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Abstract

f

4l
The process of gonadogenesis in the solitary phlebobranch ascidian, @lgué inflata, was
described using light and electron microscopy. Morphological criteria were used 1o identify
seven stages of gonadogenesis in this species, Within three days after metamorphosis of the
tadpole larva (at 10 ;() 12 dégrocs ("), the initial stage of gon)a”diogcnesis“?consisls of one or a pair
of hemoblasts located in the gonad hemocoel in close proximity 1o the dorsal sirand. These
g()nad;('()rming hemoblasts make contact with the dorsal strand during the next stage ?l
gonadogenesis, After this association has i)ccn estabtished, the ovotestis forms a solid. round
cluster of gonial agg somal:c cells. The ovotestis subsequently cavitates to form a ceﬁtrall_v

placed lumen, and two types of somatic cells, designated Type | and Type 11.-4re found. In the

next stage. the germinal layer is localized in the peripheral portion of the ovotestis, and the

remainder of the organ is composed of a squamous somatic region. The testicular rudiment

» .

subsequently diffcr‘cmialcs from the énlcrior region of the ovotestis, and remains associated
with the ovarian rudiment near its attachment with 't‘?ne dorsal strand, Finally, the 1e§is and
“

ovary form exit ducts, and the format of the adult reproductive system is c&éemiaﬁy commpleted,
This study has greatly enhanced our ﬁidcrstanding ot; ascidian gonadogencsis,l which had
previously been based 0;1 light microsc;)pic examination of living juveniles, and/or 5 to 10 ;m
paraffin sections. |

The significance of Vthesﬂ‘ indings to other areas of ascidian reproductive biology are

. ¢
discussed. By observing individuals in earlier stages of gonadogenesis than had previously been

‘examined, a type of circulating blood cell, the hemoblast, was implicated in the origin of the

gonad and germ cells in Corella inflata. The dorsal strand, a postéﬁor continuation of the
. » ) ‘ ,

neural gland in many ascidian species, was described; this structure was invariably found in

close association with cells of the developing gonad, or with the oviduct in later stages. Without

the association of the dorsal strand, the zrepro'ductive'systcm does not develop, and it is

iv



prcsumcd that the dorsal strand plays a definite, albeil uncertain, role in gobnadogenesis in
Corella inflata. Germ ccll-spc;ciﬁ:inclusions ha;'e been identified for the first time in gonial
cells of the ovotestis. and the possibie significance of these structures is discussed. The
ultrastructu-al observations prcscnlr:d in this study suggest that cell divisions may occur
cyc'lically in the developing reproductive system of this species. These observations -also suggeslt
that the follicle cells, which surround ascidian oocytes, may be derived from Type 1 somatic
cells very early during gonadogenesis in Corella inflata. Finally, a synthesis of the literature on
ascidian gonadogenesis, much of which is based on studies of the late nineteenth and carly

twenticth centuries, is provided. This synthesis documents our current knowledge of the subject

of ‘gonadogenesis, and focusses on questions that need 10 be addressed in future research.
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L INTRODUCTION

[

Ascidians, or sea squirts, are sessile members of the subphylum Urochordata, and are

rveonspicuous in the faunas of every marine geographic region (e .g. Herdman, 1882-1886;
PN 4

Arnback-Churistie -Linde, 1922-1934; Hartmeyer, 1924; Huus, 1937; Van Name, 1945: Berrill, ™

L4 &7

1950: Millar, 1971; Plough, 1978). With few exceptions they are hermaphroditic. ( Berrill, 1975)

- Solitary forms, which reproduce sexually, and compoud forms, which reproduce both sexually
N - * ) r
and ascxually, are common. The classification is based largely on the structure of the branchial
3

basket, or pharynx. and the Jocation of the gonads wAthin the body (Berrill, 195();\ Monniot a;)d
. Mongdot, 1972; Plough, 1978).

B The chordate affinities of the ascidians were first dcmonslr;(ed by the Russian
embryologist Kowalevsky (1866), This inveriebrate group has subsequently received a
tremendous amount of attention, especially in (he areas of descriptive and experimental

VAN

embryology. Numerous classical papers published in the late ninteeth and early twentieth

centuries are notable, particularly those of Chabry (1887) on Ascidia scabra. Castle (1896) on

Ciona intestinalis, Crampton (1899) on Molgula manhattensis, and Conklin (1905) on Styela

partita. One direction which more recent studies have taken, building on Conklin's (1905)
contribution, has been to.identify the organ- forming regions of the egg and emﬁryo (reviewed
by Hirai. 1968; Berrill, 1950, 1975; Reverberi, 1971). M has been shown that these
organ-forming regions are relevant or;ly to the organization of the larva, }ather than to the
organization of juveniles and adults (e.g. Minganti, 1954; Ortolani, 1955; Cowden and Markert,
1961; Smith, 1967 Whittaker, 1973. 1979, b; Whitiaker et al., 1977).

A greal deal 6f researéh has been.done on the structure of the tadpole larvae of
ascidians (Berrill, 1950; Millar, 1971; Cloney, 1978), and of the spectacular events of settlement
and rrietamorphosis (Cloney, 1978). In ascidians, a sharp separation exists between the
temporary structures of the larva an.d the rudiments of the permanent adult structures; the.
development of each bromds independenily unm metamorphbsis (Barrington, 1968). |

1
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R?rgam’zalion lakes place within the individua) following the initial stages of metamorphosis,
The rudimentary adult organs reorient (o a position ) degrees from that at settlement, the
cerebral vesicle retracts, and the vilsccral ganglion, sensory organs and axial-complex of the
larva are phagocyl;md. In addition, the rudiments of the adult organs are released from their
arrested developmental state (Clenéy, 1978).

Histogenesis of the adult viscera occurs rapidly, as a corollary 10 metamorphosis
(Cloney, 1978) . The digestive system is well enough 'dcvclopcd for the juvenile to begin to feed

- within hours after metamorphosis in some compound forms like Distaplia occidentalis (Cloney,

1972), or days in solitary forms such as Corella willmeriana (1.ambert, 1968). However, the

differentiation of the adult organ systems, and particularly the reproductive system (one of the
most conAspicuous organs in the adult) have been largely ignored in the recent literature. Qur
undcrs(:;nding of ascidian reproductive biology is hampered by the relative lack of information
on gonadogenesis. A study using modern microscopic techniques, to describe not only the
morphological changes that take place during gonadogcnlcsis_ but also the development of the
gonoducls{hc origin of the gonad and germ cells, and the organization of the cells that form

the developing gonad, is long overdue,

A. GONADOCENESIS
Most information on gonadogenesis in ascidians is found in monographs of the late
nineteenth and early twentieth oenturies; Most of these reports concern gonadogenesis in
compound species, but Lheré is a striking similarity in the sequence of development of the
reproductive organs, regardless of taxon (Kowalevsky, 1874a, b Van Beneden, 1881; Van
Beneden and Julin.‘1884, 1886; Hjort, 1896; Julin, 1893; Lefevre, 1897, 1898: Bancroft, 1899,
. De Selys Longchamps and Damas, 1900;'Hi1us, 1924). The general pattern of gonadogenesis
that emerges from this literature is thaﬁ a solid clump of mesodermal‘oclls. found in the . -# ;
"pre-gonadal region " of the body, cavitates to fo;m a small lumen. This structure subsequeﬂﬂy

S
s“,

i



thins on one side and elongates. The ovotestis now consists of a ,vcnqlral region that is several
‘ /

cells thick, and a dorsal region composed of a squamous cp}thclijm. In the next stage pf
gonadogenesis, the testicular rudiment differentiates from the ovotestis, as either a ‘Sméll bulge
on the anterior portion of the ovotestis (Van Beneden and Julin, 1886: 1 efevre. 1898: e Selys
l.ongchamps and Damas. 1900: Aubert, 1954) . or as a medial furrow which divides the
ovolcs{is into two lobes (Van Beneden and Julin, 1886; Julin, 1893 Lefevre, 1897; Bancrof,
1899) . The rudiments of the ovary and lestis are initially connected by a small opening. but this
subsequently closes as the gonoducts begin to form. These rudiments cxpand_l and depending on
the configuration of the adult reproductive system, may branch to form numerous lobes and
lobules (Van Name, 1945; Berrill, 1950, 1975).

There are a few exceptions (o lh'is ’_gcncral pattern of gonadogenesis. The gonads of

Distomus variolosus are of separate sex located in different regions of the body (Newberry,

1968) . These organs develop from separate cell masses, each of which differentiates into an
OVvary or, a lestis, Initially, the'sex of these individual masses cannot be determjned, but the
developing organs soon take on cellular characteristics that identify them by sex. Otherwise, the
ovary and testis develop in a fashion similar to that described above. In botryllid ascidians,
gonadogenesis is also somewhat different.than that described above (Mukai and Watanabe,

l%;(); S2bbadin and Zaniolo, 1979). In these animals, after the single oocyt® has attached in the

gofiadal space of the new blastozooid generation, some of the plcmcﬁts of the "loose cell mass ",
: ¥ .

differentia® into the follicle stalk and an outer somatic _celi layer surrounding the oocyte. Other

’

tlements of the "loose cell mass” differentiate into,'nhe testis, which develops in a fashion

’
. ~

l’. N . -
similar to Distomus variolosus.

F

" These studies provide information on the sequence of events that occurs during
sonadogenesis. They are, however, limited to gross morphological changes, and do not address

he cellular organization of the developing gonad, ot the struéture of its cells.
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B. GONODUCTS

Most reports that discuss gonadogenesis )also discuss formation of the oviduct and
sperm duct. In some species, a string of undifferentiated cells, the genital sirand, is attached 0
the dorsal end of the 0v0(c'slis_ and follows the intestine to the atrium. In a few of these
sx;ccics, the genital strand divides to form lw-o ducts, each §f which opens separately into the
atrium (Kowalevsky, 1874a, b; Van Beneden and Julin, 1884, 1886: 1 efevre, 1897), In other
species, the genital strand remains aflachcci to the dorsal end of the ovarian.mdimcri(, and
shortens and thickens as the ovarian rudimcng elongates, Once the oviduct has reached the
- atrium, ll}c genital strand is‘no longer visible ( Van Beneden and Julin, 1886), and may
therefore have a role in gonoduct formation. Bancroft (1899) observed that the genital strand is
converted into the oviduct and sperm duct,

In one species, the posterior cxl¢nsion of the neural gland, the dorsal strand, has been

implicated in gonoduct formation (Huus, 1924). Huus (1924) observed that the dorsal strand in

Corella parallelogramma remains associated wilh the ovarian rudiment during gonadogenesis,
' and }hal as(.lhe ovarian rudiment elopgates, it forms a tubular oviduct at its dlorsal end. The
testicular rudiment opens into the oviduct near the dorsgl strand attachment, and the sperm
duct is formed as the ovary elongates. Eventually, these two ducts open separately into the
atrium. As the dorsal strand is present as only a vestige in the adult, Huus (1924) concluded
that the gonoducts are formed from the dorsal strand. While other authors have disputed this
observation (Brien, 1927; Aubert, 1954), it appears that the dorsal strand may play a role in
gonadogenesis in some species of ascidia’ns‘(Goo&b—ody, 19_74;vBcrrill, 1975). ‘

In some other species, the gonoducts have been described-as arising from the developing

rudiments themselves {Van Beneden, 1881; Floderus, 1896: De Selys Longchamps and Damas,‘

¢

1900; Aubert, 1954; Newberry, 1968). In still other species there is no oviduct, and mature

_ oocytes appear to rupture the wall of the ovary into the atrium.
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C. ORIGIN OF THE GONADS AND GERM CELLS | v

There is no evidence that the germ cells of ascidians belong 1o a cell lineage that can be
traced back (o the egg (Simk‘ins, 1924, Niélnwkmp and Sutasurya, 1979; Berrill, 1975). Instead,
the avax’labic evidence indicctes that germ cells arise (n sttu from undifferentiated somatic cells
such as those of blood or mesenchyme (Kowalevsky, 1866, 1874a. b; Van Beneden. 1881: Van
Beneden and Julin, 1884, 1886; Lefeyre, 1897, 1898 Newberry, 1968: Bcrrill’, 1975: Sugimoto
and Nakauchi, 1974). There is also some indication in a few specics that the gonads and germ
cells arise from rcgjons of the dorsal strand (Brien, 1925, 1927), or the atrial epithelium
(Berrill, 1941a, b; Sabbadin and Zaniolo, 1979). There are no reports, however, in which the
origin of the germ cells has been experimentally examined.

