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IVAN GOODRBODY

[. INTRODUCTION

The literature on ascidians is extensive but no comprehensive
review of their physiology seems ever to have been attempted. Follow-
ing Kowalewsky's (1867) discovery of their true systematic position
much of the early research on ascidians was directed towards elucidation
of their relationship with the chordates and the first serious attempt to
investigate their physiology seems to be the work of S. Hecht (1916,
1918a, b, ¢, d, 1926) on Ascidia nigra (Savigny) and Ciona intestinalis
(Linnaeus). Subsequent workers concentrated on specific aspects of
physiology in the group often with emphasis on those functional aspects
which are unusual or which particularly illuminate problems of chordate
physiology. This applies especially to the universal occurrence of heart
beat reversal in all Tunicata and the existence of reducing compounds
in the blood often containing vanadium, both of which have been the
subject of much study. At the same time, beeause of the simplicity of
their organization, they provide a usefil materinl for certain types of
research, particularly developmental physiology, heart function and
the possible endocrinological role of the neural gland. With the excep-
tion of the nervous system (Bullock and Horridge, 1965) there have
been few recent attempts to review any aspects of the literature on
ascidian physiology and henee it is often necessary to refer back quite
far for source material.

It is difficult for a single person to encompass in detail all of the
many facets of physiology contained in the literature on ascidians and
I have been deliberately sclective in the topics chosen for discussion.
The literature on ascidian embryology has been reviewed recently by
Reverberi (1961, 1971) and I have made no attempt to discuss develop-
mental physiology. Nor have I discussed larval physiology, which
presents special problems associated with a free swimming mode of life,
and would be better included in a separate review of larval biology as
a whole. Finally, I have not attempted to include a discussion of any
special problems of the pelagic Tunicata although, where appropriate,
reference is made to them.

In preparing this review I have been guided in the selection of
material and the mode of presentation by an attempt to consider
problems in the light of their relevance to ascidian biology and not
their specific relevance to comparative physiology. In the process some
papers and some problems have been omitted or passed over rather
briefly. Structure and function are inseparable aspects of biology and
in order to elaborate many points in the animals’ physiology it has
been necessary to include some material which is essentially descriptive
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morphology. Indeed some of the most striking advances in our under-
standing of ascidian function have been made possible only through
recent work on the fine structure of such features as the test, the endo-
style, the blood and the neural gland.

Because of their abundance and accessibility much of the work
which has been carried out on ascidian physiology has been on Ciona
intestinalis, Phallusia mammillata (Cuvier) or Ascidia nigra. The
first two are frequently referred to in the text simply as Ciona and
Phallusia. Ascidia nigra is a warm water species which strictly speaking
belongs to the sub-genus Phallusia and is frequently referred to in the
literature as Phallusia nigra, Phallusia alra or Ascidia alra; the name
Ascidia nigra is now more widely accepted and is used throughout this
text. The use of biological nomenclature by physiologists leaves much
to be desired, and those working with ascidians are no exception.
Throughout the text of this review I have endeavoured to use the correct
nomenclature and have, in a few cases, altered the names as used by
original authors in their papors so as to mako cross reference possible.
A wide selection of taxonomic literature has been used in order to
check names, but in general the nomenclature of most of the animals
referred to in this text is to be found in either Van Name (1945),
Berrill (1950), Tokioka (1953) or Tokioka (1967).

For ease of reference the principal structures discussed in the text
are illustrated in Figs 1 and 2.

II. Tue Ascipian TEsT

The test is an outer protective covering which completely surrounds
the individual zooid in solitary ascidians or forms a common ground-
work in which the zooids are embedded in colonial species. It is soft
and flexible and varies in consistency from gelatinous to fibrous. In the
colonial aplousobranchs it is gelatinous, in the phlebobranchs and
particularly the Ascidiidae it is thick and slightly cartilaginous while
in some solitary stolidobranchs it is tough and almost leathery in
consistency. In many solitary forms there are blood vessels ramifying
throughout the test ; these arise from two test vessels one at either end
of the heart which cross the mantle and form vessels lined by a single
layer of epithelium (Das, 1936 ; Endean, 1955a). They form a network
of vessels: with lateral branches ending in terminal bulbs particularly
toward the periphery (Fig. 3). In some colonial ascidians similar
stolonic vessels arising as epithelial outpushings penetrate into the test
substance. Blood cells, particularly morula cells, and in Halocynthia
aurantium (Pallas) dispersed vesicular cells (Smith, 1970a), are found
throughout the test substance and apparently wander in there through
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the mantle wall or through the epithelial walls of the test vessels. For a
fuller review of the cell types invading the matrix of the test see
Godenux (1964b). The early literature on the nature and formation of
the test has been reviewed by Suint-Hilaire (1931), Berrill (1950),
Pruvot-Fol (1951), Ranby (1952), Endean (1955b, 1961), Godeaux
(1964b), Wardrop (1970), Smith (1970a).
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1. 2, The heart and porieardinm in relation to adjacent structures in Ciona intestinalis.
(Aftor Borrill,  1950.} 138, branehinl sneg 1, ondostyle; T, hoark; "V, hypo-
hranchinl vossel: O, onsophagus; e, porieardinm TV, tost vossols; V, vineornl
wvessols,

1t has been known for over 100 years that the ascidian test contains
carbohydrate and that some of this is a cellulose-like compound called
tunicin (for references see Berrill, 1950; Hunt, 1970). The organic
matter, however, is not pure carbohydrate and there is usually a high
proportion of protein in the test matrix (Table I). The outer surface of
the test forms a thin cuticle composed almost entirely of protein (Péreés,
1948a; Barrington, 1957; Barrington and Barron, 1960; Barrington
Fio. 1. The Eo;;m_ﬂin;ﬁr;n?-inn of Hl-l'l-lll“-l-l;('R in mn_mlull-_narztiiﬂn, bfﬂ!ll‘lvl-"f&!uﬂﬂﬁ:.

(Modified from Seeligor and Hartmeyor, 1803-1011.) A, atrinl siphon; AC, atrial

onvity : 13, branchial siphon; BS, branchial sne; DL, dorsal lnmina; E, endostylo;

G, gonwd; GD, gonital duch: M, mantlo; NG, noural gland and ganglion; O,
nosophingus ; 1, porienrdinm 8, stomneh ; T, tosk.
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and Thorpe, 1968; Stiévenart, 1970). Since Berrill's summary of the
literature there have been considerable advances in our knowledge of
the composition and formation of the test in various species which has
been enhanced by the use of tracer techniques and electron-microscopy.
As the structure and processes involved appear to be different in
different species, some of these are individually summarized below.

Tante I. Comrosrrion oF THE TEST I8N VARIOUS ASCIDIAN SPECIES

o Nitrogenous %
SPECIES €0 substances  Carbohydrate Reference
Water ;
(dry wt) (dry wt)
Cliona intestinalis — 50 50 Godeaux, 1963
Asecidia mentula
Miiller 00 — - Saint-Hilaire, 1931
Ascicielle aspersi 05 (5 R Stidvonnret, 1070
Phallusia .
mammillata 05 (30 40 lSndean, 1961
Pyura stolonifera 04 ~ - EBndean, 1955b
Halocynthia roretzt  — 42 n8 Tsuchiyn and Suwuld,
(Von Deascliod 1062
Halocynthia
papillosa 74 28 T2 Stidvenmet, 1971
Halocynthia
aurantium 81 A 6o Smith and Dehnel, 1070

The test is translucent and gelatinous with blood vessels ramifying
through it and containing large ““ bladder colls ™ as well as a variety
of other smaller cells (Fig. 4). Bladder cells or test vesicles are large
globular structures containing acid and with a small amount of granular
material from which fibres radiate to the periphery of the cell. They
appear to be a product of the break-down of morula cells in the test
(see also Webb, 1939). Within the hyaline material of the test there is a
network of microfibrils 20 mp to 40 mu in thickness. Vanadocytes in
various stages of disintegration are also discernible and from some of
these fine processes with granules extend out into the test. Some of the
microfibrils are found to be continuous with the surface of the vanado-
cyte. The hyaline framework of the test is acid mucopolysaccharide,
probably produced by the epithelial cells of the blood vessels. When the
test material is hydrolyzed an insoluble residue vemains which appears

(a) Phallusia mammillata Cuvier (Endean, 1961 ; Stiévenart, 1970).

THE PHYSIOLOGY OF ASCIDIANS

loides (Van Name), showing blind ending ampullae.

Fic. 3. Peripheral blood vessels in the test of Ascidia corre
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Fia., 4. T.8. of test. of Phallusio mammillate showing ** bladder eolls ™ (B), and extornal
entbiede (O3 (Redenwny Troon Sticvannel, 19710.)

THE PHYSIOLOGY OF ASCIDIANS 0

to be cellulose and which Endean considers to arise from the micro-
fibrils: he belicves that these microfibrils arise from disintegrating
morula cells (vanadocytes). Fibrils of a similar size are also described
in Phallusia by Meyer el al. (1951).

(b) Ascidielle aspersa (Miiller) (Sticvenart, 1970). The structure of
the test resembles that of Phallusia except that the bladder cells are

FiG. 5. Low magnification olectron micrograph showing the tunie nnd part of a typioal
simple squamous epithelinl eoll in the epidermis of Perophora viridis. nue, nuelous
of epidermal eell: vp, process of n vanadoeyte in the tunie. x 22 000. (Reproduced
by permission, from Dock et al., 1966.)

confined to a narrow region just outside of the ectoderm. The major
portion of the test substance contains a fibrillar network with few
bladder cells and numerous multivacuolar cells in the process of
degenerating. According to Stiévenart the test substance contains acid
mucopolysaccharides and neutral polysaccharides but Hall and Saxl
(1961) report that the test substance contains microfibrils of carbo-
hydrate associated with a protein resembling collagen and elastin.
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(¢) Perophora viridis Verrill (Deck el al., 1966) (Fig. 5). The test of
Perophora is much thinner and more translucent than in Phallusia.
Filaments of about 50 A diameter lic in a homogeneous ground substance :
the structure of these filuments is consistent with their being a cellulose.
The matrix of the test contains protein and carbohydrates, and vanado-
cytes (morula cells) wander through the matrix. Deck and his co-
workers believed that the vanadocytes contain glycogen but consider
that it does not contribute to the basic carbohydrate of the test. If the
glycogen was the precursor of the test matrix it would be expected to
oceur in the cell in membrane-bounded intra-cellular compartments,
and this is not the case. Furthermore, the vanadocytes do not have a
well-developed Golgi-complex such as would be found in a cell secreting
a glycoprotein material. In the test matrix the vanadocytes appear
most frequently as empty shells, having discharged their contents.
As in Pywra (vide infra) labelled glucose appears rapidly in the cells of
the mantle wall and during a period of five days passes right through
the test. TFurthermore the epithelial cells of the mantle, as in Pyﬂr}z,
have an abundant endoplusmic reticulum and hypertrophied Golgi
zones suggesting this as the site of active secretion.

(d) Ciona intestinalis (Bierbauer and Vagas, 1962). The test is made
of a fibrillar network containing mucopolysaccharides. Seerction of test
material is from the mantle wall. Ciona differs from some other solitary
aseidians in having no blood vessels in the muin part of the test but
only in the posterior pedicel (Millar, 1953a) and henee the mantle is the
only possible site for secretion of test material. (See also Péras, 1048h :
Dilly, 1969a.)

(e) Dendrodoa grossularia (Van Bencden) (Barrington and Thorpe,
1968). The test is thin but tough and devoid of blood vessels. The
matrix is composed of both acid mucopolysaccharides and protein
some of which is conjugated as mucoprotein. The toughness of the
test is attributable to proteinaccous fibres coupled with a quinone
tanning system. The test substance appears to be secreted from the
mantle epidermis but unlike some other ascidians the morula cells,
which are rich in glycoprotein, do not migrate through the mantle and
appear to contribute materials directly to the epidermis. According
to Barrington and Thorpe the mantle cells probably produce both
carbohydrate and protein and wandering “ polyphenol ” cells in the
test are responsible for the quinone-tanning system of proteins. This
system may also aid in the process of iodine binding in the tunic
(see p. 28). In this context it is noteworthy that in Ciona (Barrington
and Barron, 1960) iodinated structural proteins are confined to the
outer cuticle of the test, whereas in Dendrodoa the process of iodination
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commences at the level of the mantle although autoradiographs indicate
that these structural proteins are concentrated in the cuticle.

(f) Pywra stolonifera (Heller) (Endean, 1955b; Wardrop, 1970)
(IMig. 6). According to Endean the test is gelatinous, permeated by blood
vessels and has microfibrils scattered throughout. These fibrils are up
to 60 w long and 0-3 to 0-4 p in dinmeter and mainly run parallel with
the long axis of the animal and also parallel with the blood vessels.

F1a. 6. A frozen etehed preparation of the test of Pywura stolonifera showing bundles of
eollulose mierofibrile,  (Reproduced by permission, from Wardrop, 1970.)

The fibrils behave like cellulose in being resistant to ordinary solvents,
but they do not stain as for cellulose and do not dissolve in cellulose
solvents. Bndean concludes that they must have a different molecular
architecture from cellulose and are probably composed of an insoluble
polysaccharide associated with mucopolysaccharide.

Wardrop has re-examined the test of 2. stolonifera and confirms in
electron micrographs the presence of microfibrils but states that they
occur as flat ribbons 120 to 130 A wide and organized in bundles 2000

T
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to 4000 A wide. Blectron micrographs also show that in the disintegra-
tion of morula cells the vesicles (vanadophores of Gansler of al., 1963)
break free in the test substance and in some cases are found in associa-
tion with microfibrils thus suggesting that there may be a relationship
between fibre production and disintegration of the morula cells. This is
supported by Endean’s (1955¢) observations that in this species the
morula cell produces fibres when ceytolyzed and that fibre production
by cytolysis can be observed in hanging drop preparations of blood.
Endean considered that morula cells migrate into the test substance
through the walls of the blood vessels or the mantle. He suggested
that morula cells either direetly seerete fibres or secrete a material into
the test which then participates in the formation of fibres. This conclu-
sion is supported by the fact that, in injured test, morula cells migrate
to and aggregate at the site of injury and wound healing, an observation
also made in Halocynthia by Smith (1970a).

Although there is agreement that the morula cells migrate into the
test and are involved in fibre production, Wardrop (1970) also shows
that the mantle epidermis is actively engaged in carbohydrate meta-
bolism. He found that, in animals immeérsed in a solution of 11C-
labelled glucose, the labelled material aceumulated in the epithelia of
the mantle and test vessels. Electron-micrographs of these epithelia
show that the cells contain extended areas of endoplasmic reticulum
and the Golgi bodies have numerous vesicles. Kndean (1961) elnimed
that the morula cells produced carbohydrate in Phallusia but this is
not borne out for Pyura by Wardrop's studies and it scems more likely
that the basic carbohydrate for test synthesis is derived from the
epithelial cells.

(g) Halocynthia aurantium (Pallas) (Smith, 1970a, 1970b; Smith
and Dehnel, 1970) (Fig. 7). The test of ITalocynthia is made up of a
fibrous matrix but is thinner than in Pyura being onky about 1-5 mm
thick. It differs also from many other species by having cuticular
spines on the surface borne on papillate outgrowths of the test. The
fibres are extruded from the tip of the mantle epidermis cells and
coalesce to form a laminar structure just distal to the epidermis in a
region where morula cells (ferrocytes) are also concentrated. The
laminar structure of the test becomes loss pronounced toward the
periphery where the fibres extend toward the papillae and where
dispersed vesicular cells are concentrated. There is therefore a pro-
nounced polarization of blood cells in the test in which morula cells are
associated with a zone of test, formation and dispersed vesicular cells are
associated with the spinous periphery. Both morula cells and dispersed
vesicular cells undergo degradative changes in the test and bhoth types
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of cell migrate to sites of test injury and aggregate there. The test
substance -mppcu.rs to contain a protein polysaccharide ecomplex which
has a carbohydrate backbone of glucose, probably extensively sub-
stituted and cross linked.  Staining reactions of mantle and morula
cell suggest that only the mantle contributes (!ll-l’|‘10|‘l'\'{1I'n.l-l‘! :mfi that
possibly the morula cells contribute protein or are in some way instru-
mental in the formation of laminae and fibres in the tunic.

Fra. 7. The test of Halocynthia auwrantium in transverso section. Iip, nlpidf.!rrnis of
mantle; Lo, luminpo; Ma, matrix: Pa, papillar outgrowth; Sp. spine. x 120,
(Roproducod by parmission from Smith, 1970a,)

(h) Halocynthia papillosa Guonerus (Stiévenart, 1971). The m-gm?im-
tion of the test in this species closely resembles that in 77. awrantiwm.
The test is thin being only about 1-75 mm in thickness, and has a
proteinaceous cuticle fma-ring small spines. The main body of the test
has bundles of fibres arranged parallel with one another about ].ﬁfu
apart and joined to one another by small bridges of fibres. All of this is
embedded in a matrix which contains granular cells which rupture their
contents between the fibres and finally disappear. Stiévenart suggests
that this type of formation provides a supple but very strong st{tu:tlu:&
As in H. aurantiwm the fibres are secreted from the mantle epidermis.
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The sub-cuticular portion of the test (Stiévenart’s * fundamental
substance ') contains both acid-mucopolysaccharides and neutral
polysaccharides as well as containing about 209, of the total nitrogen
of the test. Some of this nitrogen is in the form of hexosamine which
also forms a significant component of the test substance of /1. aurantium
(Smith, 1970b). Stiévenart suggests that *“ bundles of the fundamental
substance are built up with cellulose fibres embedded by amorphous
mucopolysaccharides . However, the picture is probably not as
simple as this; neither Stiévenart in H. papillosa nor Smith in H.
aurantium could obtain positive reactions to P.A.S. in the test snbstnnce;

and Smith suggests that if cellulose does exist in the tunic of Halocynthia
it must be heavily substituted.

A number of other studies have been made to investigate the nature
of the microfibrils in the test of various species and there is general
agreement that the fibrils are composed of a polysaccharide related to
but not identical with cellulose and varying in diameter from 20 to
200 A according to species (Frey-Wyssling and Frey, 1950 Ranby
1952 ; Parker and Leeper, 1969 Mishra dnd Colvin, -I970; S;Mt.h anci
Dehnel, 1971),

From these recent studies it is possible to draw some general con-
F.lusions about the nature and formation of the test. The test is not an
mert structure like the molluscan shell but is an active living tissue
comp'a,rnhle to the fibrous connective tissue of the vertebrates, Tt
functions in part as a protective covering and in part as a supporting
skeleton. In some species it also appears to assist in restoring body
sha,p'e after muscular contraction (vide p- 99). There is usually a
h_‘)’?&]me ground substance formed of acid-mucopolysaccharides associated
with protein, and embedded in this are microfibrils of a polysaccharide
complex closely resembling cellulose. These fibrils are not visible in the
light microscope but their identity is apparent from electron micro-
glm}?hs and X-ray diffraction studies (see particularly Mark and
Susich, 1929; Meyer et al., 1951 ; Ranby, 1952; Hall and Saxl, 1061 ;
Deck et al., 1966 ; Mishra and Colvin, 1969, 1970: Wardrop, 1070). ,

T[.'he degree to which fibre development takes place varies from
speces to species and may have an important bearing on the mechani-
c.aI properties of the test. In the phlebobranchiate ascidians in particular
(i.e. Ciona, Ascidiella, Phallusia) there is a tendency to produce large
gelatinous tests in which small fibrils are scattered throughout the
matrix. The stolidobranchiate ascidians on the other hand (i.e. Pyura
and Halocynthia) show a tendency to develop fibre bundles in a reduced
matrix. These latter tests, particularly Halocynthia and Molgula, tend
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to be thinner and tougher than those of the phlebobranchiates. The
differences between phlebobranchiates and stolidobranchiates are
further emphasized in studies on gross chemical composition in four
species of ascidinn (Smith and Dehnel, 1971). In two species of phlebo-
branchiate the ** tunicin ™ fraction yielded approximately 1009, of its
dry weight as cellulose equivalents as opposed to 50%, equivalents in two
species of stolidobranchiates. The amino-acid composition in the two
groups is similar and suggests that the protein fraction of the test may
be uniform throughout the Ascidiacea. If this is the case the differing
physical properties of the ascidian test may be attributable to differences
in carbohydrate composition and water content. A comparative study
of the architecture and mechanical properties of the test would be of
great interest.

The carbohydrate material for test formation appears to be secreted
primarily from the epithelium of the mantle wall, the cells of which have
an extensive development of endoplasmic reticulum and Golgi bodies.
Radio-tracer studies with labelled glucose show that the carbohydrate
is necumulating in this region and passing out to the test (Deck et al.,
1966; Wardrop, 1970).  In Didemnidae the epidermal cells of the
terminal bulbs of the stolonic vessels also secrete test material (Millar,
1951) and this may oceur in all ascidians which possess such vascular
bulbs.

The role of morula cells, whether vanadocytes or ferrocytes,
remains uncertain but there is sufficient evidence to show that their
primary role is concerned with test formation. Most workers are
agreed that morula cells migrate into the test, either directly through
the mantle wall or through the epithelial walls of test vessels, and that
they discharge their vacuolar contents and finally disintegrate in the
test matrix (see especially Endean, 1955c, 1061; Deck et al., 1966;
Wardrop, 1970; Smith, 1970a). Endean and Smith have both demon-
strated that the morula cells are associated with sites of fibre produc-
tion. Endean believed that the morula cells actively secreted the fibres
but this is probably incorrect. The evidence from tracer studies that
carbohydrate is secreted by the mantle and the chemical evidence on the
nature of the contents of the morula cell both suggest a different role
for these cells. The metal chromogen in the morula cells is a powerful
reducing substance maintained in the reduced state by strong sulphuric

acid (see p. 75). When the vesicles of the cell are discharged in the test
and the chromogen is freed from the acid these reducing properties will
become effective. The fact that fibres are produced at the same time
suggests that the reducing properties are in some way used to poly-
merize the carbohydrates in the test to form a fibril of tunicin.
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I this interpretation is correct it may lead to an explanation of the
acid filled bladder cells or test vosiclos found in the test of some ascidians
(Webb, 1930, Stiévenart, 1970). These vesicles are not true ccils but
are mf-.l‘::ly fluid filled capsules and Endean (1961) has shown how t.ht-vl
may form around a disintegrating morula coll, If the purpose of t,l;.c
mnq in .t-h[-. morula cell is to hold the chromogen in a reduced state
until it is in a position to perform its function of fibre production fhen‘
when this function is fulfilled. it is clearly desirable to rcrmtwe’ thel
acid and not to permit it to diffuse l-]lI‘(JII_L"'l the test substance Ti:is;
could be fulfilled by enca psulating the acid in the test \'(‘,Sl'f"ll;'-q and
subsequently discharging these through the surface of the l‘-cst... ..

[T Tur Braxenian Sac

The branchial sae, or pharynx, must be considered as serving the
dual roles of a food collecting apparatus and a site of gascous exclﬁm e
witlh .t-hn water. In its simplest form, as found in H..[PI(NISO[JI'#LI‘I'U]N'{I.%(:
-'t-ﬁ(‘.ll’]l:'l.llﬁ\ it is a sac-like structure the lnteral wills of which are piereed
by stigmata, cach one of which is fringed with cilia; these .nii'iﬂ. are
responsible for driving the water current. through the sac. Alon the
ventral margin of the sac is an endostyle whose primary funct.iongis to
secrete mucus which is directed as a gheot, passing across the walls of
the sac to the dorsal side whoere it is folded into a mucus cord by the
dorsal lamina.* The oral entrance to the sac is guarded by a circle n!;
tentacles which act as a conrse filter for particles c‘:ll.(ei'i:lgg l'.h(; az.w. in
the water stream. In phlebobranchiate ascidians the inner wall of the
branchial sac is complicated by the presence of internal longitudinai
].):1-1'.'5 I‘)ot'nn on pedicel-like outgrowths from the wall of the sac. At the
junctions of internal longitudinal bars and transverse vessels small
fl'-iliﬂul-(‘.(l papillae extend inwards towards the cavity of the sac. Similar
mt-crna.] longitudinal bars, lacking papillae, oceur in the stolido-
branchiate ascidians but in this group the whole wall of the branchial
sac is thrown into a series of folds thus greatly increasing the internal
surface area. These differences must e associated with differences in
the feeding activity of the animals concerned, but until recently little
attention has been given to their functional significance. Nor doea;
anyone seem to have considered the funetional significance of differences
which oceur in the structure of the dorsal lamina.,

The feeding mechanism of ascidians has been fully described by
* Tho word mucus is used throughout the text in vory goneral terms to deseribe the

seerotion from the endostyle. The precise chomionl nature of the secretion is uncertain

but it mnt-n.uls large amounts of an iodinatod protom in addition to mueus and mny be
I muso-protein,
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Orton (1913), MacGinitie (1939), Werner and Werner (1954), Jorgensen
(1966), Millar (1971) and Croxall (1971). It is generally agreed that a
continuous mucus sheet is produced by the endostyle and that cilia
on the branchial wall pass this dorsally to the dorsal lamina. Tt is the
muens sheet and not the hranchinl stigmatn which acts to strain off
food particles from the water. According to Jorgensen (1949) and
Jargensen and Goldberg (1953) the mucus sheet of Ciona intestinalis is
capable of retaining particles as small as 1 x in diameter. In aplouso-
branchs the mucus sheet must be moved by the cilia of the stigmatal
margin, but in phlebobranchs and stolidobranchs the mucus sheet is
held away from the stigmatal surface by the longitudinal bars and
hence transport of water and transport of the mucus sheet become
functionally separated. The mucus sheet is now moved by the cilia of
the branchial papillae and longitudinal bars and Hecht (1918a) has
suggested that in Ascidia nigra waves of muscular contraction in the
branchial papillae assist in passing the mucus sheet across the branchial
wall. My own observations on Ascidia nigra suggest that waves of
nebivity pass across the longitudinal bars and that while the mucus
sheet is primarily moved by cilin its passage is aided by undulating
movements of the whole system of internal longitudinal bars. A similar
observation was made by Orton (1913) on Aseidia mentula.

The whole question of food collection and transport of the mucus
sheet has recently been studied on a comparative basis by Croxall
(1971). In the phlebobranchiate ascidian Ciona the longitudinal bars
have frontal cilia only (i.c. on the surface facing into the branchial sac)
and under conditions of low food density the mucus sheet is transported
solely by the ciliary activity of the papillae and bars. In conditions of
high food density small but significant papillar movements occur and
result in a fast moving sheet of mucus across the branchial wall. In
Corella (also a phlebobranch) there are no papillae and the longitudinal
bars have Interal as well as frontal cilia. Tn addition tho stigmata are
spiral, thus increasing the filtration rate, and are three-dimensionally
arranged so that they create vortices of water. Unlike Ciona the mucus
sheet moves at a uniform rate irrespective of particle density; this
probably permits maximum efficient use of the vortices and also pre-
vents any tendency toward fragmentation of the mucus sheet in the
vortex. In the stolidobranch ascidians Asterocarpa and Cnemidocarpa
there are four branchial folds on either side. The longitudinal bars are
not borne on pedicels but are only just raised off the surface of the
branchial sac; they are also concentrated towards the tips of the folds
and are widely spaced in the troughs between folds. The bars are ciliated
frontally and laterally, frontal cilia aid in the passage of mucus, lateral
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against the branchial wall. In the stolidobranchs Croxall finds that 2 = P IS
there are two separate sheets of mucus erossing the pharynx. One of -% ’
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efficiency of food collection will depend on the porosity of the filter and 0 E
the rate of water transport. According to Jorgensen (1049, 1052) b
particles as small as 1 x can be rotained by mucus filters. The data on o
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been reviewed by Jorgensen (1955, 196G6) and Millar (1971). Recently | < |3 B 3383493
Croxall (1971) has provided a wide range for several species under i <t % J% 39 "; -
-




s

20) IVAN GOODBODY

varying conditions of temperature and food supply, but his figures,
which are expressed per gramme dry weight, are considerably higher
than those for other species where measurements have been expressec
in terms of wet weight (Tables IT and I11). The differences botween
Croxall’s data and those of others are hard to reconcile, but it is elear
from all of the data that the phlebobranchiate ascidians filter more
slowly than do stolidobranchiates and in general small animals filter
faster than do large animals. Croxall has extended this comparative
approach to show that the overall feeding efficiency of the stolido-
branchs is greater than that of the phlebobranchs (Table IV). Within
the phlebobranchs, Corella, with spiral stigmata, is slightly more
efficient than Ciona, and within the stolidobranchs the pyurids are
more efficient than the styelids. This is in keeping with the more highly
organized nature of the branchial sac in pyurids than in styelids,

Tanue TV. Overann Feemse * Brromsey  RaTios ronr StmpLi ASCIDIANS
(Croxall, 1971)

Ratio of
[Siltration rates

Ithtin rjf
digestive efficiency

Ratio of food

passage time

Summer Winter  Summer  Winter
Cionn 100 1on 100 on 100
Corelln 140 144 oo 104 105
Astoroenrpi 159 155 ] 15 137
Styela 192 180G 101 107 147
Mierocosmus 214 274 15 114 171
Pyura 217 2450 L5 155 158

Many of the differences in the data on filtration rates of individual
species may be due to differences in technique.  Heeht (1916) has
pointed out that in Aseidia nigra it may take as long as eight hours
for an animal to recover from handling and to settle down to a uniform
and maximum rate of flow. Furthermore ascidians are capable of
cutting off the flow of mucus and thereby interrupting the pattern of
particle clearance (Jorgensen, 1966) and if this occurs during an experi-
ment it will also affect the results. The very low value for Phallusia
mammillata recorded by Hoyle (1953) is probably incorrect and due to a
pressure head of water acting against the animal in the particular
situation (Carlisle, 1966). The pressure created by ciliary activity has
been reported as 2 mm of water in Ascidia nigra (Hecht, 1916) and
Phallusia mammillata (Hoyle, 1953). However, Goodbody and Trueman

S S
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(1969) using a cannula in the branchial sac of Ascidia nigra found a
pressure of only 0-3 mm.

In addition to the normal ciliary induced flow of water through the
branchial sac, ascidians also exhibit regular contractions of the mantlo
musculature which result in the discharge of about two-thirds of the
volume of water from both branchial and atrial cavities. On relaxation
of the animal a fresh supply of water is drawn into these two cavities.
Spontancous squirting of this sort has been studied in Ascidia nigra by
Hecht (1918a), in Styela clava Herdman by Yamaguchi (1931) and in
Phallusia mammillata by Hoyle (1953), and the subject has been
reviewed by Hoyle (loc. cit.) and Jorgensen (1966). In all these species
the frequency of contraction is about one in every 5 to 8 min and
Yamaguchi and Hoyle are in agreement that in the absence of food
the rate increases to about once in every 2 min. However, Goodbody
and Trueman (1969) in a comparison of two species found that Ascidia
ntgra exhibited a frequency of contractions of about once every
15 min, while A. interrupta Heller contracted about onee in every
7-5 min. In contrast they showed that the pressure pulse induced by
contraction in 4. nigra was about 2 cm of water as opposed to a pressure
of 6 cm of water in a similarly sized 4. interrupta. Taking a human
analogy this may be likened to frequent small coughs ” by 4. nigra
and infrequent large “ coughs " by A. interrupta.

