and somewhat flattened to an elliptioal
section in places (Fig. 57, D. str.). The cells are concen-
trically arranged in a single lgyer, as.seen in transverse
section, with the nuclei lying close to the outer membrane
which bounds the dorssl strand. In tfansverse section the
nuclei are round or slightly flattened and have & conspicuous
nucleolus. The nucleolus is usually spplied to the nuclear
membrsne and not centrslly plasced as in typical ganglion cell

nuclei. In longitudinsel section the dorsal strand nuclei
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appear elongated. The cells are quite small ahd spindle-
shaped, being somewhat elongated along the dorsal strand. In
the céntral part of the dorsal strand there is a certsin re-~
semblance to nerve tissue as seen in sections across the body
wall or visceral nerves. It is not possible however to say
whether the centre of the dorsal strand is occupied by nerve
fibres. If there are nerve fibres they are few in number.
Moreover the pictures obtained from the centre of the dorssl
strand are usually indistinet and little reliance can be placed
on them.

Up to now no mention has been made of a loose sheath of
ganglion cells (Fig. 58, Ga. c¢.) which accompany the dorsal
strand along most of its length. In transverse sectioms it
was difficult to determine the nature of these cells, and it
was found best to dissect out the dorsal strand and surrounding
tissues and mske sheet preparations of these. The preparations
.wWere stained in iron haematoxylin. It now became clear that
- the cells forming the loose sheath round the dorsal strand were
‘gangliOn cells. The nerve fibres (Fig. 58, N. fi.) from these
cells lie  along the doréal strand or cross to the adjacent
visceral nerve. Although the sheath of ganglion cells is
piesent at all levels of the dorsal strand it is much denser at
the posterior end of the dorsal strand. At the.anterior end of
the~ovary the ganglionic sheath swells considerably and here -
forms a true although diffuse visceral ganglion (Fig. 59).

From this ganglion there is considerable outward passage of nerve
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fibres (Fig. 59, N. fi.) into the mesentery. This is pre-
sumably the visceral ganglion mentioned by Kowalevsky (1874).

The histological characteristics of the ganglion cells
(Fig. 59, Ga. o.) of the sheath will now be briefly described.
There is a large spherical nucleus with conspicuous round
nucleolus. The nucleus resembles that found in the ganglionv
" cells of the central ganglion. In almost all cases a clear
ares lies between the nucleus and one end of the cell. This
may be the centrosome and sphere. The ganglion cells are
either unipolar or bipolar. |

Unipolar ganglion cells - These are club-shaped with the
nucleus occupying the rounded end. A tapering axon leads
off from the opposite end.

Bipolar ganglion cells - These cells are fusiform,
symmetrical'and tapering to a nerve process at each end. The
nucleus is central.

The nerve fibres arising from these unipolar and bipolar
ganglion cells stretch back or forwards along the dorsal strand
and are interwoven amongst the sheath ganglion cells. It has
already been mentioned that there is considerable exchange of
nerve fibres between the dorsal strand nerve sheath and the
visceral nerve. Unipolar and bipolar ganglion cells exist
in sbout equal numbers in the dorsal strand sheath. In the
case of the unipolar cells the nerve fibre passes either anterior-

ly or posteriorly along the sheath. The relations between one
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génglion cell and the nerve fibre from another are dif ficult
to establish. In several instances it has appeared that a
fine nerve fibre extending along the sheath has, on reaching

a unipolar ganglion cell, contacted it and ended on its sur-

face.

d) Sense organs.

In spite of the well known sensitivity of Ciona to touch,
practically nothing was known of the sensory structures res-
ponsible before the work of Fedele (1923). He described
briefly the appearance of sensory cells in the epidermis,
especially of the siphons. According to Fedele these cells
are pear-shsped with a sensory process, and occur either
singly or in small groups. Cells (Fig. 54, Sen. c.) corres-
ponding closely to this description are found in considersble ‘
numbers in the epidermis of Ciona. They are best seen in
whole prepearations of the body wall, end in strips of epidermis
stained in iron haematoxylin. With long staining and only
slight differentiation these preparations show not only the
sensory cells, but their connections with nerve fibres (Fig. 54,
N. fi.).

The sensory cells of the epidermis occur singly or in pairs.
They are surrounded by a group of from four to seven supporting
cells (Fig. 54, Sup. ¢.) of the epidermis. The exact re-~
lations of the sensory cells with the supporting cells are

difficult to determine: they appear to be wedged into the
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centre of the group of supporting cells. The supporting
cells are distinguished by their deeply staining cytoplasm
that contains a number of rounded bodies which become almost
black in haematoxylin. The sensory cell is pear-shaped with
the narrowed end continued into the nerve fibré. The nucleus
has & conspicuous nucleolus, and is 6ften compressed by the
presence of a large vacuole in the cytoplasm. There is
usually also another vacuole containing a rather indistinect
body. In & few cases it is possible to distinguish & process
from the cell projecting above the surface of the epidermis
and therefore into the test (Fig. 54, the left of the two
sensory cells). |

Fedele also described photoreceptive cells in the epidermis
of the siphons. These he maintained, are distinguished by the
presence of pigment granules, and spparently in other respects
resemble the tactile cells slready deséribed. No cells answer-
ing to this description were seen amongst the other sensory
cells in my preparations.

The presence of atrial sense organs of a very characteristic
kind was noted by Fedsle. These he called cupula orgsns. In
Cions the cupula organs (Fig. 56) are found in the interior of
the atrial siphon behind thé limit of test, and in the epithelium
of the anterior part of the atrial cavity, inecluding that parb
of the epithelium that covers the anterior pharyngeal roof.

The cupulé organ is a small dome-shaped evagination of the

atrisl epithelium covered with a layer of test. It appears
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that only on these sPecialised areas has the atrial epithelium
retained its power of secreting tunicin. At the apex of the
dome the test is drawn out into & long streamer or flag (Fig.
56, Fg.) projéeting out into the cavity of the atrium. The
epithelium of the dome consists of the same two elements that
were’recognised in the epidermal sensory buds - sensory cells
(Fig. 56, Sen. c.) and supporting cells (Fig. 56, Sup. c.).
The surface of the cupula consists of a framework of supporting
cells 8nd int¢ this framework are.set the sensory cells in a
regular pattern (Fig. . . 55). A few unspecialised lightly
staining cells of the atrial epithelium may remain amongst the
supporting cells. The sensory cells are rather similar to
those of the epidermal Sensory buds, except that the sensory
process in the cells of the cupula organs is probably very
much longef. In the few cases where it has been seen clearly
this process extended some way into the test streamer. It is
usual to find 15 to 20 sensory cells over the surface of the
dome. Nerve branches and fibres (Pig. 56, N. fi.) converge
on the cupula organ from the surrounding parts of the epithelium.
They pass up into the cavity of the dome, where the fine‘branches
divide. The fibres are then distributed to the individual
sensory cells. _

It has been suggested (Fedele 1923) that the cupula orgams
are receptors of stimuli produced by the water current in the

atrial cavity.
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NEURAL GLAND (Plate 11).

The neursl gland presents one of the most persistent
problems in Tunicate histology and physiology. Of almost
universal occurrence throughout the group it is up'to now
‘an organ of quite unknown function, although it has been
the subject of many investigations.