Among compound ascidians, numerous authors have stated that the origin of the
gonads and germ cells is.undoubtedly mesodermal or mesoblastic; this i; based on the structural
similarily between the cells lhai f’orm the dcvclo;;ing gonad, and some of the circulating blood
cells (eg. Kawalevsky, 1874a; Van Bcnedcnl and Julin, 1884, 1886; l.efevre, 1897: 189%;

. Ncwbcr\ry, 1968). Most of these studies have involved observations of animals in which the

. developing gonad was already present as a sm;ll clump of cells, The only, authors that have
examined sufﬁcienﬁy young spegimens to observe formation of the gonad are Simkins‘( 1924),
Brien (1927), Ncwberry (1968). Mukai and Watanabe (1976) and Sabbadin and Zaniolo
(1979). Newberry (1968) deslcribed small aggregations of lymphocytes (hemoblasts, according
to the definition of Wright, 1981) in the pre-gonadal regions of the mantle sinus in Distomus
variolosus. These aggregatioqs become surrounded by a "stromal meshwork " of connective
tisshe, take on a fairly cohesive appearance, and divide mitoti@ly, developing into the gonads.

In the oozooid of Ecteinascidia turbinata, Simkins (1924) féportcd th'al the ovary and oocytes

are derived-from a mesodermal shelf that projects into the hemocoel. The testis of E. turbinata -

originates from a solid clump of cells near the ovarian rudiment. Brien (1927) reported that the

gonad is derived from the dorsal strand in Aplidium zostericola. The dorsal strand divides in a



small localized region to form two tubes, the dorsal tube developing into the ovary, and the

ventral tube into the icsu's. Mukai and Watanabe (1976) found that in Botryllus primigcngs,

the oocyte and its surrouhQing primary follicle cells are derived from a "loose cell mass”,

' c()mp0§td of hemoblasts. The oocytes are released into the circulatory system, migrate through
the blood, and attach in the gonadal space of a subsequent generation.. The testis is derived
from elements of the "loose écll mass” of the new generation, Sabaddin and.Zaniolo (1979)
repprt a similar sequence of events, but considered that the "loose cell mass”™ consisted of cells
alrcady diﬂ‘crémialcd from hemoblasts,

All ;>bscrvalions of gonad and germ cell origin in solitary ascidians are based on animals
in which the developing gonad is already prcslcm in the prc~gqnadal‘ region (Kowalevsky, 1874b;
Van Bcnodc-n and Julin, 1886; Julin, 1893; Flo;icrus, 1896: De Selys 1.ongchamps and I)gfnas,
1900; Huus, 1924; Aubert, 1954), This information suggests that blood cells are involved in
gonadogcncsi.s, but it is of limited vai,uc in determining the origin of the gonad and germ cells in

ascidians,

D. CHARACTERISTICS OF THE GONIAL CELLS AND SOMATIC CELLS

Several reports that describe the stages of gonadogenesis in ascidians also describe
characteristics of the cells that form the developing gonad. However, these observations were
all made on paraffin sections, and since gonadz.xl cells are very small, little information other
than cell s/hape and size exists which can be uéed to identify and compare these cells. While ’ Ny
many rcpor,ts on the characteristics of the mature gametes ;ré available (see Kessel, 1983;
Franzén, 1983), there have been no ultrastructirral investigations ori cells of the devclopi.ng
reproductive system during gonadogenesis.

Stage I oocytes (Cowden, 1961) are those that have differentiated from the germinaf ’
epithelium, and are begmmng the initial ﬂphases of growth. The germinal vesicle in these cells is

large, and contains an t;ic'nudeolus (Reverberi, 1971; Mancuso, 1964; Kessel, 1983). The

a



cytoplasm is intensely basophilic (Cowden, 1961, 1962, 1967) duc 10 the largc.numbcr of
ribosomes (Kessel, 1983). Kessel (1983) describes small dense aggregations, which probably
represent ribosomes, and larger dense granular masses in regions of the perinuclear cytoplasm
of these pre-vitellogenic oocytes. There is often a continuity of this material with the
nuclco.plasm through nuclear pores, and it ap};tars that material is moved to the cytoplasm

__ from the nucleus (Kessel, l%éa, 1983). The larécr of these two inclusions has been variously
named ‘nuage’, ‘yolk nuclei', or ‘vitelline RMics' (sec Beams and Kesssel, 1974 Eddy, 1975,
Kessel, 1983),Iand is a germ line specific inclusion, Nuaizc has bCC;l identified in a wide variety
of animal germ cells (Beams and Kessel, 1974; Eddy, 1975; Kessel, 1983). Other organelics that
are characteristic of Stage I oocytes are vesicles of RER, formed as blebs of the outer layer of
the nuclear envelope, as well as lamellar RER (Kcsscll,l 1983). There are relatively few
mitochondria in these cells which are of'len associated with RER or lipid droplclsi annulate
lamellae. and a single small Golgi complex (Kessel, 1983.), |

Al the end of Stage I of oogenesis, the oocytes become surrounded by a layér of

prlimary follicle cells (e.g. Cowden 1961; Reverberi, 1971; Kessel, 1983), which contain both

vcsiéular and lamellar RER, and a large Golgi complex. These primary follicl: cells
differentiate into the accessory cell layers which surround the rﬁalure oocyte. The origin,
structure and function of these accessory cell layers hi;vc been the subject of intensive debate
for nearly 100 years. They have been described-1o originate from the germinal cpithclium
(Péres, 1954; De Vincentiis, 1962; Kalk, 1963a; Kessel, 1962, }983), or fro;rl blood cells (Spck,
1927; Knaben, 1936; Mancuso, 1965). While there are numcrous; papers discussing the structure
of the mature spermatozoa ot: ascidians (Franzén, 1983) there is almost no inf ormation on the

structure of the developing germ and somatic cells of the testis. This has been bricﬂy discussed

by Georges(1969) and Tuzet et al. (1974).

Corella inflata is a beautiful, solitary phlebobranch ascidian found commonly on

subtidal floats of the Pacific Nonhwes:t. Its distribution, abundance and general ecology have



o
b‘cc'n examined (Lambert, 1968; [.ambert et al.._ 1981; Young, 1982), and its taxonomic status
has recently been reviewed by Lambert et al. (1981). <'I'his species is readily available in the
summer at snorkelling depths in the Friday Harbor vicinity, is easily maintained in the
Jaboratory, and cultures of embryos and larvae are readily obtained, Corella individua’ls can
grow (o scxual maturity w’i.(hin less than three months (Lambert, 1968), and the gonads begin

to differentiate within a few days of metamorphosis under laboratory conditions. The

transparent tunic of Corella inflata allows direct observation of the various stages of

gonadogenesis in intact, living animals.



II. MATERIALS AND METHODS
Adult and juvenile specimens of (orella inflata were collected intermittently from May
Lo August, 1983 and 1984 by snorkelling and SCUBA from the undersurfaces of floats al
Jensen's Marina, briday Harbor Maisina, and the brca‘kwalcx al the Friday Harbor Laboratornies
in briday Harbor, Washingtom, lntersiphon distance, and Jength from the pOsICrion extremity
(basc) o between the siphons was measured with cither Vernier calipers or an oculas
micmmc‘xr ina Wild M-5 dissecting microscope. Spclcimcm were subsequently set up ain culture

v

L0 obtain embryos, or fixed within three days of collection,

A. CULTURING

Spawning in Corella inflata occurs just alter dawn, with f'lrl.\st perm and then cggs
being 1eleased into the inflated atrium located uppermost on the animal undes natural
conditions, Self - fertilization appears to be common in Hs species, with 'rcmlilalion taking
place immediately after eggs are released into the atrium from the oviduct. The cggs are
surrounded by follicle cells, and the inner layer of follicle cells contain ammonium ions
(l.ambert and Lambert, 1976). Consequently, the eggs float to the top of the atrium where
they are retained until hatching, Embryos develop normally outside of the atrium_ and it js
therefore possible to obtain cultures of embryos by removing them from the atrium of thc'
parent.

Somc adult specimens were glued with Super Glue to Velcro strips, and placed, aln’urﬁk
uppermost, on floating strip; of wood in a ﬁow-through aquarium. Th%nimals spawned
daily for several weeks, and embryos were routinely collected by pipetting from the atrium of
the parents. Other adult aniﬁ1al§ were placed individually or in pairs in 560 m] beakers of |
fijtered seawater (FSW), which was 'changed twice daily. These adults released their cmbry%%.
which were pipetted directly from the w;aler surfacc. Collected embﬁm were cultu‘red in FSW
until hatching. At that time, 200 to 300 tadpole larvae were collected with a fine bore breaking

. :
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g’&;i;‘wuc 10 avoid collection of the discarded follicie cells, and were placed in 5 cm dlametel
% ‘

15+ Falcon plastic petri dishes provided with either scored plastic or paralilm surfaces on which o
(.sém%i Most tadpoles setiled and metamorphosed after 6 to 12 hours. The petri dishes wese then

' suspended from floating strips of wood in aquarnia of FSW changed twice daily .

Juveniles, four days post-metamorphosis, were fed cach day with cultures of the small
single -celled fagellates, Dunaliclla sp.. Mopochrysis sp.. and Isochiysis sp., obtained ftom
Carolina Biological Supply Co.