The functional significance of spontaneous squirting is still & matter
for debate. Hoyle (1053) considered that it is primarily associated with
food intake and is in this respect more important than ciliary activity.
He calculated that renewal of the water in the branchial sac by ciliary
activity amounted to about 1 ml/min while squirting accounted for a
renewal of about 1-5 ml/min. The fact that spontaneous squirting
increases in frequency in the absence of food lent further support to
Hoyle’s argument. However, as pointed out by Jargensen (1955, 1966)
and Carlisle (1966), Hoyle's caleulations of renewal by ciliary activity
may have been erroneous. Jorgensen also points out that in Ciona
intestinalis at any rate renewal of water by squirting must be less than
90 ml/h, while renewal by ciliary activity is of the order of 3000 ml/h
or at least thirty times as great. Furthermore the water expelled in
squirting will probably remove as much particulate matter as is drawn
in in the subsequent inhalation (Jorgensen 1952, 1966). Jorgensen
(1966) has suggested that one function of squirting might be to renew
the water adjacent to the exterior of the siphons and thereby prevent
stagnation or any tendency to re-cycle water between the atrial and
branchial siphons. While this effect may result from squirting activity

it is unlikely to be its primary functional role. The nervous control of
AM.N—12 2
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siphon diameter ensures that the exhalant discharge of water is driven
a long way from the branchial siphon and in most ascidians the siphons
are s0 orientated as to ensure that mixing will not oceur. FPurthermore
ascidians normally live in places where natural renewal of the water will
oceur. It seems more likely that squirting is functionally related to the
food collecting mechanism rather than to the water supply. One
possibility is that it is used to “ clean ' the branchial wall of accumu-
lated mucus and particulite material not otherwise removed by eiliary
activity. However, this will only take place i the atrial siphon is
closed and a pressure differentinl allowed to develop between the two
sides of the branchial wall; this appears not to be the case in normal
squirting during which water is not exchanged fo any degree between
atrial and branchial eavities and the muecus sheets are not dislodged
(Jorgensen, 1966). Squirting must, however, be important for the
maintenance of the atrial cavity and far too little attention has been
paid to this aspect of the problem. Facces and other particulate matter
are hound to necumulate in the atrial eavity and while normal reflexes
may ensure their discharge, regular spontancous contractions may
materially enhance the sunitary processes of the cavity. Little attention
has also been given to the question of pseudo-facces formation and
ejection from the branchial sae and as to whether spontancous
squirting may be associated with such a process as in bivalve molluscs.
It seems to be generally assumed that ascidians do not sort their food
and that all particulate matter which enters the branchial sac is ulti-
mately transferred to the oesophagus. The oral tentacles act as a coarse
filter to exclude particles beyond a certain size, but Croxall (1971) points
out that they may also serve to direct food into the centre of the inhalant
streanm. Once a particle has passed this sereen there seems to be no way
in which it may subsequently be rejected unless mucus seeretion is
interrupted and particles are permitted to pass through the stigmata.
However, MacGinitic (1939) suggests that ascidians are capable of
removing large particles from the food supply and states: © Such large
particles as do find their way into the branchial basket are not in-
corporated in the mucus. but are in some way dropped from it into
the branchial basket, and at intervals are foreibly ejected from the oral
funnel by a sudden contraction of the body wall of the tunicate. ™
Later in the same paper he suggests that specially large cilia in the
dorsal groove are used to force out unwanted particles from the mucus.
No other workers appear to have examined the question of particle
sorting and pseudo-facces production in ascidians and the matter
deserves renewed attention especially in relation to spontancous
squirting.
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IV. Ture ENDOSTYLE

The endostyle forms a shallow groove extending along the whole
length of the ventral side of the branchial sae. The morphology and
histology of this structure has been reviewed by a number of authors
including  Sokdlska (1931), Raimbault (1948), Barrington (1057),
Olsson (1963) and Orsi and Relini (1966a,b) and details of ultra-
structure and histochemistry of the various regions are given by Levi
and Porte (1964), Godeaux and Tirket (1966, 1068), Ghiani et al.
(1965), Ghiani and Orsi (1966), Aros and Virdgh (1069), Godeatix (1971)
and Thorpe et al. (1972).

There is considerable uniformity in the structure of the endostyle in
different species and in general it is divided into eight regions or zZones
as illustrated in Fig. 8. An additional small group of cells between
zones 4 and 5 has been described by Orsi and Relini (1966a) and
Godeaux and Firket (1968) and another small group between zones 7
and 8 in the family Pyuridae by Orsi and Rolini (1966a,h) and in
Ciona by Thiebold (1971).

Zone 1 at the base of the groove is unpaired and is composed of tall
cells arranged on either side of a groove marking the median plane of
the endostyle. These cells contain large, electron dense granules about
700 A in diameter and a number of microtubules and microfibrils.
At the apex the cells bear long flagella surrounded at their base by
numerous finger-like microvilli (Godeaux and Firket, 1968 Ghiani and
Orsi, 1966; Aros and Virdgh, 1969). According to many authors these
cells produce a secretion of mucus (Levi and Porte, 1064 ; Barrington,
1957; Ghiani and Orsi, 1966; Thorpe et al., 1972), but Olsson (1963)
and Godeaux and Firket (1968) both consider that the granular con-
tents of the cell are glycogen and not mucus. The flagella appear to be
used to spread secretions from other zones throughout the endostylar
groove and (o assist in walting them out towards the walls of the
branchial sac.

Zones 2 and 4 are composed of a small number of very large cells
arranged like a fan so that the apices adjacent to the cndbstylar
groove are closely crowded while the bases are widely spread adjacent
to the underlying blood spaces. The individual cells have a basal
nucleus, extensively folded endoplasmic reticulum, numerous secrefory
vesicles and surface microvilli. The basal membrane of the cell is also
deeply folded, especially in zone 2, indicating that considerable meta-
bolic exchange must occur between these cells and the blood spaces.
The details of the fine structure are fully illustrated by Aros and
Virdgh (1969), Levi and Porte (1964) and Godeaux and Firket (1968)
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and most workers are agreed that the primary secretion from the cells
of both zones into the endostylar groove is protein and not mucus
(¢f. especially Levi and Porte, 1964 ; Olsson, 1063 : Ghiani et al., 1965;
Godeanx and Firket. 1968 ; Thorpe ef al., 1972) hut Olsson also produced
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Fia. 8. T.8. of aseidian endostylo to show position of differont eell zones. For identificn-
tion of numbors seo text. (Redrwn from Thorpo et al., 1972.)

evidence for some secretion of mucopolysaccharide and Godeaux and
Firket (loc. cit.) considered that zone 4 is the primary site of mucus
seeretion in the endostyle of Molgula manhattensis (De Kuy).

Zone 3 is frequently referred to as the ventral ciliated zone but the
work of Ghiani and Orsi (1966) and Aros and Virdgh (1969) on Ciona
intestinalis and Godeaux and Fivket (1968) on Molgula manhallensis,
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makes it clear that this interpretation is incorrect and that in fact it is a
highly organized region of flagellated cells. Each cell appears to bear a
single flagellum the base of which is surrounded by a collar of microvilli
around the margin of the cell; the whole cell thus bears n superficial
resemblance to a chonnocyte (Milanesi, 1971).  TPurthermore Ghiani
and Orsi have shown that the position of the centriole is different in
adjacent. cells and periodically repeats the same position every fourth
cell. This arrangement results in a rotational movement of the flagella

Fig. 9. A frontal section of zone 3§ of the endostyle of Ciona intestinalis. The position
of the centriole at the base of the flagellum oceupios different positions in neigh-
bouring eells but ropeats its position in every fourth cell as depicted by the arrows.
% 20 300 approx. (Reproduced by permission, from Ghiani and Orsi, 1066.)

on the free surface of the epithelium and suggests that the function of
these cells and their flagella is to mix the secretions from the two
adjacent secretory zones, 2 and 4 (Fig. 9).

Zones 5 and 8 resemble one another but differ from zone 3 in being
ciliated and not flagellated (IMig. 10). Each cell bears a bundle of cilia
surrounded basally by a ring of microvilli and the ciliary roots run
obliquely through the cell, tapering to a common “ anchorage ™ on the
lateral cell wall (Olsson, 1963 ; Levi and Porte, 1964 ; Ghiani and Orsi,
1966; Godeaux and Firket, 1968). Both zones would appear to be
engaged in lateral transport of endostylar secretions by metachronal
activity of the cilia. Large deposits of glycogen observed in some of
these cells, notably in zone 5, are probably energy stores and not
secretory products.
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Fic. 10. A cell of zone 5 in the o
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ndostyle of Molgule manhattonsis showing the eilinry

roots converging obliquely towards the lnteral wall of tho eell,

duced by permission, from @

odeaux and Firket, 1968.)
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Zone 6 is a broad band of secretory cells and does not exhibit the
marked fan-like arrangement of zones 2 and 4. A few oilia also oceur
on these cells and presumably assist in latoral bransport across the
surfuce. All authors are agreed that the primary seeretion from zone 6
is protein, but Orsi and Relini (1966b) and Thorpe et al, (1972) point
out that the cells are rich in tyrosine. According to Orsi and Relini it
also contains a large amount of tryptophan,

Zone 7 has low columnar cells with an extensive rough endoplasmie
reticulum which produces granules of a secretion subsequently “ re-
worked "' by the Golgi-body (Gorbunova. 1971 i Thorpe et al., 1972).
This is the site of iodine binding and secretion of iodinated compounds
into the endostyle and is discussed further in the next seetion.

From all of these details it js passible to re-consider the functional
role of the endostyle as the site of production of a complex iodinated
protein sheet which i passed out to the pharynx to serve as a filtration
membrane. Thare iz only limited evidence of the secretion of muco-
polysaccharides and the earlior concept of a purely mucus-based
membrane produced by the endostyle would appear to have been
incorreet, Nevertheless, the final membrane may be in the form of an
iodinated muco-protein. The primary products appear to he produced
in the two lower seeretory zones, 2 and 4, and these are mixed by the
flagella of zone 3 prior to being passed laterally to zone 5. The fan-
shaped arrangement of cells in zones 2 and 4 probably ensures that
their secretions are concentrated at cither margin of zone 3 and thereby
adequately mixed. This mixture must then bo passed luterally by the
cilia of zone 5 to combine with further protein secretions from zone 6
prior to the addition of jodinated compounds from zone 7. The mixture
is finally spread out, by the combined activity of the flagella of zone |
and the cilia of zone 8, The precise role of the flagella of zone 1 is not
ab all clear but they probably serve a dual role of maintaining n stondy
flow of material out of the endostylar groove and keeping it from
“clogging ", while at the same time assisting in an even spread of
material to either side of the branchial sac.

V. Tovine Binping

The organic binding of iodine in animals is almost entirely due to
simple linkages with the amino acid tyrosine to form either 3-mono-
iodotyrosine (MIT) or 3.5-di-iodotyrosine (DIT). The iodine involved
in this linkage is derived from the oxidation of iodides taken from the
animal’s environment. The iodotyrosines may be linked with other
amino acids in the formation of scleroproteins such as gorgonin,
antipathins and spongins and can be identified as such in hydrolysates
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of these proteins. lTodotyrosine may also condense to forl?1 iodo-
thyronines the best known of which are 3,5.3-tri-iodothyronine (Tj)
and thyroxine (T4) which in vertebrate animals are normally bound b‘y
peptide bonds in the protein thyroglobulin hut can be released fmln. it
by enzymatic action. Tri-iodothyronine and thyroxin are the active
hormonal components of the vertebrate thyroid gland (Roche, 1959;
Berg el al., 1959 ; Gorbman, 1969). .

In ascidians organically bound iodine has been found to oceur in the
cuticle of the test, in the endostyle and to a lesser extent in the pharyn-
geal wall and in the blood. Todine was first identified in the test of a
number of species of ascidians by Cameron (1915) but it is only recently
with the introduction of radio-tracer techniques and chromatography
that it has been possible to localize and identify these substances.
According to Barrington (1957), Barrington and Barron (1960),
Barrington and Thorpe (1968), and Roche et al. (1962b) most of the
iodine in the test is to be found in the proteinaceous cuticle on the
outer surface where it is involved in the formation of a scleroprotein.
Barrington and Barron (1960) identified only DIT and T, in the test of
Cione intestinalis, but later, using two-dimensional chromatography,
Barrington and Thorpe (1963, 1968) concluded that MIT and DIT
could be positively identified in the tests of Ciona and }?endr?n.fon
grossularia. In the latter species Amaral et al. (1972) have identified
MIT, DIT and T, but not Ty. Roche and his co-workers (Roche ef al.,
1960, 1962a,b, 1064) found that both T, and T, are present in hydro-
lysates of the test of Ciona inlestinalis, although they conceded ('R.nclhe
et al., 1964) that these iodothyronines may not be produced in :suu
but may be transported from elsewhere in the body of the ascidian.
There is indeed little reason to believe that the iodinated compounds
are actually formed in the test.  Salvatore (1969) considered most
iodine binding oceurs in the test and not elsewhere in the body. Roche
et al. (1963, 1964) found that iodine uptake in Cione was markedly
arrested following removal of the test and only resumed after new test
formation had commenced. This suggests that uptake of iodine may
be a function of the amount of test material present, but on the other
hand autoradiographs (Kennedy, 1966; Barrington and Thorpe, 1968)
show an active movement of iodine through the test substance and
toward the cuticle. Kennedy has also identified iodinated compounds
in the blood and it seems more likely that this is the site of iodine uptake
rather than that it should occur directly into the cuticle of the test.

The organic binding of iodine in the ascidian endostyle was first
demonstrated by Barrington and Franchi (1956) and has been f{{llowed
up in a series of papers by Barrington and his co-workers (Barrington,
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1957 ; Barrington and Thorpe, 1965a,b ; Thorpe and Barrington, 1965,
Thorpe et al., 1972) using 1311 and '2°] as tracers. Iodine is actively
taken up and bound in the cells of zone 7 of the endostyle, a simple
epithelium lying botween the dorsal glandular tract and the cilinted
lip (zone 8) of the endostyle (sce INig. 8). According to Thicbold and
Hloul (1967) the uptake of iodine by zone 7 is under the control of the
neural gland and removal of the gland increases the amount of iodine
taken up in a given time. Prolonged immersion in radioactive iodide
shows that active secretion of iodinated compounds takes place from
these cells and is carried up the wall of the pharynx by the cilia of
zone 8 and the longitudinal bars of the pharynx. The cells of zone 8
and of the longitudinal bars also secrete small quantities of iodinated
compounds, but nowhere is the intensity of activity so great as it is in
zone 7. The relatively high concentrations of iodinated compounds
reported from the branchial sac by Suzuki and Kondo (1971) may be
due to the incorporation of portions of filtration membrane in their
homogenates. Histochemical tests show that the glandular secretions
of the endostyle contain only relatively small quantities of acid muco-
polysaccharides but are rich in protein, and Barrington and Thorpe
have suggested that not only would this account for the remarkable
filtering properties of the membrane, but that the iodine secreted by the
endostyle is associated with the production of a specialized protein
for the membrane. Thiebold (1972) deduced that the proteins secreted
by the glandular tracts of the endostyle are iodinated at the apical
surface of the cells of zone 7 and that while most of the resulting com-
pound is passed out of the endostyle as the filtration membrane, some
of it is reincorporated into vesicles of zone 7 cells. Clearly there are
complex biochemical processes being carried out at the level of zone 7
and these terminate in the production of the filtration membrane.

The ascidian endostyle is the evolutionary forerunner of the
vertebrate thyroid gland and it is therefore not surprising that it
should be engaged in the secretion of iodinated compounds. However,
Barrington and Thorpe have found that the principal iodinated com-
pounds in the endostyle are 3-mono-iodotyrosine and 3,5-di-iodotyro-
sine; there is no evidence for the presence of tri-iodothyronine and
only very small amounts of thyroxine are identifiable (¢f. also Suzuki
and Kondo, 1971). This is in marked contrast to the ammocoete larva
and to Branchiostoma (Amphioxus) both of which are known to produce
the hormonal iodothyronines from the endostyle (see Barrington and
Thorpe, 1965b, for references). On the other hand, the protochordate
Saccoglossus only produces mono-iodotyrosine and this appears to be an
epidermal secretion (Barrington and Thorpe, 1963).
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The overall picture of iodine binding and its significance is at first
sight confusing. The two principal sites of bound iodine are the cuticle
of the test and the zone 7 cells of the endostyle, and in both cases
iodinated tyrosines are the principal compounds involved, but small
quantities of an jodinated thyronine (thyroxine) can be detected in the
endostyle. On present evidence there is no reason to believe that there
is any functional connection between these two processes. Tt scoms
likely that jodination in the test is purely associated with the formation
of structural proteins for the cuticle. The secretion of iodinated com-
pounds in the endostyle is a specialization of protein metabolism to
produce the correct type of filtration membrane passing over the
branchial wall (Barrington and Thorpe, 1965b). The presence of
iodinated proteins in the epidermal secrctions of Saccoglossus lends
support to the view that the endostylar compounds of ascidians are
concerned with the filtration membrane, In Saccoglossus and other
enteropneusts the epidermal secretions are used as an external food
colleeting devicoe,

If we accept these ideas as correct it then becomes easier to
understand how natural selection may have retained and developed
the secretion of jodinated proteins for use in filter feeding and sub-
sequently turned them to advantage as hormones after the change to
raptorial feeding in the vertebrates, A discussion of the evolution
of the thyroid and its precursors is given by Barrington (1964a,b).

VI. Tue ALIMENTARY SYSTEM
A, PFood lransport

Throughout the whole of the alimentary canal food is transported
by cilia and there is little evidence of muscular action taking part,
(':\'(:r'})t. for lateral transport in the hranchial sac of cortain species where
mucus is passed from one branchial papilla to another by muscular
action of the papillae themselves (Hecht, 1918a; Berrill, 1950). Roule
(1884) has also described very fine bundles of longitudinal muscles in
the rectal region and sphineter muscles in the anus of Ciona inlestinalis
which may assist defaccation.

Cilia around the mouth of the oesophagus are responsible for
drawing the food cord from the branchial sae into the oesophagus where
other cilia impart. torsion (Millar, 1953a). The fact that the food cord
folds upon itself in the stomach (Plough and Jones, 1039 Berrill, 1950
personal obscrvation) sugeests that the eilin of the stomach may be
unimportant in food transport. Millar (1953a) describes a ring of
ciliated cells at the junction of stomach and oesophagus which he
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considers to be specialized for drawing the food cord from the stomach
into the intestine where it is passed backward by general ciliation and
folded back and forth across the prominent typhlosole (Morton, 1960),
The folding of the mucus cord in the stomach sugpests that the mucus
envelope remains intact and its viscosity is not lowered as reported by
Yonge (1935) and Morton (1960). My own observations suggest that
any change in viscosity must occur at the junction of stomach and
intestine, and is of short duration and that the ring of ciliated cells may
have more importance in assisting the passage of a semi-fluid material
rather than in pulling the cord. The difference in function is small,
but its significance may be important and is returned to later,

B. Histology of the alimentary canal

Most studies on the histology of the alimentary canal have heen
based on Ciona intestinalis (Roule, 1884 ; Yonge, 1925 ; Van Weel, 1940
Millar, 1953a; Orsi, 1969; Thomas, 1970a,b) and the more complex
condition found in stolidobranchs appears only to have heen examined
by Fouque (1952, 1054, 1959), Degail and Levi (1064), Orsi (1968) and
Croxall (1971).

1. The oesophagus

Both Roule and Yonge reported the existence of two types of cell in
the oesophagus, ciliated cells and mucus secreting cells. Yonge states
that the dorsal groove is composed of tall ciliated cells. while the ventral
groove is composed of mucus secreting gland cells. In between the
grooves on the lateral walls of the oesophagus he found both ciliated
cells and mucus secreting cells. Millar also reports on the existence of
two types of cell in the oesophagus, mucus secreting ciliated cells in both
dorsal and ventral grooves and tall ciliated cells in the remainder of the
oesophageal wall. Fouque, Orsi, Thomas and Croxall agree that there
is only a singlo cell-type, the ciliary-mucus cell in which the cilia are
confined marginally at the apex of the cell leaving room centrally for
the release of mucus.

It is not clear why there should be such a difference of interpretation
between different, workers using the same species, but Thomas suggests
that the cells described by Millar and others as non-secretory may
merely be in a transitional phase after discharging their secretion.
This seems unlikely in view of the distinct localization of cell types
reported by Millar. According to Thomas (1970a) the mucus, which is
produced as granules from dilated cisternac of the Golgi-body acecumu-
lates at the apex of the cell without any limiting membrane and is
finally discharged by rupture of the apical plasma of the cell. Orsi,




32 TVAN GOODRODY

Thomas and Croxall all found that oesophageal mucus is preponderantly
an acid mucopolysaccharide, but Croxall also identified carbohydrated
protein complexes in smaller quantity,

2. The stomach

There is a reasonable amount of agreement among different authors
concerning the types of cell found in the stomach of Ciona, although
slightly different interpretations are placed on their function. The
subject has been well reviewed by Thomas (1970b) who has added much
detail in the form of electron micrographs and histochemieal studies.
According to Thomas there are between 30 and 40 longitudinal ridges
or folds in the stomach and separated from each other by furrows, all of
them lined by a simple epithelium. One of these ridges forms a con-
tinuation of the ventral oesophageal groove and contains ciliated mucus
secreting cells similar to those found in the oesophagus. These are the
only mucus secreting cells found in the stomach. The remaining ridges of
the stomach possess three types of cell. (1) At the base of the ridge there
are undifferentiated cells which probably give rise to other cell types,
notably the glandular cells. (2) Gland cells found on the sides of the
ridges have very foew cilia and produce secretory granules at their apex
which are eventually shed into the stomach Tumen. (3) Vaeuwolar cells
located at the apex of the ridges contain a succession of vacuoles near
the top of the cell each of which contains fragments of membrane and
small vesicles. These vacuoles may be shed separately into the lumen
of the stomach or sometimes the whole cell is shed. Millar (1953a)
also noted the apoecrine secretion of vacuolar material from these cells,
but Yonge (1925) and Van Weel (1940) believe they were absorptive
cells,

In the stomach of members of the family Pyuridae there is a
prominent digestive gland discharging into the lumen of the stomach
by conspicuous duets. Fouque (1950) and Degail and Levi (1964) have
described the histology of this gland in Pyura microcosmus (Savigny)
and Microcosmus claudicans (Savigny). Mucus secretory cells are
reported to occur ab the proximal ends of the digestive diverticula and
in the lateral walls of the diverticula there are two types of cell. Secre-
tory cells with globules are the principal cell type; they have a basal
nucleus and several large vesicles containing flat membranes and
granules of secretion. Mitochondria are evenly spread throughout the
cell and at the apex there are numerous small vesicles. Interspersed
amongst these cells are basophilic secretory cells which do not always
extend to reach the lumen of the diverticulum. According to Degail
and Levi these cells have a conspicuous endoplasmic reticulum and
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large Golgi body. Large vacuoles develop near the Golgi body and
migrate to the apex of the cell ; they contain a soluble substance as well
as fibrillar material which stains as for mucus. Croxall considers that
these basophilic cells most resemble the vacuolated cells of Ciona and
that the wvacuoles contain carbohydrate-protein complexes, amino
groups and acid phosphatase.

Fia. 11. Schomatic drawing of a cell from the terminal region of the digestive gland of a
pyurid ascidian showing the infolding of the basal cell membrane. (Rodrawn from
Degail and Lovi, 1064.)

As well as these cells, both Fouque (1959) and Degail and Lovi (1064)
describe cells at the apex of the digestive diverticulum which are
non-secretory. These cells are confined to an apical lobule which pro-
jects into mneighbouring haemolymphatic spaces and the cells are
characterized by having a clear cytoplasm and an infolded basal mem-
brane (Fig. 11). Neighbouring folds of the membrane are so close
together that all the cell inclusions including mitochondria are pushed
apically. The function of these cells is obscure but the infolding of the
basal membrane is similar to that described by Thomas (1970a) for
intestinal cells and is characteristic of cells engaged in ionic or osmotic
regulation. However, cells engaged in regulatory activities usuall v have

the mitochondria lying between the folds and providing a source of
energy.
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From these accounts of the gastric epithelium it is possible to
identify the following general cell types

(i) Mucus secreting cells. These only oceur in conducting areas of the
stomach i.c. in the ventral fold of Ciona (Thomas, 1970b) and in the
ducts of the digestive gland in Pyuridac (Degail and Levi, 1964).

(i) Vacuolar secretory cells, found on the erests of the ridges in Ciona
(Thomas, 1970b) and in the wall of the diverticulum in Pyuridae
(Fouque, 1959 ; Degail and Levi, 1964). In Ciona Thomas found that
the vacuoles contain carbohydrate—protein complexes, lipids, free amino
groups, tryptophan, non-specific esterase and acid phosphatase act ivity.
Similar secretions have been identified in Styela by Orsi (196G8) and in
Corella, Asterocarpa, Cnemidocarpa and Styela by Croxall (1971).
Thomas points out that the enzymes, particularly acid phosphatase, are
characteristic of cells engaged in intracellular digestion (see de Duve,
1963) and that the fine structure of the vacuole resembles that of a
lysosome. Thomas suggests that these cells may produce an unusual
secretion even though lysosomal enzymes do not, normally have an
extracellular role. It is of interest to note, therefore, that these are the
cells which Yonge (1925) considered to have i absorptive role in Ciona
and which Van Weel (1940) reported as taking up particulate iron
saccharate. They are probably equivalent to Morton’s (1960) Type A
cells in Salpa.

(iii) Basophilic cells, found in the walls of the ridges in Ciona and in
the walls of the diverticuln in Pyuridac. Degail and Levi (1964) believed
that these cells seereted mucus, but in Cionae Thomas (1970b) reports
that they produce a sero-mucus secretion particularly rich in proteins
and he notes that their fine structure resembles that of protein secreting
cells in other organisms. He concludes that these are enzyme seerebing
cells. They are probably equivalent to Morton’s, (1960) Type B cells
described in Salpa. Morton considered his Type B cells to be equivalent,
to those found by Barrington (1936, 1937) in the intestine of the ammo-
coete and in the digestive diverticulum of Amphioxus (Branchiostoma).
He further related these to the zymogen cells of the pancreas in higher
chordates and therefore concluded that the digestive diverticulum of
the tunicate should be regarded as the beginnings of a pancreas anc
not of a liver.

3. The mad-intestine

The histology of the mid-intestine of Ciona has been described by a
number of authors including Yonge (1925), Van Weel (1940), Millar
(1953a), Fouque (1954), Thomas (1970a) and Croxall (1971), but there
is a conspicuous lack of precise detail in these accounts. There appear
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to be two prinecipal types of cell, absorptive and mucus secreting.
Thomas found that the mucus secreting cells are very variable in their
morphology and that in general they produce a preponderance of
carbohydrate-protein complexes unlike the oesophagus wheroe acid-
mucopolysaccharides predominate. Croxall could find no clear distine-
tion between absorptive cells and muous secreting cells and found that
cells intermediate in the degree of ciliation and extent of optical
staining frequently occurred. He considered that the “ absorptive ” cell
might represent one phase of activity of the typical mucus secreting cell.
Croxall agrees that carbohydrate—protein complexes predominate in the
intestinal secretions. Thomas also records that certain mucus cells in
the intestine with a holocrine mode of secretion have an infolding of the
plasma membrane at the base and sides of the cell. This resembles the
infolding of gastric cells noted by Degail and Levi (1964) in Pyuridae,
but in the intestinal cells of Ciona there are abundant mitochondria
between the folds of the membrane suggesting an active regulatory
funetion for these cells. According to Peters (1966) the intestine secretes
a peritrophic membrane around the food cord which is rich in chitin.

4, The reclum

The rectum consists of Tow cilinted muens colls with histochemienl
reactions similar to ocsophageal cells. Some of these cells contain
autophagic vacuoles which are voided with the mucus during secretion
(Thomas, 1970a).

C. Digestion

Digestion in ascidians has been studied by Yonge (1925) in Cliona,
Berrill (1929) in Pywra and Boltenia and Van Weel (1940) in Ciona and
is reviewed by Barrington (1962). Digestive enzymes are secreted into
the stomach and digestion is entirely extracellular; unlike many other
filter feeding organisms (i.c. bivalves, Amphioxus) there is little
evidence for intracellular uptake of solid particles. Van Weel did
demonstrate a small uptake of iron saccharate into cells of the stomach
epithelium and subsequent passage from these to blood cells, but the
extent to which this occurred is insufficient to justify the assumption
that it is a normal part of the digestive process.

There is general agreement that ascidians have a powerful amylase,
an invertase and a lipase, but only a weak protease. A maltase and a
lactase are reported by Berrill for the two Pyurid ascidians, but Yonge
denies their existence in Ciona. Minor differences of this sort should be
further investigated as they may be important in the overall physio-
logical-ecology of ascidians and the manner in which they can utilize the
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available resources. These findings, however, are based on a study of a
fow shallow-water species which feed primarily on finely divided particu-
late material. A few species of deep-water ascidians such as Gasteras-
cidia sandersi Monniot and Monniot, (1968) are possibly active predators
and it would be of particular interest to know the wity in which their
digestive physiology may have been adapted and whether proteases
are more important than amylases.

The ecarlier work reported on above was limited by the techniques
then available. Recently Koch and Marsh (1972) have examined in
detail the hydrolysis of carbohydrates by the digestive gland of Pyura
stolonifera (Tables V and VI). A number of polysaccharides are hydro-
lysed, but a cellulase is specifically absent although the soluble deriva-
tive of cellulose, carboxymethyl cellulose, is broken down. Yokoe and

Tanee V. Tue Action or Dianvsen Dicestive GLAND EXTRACT FROM Pyira
stolonifera ox Vanious Porysacomarines (From Koch and Marsh, 1972)

Enzymo netivity
(umoles reducing
sugar/12 h/g tissue)

Substrato

Stareh 61

Carboxymethyleellulose 33
Alginato (guluronie acid-rich) 22
Alginato (mannurome newd-rich) 1-6
Hyaluronie acid 1-1
Chondroitin sulphate 1-6
Pectin 1-8

Yasumasu (1964) failed to find eellulose in four species of ascidian while
Elyakova (1972) also found that ascidians can hydrolyse carboxymethyl
cellulose. True celluloses are usually confined to micro-organisms and
therefore it is to be expected that they would be absent from ascidian
tissues. In addition to the enzymes noted above Sova et al. (1970) have
shown that laminarin (a B-glucan) is hydrolysed by extracts of Halo-
cynthia digestive gland and Elyakova (1972) reports that a chitinase is
present in species of the same genus.