Its generally recognised characteristics are best des-
cribed in the words of Metcalf (1900) - "Its duet is the
anterior portion of the neural tube and this still opens by
the (modified) neuropore to the phsarynx. Its secretion is
formed by the disintegration of cells proliferated from the
endothelium of its wall."” It may also be pointed out that
the gland arises as a local outgrowth of one wall of the duct.
In seversl Ascidisns the cells that are shed into the lumen
of the gland are vacuolsted. There is generally a single
vacuole and this condition is sometimes slso found in the
cells of the gland wall.

Thé funetions that have been commonly asceribed to the
neural gland are:-

‘ (1) excretory.
(2) mueus producing.
(3) lymphatic.

As evidence has never been produced in support of any of
these views it is not necessary to list their supporters. - Of
the more récent researches those of Butcher (1930) and of

Bacq and Florkin(1935) are the most significant. These
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workers have shown that the neural gland contains substances
giving the characteristic reactioms of Vertebratevfﬁésterior
lobe extract. This fact has led Huus (in Kﬂkentﬁgl) to
suppose that the gland has an endocrinal function. Upon
receipt of a chemical stimulus due to the presence of S?EE/
sgfgg;wprqducts in the surrounding water, an animsl may liberate
gland hormone into its blood stream. This, Huus thought, could
induce spawning. The effect of such a mechanism would be to
co-ordinate the spawning of mature sanimals in any loecality.

Hogg (1937) produced further evidence indicating the presence of
hormonsl principles in the gland, and pointing to a relationship
with the pituitsary. An experiméntal approach to the problem is
required but has not been found possible in the present work.

It was thought desirable nevertheless, to mske a careful histo-

logical study of the neural gland in Cionasa.

Methods - Fixation was satisfactory in Bouin and also in 10%
formalin in sea water. Adventage was taken of the low shrinkage
properties of ester wax in embedding and. sectioning, end sections
were cut ranging from 2 u to 15 m. Heidenhain's iron haematoxylin
counterstained with scid fuchsin was the most satisfactory stain-
ing method. To supplement pictures obtained from sections,

glends were steined in toto with iron hsemstoxylin and small

pieces teased or broken up before mounting.  Fresh tissue was

!

also examined. /

v

Histology of the neural gland.

The histological pieture of the neural gland formed from &
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study of material treated by the methods mentioned gbove differs
sharply from that generally accepted and based on the work of
Metecalf (1900).

. The neural glend (Figs. 50, 51, 62, Neu. gl.) in Ciona,

as in most Ascidians, lies immediately ventral to the ganglion.
It is an ovoid lobed body of spongy texture. Although no% S0
long as the ganglion it is muech wider and deeper. Surrounding
‘the gland is & rich plexus of blood lacunse derived from thgi
dorsal vessel. The surface of the gland is folded inwarg;?;gfﬁ
many blind tubes and fissures into which the small blood lscunse
pénetrate.

The wall of the glsnd (FPigs. 63, 64, Neu. gl. W.) is formed
of a single sheet of cells of roughly cuboidal form. In many
of these cells the inmner, free end is drawn out into & process
that projects into the lumen of the gland. This is the first
stage in the imward migration of the cells. It is already known
that the cells of the gland wall divide and that products of
division pass into the lumen. Metcalf found no mitosis during
divisién and concluded that the process was amitotic. I can
only confirm this finding. |

It is on the fate of these cells after leaving the gland
wall that the first point of disagreement arises. Julin (1881),
Roule (1884), Metcalf (1900) and Butcher (1930) agree that the
cells proliferated by the wall pass into the lumen where they

rouynd off snd disintegrate, and that during the process they
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1¢be;ate a sec;etion, which finds its way to the pharynx via
the neursl gland duet and ciliated funnel. In Ciona I find
that the cells derived from the wall move into the lumen and in
8o doing assume & stellate form. - This shape results from the
outgrowth of several long tapering cytoplasmic processes. These
eytoplasmic processes from adjacent cells meet and fuse or at
least adhere. In this way the cavity of the neural gland
becomss filled with a lqose spongy parenchymatous tissue (Fig’.
: v, 64, Neu. gl. sa.) which will be called the stroma. A
similar appearance was described by Maurice (1888) in the gland
of Frsgaroides. Metoalf however, commenting on this desoription
ascribed the spongy appearsmnce to the presence of closely packed
vacuolated cells. Without examining the gland of ?ragaroides
it is not possible to decida which of these interpretations is
right, but it may well be thﬁt Maurice's view, which agrees with
the facts in Ciona, is the correct one. Herdman (1888) has a
very similar description of the neural gland in a large species
of Ascidia from the Kerguelen. In this, he states, smsall
steilate cells divide the lumen of the gland into a number of
incomplete compartments, in which lie masses of rounded cells
with granular contents.

The gland of Ciona has, lying within the meshwork of stroma
cells, other cells of & fferent sppearance and origin. These
are blood cells (Figs. 65, 64, Pg.). Typloally they have one
large vacuole that occupies most of the cell. One or more

small vaocuoles may however be found in plaoetﬁfmthe single olca e.
one. Most of these cells, possibly all of them, sare p
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| This 18 made clear by the presence within their vacuole, of
ingested bodies (Pig. 64, Ing. o.), which are often still
recognisable as cells. These ingested bodies are often the
remains of orange pigment cells; in other cases cells,
although still showing a nucleus, are no longer recognissble
as any particular blood cell type. Phagocytes have not
previously been recognised as such in the gland. In several
species of Ascidian Metcalf described and figured round
vacuolated cells in the neural gland, with an inclusion in the
vacuole. This inclusion he considered to be a coagulated
mass of intracellular secretion. His figures agree gquite well
with the phagocytes in Ciona, except that he has not distinguished
ingested cells. - He therefore failed to recognise the nature of
the process. Not all of the cells lying within the meshes of
the stromas contain ingested cells, but those whieh have not are
in other respects quite similar to those with ingested cells.
They are to be regarded, I think, as phagocytes in a different
stage of activity.

From the newral gland . lumen the cells pass down the
neural gland duet and escape to the pharynx through the
ciliated funnel (Fig. 62). During their passage from the
neural gland to the ciliated funnel the phagocytes and their
eontents undergo degenerative changes. Bven when they have
reached the mouth of the cilisted funnel, however, they are still
recogniseble as cells or cell remains (Fig. 65). It is this
disintegration that has been generally thought to liberate
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sécretory produets.

It appears most probsble that the phagboytes migrate
from the swrrounding blood spa.oes, in which they are numerous,
through the wall of the gland. In these blood lacunae (Fig.
63, Bl. lc.) they are found both with and without ingested
cells, just as they are within the gland. Presumably then,
phagocytosis takes place in the blood spaces of the body rather
than in the gland. \ The oc casional presence in the tissues of
the gland of free blood cells leaves the possibility that cells
are ingested within the neursl gland as well as in the blood
system of the body in general.

Glands differ considerably in the smount of space occupied
by the phagocytes. When these are many and closely massed
(Fig. 63) it is difficult to distinguish between them and the
stroma cells. This has led, I believe, to thée.view that the
cells of the gland wall become vacuolated in pasrsing into the
lumen.

In Cions then no secretory activity has been identified.
It ocannot be ascribed to the phagoeytes, and the stroms cells
show no signs of secretory activity. It must be remembered,
however, that oxytoeic pioperties have been recognised in the
neural gland, and these #re presumably localised in the stroma
cells.