Adults, embryds and juveniles were maintained al ambient scawaler lemperatures
which .lanAng from 10 to 16 degrees (,Tcxllfgra(lc during the course of the summer, Juveniles of
the samg post-settlement age from individual petri dishes weie counted and measured with an
ocular micrometer on either a Wild M5 dissecung micl();u)pc_ o1 a Wild M- 20 compound

L .
¢ L
microscope, Juveniles were easily removed [rom the scored plasue o1 parafilm surfaces fol

subsequent examination of fixation. ,

B. LIGHT MICROSCOPY
B

. n
a Positions and sizes of the developing organ systems of culchmlcs relative o the

T

developing reproductive system, were mapped with a camera lucida. Dsdwings of at least 4 live

individuals of cach stage of gonadogenesis were made with a Wild drawing wube fitted to a Wild

M-20 compound microscope,

Live, unstained specimens were photographed using Nomarski differential interference
contrast (DIC) techniques with a Nikon Optiphot microscope. Photographs were taken with

Kodak Pan-X or Technical Pan 2415 film. ‘ "

' The"rebroductivc systems of entire specimens were best visualized in whole mounts.

,,!}}" ' ’
Thqﬁé waholc mounts were prepared accofding to one of two methods: a) small individuals (less °

! I ,
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than 1.0 mm) were fixed i 0,5% osmiun tetronide in scawater, dehydrated through a giaded
series of ethanol, infiltrated and mounted on a microscope slide with an A B ratio of 73 I pok
812 (k. Fullum & Co.), according to the technique of Cavey and Cloney (1973) b) 1 aTger
speamens (1.0 mm and Jagger) were fiaed in Bown's fluid, washed in 70% cthanol, and stained
in Grenachet's Alcobiolic Borar Catmine for at Jeast 5 hours, Specimens were dehvdiated i a
graded series of ethanol, infilated and mounted on a microscope slide 1 Permount (CGraligher

and Kozlott, 1971).

Light micrographs of sectioned material were made (rom organtsis Lined and
cmbedded for transmission clectron mk-msr’()py as described below One micrometer sections
were cut with glass o1 diamond knives on a Porter Blum M1 1 or M1 2 ulttamiciotome and
statned with methylene blue and Azure 1 (Richardson et al,, 1960) . Sections were
photographed on a Zetss }’lmlmnicrm('npg‘ o1 a Nikon Optiphot using Kodak Technica), Pan

I

2415 [l at ASA 100, .

C. TRANSMISSION ELECTRON MICROSCOPY (TEM)

Specimens larger than 2.0 mm were first removed (rom their tunics and placed in
primary fixative; further dissection was done while the tissue was immersed 1n fixative . Animatls.
smaller than 2,0 mm were not dissected prior to fixation, but were sliced open on the ventral
surface within 15 minptes ofI immersion in {ixative, 10 ensure adequate penctration,

Sﬂcra{l fixation techniques were used in this study. The best results were obtained by
initial fixation in a solution containing 2.5% glutaraldehyde, 0.2 M Millonig's phosphate buffer,
and .14 M sodium chloridg {Cloney and Florey, 1968) for 2 10 3 hours at room temperaturc.
Specimens were then rinsed in a solution containing 0.2 M phosphate buffer and 0.34 M sodium

chioride for 10 minutes, followed by post-fixation in 2% osmium tetroxide and 1.25% sodium

bicarbonate (pH 7.2) for 1 to 2 hours at room temperature (Cloney and Florey, 1968).

,
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A sccond firation technique involved primary fixation in a solution containing 2%
glutaraldehyde, 0.2 M sodium cacodylate, (0.275 M sucrose, and 1% tannic acid (Torrence and
Cloney, 1981). Primary fixation was followed by a rinse of (.27 M cacodylate and 0.37 M
sucrose, and post-fixation in 2% osmium tetroxide buffered with 1,25% sodium bicarbonale.
Best aesults for this fixation regime were oblained at 4 degrees Centigrade

A third method was modified from Fisenmann and Alfert (1982), in which tissue was
initially fixed for 1 hour over jce in a solution of ¢ parts primary fixative (2% glutaraldehyde,
0.1 M sodium cacodylate, 0.05 M sodium chloride, and 0,175 M sucrose), and 1 part scgondary
" fi (containing 1% osmium teiroxide, 0.3 M sodium chloride and 0.2 M cacodylate) . This was
followed by fixation in glularaldchyﬁc fixative without osmium for a}l additional hour, and
osmication for 1 to 2 hours, The osmolality employed was approximately one half that
recommended by Eisenmann and Alfert (1982).

After fixation, tissues were dehydrated through a graded series of acetone o1 ethanol,

r
transferred through three changes of propylene oxide, infiltrated and émbedded in flat
plancheties in an A 1B ratio of 6:4 }pr.}‘( 812 (L. Fullam, & Co,), according to Luft (1961 ):
Following polymerization, specimens were cut from the planchettes, mom;lcd and oriented on
an aluminum slug prior to sectioning,

S:ilvcr and silver-gold sections were cut on a Porter-Blum MT-2A ultramicrotome with
a duPont diamond knife and mounted on uncoated 200 to 300 mesh copper grids. Sections were
stained with 50% methanol saturated with uranyl acetate, washed in methanol, stained with lead

hydroxide chelated with sodium citrate (Rcynolds', 1963). and washed in 0.02 M sodium

hydroxide. The sections were examined with a' Phillip's EM 201 or EM 300 electron microscope.



. SCANNING ELECTRON Ml’(TR()S(‘()l’Y (SEM)

Gonads of scveral adult Corella inflata were fixed in 2.5% glutaraldehyde in h?illonig‘.s
phosphate buffer and sodium chloride. and post-fixed in 2.0% osmium tetroxide and 1.25%
sodium bicarbonate as described above (o TEM. The tissues were dehydrated through a graded
sérics of cthanol, tranferred to amyl acetate, and critical point dried. The gonads were then
split open with a razor blade, coated wsh gold on a sputier coater, and viewed on a Cambridge

Stereoscan- 150 Scanning Electron Microscope,



IH. RESULTS

A. GENERAL OBSERVATIONS

-
Tadpole larvae of Corella inflata generally swim for a period of 6 to 12 hours after they

hatch and before they settle amd metamorphose, although they are capable of postponing
metamorphosis for sevkral more hours. During the later stages of metamorphosis, the trunk
and rudiments of the adult viscera rotate to a position 90 degrees from that at settlement, and

.

phagocytosis of the larval nervous sy‘slcm and axial complex begins. Subsequent differentiation
, . N

ol the adult viscera is rapid, and within 3.5 10 4 days after metamorphosis (at 10 to 12 degrees
C) the digestive system of the juvenile is functional and the organism is capable of feeding.

" 4
Degencrating cells of the axial complex may be visible in the subendostylar sinus of the

hemocoel for several days af'ter the juvenile has begun 1o feed.

" The orientation of the body of adult ascidians has been outlined by numerous authors;

in this work, 1 refer to the description of Millar (1953) on Ciona. According to this plan, the

o

branchial. or incurrent, siphon marks the anterior end; the basal allachmeril region, the
posterior end. The ventral side is continuous with lhle t;ranchial siphon and contains the
endostyle. The side opposite to tha ventral, in which the dorsal lamina is found, comprises the
dorsal sidé. In addition, | occasionally refer to right and left sides of the body relative Lo’ this -
orientation (Figs. 1 & 2).

The gonad of adult Corella inflata is a compound, hermaphroditic organ located in the
suﬁcndostylar blood sinus, or gonad hemocoel. The gonad hemocoel, like most of the blood
;hanncls in the ascidian circulatory system, has no endothelial lining. It is delimited posteriorly
and latérally by the t;asal lamina of the epidermis, and anteriorly by the basal lamina 6f the
atrial epithelium (Figs. 3 & 4), and therefore is part of the connective tissue compartment. It

contains numerous circulating blood cells, and connective tissue fibers (Figs. 3 & 4).

14




The ovarian part of the gonad in adult (_,‘Qicj_a_ consists of numerous large lobes
primarily concentrated in the loop of the intestine, but also ramifying over the lateral surfaces
of the intestine and stomach (Fig. 5)3 Each lobe consists of a germinal layer containing oocytes
‘in all stages of oogenesis. Fach oocyte is surrounded by developing or fully formed layers of
accessory cells, including follicle cells and test cells (Fig. 4). There is no distinct outer epithehal
layer surrounding the lobes, Each ovarian lobe is co‘minuous with the long oviduct, which is
composed of a simple ciliated epithelium. The m’ﬁdul‘l runs adjacent 1o the rectum, and opens
into the atrium in cl(;se proximity to the anus,

The testicular part of the gonad consists of numerous smaller lobes or lobulcsj These
lobules are positioned primarily on the left side of the animal, and cx{crnal to the ovary (Figs.
3. 6‘& 7). Each testicular lobule contains a germinal epithelium ag its distal extremity (Fig. 7),
and in mature animals, the lumen of the lobule is packed with syﬁlids and spermatozoa.
Each lobule is continuous proximally with a short duct which opens into a single large. sparscly
ciliated sperm duct composed of a simple epithelium. This duc} in turn follows the rectum and
opens into the atrium between the oviduct and anus, o - / /

The gonad of adult animals is found in the gonad hcmococi surrounded by the loop of
the imcs(incl. The position of the developing gonad relative 1o this loop serves as a convenient
marker for both the location and the developmental stage of the reprodixclivc system. In newly
feeding animals, the imes‘tinc makes a short lateral loop to the right of and at the level of the
stomach. I'n the earliest stages of gonadogcncsis, the developing gonad is ventral and p%sterior
to this loop of the gut (Illustration 1). In later stages of gonadogenesis, and in adults, i\he
intestine forms a loop.which curves around posterior to the stomach. in these stages, the gonad
is surrounded by the gut loop and completes its development in this position (lllustration 2).

The extent of gonad development in juvem‘l&s is dependent on the ;ize of the animal

rather than its pos(;settlcmen( age. Animals in culture grow at asynchronous rates depending

on availability of food, position at settlement, and extent of fouling. Size has been found to be

’



an accurate indicator of #®onad slagc and will be used in the subsequent description of the stage:
ol gonadogenesis.
B. DORSAL STRAND Q

. The dorsal strand is a cture that appears to play a role in the development of the
gonad in Corella inflata. In juveniles, 5 to 6 days post-metamorphosis. this thin strand of cells
extends from the neural gland (Figs. 8 & 9) to the gonad hemocoel, runnling between the two
atrial siphons along the epidermis of the dorsal side of lhé body (Fig. 9) .1t enters the gonad
hemocoel and ends in contact with the developing gonad. After the fusion of the atrial siphons
in older juveniles, the dorsal strand is found in the dorsal fold, the tissue that separates the
branchial basket from the atrium and that forms the roof of the branchial basket bc(wgén the
neural complex and anus. The connec{idn between the dorsal strand and the developing gonad it
maintained during the further development of the rcproduc‘li.ve system, but After the gonad is
fully form_cd and the gonoducts are established, this association is lost. The aogsél strand'is
only vestigial in mature animals, ending- adjacent to the opening of the sperm ’ducl.