Alarcon and Cid (1963) report on the presence of an amine oxidase in
the digestive diverticulum of Pyura, using benzylamine as a substrate,
and stated that it was stimulated in vivo by high concentrations of
chlorhydrate of adrenalin. Aminoxidase is an enzyme system that
catalyses the oxidation of many amines, and possible substrates in the

— .L‘:l
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living organism are discussed by Blaschko (1952). It is widely distri-
buted in animal tissues and amongst invertebrates amine oxidase has
been found in high concentration in the hepatopancreas of Octopus and
Sepia (Blaschko, 1941 ; Blaschko and Hawkins, 1052), in echinoderms,
but not in annclids and coclenterates (Blaschko ef al., 1937).

Berrill (1929) reported that ascidian amylase had an optimum pH
for activity near to 7-5 and that the proteases were active between 6-0
and 10-0. Van Weel (1940) found that all the enzymes worked at a pH
in excess of 7-0 and that the protease and lipase worked best between
8:8 and 9-6. Koch and Marsh (1972) found that glucuronidase activity
in Pyura has an optimum pH of 4.5,

TasLe VI. Grveosibase Activity oF CRUDE BXTRACT OF THIE DicuesTivE
Granp or Pyura stolonifera (From Koch and Marsh, 1972)

Enzyme activity

Enzyme Aglyeon (umoles aplycon/h/g
tissno)
a-n-Glucosidase p-Nitrophenol 80
B-n-Glucosidnse p-Nitrophenol 10-4
a-n-Galactosidnse p-Nitrophenol 21-3
B-p-Galnetosidnse o-Nitrophonol HAY
a-n-Mannosidaso p-Nitrophenol 0-61
B-n-Mannosidase Phenol 14-0
a-D-Glucuronidnsn p-Nitrophenol 0-3
fA-p-Glucuronidase Phenolphthalein 4-0
f-n-N
acetylglucosaminidase p-Nitrophenol 230

Yonge (1935) recorded a pH of 5-4 in the stomach of Phallusia and
nssociated this low pH with the iso-clectric point of the mucus (pH 5:6)
in the food cord. When the pH of the medium is the same as that of the
iso-electric point the mucus will be at its least viscous and therefore
enable the enzymes to penetrate into the food cord and mix with it.
In contrast to this, Yonge found that in the hind gut the pH was 7-1
and thereby caused the mucus to become more viscous and enable the
formation of faecal pellets to take place.

Berrill also carried out experiments to show that at different
environmental temperatures the time taken for food to pass through
the alimentary canal was roughly equal to the time taken for 75%, of
enzyme activity to be completed and that in consequence the animals
are physiologically adapted to make maximum use of their enzymes,

iy e
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discarding them in faeces when they have passed the peak of their
activity,

Almost nothing is known about the detailed process of absorption
in the ascidian alimentary canal and subsequent metabolism of food,
All authors agree on the existence ol absorptive cells throughout the
intestine. Schneider (1897), Yonge (1925) and Van Weel (1940) claimed
that the vacuolated cells in the stomaeh are also absorptive and would
take up iron and olive oil, but later workers (Millar, 19534 ; Thomas,
1970b) believe they release their vacuoles from the apex, although the
precise function of these vacuolated cells is still in doubt (ef. p. 32).
In this context it is of interest that Davidson ef al. (1971) report the
presence of goblet cells in the gut of Ciona intestinalis which give stain-
ing reactions similar to the insulin producing * B-cells " of mammalian
pancreas. They do not specify the precise location of the cells in the gut,
but bio-assays of the stomach and adjacent parts of the intestine yielded
57 mU of insulin per gram wet weight of tissuc.

The existing picture of digestion in ascidians then suggests that
food wrapped in " mucus " enters the stomach where a change of pH
to the iso-cleetrie point of the mucus softens it and permits penetration
of the enzymes to the food ; it is assumed that digestion commences in
the stomach and continues throughout the length of the alimentary
canal alongside absorption of the products of digestion in cells of the
intestine. There are two difficulties in the way of accepting such a
simple hypothesis.  Recent work on the endostyle suggests that the
material in which food is wrapped is not a simple mucus, but is primarily
formed of an iodinated protein (see p. 27). Examination of the food
cord in living transparent animals suggests that the food cord is not
softened in the stomach but remains firm enough for it to fold back and
forth without disruption. Actual softening of the food cord appears to
take place at the pylorie junction of stomach and intestine. In those
species in which there ure folds in the wall of the intestine the grooves
or furrows lining the inside converge to a cilinted ring at this point,
and this coincides with the point at which the duct of the pylorie gland
enters the alimentary canal. In Pyuridae with digestive diverticulae of
the stomach, the duets from these enzyme-seereting diverticulae also
discharge toward the pyloric end of the stomach. Millar (1953a)
described the ciliated ring and concluded that it was used to pull the
food cord through from the stomach to the intestine, but an alternative
viewpoint is that it is used to mix the food and digestive enzymes ot a
point. where the food cord is temporarily softened. Is the function of
the pylorie gland to bring about this change by the secretion of appro-
priate substances?

—
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D. The pyloric gland

The pyloric gland is a system of tubules, terminating in small
swellings or ampullae, which ramify over and nre closely applied to the
alimentary eanal lying between it and the connective tissue sheath
which surrounds it. The tubules unite to form a single pyloric duct
which usually opens by a small aperture into the alimentary canal at
the junction of the stomach and intestine. In Ciona Millar (1953a)
described it opening on the left-hand side of the anterior ciliated ring
of the intestine. In certain species of the family Didemnidae the ramify-
ing tubules are absent and there is a large pyloric vesicle in the digestive
loop ; a single duct enters this from the region of the intestinal wall and
another duct goes from the vesicle to the pyloric region of the stomach.

The most detailed account of the morphology and histology of the
gland is given by Fouque (1954) who suggests that it may have its
origin in a structure like the siphon of the Echinoidea. From this it may
have evolved into its present complex form as shown in Fig. 12. In the
most highly developed stato as in Styela plicala (Lesucur) the gland may
be divided into three morphological arcas. Over the posterior end of
the intestine and rectum it forms ramifying tubules and poorly devel-
oped ampullae, and a similar type of organization is also to be found
around the oesophagus. In the region of the mid-intestine the ampullae
are more numerous and conspicuous and form what Fouque refers to as
the zone of contiguous ampullae. Throughout the gland the tubules
and ampullae are lined by a single layered cuboidal epithelium. There
is considerable confusion in the literature as to whether these cells may
have cilia projecting into the lumen of the canal. Colton (1910) describes
the cells as bearing long flagella, but Azéma (1937) believed they had
small bundles of cilia. Millar (1953a) states that in Ciona the epithelium
bears “* a thin clothing of long cilia ”. Fouque (1948) describes cilia
throughout the tubule in Diplosoma but in o Inter paper (Fouque, 1054)
he denied the existence of cilia in the tubules and believed that the
presence of eytoplasmic strands in the lumen gave a false impression
of the presence of long cilin. There are, however, cilia in the pylorie
duct which beat towards the alimentary canal.

Within the pyloric gland and in particular in the region of contiguous
ampullae there is a cytonuclear cycle of events which has been described
similarly for Microcosmus sulcatus (Coquebert) by Azéma (1937) and
for Styela plicata by Fouque (1954). The similarity of events described
for the two species suggests that this is a normal cycle of events. In the
course of the cycle the cytoplasm becomes strongly basophile and
vacuolated and the nucleus contracts and expels chromatin which
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comes to form a ring around the degencrating nucleus. The cytoplasm
then starts to break up often forming refringent spherules which fall
into the lumen of the tubule and may aggregate to form concretions.
The remnant of the nucleus is also expelled and finally all that remains

(o) (b)

Fra, 12, The .p_vlnx‘in gland.  (n) Distribution of the glund on the alimontary eanal of
Amaroucium. (b) Longitudinal soction through a terminal ampulln.  (Redrawn
from Borrill, 1060.)

of the epithelium is a cytoplasmic network. Frequently only the basal
membrane remains of the original lining of the tubule. There is thus a
drastic form of holocrine secretion into the lumen of the tubule, but
these events do not occur simultaneously throughout all the lining
epithelium and regeneration can oceur from neighbouring intact areas.

— e
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This cytonuclear cycle is most pronounced in that portion of the
gland adjacent to the mid-gut and Fouque (1954) describes how the
epithelium of the intestine is modified in this area so that the cells
become fladter and more basophile than elsewhere in the intestine and
have characteristics similar to those of the intact cells of the pylorie
ampullac. In addition Fouque describes free cells in this area which he
has termed *“ parapyloric cells ™' ; these cells are believed to have their
origin usually from the cells of the ampulla, but occasionally, e.g. in
Bolryllus, they may arise from the intestinal epithelium, while in
Diplosoma they are absent but the pyloric vesicle is stated to be sur-
rounded by “ haemolymph " cells. The role of the parapyloric cells is
further discussed below.

In the more distal parts of the gland the eytonuclear cycle is less
pronounced and the ampullae frequently contain coneretions which
Fouque believed to be formed through the breakdown of haemolymph
cells which have migrated into the ampulla. The concretions are often
bi-refringent and may be partly purine in nature. Azéma believed that
in Ascidiidae the eytonuclear eycle did not ocour and he described
hyaline concretions in the ampullae. Concretions have been deseribed
in the pyloric gland by several authors including Chandelon (1875),
Isert (1903), Millar (1949, 1953a) but are not mentioned by Colton
(1910). Isert believed they arose from masses of matter formed by the
accumulation of secreted substances, while Millar considered that they
may erystallize out from the liquid contents of the tube.

The physiological role of the pyloric gland is still a matter of specula-
tion but most authors have ascribed to it either an excretory or a
digestive function or both, but throughout the literature there is
insufficient evidence of adequate experimental work to enable any
definitive statements to be made. The older liternture is reviewed by
Azéma (1937), Fouque (1954) and Millar (1953a) and the reader is
referred to them for further detail.

The evidence for an excretory role is based partly on the presence of
solid coneretions in the ampullae and comparisons have been made be-
tween the storage excretion of the nephroeytes and renal vesicles of many
species and the possible purine nature of the concretions. However, the
deposition of purine granules appears to be a widespread phenomenon
in ascidians and the quantities deposited (if any) in the pyloric gland
would be too small to be of any overall significance in the animal’s
metabolism. If purines are deposited in the gland this must be a
secondary function and possibly even accidental,

The pyloric gland will also pick up vital dyes (Fouque, 1954;
Godeaux, 1954) and thorium dioxide (Brown and Davies, 1971) from
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the haemolymph and concentrate them in ampullae or tubules. In this
respect the gland may be considered to have an excretory function but
it does not imply that this is its primary role.

The presence of a holocrine seeretion in the gland and the undoubted
fact that in many, if not all, species there are cilia in the pyloric duet
which beat fowards the gastro-intestinal junction, suggests that a
part of the function of the gland is to discharge some substance into the
alimentary canal. From the point of view of digestive physiology this
region of the canal is the most active and critical of all, the region where
enzymes and food are being mixed and prior to the main site of absorp-
tion. It seems inconceivable that any true excretory organ would
discharge at such a place and some other function is more likely. It isa
region in which one might expect digestive enzymes to be discharged
but all the available evidence at present suggests that the stomach is
the sole site of production of digestive enzymes. If the pyloric gland
was producing notable quantities of digestive enzymes they should be
identifiable in homogenates of the intestine, but they have not been
identified there (Yonge, 1925; Berrill, 1929; Van Weel, 1940). Fouque
(1954) dismisses the idea that the gland may secrete digestive enzymes
on the grounds that the duct is not always open but this may be an
abnormal phenomenon. Bereill (1950) on the other hand put forward »
novel suggestion that the gland was used to recover enzymes from the
intestine. However, in an carlier paper (Berrill, 1929) he suggested that
the timing of passage of food through the alimentary canal was adjusted
to make maximum use of the enzymes during slow passage through the
intestine. If this is true then any system for enzyme recovery should be
concentrated in the posterior part of the intestine, but the work of
Fouque (1954) suggests that the most active region of the gland is
around the mid-intestine. Furthermore, any system of recovery would
require a mechanism for re-absorbing Targe protein moleenles.

According to Fouque the intestinal epithelium in the neighbourhood
of the ampullae is modified and there appears to be an intimate associa-
tion between the two. Fouque considered that the ampullae are
engaged in a “ re-working ™ process of substances which are absorbed
by the intestinal cells, passed on to the cells of the ampulla which
further treats them and subsequently passes the re-worked material
back to the parapyloric cells which play the role of trophocytes. In view
of the holoerine nature of the ampullary epithelium and the fact that
vital dyes such as indigocarmine, neutral ved, methylene blue and
toluidine blue are picked up from the hacmolymph and concentrated
in the ampullae and tubules (Fouque, 1954; Godeaux, 1054) it seems
unlikely that metabolites are treated in this way by the gland. Active

THE PHYSIOLOGY OF ASCIDIANS 43

transport appears to be from haemolymph to gland and not vice versa.
This still leaves the role of the parapyloric cells unaccounted for but
they may be concerned with direct uptake from the intestine rather
than from the ampulla,

There are two other hypotheses which should be explored and which
do not appear to have been considered by previous authors. The gland
may be concerncd either with ionic regulation of the blood or with the
control of pH in the alimentary canal. Ascidians are known to regulate
sulphate but the mechanisms for doing so are unknown. Thomas (1970b)
has drawn attention to certain cells in the stomach which he believed
might perform this function, but neither these nor the cells of the
pyloric gland appear to be a suitable site for such regulation ; sulphate
ions withdrawn from the blood by these cells would be released in such
a position that they would be carried back over the intestinal absorptive
surface,

Attention has already been drawn to the fact that the enzyme
seereting  channels of the stomach converge towards the gastro-
intestinal junction where the pyloric duct enters the alimentary canal
and where there is a ring of cilia. The food cord is still wrapped in
mucus or muco-protein and it. would be reasonable to believe that the
pylorie seeretions are involved in some way in softening the food cord
to permit mixing of the enzymes. This might be achieved by control of
pH at this particular point.

VII. RESPIRATION

In view of their sessile mode of life and low level of activity it is to
be expected that respiratory exchange in ascidians will be small and
can be accommodated without the intervention of specialized respira-
tory carriers in the blood. Ascidian blood contains a complex organo-
metal compound usually including either vanadium or iron but this is
concerned with test formation and not with oxygen transport (p. 81).

The only available data on oxygen uptake by ascidians are those of
Jorgensen (1952) and Goodbody and Young (unpublished). Jorgensen
gives values of 850 ul of oxygen per hour taken up by five specimens of
Ciona intestinalis and comparable values for Molgula manhatlensts but
these are not related to any specific body weight. Goodbody and
Young found that Ascidia nigra at 28°C consumed 806 ul O,/h/g total
dry weight or 1630 ul O,/h/g body weight excluding the test. B?cr'ufsc
the test is largely inert it is difficult to know how metabolic activities
in aseidians should be related to body weight and it is advisable to
express them in these two ways (Goodbody, 1957). The level of oxygen
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uptake by 4. nigra is very similar to that of other sessile animals
metabolizing at similar temperatures (Table VIT).

Tanne VI, Oxvasn Urraks (pevfitfa vy wr) an dseidia Companen wirn
THrEE BIVALVES AT SIMILAR ENVIRONMENTAL TeMreraTunes (°C)

Animat Temp. ?E; f:gi’: Author
Ascidia nigra 28 1630 Goodbody and Young
(excluding test weight) (unpublishod)
Ascidia nigra
(ineluding test weight) 28 806 Goodbody and Young
Crassostroa virginiea (Gm.) 245 6451504 Galtsoff and Whipple
(1930)
Mytilus edulis L., 25-2 686G Read (1962)
Brachidontes demissus Lamarek 28-2 1059  Read (1962)

The low rate of gaseous exchange in ascidians makes the existence
of specialized respiratory organs unnecessary ; nevertheless, the primary
site of gaseous exchange is by no means certain. Tt is usually assumecd
that the large surface area of the hranchial sac provides the major area
of respiratory exchange but, while this is & reasonable assumption, it is
also likely that the inner surface of the mantle wall may provide a
secondary site of exchange.

VIII. Tue CiRCULATORY SYSTEM

The ascidian circulatory system consists of a tubular heart enclosed
in a pericardium and connecting at either end to a system of blood
vessels and channels which ramify throughout the body and test. The
principal features of this system are illustrated in [ig. 2 (p. 5). At one
end of the heart, the hypobranchial end, a large sinus is given off to run
under the endostyle and a second sinus crosses through the body wall to
supply the test. The subendostylar sinus supplies branches to the body
wall and to the branchial sac. From the branchial sac blood collects
into a dorsal branchial vessel which also receives blood from the body
and itself delivers blood to the alimentary canal. A series of blood
spaces and channels circulate the blood around the viscera before
collecting again into a visceral vessel which rejoins the heart at the
visceral end where & second test sinus also joins. None of the blood
spaces is a true blood vessel as an endothelial lining is lacking, but the
principal channels, such as the subendostylar sinus have a connective
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tissue lining on the lumenal wall. For a fuller description of the ascidian
blood system see Millar (1953a).

The heart and circulatory system have no valves and the blood is
pumped around the body by w series of peristaltic contractions pussing
from one end of the heart to another at a frequency of about 25 to 50
beats per minute according to the species and size of the animal con-
cerned. The direction of the peristaltic wave changes at fairly regular
intervals so that at one time the wave is advisceral (i.e. passes from the
hypobranchial end toward the visceral end) while at other times it is
abvisceral (passing from the visceral end to the hypobranchial). This
reversal of heart beat is found universally throughout the Tunicata but
is not unique to this group of animals. It is well known in certain groups
of insects (Jones, 1965) and has been recorded in several other groups
of animals (Azariah, 1965 ; Beklemishev, 1969 ; Mislin, 1969).

The ascidian heart poses a number of interesting questions namely :

(1) How is the heart beat controlled? Ts it neurogenic (under nervous
control) or is it myogenic (under the intrinsic control of its
own musculature)?

(2) How is diastolic filling of the heart effected in the absence of valves
or extrinsic musculature?

(3) What controls the reversal of peristalsis and what is its functional
significance?

The literature on the physiology of the ascidian heart is extensive.
Most of the early work has been reviewed by Skramlik (1938), Krijgsman
(1956), Krijgsman and Krijgsman (1957) and Millar (1953a).

A. Structure of the heart

The tubular heart is enclosed along its whole length within a fluid
filled pericardium. Tn development the heart is formed as a longitudinal
invagination of the pericardium the lips of which approximate together
and close off a tubular fold. The heart remains attached to the peri-
cardium along the length of the original suture, this dorsal attachment
being referred to as the raphe. The walls of the pericardium are formed
of a flattened basement epithelium in which the membranes of adjacent
cells are folded in such a way as to interdigitate closely with one another
(Kalk, 1970) (Fig. 13). The interlocking of cells coupled with a thickened
basement, membrane probably provides rigidity to the wall and enables
it to exert pressure upon the fluid. A few strands of smooth muscle
surround the pericardial wall (Millar, 1953a) and presumably provide a
mechanism for altering tension in the fluid,
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The heart itself consists of a single layer of spindle-shaped myoendo-
thelial cells oriented at an angle of about 60° to the long axis of the
heart. The size of the cells varies from species to species but in Ciona
intestinalis they are about 90 ;1 long, 10 g high, 2 p wide at the base or
lumenal and 5 @ wide at apex (Millar, 1953 ; Kriebel, 1068h: Anderson.

Fra. 13. A vortieal seetion through the interdigitaling plasma membranes (*) of adjocent
pericardial eolls of Aseidin whern a zonule aectudens (7) veeurs on the border of the
pericardinl eavity (”); Bm, basoment mombrane; g, glyeogen granules; m, mito-
chondrion. % 20 000, (Reproduesd, with permission, from Kalk, 1070.)

1968; Kalk, 1970).  Phase contrast and electron microscopy shows
several distinctive features in the cells (Kawaguti and Ikemoto, 1958 ;
[ehikawa, 1966 ; Kriebel, 1068h ; Kalk, 1970 Lorber and Rayns, 1972),
Each cell has a single bundle of myofibrils near the base and adjacent
cells are linked by apical nexuses (zonulae oceludentes) and oceasional
spot nexuses (maculae oceludentes) (Kig, 14). According to Kriebel, who
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Apical nexuses between
umenal surface (arrows);

g several adjacent cells.

Note the absence of noxuses near the |

(Reproduced, with permission, from Kriebel, 1968b.)

Fic. 14. A cross section through the heart wall of Ciona intestinalis showin
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has measured the trans-epithelial resistance in Ciona wnleslinalis, the
intercellular space between adjacent cells must be about 150 A and
the maximum gap at the apical nexus is only 0-12 A. Following Walt-
man (1966) who studied a similar situation in the Ampullac of Loren-
zini, Kriebel suggests, in the light of these data, that the apical nexus
forms a barrier to the transepithelial passage of jons. (For a general
account of the nexus in cells see Farquhar and Palade (1963) and
Dewey and Barr (1964).) In addition to the nexus Kalk has described
peg and socket eytoplasmic junctions between adjacent myoendothelial
cells.

Kawaguti and Ikemoto (1958), Schulze (1964) and Kalk (1970) have
all described cellular processes or cytoplasmic lobes projecting from the
apical cell surface into the lumen of the heart and according to Kalk
cach lobe contains 1-3 multivesiculate vacuoles which she considers
may be extruded into the heart lumen during contraction. Schulze and
Kalk describe a fibrous matrix lining the heart and into which the
eytoplasmie lobes protrude. Turther detail of the ultrastructure of the
myoendothelial cell in Corella willmeriana Herdman is given by Oliphant
and Cloney (1972).

Apart from the myoendothelial cells described above there is a line
of undifferentinted cells, about 2-5 cells wide, running the length of the
heart on the side opposite to the raphe and a ring of similar cells
connects the heart at either end to the main blood sinuses. Millar
(1953a) considers that these undifferentiated cells give rise to new
muscle cells and he describes the processes whereby older muscle cells
degenerate and are cast off into the pericardial cavity to form the
pericardial body.

The nervous innervation of the heart and pericardium is discussed
later (p. 92) and it is concluded that the heart itself is devoid of inner-
vation, but there does appear to be a fine innervation of the pericardium
which may be a sensory motor reflex controlling pericardial pressure.

B. Contraction of the heart

In an active undisturbed ascidian a series of peristaltic contractions
will pass from one end of the heart to another pushing the blood
forwards as it does so. After a period of time the wave of contraction
will slow up and stop and either immediately or after a pause the heart
commences beating again but in the opposite direction. The series of
beats in any one direction is known as a pulsation serics and the period
during which a pulsation lasts and until reversal occurs is known as a
reversal period (Kriebel, 1968a). There is no regularity about reversal
and successive reversal periods may be of different lengths, but the
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frequency of contractions is fairly uniform in any given animal.
Several workers have noted, however, that the frequency of advisceral
beating is usually slightly greater than for abvisceral beating (Hecht,
1918 Skramlil, 1926, 1930: Anderson, 1968 ; Kricbel, 19680) (IMig.
15).
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Tha. 16, The average froquency of sixteon isolated hoarts at the start and ond of
branchinl (B) and viseoral (V) pulsation-sories. The rangn is shown by the centre line
ineach bar. s, start of sories; e, end of serios. (Redrawn from Kriobel, 1968a.)

No matter which way the heart beat is travelling the wave of
contraction normally starts at one end of the heart and travels to the
other but occasionally under abnormal conditions a wave may com-
mence at the centre of the heart and pass simultaneously to either end
(Hecht, 1918c; Skramlik, 1926a; Anderson, 1968). Brocas of al. (1966)
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claimed that there is a relay centre in the middle dividing the heart
functionally into two parts. I have also observed an apparent relay in
the heart of Corella willmeriana but it is most likely, ns suggested by
Heeht (1918¢), that it is duce to a shifting of the position of the raphe
and this gives a false impression of the existence of such a centre.
Reversal of the heart may take place immediately without any pause,
there may be a pause of varying duration between opposing waves,
or the two opposing waves may momentarily collide at the centre of the
heart before the new wave comes to dominate the other.

The peristaltic wave of contraction forces blood out of the heart but
in a valveless system it is not easy to see how diastolic filling of the
heart is achieved and what prevents backflow through the system. In
the absence of elastic fibres or other attachments there must be other
mechanisms for refilling the heart. If the pericardium is punctured the
heart immediately swells indicating that it must normally be held
under pressure by the pericardial fluid. Skramlik (1929) was the first to
point out that pressure in the pericardial fluid was necessary for propor
functioning of the heart and this was lator confirmed by Benazzi (1935).
Skramlik determined that the optimum pressure in the pericardium
was 2 em water but Krichel (1968a) found that the optimum is 5 em
water. Kriebel also pointed out that this pressure is responsible for the
production of a contraction valve by foreing the wall of the heart into
the venous ostium. As pressure rises in the circulatory system the
“ venous ”' pressure comes to exceed the pericardial pressure and forces
open the * valve ™ and refills the heart.

C. Pacemaker activily

The rhythmic alteration of heart beat suggests the existence of two
active centres or pacemakers one at either end of the heart. Although
this was first postulated by Ling and Loceb in 1900 (see Baneroft and
Esterly, 1903) and was accepted by Hecht (1918¢) experimental proof
came much later. The evidence may be summarized as follows:

(n) Heating a resting end induces spontaneous activity, that end
becoming dominant. Heating an active end increases the frequency
but heating other parts of the heart usually only alters the amplitude of
beat (Skramlik, 1926a,b; Krijgsman and Krijgsman, 1957; Kriebel,
1968a).

(b) Hearts ligatured in the middle continue to beat from both ends
towards the centre, and similarly if the heart is cut in two (Schultze,
1901 ; Hunter, 1903 ; Krijgsman, 1956 ; Kriebel, 1968a).

(c) By the use of suction electrodes attached to either end of the
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heart, and by application of suitable stimuli it is possible to drive the
heart and artificially alter the beat (Kriebel, 1967 ; Anderson, 1068).

(d) Mechanieal stimulation of a quiescent end will activate spon-
tancous contractions and stretehing of an active end inercases the
frequency of bent (Anderson, 1968).

Although localized pacemakers can be identified in this way at
either end of the heart it is clear that spontaneous contractions can take
place at any point in the heart and in isolated strips of muscle (Schultze,
1901 ; Hunter, 1903; Krijgsman and Krijgsman, 19567; Mislin and
Krause, 1964 ; Anderson, 1968 ; IXriebel, 1968¢). Kriebel and Anderson
have both shown that small pieces of myocendothelium lacking any
portion of the raphe or undifferentiated line will beat spontaneously and
synchronously, and in some cases will exhibit reversal of beat. It seems
clear therefore that rather than having defined pacemaking centres at
either end, the heart is composed of a series of multiple pacemakers and
that any portion of it may have potential for driving the system. Under
normal circumstances the threshold of the two end regions must be
different from that in the rest of the heart so that they remain in control
and the eritical question is to determine what causes them to maintain
this situntion and how do they exerecise control over the whole system.

Such control could be exercised through nervous pathways, by
neurochumoral transmission or by conduction through the myoendothe-
lium itself.  All evidence points to the fact that the heart itself is
lacking in any nervous innervation. Hunter (1903) claimed to have
found nerve cells at either end of the heart but subsequent workers,
using more refined techniques, have been unable to confirm this and
Millar (1953a) suggested that Hunter really saw connective tissue
elements at the junction of the heart and blood sinuses. Alexandrowicz
(1913) and Jones (1971) both reported fine nerve fibres extending onto
the heart wall, but the very careful work of Bone and Whitear (1958),
Kriebel (1967), Anderson (1968) and Kalk (1070) amongst others has
failed to confirm these findings. Furthermore the illustration in Jones
(1971) suggests that the fibres in question were in the pericardium and
not in the heart.

Hunter (1903) destroyed the ganglion of Molgula manhattensis by
cauterization and reported that this caused irregularity of beat. Ebara
(1971) stimulated the ganglion of Perophora orientalis Arnback and
found that frequency of beat first declined but later increased again, and
that this effect was transmitted to the heart of a second zooid attached
by a stolon. He claimed that the effect is potentiated by eserine and
concluded that the heart is under neural and neurohumoral control,
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Ebara stimulated the ganglion by means of electrodes placed one inside
the branchial sac and the other outside and considerable mechanical
stress must have oceurred. Similarly in Hunter’s worl mechanical stress
oceurred and in both eases this is likely to have had very considerable
effects on the heart beat. In the ease of Perophora the offect on the
second zooid is a natural part of the co-ordination found between
neighbouring zooids (IEbara, 1961).

D. Cardio-regulalory drugs

The evidence concerning the effects of cardio-regulatory drugs on
the ascidian heart is very conflicting, but this may in part be due to
differences in the techniques used (Table VIIT). Acetylcholine normally
acts to depress cardiac activity in animals. Bacq (1934a, 1935a),
Krijgsman and Krijgsman (1959), Scudder el al. (1963) and Sugi and
Matsunami (1966) found no response to acetylcholine while Waterman
(1942, 1043) and Ebara (19534,b) both found different types of cardiac
onhancement. Adrenalin is a cardiae accelerator and Seudder ef al. and
Sugi and Matsunami claim to have found such an effect in ascidians.
Sugi and Matsunami also found that serotonin caused an increase of
beat frequency when applied to the visceral pacemaker but either
reduced the frequency or had no effeet when applied to the hypo-
branchial pacemaker.

Kriebel (1968d) has criticized all earlier work on the grounds that
whole hearts or even whole animals were being exposed and that the
drugs could not penctrate through the myoendothelial wall because of
the tight junctions between cells. Kriebel tested the effects of adrenalin
and acetylcholine on hearts which had been slit open to allow access
of the drugs and found that both drugs caused a temporary cessation of
heart beat when used in pharmacological concentration. The effect of
acetylcholine was inhibited by atropine.  Kriebel interprets this to
mean that eardio-neceleratory nerves are absent hut that “ the tunieate
heart may receive cardio-inhibitory innervation and this innervation
is cholinergic ", Although the existence of cholinergic somatic nerves
in ascidians has been claimed by Florey (1963, 1967) the evidence does
not seem to warrant Kriebel's conclusion. No nervous innervation of
the heart has been demonstrated and all evidence suggests that it is
under intrinsic and not extrinsie control (p. 54). TFurthermore both
Bacq (1935b) and Florey (1951) have reported very low concentrations
of cholinesterase in ascidians and Durante (1956) states that it dis-
appears at metamorphosis; under these circumstances it would seem
unlikely that acetylcholine could be used as an important cardio-
regulator. The existence of a pharmacological effect by a drug on the
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heart does not have to imply that that drug is part of the normal
physiological equipment of the heart. ‘ .