There is another possible interpretation of the histologiocal
facts. This is that the blood cells in the gland have originated
there. This possibility was examined by Meteslf, who detected
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blood cells in the gland of only two of the 54 species that he
studied. He concluded that the neural gland took no part in
the formation of blood elements. I agree with his conclusion,
but disagree with the evidence from which he drew it, namely
the sbsence of blood cells within the gland. The presence of
blood forming tissues in other parts of the body (vide p.13%4 )
renders unlikely the existence of a second and very different
centre of blood cell formation in the neural gland. Moreover
no transition stages have been seen linking the stroma cells
with the phagocytes. It is also generally accepted that all
blood cells are derivatives, either direct or indireect, of the
lymphocytes, and lymphocytes have not been found in ﬁhe neural
gland.

Phagocytosis also takes place in other parts of the body,
but apparently with much less frequenej than in and near the
neural gland. It appears that this organ is the main‘centre
of such aetivity, and may exert an attractive influence on
“phagocytes.

Cells pass out of the tissues by paths other than the
neural gland. The test receives immigrant cells through
the epidermis, and there may posgibly be an outward passage
through all the epithelia exposed to the water. Indications
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of this are common in sections. Nevertheless the abundance
of cells making their way through the neural gland suggests
that this is an important channel of escape for effete blood
cells. It is difficult to estimate the speed witﬁ which the
cells pass through the gland, and therefore the relative im-
portance of this as an exit. The prob;ble significance of the
position of the neural gland is that c§1ls of no further use
are liberated into the frént'of the branchial sac and can scarcely
fail to reach the food chain. They will be digested on reaching
the stomach and intestine. Thus although the cells as such, are
lost to the animal, their chemical constituents are recovered.
This argument &oes not hold for the émall number of épecies in
which the gland communicates with the atrial cavity instead of
the pharynx.

Finally it should be recognised that the functions suggested
above do not conflict with the enda&rinal activity envisaged by

Huus.
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THE CILIATED FUNNEL (Plate 11).

The ciliated funnel (Pigs. 50, 62, 67, Cil. fu.) is

" situated in the roof of the prebranchial zome of the pharynx.
It projeots as a small tubercle that lies slightly anterior to
the neural gland. The opening of the funnel is on the ventral
side of this tubercle, and lesds back into the meural gland |
duct which opens to the lumen of the neural gland. The
opening to the pharynx is a horse-shoe shaped slit with the
ends curved inwards (Pig. 67). A rich ciliation covers the
external and internal lips of the funnel and extends‘some way
into the neural gland duct.

' The gross anatomy of the fummel is well known. The
histology has however received rather superficial attention,
and shows some points of interest. Seeliger (in Bronn) states
that each ciliated cell of the funnel bears only a single cilium.
Neither he nor any of the other workers has drawn & distinction
between the ciliation of the external lips and that lining the
funnel. There is, however, a difference and one that appears
to be relsted to a difference in function. What may be called
the lip @iliation (Pig. 68, Cil. 1lp.) covers the external
border of the slit and penetrates a very short way into its
interior. Beyond this point the internal ciliastion (PFig. 68,
Cil. in.) is quite clearly marhed’qff in characier from the 1lip
oiliation. In both these epithelia the cells bear not a single
cilium but a group of about a dozen cilia. The cilia of the

1ip are fine structures and show no tendemcy to fuse with one



8s8.

another. On the other hand the cilis of the interior are
fused into groups, or at‘ Jeast adhere in this fashion.

Each group eons;sts of the e¢ilia from one cell. These retain
their individuality near their base, but run together in their
distal half to form a pointed coniecal structure. This bends
towards the interior of the fumnel. Further bsck this ciliat-
ion df sappears and its place is taken by a much more sparse
cilistion on the epithelium of the neural gland duct.

If the funnel is tsken from a live animal and examined at
once the aection of the cilia and the direction of the cﬁrrents
produced can be studieq with the aid of a fine coloured sus-
pension to act as an indicstor. It is then seen that the fine
cilia of the externsl lip are very active. The grouped cilia
of the interior show only a slight undulating action, and can
therefore be responsible for comparatively little water movement.
Powerful local ocurrents arevproduced by the lip cilis. The
main directions of these currents are represented in Fig.67,
which shows the ventral side of the fﬁnnel. The ciliation
round the peripheral border of the opening draws water in
towards the funnel. On reaching the funnel the water stream
mekes 8 shallow penetration into the opening but is quickly
diverted out sgein by the cilis of the median border. These
latter beat outwards and drive water away from the tubercle in
an antero-ventral direction. The whole process is thus a
washing out of the opening to the fummel. Any substg.nce
iring within the cilisted fummel must presumably be removed
into the pharynx by this turbulemce. In such & way the
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discharged cells of the neural gland are carried out of the
cilisted funnel. As these currents are of a local nature
the discharged cells will soon come under the influence of
the main inhalent current of the oral siphon, and be swept
back into the branchisl sac.

| A sensory function has been attributed to the ciliated
funnel. It was claimed by Metcalf (1900) that in Cionma

a small group of ganglion cells is situated on the dorsal side

- of the neural gland duet, and oonnécted with the gaenglion by

nerve fibres. This innervation of the duct or the funnel is
gshown more clearly in other Ascidiang, according to Metoealf,

and Hunter (1898), at Metealf’s suggestion, undertook an investi-
gation of the funnel to cheeck on the quéstion of innervation.
Hunter claimed to have demonstrated the presenoe of sensory
cells amongst the ciliated cells of the funnel;;in Molgula.

I have made no exhaustive study of this aspect of the funnel
histology, and have failed with less specialised techniques to
find.any nerve cells or fibres. The close proximity of ganglion
and neural gland duct renders difficult the detection of any
passage of fibres between the two. Ome or two cells in every
section through the ciliated fummel stain much more deeply

than the rest. These dark cells also differ in being only

gbout half the width of the normsl ciliated cells. No sensory
process or nerve fibre could be detected in connection with

these cells, however, and their nature remsins obscure. -One
cell 6£ this kind is seen in Fig. 68 near the upper limit of

the internal ciliation depicted.
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Metealf's group of ganglion cells on the neural gland duct,

was not seen in my sections.
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BLOOD SYSTEM (Plates 12, 13, 14, 15).

The anatomy of the blood system in Ciona has been des-
cribed in detail by Roule (1884) in his monograph. Since then
however some mistakes have been found in his work, and the
present investigation has made changes not only in detai; but
in a few major points. | This applies particularly to the supply
and circulation of the body wall. A revised account of the
circulation as a whole has therefore become necessary.

In studying the lay-out of the blood vessels injections
were made using rubber latex suitably coloured with monastral
blue fast 4ye. The latex can be dilnted with water to any
required viscosity, and penetrated the smallest lacunse. The
latex was set by immersing the specimen in dilute acetic acid
- for a few minutes. Injections cannot be made with any certainty
into the heart, the walls of which do not give sufficient support
and do not fit tightly enough round the injecting canula. The
main dorsal and ventral vessels are, however, sufficiently well
supported and are of suitable diémeter for injections to be made

into them.
The blood system can conveniently be divided into the

following parts:-

Heart.