The dorsal slra'nd can easily be seen.and f oll?wcd from the neural gland to the
developing gonad in living animals using DIC optics. In whole mounts and in one-micrometer
sections, ho&ever, it is very difficult to demonstrate due to both its thinness and its corhplex‘
geometry, In longitudinal secu'ons‘qf the juvenile the dorsal strand is shown in grazing séction
only, making it difficult 1o demonstrate the relationship of the dorsal strand-to 6ther oe!ls and
organs of the body.

Thc dorsal strand is a cord of single cells, 2 m in diameter, along its entire length
during gonadogenesis (Fig. 10), exoept in the region where it contacts the developing gonad
(Fig. %5) Occasionally, adjacent cells have overlappmg extensions along their joining edges
(Figs. 11&14). A mm external lamina surrounds the ennre structure (Figs. 10 & 11),

indicating it is epithelial in origin. In the gonad hemoooel. the dorsal strand qay be separated
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from the epidermis by as litule as 150 nm (Fig. 12). Abundant connective tissue fibers are
found in the region between the dorsal strand and the epidermis (Fig. 12).

The ultrastructure of the dorsal strand cells is comparable in all stages of ‘
gonadogenesis, Each cell has a la}gc elliptical nucleus with dense peripheral heterochromatin
(Figs. 10 &( 11). The cytoplasm comaiﬁs abundant free ribosomes and glycogen (Figs, 10, 11 &
16). There afe scattered mil&hondria. a large proximally positioned Golgi compiex, occasional
secondary lysosomes, and lamellar rough endoplasmic reticutum in the cytoplasm (Figs, 10, 11
& 16). Some Jocalized regions of the cytoplasm, subjacent to the plasmalemma, contain bundlcs

| of microfilaments (Fig. 13). The diameter of these filaments is 4 to 7 nm. and is consistent
with the interpretation that they are actin filaments. Some membrane-bounded vesicles, 120 to
200 nm in"diameter and containing a core of modcralély electron dense material, are present in
the cyloplasr;x of some dorsal strand cells (Fig. 11). These vesicles are most abundant in the
cells of the dorsal strand near the contact with the ovotestis. The membranes between adjacent
cells of the dorsal strand are joined by desmosomes (Fig.l 14).

The cells of the dorsal strland are virtually indistinguishable from the somatic cells of
the developing gonad in the region where they make contact (Fig. 15). In am'malls 1.0 mm or
smaller, the dorsal strand at the point of contact with the ovotestis is a single cell in diameter.
In larger animals the end of the dorsal strand forms a blunt enlargement, 2 to 3 cells in
diameter, at this point of contact (Fig. 15). The nuclei of the dorsal strand cells in this location
are larger and more irregular in shape"‘(Fig. 15) than those of either the distal dorsal strand or
the dcvelopiné' gonad; otherwise the cells appear to be identical in structure.
| In animals that are 0.6 mm in diameter and larger, another strand. or cord, of cells
accompanies thé dorsal sfrand-in the vicinity of its contact with the developing gonad. In some
areas, this cord is composed of mulu:ple overlapping processes that are»usually no more than
0.3 um in diameter u(Fig. 17).In other regions the cord is wqpmed of a single process that

varies from 0.3 um (FigT 12) to 2.5 um in diameter (Figs. 15 & 16). The cord is separate from

-
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the dor§a)l strand, although in some locations its plasmalemma directly contacts the
plasmalemma of the dorsal strand cells (Fig. 16). In regions of close apposition, the external

Sy
lamina surrounds both the dorsal strand and the cord (Fig. 16). ¢

' The cells of this cord have 1nany features characteristic of axonal processes of nerve
cells. Serial one-micrometer sections of whole animals have failed (o reveal the perikarya of
these cells, which are presumably located in the neural ganglion. The cytoplasm contains a few
mitochondria, secondary lysosomes and lamellar rough endoplasmic reticulum (Figs, 11, 16 &
19). Numerous moderately deq;c_ membrane -bounded vesicles, 100 to 150 nm in diameter, are
conspicuous in the cytoplasm (Figs. 12, 15 through 19). Some of these vesicles are ovoid, with
a long axis up to 250 nm in diameter (Fig. 18). There are also less r;umcrous electron opaque
vesicles 60 to 80 nm in diameter (Fig. 18). In addition, these cells contain occasional
filamentous structures, 25 to 30 nm in diameter which are probably microtubules (Fig. 18).
This morphological evidence suggests that this cord of cells is nervous tissue, and it is therefore
named a nerve cord.

The nerve cord contacts the developing gonad close 10 its junction with the dorsal
strand (Fig. 19). Some of the somatic cells of the developing gonad at this point of contact
contain v‘csicles similar 1o those found in the nerve cord (Fig. 19). In addition, in certain areas
6f the developing éonad, cYtoplasmic pr@m of the nerve c<')rd contact and penetrate between
| cells of Lilc developing gonad (Fig. 2Q). Tllle contents of these short processes are similar 10

those of the nerve cord itself (Fig. 20). Junctions between membranes of the nerve cord and

the developing gonad have not been identified.

C. STAGES OF GONADOGENESIS

\ There is a trenfndous variety of terms in the literature used to describe the stages of
gonadogénesis in ascfdiaps, and mugh of it is éopf using and niisIeading. I have chosen to use
term§ that are as accurate and clca'r‘ aS possible, to describe the morphological changes that take

-
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place during gonadogenesis in Corella inflata. The term ovotestis is applied to the developing
gonad before there is any indication of a separation of the organ into ovarian and testicular
porlions'. Once the ovotestis hgs separated ir;l() (wo dislincl regions of separate sex, the ovarian
portion is called the ovarian rudiment, and the testicular portion is named the testicular
rudiment“ After these rudimentary organs have developed separate and distincl ducts, they are
called the ovary and testis respectively. 1 have al;O used lvhc term germinal layer to denote the
region of the gonad in which gonial cells are found,

In Corella inflata, seven stages of go'nadogcncsis bave been identificd in juveniles
during the establishment of the rgproduclivc system: Stage I, in which the developing gonad
consists of one or a pair of cells in close proximity to the dorsal strand; Stage 11, where the pair
of cells and the dorsal strand have made contact: Stage 111, where the ovolesus consists of a
small clump of "cells; Stage 1 V. during which the clump of cells cavitates to form a lumen; Stage
V., where the germinal layer of the ovotestis becomes localized inv the ventral region of the
' organ; Slage VI where the (esticular rudiment differentiates from the ovotestis ; and Stage VII,
in which the ovary and testis have developing ducts, and lal@n the structural characteristics
of the mature gonad. These seven stages will be described in the following sections using light
aqd electron microscopic observations. A summary of the morphological changes that lake

place during gonadogenesis is available in Illustration 3, and in Table 1.

Y
-~

STAGE ]

Examination with DIC optics shows that there-are several types of circulating blqod
cells in the gonad hemocoel of animals that are less.than 0.3 mrﬁ in diameter. A large cell, or
pair of cells, morphologically identical both to circulating hemoblasts, and to the cells of the
next stage of gonadogenesis, are found subjacent to the epidermis and posterior to the loop of
the gut ( Figs,r?l & 22). These heméblas;s are found in close proximity to the terminal end of

the dorsal strand (Fig. 21), and my morphological observations indicate that they are not
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circulating cells, but rather are anchored 10 the epidermis by short cytoplasmic extensions. No
* mitotic figures have been observed in either the hemoblasts, or the terminal cells of the dorsal
strand.
During this slage of gonadogenesis, the dorsal strand grows posteriorly from the neural

‘gland_ along the epidermis between the atrial siphons to the gonad hemocoel. 11 ends posterior
to the intestine, in the vicinity of the axial complex cells undergoing phagocytosis (Fig, 22).
and near the pair of hemoblasts (Fig, 21). The dorsal strand is approximately 2 um in
diameter, and its terminal end is tapered (Figv, 21). In favorable optical sections, the tapered
end of the dorsal strand is routinely associated with concentric rings of connective tissue fibers,
appfoximalcly 8 10 10 um in diameter (Fig. 21). There is every indication that the terminal end

of the dorsal strand makes contact with the hemoblasts in the gonad hemocoel.

STAGE 1

TheStage 11 ovotestis is first visible attached to the dorsal strand in the gonad
hemocoel of animals only slightly larger than 0.3 mm (Figs. 23 & 24). The location of the
ovotestis wilhi;l the gonad hemocoe! is somewhat variable, but it is always found close to the
posterior extremity of the animal, well below the level of the intestine and on the right side of. -

the body (Fig. 23). At this stage the ovotestis is 7 to 10 um in Clianﬁte(4 a_xg_(_lﬂg)?ists of two
large cells which form a teardrop shape (Figs. 24 & 25), 2

- The Stage 11 ovotestis is closcly associated with the epidermis, but they do not make
direct contact. There are abundant connective tissue fibers around the ovotestis kF igs. 23 &
25); the fibers are about 35 nm in diameter witfx a banding pattern similar to that of collaécn
(Fig. 26). The fibers may serve to anchor the ovotestis to the epidermis, or to prevent contact

bctﬁween the ovotestis and the numerous blpod cells and cells of the degenerating axial complex

~ thatare present in thcp: gonéd hemocoel (Figs. 22 & 23).

e
-



The two cells of the Stage I1 ovotestis are morphologically identical. They generally

A

form a regular, smoothly conlourcd‘oullinc (Fig. 25), all.hough they may have short, blunt
extensions. Individual uj:lls are approximately 6 um in their l(;ngcs( dimension . The nuclcus
. conlains a conspicuous nucleolus; the nuclc;()plasm is otherwise relatively diffuse, although
there are localized regions of peripheral heterochromatin (Fig. 27). The cytoplasm contains few
mitochondria, a Golgi complex, an occasi‘onal sgcondary lysosome, scattered profiles of
lamellar rough endoplasmic reticulum (Hgl. 27). ax;d free ribosomes and glycogen roseties,
There are pb specialized junctions between the cells of the ovotestis atl this stage, nor is there
/
any Indication of a basal lamina around the cells (f:'ig. 27).
The cells of the ovotestis, in this stage of gonadogenesis, are .virlually indistinguishable

' 5
from hemoblasts of the circulating blood. The hemoblasts contain nuclear and Cyloplasmic

clements that are morphologically identical to those of the ovotestis (Figs. 27 & 28). The only
R ,'~~‘\A,
-

way he ovotestis itself can be postively identified is by its location, and its attachment to the
.'\

4
dorsal strand,

STAGE 111 N

In animals which measure from ().‘4 to 1.0 mm, the ovoltestis is always found in the
gonad flcmococl posterior to the intestine and ventral to the stomach. It corhl-sisls of a clump of
" 151020 cc_lls,_fmd measures 20 10 25 um in length and 10 to 15 um in width. The ciump of cells
is generally elongate in the smallest individuals of this stage (Fig. 29), altl‘gh itis
occasionally triangular. In larg.cr animals of this élagc, the ovotestis becomes a solid spherical
clump of cells.