In summary then, the existing evidence is t.ut-nl‘ly‘ against the
presence of a neurogenic control mechnnism for the ascidian heart but
the evidence in favour of hormonal control is inadequate and contra-
dictory. It is possible that some form of intrinsic regulation may be
exercised by secretions from the eytoplasmic lobes of the myoendothe-
lium (Kalle, 1970).

5. Conduction

In the absence of neurogenic or neurohumoral control it seems
probable that heart beat is under myogenic control. Myogenic control
requires that there should be an adequate means of elentrm’n.l con-
ductance between cells and that they must be capable of co-ordination.

The resting potential of ascidian myoendothelial cells has lhcen
given as from —48 to —75 mV (Miller and McCann, 1963 ; I_{rlcbc],
1967+ Anderson, 1968) and there is very little overshobt during the
action potentinl. The clectrical chareteristios of these cells remain ‘t-hc
same irrespective of the direction in which the wave of 1:ncc|mnw.ui
contraction is moving (I8hara, 1957 ; Krichel, 1967) and this suggests
that there is only a single physiological cell type which ean drive the
heart |n<'r-.11:1.ni(':\.|h' in cither diveetion. Nevertheless, Anderson (HHIH)‘
has shown that all cells in the heart are capable of t'.l"-l‘t-lbill‘ }l.ll.lnllllt- of
independent activity ; the action potential in o f-.rll may for instance
show small pre- and post-potentials, small 1)0{-0.511;1;11 cl}mlgcs may oceur
independent of any mechanical or electrical s:t.mu‘:l:mt.mn or a cell may
show no potential change at all during a contraction of the heart.

Mechanical conduction in heart tissue will take place through
strips which are completely isolated from the raphe ?l.ntl the nndjﬂ"ernn-
tiated line and Kriebel (1967) has shown that electrienl (-,nntlm'.hlon can
pass through isolated strips of heart tissue and will cross the undifferen-
tinted line but not the raphe. Furthermore (Kriebel, 1968b) the heart
can continue to function and pump blood when the raphe has been
crushed or sectioned. The raphe appears to be no more than a suspen-
sory structure with little physiologieal significnnee.

“Kriehel (1967) has shown that under normal circumstances the
wave front of activity passes along the heart perpendicular to the long
axis of the heart cells. The average speed of conduction along the heart
is 13 mm/sec and, since each cell is only 4 p across, the wave front
must eross the cell in 0-3 msee. Kriebel brings forward evidence to show
that this is too fast to be mediated by non-electrical means and he
coneludes that conduction in the heart must be by local current flow
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from cell to cell. In a later paper Kriebel (1968b) has shown that the
cell membranes in the heart have a resistivity of 210 ohms/em? but the
nexuses (see p. 46) have a cell resistivity of only 0:2 ohm/em?2. This
suggests that the nexuses, as well as forming a transepithelial jonic
barrier, are also low resistance pathways for clectrical conduction. In
order to show that such conduction is possible Kriebel replaced the
intercellular fluid by a sucrose barrier and demonstrated that an elec-
trical impulse could still pass along the heart. The only pathway left
to it under these circumstances is through the nexuses.

On the basis of all this evidence it is reasonable to conclude that
propagation of the wave of contraction in the ascidian heart is by
electrical conduction from eell to cell.

Under normal conditions the heart is controlled by the pacemakers
located at either end of the heart, but in Ciona intestinalis during
longitudinal contraction a third pacemaker may become active and
drive the blood towards either end. This is the C centre of Skramlik
(1938).  The C centre can be activated experimentally by applying
pressure to this region of the heart. The cells of the remainder of the
heart all have pacemaker capabilities but do not at any time take
control of the heart. The question arises then as to how the two end
pacemakers maintain their dominance over the rest of the heart and
thereby control heart heat. Most of our understanding of this is due to
the work of Kriebel (1968¢, 1970) and Anderson (1968).

In order to generate a wave of contraction in a passive heart it is
necessary to apply several stimuli to the end of the heart and in order to
manipulate heart beat reversal it is necessary to apply a train of
impulses of a higher frequency at the other end. The heart cells have a
“low safety margin for conduction ™ (Kriebel) and a low degree of
excitability which permits them to engage in independent activity.
TFor co-ordinated activity and the generation of a contraction wave a
number of cells must depolarize simultancously ; the input of a train of
impulses must in fact synchronize the beat of a large number of cells
and thereby produce a contraction. According to Kriebel conduction
velocity is faster in the middle of the heart than at either end (Fig. 16)
and he attributes this to differences in the level of excitability of cells;
those near the ends being less excitable than those in the centre. While
this does make it more diffieult for an impulse to spread from the ends
it also means that only well co-ordinated contractions involving a
number of cells can make their way out from these terminal pacemakers.
Sugi ef al. (1965) maintain that the threshold for provoking contraction
is highest in the centre of the heart in Ciona. This would imply that the
cells in the centre are less excitable than at the ends. Occasionally
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extrasystoles or interpolated contractions may m'iaE’. in the vicinity of a
terminal pacemaker (Quincke and Stein, 1932 Mislin, 196‘%; I.{rlebel,
1967; Anderson, 1968) and it is possible to create these artlﬁcmllx ‘hy
stimulating an end pacemaker in between ordinary conbractions. The
existence of such extra systoles suggests that there may be more than
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hranehinl arm. The dashed line at 14 mm ropresents the position of the boned of the
heart. (Redeawn from Keiehel, 1970.)

one centre of activity at the end of a heart and that it is ‘possiblt.a for
these to beat out of phase and possibly at different frequencies. Kriebel
has in fact demonstrated that at least two centres occur at each end,
one on cither side of the raphe. Arhythmic contractions of the gort.
deseribed can be obliterated by ““ driving ' the heart with appl'oprla.t:e
electrical stimuli or by increasing the cardiac pressure. The ln.f,ter‘ is
equivalent to stretching the myoendothelium; Anderson reports in-
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creased frequency of heart beat when the heart is stretched, while
Kriebel (1970) reports on increases in conduction velocity.

While the evidence is still incomplete it does seem likely that the
dominanco exerted on the heart by the two terminal pacemakers is
linked to differences in excitability and activity thresholds between
cells of the pacemaker area and those of the rest of the heart. It is also
apparent that a stretch stimulus may alter the frequency of a pace-
maker and the speed of conduetion from it.

. IHeart beat reversal

In the absence of nervous innervation of the end pacemaker the
control of heart beat reversal must be intrinsic to the heart itself.
A number of theories have been put forward to explain this phenomenon,
the most important of which are based on the following :

(a) Changing partial pressure of carbon dioxide in the heart (Brocas
et al., 1966).

(b) The development of extrasystoles or interpolated contractions
(Mislin, 1964, 1965; Mislin and Krause, 1064).

(c) Back pressure in the arterial system (Lahille, 1890; Haywood
and Moon, 1950 ; Kriebel, 1968a).

(1) Pacemaker fatigue (Krijgsman, 1966; Krijgsman and Krijgs-
man, 1957).

(e) Changes in the frequency level of pacemakers (Anderson, 1968).

Brocas et al. (1966) considered that the hypobranchial pacemaker is
dominant to the visceral and that the frequency of contraction in the
visceral pacemaker varies with the partial pressure of carbon dioxide.
In high levels of carbon dioxide the visceral pacemaker increases in
frequency and at the same time the hypobranchial pacemaker is
simultaneously depressed by an undefined relay mechanism and not by
the influence of carbon dioxide. When the earbon dioxide level drops
the viscernl pancemaker declines in frequency. While such an effect
could be due to changing pH and not directly to carbon dioxide there
is no clear evidence to show how such metabolic changes might be
taking place in the heart so as to vary their influence on the pacemaker.
Nevertheless, in the light of Anderson’s (1968) findings that there is a
rhythmic variation in the frequency of the visceral pacemaker (see
below), this work of Brocas ef al. merits careful consideration.*

* Andorson (1068) appears to have misinterpreted the conclusions of Brocas et al.
Sho states (p. 383): * Their results indieated that the notivity of the hypobranchial end
of the heart is slowed by increasing the p CO, while the visceral end is not grontly affected,"
Brooas et al. (1066, p. 02) state: ** (Mest done le niveau d'activité du centre viscéral qui
détermine le sens do In ecirculation, ce niveau d'activité étant fonction de la pression
partielle du gaz carbonique. "
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Mislin (1064, 1965) and Mislin and Krause .(H)(id-) rula?:'t.ccl the
existence of extrasystoles or interpolated contractions occurring at the
moment of reversal and considered that these m(u‘y‘hawr- rllaf-urh(*.d
pacemaker frequency so as to permit reversal.  This has not ].:(‘o.n
confirmed by other workers and probably the oxtrasystoles recorded
were the result of ** collisions " during the moment of reversal when one
pacemaker is gaining dominance over another (Anderson, 1068).
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Fia. 17. The offeet of varying intrnenrdine pressare on !le‘."l“!lkl'l‘ Mrequency in the
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The back pressure theory suggests t:lm.t, pressure 'l?uilds up in‘ t.ha
peripheral circulation as the heart continues to beat in one dl‘l‘(?(..tl(}l‘i
and that increasing effort is required by the h(_-,ru'l. muscle to overcome
this resistance. Eventually the pressure is relieved by reversal. H.a.yi
wood and Moon (1950) examined this theory b.y the use of mathematica
models and concluded that the evidence was in favour of back pressure
causing cardiac arrest, but they did not abt:em pt to 'ncnnunb fnrl the
commencement of beat in the opposite direction. Their work has been
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criticized by Krijgsman on the grounds of over-simplification and that
“ they adjusted their (arbitrary) constants to fit the observations ... .

Kriebel (1968a) has recently revived interest in the back pressure
theory and puts forward several pieces of evidence in its favour:

(a) During a reversal pause blood may be seen to flow back into the
heart indicating a pressure build-up in the arterial end.

(b) Cinematographic analysis of beating hearts shows that during
the first few beats after reversal there is a fall-off in the stroke volume
of blood suggesting a fall in venous pressure.

(e) A lowering of intra-cardiac pressure by removal of blood causes
a change in the pulsation period (interval between reversals).

(d) Raising the intra-cardiac pressure by occluding the artery causes
n reversal,

(e) In experiments with cannulated hearts it ean be shown that
pacemakers are very semsitive to changes in pressure (Fig. 17) and

pacemaker frequency may be altered by adjusting the blood volume or
intra-cardine pressure.

Critics of the back pressure theory (see Millar, 1952, 1953h ; Krijgs-
man, 1956 ; Krijgsman and Krijgsman, 1957 ; Anderson, 1968) point out
that isolated hearts opened to ensure equal pressure inside and outside
will still exhibit reversals. Furthermore, if hearts are ligatured in the
middle in sitn the two end pacemakers will beat toward the centre of
the heart for several hours and in spite of the pressure build-up do not
exhibit reversals.

Although back pressure cannot be entirely responsible for heart
beat reversal it may be a contributory factor by inducing mechanical
stimulation of changing frequency in pacemakers (Anderson, 1968).

Pacemaker fatigue has been suggested as the cause of reversal by
Krijgsman (1956) and Krijgsman and Krijgsman (1057). Their conclu-
sions are based on the faet that isolated hearts continue to reverse and
that in half-heart preparations there are periods of activity alternating
with periods of rest. Since there is no opposing pacemaker in a half
heart it is assumed that the periods of rest are the result of fatigue of
the nctive pacemaker.

In natural conditions such periods of rest following fatigue would
be very brief indeed as during dominance of any one pacemaker the
other end of the heart is being driven and continues to contract.
Krijgsman and Krijgsman concluded that pacemaker activity and
contractility are separate functions and that fatigue is not in the
contractile element but in the active pacemaker component. They

suggested therefore that the pacemakers respond to some secretion or
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metabolite, behaving as sensory receptors. It is then postulated that in
an active pacemaker the threshold of response to this * metabolite "
slowly increases until the pacemaker no longer responds to it and
becomes inactive. At this point the threshold of response in the other
pacemaler has fullen and it can now respond to the stimulus. Pacemaker
fatigue may then be explained, not in terms of muscle fatigue, but in
terms of increasing resistance to sensory stimulation.

If we accept the postulate that all heart cells have pacemaker
properties (sce p. 51) we can only accept the hypothesis of pacemaker
fatigue if it can be shown that the terminal pacemakers respond differ-
ently to other cells. ‘That this is probably the case is shown by the
differences in electrical activity already demonstrated.

Positive identification of a “ metabolite ” which might control
pacemalker activity awaits confirmation but it is significant that in
Ascidia Kalk (1970) has demonstrated the existence of multivacuolar
vesicles in eytoplasmic lobes projecting into the heart lumen (sce p. 48)
and Kalle believed that these vesicles are diseharged into the hlood as
it passes through the heart. She ealeulated that there are about 100 of
these vesicles per cell and suggestod that during contraction the active
end of the heart will be slowly depleted of the substance secreted by the
vaeuoles while the other end of the heart will he subjeeted to acontinued
flow of the material seereted by the eells preceding it in the heart. She
further suggested that a concentration gradient will develop along the
length of the hewrt with the highest coneentration at the opposite end
to the active pacemalker. This ensures that this end is the first part of
the heart to be subjected to a high enough internal concentration of the
substance to start * firing ” before the rest of the heart. Kalk states
that ““ In this way pacemaking will be taken over by alternate ends of
the heart after a period of quiescence. ”* She suggested that acetylcho-
line may be the substance involved hut in view of evidence presented
earlier on the effect of acetyleholine on the ascidinn heart (p. 52) this
is unlikely.

Anderson (1968) has suggested that fatigue as such need not be
involved to account for heart beat reversal but that it is due to changes
in the levels of frequency at either end of the heart. As long as one
portion of the heart has a higher frequency than the rest it will remain
dominant and she has shown (IMig. 18) that while frequency remains

fuirly constant at the hypobranchial end it fluctuates at the visceral
end between periods of high and low frequency. She has also shown that
the electrical characteristics of the visceral end are different and that
the threshold voltage for one-to-one driving of the heart at different
frequencies shows a linear response in the case of the hypobranchial
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Fia. 18, Spontaneous activities recorded simultancously

Ciona ligatured in the middlo,
timo (ahscissn),

L from the ends of o heart of
! i Intorboat intorvals (ordinate) were plotted against
The viscoral nd (elosod cirelos) was oharactorizod by regularly

vnrying_ levels of Ihigh and low froquenay ; in this preparation the hypobranchinl end
(opon ciroles) vurmtl_ moro or less regularly botweon lovals of high and low froquency
but with longer poriods of high frequency than those of tho viscoral ond. (Repro-

thueod, with parmission, from Andorson, 1008.)
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pacemaker and a non-linear response in the visceral one. Anderson
concluded that heart-beat reversal can be entirely explained by the
intrinsic properties of the heart cells all of which have pacemaking
properties. She considered that contral arcas of the heart do not
normally become dominant beeause their electrical activity can be
dissi]::u-.étl in two directions along the heart, while al the ends of the
heart all of the electrical activity is concentrated in one direction and
promotes dominance. S .

It is elear from the foregoing paragraphs that there is still insufficient
evidence available to enable us to draw any firm conclusions concerning
the mechanisms which control the reversal of heart beat in ascidians,
It is possible that a full explanation of the phenomenon 1'eq1|i1't:s a
synthesis of the various mechanisms involved, In view of the behaviour
of isolated hearts and portions of hearts it is inconceivable that back
pressure alone can explain reversal. At the same time the work of
Kriebel leaves us in no doubt that changes in pressure can strongly
influcnce the behaviour of the heart and that it funetions hest under a
pressure of 5 cm water. However, the fict that cardiac behaviour is
influenced by pressure does not necessarily mean that pressure changes
cause reversal, The discovery by Anderson (1968) that there is an
inherent rhythm of high and low frequencies in the visceral pacemaker
but not in the hypolranchial suggests that it is the varying responses of
this end of the heart which controls cardine reversal.  Broeas ef al.
(1966) sugeest that carbon dioxide tension or pH change may affect the
activity of this end of the heart. Alternatively, the visceral rhythm
may be controlled by the cardiac secretions noted by Kalk and such
control might be exercised by a varying threshold of response as sug-
gested by Krijgsman (1956). One might therefore \f‘isun.]me the heart
being controlled in this way by stimulation of t-h.c visceral centre but
being modified by changes in pressure or mechanical stress,

(1. Clonclusion,

The ascidian heart is a simple tube constructed from a single layer
of myoendothelial cells and completely enclosed by a tough pericardium
which maintains a pressure of between 2 and 5 em water around the
heart, Blood is forced through the heart by peristaltic waves of con-
traction passing from end to end of the heart and in the absence of
structural valves a functional valve forms at the venous end due to
pressure from the pericardial fluid. 1t is ]mfssih]e that the pericardial
body which floats frecly in the pericardial fluid may also play some role
in forming functional valves. At periodie intervals, usually of t.wt_) to
three minutes duration, the heart reverses the direction of contraction.
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There is no innervation of the heart and conduction and co-ordina-
tion are entirely myogenic. All cells of the heart have potential for
acting as pacemakers and smiall clusters of cells can behave as indepen-
dent units with a single rhythm. A similar type of activity is found in
isolated heart cells and groups of cells from the early chick embryo
(Hecht, 1065) and it may be a general property of unspecialized heart
cells. In the active ascidian heart co-ordination is achieved through
two pacemalker centres, one at either end (terminal pacemakers), and
conduction through the heart is by means of apical junctions between
the cells. The terminal pacemakers probably maintain their dominance
by having slightly different thresholds for activity than other heart
cells. Myogenic hearts are known from other animals and in the chick
embryo the heart is totally myogenic in the early stages of development
before neural connections are made (Hecht, 1965). In the hagfish
(Myaine) the systemic heart is myogenic and never has a nervous inner-
vation, and heart cells having the characteristics of pacemakers are
found throughout all chambers of the heart (Jensen, 1964). Tn molluses
the heart is essentially myogenic but is influenced extrinsically by
accelerator and inhibitor nerves (Hill and Welsh, 1966), Krijgsman and
Divaris (1955) state that the molluscan heart is of a diffuse myogenic
type and, like the ascidian, isolated hearts and fragments of heart will
continue to contract endogenously.

The physiological mechanisms which control reversal of heart beat
are still not fully understood but it scems likely that the visceral ter-
minal pacemalker is subject to frequency variations by secretions from
the myoendothelial cells themselves. The direction of beat may then
depend on whether the visceral pacemaker is in a phase of low frequency
or high frequency. The precise moment of reversal may, however, be
modified by mechanical stimuli resulting from back pressure in the
arterial system. A similar mechanism for the maintenance of contrac-
tion, but not reversal, in the molluscan heart has been suggested by
Krijgsman and Divaris (1955),

Recent advances in our knowledge of the ascidian heart enable us to
have a much clearer understanding than before of the physiological
mechanisms controlling the heart’s activity, However, we still do not
know what is the functional necessity for reversing the ecirculation of
blood and this problem does not appear to have been examined at all.
The phenomenon of reversal is found without exception in all members
of the Tunicata—the pelagic forms as well as the sessile ascidians—and
it therefore seems likely that it is of functional importance and not just
a physiological accident. TIts general occurrence in the group suggests
that it is associated with some special feature of the tunicate circulation.
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The main circulation through the body does not exhibit any unusual
fentures and there is a through cireulation in which the blood completes
a single cireuit in about one minute in Ciona r'.ﬂ.'.r-..w!.i.-fr.r:ﬁs (-‘%'krmnllil(,
1029). The unusual feature of the system is the ml:lil-mlmF cireulation
provided for the test and it is probably to this circulation that we
should look for a solution to the problem of heart reversal. In many
ascidians the circulation in the test is of great importance as growth and
maintenance of the structure is carried out by blood cells. The nature
of the circulation varies from genus to genus and in Ciona is restricted
to the posterior peduncle. In many other genera (e.g. Ascidia and
Corella) there are several main channels running through the test and
arising from these ave peripheral channels which run toward the sfw_ﬁmcc
where they end in ampullary swellings. The main channels are d1v1d.ed
by a mesenchymatous septum and the two halves connect to opposite
ends of the heart, but many of the peripheral vessels have no septum
and “two way ' circulation in them is impossible. During normal
activity of the heart the blood in such peripheral ww_w.l:-i oscillates to and
fro with each pulsation of the heart but at the moment of heart hcz‘mt.
reversal when blood pressure momentarily drops blood tends to drain
out of these vessels into the main channels and thus effect a renewal of
blood. This suggests that some form of elastic recoil must take place in
the ampullac and peripheral vessels to help force blood into the main
civeulation. These observations only suggest the sort of functional
problem which may be associated with heart reversal and (:n:lffitICI':xlalc
biophysical research needs to be done to determine the forees involved
and whether any connection between the two exists.

IX. Ascipiay Broon

Ascidian blood is characterized by three unusual features.

(a) The plasma, while isotonic with sew water, has low concentrations
of sulphate and of carbon dioxide.

(b) There are at least eight different types of blood cell.

(¢) Certain blood cells contain organo-metal compounds incorpora-
ting either vanadium or iron, and these cells frequently, if not always,
contain high concentrations of sulphuric acid.

Tarlier reviews on the blood are to be found in George (1939),
Webb (1939, 1956), Pérés (1943) and Eliassen (1954).

A. The plasma
Fenze (1911, 1912) was the first worker to analyse the plasma of an
ascidian (Phallusia mammillata) and his findings have been confirmed by
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Webb (1939) and Robertson (1954) for P. mammillata, and Endean
(1955a) for Pywra stolonifera. Robertson has also made determinations
on u pelagic tunicate, Salpa marima Forskal.  Other and conflicting
determinations huve been made by Binlaszewicez (1933) for Phallusia
mammaillala and Ciona intestinalis and by Kobayashi (1035) for Chelyo-
soma sthboja Oka. All of these results are summarized in Table 1X.
Although there are considerable differences in the ratios found by
various authors, especially those of Bialaszewicz, there is a clear
indication that the plasma is normally near to neutral in pH, is iso-
osmotic with sea water and contains a very low concentration of
sulphate ions. Tonie balance is achieved by elevation of chloride con-
centration. The blood also has a low carbon dioxide capacity ; Robert-
son (1954) provided data to show that in Phallusia mammillata a
normal gradient of carbon dioxide exists between the blood and sea
water but that the alkali reserve of the blood is less than in the sur-
rounding water.

The significance of the low sulphate concentration remains uncer-

ain. Robertson (1954) has pointed out that such coneentrations could
be maintained against inward diffusion from the sea if the sulphate was
removed from the plasma by blood corpuscles which are then eliminated
from the body, The maintenance of high concentrations of sulphurie
acid by certain blood cells suggests a mechanism for withdrawal from
the plasma. The ultimate fate of the cells is concerned with the deposi-
tion of test substance and during this process eytolysis occurs and the
sulphurie acid must be lost to the surrounding medium. It is tempting
therefore to suppose that a dynamie situation might exist in which
sulphate ions are removed from the plasma by blood cells and released
into the test. Il this was correct we should expect to find large quanti-
ties of sulphur or sulphates in the test but, in Halocynthia auwrantium,
Smith and Dehnel (1970) find negligible quantities of sulphur. In many
ascidians, but not in HHalocynthia, the test contains large vesicular cells,
or bladder cells, with strong acid properties (Webb, 1939 ; Endean, 1061)
and it is conceivable that these accumulate the excess sulphuric acid
eventually discharging it to the surface of the test.

There is thus a potential pathway for the elimination of sulphate
from the body through the test but according to Bielig el al. (1961b) the
uptake of ionic sulphate from the plasma is very slow. If sulphate ions
are not being actively removed by morula cells and discharged through
the test there must be some other mechanism for maintaining a low
plasma concentration. One such mechanism might be through a
Donnan equilibrium, but Robertson (1054) has shown that the con-
centration of plasma proteins is low (about 0-3 mg/ml) and Bielig and
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his co-workers (1961b,c) consider that this is insufficient to permit such
a mechanism; furthermore, labelled sulphate absorbed by Ciona is
retained in a completely dialysable form and cannot be protein bound.
Using labelled sodinm sulphate, Biclig of al. (1961b,¢) found that after
48 hours immersion the ratio of activity in sea water to plasma was
100 to 52; uptuke of sulphate is temperature dependent and has a Q,,
of 1-8. The rate of uptake is enhanced hy the addition of vanadate and
there is a shift in the ratio of sulphate in sea water and plasma resulting
in a higher plasma concentration. Ascidians are totally lacking in any
form of conventional excretory organ and in the light of the above it
seems likely that sulphate regulation is maintained by active transport
across the branchial epithelium (Bieliget al., 1961h). Tt is of interest that
the situation is paralleled in the mesogloea of the seyphomedusan,
Awrelia. aurita 1., where similar large reductions of sulphate have heen
recorded in the absence of any excretory organ (Robertson, 1049).

B. Blood cells

All ascidian blood cells arise from haemoblasts of mesenchymatous
origin located in the vicinity of connective tissue particularly around
the alimentary eanal and branchial sac (Cowden, 1968 ; Millar, 1053a
Pérts, 1043, 1045), The haemoblasts are able to give rise to either
connective tissue cells or lymphocytes from which all other blood cell
types are derived.

Before attempting to discuss the functions of the blood it is necessary
to clarify the nature of the cells of which it is composed. This is made
difficult. by confusion in description and terminology presented by
various authors. The first comprehensive description of the cellular
elements is probably that of Fulton (1920), but George’s (1939) review
provides a more accurate account from which to base later studies.
Nince the publieation of George's roview, deseriptions of aseidinn bload
have been published by a number of workers including Pérés (1943),
Endean (1955a, 1960), Millar (1953a), Sabbadin (1953, 1055), Freeman
(1964), Overton (1966), Vallee (1967a), Smith (1970a). The terminology
used by these authors is not always the same but from a study of their
papers and of the blood itself it is possible to identify eight types of cell
as described below,

(a) Lymphocyte. Thisisanundifferentiated cellabout 5w in diameter
and resembling the mammalian lymphoeyte. It has a large nucleus but
no nucleolus and apparently gives rise to all other blood cell types.
The lymphocyte also plays an important role in the development of
young buds during asexual reproduction of such species as Perophora




[FNE

(8 IVAN GOoobBoDY

viridis (Freeman, 1964).  The name lymphoeyte may erroneously
suggest a scavenging function for this cell which is incorrect. In com-
parative haematology the lymphocyte is regarded as *“ the primitive
multipotential type of cell ™ (Andrew, 1065 ; see also Lichmann, 10406,
IPéres, 1042) and there can be no justifieation for changing the name in
ascidian literature to “ stem cell ** as has been done by Smith (1970a).
Vallee (1967a) referred to these cells as spherical cells.

(b) Granular amochoeyte.  There is alot of confusion in the literature
concerning the nature of the amoeboeytes, probably because many of
fhem are in transitional phases to other cell types. The granular amoe-
hoevte seems to vary from 6 to 10 w in diameter and to be capable
of considerable phagoeytic activity. Although litfle positive evidence
is available, this would secem to be the primary cell concerned in
metabolic transport. According to Overton (1966) granular amoebocytes
contain spherical bodies embedded in a mass of dense particles 200 to
300 A in dinmeter and having the appearance of glycogen. These cells
have also bheen referred to in the literature as macrophages or phago-
cytes,

(a)
Fra. 10,

F
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Pg

Fia. 10, Voeuolatod cells in tho blood of Ascidia pygmeen. () A signet-ring eell showing
o lnrgo storage vaeuole containing granules of vanadium complax and n eytoplasmie
polar eap. (h) An oarly eompnartment eoll showing the distribution of haemovanacdin
globulos in poripheml vienoles, (0) An onely stage of o vanndonylo moruln onll
with Inrgo globules of hnemovanndin and a compressod intervoouolar eytoplasm.
hv, haomovanading n, nueleus: p, polar eap: pg, protoin granules: rv, vacuoles
forming in eytoplasmic eap by ropheoeytosis: sv, storage vaeuole; v, vanndium
complex. (Redrawn from photographs in Kallk, 1963b,)

(e) Hyaline amoebocyte. These vary from 6 p to 12 p, have a less
granular cytoplasm than the granular amoebocyte and are variously
described as having few or no vacuoles. They are also referred to as
macrophages or amoebocytes with granules. Differences in the pub-
lished descriptions may be due to differences in metabolic state and
probably include cells in transition to one of the vacuolar types.
According to Fulton (1920) and Ohuye (1936) both types of amoebocyte
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are phagoeytic, but Smith (1970a) considered that only the hyaline
amoeboeyvte will phagoeyvtose carbon particles. Anderson (1971) found
fhat phagoeytosed material was subsequently released through the
branchial epithelinm,

() Signet-ring cells (Fig. 19a2).  There are three types of vesicular or
vacuolated cell in the blood named respeetively * signet-ring *',
“ecompartment 7 and * morula V. Signet-ring cells are about 8 p to
10 g in dinmeter and contain a single Targe vacuole which presses the
cytoplasm and nucleus to the periphery of the cell. The vacuole con-
tainsg granules in Brownian movement, and the periphery is lined by
electron dense material (Overton, 1966; Kalk, 1970). Signet-ring cells
appear to be derived from hyaline amocboeytes (Kalk, 1963b) and
according to Andrew (196G1) have fine protoplasmic processes extending
from them and giving them specific adhesive properties. In the transi-
tion from hyaline amoeboeyte to signet-ring cell there is an intermediate
vacuolated amoebocyte.

(¢) Compartment eell (Wig, 196). These are about 8 e in diameter with
several vacuoles lilling most of the cell and providing the compart-

&

mented appearance.  Bach vacuole confuins an accumulation of

granular material which in some species has a greenish appearance,
According to Kallk (19630) the vacuoles of the compartment cell are o
new development arvising in the eyvtoplasm ol the signet-ring cell and
extracting material from the large vacuole of that cell.  This would
explain the apparent anomaly in Endean’s (1960) deseription of these
cells, He states “ Bach (cell) contains a large vacuole which varies in
size from cell to cell . . . A number of subspherical compartments,
peripheral in position, obseure the vacuole except at one pole of the
cell. 7 Clearly these are transitional stages toward the completed
compartmental cell.