Pharyngeal system.
Visceral system.
Body wall system.

Test vessels.
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This division will be largely ignored in the following
detailed anatomical account but its significance will become
apparent in the description of the circulation.

The detailed structure of the heart will be described later
(vide P. 111). At present it is sufficient to say that it is an
inverted V-shaped tube situated behind the pharynx with its axis
slightly tilted forward so that the anterior limb of the V ends
near the endostylar appendix, and the posterior limb on the right
of the lower border of the stomach (Fig. 69, Ht.). The antero-
ventral end of the heart will be called the pharyngeal end and
. the opposite end the visceral end.

From the pharyngeal end a shoit wide trunk arises that gives
off the following branches: -

(a) the ventral vessel which lies under the endostyle.

(Pig. 69, V. ve.).

(b) & (¢) a large vessel to the anterior wall of each
epicardiac cavity. These will be called the left and
right snterior epicardiac vessels. (Fig. 70, L. ant.
epe. ve; PFig. 69, R. ant. epc. ve.).

(d4) a few small vessels following the course of the retro-
pharyngeal band to the mouth of the oesophagus. (Fig.
70, Ret. bd. ve.).

(e) small vessels forming & plexus over the endostylar

‘ appendix. (Fig. 70, Es. ap. ve.).

(f) the pericardisc vessels. (Fig. 70, Pc. ve.).

(2) a large trunk in the median inter-epicardiac septum
passing back under the heart. This will be called
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the median epicardise vessél.

From the visceral end of the heart a single short, wide
trunk, the cardio-stomachal vessel (Fig. 72, Car.-st. ve.),
arises which lies on the right wall of the stomach. This
branch soon bifurcates into the anterior and posterior stomschal |
vessels. (Pig. 72, Ant. st. ve.; Pos. st. ve.). |
The most convenient method of description will be to follow
the course of these vessels in the order in which they are set
out above.

(a) The Ventral Vessel (Fig. 69, V. ve.).

This runs forward from the heart, gives off a series of short
vessels to the ventral body wall, and comes to lie in the tissue
uniting the endostyle and the ventral body wall. It accompanies
the endostyle along its whole length. Along its course it gives
off: ~

1) paired branches to the walls of the branchial sac. These
ocoupy the transverse bars of the pharynx. (Figs. 69, 71, Ph. tr.
ve. ). -

2) small irregular branches to the ventral body wall and to
tﬁe side walls of the endostyle. (Fig. 71).

On reaching the anterior end of the endostyle the ventral
vessel gives off to the right and the left single vessels that
follow the right and left halves of the peripharyngeal band
round to the dorsal side of the pharynx. These peripharyngesl

vessels (Pigs. 19, 69, Per. ve.) lie in the posterior lip of
the peripharyngeal band. They unite under the neural gland and
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are joined by the large dorsal vessel. After giving of?f
these peripharyngeal vessels the ventral vessel continues
forward in the ventral wall of the oral siphon to which it
provides é rich network of vessels. To this siphonal part of
the ventral vessel are united the halves of the ring vessel
beneath the tentacles. (Fig. 69, Ten. rg. ve.).

The system of irregular and anastomosing vessels of the
siphonal walls leads eventually to this part of the ventral

vessel and to & corresponding part of the dorsal vessel.

(b) The Left Anterior Epicardiac Vesgel. (Fig. 70, L. ant. epc. ve.)

This large trunk runs up in the anterior wall of the left
epicardiac ocavity, rather close to its right (medien) border.
It gives off to the left & series of stout parallel branches
that pass out to the line of fusion of the epicardiac wall and
‘the body wall. Here the branches unite with the main longitud-
insl vessels (Pig. 70, Lon. b. W. ve.) of the body wall. To
the right (ﬁedian) side the left epicardiac vessel'gives off a
numbef of finer branches to the retropharyngeal and the anterior

oesophageal vessels. . |
|

(¢) The Right Anterior Epicardiac Vessel (Fig. 69, R. ant. epo.ve.)ﬁ

This corresponds on the right to the vessel just described. §
It differs, however, in being more slender and in its branching |
which is less regular and less parallel. The branches to the
right pass to the body wall, and those to the left to the
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retropharyngeal and anterior oesophageal vessels.

(4) The Retropharyngeal Band Vessels (Fig. 70, Ret. bd. ve.).

To the right of the endostylar sppendix s vessel leads
from the point of origin of the epicardiac vessels, dorsally
along the retropharyngeal band. Branches from this vessel,
as previdusly mentioned, link with the two anterior epicardiac
vessels. Other branches pass posteriorly in the inter-
epicardiac septum to the anterior part of the stomach and the
ventral part of the oesophagus. These branches to the
stomach and oesophagus hawe been omitted from Fig. 70, for

the sake of olearness.

(e) The Endostylar Appendix Vessels (Fig. 70, Es. ap. ve.).

A small vessel arising close to the pharyngeal end of
the heart lies on the endostylar appendix over the walls of

which it breaks up to form a rich plexus.

(f) The Pericardiac Vessels (Figs. 70, 72, Pc. ve.).

The pericardiac vessels arise, some from the common
- point of origin of the epicardiac vessels, and some from the
dorsal branch of the median epicardiac vessel. They spread

over the ventral edge of the pericardium and up over its

lateral walls. e

(g) The Median Epicardisc Vessel.

Originating at the same level as the anterior epicardiac
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vessels, this passes back in the ventral part of the median
inter-epicardiac septum. Below the heart it divides into
two branchses. Of these the ventral branch is the cardio-
test vessel (Fig. 70, Car-te. ve.). This enters the body
wall and passing back to the postero-ventral part of the body,
becomes one of the two supply vessels of the test vessel
system. This is Roule's "tunico-cardiac sinus.”

The dorsal branch, which in this work will be called the
Posterior epicardiac vessel (Fig. 70, Pos. ve.) continues in
the median septum and reaches the body wall almost at its
extreme posterior end. This branch and its subdivisions
unite with the body wall vessels in the postero-dorsal part
of the right side of the body. It is principally those
vessels that lie dorsal to the miscle 14 which are supplied
by this branch, although links are formed with the more ventral
vessels. It has slready been pointed out that the right
anterior epiqardiac vessel is smaller than the left. This is
now seen to be relasted to the adlitionsl supply that the body
wall of the right side receives from the dorsal branch of the
median epicardiac vessel. In turn this is explained by the
smell size of the right epicardiac cavity which brings the
"median" septum obliguely across to the right side at its
posterior end. In this position the posterior epicardiac
vessel tskes a large share in supplying the body wall vessels
of the right posterior area. It may be that the "median" septum
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was originally central in the body, and that at that time
its vessels made an equal contribution to both sides of the
body. In that stage of evolution the anterior epicardiac
vessels may be assumed to have been symmetrical. Subsequent
chenges in the course of which the viscera came to occupy
the left cavity exclusively, would involve & shifting of the
median septum to the right side. This would entail a greater:
proportion of the "median éqptum blood™ going to the right
side of the body, with consequent increase in size of the left
anterior epicardiasc vessel.