Two types of cells are easily dislinguish}ablc in the ovolesti§ of this stage. There are 2 10
3 large cells approxilhately 6.5 um in diameter wilﬁ a conspicuous nucleus 4.5 um in diamc,u:r.

These are the gonial cells. The remainder of the cells of the ovotéstis are somalfc cells; they are

_ relatiklysquaxﬁous, and while variable in size, ipay be as much as 7 um long by 1.5 um wide.

’
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The somatic cells surround the gonial cells.

Gonial Cells
The gonial cells are approximately spherical (Fig. 30), with short processes
extending from scveral regions of the cell (Figs. 31 & 34). They contain a large
nucleus with diffuse chromatin, little peripheral heterochromatin, and a prominent
nucleolus (Fig. 30). Beaded granular clusters are occasionally visible in the
nucleoplasm between the nucleolus and the nuclear envelope (Fig. 30). The
cytoplasm ~f the gonial cclis conlains pumerous free ribosomes and glycogen
rosettes (Figs. 30 & 32). Small aggregations of granular material, which do not
have a distinct structure, are found in localized regions of the perinuclear cytoplasm
and associaled with nuclear pores (Figs. 30 & 32). There are numerous
mitochondria, most with a single matrix granule visible in scction, a few cisternae
.of rough endoplasmic reticulum (Fig. 30), occasional secondary lysosomes up 10 |
um in diameter, and a small Golgi complex (Fig. 31) in these cells, Myeloid figures
(Fig. 32), and spherical finely- gra?ncd inclusions which are 0,3 xm in diameter
and not limited by membranes, age also found in the cytoplasm (Fig. 33). The
organellcé of each gonial cell are relatively more abundant in the region opposite 0
the point of contact with its neighboring gonial cell (Fig. 30). No specialized
Junctions were found between gonia)/cglls at this stage, although lhcrc are
infrequent membrane densities b;a/{wecn the gonial cells and the somatic cells which
surround them (Fig. 30). .
Vs
~ Somatic Cells '

<

-

The somatic cells of the Stage II1 gonad are variable in size and shape;
some are elongate, and up to 7 um in length with an elliptical nucleus (Figs. 30, 31

& 34). Others, particularly those at the extremities of the ovotestis, are cuboidal



with oval nudlei (Fig. 35). The somatic cells have long processes thal completely
surround the gonial cells (Fig. 31), scparating them completely from the
¢nvironment of the gonad hemocoet, A thin basal laming, external to the somatic
cells, is First visible in this stage (Figs. 34 & 35)
The nuclei of the somatic cells contain an eccentrically placed nucleolus and

some peripheral hclcr(x'hr()maln} (bigs. 34 & 33). The cytoplasm of a few of the

‘ somatic cells has vesicles ol jough endoplasmic reticulum containing a ditfuse
matrix (Fig. 36), in addition to the flat cisterpal form. A single cilium is found on
the surface of other somatic cells; each pro)‘cg’-ls into a small pocket between cell
processes of both the gonial and the somatic cells (Figs. 30 & 36). (‘luslcrs. of small
clear vesicles are generally found subjacent (o the plasmalemma near these
intercellular pockets (Fig. 37). A coiling of the plasmalemma is also infrequently
encountered along the borders between adjacent somatic cells (Fig. 38). Thia
coiling may also be associated with clusters-of vesicles, The basal portions of the
somatic cells are joined by desmosomes (Fig. 39).

At the dorsal most aspect of the ovotestis, the somatic cells aré continuous

with the dorsal strand (Fig. 29): the dorsal strand at this point of contact remains a°

single cell in diameter, apd is never expanded into a bulbous enlargement ., “The basal
lamina of the somatic cells is continuous with the external lamina of the dorsal

strapd.

Animals in this stage of gonadogenesis measure from 1.0 to 1.6 mm. The ovotestis is

located in the same position as in Stage 111 ,~anld it is now a hollow mass of celis, 25 to 30 um in
diameter, and consisting of 30 to 50 cells. The ovotestis is spherical to ellipsoidél in shape with’

a small irregular lumen in the smaller individuals, and with an extensive lumen in the larger

'
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animals (Figs. 40 & 41). Localized regions of thianing are common in the ovmrcsli.\ of the
larger animals, and these are most extensive adjacent to the épidermis and in the region of
attachment (o the dorsal strand (Figs. 40 & 41). Stubby protuberances f;:{m some of the
somaltic cells eatend towards the epidermis (Fig, 42) . although none of these appear (0 make
physical contact with it. Small intercellular pockets on the abluminal surface of the ovotestis
are usually visible in live material with mmmsmpy. These are tormed by processes of
adjacent somatic cells, and they comtain a diffuse matrix. In the dorsal most region of the
ovotestis, the somalic cells are continuous with the dorsal strand (Fig. 15). The doisal stiand

%0
forms a bulbous enlargement that is two 10 three cells thick in this region (E"ig. 15).
t

Gonial Catls .

The gonial ccllls are spherical in shape, approaimately 7.0 um in diameter,
and are only slightly larger in diameter than the gonial cells of Stage 11, Judg‘gn'g_\
from serial one- micrometer sections, 10 to 12 of these cells are present, and’they ‘
are surrounded luminally and abluminally by somatic cells (Figs. 42 & 43).

The nuclei of the gonial cells measure 4.5 um in diameter, 'l‘hcgq_drg@mall
regions ol peripheral heterochromatin in localized regions of the nuclca; cnvc%pc
(Figs. 42,43 & 45)I, There are also granular clusters in the peripheral nudcoplasm
which-are'associated with nuclear poges (Figs, 43, 44 & 45). In certain favorable
sections it appears that material is passing from the nucleus (o lhc;cyloplasr'n
through the pores (Figs, 44 & 45); this is more frequemly.cncoumcréd than in the

3 previous stage of gbnadogen’csis, . ‘ i o

The diff eréncc in dcnsily between the gonial cells and somatic cells is less

“ pronounced than in the Stage I11 gonad. The cytoplasm of the goniét‘ells contains

ribosoines and glycogen rosétlcs (Figs. 43, 44 & 45). Mitochondria are more

abundant in the gonial cells of this stage than in the Stage 111 gonad, particularly

@
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peripheral to the nucleus. The gonial cells contain a few lamellac of rough
endoplasmic reticulum which appears to encircle the cell (Figs, 43 & 45). Small
vesicles containing floceulent material are associated with the luminal side of the
plasmalemuma (Fig. 45) . Secondary lysosomes are conspicuous ofganclles in the
cytoplasm (Fig. 43), as are myeloid figures (Figs. 43 & 46) . and occasional simal)
lipid droplets. In addition, the spherical fine -grained inclusions first seen fn the
gonial cells of the Stage 11 ovotestis (Fig, 33), ate more abundant here,
particutarly in the perinuclear cytoplasm. There is one other cytoplasmic element
the gonial cells that is first observed in this stage of gonadogenesis and that is
exclusive to the gonial cells, 1o is an inclusion, 0.3 10 0.4 am in diamcter, that lacks
a embranc, 1t consists of dense, irregularly shaped clumps of electron - dense
gianular maiterial (Figs, 43, 44 & 46). There ate (wo o1 more such aggregations in
cach gonial cell, This inclusion, hereafter rct‘cncd‘ 0 as ‘nuage’, s often associated
with nuclear pores (big. 44). Nuage is generally fairly diffuse near the nucleus
(Fig. 45). and more compact further from the nucleus (Fig, 46), and it appears
that nuage is transported from the nucleus to the cytoplasm through the nucleas
pores, There are no specialized junctions joining the membranes of adjacent gonial
cells to each other, but there are occasional membrane densities between the gonial

cells and adjacent somalic cells (Figs. 42, 43 & 45).

Somatic Cells

There are two types of somatic cells in the Stage 1V ovotestis, ba.;‘,ed on cell
shape and characteristics of the nucleus, The Type I somatic cells are located both
on the abluminal side of the gonial cells, and also in the thinner regions of the
ovotestis, where gonial cells are absent (Fig. 47). These are squamous cells with

elongate cytoplasmic processes which may overlap at their margins (Fig. 48). They
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of'ten eatend for several micrometers in regions devoid of gonial cells (Fig. 47).
These ccllslcon(ain an clongate nucleus with fairly dense chromatin relative to the
gonial cells (Fig. 47). The c;loplasm of the Type I somatic cells contains lamellar
RER, and an infrequent vesicle of KER, a smali Golgi complex and few
mitochondria. Some of these cells bear a single cilium which usually projects into
the lumen of the ovotestis, bul occasionally into a pocket btlv{ocn processes of
adjacent somatic cells, Zonulac adhaerentes bind adjacent Type | somatic cells
(Fig. 48).

B ‘The remainder of the somatic cells of this stage are the Type 11 somatic
cells, These are irregularly ;hapcd low cuboidal cells, variable in size (up to 6 um in
length ), with extensive cytoplasmic processes whiclh surround adjacent cells (Fig.

;45). The Type 11 cells are found wlarily in the thicker regions of the ovotestis
where they abut gonial cells. The cytoplasmic processes of the Type 11 cells
surround the gonial cells , and the cell may span the entire distance from the basal
Jamina to the lumen (Fig. 42). The Type 11 somatic cells hav.c basally to centrally
placed nuclei, and the nucleoplasm is more dense than in the Type i somatic cells,
The cytoplasm contains abundant vesicular RER with a diffuse intracisternal
matrix (Figs. 42 & 50), and an extensive Golgi complex (Fig.'49). Large secondary
lysosomes are also abundant in these cells, and mitochondria are more numerous
than in the Type I somatic cells. These cells may also contain large vacuoles (Fig.
50). lipid droplets (Figs. 50), and small, spherical fine-grained inctusions similar to
those found in the gonial cells (Fig. 33). The Type 11 somatic cells are bound to

one another by desmosomes.

~
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STAGE Y ,

Animals in this stage measure from 1.8 to 2.4 mm. The intestine has descended to a
more posterior position than in the previous stage, and it forms a distinct loop which nearly
surrounds the ovotestis. The ovotestis is an ellipsoidal 1o fusiform structure constricted near the
site of dorsal strand attachment (kig. 51). 1 is approximately 35 um in length in smallcr
animals of this stage, but grows into a crescent shape, approximately 75 gm in length by 4% .m
in larger specimens, immediately prior o differentiation of the testicular rudiment in Stage VI,
The lumen of the ovotestis is extensive (Figs. 51 & 52). and cilia projécl into it it from somatic

|

cells, Pits can still be seen on the abluminal surface of the ovotestis, allhough the ()ulé[ surface
is more regular in appearance than in Stage 1V, At its dorsal- most aspect, the ()V()lC?liS is
allached 1o a blunt expansion of the dorsal’strand (Fig. 51).