(F) Morula cells (Green cell fype) (Mg, 19¢). These cells which are 8 to
10w in dinmeter are tightly packed with granule flled globules or
vacnoles measuring 2 to 3 in dinmeter and called vanadophores hy
Gansler of al. (1963). When released from the blood stream and after
standing w short while they take on a berry-like appearance, perhaps
due to distortion of the globules, and it is this appearance which has
cansed them to be called morula cells. Due also to the fact that in some
cases they are known to contain vanadium (Henze, 1913; Webb, 1939,
1956) and in others fo contain iron (Endean, 1953) they have been
respectively termed vanadoeytes and ferrocytes. There is a need to
rationalize this terminology, particularly in view of the discovery of
niobium and titanium in some species of ascidian.  Although the mul-
berry-like appearance only appears after freeing of the cell from the
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animal, it seems best to continue to refer to these cells as “ morula
cells irvespective of whether they contain vanadium, iron or any other
metal. The morula cells are also unique in containing in many species
large quantities of sulphurie acid, This and the significance of metal
accumulation are discussed below,

(g) Orangecells (IMig. 20). Most ascidians have a small number of blood
cells containing a bright orange pigment. According to George (1930)

Fra, 20, (8) An ornnge pigment eell in Phallusio mammillata.  (b) Developing pigment
bodies in nn ormnge pigment eell, (Redreawn from BEndoan, 1960,)
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this pigment is not suspended in fluid-filled vacuoles, but is in granular
form invested by dense cytoplasm. Azéma (1929a,b) and Lederer (1 034)
concluded that the pigment is a carotenoid, but according to Webb
(1939} this is only true of certain elear orange morula cells in a few
species.  In Ascidia mentule Webh Tound that in true orange cells the
pigment exists in the form of flat clliptical plates showing strong bire-
fringence ; he also found it to be soluble in water and acetone, but not in
other organic selvents, and that it is stable to most oxidizing agents.
Webb concluded that the pigment in A. meniula and several other
species could not be a earotenoid. Endean (1960) found orange cells

TavLe X, Toran Cenn Counts prr MM? AND PERCENTAGE 0F DIFFERENT
Cert Tyres I8 Ascipiany Broon

=
it
. SF g 3
: 2 BE = >
Speeies ; 8 S g
= Sk 8 = w
£ Ee S g £
= <2 £ 5 3
S =€ = 3 >
Ascidia nigra Bl o 100 035 4-4 04 Vallee, 19670
Phallusio mamomillata 8.0 » 100 0 70 Raro Endean, 1960
'yura stolonifera A7-0 w100 an 30 50 Tndean, 19660
Haloeynihia aurantium 17:24 x 104 307 59 50 Smith, 1070n

with similar propertics in Phallusia mammillata and concluded that
some of the contents were melanin. Melanin has also been reported in
the orange cells of Ciona intestinalis by Pérés (1943). The resistance of
the orange pigment to many reagents was also noted by Cuénot, (1891,
quoted by Webb, 1939) and George (1939), but its precise nature re-
mains uncertain.  Some vanadium compounds are orange or red in
colour (Sidgwick, 1950) and it is possible that the orange pigment is
a by-product of vanadium metabolism in the animal.

(h) Nephrocytes. These are large cells up to 20 u in diameter and con-
tain granules or larger coneretions of a purine nature, bathed in fluid-
filled vacuoles. (For further details see George, 1939.) They are further
discussed on p. 82,

This confusing array of blood cell types can be rationalized into four
groups comprising (1) lymphoeytes; (2) morula cells and their precur-
sors, the signet-ring and compartment cells; (3) amoebocytes; (4)
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storage cells, i.e. orange cells and nephrocytes. The proportion of dif-
ferent cell types in the blood appears to differ widely between species
and may be a reflection of different types of activity either in different
species or in animals at different seasons of the year (Table X),

It is clear that much of the confusion in the literature must arise
from the existence of cells in transition from one cell type to another,
particularly in the formation of morula cells. The sequence of events
involves changes through hyaline amoebocyte, vacuolated amoebocyte,
signet-ring cell, compartment cell and finally the mature morula cell.
This is a dynamic process involving considerable metabolic activity and
synthesis within the cell and the changes cannot be accommodated
adequately in simple morphological descriptions. It is further discussed
below.,

C. Heavy melals in ascidian blood

Sea water contains between 0-3 and 3-0 ug of vanadium per litre
(Harvey, 1955) but values as high as 3700 p.p.m. organie dry weight
have been found in ascidians (Ciereszko ef al., 1963) so that the degree
of concentration of the metal in the body is very great. In the blood
cells of some ascidians the concentration of vanadium may be in excess
of one million timoes as high as that in sen water (Rummell o al., 1966).

Henze (1911) was the first to show that ascidians are eapable of
accumulating vanadium in their bodies as a complex organic molecule
and this observation has been confirmed by many authors since that
time. The earlier literature has been reviewed by Webb (1939, 1956)
and Table XTI provides a summary of the oceurrence of vanadium in the
Ascidiacea. It is apparent that most species of ascidians are able to
concentrate the metal in small amounts but only in a few families of
phlebobranchiate ascidians, notably Ascidiidac and Perophoridae, does
the metal oceur in large quantity. In the Pyuridae iron appears to be
concentrated instead of vanadium (Endean, 1053, 1056, Smith, 1070a)
and niobium, tantalum and titanium have all been reported in other
species (Table XTIT). It is generally agreed that the iron and vanadium
are concentrated in the blood and particularly within the morula cells
(see especially Webb, 1939, 1956; Baltscheffsky and Baltscheffsky,
1053 ; Endean, 1955a, 1960 ; Bielig ef al., 1961a ; Kall, 1963b ; Koval'skii
and Rezaeva, 1963; Smith, 1970a: Bummel et al., 1966), but there
does not seem to be any conerete evidence that niobium, tantalum or
titanium are concentrated in blood cells. Assuming that the mechanisms
of uptake are the same for all metals (sce below) it is likely that they
will become concentrated in the blood. It is of interest that in the
pelagic tunicate Salpa, where a number of metals are also concentrated,
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Tapre X1, Occurrexcr oF VANADIUM IN ASCIDIANS

Species p-pan organic  popan dey

dry weiyht weight
Morchellium argus (Milne dwards) — ll-{l—-:l";;'
Sidnyum elegans (CGinrd) — 0-0
Aplidivm pallidum (Verrill) — 4-3
Amaroucium pellueidum (Loidy) 320410 o
Clavelina picta (Verrill) 150 —
C. lepadiformis (Miiller) — 70
Eudistoma olivacenm (Van Nune) 200 —
Didemnum candidum Savigny — 26
D. maculosum (Milne-Edwards) — 30-8
Ciona intestinalis (Linnacus) 4001 166-1300
Digzona violacea Savigny - 120-240 -
Rhapalen neapolitana Phillipi 1700-2000 -
Eeteinascidin turbinata ordimnn GO0- 1300 0:0-81
B, conkding Derrill . 1800 —
Perophara viridis Verrill 470-1150 0-0
Ascidiella seabra (Miiller) 11204 —
A. aspersa (Miiller) GH0=780 —

1450+

Ascidia mentula Miillor 470-1400 82
A, carreloides (Van Name) 1130 —
A. nigra (Savigny) 2700-3700 -
Phailusia mamnillata (Cuvier) 1700*t —
Botryllus schlosseri (Pallas) — 0:0-7-8
B. leachr (Savigny) — 0-0
Distomus variolosus Gaortnor — G4
Dendrodoa grossularia (Van Benedon) 481 10-2
Pywra microcosmus (Savigny) == 71
Styela partite (Stimpson) - 00
Microcosmus suleatus (Coquobert) — 0-0
M. glavialis (Sars) — 0:0
Molgula manhattensis (Do Kay) - 1.8

Only datn for which numerical values are available have been used. Data
are oxpressed as p.p.m dry weight and p.p.m organic drey weight.  Data for dry
waoights are takon from Bertrand (1050). Data for organie dry weights are taken
from Webb (1956) and Cicreszlko et al. (1963), Tiems marked + are from Webb,
the remainder from Ciereszko et al. Ttems marked * do not include the weight of
the test. Additional data on the oceurrence of vanadinm are given in Kobayashi
(1040), Webb (1950) and Bertrand (1950),
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vanadium is present only as 7 p.p.m. of the ash weight, which compares
with 460 p.p.m. ash weight in Ascidia obligua Alder (Vinogradov, 1034)
but. copper amounts to 500 p.p.m. in Salpa (Nicholls et al., 1959).

Tanee XTI Distwinumion or Meras Orner Tiuan VANaniusm (8 s Tissuns
0F ASCIDIANS

Niobium  Titanium Chromium Manganese Iron  Tantalum

Cliona ]+78 1200 2500

intestinalis 05" 300074
Molgula
manhattensis 0-75°
Pyura stelonifera we
3400
to
alo0e
Eudistoma ritteri 1361 72
Viur Novmie () 1o
16124 [EES
Styela plicata 150 100
to to
a00° 410¢

Figures neo in parts por million dry weight of body except ns follows:
** p.pam of blood; 1 p.pan of ash dey weight,

o = Noddack and Noddack (1989) ;" = Carlisle (1968) ;¢ = Endenn (105660) ;
% = Levine (1062); * = Kokubu and Hidaka (1065); / = Kowval'skii et al. (1062).

L. The chemical nalwre of haemovanadin

Henze (1911) recognized the existence of vanadium as an organic
compound in the blood cells where it occurs as a pale green solution.
On haemolysis in distilled water n red-brown acid solution is relensed
which rapidly oxidizes in air to give a blue-green precipitate which is
the stable form of the compound. These three phases have been recog-
nized by later workers as the true green haemovanadin of the cell,
Henze’s red haemovanadin and blue oxidized haemovanadin. Califano
and Boeri (1950) showed that haemovanadin remains stable only at
pH's below 2-4 and that in less acid medin it rapidly oxidizes. Boeri
(1952) and Rezaeva (1963) have both caleulated that the pH inside the
vanadocyte is less than 2-4 and it would seem possible that the sulphuric
acid first recognized in the vanadocyte by Henze (1911) and later
confirmed by Webb (1030) exists primarily to maintain the haemo-
vanadin in a reduced form. Vanadium can exist in a number of different
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states of valency from 2 to 5 (Sidgwick, 1950) and while it appears to
oceur in sea water in o pentavalent form it is agreed by most recent
workers that in the blood cell and in Henze's red haemovanadin the
vanadium exists in a trivalent form (Lyding, 1953; Boeri and EBhren-
burg, 1954; Biclig and Bayer, 1954; Rezaeva, 1964 ; Koval’skii and
Rezneva, 1965; Bielig of al., 1966) but that the blue oxidized haemo-
vanadin is tetravalent. These authors arve also agreed that the haemo-
vanadin acts as a powerful reducing agent,

The precise nature of the chemical compound is still uncertain but
it has been established that within the cell it occurs as a dialysable
organic molecule loosely linked to a non-dialysable protein (Califano
and Caselli, 1949 ; Bielig ef al., 1954 ; Bielig and Bayer, 1954 ; Baltscheff-
sky and Mendia, 1958 ; Koval'skii and Rezacva, 1964). Bielig et al.
(1966) have suggested that the vanadium oceurs as an equilibrium
between different sulfato-vanadium (TIT) ions, protein and hydrogen-
sulphate jons. A fuller discussion of the chemical composition and
possible interactions is not relevant here hut the reader is referred
especially to the papers of Biclig et al. (1954 and 1966).

2. The uplake of vanadium by ascidians

We have already seen that the coneenteation of vanadium in the
blood cells of ascidians may be 10% or 10% times as great as it is in sea
water so that it is of particular interest to know how the animals
manage to collect and aceumulate the metal. Tt is unlikely that it
could be obtained through the food supply as this would entail con-
centration by other organisms such as phytoplankton or aceumulation
in detritus and there is no evidence for this. Goldberg et al. (1951),
Baltscheffsky and Baltscheffsky (1953), Bielig of al. (1961a), Kalk
(1963a,b) and Rummel ef al. (1966) have all produced evidence to con-
firm that the primary site of uptake is through the single celled epithe-
linm of the branchinl wall.  Rummel of ol (1966) have summarized
much of the work on the uptake of labelled vanadium and show that
this takes place by a process of active absorption across the branchial
wall (sce Fig. 21). When animals are exposed to **vanadium for six
hours the branchial sac yields more than half of the vanadium taken
up, the gut only about 10%, thus confirming that the metal is obtained
dirvectly from sea water and not from the food. Vanadium absorbed
through the branchial sac is initially transferred to the blood plasma
and after six hours exposure only 89 of labelled vanadium in the
blood is found in cells and 029 is in the plasma, However, if the
animal is then kept in unlabelled sea water for a further five days, about
95%, of the labelled vanadium is now found in blood cells (Fig. 22). The
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Fia. 21. Thoe uptake of radionetively-labelled vanadium in the branchial sae of Ciona,
(n) in relation to tomperature, and (h) in the presence of ouabain (O) ; C, control at
24°C. (Redrawn from Rummel et al., 1966.)

process of uptake from sea water appears to be similar to the uptake
of phosphate but the latter accumulates in the plasma and not in the
blood.

Kalk (1963a,b) considers that pentavalent vanadium in sea water is
linked to either a sulphate or a protein group in the mucus passing over
the branchial wall and that by a process of pinocytosis droplets of
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mucus pass through the branchial epithelium to the blood vessels
where they are picked up by amoeboceytes and accumulate in vacuoles.
Kalk goes on to suggest that the mucus is then digested in the cell
and the vanadiuvm asceumulates on the vacoolar membrane where an
insoluble complex of vanadium., protein and sulphate forms coupled
with a change of valency from pentavalent fo trivalent vanadium. Tt is

Vanadium Phosphorus
=]
100 p u P
nfﬂ EO_
204
< P
] Il & £
6h Sdays 6h 5 doys

Fia, 22, The distribution of labellod vanaduim and phosphorus in the blood of Ciena
six hours and five days aftor exposure to sen wator containing **V vanadato or
P phosphate. P, plasmng C, blood eells.  (Redeawn from Rummel et al., 1966,)

at this stage that the signet-ring cell begins to form and the insoluble
complex is deposited in the large vacnole. By a process of ropheocytosis
(Policard and Bessis, 1958) the granules are reabsorbed into the eyto-
plasm of the cell where the compartments form and according to Kalk
haemovanadin is now being synthesized and acid produced resulting in
a solution of haemovanadin in the compartments. Kalk suggests that
the haemovanadin molecule is made in three stages as follows.

(n) Protein granules are made by ribosomes in small vacuoles at
the vesicular ends of Golgi bodies,

(b) Vanadium is transferred from the compact granules to the
small vacuoles by dispersion of the grains and solution of their
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matrix and by apposition of vacuoles containing vanadium-complex
and protein.

Ponitovidont vanndinm in son wibor
Uptinke on branchial wall
Absorption into blood
Uptake from plasma to amochoeytos

Acevmulation of vanadinm in vacuolar nmoehoeytos
and reduection to trivalent form

Insoluble granules of vanadium-protein-sulphate
complox in signet-ring coll
|

v
Synthesis of haemovanadin in compartment cell
and production of neid

Muture moruln cell (vanadoeyto)

IFia. 23 An outline sehomo for the uptake of vanadium in nseidinns.  (Adapted from
Kalk, 1068b.)

(¢) During the distribution of the vanadium-protein-complex
granules in vacuoles around the periphery the contents become acid
and soluble.

Kalk finally concludes that the absorption of water and sugars into
the compartments converts the cell into a morula cell or vanadocyte
where the sugars are polymerized to form a polysaccharide. Kalk’s
work is based almost exclusively on electron microscopy, using the
electron dense properties of vanadium as a natural tracer, and of
neeessity some of her conclusions must be considered as speculative
(Iig. 23).

While the overall picture of vanadium absorption and accumulation
is becoming clear through the worlk of these various authors there is
considerable divergence of opinion on certain matters, Kalk's sugges-
tion of uptake by pinocytosis for instance is in conflict with that of
Bielig and others who indicate that it must be an energy consuming
biochemical process, and indeed Rummel et al. (1966) provide evidence
to suggest that the vanadium passes first into the plasma and is only
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slowly absorbed from there to the cells. Bayer (1955) has put forward a
model to suggest the fype of chemical pathways which may be involved
in vanadium accumulation but until a great deal more is known about
the actual pathways we eannot equate his model with the processes
described by Kalk and Rummel et al *

There is some doubt also as to whether morula cells contain enrbo-
hydrate.  Endean (19554) veported the presence of polysaceharides in
the ferrocytes of Pyura stolonifera, and Endean (1960) and Kalk
(1963a) both Dbelieved that vanadocytes synthesize polysaccharides
from simple sugars in Phallusia mammillata and  Ascidia pygmaea
Michaelsen respectively. Smith (1970b), on the other hand, believed
that polysaccharides are absent from the ferrocytes of Halocynthia
aurantium. The evidence from studies on test formation already given
(p. 15) suggests that carbohydrate is formed dircetly from mantle
epithelium and not from morula cells. .

3. The iron compound in yuridae

Although it is twenty years since Endean (1953) first discovered that.

ivon and not vanadivm was present in the blood eells of Pyura stoloni-
Jera, surprisingly little work has been done to follow up this interesting
discovery. The only contirmatory evidence that this may be a charac-
teristic of the stolidobranch ascidians comes from Smith (1970a) who
worked with Halocynthia awrantivm in which iron is also present.
According to Indean the iron compound is organieally bound in the
ferrous state and is non-dialysable. It has marked reducing properties
but is not such a powerful reducing agent as the vanadium compound
in Ascidiidae, a fact also evident from Endean’s (1955a) and Smith’s
(1970a) results, in which it is shown that forroeytes give only a greyish
colour with osmium tetroxide and not. blaek as in the vanadoeytes of
Ascidia. In other respects the iron compound is also similar to haemo-
vanadin. Cytolysis of the ferroeyte gives a brown acid solution com-
parable to Henze's red solution of vanadium and this oxidizes in air to
give an orange-brown precipitate. The ferrocyte also contains sulphurie
acid but probably not in such strong concentration as in vanadocytes
and Endean (1955a) considers that it is present to maintain the iron
compound in a reduced condition. The evidence therefore points to the
fact that in all essential respects the iron compound of the Pyuridae is

* This model is also followed by Bielig ef «l. (1054) and by Koval'skii and Rozaovn
(1065) and seems to be imcorrectly attributed as the work of theso Intter authors by
Carlisle (1068).
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similar to the vanadium compound of the Ascidiidae and probably
serves a similar function.

D. Agglulination

According to Hecht (1918¢), Fulton (1920) and Vallee (1067a,
1967h, 1968) the blood of ascidians does not clot but in drawn blood
the colls aggregate and if left standing for some time separate again.
Vallee (1068) has shown that the vanadocytes have free SH groups
which bind to one another in agglutination but can alternatively bind
to a free SH group in cysteine which prevents agglutination. Anderson
(1971) also found that vanadocytes aggregated around foreign bodies
implanted in the tissues and were capable of secreting a protective
layer of test material over such bodies. In addition Fuke and Sugai
(1972) report that the body fluid of two species of ascidian (Styela
plicata and Halocynthia hilgendorfi (Oka) ) contains haemagglutinins
which cause aggregation of mammalian erythrocytes hut does not
aggregate blood cells of other ascidian species. Unlike other haemagglu-
tinins the substance in ascidian fluids is a polysaccharide and not a
protein.

L. Blood function

It is possible now to consider the role and function of various types
of cell in ascidian blood. The lymphocyte seems to be n transient, multi-
potent cell type which can give rise to all other blood cells as required.
Vacuolar amoebocytes, signet-ring cells and compartment cells are develop-
mental phases in the formation of morula cells which are concerned with
test formation. Morula cells contain organic compounds of heavy
metals notably vanadium or iron, but there is no evidence to suggest
that these play w role in oxygen transport (Webb, 1039). The metabolic
level of ascidians is low and Goodbody and Young (unpublished data)
have shown that oxygen consumption in Ascidia nigra ranges from
806 to 1630 ul/h/g; a specific oxygen carrier in the blood seems unneces-
sary. The precise role of the morula cell in test formation is still
unclear, but is most likely concerned with the deposition of microfibrils
of cellulose-like polysaccharides within the ground substance secreted
by epithelial cells of the mantle (p. 15). The metal chromogen of the
cell is a powerful reducing agent and since the morula cell disintegrates
in the test substance it is logical to assume that its prime role is to
function in a reducing capacity. In view of the necessity to produce the
fibrils in sitw it may be that the reaction is in some way concerned with
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the polymerization of simple carbohydrates to more complex poly-
saccharides.

The precise role of the two types of wmoebocyte is difficult to define
and there is little in the literature to enable frm conelusions to he
reached.  Both the hyaline and the grannlar amochoeyte are reported
to be phagoceytic and the former has considerable powers of amoeboid
movement,  Azéma (1937) has deawn attention to the fact that the
distinetion between these bwo amochoeytes is not alwiys elear and that
in fact they may be different stages of a single cell type. The strongly
amoeboid propertics of the hyaline type may be associated with
phagoceytic activity, while the less mobile mature granular cell may be a
contrasting metabolic phase. In any event it seems likely that both
types are concerned in some way with the basie nutrition and metabo-
lism of the animal; modern technigues in biochemistry should be able
to throw more light on this problem. Kalk (1963b) believed that the
hyaline amoeboeyte phagoeytizes beads of vanadium-laden muecus in
the pharynx and gives rise to vacuolar amochoeytes and signet-ring
cells,

Both the nephrocyte and the orange pigment cell appear to be
depositories for metabolic waste products. The absence of certain
uricolytic enzymes results in incomplete metabolism of purines and
related compounds (p. 85) and these are stored initially in nephrocytes
which either accumulate in the body or are transported out across the
epithelium. — Although little is known about the orange cells their
almost universal occurrence in ascidians suggests that they play a
significant role in metabolism. The pigment is not, as first suggested,
a carotene but may be a dervivative of melanin or perhaps of vanadium.,
However, orange cells oceur in many species in which vanadium does
not oceur.

Ascidian blood may thus be considered to have three functions:
nutrition, storage excretion and test formation.

X. Nrrroaex Kxorumon

Ascidians do not possess any form of regulatory organ such as a
kidney or a nephridial system, but in a great many species there are
structures in which certain types of metabolic waste may be accumu-
lated in solid form (Fig. 24). In the simplest case, and oceurring in
most ascidinns, granular coneretions are deposited in special blood
cells termed nephroeytes. The coneretions are usually considered to be
purine in nature and the nephrocytes either remain in circulation or
are deposited in the tissues perhaps eventually being passed to the
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Fra. 24, Storage exerolory organs in nseidinns. (n) The singlo vesicle of Molgula citrina
Alder and Hancock adjacent to the perieardium: sagittal section. (b) Numerous
vesioles surrounding thoe alimentary eanal in Aseidialla aspersn, (¢) Parietal vesioles
on the inner surfnce of the mantle in Dendrodon grossularia; transverse section.
ob, atrinl eavity: br, branchial sac; g, gonad; i, intestine ; m, montle wall ; P
perienrdium; v, vesiclo, (Roedrawn from photographs in Goodbody, 1954.)
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exterior. In the Molgulidae there is in addition a large vesicle adjacent
to the heart which contains a single coneretion, partly composed of uric
acid, and in the Ascidiidae there are large numbers of small coneretions
usually but not always composed of urie acid or urndes.  Ihese
vesicles are often referred to as renal vesicles but as they can in
no way be compared to a kidney and are derived from the epicardium
which is a coelomic structure (Berrill, 1055) they are better referred to
as coelomic vesicles. In Pyuridae and Styelidae vesicular evaginations
of the mantle wall, termed endocarps, hang into the mantle cavity and
accumulate coneretions or nephroeytes. In some Styelidae and Pyuridae
large deposits of uric acid may also accumulate beneath the endostyle
and in other tissues. For a fuller description of these structures and
their contents see Azéma (1937), Das (1948a), Goodbody (1954, 1965).

The existence of solid concretions of purines or urie acid led many
earlier workers to conclude that ascidians were wholly uricotelic in their
nitrogen metabolism and Burian (1924) even went so far as to suggest
that they resembled snails, inscets, reptiles and birds in this respect.
Most aquatic animals take advantage of the water to get rid of their
nitrogenous wastes as soluble ammonia and it would be surprising if
ascidians did not do the same. Goodbody (1957) has shown that in
three species, Clona intestinalis, scidielln asperse and Molgula man-
hattensis, ammonia is excreted in sufficient quantities to suggest that
their protein metabolism is essentially ammonotelic, and Sabbadin and
Tondonati (1967) have confirmed on a qualitative basis that ammonia
is also excreted by Botrylius schlosseri (Pallas) and Botryllus leachi
(Savigny). These four species represent different types of ascidian in
terms of uric acid or purine storage. CYona inlestinalis has an open
coelom (epicardium) and no concretions and according to Lambert,
quoted by Nolfi (1970), uric acid has not been demonstrated in its
tissues ; Ascidiella aspersa has numerous coelomice vesicles but the
coneretions are primarily formed of ealeite (Goodbody, 1965) ; Bolryllus
schlosseri and B. leachi have no visible coclom or vesicles but have a
very large quantity of nephroceytes, the coneretions in which are almost
solely formed of urie acid (Tondonati and Sabbadin, 1966; Sabbadin
and Tondonati, 1967). Molgula manhaltensis has a single coelomic
vesicle containing a large coneretion which is composed of about 489,
uric acid (Goodbody, 1965: Nolfi. 1970) but may vary from 3%, to
756%, (Nolf, loc. cil.).

The evidenee favours the conclusion that ammonia is the principal
end-product of nitrogen metabolism but that most, if not all, ascidians
accumulate urie acid and possibly other purines such as xanthine,
guanine and adenine.  The significance of such aceumulations is less
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easy to understand. Goodbody (1965) suggested that it was entirely
due to a deficiency in the uricolytic enzyme system and showed that
uricase, allantoinase, allantoicase and urease were all absent from
homogenites of w large number of species of aseidian. A fullor under-
standing of the problem requires a knowledge of the biosynthetic
pathways in the ascidian by which uric acid is formed. Nolfi (1970)
has shown that de nove synthesis of urie acid in Molgula from smaller
molecules does not occur but that it must be entirely produced from
pre-formed purines. He has also shown that uric acid makes up about
3% of the total nitrogen excreted by Molgula and thus confirms Good-
body’s (1965) suggestion that the uric acid is probably derived from
nucleic acid metabolism and not from protein metabolism.

There remains the question as to what functional purpose is served
by the accumulation of uric acid in ascidians. Nolfi (loc. cit.) has pointed
out that there are four possible biological functions which could be
served by purine storage, viz. (1) storage excretion ; (2) pigmentation ;
() a source of reserve of carbon or nitrogen, and (4) a stable purine
source for nucleic acid synthesis.

It is unlikely that pigmentation is the primary reason for uric acid
storuge as in most species it is stored deep in the tissues away from
surfice nreas of pigmentation, and most authors have assumed that it is
solely a means of removing solid wastes. However, there are a number
of pieces of evidence which suggest that the uric acid may be mobile and
involved in some active metabolic process in the animal. Hertwig
(1871) found that the concretions of Phallusia mammillata were soluble
in acids with an intense evolution of gas and he suggested that they
were composed primarily of carbonates. Goodbody (1965) working
with the same species found almost no carbonate and 62:5%, of uric
acid in the concretion. Goodbody also found that the concretions of
Ascidiella aspersa were largely composed of calcium earbonate in the
form of caleite and Norrevang (1966) found dense granules of glycogen
and acid mucopolysaccharides in the renal vesicles of the same species
but noted that seasonal differences in the state of the vesicle occur.
Nolfi (loc. cit.) found that uric acid content of the vesicle in Molgula
manhattensis varies from 3 to 759, of the dry weight in the concretion.
Nolfi quotes Buchner (1953) as having reported the presence of fungi
in the renal vesicle of M. manhattensis which he considered engulfed
and digested the concretions in an amoebocytic fashion. Nolfi stiggests
that if some of the metabolic intermediates ““leaked * back to the
ascidian host this could be a mutualistic relationship. It is difficult to
see how such a relationship could function and how the fungus could

initially invade the closed coelomic vesicle. My own histological
AN —12 4
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preparations of Molgula suggest that the coneretion has a connective
framework in which the uric acid granules are embedded, and this
framework is likely to be a polysaccharide. Although the evidence
available is limited there is o suggestion thronghout, that the composi-
tion of renal coneretions may not remain stable and hence that they
may be engaged in some active metabolic process. One sueh function
suggested by Nolfi is that they provide a stable purine souree for nucleie
acid synthesis. However, this would involve in vivo synthesis of hypo-
xanthine from uric acid and as Nolfi points out there is no evidence to
suggest that this is possible.

In summary, ascidians appear to be wholly ammonotelic in their
protein metabolism but are uricotelic in respect of nucleic acid meta-
bolism and in this respect differ from most other aquatic invertebrates
which are wholly ammonotelic.  The stored urie acid is derived by
degradation from purines and not by de.novo synthesis and the absenco
of uricolytic enzymes prevents further degradation to allantoin or urea.
The functional significance of urie acid storage remains obseure but it is
of such general ocenrrence in ascidians that further research is highly
desirable.

XT. Tirn Nervous Svsrem

A detailed review ol the physiology of the nervous system in the
Tunieata has recently been published (Bullock and Horridge, 1965) and
little new information has appeared since that time. In the present
review an account is provided of our present knowledge of structure
and function in the ascidian nervous system with emphasis on those
features which are of special interest or significance in the physiology
of the group.

A. Structure of the nervous system

Ascidian nerves do not show up well with normal histologieal
techniques such as silver impregnation or methylene blue staining and
in consequence of this and the fineness of many of the fibres there is
still some uncertainty about the details of the peripheral system. The
best accounts of the anatomy of the system are those of Hilton (1913)
who described the central ganglion of Ascidia nigra, Fedele (1023a,
1923b, 1927, 1937a) who described the peripheral nervous system in
Ciona intestinalis and Millar (1953a) who provides a general account of
nervous organization in Ciona intestinalis. Other review articles are to
be found in Seeliger and Hartmeyer (1893-1911), Huus (1937), Brien
(1948) and Bullock and Horridge (1965). In addition Markman (1958)
has reported on a methylene blue and phase contrast study of young
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specimens of Ciona intestinalis and Aros and Konok (1969) have re-
described the central ganglion of C'. infestinalis. The following account
of the nervous anatomy is based upon the findings of these authors
amongst whom there is general agreement,

There is only one ganglion in the adult ascidinn and this is situated
in the dorsal mantle wall mid-way between the two siphons and
adjacent to the neural gland (Fig. 25). The ganglion may measure as
much as 3 mm in length in an adult Ciona. Tt is surrounded by a
connective tissue sheath and has main nerve fibres arising at either
end. Millar and Hilton both describe also some very fine fibres arising
at the periphery of the ganglion and apparently innervating the
musculature in the surrounding mantle tissues.

The internal structure of the ganglion is typical of that found in
most invertebrates with an outer cellular cortex and a fibrous medulla,
Within the centre there are two sizes of neuron, large ones which
according to Millar are 9z X 18 u and small ones measuring between
525 pand 6 pin dinmeter. Millar and Aros and Konok considered that
all of these cells are unipolar but Hilton believed that as well ds the
unipolar cells there are a few multipolar ones. Aros and Konok also
recorded the presence of glial cells in the cortex and several authors
(see below) have deseribed ““ neurosecretory ” granule-laden cells in the
cortex. Hilton and Millar both described the presence of minute
fibrillae in the neurons but it is not certain whether this was a misinter-
pretation of the nature of the granular *“ neurosecretory ™ cells.