The visceral end of the heart leads directly into the
short wide cardio-stomachal vessel (Fig. 72, Car-st. ve.) on
the right side of the stomach. Two main branches are formed

from this vessel: -

~ (a) The Anterior Stomachal Vessel (Fig. 72, Ant. st. ve.).
This is a wide vessel that runs obliqueiy forward over the
right side of the stomach, to which it gives lateral branches.
Its terminal branches are continuous with the longitudinal
vessels of the oesophagus, especially those of the ventral side
‘of the oesophagus. The main stem of the anterior stomachal
véasel continues round the antero-ventral end of the stomach,
ventral to the oesophagus, and finally lies on the left side
of the stomach, the anterior part of which it supplies.

(b) The Posterior Stomechal Vessel (Fig. 72, Pos. st. ve.).

This broad vessel runs dorsally from its root and soon divides

into two branches. Of these the more dorsal leaves the stomsch
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and passes across to the body wall in which it runs bseck to
the root of the test vessels. This forms the stomacho-test
vessel (Fig., 72, St.-t.ve.) snd is the second supply vessel
for the test. This is Roule 's "stomacho-tunicsl sinus".

| The ventral branch supplies the posterior part of the
stomach and also the intestine over which it breaks wup.

The Oesophagesl Vessels.

The longitudinal oesophageal vessels (Figs. 70, 72, Oe. ve.)
have been mentioned before. They surround the oesophagus in a
plexus whose main direction is along its length. Anteriorly
~they communicate with the network of vessels round the mouth of
the oesophagus. With this network the upper branches of the
retropharyngeal vessels are &also joined. The posterior
continustion of the cesophageal vessels into the anterior branches

of the stomachal system has already been deseribed.

The Intestinal Vessels(Fig. 70, I. ve.).

The vessels that cower the swrface of the intestine are
joined to two main vessels of the blood system. At their
stbmaohal end they lead off from the ventral 1limb of the posterior
stomachal vessel, which was noted above. At their opposite or
rectal end they unite to tske part in the formation of the main
dorsal vessel. A number of small vessels lie in the intestino-

body wall mesentery. They pass from the left side of the
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intestinal loop to the dorsal body wall. (Fig. 70, I.-b. w. ve.).
The Ovarisn Vessels.

The connective tissue within the ovary is vascular.
The chief supply vessel is a branch of the posterior part of
the dorsal vessel which follows the path of the oviduct. In
addition to this there are several vessels passing between the
ovary and the body wall (Fig. 70, Ov.-b. w. ve.), and a few
between the ovary and the stomach.

The Dorsal Vessel (Pigs. 69, 73, 75, D. ve. ).

This is one of the main vessels of the pharyngeal system.
As far as the branchial sac is concerned the dorsal vessel
corresponds in function to the vez;tral vessel. It has similar
relations with the transverse bars of the branchial sae, with
the peripharyngeal bami vessel, with the ring vessel under the
tentacles end with the dorsal éide of the oral siphon. Around
the ganglion and neural glmd and in the walls of the ciliated
funnel branches from the darsal vessel constitute a complex
of intercommunicating sinuses. Imme di ately posterior to this
neural complex the dorsal vessel gives off an important branch
to the anteri or face of the atrial siphon.

In the anterior part of the branchial sac the dorsal
vessel is a single simple channel. On reaching the genital
ducts part of it is split of f and forms the genital duot

plexus (Pig. 73, Gen. du. px.), an almost square meshed
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 reticulum over the ducts.

The dorsal vessel slso supplies the rectum with a plexus
of small vessels encircling it. Towards the hind end of the
rectum this plexus develops into a few larger longitudinal
vessels. Of these the largest continue down the intestine and
break up into its system of small sinuses. Another rectal
vessel becomes that deseribed sbore as following the oviduct
to the ovary. Other vessels pass across from the anterior end
of the intestinal loop to the dorsal body wall. In eddition
to these there is & large branch vessel originating from the |
posterior dorsal complex, somema;b posterior to the oesophagesal
mouth, and passing into the body ;all. From this branch three
or four smaller vessels diverge as a group, towards the median
(left) side of the oesophagus. They join the ventral longitud-
inal vessels of the oesophagus. Posterior to this group of
branches the vessel bresks up, its components going to the body
wall, the intestine and the orary. '

The dorsal septum (mesentery) uniting the rectum and body
wall carries important brenches from the dorsal vessel to the
body wall. The largest of these septal vessels lie just
posterior to the anus. On reaching the body wall these
vessels form s single trunk passing forward in the roof of the
atrium as a mid-dorsal vessel -the Dorsal body wall vessel

(Pig. 69, D.b.W, ve.). This continues slong the dorsal wall

of the atrisal siphon.
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The Branchial Sac Vessels.

—

‘These are a completely interoommuﬁicating system of
vessels tsk ing their mein supply from the dorsal and ventral
vessels.

The transverse vessels (Fig. 69, 71, Ph. tr. ve.)
correspond in size to the transverse bars within which they
lie. Each leads direetly to both dorsal and ventral vessel.
Joining these transverse vessels at right angles are the
smaller interstigmatic vessels. TEach inmer longitudinsl bar
also contains a single blood vessel (Fig. 71, Ph. lon. ve. ).
These communicate with the transverse vessels at each crossing
point. In the prebranchial zone the longitudinal vessels
split into a number of branches some of which merge with the

peripharyngeal vessel, and others continue into the oral siphon.
The Trabecular Vessels (Fig. 73, Tb. ve.).

The trsbeculae that run between‘the branchial sac and the
body wall carry across blood vessels. At their inner enda
‘these vessels arise from the transverse vessels of the branchial
sac. At their outer ends they fan out over the body wall to

join its vessels.

The Body Wall System.

The principal chamels by which blood is conveyed to and
from the body wall have all been described but it will be useful

to bring them together here. They are: -
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1) The left and right anterior epicardiac vessels.

2) The posterior epicardisc vessel.

3) The dorsal vessel, by its oral siphon, its anterior
atrial siphon and its dorsal septal branches.

4) The trebecular vessels.

5) The ventral vessel, partly along its branchial extent,
but mainly in the floor of the oral siphon.

6) The viscero-body wall vessels, in which are included
all those small vessels that are found in any mesentery

binding one of the visceral organs to the body wall.

The Body Wall Vessels.

The blood system in the body wall is much less indetermin-
ate than has been generally supposed. It is true that the
whole structure is supplied with a diffuse and richly anastomos-
ing system of blood sinuses. Within this there are, however,
definite vessels of greater size, following well defined paths.
These are longitudinsl vessels (Figs. 70, 75, Lon. b. w. ve.)
parallel and close to the longitudinal muscles. As a general
rule there are two of these vessels between each two longitud-‘
inal muscles, but this is not a constant condition. Rach of
these longitudinal vessels communicates mear its posterior end
with one of the side branches of the anterior epicardiac vessels,
or with a branch of the posterior epicardiac vessel. Anteriorly
the longitulinal vessels bresk up at the level of the peripharyn-

geal vessels (Fig. 74). A median branch of each continues into
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the oral siphon wall) and the lateral branches join the peri-
pharyngeal vessels.

The more dorsal longitudinal vessels pass instead to the
atrial siphon, and breek up over its lateral walls. In both
siphondthe narrow channels resulting from the splitting of
the longitudinals, tend to run round instead of slong the
siphons. They link up with the median dorsal and ventral

vvessels of the siphons;
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TEST VESSELS (FPigs. 86, 87.)