The primary difference between the Stage 1V and Stage V ovotestis is that in this stage
the germinal layer is confined to the ventral third of the organ {Figs. 51 & 52). a configuration

\

that will persist during subsequent stages of gonadogenesis. In addition, the germinal layer
becomes substantially thicker, with one or more gonial cells forming the wall of the gérminal
layer (Fig. 52). The remafndcr of the ovqlcm‘s consists primarily of Type | somatic cells, with
long processes in the rcglonﬁ devoid of gonial cells (Figs. 51 & ;2). ‘
Gonial Cells

Coinciding\wilh the thickening of the germinal layer during this stage, the
gonial cells are morc\‘numerou\s (Fig. 53). Individual gonial cells may have short,
blunt cytoplasmic cxlénsions that project toward somatic cells on the abluminal

:

surface of the oyotestis} No junctions between adjacent gonial cells have bcén
observed, although lhere‘kre membrane densities between gonial cells and the

somatic cells that sixrroun&\th;m. ‘The gonial cells are comparablé in size to those of

the Stage 1V ovotestis, as is 'the fine structure of the nucleus. In the cytoplasm, the

N
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“Golgi complex is prominent, probably indicating increased synthetic activity. Nuage
is found dispersed in the perinuclear cytoplasm, and there is a noticeable increase in
the abundance of lh.is inclusion’in the gonial cells of the Stage V ovolestis. It should
be noted that the gonial cells in the ovotestis of each individual possess the same
relative amounts of nuage, which may correspond 1o a cyclic production of this
germ line specific inclusion. Vesicular RER hag nol been observed in any of these
cells. N

Some smaller (5 to 6 um) gonial cells are found in the germinal layer of
this stage (Fig. 53), although this is the only stage in which they have been
observed. Nuage serves to distinguish the small gonial cells from the Type 1]

somatic cells; it is otherwise difficult to distinguish them.

Somatic Cells
Both Type I and Type Il somatic cells are more numerous in this stage than
in the Stage 1V ovotestis. "Fhere is an increase in the number of cilja projecting
from the Type I cells into the lumen of the ovotestis, The Type 1 somatic cells are
continuous with the dorsal strand at the dorsal end of the ovotestis. The Type 11
somatic cells are f ounq almost exclusively in the germinal layer, associated with
gbnial cells. These somatic cells have conspicuously denser nucleoplasm than either
the Type 1 somatic cells or the gonial cells (Fig. 54). Short processes extend from
_the Type 11 cells into the area between ad jaocm. gonial cells and there may be
several such processes in each cell ('Fig. 54). The cytoplasm of the Type Il somatic
cell; also contains occasional clusters of granular malcrial‘which resemble
aggregations of ribosomes (Fig. 55), as well as spherical fine- grained {nc}usions

found in Type Il somatic cells in the Stage 1V ovotestis (Fig. 55).



STAGE VI

In this slaée, animals measure from 2.6 10.2.7 mm. The ovotestis is located in the same
position as in Stage V. although the gut loop has expanded as the intestine drops 10 a more
posterior position. A slight bulge dc‘vclops near the midline in the anterior region of the
ovotestis early in Stage VI, and this is folloccd by a separation of the organ.into (wo distinct
portions. This process appears (o be very rapid, because | have observed ch_f,(‘cw animals in
which the bulge was in the process of forming.

The two portions of the developing gonad that result from this separation are the ‘\
ovarian and testicular rudiments. The ovarian rudimcm“? similar 1o the ovotestis of Stage V_)ll
is elongate, ellipsoidal or crescentic in shape, and measures approximately 80 um by 40 um
(Figs. 56 & 57). The lumen is extensive. Gonial cells are concentrated in the ventral half of the
organ, grading into a sparsely ciliated, dorsal somatic rcéion. The dorsal strand attaches to the
somatic cells of the ovarian rudiment at its dorsal most aspect. The testicular rudiment is oval
in shape and approximately 20 xm in diameter. Gonial cells are relatively few in this organ, and

‘ they are evenly dis(;ibulcd. The testis is attached to the anterior portion of the ovary (Figs. 56

& 57),

1. OVARIAN RUDIMENT
The germinal layer of the ovarian rudiment, other than in the region of contact between

the ovarian and testicular rudiments of the developing gonad..is 3 10 4 cells thick in the ventral

most region, and includes 1 to 2 gonial cells and somatic cells in section (Fig. 58). This

gérmirial layer is continuous with a thinner region containing a singie gonial cell in section (Fig.

59). and comprising the remaining ventral half of the ovarian rudiment. This thinner region of
the germinal 1ayér is continuous with the s:]uamous somatic cells that constitute the dorsal part

of the organ (Fig. 60); The geimixial layer in this stage is thicker than that‘of the §Lagc v

-

gonad.
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Gonial Cells; Oogohia

’ The éonial cells are more numerous in this stage of gonaddgcnesis, but .lhey
are similar in size to those of the Stage V gonad. Some gonial cells, however, have

" an enlarged, rounded nucleus with condensed chromatin loc;:lized ip djslincl”clumps
(Fig. 58); this does not appear to bc a fixation artifact, and these cells may be
entering into division stages. The cytoplasm of the gonial cells is similar to that of
Stage V gonial cells, but there is yet more dispersed nuage, in addition to some
perinuclear clusters of nuage. These cells also conlgin annulate lamellae, composed
of 5 to 8 closely packed cisternae (Fig. 61): Th;: gonial cells in the thickest region
of the ovary have short cyloplzfsmic p;0ccsscs which extend between adjacent cells
to contact the Type 11 somz.mc ‘cells (Fig. 58). The gonial cells in the thinner ’
portion of the germinal layer do not have .proccsscs at their points of contact with
the somatic cells (Fig. 59).

Although lh.ere are considera‘b.ly more gonial cells in this stage of
gonadogenesig, no mitotic figures have ever bécn observed in these cells, or those of
any o} the preceding stages. As at least ten individuals of each slaéc have been
sectioned and examined, I conclude that mitotic proliferation is a rapidly occurring,
relatively synchrono;xs event. ln.ocnain sections of this stage of gonadogenesis, a
structure is present connecting adjacent gonie.ﬂ cells.rl'ose to the ablumin{al surface

of th@_organ (Fig. 62). I interpret this 16 be a midbody. These cells, therefore, may .

be recently divided daughter cells. _ .

Somatic Cells

The Type I somatic cells continue dorsally f rorﬁ the germinal layer to the
gttachment of the dorsal strand. These cells are identical in appearance to those of
the previous stages. They form a singre'éell layer, but they overlap adjacent cells at

F
\
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-both ends (Fig. 63). Junctions between adjacent Type 1 cells are zonulae
adhaerentes, found on both the luminal and abluminal surfaces of the cells. Several
of these cells have cilia, which extend into the Jumen of the ovarMan rudiment (Fig.
63). These cells do not con‘lain the vesicular Torm of rough endoplasmic reticulum.
Somatic /cclls. still surround the gonial cells in the germinal layer of the
ovari;}m rudiment, and nuclei of somatic cells are found near both the luminal and
abluminal surfaces of the organ (Fig. 58). On the basis of@pc, nuclear
~haracteristigs. and the presence of vesicular RER. it is apparent that most of the
somalic cells in the germinal layer are the Type 11 somalic cell. In the thinner
region of the germinal layer, which contains a single gonial ccll‘ in section _' these
cells span the entire distance between the luminal and ablqr(ninal surfaces; their
processes surround the gonial cells on all sides (Fig. 59). In the lhiCk§r portion of
the germinal layer it is more difficult to follow the proc?sses‘of the somatic cells,
but each gonial cell contacts a Type 11 somatic cell or cells in several places (Fig.
58). It appears that throughout this portion of the germi{r’lal layes, there is a
somatic cell process-extending between adjacent gonial cells, although somatic cells
may not form a continuous le\l)fcr around each gonial cell (Figs 58 & 59). Each
gonial &ll also contacts other gonial cells in one or more reg.ions of its surface
(Figs. 58 & 59).‘Type I somatic cells, with more diffuse chromatin, and cilia, are
occasionally found on the luminal surface of the ovarian rudiment (Fig. 59).
,
2. CONTACT BETWEEN OVARIAN AND TESTICULAR RUDIMENTS \ .
The testicular rudiment arises from a small region, approximélely 20 pm in lcﬁgth. of
the thin germinal la&er“in the anterior portion of the developing gonad (Figs. 64 & §5). It
appears that the tes.li:ular rudiment forms as ‘an evagination qf the ovotestis, which initially

'

communicates with the ovarian rudiment at a large opening. Somewhat later, this opening
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decreases in diameter, s; that the communication between the lumina of the rudiments is only
approximately 5 um in diameter. The basal laminae of the two rudimex;mry organs are
continuous (Fig. 65). The cells in the region where the ovarian and testicular rudiments make
contact form a multi-layered epithetium (Fig. 65). There are always 1 to 2 gonial cells in this
region, which are recognizable by their nuage and the density of their cyloplasxﬁ (Fi.gs. 65 &
66). In addition to the organelles typical of gonial cells, these cells also contain several small
-vesicles with a finely grained electron dense material (Fig. 67). Theéc structures are typically
found close to the abluminal plasmalemma.

Somatic cells or their processes surround the gonial cells in the region of contact
between the ovarian and testicular rudiments. The somatic cells form a layer 2 to 3 cclls.lhick in
this region (Fig. 65). They are all similar, and appear to be Type 11, based on the presence (;f

vesicular endoplasmic reticulum. However, the nuclei of these cells contain relatively diffuse

nucleoplasm, and one or two nucleoli (Figs. 65 & 66).

3. TESTICULAR RUDIMENT

The testicular rudiment is similar in structure to the ovarian rudiment. The gonial cells
are present throughout the organ (Fig. 64), however, rather than being localized into a separate

germinal region, as in the ovary.

- >
Gonial Celis; Spermatogonia

‘ ’ There are relatively few gonial cells in the testicular rudiment of this stage.
They are similar in size to the gonial cells <;f the ovarian rudiment, and contain
identical organelles, including nuage, and in similar proportions (Fig. 68). The'
testicular goniz;l cells are also surrounded by somatic cells or their processes (Fig. ,

. . /

A 68). as is true in the ovarian rudiment. o P
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Somatic Cells
The somatic cells of the testicular rudiment are are not separable into iwo
distinct types as is the case in the ovarian rudiment. Some of the somatic cells é‘fﬁc'. B
more squamous, with long cytoplasmic processes, while others are more tuboidal.
particularly lhg’sc’ somatic cells adjacent to the gopial cells, Each son;alic cell
extends from the Juminal 10 the abluminal surface of the testicular rudiment (Figs.
65 & 68). Some of the somatic'cells bear cilia which project into the lumen or i'm‘o .
sm:all intercellular, pockets (Fig. 68), reminiscent of the Type 1 somatic cells of the
ovarian rudiment,
N
STAGE VII
Animals in this stage measure from 2.8 to 4.0 mm. T‘hC intestine has descended further
in a posterior direction and the gonad is now completely surrounded by the loop of the gut, and
is situated between the stomach and intestine. This is the posit‘ion in which the gonad is found
in adull;. The ovarian and testicular portions of lhé developing gonad continue to lengthen and
increase in width afier their separation in Slage VI, Stage Vll‘ marks the completion of the
early stages of gonadogcnesis_ resulting in the establishment of the basic structure of the adult
gonad, ll‘ includes what is assumed 10 be the initial stage of f olliculoéencsis and the
establishment of the oviduct and sperm duct.
The ovary of this stage, as in Stages V and VI, is oval in shape with an vcxte‘nsivc
lumen, It is approximately 150 ,m in length with the gonial cells localized in the ventfal most
» , .
region of tlie organ (Figs. 70 & 71). There is a thinner region, particutarly on the lateral
surfacls, which also contains a single layer of gonial cells. The remainder of the avary consists
of squamous cells, found adjaoemTS the testis (Figs. 70 & 71), and continuing into an

clongaté, sparsely ciliated tubular extension, the oviduct (Fig. 70), that follows along the.
| ~ | - )

intestine. This extension continues to grow towards the atrium. The oviduct remains continuous

i
N
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al its tapered dorsal end with the dorsal slrandl.
The testis is initially located along the anterior region of the ovary, and it may either
continue its development in this position (Fig. 70), or it may;'d'rop 10 a more Jateral position on
the right side of the ovary (Fig. 69). It is oval in shapc,g;)arscly ciliated, and is approximaicly
60 um in length (Fig. 70). The gonial cells are concentrated in the ventral part of the testis, and
this germinal region is continuous with a squamous epithelium that forms the developing sperm

duct (Figs. 69 & 70). The sperm duct opens into the oviduct close (0 the attachment of the

dorsal strand (Fig. 70).