The central medullary region of the ganglion is composed of a dense
aggregation of nerve fibres mostly oriented along the length of the
ganglion. The axons arising from the cortical neurons enter the medulla
and turn along its length although a few may cross it diagonally so as
to emerge in nerves on the opposite side, and some appear only to be
fibres of association neurons within the ganglion. Millar also mentions
the presence of a few small multipolar cells in the medulla while Aros
and Konol indicate the presence of glial cells in this region. Within the
neuropile Dilly (1969b) has described polarized synaptic junctions in
which vesicles of two different sizes occur adjacent to the pre-synaptic
membrane ; granules occur in some of the large vesicles. The significance
of these two types of vesicle is not known but Dilly suggests that they
may release different transmitter substances which perform separate
functions or that one is potentiated by the other. Alternatively there
may be an intimate association between normal synaptic transmission
and neurosecretion ; granule bearing vesicles assumed to have a neuro-
secretory function occur in the peripheral neurons of the ganglion
(see p. 106) but until a great deal more is known about these and the
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Fie. 25, The newral gland and eilinted funnel in rolation fo the nerve ganglion ; longi-
tudinal soction. b, branehinl epithelinm s e, eilintod funnel; o, dorsal steand 3 o,
ghindular opithelivm ; g, ganglion; |, lamen of the giand,  (Redeawn from Brion,

1948.)
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synaptic vesicles it is impossible to do more than speculate on their
function.

Apart from the fine nerve fibres arising peripherally and reported by
Hilton and Millar there are five main nerves nrising from the ganglion.
At the anterior end there arve two nerves each of which gives rise to four
branches as follows: (1) To the dorsal side of the branchial siphon,
(2) to the ventral side of the branchial giphon, (3) and (4) to the muscula-
ture of the mantle. Posteriorly there are two similar nerves which
innervate the atrial siphon as well as the mantle musculature and
arising medially between these two nerves there is an unpaired visceral
nerve which enters the roof of the branchial sac and extends posteriorly
toward the main visceral mass. Millar states that while the branchial
siphon is wholly innervated from the anterior region of the ganglion and
the atrial siphon from the posterior end, the mantle musenlature is
innervated from both ends although the nerves of the anterior end
contribute more to the ventral side than do the posterior nerves which
contribute more to dorsal musenlature,

B. The visceral innervalion

FFrom the generalized account of the ascidian nervous system it
would appenr that the sensory motor innervation is entirely nssocinted
with the paired anterior and posterior nerves while the visceral innerva-
tion is confined to the single unpaired posterior visceral nerve. This is
probably true for the sensory motor system but there is considerable
doubt and uncertainty about the nature of the visceral innervation.
Some of the visceral functions which may be expected to be under
nervous control are as follows :

(a) Ciliary activity in the branchial sac. The beating of the cilia is not
continuous but intermittent. This is difficult to demonstrate on a large
solitary ascidian but can be observed readily in small zooids from
colonial forms or in young ascidians with only a few rows of stigmata,
Observation of these reveals that at intervals all of the cilia stop beating
momentarily and simultaneously. This co-ordinated activity and inhibi-
tion of the cilia is under nervous control (Mackie et al., 1974).

(b) The activity of the hearl and pericardium. The peristaltic activity
of the heart is reversible and the heart beats for a certain period in one
dircetion then stops and recommences beating in the opposite direction
(see p. 48). Although this type of activity could be under neurogenic
control it has now been established that this is not the case, that it is
entirely myogenic and there is no direct innervation of the heart (see
p. 54). Nevertheless there is an innervation of the pericardium which is
further discussed below.,
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(c) Gastro-intestinal activity. There is no muscular coating to the
intestinal tract except for a small sphincter musele around the anus, and
there is little evidence to suggest that any other part of the canal has a
speeial innervation, )

(d) Gonadial activity. The gonads might be innervated by neuro-
sceretory fibres and the sphincter muscle ol the gonoduct may also be
subject to visceral innervation, . .

(e) Seereto-motor activily. Various regions of the :l.Ilmcnt.a?ry system,
and in particular the endostyle, are engaged in mueus seerction some of
which activity might be under viscero-motor control.

Fedele (1923a, 1927) reported the presence of a visceral plexus and
visceral nerve cells in (fona and in the pelagic tunicate Salpa, but
neither Millar (1953a) nor Bone (19549) were able to find any nerve cells
on the gut of Ciona although Bone did find o few cells on the alimentary
canal of Salpe.  In Ciona Bone found some multipolar stellate cells on
the gonoduet which had connections Lo the l]ilI:H}|.| nerve bul there is
nn't,h_ing to enable us to determine the function of t-h.v.t:c» cells, M:I.I'l(ll‘!llll
(1958) was unable to loeate any nerve cells ontside of the _rlm's:t.! sanglion
in voung Ciona, and found no innervation ot all in the intestine.

.Ilill(‘-l‘\z’:lt-itlll ol the branehinl sae and endostyle has been reported by
several workers. Hunter (1808) illusteates nerve fibres from the :u?t.crim'
region of the ganglion innervating the endostyle and the branchial sac
but he believed that they were sensory, not motor. Markman {15_)58)
also reports the presence of sensory cells in the cnllnst,‘ylu of Ciona
inlestinalis but shows the endostyle innervated from the visceral nerve.
In pelagic tunicates Bone (1959) deseribes a pair Inl II.III-(‘-I‘IUI‘.Vlﬁt‘.(-!l‘:!.-]
nerves passing cither side of the neural gland, passing the peripharyn-
geal band and innervating the endostyle. He speculated that they may
;urﬁmn a seereto-motor function. Fedele (19234) considered that the
intermittent beating of the branchial cilia is not directly controlled by
the visceral nerve and that special visceral nerve eells either on the gut
or perhaps in the pharyngeal wall itself must control this activity.
Bone (1959) was unable to substantiate this and A‘I:u"kmn-n (19-‘?8)
coneluded that all the gill slits are innervated from the paired posterior
nerves and not from the visceral system. .

In two later papers Fedele (1027, 1038) described the visceral ner-
vous system in Ciona and suggested that there may be a system of
autonomous nerve nets connected to the ganglion through the dorsal
strand. Surrounding the dorsal strand there seems to be a sheath of
nerve fibres and scattered nerve cells which Fedele {:ons?dcrcd to l?e of

“no less importance than the ganglion " and which he believed provided
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the innervation for a nerve network in both the branchial sac and the
viscera (cf. p. 124). The system of fibres around the dorsal strand is
particularly well developed in the vicinity of the branchial sae and
Pedele believed that this is associated with the nervous control of
ciliary activity. Similarly Fedele believed that the visceral elements
around the dorsal strand supply a fibrillar network surrounding the
alimentary canal and which controls ciliary activity in the gut. Fedele
noted that a feature of all these fibrillar networks is their laclk of polarity
and this is further substantiated by the work of Mackic ef al. (1974)
on the branchial sac of Corella.

Mackie and his colleagues have studied branchial innervation and
ciliary control in Corella willmeriana. A network of fine nerve fibres
runs through the branchial sac sending branches to some of the ciliated
cells Tining the stigmata; neuro-cilinry junctions have been identified
in this epitheliom by electron microscopy. The nerve network is
connected to the ganglion by way of the visceral nerve but electro-
physiologieal studies provide ovidence of nlternagive conduetion routes
into the branchial sac along the endostyle and around the anterjor
margin ; these alternative routes have not been identified histologically.
The branchial nerve network is through conducting and unpolarized and
it is presumod to be responsible for spreading exeitation to the cilinted
cells of the stigmata. The spread of response can be identified by ciliary
arrests and accompanying electrical potentials, Ciliary arrests usually
oceur in a rhythmieal series nlong with muscular contractions in the
mantle and siphons. Tsolated parts show inherent rhythmicity but in
the intact animal a single rhythm prevails. There are evidently
numerous, scattered peripheral pacemaker sites which are normally
coupled and whose output controls ciliary and muscular effectors alike.

Ciliary arrests are accompanied by large electrical signals recordable
externally from the branchinl surface with suction electrodes; intra-
cellular recordings with micro-clectrodoes show 50 millivolt depolariza-
tions lasting over one second. Depolarizations probably spread from
cell to cell in the ciliated epithelium since most of the cells are not
directly innervated. 50 Angstrom close junctions, associated with inter-
cellular electrieal communication in a number of other tissues are shown
to be present between the stigmatal ciliated cells. Observations on
ciliary arrest behaviour in artificial sea waters containing differing ionic
balances suggest that the response depends on the sudden influx of
caleium jons as in the comparable case of ciliary reversal in Paramecium.
Resumption of normal beating would occur when the resting potential
is restored by outward pumping of caleium jons.

Co-ordination between muscular contraction and ciliary arrest is
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probably protective in function. It ensures that at t-.he. mmn?lnt- of
contraction the cilia are relaxed and the stigmata arve *“ wide open *" thus
permitting a free flow of water and pressure nquul.im-tairfn lml‘.W{:.r-‘.u the
atrial cavity and the branchial sac without any risk of damaging the
ciliary mechanism. o )

Although Alexandrowicz (1913) reported finding nerve [ﬂ)rf&s, {‘}'om
bundles on the pericardial raphe, innervating the heart musele in (f?,(i!?fﬂ.
intestinalis it now seems certain that this is incorreet and the ascidian
heart muscle is totally devoid of nervous innervation (see Bacq, l'n!%.’iu:
ICrijosman, 1946 Bone amel Whitear, 1958 ; !\n.lk‘, 1970), I\l:'.t'f!l'(]'ll'lg‘ to
Bone and Whitear who studied living hearts with pll:m‘o microscopy
there is a plexus of nerve fibres in t.h?. wnl] of l-h(".‘]]l:-fl‘lml.l'(h'.lm as well as
a fine plexus on the surrounding epicardinm, Ilus.plcxus arises from
bundles of fibres which pass through the connective l'.-IS.‘TIIL'. ];q-:m' bcttvr.‘.en
epicardium and pericardium and thereafter h‘rm‘uth into single fibres
across the pericardial wall. Nerve bundles, similar to those seen by
Alexandrowicz, were sometimes seen on the raphe Il.ht)\’(: the heart .'IHI"I.
no fibres zo from these to the heart, Around.the pericardial wall there is
4 band of smooth musele, but Bone and Whitear were unable to locate
any nervous innervation of it and they concluded that the nerve p]uxus‘
in the wall must be sensory. Skramlik (1929) found le-l..n prossure ol
2 em of water in the pericardinm is necessary for ]Il‘tl!l(‘I'.hIIl('.l-I()Hlllg of
the heart and Bone and Whitear suggested that pnssfbly !‘.h(‘- nerve
plexus is part of a sensory-motor reflex iu.vulving the pericardial ‘musclc
which might control this pressure. They further F-il‘lg,{;,(ﬂsl-(‘.(.l that since nclp
ganglion cells are visible in this region the system is probably t_-.('mnmft,c(
to the central ganglion. Markman (1958) stated that '1'.]10 pericardium
has a double innervation. oneend innervated from the viseeral nerve and
the other from a branch of one of the anterior nerves. N.Im'lcmn-:_l also
illustrates clongate structures in the raphe of the |1:'|'n-.:.1-rtl'u1|n which he
considered may be sensory. Hunter (1808) deseribed similar structures
which he also believed to be sensory. ‘ ' .

The gonad appears to he innervated diveetly from the ‘VI‘SC(‘,I'ELI nm.ve
but is also intimately associated with the dorsal strand arising from the

al gland (p. 123). -
m‘u.i[l:l :I::lm(m:‘v. t-h?- existing evidence for a visc-.m'a.l innervai-loln‘ in
ascidians is still incomplete and fragmentary and until further eritical
microscopieal and [‘.lC('.tI‘G—ph.\'.ﬁ'inlogimli'I-cr‘.hmqllt's can h(’: h_rm;ghtT]t.o
bear upon this system our understanding must remain limited. "he
main visceral nerve emanating from the posterior part of the grmglm{;
is supplemented by a system of fibres and cells ff{:‘mmg i nwshwor;
around the dorsal strand. It is proposed here that this meshwork arounc

Enr——r—
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the dorsal strand should be named the “visceral fibre complex” to
distinguish it from the visceral nerve. The dorsal strand is not an
intimate part of this visceral system but may nourish it or may continue
to provide new nerve cells as the animal grows (p. 125). The visceral
innervation to the branchial sae and to the alimentary canal is derived
from the visceral fibre complex and in both cases forms a non-polarized
network which controls ciliary activity. Other visceral nervous elements
also enter the branchial sac particularly through the endostyle, and the
alimentary canal may also have a second innervation. The endostyle is
also innervated by anterior nerves arising from the ganglion but these
are probably secreto-motor in function. The heart muscle has no
innervation and is entirely myogenic but the pericardium has a fine
nerve plexus, possibly part of a sensory-motor reflex.

C. The sensory system

The sessile mode of life adopted by ascidians makes only relatively
small demands upon the sensory system.  There are no problems of
locomotion and exploratory activity and almost all of the sensory
system and its motor responses are concerned with protection or defence.
Once metamorphosis is complete the animal has no further choice in
seloction of the environment and food supply available to it and becomes
adapted toward either accepting or rejecting what is presented. The
only motor responses available to the animal are to expand the mantle
wall and siphons and thereby accept the environment, or to contract the
mantle and close the siphons thereby rejecting the environment. For a
few ascidians such as Ciona the whole body can contract longitudinally
thus providing a limited “ escape ™ reaction, but for the majority the
rigid limitations of the test restrict their activity primarily to mantle
contraction and only limited shortening of the body. Within the frame-
work of these limitations it is to be expected that mechanoreceptors
and chemorecoptors should predominate and that photoreceptors might
also be present. Sensory cells and afferent fibres have been described by
a number of authors but until more precise electrophysiological work
can be earried out the exact funetions of some of these must remain in
doubt.

Hunter (1898) described cells in the endostyle and pericardium
which he believed were sensory. These are figured as simple bipolar
cells scattered throughout the endostyle and in the raphe of the peri-
cardium. Lorleberg (1907) believed that there were no sense cells in
ascidians but that free nerve endings existed scattered throughout the
body wall. Das (1948b) also claimed the existence of such free nerve
endings throughout the body wall although elsewhere (Das, 1936) he
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described multipolar nerve cells throughout the test. In the same paper
he suggested that the epithelial cells surrounding the vaseular ampullae
of the test are tactile receptors innervated by these fibres. However,
considering the nature of the test and its formation, it is unlikely that
norve cells or receptor cells are present in it Das used methylene blue
staining to observe these structures but this is an exceedingly difficult
technique with which to demonstrate nervous elements in ascidians and
is likely to stain other structures as well. Hecht (1918b), who made a
careful study of Ascidia nigra, was uncertain about. the presence of
roceptors in the test and considered that responses to stimulation of the
test are due to mechanical transmission through the test to receptors in
the siphonal region, a viewpoint also supported by TFedele (1923a).
However, the experiments of Hoyle (1952) who stimulated the test
electrically suggest that there may be some sensory innervation in the
tost. but the innervation need not include the cell body. Fedele (1923a)
and Millar (1953a) have described pear-shaped epithelial sense cells
gurrounded by a number of supporting cells; each sense cell has o
vacuole and a distal process which penetrites through the test sub-
stance and a nerve fibre leads away from the narrow end of the cell.
Bone (1959) has deseribed similar eells in pelagie tunicates and suggests
that they are epithelial sensory cells charneteristic ol ftunientes in
general. Fedele and Millar both found these cells in Ciona inlestinalis
10 be concentrated on the inside and outside of the siphonal margins and
clsewhere to a lesser extent. Cells of this sort could account for all of the
simple responses of ascidians outlined below, but whether different
groups of cells have different physiological characteristics and responses
ust await the refinement of techniques for studying them.

The epithelial sense cells deseribed above are probably the primary
receptor cells of ascidians but two other types of specialized structures
have been reported. These are cupula organs and ocellt. Cupula organs
are deseribed by Fedele (1923a) and Millar (19530) in Ciona tnlestinalis
as dome-shaped evaginations arising from the mantle wall just inside
the atrial siphon (Fig. 26¢). The dome consists of several ordinary sense
cells surrounded by supporting cells and the whole thing covered by test
material which is drawn out at the apex into a long process or flag.
This is the only part of the inner mantle wall where the power of test
secretion has been retained. Similar structures are lenown from pelagic
tunicates ([edele, 1923c; Bone, 1059) but their function remains
obscure. The mantle cavity is concerned with two principal types of
response. Lt must respond to the presence of facces so as to eject them
through the atrial siphon: this is a simple rveflex action which hardly
requires such specialized structures as the cupula organs, The mantle
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Fra. 26. Sonso organs in Ciona infestinalis.  (n) Position of ocelli hotween siphonal

lobes; (b) an ocellus in ‘lrmgil-utlinnl section; () eupuln organ. [, flag of test sub-
Hl-!l.tlcﬂ;‘ o, oeellus; p, pigmoent eells; s, sensory eells; £, test. ( (n) and (e) redrawn
Tram Millar, 1953 ; (b) rodrawn from Huns, 1937.)




06 IVAN GOODBODY

cavity is also concerned with maintenance of water pressure and t.h.c
spcmi with which water flows out through the H-t-l’:iill s?p!mn. ) It is
possible that the cupula organs arve concerned with this activity (Fedele,
1023a). ‘ o )
The ocelli are pigmented spots found in many, if not all, agcidians in
the notehes between the lobes of the siphons (I%ig. 26). They are very
conspicuous in Ciona intestinalis and in the very young stages of species
of Ascidia but in the latter may later he masked by the development of
other pigment. Descriptions of these structures have been given by
several authors including Secliger and Hartmeyer (1893-1911), Haffmer
(1933), Huus (1937), DBrien (1945) and Millar (1953a). Each ocellus
consists of a small depression lined by sensory cells and the wl.lole
backed by an accumulation of pigment granules. Haffher (?esct':hcs
minute hair processes arising from the apex of each cell but M :Ilar. was
unable to detect them. Seeliger also illustrates such processes but arising
from the cell boundaries. Neither Millar nor Seudder and Karczmar
(1966) were able to defect any nervous innervidtion of the ocelli but
Markman (1958) reported fibres extending from them %n;u:k to the
ganglion. The ocelli are further discussed in the next section.

D, Phalareceplion

The responses of ascidians to light were studied by “‘m-.lli- (1918,
1918d, 1026) in Ascidia nigra and Ciona ;'n!rw!f'.urrf.{x_n.ml no |1|r‘t-11m' study
of significance scems to have appeared sinee that. time, In Cione Heceht
showed quite conclusively that the ** ocelli ™ are not light receptors and
therefore must have some other function. The name “ ocellus ™ leads
to confusion about their function and it would be appropriate to find a
new terminology, but perhaps this should wait until their true role is
made certain., Ciona does, however, show two very distinctive types of
response to light, one producing a positive phnt-nt.r:pism,'tho other
producing a sharp retraction of the body or * escape rf-.n.t-.l.ufn;. .

Hecht (1918d) showed that the posterior visceral region of (;T-HH-r"f. is
totally insensitive to light, the anterior tip is tfnl_\_-"m'n.fnlflw in I.l'w.l region
of the ganglion, and the whole branchial region is highly sensitive. If
the branchial region is illuminated on one side the mantle mus:m{lutur.e
of that side will contract so that the animal bends towards the ||lum‘1-
nated side. Millar (1953a) suggested that the ocelli may play a vole in
this phototropic response but in doing so seems to have overlooked
Hecht’s very convincing studies. Hecht was further able to sh?w that
the phototropic response is independent of the cerebral ganglion and
unaffected by its removal, and he suggested that purely local [ml'.l}wfl.ys,
perhaps through a nerve net, must be involved. There are no specialized
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light receptors in the branchial region and sensitivity must rest in
unspecialized dermal light receptors (Steven, 1963). A phototropic
response of this sort has not been reported from any other species, but
this is not surprising ns the majority of spocies have pigmented tests
which must prevent the light penetrating to the body wall.

Ciona also responds to sudden changes in illumination by a sharp
retraction of the body. Ascidia nigra, however, only responds in this
way if the source of illumination is directed into the branchial siphon.
Hecht was able to show that the sensitive region in both cases is in the
vicinity of the cerebral ganglion, and this was substantiated for 4scidia
mentula by Day (1919) (Table XIII). The whole process is the product
of a typical photochemical reaction in which a period of sensitization,
during which the system must be illuminated, is followed by a latent
period quite independent of illumination. The duration of the period

Tanre XITT. Tue Reacrion or Ciona intestinalis mo [LLUMINATION OF VARIOUS
Pants or e Bony

{(I'rom Day, 1919)

Site of stimulation. Orval siphon  Atrial siphon  Ganglion Body
No. of tests 70 41 1153 i
No. of -vo responses (1 34 8 1

A positive response is indieated by conbraction of the siphons.

of sensitization is inversely related to the intensity of illumination,
Le Borgne-David (1972) implanted micro-electrodes into the nerve
ganglion of Ciona and demonstrated the existence of a similar latent
period between a light stimulus and the initiation of increased nervous
aetivity in the ganglion. Tt is of some interest that it was from studios
on Ciona and related studies on the molluse Mya arenaria 1.. that Hecht
first. formulated the general principles relating to the photochemical
basis of light sensitivity.

It is not immediately obvious what is the functional significance of
these two types of photic response in ascidians. What advantage is to be
gained by Ciona in orienting itself towards the prevailing light? Tt
would seem of greater advantage to the organism to orient itself in
relation to prevailing water movements and yet it remains true that the
majority of ascidian species when growing on exposed surfaces tend to
grow up towards the surface or to orient the siphons toward the surface
which is the direction from which the maximum light intensity is
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.received. Perhaps the answer is to be found in the |'ci:mcl'.ion response
to sudden changes in the intensity of illumination. This response is not
very sensitive but it is necessary to focus light on le ganglion on the
interior of the siphon before it can he elicited. Possibly m'fdc-.r I'II\.LII!'E.L‘E
conditions it will only function to produce a shadow l'(‘“l".!( il the maxi-
mum possible illumination is falling on the sensitive regions. Altcrn.a—
tively, ascidians respond through these :nr-.c-.ln'.-msm.f; to long term
changes in solar or lunar illumination, and therefore orient towards the
brighter centre of illumination. . . . .

Beeause of their structural similarity to the simple light receptors
of many other invertebrates the ocelli have often been assumed to be
photoreceptors as well, but in fact there is no evidence ab all to supp}ort
this assumption. Das (1948a) mentions them as ]'nlml'.m'ec.cptora hut
Hecht (1918h), Millar (1953a) and Millott (1957) all ‘(::l.i.egm'mully deny
a response to light by these structures, ;1-}1‘.-]:(}\1;;!1 Millar (Pm_mc(les Lh]at
they might play a role in the phototropic response exhibited by t]m
siphons of Ciona inlestinalis. Fodele (1923a) also concluded, on pnmiy
morphological grounds, that they could uql.‘hv photoreceptors. If the
ocelli ure not photoreceptors and if they are innervated as stigfgnsi.ctl by
Markman then they must serve some other function. Itis nnhkcly' t;hu.t.
they arc “ vestigial structures ™ as suggested by Huus (1937), Ih(:y
mi;éhi-. however, be a specialized form of mechanoreceptor t!ngflgerl in
monitoring siphonal activity. Situated in the noteh lwt.\\_'uvu SlQh{:ll:\.l
lobes they are ideally situated to be subjected to mechanical deforma-
tion as the siphons close and open.

8. The somalic molor system

Before considering the nature of ascidian response mc(:h:u.lisms it is
necessary to examine the nature of the musculature and how it r'.’rmfarlols
the animal. It is probable that Ciona r(spr(rscanlzrf the mcfdl- primitive
type of ascidian organization (Berrill, 1055 ?\!lll;tt', 1966) and the
muscles in that genus may also represent the basie type of system. In
Ciona the viscera lie posterior to the branchial saC szl there are _thrJ
well-defined opposing sets of body muscles. Six major longitudinal
bands run from the siphons to the posterior end of the body and act as
body retractors and siphon retractors. These are O})];)OS(Ed by a set of
much finer and more numerous circular muscles glrdl_mg the body
throughout its length and modified :mif?rinrly to form .v.phjm:h;l'l r.ml‘scl.es
around the siphons. The test in Ciona is soft and n.lmo:?t; jelly-like in its
consisteney and can play little if any role in the mechanics of movement.
A similar 't._vpc- of musculature persists in most :1]1]011301)1‘&_11{:11 genera,
all of which form colonies of zooids, and where the mechanics of move-
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ment has not been investigated. In the majority of phlebobranchs other
than Ciona the alimentary canal has been reflected forward to one side
of the pharynx accompanied by a reduction of mantle musculature on
that side. This reduction reaches its highest degree in the genus Ascidia
where mantle musculature is almost entively absent on the left-hand
side. Asa consequence of this there has usually been a modification of the
musculature on the mantle of the right side and while longitudinal and
circular components are still apparent there is a tendency to develop a
network of erossing fibres. At the same time the test has become thicker
and more rigid than in Ciona and, while developing elasticity, has
imposed considerable limitations on body movement. Ciona is capable
of longitudinal retraction and body shortening to a degree quite impos-
sible in the heavier framework of Ascidia. Goodbody and Trueman
(1969) have likened the movement of the mantle in Ascidic to a dia-
phragm which contracts the mantle cavity but there is no opposing
muscle system fo enable it to expand again. Hecht (1918a) has further
shown that in Aseidia the test on the right side is thinner than on the
left. In this way the test bends easily on the right during muscle
contraction while on the left side it forms an elastic framework to assist
return of body shape. The situation in the stolidobranchs, where the
gub is reflected forwards and in most cases the test is tough but the
musculature complete on both sides, does not appear to have heen
examined.

Within this framework the types of movement available to ascidians
are limited and restricted to: (1) opening and closing of the siphons and,
under strong stimulation, retraction of the siphons; (2) expansion and
contraction of the mantle wall ; contraction of the wall results in expul-
sion of water from the branchial and atrial cavities through the siphons ;
(3) longitudinal contraction of the whole body which in Cliona results in
uniform shortening of the body. In Ascidia it tends to produce a
bending of the anterior end of the animal toward the rvight-hand side;
this is entirely due to the unequal distribution of musele and the rigidity
of the test.

Two principal types of activity and response in ascidians can be
identified, namely direct responses and erossed reflexes. Direct responses
are the result of external stimulation of the animal either on the general
surface of the test or around the siphons, and result in siphon closure,
contraction of the mantle museulature and expulsion of water from the
branchial and atrial cavities. If the external surface is stimulated near
one of the siphons, that siphon will close first and the other siphon a
moment later. This type of response is primarily elicited by mechanical
stimulation of the body surface.
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The cross reflex type of response is elicited by stimulation of the
interior of either siphon, the branchial tentacles and the interior of the
mantle cavity adjacent to the atrial siphon. Stimulation of the interior
of cither siphon results in the following series of events. (1) closure of the
opposite siphon, (2) contraction of the mantle wall and (3) closure of
the stimulated siphon. The important feature of this activity is that if
the branchial siphon is stimulated it is the atrinl siphon which closes
first followed by mantle contraction eausing expulsion of water through
the branchial siphon and thereby * flushing out ™" any foreign matter
which may be the source of irvitation. Only then does the branchial
siphon close. If, on the other hand, it is the atrial siphon or mantle
cavity which is stimulated the branchial siphon closes first so that water
is cjected through the atrial siphon. This type of reflex is primarily
elicited by mechanical stimulation (Hecht, 1918b; Day, 1919) but Hecht
also reports that ascidians are sensitive to chemical, thermal and
osmotic stimulation as well as to light.

The nervous mechanisms underlying these responses and reflexes
have been studied by a number of workers of whom the most important
are Jordan (1908), Polimanti (1911), Kinoshita (1910, 1911), Hecht
(1918h), Fedele (1923b, 1937h), Ten Cate (1928), Bacq (1935a) and
Hoyle (1952). The carlier work is reviewed by Hoyle who also earricd
out a series of very precise experiments on Phallusia mammillata and
Ascidiella aspersa aimed at clarifying the nature of the integrative
mechanism involved in direct responses. He stimulated the animals by
means of electrodes placed in the test and recorded the responses of the
animals by a mechanical monitoring of siphonal activity. This method
of stimulation may be criticized on the grounds that sense cells are not
common in the test except immediately around the siphons and hence
considerable resistance must be overcome in the test material. This is
emphasized by the fact that in Phallusia o stimulus strength of the
order of 100V was required in order to clicit a response and 25 V
in Ascidiella aspersa. Nevertheless the nature of the results obtained
suguests that the techniques were not at fault. From these investiga-
tions Hoyle found that the type of response initiated in an animal varied
considerably and was dependent on the previous history of the animal
and the stage it has reached in the cycle of spontancous squirting.
Spontancous rhythms are diseussed elsowhere (p. 21) and in Phallusia
contractions of the mantle occur about once every 6 to 9 minutes.
Electrical stimuli given just before or after a spontaneous contraction
may elicit an abnormal series of responses and in addition there are
refractory periods when the animal does not respond at all to artificial
stimuli, Providing these variations are taken into consideration it is
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possible with the techniques used by Hoyle to show that the ascidian
nervous system has the following characteristics :

(1) Single stimuli evoke only a minimal response but two successive
shocks produce n strong contraction (Ifig. 27a),

(2) Above the threshold the strength of a stimulus is unimportant
and the response is dependent on the frequency of stimulation. With
successive shocks there is inereasing contraction of the siphon until it is
fully elosed and withdrawn (IMig. 270).
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Fia. 27, (n) Responses (R) of the branchial siphon of Ascidiella aspersa to n =ingle shoek
to o pair of shocks and to o consecutive sories of ten shoeks (8). (b) Roap?—mnnﬁ (Ri
of the branchinl siphon of Phallusia mammillata to pairs of stimuli (S) ot various
voltages above the threshold (145 V). (Redrawn from Hoyle, 1052.)

. (3) T%w types of response elicited under these conditions of external
stimulation are independent of control by the cerebral ganglion. After

extirpation of the ganglion both branchial and atrial siphons respond
strongly to electrical stimuli,

We can deduce from this that these ascidians exhibit an all or
nothing through conduction system which is subject to lacilitation very
much as is found in actiniarians. There is, however, at the present time
no conclusive evidence in favour of the existence of a nerve net system
(for a discussion of this see FFedele (1937a,b) and Bullock and T-In;‘l‘i(lge
(1965)). No matter what is the nature of the excitable system the

b b
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functional significance is clear, Ascidians must frequently be subjected
to minor mechanical or other stimuli which are of little concern to the
animal but persistent stimuli, regardless of strength, evoke a defensive
response. According to Hoyle the first small response is w slight closing
ol the siphons, the second and lurge contraction is the contraction of the
mantle musculature and squirting of water from the branchial sac,
Subsequent contractions represent siphon closure and withdrawal. One
of the features of the system is that it is ensily exhausted and immedi-
ately after one burst of stimulation it responds feebly to a fresh burst,
Persistent stimulation results in relaxation of the animal and a period of
relative inexcitability. Hoyle considered the possibility that such
exhaustion might involve a junction transmitter, either by progressive
depletion of the transmitter concerned or by its aceumulation at the
junction and failure of the system to remove it. He concluded that both
possibilities are unlikely and suggested that fatigue might be in the
muscle system itself. There is still much controversy over the nature of
synaptic transmitters in ascidians but recent work points towards a
cholinergic system in which cholinesterase activity is low (IFlorey, 1963,
1967). Such a system might permit the aceumulation of transmitter
substance at the junction and give rise to latigue (vide infra).