The test vessels in Cions are restricted to a small part
of the test on and round the attachment ares and they extend
int o the attachment villi. The peculiarity of thq vessels
is their double nature. Two chammels lie side by side within
& villus and intercommmnicate at tts tip. Each limb of the
double vessel tskes its origin from either the cardio-test or
the stomacho-test vessel (Fig. 69,Carst. ve, and St. t. ve.).

Some of the peculiarities of the epidefmis of the villi
have already been referred to (Vide pp. /6,!7. ). The septum
between the limbs of the double vessel also deserves attention,
and has been the subject of some controversy. Damas (1900)
believed the septum to be epicardiac in origin. drmback- |
Christie-Linde and Brien (1932) maintain, however, that it is
mesenchymatous. Seeliger studied the method by which the two
vessels arise. He found that the vessel is originally single
and later becomes eonstrieted longitudinally, and finally
separated ihto two channels. | '

Although the method of development'was not studied in Ciona,
sectioned material did provide some features of interggt. The
contention of Armback-Christie-Linde and Brien a&s to the
mesenchymatous nature of the lamina is confirmed. No epitheliunm
exists between the two limbs of the test vessel, and the septum
consists of a connective tissue matrix. In this ground substance,

however, there are cells which appear to be immigrant from the
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epidermis (Figs. ée, 87, Ep. 6.). The nuclear
character and staining reactions of these cells suggest
that they originate from epidermsl tissue. Stages in
the process of migration are also readily identified.
The high mitotic rate in the epidermis of the-villi
(vide p./'7. ) is now seen to be related to the budding
off of epidermal cells, and their inward passage to the
septum. The process msy be regarded as a survival of

the developmental stages seen by Seeliger.
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THE COURSE OF THE CIRCULATION (Fig. 75).

The main course of the eiroulation has been long known,
and little has been found in this investigation necessitating
change or amplification as far as the branchial and visceral
streams are concerned. With regard to the body wall this is
not so.

The heart periodically reverses the direction of its
beat. When blood flows direetly from the heart to the
viscers the heart is said to be in the ad-visceral phsase.

In the ab-visceral phase the blood flows in the opposite
direction.

During the ab-visceral phase blood moves anteriorly along
the ventral vessel, and passes out into the transverse vessels
of the branchial sac from which it enters the dorsal vessel.
In the dorsal vessel the flow is back towards the viscera.

At the same time blood passes forward in the ventral side of
the oral siphon and up within the peripharyngeal and tentacle
ring vessels. In this way it reaches the anterior part of the
dorsal vessel. The flow in the lateral wall sinuses of the
oral siphén is also from the ventral to the dorsal surface.

Simultaneously blood has been flowing back in the dorsal
vessel towards the viscera. Some goes from the dorsal vessel
to the intestinal, some to the oesophagesl and some to the
ovarian vessels. From these regions, and from the stomach
which has been supplied largely by the oesophageal vessels,
the blood finds its way directly or indirectly to the visceral
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end of the heart.

During this phase blood has been returning from the test
vesselé to the heart by the "stomacho-test” vessel. There is
a flow in the "cardio-test" vessel into the test vessels.

Some of the blood which &t this time is passing baeck along
the oesophageal vessels arrives there vias the retropharyngeal
vessels.

Although Roule figured the epicardiac vessels their signi- /
ficance appears to have escaped him. During the ab-visceral ¥
phase these vessels carry blood directly from the heart to the
body wall. It simultgneously flows out in the median epicardiac
vessel. Having reached the longitudinal body wall vessels near
their posterior end the blood is forced in the body wall forward
towards the siphons. The stream divides at the peripharyngeal
band sinuses. Some blood enters these sinuses and reaches the
dorsal vessel; the rest proceeds forward into the oral siphon.
In the atrial siphon the stresm spreads over the side walls to
be collected in the anterior amd the mid-dbrsal vessels. Both
‘of these return the blood t§ the dorsal vessel, the former
direotly, the latter hy way of the dorsal septal vessels.

' There is thus a striking dif ference in the direction of
blood flow in the two siphoms. In the oral siphon, the flow

in the ventral part is forwards, in the sides it is largely
dorsally, smd in the dorsal part it is backwards. In the atrial
siphon, on the other hand, the side walls have a forward flow
while the dorsal and wentral parts have a backward flow.
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Roule states that the tentacles have as a rule only one
vessel, or at the base two. Generally, I have found, there
are two vessels even in the smaller tentacles. This arrange-
- ment is seen both in sections and in injected specimens. It
13,_honever, only the larger tentacles in which the bloed
circulsates. During the ab-visceral phase for example some
of the blood that is running dorsslly in the tentacle ring
vessel enters the more ventral of the two limbs in the
tentacla; It rejoins the main stream by the more dorsal
limb.

Much attention has been peid to the test vessel circu-
lation. In fact, however, it often happens that the circu-
lation is somewhat sluggish through the test vessels. Its
course, as is well known, is out along one limb and in along
the other, since the two intercommunicate at the end of the
villus. |

During the ab-visceral phase some blood flows inwards
from the body wall to the branchial sac by way of the trabeculse.
The réverse direction is followed in the ad-visceral phase.

It wes shown by von Skramlik (1929 ) that there is a true
"eirculation of the bloogd. Particles injected into the blood
stream arrived back st their starting point in about one
minute, after completing a tour of the body. The exact path
followed was not indicated by von Skramlik, and presumably the
time taken depends on the vessels traversed. His findings

scoord well with my 6bservations on the course of blood
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circulat ion and assertion that throughout the body this
follows quite definite paths.
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THE PERICARDIUM AND HEART (Plate 14).

The Periocardium.

The pericerdium is a triangular sac with its apex below
the oesophagus and its base lying between the endostylar
appendix and the stomach. It is enclosed by the two closely
adhering median walls of the epicardiac cavities. Along its
two dorsal sides the wall of the pericardium is united to that
of the haart, giving rise to a differentiated line in the heart
wall called the cardiac raphe or suture (Fig. 76, Car. rh.).

The wall of the pericardium consists of a single sheet of
hexagonal cells having a large vesicular nucleus. From the
pericardisc wall the adjacent epicardisc wall is distinguished
by its smaller, paler nuclei with more scattered chromstin.

The blood system over the walls of the pericardium has
already received attemtion (vide p,-95. ).

A few strands of smooth musele run aoross the wall of the
pericardium from base to apex and down the opposite side. I
do not know whether these muscle strands ever contract or what
their function may be. It is interesting to note, however,
that aceording to von Skramlik (1929) the pressure of the peri-
cardiac liquid is of importance in the correct functioning of
the heart. Possibly the perieardisc muscles exert some control
over this pressure.

Connective tissue fills the space between the pericardiasc

and epicardisc walls. This becomes very fibrous in the
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vieinity of the cardiac raphe, the fibres lying at right
angles to the rsaphe. The connective tissue cells in this

region have a similar orientation.
The Heart.