1. OVARY

The germinal layer in (hc' ventral most portion of the ovary is 2 1o 3 gonial cells thick
(Fig. 71). and is continucus v;'ilh a thinner region, containing a single cell in section. There are
somatic cell nuclei along both the luminal and abluminal surfaces of the ovary, although they
are more numerous on the lur;linal surface (Fig. 72). In addition, somatic cells are found

penetrating between adjacent gonial cells (Fig. 71), The germinal layer is still continuous with

the squambus somatic cells that form the oviduct (Fig. 70).

Gonial Cells

The gonial cells of this stage are considerably more numerous than in the
Stage VI gonad (Fig. 71). They aré approximately 7.0 umn diameter, not
. noticeably larger than in previous stages of gonadogenesis. The cytoplasm of the
gonial cells is very dense, containing large concentrations of glycogen and ribosomes
( Figs. 72 & 73). There is also an incredse in the number, of granular duslgrs of
nuage in the berinucle‘ar cytoplasm (Fig. 72) in addition to the extensive amount of
-disperséd nuage. The mitochondria are étﬂl more abundant i.mmediately

surrounding the nucleus (Fig. 72), and the RER, Golgi oomplexes and occasional
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vacuoles containing small vesicles are similar in distribution to the gonial cells of
the Stage VI ovarian rudiment. Short cyloplasmic processes extend from goﬁcclls,
to contact somatic cells. In addition, several of the gonial cells have the shornt
connections between adjacent gonial cells, which 1 consider (0 be midbodics. as {irst
~ seen in the Stage VI gonad. These short connections have dcn;cly staining
membranes which cxlcm.] approximately (.3 um from the base of the gonial cell,
There are infrequently observed zonulac adhaerentes binding gonial cells to somatic
cell processes. These junctions are probably quite localized and are seldom
encountered in sections,
Somatic Cells ,

.

Type 1 somatic cells are still found primarily in the region of the ovary that
is devoid of gonial cells, and they extend dorsally from the germinal la;cr to form
the Aubular developing oviduct (Figs. 70 & 71). They are also found on the luminal
surface of the ovary. The nuclear and cyloplasmic characieristics of these L:Clls are
identical to those of the Stage VI gonad. The Type 11 somatic cells are numerous in
the germiqal layer of this stage, and can be identified in } um sections by their
shape and the dense staining of the nucleus (Fig. 71). In lhi§ stage, as in Stage VI,
the nuclei of these cells are found primarily on the .luminal surf acé_ of the ovary.
These somatic cells have long cytoplasmic processes which extend between adjacent
gonial cells, and which isolate the gonial cells from both the gonad hemocoel and \
the lumen of the ovary. The Type 11 somatic cells are alﬁo found between gonial
cells in the thick portion of the germinal la;er (Figs. 71, 73 & 74), where they
conform to the contours of ad jacent cells. Type 11 cells are also found on the
dorsal edge of \the germinal layer (Fig. 75), abutting the region of the ovary

dominated by 'l}'pe I cells. The dtophsm of the Type II' somatic cells is similar to
4 . . .

N
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that described in previous stages. Vesicular RER is however, less abundant in the

cells of this stage,

Oviduct
The developing oviduct is a wide (approximately 25 um) tubular
continuation of the squamous somatic region of lhc‘ovary that is devoid of gonial
cells (Figs, 69, 70 & 71). There is no distinct separation of the oviduct f.rom the
-
ovary (Figs. 76 & 71). The dorsal strand attaches 1o the dorsal most aspect of the
oviduct in a small conical projection that is 2 to 3 cells in diameter, not different
fromv previous stages. The sperm duct opens into the oviduct near this u\nc The
cells of the oviduct form a simple squamohs epithelium, with ovc:lappiné processes
that are bound together by zonulae adércnlcs, The nuclear and cytoplasmic
characteristics of the oviduct cells are identical (0 those of the Type I somatic cells
of the ovary. In areas whcrc_thc oviduct runs adjacent to the testis or the sperm
duct, a distinct basal lamina surrounds each of the two structures (Fig. 76).
PRI
1. TESTIS
The germinal layer of the Stage V11 testis is localized in the ventral half of the organ,
and is continuous with a simple squamous epithelium devoid of gonial cells which forms the
remainder of the organ (Figs. 69 & 70). THyegerminal layer consists of a stratified epithelium
comprising a luminal germinal.layer, and a subjacent squamous somatic layer. At its dorsal

most aspect the testis is constricted in diameter, and is continuous with a long narrow sperm

— .
* duct (Fig. 70) which has no lumen at this stage.

Gonial Cells ‘.
The gonial cells of the testis are smoothly contoured, and approximately 7.0

um in diameter. They are similar in size and structure to the gonial cells of the
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ovary (Figs. 77 & 78). The nucleus contains localized regions of condensed
peripheral chromatin and small clumps of granular material near the nuclear pores
(Figs. 78 & 79). The cytoplasm contains glycogen rosetics and numerous ribosomes
(Fig. 79). There arc a few clusters of nuage in the perinuclear cytoplasm (Fig. 79).
identical to thal of the gonial cells of the ovary, although not as numerous. In

- certain regions of the nuclear envelope, small granular clusters are found in the
cytoplasm which appear to have passed through the nuclear pores (Fig. 79). A few
mi(ochondria,'shorl profiles of RER | infrequent myeloid figures., andl/a few vesicles
containing flocculent material are also found (Figs. 7f(& & 79). The gl#mal cells of
the lcsus rest on a single layer of somatic cclls (Fig. 80) and border pn and project
into the lumen of the organ. They are not surrounded by somatic cells or their
processes (Figs. 77 & 78). No junctions are found either between adjacent gonial®
cells or betwecn gonial cells and the somz:nc cells on which they rest (Fig. 78).
Some of the gonial cells are completety separated from the underlying somatic cells,

and are free in the lumen of the testis (Fig. 77). These may be primary

spermalocyles,

Somatic Cells .

The somatic cells of the testis underlie the gonial cells in the germinal tayer,
and form the remainder of the organ, T hey form a simple squamm;s layer with
overlapping processes, but Qilhoul processes extending between adjacent gonial
cells (Fig. ;/8). They are similar in structure to the Type 1 somatic cells of the
ovayy (Figs. 78 & 80). The cytoplasm is unremarkable, containing a large Golgi
complex, few mitochondria and an occasional secondary lysosome (Fig. 80). Cilia
project from most of the somatic cells into the lumen of the testis (Fig. 80). There

appears Wy a single cilium ber cell, and they are found in both the germinal
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and somatic regions of the testis (Figs. 71 & 80). Zonulae adhacrentes bind
adjacent pomatic cells at their apical ends (Fig. 80), but they are not jbincd
basally

Sperm Duct

.

The lumen of the testis narrows markedly at its dorsal end to {form a solid
regton several somatic cells in diameter (Figs. 70 & 76). This marks the beginning
of the sperm duct, which has no lumen at this stage. The cells of this region asa
bound together with zonulac adhaerentes (Figs, 76 & 81). They may form an
irregular contoured outline on their basal edges so that the basal lamina projects
into spz;ccs bc(wecrl adjacent cells (Fig. 82). Further {rom the tesus, the sperm
duct is only two cells thick, running adjacent to the oviduct, and without a lumen
(Fig, 83). Near the attachment of the dorsal slra;}d to the oviduct the sperm duct
fuses with the axﬁerior aspect of the oviduct, No special claborations are visible in
these cells él this point of c’omacl. As the oviduct continues 10 grow towards the

atrium, the sperm duct grows as well, maintaining its connection 1o the oviduct in

relatively the same configuration.



1V, DISCUSSION -

A. GONADOGENESIS
The development of the ascidian reproductive systens [rom a small mass of
mesodermally derived cells has received considerable attention, paiticularly in the older
literature, Relatively littke work has been done on ganadogenesis, howeyer, in recent yeals, and
most of the fescarch on this subject has been based on the blastorooids of compound species
(Kowalevsky, 1874a, b, Van Beoeden, 188): Secliger, 18913-1906; Van Bcr;cdcn and Julin, 1884,
1886, Maurice, 1888; .efevre, 1897_ 1898: Bancroft, 1899, Simkins, 1924; Brien, 1925. 1927,
1939, 1948; Berrill, 1941a_b: Aubert, 1954; Newberry, 1968: lzzard, 1968; Mukai and
Watanabe, 1976; Sabbadin and Zaniolo, 1979). Only a few studies are available on
gonadogenesis in a solitary species (Kowalevsky, 1866, 1871 Van Beneden and Juh‘n., 1884,
1886; Julin, 1893: De Selys [ .ongchamps and Damas, 1900; Huus, 1924; Aubest, 1954), These
studies reveal that the stages of gonadogenesis among those ascidians which possess compound
gonads are strikingly similar regardiess of their taxonomic position, There s a great range of
detail presented in these works, both on the stages of gonadogenesis and on the organization of
| the cells that form the developing gonad. My work on Corella inflata is the most thorough
documentation of the morphological changes that take place during gdnadogcncsis, and is the
only siudy that examines the organizaluion and structure of the cells that constitute the
developing gonad. These morphological changes are summarized in Illustration 3 and in -Table
1. E
1 have observed the gonad in Corella inflata at an earlier stage of development than has
been reported in any previous study of a solitary ascidian. In this animal, the first indication of
the developing gonad is one or a pair of henfdblasts l;)cated subj.aocm to the epidermis in the
-gonad hcmbcocl, in close proximity to the dorsal strand. My observations suggest that °gh;z:s::
hemoblasts subsequently make contact with the terminal, tapered ‘end' of the dorsal strand,