Hoyle's experiments throw considerable light on the nature of the
ascidian response mechanism and its ability to elicit fast withdrawal
responses by the development of facilitation in the nervous system,
However, his work throws no light on the most important of all
nervous responses—the crossed reflex in the siphons, and its nervous
control.

There has been no detailed investigation of the nervous control of
the crossed reflex and our understanding of it is limited to the results
obtained when the cerebral ganglion is removed as has been done by
Hecht (1918b), Day (1019), Yamaguchi (1931), Bacq (1934b, 1935a),
Das (19484) and Florey (1951). All of these workers are agreed that
ablation of the ganglion destroys or impedes the eross reflex but does not
interfere with the direct response. In view of the nature of the innerva-
tion of the siphons from the ganglion (p. §9) this result is not surprising,
but removal of the ganglion also results in a general loss of tonus in the
siphonal muscles, inereased tonus in the mantle museulature and more
frecuent squirting (Hecht, 1918h; Day, 1019; Bacq, 1934b). TFlorey
(loc. cit.) considered that the outer layers of circular muscle only are
innervated by central nerve connections and that inner musclo layers
have only peripheral connections through a nerve net. In the absence of
the ganglion stimulation of one siphon will still result in closure of the
other through such connections.
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', Synaplic lransmission

Several workers have attempted to identify the chemical nature of
the substances involved in synaptic transmission, their research being
focused on an attempt to determine whether eholinergic nerves are
present in the system. The problem was first tackled by Bacq (1935b,
1935¢, 1939, 1941, 1947) who pointed out that if cholinergic nerves are
present it should be possible to identify acetylcholine or related sub-
stances in extracts of nervous tissue and to identify cholinesterase in
whole tissue or muscle extracts. In addition nervous transmission or
muscle action should be inhibited by curare, atropine and similar
blocking agents, while the response mechanism should be attenuated
in the presence of eserine which inhibits cholinesterases. He was unable
to identify any acetylcholine in ascidian extracts and cholinesterase was
only found in small quantity in whole animal extracts of Ciona infesti-
nalis or in the muscle of one species studied, Styela plicata ; eserine had
no effect on Ciona inlestinalis and Healoeynthia papillosa and Bacq
concluded that cholinergic nerves were absent in these animals.
Similarly no effect. on muscle action occurred in the presence of curare.
(For summaries of his findings see Bacq, 1941 and 1047.)

Durante (1956) reported the presence in embryos of Ciona intestinalis
of cholinesterases in the muscle system only and not in the nervous
system, but she found that these enzymes disappeared completely at
the time of metamorphosis. Scudder and Karezmar (1966) also working
with €. intestinalis used histochemical techniques to seek cholinesterases
and obtained positive results but the enzyme appeared diffusely spread
in tissues other than nerves and was in very low concentrations.
IPurthermore, while this substance hydrolyzed acetylcholine it was
unaffected by normal inhibitors of cholinesterases and therefore must be
different from the normal cholinesterases. They did also report finding
w cholinesternse in the ganglion of €. intestinalis but enme to the rather
curious conclusion that it was probably derived from detritus in the
neural gland which was homogenized with the ganglion. We shall see
later (p. 112) that it is most unlikely that detritus would accumulate in
the neural gland.

Scudder of al. (1966) used the siphonal closing mechanism as an
indicator of muscle activity and tested the effects of acetylcholine and
anticholinergic agents by direct injection into the surrounding water.
Their results led them to believe that cholinergic nerves were absent,
but there is nothing in their experimental techniques to suggest that the
substances presented had an opportunity to reach the neuromuscular
system involved.
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Florey (1963) criticized Bacq's approach on the grounds that he had
homogenized whole animals and not the nervous tissue. Florey removed
the ganglion from €. intestinalis and made extracts of it. He reported
concentrations of acetyleholine in the order of 20 Lo 120 pgfg wet weight
of ganglion and concluded that such high concentrations must indicate
a preponderance of cholinergie nerves. This is supported by his finding
that the muscles contract in the presence of acetylcholine, although
the effect is not potentiated by eserine.  However, he did find that
cholinesterase activity in the muscles is low and suggested that this
might explain the rather slow rate of relaxation of ascidian muscles
following contraction. However, there does not seem to be any good
evidence to confirm that muscle relaxation is slow. The re-expansion of
a whole ascidian after retraction is slow, but this is due, at least in part,
to the weakness of the opposing muscle system,

In a later paper Florey (1067) describes some additional careful
experiments in support of the presence of cholinergic nerves, He made
isolated muscle preparations and found that they responded to acetyl-
choline by contraction and were sensitive to concentrations of the drug
down to 1075 to 107 g/ml. This reaction was blocked by atropine,
d-tubocurarine and other known cholinergic blocking agents. In
another experiment Florey stimulated a musele preparation and found
that it released quantities of acetyleholine equivalent to 1012 mole-
cules per impulse. The released acetyleholine was assayed by means of
a molluscan heart preparation (Ifig. 28). In a separate experiment
Plarey stimulated electrically a muscle preparation which had been
pinned in the middle to the bottom of a wax dish. The preparation
responded to repetitive stimulation by slow contractions, but this
response was totally abolished in the presence of d-tubocurare. Thus the
same agent which blocks the action of applied acetylcholine also blocks
neuromuscular transmission and further substantiates the conclusion
that C. inlestinalis possesses cholinergic nerves,

Florey’s experiments are very convineing, but nevertheless in the
light of Bacq's experiments and the findings of Scudder and Karczmar
there still remains an element of uncertainty concerning the presence of
cholinergic nerves in ascidians.  (See also p. 52 for a discussion of
acetyleholine in cardiac regulation.)

Passing reference may be made here to the presence in ascidians of
5-hydroxytryptamine, another possible neuro-transmitter. Welsh and
Moorehead (1960) found very low levels of 5-hydroxytryptamine in the
cerebral ganglia of Chelyosoma sp. but not in Molgula manhatlensis.*

* Welsh and Moorehead named thair aseidinn Chelyosoma produciura. No such spocies
appoears to exist and it is apparontly a mis-spelling of C. productiom Stimpson.
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Fia. 28, Dingram of the oxporimental set-up (n) used to demonstrato the rolenso from
Ciona muselo strips of an neetyleholine-like ngont into the saline medium bathing n
Protathaea ventrielo, Records of the ventrieular bent are shown in (b). The recorder
was stopped for one minute during and after stimulation of the musele strip and
for 30 seoonds during the periods of washing and during and after tho application of
aeotyleholine, Tho froquency ehanges obsorved are of the order of 10%,. Horizontal
lines have been drawn over tho records to facilitato recognition of the change of
muselo tone. The concentration of neotyleholine is givon in torms of g/ml. W =
Washing. (Reproduced with permission, from Florey, 1067.)
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Welsh and Loveland (1968) found no trace of the substance in the
ganglion of Ciona infestinalis but found it in the gut (0:49 pnglg wet wt
of tissue), pharynx (0-12 pg/y), endostyle (1467 pg/u) and heart (0-53
pgfg). They suggest that it may not have been revealed in the wanglion
if it oceurred in very small traces. The high levels in the endostyle are
puzzling but Welsh and Loveland suggest that both here and in the
pharynx it may play some role in ciliary co-ordination. They believe
that in the oesophagus the 5-hydroxytryptamine may be loealized in
the chromaffin cells identified by Lison (1933) and Gerzeli (1963) and
point out that such a localization would be comparable to that found in
vertebrates. Whether or not this is true it is elear that the localization
of 5-hydroxytryptamine in these ascidians is not such as to stuggest that
it is an important neurotransmitter. On the other hand, its localization
in pharynx, endostyle and oesophagus, the areas of maximum cilinry
activity in ascidians, may be particularly significant. (For a discussion
of 5-hydroxytryptamine and other transmitters, soe Florey, 1961.)

(i, Newrosecrelion

In order to prove a neuroseeretory function in any animal it must be
possible to demonstrate the production of a seeretion in nerve cells, that
this secretion is liberatod from the eoll or the terminal point of its axon
and that it directly or indivectly activates an effector organ or meta-
bolic process in the body. No such function has been u-tu'.quivm:a]ly
demonstrated in ascidians, but several workers have reported the
presence of granules in nerve cells and axons of the cerebral ganglion
(Dawson and Hisaw, 1064; Thiebold and Illoul, 1966; Lane, 1968;
Chambost, 1069), although Scharrer (1953) was unable to demonstrate
such granules in Ciona intestinalis.

In a detailed study of ten species of ascidians, Dawson and Hisaw
found granule bearing cells amongst other nerve cells at the periphery
of the cerebral ganglion, The granulue material stained with Halmi's
(1952) modification of Gomori’s (1050) aldehyde fuchsin, but the ap-
pearance of the granules was irregular and inconsistent, pcrhaﬁs
indicating cyclical activity. Two quite distinet types of granular cell
were identified, one in pleurogonid ascidians, the other in enterogonid
forms. In the Pleurogona there are large secretory cells in which the
granular material is dispersed throughout the cell and stains purple;
the granular material is sometimes partially displaced in the cell by a
vacuole. In the Tnterogona the granular material stains green, and is
always paranuclear and there are no vacuoles. There is no proof that
these granules are concerned with true neuroseerction, but if they are
their most likely function would be associated with reproduction. It is
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therefore particularly interesting that different types of granule bearing
cell should occur in Pleurogona and Enterogona. In the Pleurogona the
gonads are found on the mantle wall and as far as we know have no
connection with the dorsal cord (vide infra) but in Enterogona the
gonaud is found within the visceral loop and appears to have the terminal
bulb of the dorsal cord embedded within it. In passing we may note that
Dawson and Hisaw commented that *the best preparations (in
Chelyosoma) were obtained in animals with mature gonads ', so lending
credence to the idea that there may be some relationship between the
granules and sexual activity. Thiebold and Illoul found similar granules,
stained with aldehyde fuchsin and with Alcian Blue, in the cerebral
cortex of Ciona inlestinalis. They located faint traces of similar granules
in fibres of the cerebral medulla thus suggesting axon transport. These
workers also compared their preparations with similar ones from the
bivalve Mytilus galloprovincialis L. and concluded that the concentra-
tion of granular material in the ascidian must be very low in comparison
to the mussel.  Similar granules in Ciona infestinalis have also been
found by Chambost (1969). Lane (1968, 1072) concluded from electron
micrographs that the granules were formed from the Goigi body and
that acid phosphatases were also present in the cells,

There is thus very clear evidence for the presence of granular material
in cortical cells of the corebral ganglion of all species examined but we
have no idea as to what function it may perform, whether it may be the
precursor of a substance transported to axonal terminations, secreted
within the ganglion or whether it may have some other function. There
is indeed nothing at all to prove that they are true neurosecretions.
Clark (1966) has pointed out that all neurones produce a variety of
vesicular secretions and in advanced animals there may be a high
degree of structural specialization in the nervous system which permits
the neurosecretory system to be readily identified. In animals with
simple nervous systems this is nob so.  Clwrk coneludes: *“ An olomont of
doubt. must therefore remain about all cells with stainable inclusions
that are discovered in the central nervous system of primitive animals. ”’

XII. Ture Nrurat, GLAND
A. Structure and cyclic activity

The neural complex of ascidians consists of the nerve ganglion
(p- 87) and a neural gland lying in the mantle wall between the two
siphons and surrounded by a haemocoelic space. In the majority of
ascidians the ganglion lies dorsally to the gland and closely apposed to
it, but in stolidobranchs the gland is dorsal to the ganglion. Because of
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the close anatomical and embryological association between them it |

seems reasonable to conclude that there may also be a funectional
connection.
The neural gland was fivst deseribed by Taneoek (1868) and hos

been a subject for study and controversy ever since ; the older literature
has been reviewed by Péres (1943) and Godeaux (10640). The gland
consists of a series of folds or evaginations arising from the lower side
of a duect or canal which leads from the dorsal side of the pharynx
inwards toward the nerve ganglion (Ifig. 25). The opening of the canal
is usually expanded into a ciliated funnel which is often folded to form
either a simple C-shaped aperture or sometimes a more complex spiral
structure and usually forming a slight projection, the dorsal tubercle.
The dorsal tuberele then represents the ciliated opening of the neural
gland and it is important to recognize its position relevant to other
structures of the branchial sac (Fig. 29). It opens dorsally immediately
anterior to the junction of the peripharyngeal grooves and the dorsal

lamina, and immeditely inside the hranehial siphon posterior to the
branchial tentacles, [t is thus perfectly placed either to “ test
material coming in to the branchial sae or to discharge any exoerine
secretion into the beginning of the mucus-wrapped food cord.

According to Godeaux (1964a), Péres (1943) and Georges (1971) the
duct from the gland is lined by a cuboidal epithelinm which is cilinted
for only a part of its length. This epithelium continues along sides and
top below the nerve ganglion while on the ventral side it proliferates the
glandular epithelium,

It is now generally agreed that the epithelium of the gland under-
goes cyclical ehanges of activity in which the gland changes from a loose
reticulated form (Fig. 30a) to an expanded compaet form (g, 308)
resulting from vacuolization ol the epithelial cells and inereased turgor
throughout. Although morphological changes of this sort have been

cilinted funnel (f) and dorsal lamina (1) in Ascidia interrupta,

known for a long time (Meteall, 19002 Buteher, 1930) the lirst compre-
hensive account is that of Pérds (1943). According to this author in the
reticulate phase the lobes of the gland are sufficiently flattened for large
blood spaces to exist between neighbouring lobes but these are sub-
stantially reduced as the gland becomes turgid.  Péres claims that
starting from a simple cuboidal epithelium there is rapid multiplication
of eells which slough off into the lumen of the gland where they assume
a star shape, put out pseudopodia and form a network between the
free cells and those of the intact epithelium. Some of these cells hecome
vacuolar and phagocytic and are augmented by blood phagoeytes which
penetrate through the epithelium to the lumen. Both types of vacuolar
cell phagoeytize other cells in the lumen and as more cells proliferate

Fi1c. 29. The positional relationships of the branchial tentacles (t), endostyle (e), peripharyngeal groove (p),
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(a) (h)

Fia. 30. The noural gland of Ciena intestinalis showing (n) tho reticulated phaso and ()
tho compnct phase. G, glandular tissuc; Is, Blood space: ei, star-shapod  colls
acoumulnting in the lumen of the gland, (Reproduesd with pormission, from
Georges, 1971.)

and turgidity of the gland inereases there is a discharge of coellular
material from the gland. Pérds is emphatic that the ciliary currents are
such that material ean be carried out of the gland to the pharynx, and
he recognizes three stages in the cycle: (1) The reticulate stage with
empty gland; (2) proliferation, sloughing and vacuolization; (3) dis-
charge of the gland and return to the reticulate phase.

More recently the fine structure of the epithelial cells and their
eycle of activity has heen studied with the aid of electron microscopy
by Swan and Olsson (1065), Chambost (1969), Georges (1967, 1070,
1971) and Lane (1971). The epithelium is separated from the neigh-
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bouring blood sinus not only by its own basement membrane but also
by an outer connective lamella in which fine fibres may be discerned.
Swan and Olsson reported cells, in the lamella, containing numerous
membrane bound granules with a mean dinmeter of nbout 300 myu, and
small aggregations of ribosome-like particles. They considered that
these cells might be sceretory.

There is general agreement between Georges and Lane that the
intact epithelial cells are about 5 p high with a rounded nucleus and are
held together laterally by desmonemes. Basally the cell membrane
lacks folding, is not microvillons and is not associated with dense
aggregations of mitochondria as might be expected in excretory cells.
There are numerous small vesicles in the cell, some optically clear to the
electron microscope, others more dense and apparently enclosing fibrillar
material. Similar vesicles were noted by Swan and Olsson who believed
that the contained material was due to phagoeytosis. The Golgi-body is
relatively small with a few flattened saccules and some small vesicles,
thus suggesting that the cell at this stage is not in active sceretion.
The endoplasmie reticulum has irregular vesicles.

When the gland enters the compact phase the epithelial cells swell
and become vacuolated and by loosening of the desmonemes are
separated from one another and freed into the lumen of the gland,
The content of the vacuoles is uncertain but according to Lane (1971)
thiamine pyrophosphatase can be demonstrated in some of the Golgi
saccules and Golgi vesicles while acid phosphatase is found in these as
well as in other vacuoles. The presence of acid phosphatase suggests a
lysosomal origin for at least some of the vacuoles. Lane also reported
that in the highly vacuolated phase distension of the rough endoplasmic
reticulum might indieate active protein synthesis producing hydro-
lytic enzymes in the vacuoles.

The evidence so far confirms the fact that the epithelium of the
neural cannl undergoes periodic changes from o simple euboidal state
(the reticulated phase of the gland) to an enlarged highly vacuolar
state (the compact phase of the gland) culminating in sloughing of the
epithelium and breakdown of the cells which must thus release in the
lumen of the gland the contents of their vesicles. Several authors
(Péres, 1943 ; Godeaux, 1064a; Georges, 1971) report that large phago-
cytic cells, probably of vaseular origin, also invade the lumen of the
gland at this time, passing through the connective lamella and in-
sinuating themselves between the epithelial cells. Both Pérés (1043) and
Georges (1971) have found a circadian rhythm in this eycle but while
Péres found a single eycle in 24 hours in the Mediterranean, Georges




112 IVAN GOODRODY

reports that at Roscoff, the same species (Ciona inlestinalis) has two
cycles in 24 hours.

There are differing opinions concerning the fate of the cells dis-
charged into the lumen of the gl Pérés (1043), who believed that
the gland was primarily phagoeytic, insisted that the cilinry currents
in the canal were such as to ereate an outward movement down the
centre of the canal earrying material from the gland to the pharynx.
This is supported by Millar (1953a) who showed that eilin around the
periphery of the ciliated funnel draw water inwards, The currents only
make a shallow penetration before being directed out again by eilin of
the median border. These beat outward and drive water away from the
funnel and thus the water flow is such as to wash cells out of the funnel.
However, Georges (1970, 1971) is equally emphatic that the ciliary
currents of the canal beat inward from pharynx to gland and considers
that the contents of the cells may diffuse into the blood stream and thus
permit the gland to function as an endoerine organ. She likens the
connective sheath around the glund to the tuniea proprin of the inseet
prothoracie gland and suggests that it may be intimately concerned
with the passage of material from gland to blood stream.

B. Ovigin of the newral gland

Before considering the function of the nenral gland it is relevant to
examine its embryological origin and its relation to the nerve ganglion.
According to Elwyn (1937), who also reviews the older literature, the
anterior position of the neural tube after closure of the neuropore
divides longitudinally into two tubes. The right side immediately gives
rise to the sensory vesicle of the larva while the tube on the left side
becomes the ** neurohypophysis " and will later give rise to both neural
gland and nerve ganglion. The * neurohypophysis " is at first hlind at
hoth ends but the anterior end grows forward and eventually forces an
opening into the anterior portion of the pharynx. Elwyn shows miero-
graphs of sectioned material to demonstrate that the resultant duct of
the neural gland is entirely of ““ neurohypophysial ™ origin and neither
pharyngeal endoderm nor stomodacum contribute any tissues to the
aland or duct. Furthermore the opening into the pharynx is complete
before the stomodacum has broken through to the pharynx. The nerve
ganglion is formed by proliferation from the dorsal wall of the neuro-
hypophysis except in Stolidobranchiata where it proliferntes from the
ventral wall.
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There is thus a very close link between nerve ganglion and neural
gland in development and they remain in close association to one
another in adult life. The origins and close association of these two
structures has led many workers to consider the neural gland ag the
homologue of the vertebrate pituitary, but if this is so it can only
represent the pars nervosa and not the whole pituitary. FFurthermore
the vertebrate pituitary is an entirely endocrine structure while the
neural gland appears to be primarily exocrine.

C. Functions of the neural gland

In spite of extensive research by a number of workers we appear
still to be very far from understanding the true functions of the neural
gland. Reviews on this subject have already been written by Butcher
(1930), Huus (1937), Carlisle (1951) and Dodd and Dodd (1966). We
have seen in the previous section that on purely embryological grounds
it cannot be homologized with the whole pituitary, but only with the
posterior lobe,  Purthermore the histological evidence presented above
suggests an exocrine rather than an endoerine function. Nevertheless
numerous attempts have been made to establish the presence of pitui-
tary-like hormones in the neural gland or neural complex (i.e. neural
gland plus ganglion). Theso studies may be divided into those seoling
posterior pituitary hormones, such as oxytocin, vasopressin and
melanocyte stimulating hormone, and those which seek the presence of
adenohypophysial hormones such as gonadotrophin ; they are treated
separately below.

1. Oaytocin and vasopressin

Butcher (1930), on the basis of a single extract of fifty glands from
Ciona intestinalis, claimed that oxytocin was present in the complex at a
strength comparable to mammalian pituitary extracts. Bacq and Flor-
kin (1935, 1946) also reported the presence of oxytocin as well as a
vasopressin and n melanocyte stimulating hormone (MSH), but Péres
(1943, 1947a,b) found that oxytocic activity, while admittedly present,
was not confined to the neural complex but was found in many other
tissues; he concluded that it was probably a histamine and not an
oxytocin. Sawyer (1959) also demonstrated the presence of oxytocic
activity in both neural complex and in other tissues, but he found suffi-
cient, differences in its physiological behaviour to lead him to conclude
that it was not actually oxytocin, but a substance which mimics
oxytoein. Sawyer was unable to detect any vasopressor activity in
neural complex extracts, and found a very weak anti-diuretic activity
in Pyura only, which he considered to be non-specific.
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The most critical study of this problem has been carried out by
Dodd and Dodd (1966) who prepared an extract from the neural
complexes of about 8000 specimens of Ciona intestinalis which was
assayed for oxytocin, vasopressin, ADIH and MSH. In tests for oxytoein
both guinea-pig and rat uterus preparations were used for assay and
showed that a smooth muscle contractant is present in the neural com-
plex. Assays on guinea-pig uterus suggested an activity equivalent to
30 ImU of oxytocin, while rat uterus preparations suggested an activity
equivilent to only 0-4 ImU. This might be due to the presence of two
different active substances acting on the different assay preparations.
Turthermore extracts of female gonad, male gonad plus stomach, and
branchial region of the ascidian had a similar action on rat uterus, but

iiiva,

d

IFra. 31, The existones ol o smooth mosels contenetant i the nowrnd eomplexs and
hranchial region of Ciona illustrated by thoe effoets of extracts on tho guinea pig
nwtorus, oo aaud b, iujum-imw of 6 LU Pitoeing e, o amd 1 injoetion of 30 ImU7
Pitoein: e, mjoetion of 4:0 mg of an oxteact of neural complex : g, injootion of 40 mg
of an extroet of tho branchial sae. (Redrwn from Dodd and Daodd, 1068.)

were slightly less potent—approximately 509, 509, and 709, respec-
tively of the potency of neural complex (Fig. 31). Although a smooth
musele contractant is present in the ascidinn neueal complex, it is
probably not oxytocin itself. Dodd and Dodd give the following reasons
for concluding that it is different. (a) The active prineiple has a much
shorter latent period of action than oxytocin (sce Tig. 32). (b) It
survives storage at pH 7 in the cold for several months, and exposure to
air at pH 3-5 at room temperature for a year, procedures which destroy
posterior pituitary activity. (c) It is resistant to boiling with caustic
soda and incubation with sodium thioglycollate at concentrations which
destroy posterior pituitary oxytocin. (d) It is resistant to ultraviolet
light.

It seems therefore that the active principle in ascidian neural com-
plex and causing smooth muscle contraction is different from oxytocin
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and Dodd and Dodd show evidence that the effects cannot be caused by
potassium, acetylcholine, histamine or 6-hydroxytryptamine.

Dodd and Dodd did not find any vasopressor activity in neural
complex extrocts assnyod on rabs, but did find that these extrnets and
those of control tissues, caused an initial fall in blood pressure after
injection into rats. This phenomenon was also noted by Bacq and Flor-
kin (1935). Such a depressor activity could be due to histamine but
Dodd and Dodd note that the effect is such that if it were due to hista-
mine alone this substance would have to represent 2:6%, by weight of
the neural gland tissue which is most unlikely.

Finally Dodd and Dodd found no evidence for the presence of an
anti-diuretic hormone or a melanocyte stimulating hormone in neural

T T T T T T T T

Fra. 32, The difforenco in lntoney botweon extraets of Ciona neural complex and Pitoein
on the rat uterus.  (A) Period of injection of Pitosin (0-8 TmU): (B) Period of
mjoction of noural complex extraet (2:6 mg).  Time seale 10 seconds. (Redrawn
Ffrom Dodd and Dodd, 1966.)

complex extracts. The absence of MSH (Fig. 83) is in conflict with the
findings of several other authors (Bacq and Florkin, 1935 ; Abramowitz,
19373 Carlislo, 19500 Corlisle nnd Olsson, 1965). Dodd and Dodd used
a speeially selected strain of Xenopus laevis for bio-assay of MSH, in
which the reactions of the chromatophores are well understood, and
they point out that the reactions of chromatophores in test animals
used by these other workers are poorly known and therefore interpreta-
tion of bio-assay work in which they are used is very difficult.

Table XIV summarizes the work of Dodd and Dodd in respect of
posterior pituitary hormones. It is clear from this table and the preci-
sion of their experimental techniques that there s little evidence for the
existence in the ascidian neural complex of any of the normal posterior
pituitary hormones. There is, however, clear evidence in their work and
in the work of other authors cited here, for the presence of a smooth




116 IVAN GOODBODY

(o)
(b)

Melanophore index

1 2 3
Time (h)

Fra. 33, Time senlo geaph showing the average expansion in the web mr‘llmuph:m‘.n (Irl':
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muscle contractant which mimics the activity of oxytocin. Because of
the small size of the neural gland it is not possible to be certain of
working with it alone and most assay work is carried out on the complex
of neural gland and ganglion.  In consequence we cannot be sure
whether the smooth muscle contractant (SMC) resides in the tissues of
the neural gland or in the neurosecretory cells of the ganglion (Dawson
and Hisaw, 1964 ; Lane, 1968). Furthermore SM(! activity is also found,
though less strongly, in other tissues of the animal and it may therefore
be a generally distributed substance in ascidian tissues or it may be a
hormone maintained in circulation in the blood. Tt is not clear what
funetion such a substance might serve in the living ascidian, particularly
in view of the fact that all ascidian muscle is non-striated. However, it
is not beyond the bounds of possibility that it might be specific for one
specialized muscle and maintain tonus in the sphincter guarding the
genital opening and preventing premature release of sperm and eggs
(see below). This would necessitate a mechanism for the inhibition of
socretion and relaxation of the musclo ab spuwning,

2. Gonadolrophins

In spite of the fact that the embryological evidence demonstrates
that there is no stomodeal component in the formation of the neural
gland and that therefore it can have no morphological homology with
the vertebrate anterior pituitary a great many workers have sought
evidence for the presence of gonadotrophins in the neural complex.,
The resulting information produces a confusing and conflicting array of
data. Some of the confusion probably arises from a misunderstanding
of the ovarian cycle and spawning behaviour of ascidians. Péres (1954)
has drawn attention to the fact that in sexually mature ascidians, and
he refers specifically to Ciona, the ovarian eycle can be divided into two
parts, an intercycle and a period of germinal growth. During the inter-
cycle the germinal epithelium is reduced and o somatic epithelium
expands; oogonia are rare and the remaining oocytes break down.
When the period of germinal growth commences there is a rapid
development of oogonia and production of oocytes which are discharged
into the lumen of the gonadial cavity and complete their maturation
there or in the oviduct. Egg production then becomes a continuous
process and the eggs are stored up in the oviduct which prior to spawn-
ing becomes greatly distended. It seems then that the liberation of
gametes at spawning is not a function of increased gonadial activity but
must be the result of relaxation of the sphincter guarding the gonopore
together with contraction of the mantle muscle to increase the hydro-
static pressure in the mantle cavity and therchby squeeze out the

AN —12 .
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gametes. These facts must be taken into consideration “i:h‘c.u .:nll-er]:;'::]i;—
ing the results of experiments on the hormonal control nl ‘u }n mn::;,l‘dn;
Although Huus (1937) did not postulate the I!I'tiﬁt=|1{;t,]<: Ib,r,(,“c -
trophin, and in fact considered the neural gland n.\] l-h{I 'wntaf ;1,_,(1 o
the posterior pituitary only, he suggested that t-ht-'.g. :mt] (;m 1 UI (‘}m._llhi
reproductive process. He considered t.huvt.. the t'l}libtct ‘Em:m‘ e
collect stimulating substances (i.c. _!.',-'I-I‘tll'.i'-(!:“ from Ilt!l;_ﬁ]ﬂ){flll‘lll;_‘ :stc. .t h;‘
of the same species) and these wfmltl stimulate n s(:uu:i.u;T tc::ltm;ls.
neural gland which, transported in the blood sl-.rc_::\.nt Ln l_-{}e"i__,“q.”;
would stimulate discharge of gametes. ..ln the same _y.c..u. ‘.)Ef’.- ;‘;ﬂﬂ
using Polycarpa oblecla Traustedt nfu't’mtl ‘nslt- !-lu-- first r:xlp(..nm iex.
aimed at identifying a gonad st-imnlul-.mg &lt:l-‘l\'ll-_\’ in l-hc. n(-‘:l.l 111- (,;):13\0{1
by injecting extracts into three mice while Lh:'m]'. {..(;l}l.ult()s :\:m‘.l N
injections of saline. Five days later autopsy revealed hat nnh.m‘; { ;'_;‘;
the gonads of the oxperimental amn.l.-\.la were three 1m|1es‘ rasl .1 1;3:0.:0
those of the controls and the follicles in the former wer o ;,m: .1;13(4 LS
numerous than in the latter. Carlisle (‘l {1."':“1'.), using Ciona ml. 08 jn;r .i‘
and Phallusia mammillata, obtained HI:IIH]:U‘ results using three ‘:I(‘.h;
mice and two controls into which he injected extracts of 1.1:'9511F's ot 1:.!11
than from neural gland. He also l-ls]‘.lm-t-(‘.(l l,h:'xt- cxt-t'ar:lt:r; n 1.1‘(;1\1111‘:“
gland injected into male frogs enused discharge of sp:\.rm.‘ rr“ hi,“lf..’ ,;i
are in confliet with those of Benazzi (1939) and Dodd (14 ,l.:}‘, Ben ..I(..{;
obtained negative results when extracts of neural ;_:I.aml. W Cl‘l'? :lect.l{:;:l
into five mice and he was unable to produce ovulation in tl{.w -2 wm.w
injected with extracts of neural mmplt:x. Dodd obtainec 0}1]}’00]“:
positive result from ten mice injected w:_t.l} extracts from 1:._{:11:;1,. ,‘1 4
plexes of Ciona intestinalis, and no positive results fnlIIo]“'u;g mnynz; ]
injections into male Xenopus iamns: Dodd suggest.eit tt mt: t?eaznlne
variation might account for these discordant; rr-.sult;.s bu a | :119 e
time points out that his |:1st.t.tf:-i{|.l came from Il.‘i(‘.l.(!l}'fl?h \»;11{2 :;].,m,'m'
sexually ripe and that therefore if ;.[nimulnl{.:'nplun exists at ull
ave been revealed in his own experiments. . .
h'milllnfitll-llﬁ' above experiments were based on the |11'01n-153Q t.lllla;.{ul ff’;‘t
gonadial hormone is present in the ascidian neural vmnn!n it rwl t 11.11(.}\ :l
properties similar to those found in w.-rt-c-.brut.es. But t.'m‘sl; nm{} :m:mmd
reasonable premise and cxpcri:n(snt.nlﬁts may be on 'TE"llt:tl-.S:tg E{: S
if they use ascidian material upon which to test their extracts, 1
i { ance. ‘ .
N t}‘:: ii\stilzltti:testing but controversial series of expm'nn(:.nt.s ’Uruﬂllisgs
(1951) attempted to show that the neural gland and ne;vefg:,mw:ﬁptp-
were intimately associated in the ncmm-hl||11m':1.1 _c:ontro 0 lgzt ‘.‘.I,
release and the synchronization of spawning. Following the lead already
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given by Huus (loc. cit.) Carlisle carried out experiments along the
following lines using Ciona inlestinalis and Phallusia mammillata as
experimental animals.