The heart (Figs. 69, 72, Ht.) is & tube bent into'the shape
of a V or more strictly an opened-out U. Since it is an |
invagination of the pericardium the heart retains contaet with
- the pericardiasc wall along its outer or convex margin. Ay
explained in the description of the pericardium this line of
contact is the cardisc raphe (Fig. 76, Car. rh.). |

The heart wall consists of a single sheet of cells which
are the transversely stristed muscle fibres (Fig. 77). TEach
fibre is differentiated into an inner contractile part facing
the heart lumen, and an outer sarcoplasmic part containing the
nucleus. The fibre is a long narrow ribbon-like cell , sbout
100 n in length, and pointed at both ends. These fibres are
parallel to one another and pass in a tight spiral round the
heart (Fig. 76, Mu. dir.). That is they are almost perpen-
dicular to the long axis of the heart. It is curious that both
" Roule (1884) snd Heine (1902) desoribed the fibres as running
along the length of the heart. As pointed qut by Fernandez
(1904) the true relations had slready been shown by R. Hertwig
(1873). 'The tight nature of the spiral may be judged by the
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fact that the fibres make with the raphe, and therefoie with
theylong axis of the heart, an angle of 60 to 70 degrees.

There hes been in the past considerable difference of
opinion on the finer structure of the muscle fibre. The cross
striation presented by the alternation of dark anisotropic and
light isotropie bands is clear. It is less obvious that each
dsrk bend (Fig. 78, QQ.) has a light one (Fig. 78, Qh.) across
its centre, and each light band (Fig. 78, I .) is divided by
& narrow dark line (Fig. 78, Z.). The formula as given by
Pernandez (1905) is therefore - Z-I-Q-Qh-Q-I-Z.

Heine (1902) pointed out that the fibre has the sppesrance
of being divided longitudinally into two lamellae each made up
of a series of bands, and he believed this to be the real nature
of the fibre. He also thought that each of these two lamellae
was composed of a vertical series of blocks making up the
transverse bands. Hunter (1902) also noticed the apparent
longitudinal split of the fibre. Fernandez (1905) ,however,
regarded this as an optical effect. By careful focussing he
maintained that he could distinguish within the fibre a number
of fine fibrils. The optical fusion of the outer members of
| this bundle of fibrils wounld presumsbly give an effect similer
to‘that produced by a genuine msdian fission of the fibre. 4s
pointed ou£ by Fernandez the splayed out ends of the fibres
where they are seen, do in fact show a number of fibrils (Fig.
81). |

Examinations have been made of sheet preparations and of
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sectioned material with a view to clarifying the' position.
In many cases fi'bres have been seen with four constituent
fibrils (Fig. 81). This picture could result, of course,
from the spreading out of a fibre of the kind envisaged by
Heine. At no matter what level the fibre is fooussed,
prdvided that it remains in sharp focus, two distinct lamellae
are visible. It appears to me that Heine's view is cor:'r:e‘ct,
in 80 far as it maintained the existemce of two lamellse.

On the other hand, although it may bde t.:me that the fibre
is composed also of a vertical series of layers, as Heine

thought, two facts oppose this conclusion.

1) Any such vertical division of the fibre lamellae is
too fine to have been seen by the methods used by me, although
these methods were adequate to resolve all other details noted
by Heine.

2) The justification for Heine's diagramatic representat-
ion of the fibre struetwre (his Fig. 37, taf. XXXI) rests, as
far as Ciona is concerned, on the asppearance in his Figs. 18,
19 and 20, taf. XXX. These figures show transverse snd lon-
‘gitudinal sections of the myocardium. I have found that
imsges of this kind are invariebly due to one of two csuses.
Seoctions may be slightly obligque, or points at different levels
of focus can be included in one picture. In my view, in the
case of the "transverse" section Heine's vertical series

within the fibre is merely the series of cross striations
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presented by an oblique section of & short lemgth of fibre.
In the longitudinal section it is the inclusion of a few
fibres side by side that gives the picture.

}The sarcoplasmic part of the muscle fibre bulges slightly
into the pericardiac cavity. It contains the nucleus on each
side of which it tapers off 1hto &8 fine layer over the con-
tractile portion. As Seeliger (in Bronn) pointed out there
mgy be two nuclei in one sércoplasmic body; typically there
is however, only one.

The inner surface of the myocardium is covered with a very
thin sheet of non-éellular connective tissue which is continuous

with that of the blood vessels.

Fibre Degensration.

The life of the cardiac cells may be relatively short.
It was suggested by Roule (1884) that cells of the heart wall
and of the pericardium drop off into the pericardiasc cavity,
where they are aggregated to form the pericardisc quy. A
detailed account of the pericardisc body will be supplied later
(vide pp.121-123)., The movement of the heart wall in contract-
" ion was thought by Roule to be the cause of the aggregation.
He found evidence amongst the eells of the pericardiac body
that these were of cardiasc origin. Heine (1902) confirmed
this finding, but neither of these investigators described the
processes iniolved in this easting off of the cardiac cells.

A histological study of the heart confirms that the
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pericardiac body is the product of cast off fibres. Sheet

, preparations of the heart wall in Ciona show very consistently
the presemce of spindle-shaped pockets of degenerating fibres
(Pig. 79, a, b, c.). Each pocket when fully developed con-
tains from 8 to 16 cells, ususally about a dozen. In the early
stages of formation this pocket projects only a little way
into the pericardiaec cavity. Later it bulges conspicuously
and is finally either constricted off, or ruptures, into the
lumen of the pericardium.

The cells in the pocket are of various sizes. The largest
are gemerally near the centre and the smallest in the tapering
end portions. The size range of these cells is from sbout
twice the diameter of normal fibre nuclei up to four or five
times this. Whole muscle cells are involved in the degeheration,
which starts by a shortening of the fibre (Fig. 79, a.). The
process seems to be initiated in several néighbouring cells
almost simultaneously. [Further changes produce a rounding
~off of the cell accompanied by a swelling (Fig. 79, b.).

During this time the nuclei lose their previous characteristies,
and with the disappearance of the nuclear membrane th& chromatin
‘1s spread out in the cell. By now the fibre banding has lost
much of its staining property, and can only be recognised with
difficulty. This condition of the degenerating cells is
characteristie of the fully developed pocket (Fig. 79, c¢.),

and it is in this form that they are shed into the pericardiac

cavity.
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In spite of the frequency of the degenerating pockets
and the relative clearness of the stages in the process, Gaver
and.Stephan (1907) state that they have never seen & fibre in
situ showing signs of degeneration although admitting the
presence in the pericardiasc body of cast off fibres. Further
reference will be made to their work when the pericardiac body

is dealt with (vide p. 123 ).

The Undifferentiasted Line (T1).

Parallel to the cardiac rsphe there is a narrow band of
undif ferentiated cells running the whole length of the heart.
This band has no English nsme and will be referred to as the
undifferentiated line, or more briefly as the Ul.(Figs. 76,
81, TUl.).

This band was first noticed in Perophora by Keferstein
(1865). Herrmann (1882) briefly mentioned it in Ciona, but
‘1t was not until Fernandez (1904) investigated it in a
number of Aseidians that eny details of its structure were
known. According to Fernsndez it consists in Ciona of a strip
~of tissue two to five cells in width, of an undifferentiated
nature, and serving probably as a mechanical support for the
insertion of the fibres. This interpretation of its function
was supported by the fact that in certain other Ascidians the
connective tissue under the Ul is ﬁhickened. He found no

connection with the nervous system or any evidence of nervous

structure in the line itself.
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Little requires to be added to the deseription given by
Fernandez, except that the line varies in width along its
length from two - sometimes one - to five cells, and that the
cells are in sctive division. This division is responsible
for the local thickenings to four or five cells in width (Pig. 81).
Now the products of cell vdivisi on must find some outlet and the
only path open to them is the heart wall. I suggest that the
cells resulting from the divisions in the Ul may pass out into
the wall of the heart and becume muscle fibres. It must be
admitted, however, that no transition stages of a kind supporting
this suggestion have been definitely idehtified. Fernandez
also states that the nuclei of the Ul cells are the same size
a8 those of the muscle cells. They are in fact slightly but
distinetly smaller, and also dif fer from the muscle nuclei in
the more even distribution of their chromatin blocks.

There is some indirect evidence to support the suggestion
made sb ove that the proiucts of Ul cell division become muscle cells

of the heart wall.

(1) The Ul is continuous at each end of the heart with the
growth ring (vide p. |18.) and its cells are very similar to
those of the growth ring.

(2) The loesl swellings might well give rise to short
strings of cells which on migra_tion would result in bands of
musiele cells with nuclei arranged in straight lines. This
linear arrangement of the nuelei (Fig. 76, Mu. nu.), with the
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lines slightly oblique to the Ul, is typical of the Ciona

heart. This obliquity of the lines of nuclei results in
different lengths of fibre between the nucleus and the point

of insertion on the Ul. for cells at different positions

along the Ul. Now the fibres do not, so far as I can discover,
continue across the Ul. If this is true it is not clear how
such an arrangement of fibre nuclei as that described sbove
could originate and be preserved, except by the budding moctivity
of the Ul.

Growth Zones of the Heart.

The existence of much degeneration in the heart raises the
question of fibre replacement. It has been seen that fibres
are sometimes found with two nuclei, which indicates that
fibres themselves effect réplacement by division. Apart from
this, tissue replacement and heart growth are carried out by
a ring of cells at each end of the heart. Reference to these
growth zones has not been found in the literature.

Bach growth zone consists of a ring of undifferentiated
hexagonal cells (Pig. 80, Pro. c.) the nuclei of which are in
| division. This ring lesds to the fully developed fibres of
the cardiac wall by & narrow transition area (Fig. 80, Dif. c.)
in which differentiation tekes place. This involves elongation
of the cell and the appesrance of striations.

These terminal growth zones are certainly responsible for

the elongation of the heart during the growth of the animal.
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It is more difficult to say whether they are capable of re-
.placing tissue that is more or less uniformly removed from
the whole of the heart wall, as it is by the degeneration
pockets.

The Question of Heart Ganglia.

It is not necessary to discuss here the questions involved
in the physiology of the heart beat and its periodic reversal.
It is sufficient t0 mention that the suggestion has been made
that nerve cells and fibres tske some part in initiating and
controlling the beat.

Negative results for various Tunicates have been obtained
in histological investigations by Ranson (1884), vaaneneden
and Julin (1886), Knoll (1893), Schultze (1901) and Heine (1902).
Hunter (1902), however, claimed by the use of methylene blue
vital staining to have demonstrated the presence in the heart

of Molguls masnhattensis of a pair of ganglia, one at each end

of the heart.

| Investigations were carried out on the heart of Cioma to
£ind whether Hunter's results could be verified in this genus.

| Methylene blue vital staining, and Heidenhain's haematoxylin

on strip and section preparations consistently gave negative
results. Greater reliance has been placed on the latter method,
which well shows the typical ganglion cell nucleus if this is
present. In sddition it provides a reasonsbly good stain for

nerve fibres. No nerve cells or fibres were found in any part
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of the heart, although a particularly close search was made
at the two ends of the heart, where Hunter depicted the
ganglia in Molguls.

It is perhaps significant that connective tissue cells
are present at the ends of the heart in the form of a loose
ring (Fig. 80, Cn. ti. rg.). This lies, at each end, at the
extremity of the cardisc tube level with the non-cardiac end
of the growth zone. The orientation of these cells is very
like that of the cells figured by Hunter as ganglion cells.
These cells are fusiform and have short fibrous processes that
spin round the hesart ostia. They are the end members of a
sheet of cells (Fig. 82) that lines for a short distance the
large blood vessels at their cardaic arigins. The rest of
the sheet comnsists of irregular cells with several processes.
The processes contact those of adjacent cells and givevto the
whole sheet & reticular sppearsnce. This seems to represent
the "endothelium" lining the blood vessels, described by Roule
(1884) and others.

These observations suggpst'that the connective tissue cells
might have been mistaken for ganglion cells. | The present find-
ings refer only to Ciona, of course, but the presence of & nerve.
mechanism in one Ascidian hesart and not in another is unlikely.

Hunter himself was unsb le to s;ﬁ;afaotorily‘correlate the
sppearances that he obtained with methy1;;e blue and iron
haematoxylin. Heine, moreover has objected that the position
of the cells located by Hunter is difficult to explain onto-

genetically.
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PERICARDIAC BODY (Plate 14).

This is s rounded white body lying free within the
pericardium. Its position is not constant amongst individusls,
as it is sometimes near the apex and at other times close to
the base of the pericardium. As it is unattached to either
the heart or the pericardiac walls it can be moved about |
during the contractions of the heart. It increases with the
size of the animal. '

The pericardiac body is a compacted aeccumulation of
degenerate cardiac fibres (Fig. & ). Histologically its
elements are the same as the effete fibres shed from the pockets
of degenerating cells (vide pp. /14 -116.) in the wall of the heart.
4s in these pockets, all stages in the process of degeneration
can be found. Slightly transformed fibres can be seen in which
the striation is being lost and the nucleusvis pale. These
early stages are however shorter and thicker than normal fibres.

Subsequent changes involve further rounding off of the fibre,

the complste loss of cross striation, and the dissolution of the
nucleus. The protoplasm becomes vacuolated and within it i
appear the deeply staining bodies typical of the final stages in
the process.

Since these various stages are to be found in the peri-
cardiac body it is evident thaet some almost normal muscle cells
are shed from the heart wall and undergo degeneration in the

pericardiac body itself instead of in the  cardiac pockets of
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cells. Nevertheless it seems likely that the majority arrive
in the pericardisc body already in an advanced stage of de-
éeneration.

The degenerating cells are embedded in an smorphous matrix
which is probably the final produet of decay. There are
usually also a few blood cells in the pericardise body.

Roule (1884) recognised the origin of the cells in the
pericardiac body, and traced some bf the changes through which
they pass. Heine (1902) slso peid some attention to thg‘
structure and possible function of the body. He described
some very curious cansls in the pericardiac body, which, he
said, have distinet epithelial walls. On the strength of this
evidence he postulated a glandular function for the pericardiac
body, without specify;ng the nature of the éecretion. I have
been quite unable to deteet any trace of such canals, and on
the basis of my own observations would regard the pericardisc
body  essentially as ah sccumulation of degenerate cardiac
muscle fibres. Nor could Fernsndez (1906) find any justifi-
cation for Heine's canals and concluded that he had been
mistaken. Fernandez, howafer, regarded the majority of the
cells of the pericardiac body as degenerate blood cells, with
only a few cardiac fibres amongst them. Although he describes
and figures stages in the degeneration of the cells of the
pericardiac body; I think that these are less convineing as
derivatives of blood cells than of cardiac fibres. This is

moré striking in view of the similarity between stages in the







































































































































































