(n) Mammalian chorionic gonadotrophin was injected into test
animals and distilled water into controls. Regardless of the site of
injection the gonadotrophin stimulated discharge of gametes about 20
hours later (see also Carlisle, 1954, with reference to these experiments).
If the heart had previously been destroyed and the blood drained, this
response (shedding of gametes) only occurred if injection was directly
into the neural region but not if injeeted into the gonad or clsewhere in
the body. These experiments could be interpreted to mean that the
hormone induces gamete release but does not affect the gonads directly
and probably only through the intermediary of the nerve ganglion.

(b) The nerves between the ganglion and the gonads were sectioned
and gonadotrophin was then injected into the body as above. Under
these circumstances there was no positive response of gamete release
but il the gonadinl nerve and ganglion wera loft intact and all other
nerves from the ganglion were severed, then there was a response of
gamete release. IMurthermore if the ganglion was left intact but the
neural gland was destroyed there was still a positive response of gamete
release when gonadotrophin was injected into the ascidian. These
experiments enn be interpreted to mean that mammalian chorionic
gonadotrophin stimulates the nerve ganglion which in turn stimulates
release of gametes.

(c) When instead of using chorionic gonadotrophin a highly con-
centrated extract of ascidian neural gland was injected (about 100
glands per injection dose) a similar positive response of gamete dis-
charge was elicited.

(d) Gametes were also relensed when an ascidian was fed with a
suspension of gametes of its own species but not if fed with gametes
from nnother species of nscidinn,

From these experiments Carlisle concluded that the neural gland
functions in the release of gametes in the manner suggested by Huus
(loc. cil.) but through the following chain of events:

Gametes in the inhalant water current are taken into the gland,
Gametes stimulate the gland to secrete a hormone.
The hormone excites the ganglion.

Nervous pathways from the ganglion through the gonadial nerve
stimulate the release of gametes.

While the experimental techniques used by Carlisle appear to have
been sound there are several difficulties which make it impossible to
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accept his interpretation. In the first place Mill’a,r (19-53?)t|wd'[]?étr:§
(1943) insist that the ciliary currents beat mul‘.()l'lt!:-l out o {1;3 ci |;1. o
funnel and not into the gland ; Georges (1 071) considers that they F‘r:*».\v
material into the gland and Carlisle claimed to have found ;:‘r,:ulncl.;,ls mf
the gland when sectioned after feeding on sperm and ova. SD‘-(.UI“I(‘ ¥ i
cross fertilization with other spawning ascidians of their own Spl,(‘.llc.s ;s
the goal then the response to gametes in the water should ll)e 1mn?ic‘( iate
and not have a time delay of 20 hours. Under normal circums ..n{cc?
one would expect the response to involve release flf th('.‘ ;,;onm u::o.
sphincter and contraction of the mantle, rather than mcrcn.;nr %“Il:“‘,
production. Reference has already been made to the work n. ef‘LT
(1954) on the ovarian cycle which suggests that the scheme preparec
- Carlisle cannot be correct. )
by ;rﬂt?l]i:'nris a gonadotrophin present in the neural gland or if t.hc;
gland in any way controls reprodiiction we would expect t-hfl.tl SI-“%M;
removal of the gland should disrupt the sexual cycle. H:s‘.;m c-| aI
(1066) examined Lhis possibility in Chelyosoma 7::'0«11::(:)11:.::?.. e whole
or a part of the neural complex was r(-.mmred from mnlnnls.;zlﬂ,(fr s:pa-;vn(i
ing was completed in summer and before growtl} of gmmdm. 1.1551391 l?
commenced again. No regeneration of neural tissues oceurred anc tm
animals, after extirpation of the complex, wero l'[‘.lrlil‘lll{‘.ll to LI_‘.(‘- su‘n, ,lr)
continue their growth.  The ascidians were :':--t-x:mulnml at mi.;ilt\;u.:
varying from one month to a year and l'-ht‘-.i't‘ wis 110 e.wl(.lnm:]c at a . .;'allll.
nxt-irlmt-iun of the neural complex had interfered with & e g(:‘n.u it
growth cycle neither did it madify the subsequent spawning he;n:lnnt.
However, in interpreting these experiments we must bear 11': I;llll’l( mt;
Péres (1943, 1947) and Lender and Bouchard-Madrelle -‘(UMI?‘ riﬂmr-
that the neural gland has considerable po wers of l'egencmtmn.l Mul1 w;;'e
more these experiments are ab varia}nt-.c with those of Bouch:lm -Madre ;
(1967) who reports that extivpation of the rtmuml complex r:]ru.ls;e:;;I
decrease in the number of germinal centres in the ovary :m{. int 1(;_
number of mature follicles. He also states that removal of all mfpm‘t. 0
the complex shows that the neural gland controls the nnmbmilt.)_]younﬁ
ooeytes while the ganglion controls the mllmlu_‘l; of mature fo uf‘r-.sl n.n!
the number of oocytes in perivitellogenesis. Experi ments (rizumet o]: .
by Sengel and George (Imiﬁ}isugge.«:t ‘{.Imt. the neural gland may also
ve an inhibitory effect on the spawning process.
" ;‘i:;l:;hin Lhii context reference should be made to the wo:lk o?
Sengel and Kieny (1962, 1063a, 1963h) who cultured the gnrim 8 :e
Molgula manhallensis in vitro. 1 mnmlrllu‘c- and mature g(;nm‘s W’l:ﬁth
cultured for seven days on various media of sea wu-te.r a?{ ,{:ﬁ.w w:].e
added penicillin, Somatic tissues of the gonads survived well on bth
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unsupplemented medium but the germinal elements only survived if
horse serum or chicken plasma was added. Maturation of oocytes
would only continue if the gonads were eultured in the presence of
explanted neural complex (GNV). This continued maturation of the
oocytes did not oceur when the gonad was associated with tissues other
than GNV. The implication from this work is that proper growth and
maturation of the gonads requires some substances present in the
neural complex.,

There is then some very conflicting evidence concerning the possible
role of the neural complex in the control of reproduction in ascidians
and until far more critical work has been carried out we eannot resolve
this particular problem. One cannot escape from the fact that all of the
histological evidence points to the neural gland as being exocrine in
function and if any hormonal substances are present in the neural
complex they are more likely to exist in the neurosecretory cells of the
ganglion than in the neural gland.

3. Other functions of the neural gland

It remains to consider what other possible functions may be served
by the nenral gland.  These were reviewed by Butcher (1930) and
Carlisle (1951) hoth of whom coneluded that n pituitary-like function
was the most probable. A few of the older suggestions merit some
comment,

(a) Mucus secretion (Roule, 1884). There is no evidence that mucus
is secreted by the gland (Butcher, 1930) and there would be no need for
it. Mucus or mucus-like substances are secreted by the endostyle and
provide all that is required in the food-collecting mechanism.

(b) Bacretory organ (II. Van Beneden, quoted by Julin, 1881); Organ
of phagocytic excretion (Pérés, 1943).  Van Beneden clearly had some
sort of kidney in mind when he suggested an excretory function but
neither Roule (1884), Kowalevsky (1889) nor Butcher (1930) could
demonstrate any such function and recent histological evidence (see
above) makes it elear that such a function would be impossible. Péres
(1943), nevertheless, considered that it might be eliminating waste
products through a process of phagocytic excretion and that this would
explain the periodic sloughing of the glandular epithelium. However, if
such a function was necessary it would be surprising to find that
evolutionary mechanisms should have resulted in the discharge of these
materials into the beginning of the food cord when it might have been
discharged the other side of the mantle wall and into the atrial cavity.
Butcher (1930) points out that in ascidians of the genus Phallusia the
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gland does not open into the branchial entrance but intf) the prirl—
branchial chamber, but these are um'mlly f;m:(m.tlu,ry q‘])e;unng ;T};:;-;;
primary opening in the hranchinl region ﬂl:ll! exists. !(.U(['anl?]h, 1’,,.1 )
1'c]1nz't.(;ri that in small aplousobranch nsc-,ul.mns of t 1rc Im:lh':. ;‘"“‘zr
clinidae (= Synoicidae) the neural gland picked "[;' l‘t)::.‘l -h,m ;L. :
stream and phagoeytosed particles of less than 1 p < fﬂ.l‘l";(: er, rh(; qi?é
not clear what function this might serve. ,Hnwcvel,.frus is e .f’“.‘t
range of ascidian spermatozoa and Godeaux’s ohst-ervn.tul)nts I.Tnl‘\' :;ptcs
lend support to Carlisle’s (1951) theory that the gland detects gamete
in ‘I(‘:) t:‘.«:la::n.'; slructure. Hanecoclk (1868) ﬁrst.suggeslfml n.’specm.lts;-.ns;:ztr’
function for the dorsal tubercle, and assumed t.hut: it mlglgl'ﬂ- a-tl. t ,oha;e
the incoming water current. A]t-h.(lll,l__"'h Hunter (1898) ::]il.l;}‘l:!i r:llhom
found sensory cells amongst the <‘i1|_u|.ml. cells on the I.“unnc i ixl.c.':" i -qt :
have not found any innervation of tlTls region which wmll( .E.sutggc._t,]w
sensory function (Millar, 1953a). ('-:I,I‘]IR[E’. (1050h) snggestec L.m..l.:n -r}l..
pclngic.r tunicate Salpa the ciliated plil. |_:11{;|1Il- mt'l. :‘.sfu;'((-.tl-.:xtl‘,:r‘ mﬁ:‘ullr“tcr
s daine the densiby of particles in the inhalant water current. ati
':'::115-1:'?(t(I:;:.l'lfi.;lt-., i'ﬂ:')l‘l 1953) concerning l‘.he_ whnlle nvl‘-u‘mll lgl;.a;l}(?n l;t;
suggests a specinl sensory funetion in (‘l‘l‘l‘l.l'l('('t‘-lﬂﬂ with t-.u.] de -("(I 1 n ol
wametes in the water: the pathways in this postulated mechant
W » chemical and not nervous, .
“ml(l‘(]l] h:’);r,]':'::"::f' gland (Roule, 1884). As.wvli s st:gg(-st._111l;.r,t i Tt:::ti
scereting role for the gland Roule also believed that it mlgrlta]m. | {.'“d
form of digestive gland. Butcher (IEI]SI)) fe:::{{';:xttll;:?t-:l :ne. :)(; %,}Tcse
amylase, lipase and protease and coneluded that none Of »r-
f'.?:‘m-":i?t?sldi.:epreient-. A pp{n'cnl'.i_v no one has mn.suleretl‘ t'lj.ls| p(l}ssE‘iiII;]t;}E:
since that time and yet it merits Flu't-he:'.a-l.t.cn.f.mn pm}tn,u ar \}r1 l:mf,ln_,
light of Lane’s (1971) suggestion that distension of the rougl d.im“‘
plasmic reticulum in the compael phase .nl' 1'1”." ;_(In.n'll m.u:v :r'm T;M
active protein synthesis and the production of I\_vt.lu_}}i’vi‘-u. mu.y:“c.;]i
There is unequivocal evidence that the neural gland une Tlgr;ns r:): ; }If
changes in whieh a cellular discharge u,(-.(-.umnla‘t.cs' in t'ie 'lm‘u: }..]]tq
1‘('-.1-(".:aml Millar are correct in st-n.t.ing 1'.'n.u,t. the |n"mmpn] e 11.1.1{ ol lrr-di;_
beat out of the gland then some of this 111f1-!m‘m1 muatl e l)c::tgml .
charged through the cilinted f';mnr_-.l. Tlh? :.:II(:];:L{;-.‘(IIIdf'utt';:::r_'.d:;qrq:l kl,‘mina
he junction of the two peripharyngeal bands a s dorsa .
t(}lj’(iflj.‘;:)(]‘: It is thus i(!calll‘\‘ situated ﬁ.)r dzsulm-l'glng |:rm\.t43rmulr I:g;&:s::s
tion to be wrapped up in the developing food cord ; in 'In‘.lrflnj,l i
the anterior end of the lamina forms a fnld.c-.d lgnl-t.cr .\\.‘H.(. *i .c-l(.‘ e ;)f
from the ciliated funnel. Finally it scems F.ilgl'llﬁ(iill‘l'l. l,h.l.i..lt: 1;, (1(%";,101
development of the dorsal tubercle, on which opens the ciliated h j

g
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appears to have a direct relationship to the complexity of the food
collecting apparatus. In the aplousobranchs the ciliated opening is
usually a simple oval aperture; in phlebobranchs there is a tendency
towards folding to form a C-shaped aperture; in the more complex
stolidobranchs, particularly in Pyuridae, the horns of the C tend to be
rolled inward into a spiral structure or to form other complex patterns.
The overall effect of such increasing complexity is to increase the length
of the ciliated border of the funnel. The organization and position of
the ciliated funnel are thus such that it could be used to “inject

cellular material into the beginning of the food cord and the question
should be investigated further.

XIII. Tinre DORSAL STRAND

In the adult ascidian the duct of the neural gland extends posteriorly
as a fine strand of tissue, the dorsal strand or dorsal cord. A short
distance hehind the gland it Teaves the mantle and erosses to the dorsal
wall of the pharynx where it runs close above the dorsal lamina.
Posterior to the branchial sac in enterogonous ascidians (i.c. Ciona) it
extends to the gonad where it penetrates into the ovary and terminates
abruptly as a slight swelling (Millar, 1953a; Aubert, 1954). Tn pleuro-
gonous nscidinns in which the gonads are in the mantle wall (i.c.
Molgula) the strand terminates abruptly in the neighbourhood of the
digestive diverticula of the stomach (Van Beneden and Julin, 1884),
It is generally agreed that this strand is derived from that part of the
larval neural tube which also gives rise to the neural gland and ganglion
(Willey, 1893 ; Van Beneden and Julin, 1884 ; Huus, 1924 ; Brien, 1927
Berrill, 1950; Millar, 1953a; Aubert, 1954).

Although the strand is derived from embryonic neural tissue there
are no nerve cells or fibres in it. Tn Molgula manhattensis Van Beneden
and Julin (1884) deseribed the strand ws composed of large cells vesem-
bling the large cells of the cerebral ganglion and arranged radially around
a central core or small cavity. However, these authors pointed out that
the cells in M. manhallensis were larger than in many other species
examined, and Millar (1953a) describes the cells in Ciona inlestinalis as
“ quite small, and spindle shaped, being somewhat elongated along the
strand ”. In Ciona the whole strand is only 10 u to 15 x in diameter.
Huus (1924) does not figure the cord in section but his illustrations
show rounded cells scattered unevenly in the strand of Corella parallelo-
gramma (Muller). Brien (1927) describes them in the following terms

- for Aplidiwm pallidum : *“ Les cellules sont identiques & celles du canal

exeréteur, ou plus exactement aux amoebocytes du sang avee lesquels
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olles ge confondent facilement ; le cordon dorsal est constitué de cellules
Imllgilt-({::;‘;(((l‘i-!lﬂ) claimed that in several gpecies there m i’mfio.ll'u |u;'t.:;{-.?:1.
the dorsal strand and the viseeral nerve, hut the l'i‘t.:'ulul W r‘u. ;n hl“;:. :
rice (1888), Huus (1924), Brien (1927) and later _I*.(-dulc {-].|)..‘1):\-1 ! p-ﬂllf
(1953a), Aubert (1954) and Markman (1958) makes it c:lmlu t 1: .“1 (.l. L:“
was mistaken and that the visceral nerve and L]m dorsal h|lh.u"[ :.,_‘,1
quite distinet struetures, IFadele (1938) |'m-.n;;|mf.c!rl that L u,I t‘ul,.l.l.ﬁ
strand is not formed of ganglion cells :mfl h(-..c'.nnmd{'.r(-rtl t.l.m.l. 111[ ,i:lq
which form it are like neuroblasts n:}fl give rise to the nt'.f W; (.tlj: ".l i;
which flank the cord. He observed in {,'-.'u-ma that the (]olxsal s‘,:;;u i.nh.-,
formed of suel undifferentiated cells which can d(-.t.u.nl!: and znlﬁm n.t |;(.
the lateral tissues. Around the strand and at some distance .lnm it | .
detected two layers of multipolar fusiform cells whose |n'ncr=fiscls E‘?:I.!l]‘l(.ly
a lateral plexus of fibres forming a sht-‘._nt.h around the r-l_m il s.ll(}u‘:.i:
Scattered throughout the layer of multipolar cells lm‘ r(-.(.ogi;lt?ie.tl .lti,u-
form motor cells like those found in the nerve ganglion. .. l..t ( ¢ i
sidered that fibres in the fibrous layer (‘.ﬂllll[‘-(fl-‘t(} the viscer ..1._. 1 o-“
branchial sac and intestine. Fedele’s observations have 'itl]l:(sﬂ e
confirmed by Millar (1953a), Aubert (1954) and B‘iuvrkman {I.]a : ).l .
1t is reasonable to conclude from these studies t.l]ml. Lfle.(,:(.l,:v{.
strand is composed of lll](]'IfTL‘l't‘III-i;Ill.'tl cells .‘illl'l'ltllli'tli'-l_lt :_\;‘:1-I-|111chtw.o(‘1;
plexus.  In enterogonous ascidians it r(.n'ms an intima crn.1 < ié‘m;_‘.h
the neural gland and the gonad, 1:'.|l: in |1Iuiu'(’|;;umfus f;:ll;sfmw;l im.l
abruptly amongst the viscera. Tt i f]l[!l('.ll“'. o llnnglr:t:];;n:v.m u“.n..hlc
might be performed by a structure of this sort. Huus ( I. ; ) .]:,(10(1 s
to find the strand between the cloaca and the gonad anc :ﬁnt}. i (1;1541
it gave rise to the gonoduct during llt.‘.\-'t'l-(l]:llnf‘!lll'-, lJut-.t’ u !:\.{)Q;ibk. e
strongly refutes this on the grounds that in the mlullt- i iﬁ I 1.ld t,hm’
demonstrate the entirety of the strand between gland anc 'g‘n‘l F]. ;“.”w
the strand and gonoduct coexist and 1-]1:15- the gnnmlm:l-:.%‘m IFLA (;,' h‘,‘-.,,,'
gonad.  Brien (1927) considered that in I:I:Imi.ng{-nc;m ]0 . pt..i:c !
pallidum that portion of the sl.run(ll ('.:u:lltﬁodl:(r; c]',:c\l:c;lussgtr.:.’v;n“.mdiﬂ
) w neural complex and new dorsal strand as w 0 gonadi
::1:1::( :\‘It']]'.ongh ina %ul.m- worl he mnit?‘a reference to the gunuds(,l (g::::s
1048). Neither of these two mnclusmml; (tht}sc nlf. 1—[1_“";;.“11, - n.m
provides an adequate explanation of t-hl.s emgnm-i.:cn : st-l ::c“to % B
does it seem reasonable to assume as di_r.l h'hl,l,m' (1.!}5,3&1.) t HIL 1 h cm-];{-d
strand is functionless in the mature animal ™. I{ |t: was sobc j,{ ;t:]n f.om,m
with blastogenesis we would not expect to find it in non-budding
ike Ci ‘orella. )
lll\oﬁfz?lifi;::}lgﬂqfik between the neural gland and viscera suggests
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that it might be endoerine in function, perhaps associated with long
term metabolic activity or gonadial cycles rather than with the daily
life of the animal. In this context we may recall the experiments of
Carlisle (1951) in which he injoetod gomudotrophin into ascidinng and
stimulated gamete release. When he eut the visceral nerve this response
was destroyed, but in cutting the visceral nerve he would almost
certainly have also cut the dorsal strand so that we do not know whether
the response might have been medinted through the visceral nerve or
the dorsal strand. Bouchard-Madrelle (1967) reported that oogenesis
is under the control of the neural complex in Ciona intestinalis and if
this is removed, the number of germinal centres decreases and the
young oocytes degenerate. The number of oocytes in perivitellogenesis
and that of mature follicles also decrease. Removal of all or a part of
the neural complex suggested that the neural gland controls the number

of young oocytes and the germinal centres while the ganglion controls

the number of mature follicles and oocytes in perivitellogenesis.

There is no indieation as to how such control may be medinted, but it

is possible for the control of nogenesis to be by way of the dorsal strand.

However, if that is the case in Ciona, it is still not clear how any

mediation may oceur in pleurogonid forms where the dorsal strand is

not in direct contact with the gonad.

The ontogeny of the dorsal strand and its close association with the
surrounding visceral fibre complex (p. 91) make it s;em more likely
that the strand has a functional relationship with the visceral nervous
system than with reproductive cycles or other metabolic processes.
The strand and surrounding fibres run along the dorsal side of the
branchial sac and Fedele (1927, 1938) considered that the fibre complex
was associated with nervous control of ciliary activity in the branchial
stigmata. Recently Mackie et al. (1974) have described nerve fibres
going from the fibre complex to the cilinted cells of the stigmata in
Corella (p. 91). Thus while it is reasonable to associate cilinry activity
with the visceral fibre complex the role of the dorsal strand itself
remains unexplained. Fedele’s (1938) suggestion that the dorsal strand
is the site of continuing neuroblastogenesis (p. 124) has not been con-
firmed by other workers, but nevertheless the close association between
fibre complex and strand makes some functional relationship appear
likely. Fedele’s careful observations on the nervous system of ascidians
have been neglected by many authors and deserve closer attention ; his
suggestion of confinuing neuroblastogenesis may warrant re-examina-
tion. Alternatively, the strand may perform a nutritive function in
relation to the surrounding nerve cells and fibres much as glial cells da

©in the nervous systems of other animals.
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NIV, (loNCLUSION

The foregoing pages illustrate n.llm.hur of llnlt.c.‘.lr{'m'f.‘:‘l{:;‘_riv]:.:';)l]ll(::;::;
ascidian physiology, many ol them s{.ll.l ||:E'.ctm1:‘v ( 3:1 t:( .m‘.i ':]w pans
work on the test has revealed the cici'.u..xl.ni fine str lu.l.u- ¥ ; ’mc‘;h.u.mc
vention of morula cells in the deposition of t-.n:.v:];) rlml ‘p(r:r_\t.]w m;,,."]:,'
microfibrils,  We still do not umlt-r:-ai.:\..m! the ]n‘l'.('-l;l, m;.lt l“,\ﬂ;%my -
cell in this process and why some ascidians have ]oun( 11- ! ()f t,i",. e
use vanadium and others iron in the m-gn,n.n.—lrtot.a (',.u:rl]??e;tti{m vu,wi.ng
Different groups of ascidians have tests of (l.lfr(‘.l t:ﬂ-loq,,.;:;:;e e o
from gelatinous to fibrous ml'.dla ('(;'m::ir(mt‘L \:‘:lllil-.:évo?_ i:{mrcst‘,

he test and its functional significance |
o t:;:{:}lit‘s on the endostyle over the past t.tint }ye?:;};t\: :[l‘:'l:;:}::]tc:}htll:;i

. structure and function of this organ and the type 07 SEEEE
?t-nltm:(:cgtncc‘:es. We are beginning ln have n-n.underst.a:n'd;.ngnor:'illmi]it‘:u{t
tional significance of differences in ‘hra!ﬂ.clnai nrgnnl;z.;, ul}m bk
relates to food collection, but there is f*luill I.nllf'-h ;\fm ¢ to rt. ! un.(.(‘rtm“
field. In particular the role of the papillace lll'{(m.t tmp:lpn {Ors-ll l,a,mina

1 little is known about the mode of functioning of the dorsal fariiy
o Anization differs between species. My own worle in
e th sidians are exploiting different
avironment, but how this
ferences in the literature

and why its org
.l:-.nmi(-.:;, suggests that IIHTP'I'(‘-TIL as(
fractions of the food H“I‘l'.llf available It"t l';l::iv“
is achieved i aown. There are scatiered re ;
IlgnT}i:H:{:;lllthll::t\:f foorl sm't-i;'.g and selection by the branchial sae, but
tlhis’li;i:':(::; ]l];z: ‘i?;:-.:: nr:;.fv.ance in our understanding of digestive
physiology although recent studies with cleri-f.ron LTFITTSEE{EY Sh:::;z
revealed new detail about t.h{-j nature of the n ‘:m:-.nﬁ.in)bel,. “-et,;“,ion e
doubt is expressed in this review about the a?c,:alp © 10r;p]g1nnd e
food transport and |.l'i‘.ll.l‘-l';‘lf‘.l!|'- antl .l,lm. :::.I: E:m;l‘i,.ﬂ-"i:.',| t‘.,{m“im;m““.
aspect of ascidi Jhysiology requires new sritical o3 adi
]];?:: :":ie h;j{ﬁ:l':::ully flnrasnivml problems of m.efﬁ.h:lmm] 1110:::2'\:‘1:::;2
ilﬂ-l‘i-i(‘-lﬂ;l-l'l\' as to whether the neural glund' contri .u t!is ?;Lym“{' e
material to the food cord and how metx{bohmn [lr"(l)'u‘.f:t 8 I.thioni o
divestion.  Recent studies hn.vv'cqnfwmt-l‘.d {-jm. iet sugeiﬂ:b.oﬁﬁm e
us?.'.idinns are entirely ammonotelic m'thmr mt:l{t:i{;m 1*r}'|"i .her p'"rines.
store products of nueleie acid metabolism ur; u.m !(‘)ris .fl,imh(.,m:_m]
However, we still do not know whether such f-at.O‘l a.;_,_({.. i
accident or whether it has particular r1lll(‘,t-l(fl]l\] signi |(,n.n.nn: .
‘ml1((;'::lx'-:itlol-anl}lc advances have been made in recent years in the fl;(
of n;'.-rrli'mr:\-scular physiology of ascidians. 'I‘Iu;. Il‘l._\"(]];;(‘.l‘ltlt:!;‘i;l:i;:'é‘. :s a:::
heart and its control by terminal pancemakers is well esta
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many of the the electrical characteristics of the myocardial cells. Tt now
seems likely that the reversal of heart beat, which is common to all
ascidians, is the result of fluctuations in the activity of the visceral
pacemaker, but we are still totally ignorant of the functional significance
ol such behaviour, 16 is suggested in this review that. it may be nssoci-
ated in some way with the blood system of the test and blind ending
vascular ampullae at the periphery.

Advances in our understanding of the blood itself have heen confined
to the morula cells and their precursors and little new information has
appeared on other aspects of blood and its function. Tt has been estab-
lished that the morula cell is derived from amoebocytes through a
series of steps including signet-ring and compartment cells and recent
work implies that this is associated with the synthesis of the organo-
metal compound haemovanadin or in some ascidians a similar com-
pound of iron. These cells are intimately concerned with the production
of the test and migrate through the mantle or test vessels into the sub-
stance of the tunic where they cytolyse. The organo-metal compound
is o reducing agent held in the reduced state inside the cell by the
presence of strong acid. At cytolysis the ncid is dispersed and the
reducing action of the compound becomes available but the precise
way in which this activity is used has not been established. The
association of these cells with polysaccharide fibres suggests that they
may play some significant role in fibre production.

The simplicity of life in ascidians is matched by the apparent
simplicity of their nervous system. Ascidian nerves are unresponsive to
normal nerve stains and they are difficult to trace, but experimental
worl has thrown considerable light on their function. The primary role
of the nervous system is in the maintenance of the water current. This
seems to be achieved through visceral control of the branchial cilia and
somatic control of siphons and mantle. While much is now known about
sopurito fneets of the nervous mechnnism woe nro still for from an
understanding of the overall control of water movement. Siphonal
apertures are controlled by a cross reflex mediated through the
ganglion but the sensory mechanisms providing for minor adjustments
are not fully understood. The precise role of such structures as ocelli
and cupula organs remains to be elucidated. The ocelli are not photo-
receptors but might be mechano-receptors for monitoring the position
of the siphonal lobes. Cupula organs in the atrial cavity may be pressure
receptors. Ciliary activity is known to be controlled, at least in part,
through the visceral fibre complex and perhaps also through an
innervation from the ventral side of the branchial sac, but the relation-
ship between this and the activity of the somatic system is unknown.
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Likewise the vole of the dorsal strand in rolation to the visceral fibre
complex remaing to be elucidated. There is doubt also u-l.mnl. !-]l(‘- ml‘tu; ¢
(;f synaptic transmittors in ascidinn nerves and the funetion of the
5 seretory colls in the ganglion. ) ) o

B The ?’um:t-ion of L'n: neural gland remains an enigma. It is clew 1..Im,lr
it is engaged in cyclical activity resulting in the slnu;._r,h'mg nl? t'.{'"h. into
ﬂ]{: int.cl'i:r lumen of the gland but differences of opinion still exist n.ls
to Hll‘ fate of these cells, and whether or not they are discharged 1.|‘ll(‘.l]llg‘l
the ciliated funnel. If discharged they are likely to become \\rm};é}m utp
in the f «d formi lorsal lamina. Inspite of many attempts
in the food cord forming on the ¢ O

i : and with the vertebrate pitwitary 1t see

to homologize the neural glanc : . -
that any h:l'munzd activity in the gland is at a !nvcl compa 1Ll1l§lt.0 t"It'-ll‘:i
found in other tissues of the animal and the evidence suggests that it is
not a specialized endocrine organ.
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