Y
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because in the next stage, a pair of hemoblast-like cells is always found in contact with the
dorsal strand. | ha\j‘c never observed animals in later stages of gonadogenesis without this
association. The contact between the pre-gonadal hemoblasts and the dorsal strand appears to
be critical to the initiation and the C(fnlinua(ion of gonadogenesis in Corella inflata,

My observations indicate that the dorsal strand does not i(scl[ produce the first cells of
the ovotestis, tzu( rather that the dorsal strand makes contact with cells that are already present
in the gonad hcm(;cocl. The dorsal strand never bears a bulbouS or swollen region at its tip
before it makes con;acl with the hemoblasts, and mitotic figures have never been seen in these
cells, 1t is reasonable 1o assume then, that in Corella inflata the first stage of gonadogenesis
consists of an initial accumulation of a pair of hemoblasts, which subscqucnllyl becomes
associated with the dorsall strand,

In Corclia inflata, once this accumulation of hemoblasts is established, it constitutes a
unique population of cells. The hemoblasts that form the iniiial ‘accurmulation of pre-gonadal

4
cells are not augménlcd‘ by an additional contribution of hemoblasts from the blood. This has

also been observed in Distomus variolosus (Newberry. 1968), although the number of

hemoblasts that forms the initial ;)re—gonadal accumulation is substantially greater than in
Corella.
Most investigators describe the initial stage of gonadogcneéis as a small cluster of

mesodermally derived cells located jn the gonad hemococvl of phlebobranchs and aplousobranchs
- (Berrill, 1950; Monniot and Monniot, 1972), and in the mantle or me;ntle sinus of
stolidobranchs (Begrill, 1950, Mo}lnm ‘ax"nd Monniot, 1972; Newberry, 1968). In Corella inflata |
' (a phlebqbra‘nch). however, the ovotestis at this boim consists of two distinct cell types which
are clearly discernible in TEMs; the gonial cells and the somatic cells. To a large extent, lhe‘
gonial cells retain their hemoblastic morphology, although they are completely surrounded by
- somatic cells which isolate them from Ll;e' gonad hemocoel. The ovotestis is attached to the

dorsal strand at the dorsal most aspect, an orientation that is maintained during the entire
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process of gonadogenesis. There is always a surrounding la))cr of connective tissue fibers which
probably serves to anchor the ovotestis (o the epidermis. | have frequently observed blood cells
in the gonad hemocoel around the ovotestis, which probably hdve physiological functions here
(Wright, 1981). )

The small cluster of cells subsequently cavitates to form a spherical mass with an
extensive cch(ral lumen in Corella inflata. The germinal las'cr of the ovotestis is a a single

gonial cell in thickness during this stage, and there may be localized regions of thinning in small

»

.~

areas {acing the epidermis which do not lcomain gonial cells. Nuage is first seen in the gonia)
\
cells of the cavitated ovotestis, and it is associated with malcr"ial that .;ippcars 10 be moving
from the nucleus to the cytoplasm through the nuclear porcf Nuage identifies the gonial cells
specifically as part of the germ cell line (Bcams and Kessel, 1974 Eddy. 1975: Kessel, 1983).
These gonial cells are now completely isolated from both the internal and cxternal environments
(}llhe o/volcstis by somatic cell processes, which may be essential to the pfoducu‘on of nuage.
There are twordifferent types of somatic cells identifiable in the cavitated ovotestis. The Type |
somatic cells are more squamous, and {hcir nuclel contain relatively diffuse chromatin, Some of
these cells bear cilia which project into the lumen of the ovotestis, or into intercetlular pockets,
The Type 1} somatic cells are found consistently in association with gom’allcclls; they are m.o‘rc

cuboidal, and possess nuclei with denser nucleoplasm. These characteristics of the gonial cells

and somatic cells are found in all subsequent stages of gonadogenesis.

In Corella inflata the ovotestis is divisible into a peripheral or ventral germinal layer
. that is several cells thick, and a more elongate, dorsally placed somatic region during the next
stage of gonédogenesis. While there are no substantial differences in the cells that form the
| ovoleslis at this stage, the morphologica’l. organization that is established here persists
throughout later development. In addition, the Type I somatic cells in the dorsal region extend

further dorsally to form a tubular expansion that will ultimately become the oviduct. The dorsal

- strand maintains its attachment to the dorsal moét aspect of this develbping duct. o

4
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The ovotestis divides into rudiments of separate sex in the next slaic of gonadogenesis.
In Corella inflata, the llcsticular rudiment appears {o form as a bulging. or evagination from a
small region of the anterior part of the ovotestis that is a single gonial cell thick. The fine

. ;

structure of the cells at the site of testicular rudiment formation is unremarkable although there
is a considerable numbér of small vesicles whose tontents are unknown, and which do not
appear elsewhere in these cells. There are no other special cellular features, including contractile
elements that have been observed at the ulirastructural level, An examination of the factors
that control the proéess of testicular rudiment formation was beyond the scope of this research,
but this is of considerable interest in undcrstar‘l.ding the nature of the hermaphroditic gonad. It
should be noted that mc’differcmiation of the testicular rudiment from the ovotestis is the
stage of gonadogenesis that is the mdst yariable according to accounts in the literature, In some
specigs testicular rudiment formau'oh is by budding of the ovotestis (Van Beneden and Julin,
1886, l.efevre, 1898 Selys Longchamps and Damas, 1900; Aubert, 1954), while in others a
Iurrow forms which divides the ovotestis into (wo separate rudiments (Van Beneden and }ulin,
1886; Julin, 1893 Lefevre, 1897 Bancroft. 1899). It is possible, however, that these apparent
differences result frof different levels of investigation, and the mechanism of testicular
rudiment formation requires a careful reevaluation in several species.

B
The organization of the ovarian rudiment of this stage is essentially identical to the

ovofestis of the pretious stage, although the germinal layer ;ontains considerably. more gonial
cells. In addition, the oviduct continues to develop as an extension of the ovarian rudiment
during this stage, growing in a dorsal direction toward the atrium,

Th.c testicular rudiment has fewer gonial cells than the ovarian rudiment, and these are '
not loca'lized into a distinct germinal layer These gonial cells are indistinguishable from the
gonial cells of the ovarian rudiment; they ooxgtain nuage, and are surrounded by somatic ceil

_processes which isolate them from the éxternal and internal environments of the organ. There is

no diétinction between somatic cells in the testicular rﬁdimqn;;éaﬂ somatic cells are similar to

. \ - o ‘ .
. ‘ ‘ ’ ‘
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the Type 1 somatic cells.of the ovarian rudiment, The testicular rudiment opc;ls at a small neck
into the duct of the ovarian rudiment. close to the point of contact between the oviduct and the
dorsal strand. ”

The establishment of the basic structure of the adult reproductive system is essentially
completed during the next stage of gonadogenesis in Corella inflata. The ovary and testis are
separale and distiné( organs, and each has an exit duct which extends towards the atrium. The
number of gonial cells, or oogonia, in the germinal layer has increased. and there are somatic
cells in the germinal layer that probably rcﬁrcsem developing follicle cells. These cells are
similar to the Type 11 somatic cells, and it is likcly'{ha( they differentiate from that cell type.
The germinal layer of the ovary extends into the somatic region of the developing oviduct. The
oviduct has lengthened, and it remains attached to the dorsal strand at the dorsal-most aspect

of the ovary. There is never any evidence of either cell divisions or a bifurcation of the dorsal

strand, that rriighl suggest that the dorsal strand gives rise to the oviduct, as‘suggcsled by Huus

(1924) in Corella paraliclogramma. The periphery of the germinal layer or the margins of the
ducl.ilsclf prcl>bably proliferate 10 form the oviduct,

The testis also enlargés during this stage, and the germinal layer becomes Jocalized in
the ventral region of this organ. The gonial cells, or spermatogonia, of the testis are not
noticabely different from the oogonia of the ovary. These cells rest on a somatic epithelium,
and they are not surrounded by somatic cell processes on their- luminal surface. but rather
project into the lumen. The‘sperr'x‘} duct develops from the wall of the testis, and opens into the J
lumen of the oviduct close to its attachment with the dorsal strtand. As the oviduct extends

. ~
: toward the atrium, the sperm duct also exle!nds so that its position relative to the oviduct is
maintained. ﬁe spei'm duct is always found in close proximity to the oviduct, and it is always
surrounded by a distinct basal lamina.
_T,here are many questions concerning the prbcess of gonadogenesis in ascidians that

. have been raised during this study of Corella inflata. These primarily concern the cellular

,



mechanisms that are involved in the morphological changes that take place during
gonadogenesis. Of particular interest are the processes of cavitation, germinal layer localization,
thre differentiation of the testicular rudiment from the ovotestis, and formation of the
gonoducts. Because the site of formation of the testicular rudiment appears to be constant in a
given species, are there characteristics of the cells that parlic{palc in testicular rudiment
formation that are diff’crenl frorﬁ other cells of the ovotestis? Finally, are the gonial cells and
somatic cells, which are first distinguished as separate céll types in the ovotestis prior to
cavitation, derived from the same cells? These questions have not been answered by hisfological

or ultrastructural examination. and require an experimental approdch to address them more

fully. ‘ ' .

B. SIGNIFICANCE"TO OTHER AREAS OF ASCIDIAN REPRODUCTIVE BIOLOGY
This study of Corella inflata has prqvidcd new detailed information on the process of

gopodogenesis in ascidians. In addiu’on‘ 10 addressing gonadogenesis specifically, several
-interesting questions concerning the development of the reproductive system have been
formulated during this résearch: These include: 1) what is the origin of the gonad and germ
cells?, 2) what is the role of ;he dorsal strand during gonAdogenesis?, 3) when are ger:n cell line
specific inclusions formed, how are they distributed, and what is their significance?, 4) do
mitotic divisions occur cyclically in‘ the cells of the developing reproductive sy‘stem?, and 5)
what is the origin of the follicle cells? In this section, I discuss these questions séparalgly.
referring specifically to M inflata.

.~ . R ) N

ORIGIN OF THE GONAD AND GERM CELLS ) : w
My description of gonadogenesis in Corella inflata has included the establishment of
the ovomns and has prowded information on an earlier stage of developmem than has been

4
rcported in any prevxous stud'y of a solitary ascidian. My observations demonstrate the striking

,\~'ﬁ ' <
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morphological similarity of circulating hemoblasts to the cell or pair of cells that f‘orm the first
stage of gonadogenesis, prior to their attachment to the dorsal strand. The morphological
similarity between hemoblasts and the gonad-forming cells remains visible in the next stage of
gonadogenesis, after the dorsal strand attachment has occurred. 1t is clear from these

[ 4
observations that a pair of hemoblasts becomes associated with the dorsal strand once it has
reached the gonad hemocoel, and these ultimately give rise'to the reproductive sysvlcm.

Several reports implicate hemoblasts in the origin of the gonad and germ cells in most
ascidian species, regardless of the taxon (Nev.vberry_ 1968; Ermak, 1975, 1976, l977ﬁ; Sugimoto
and Nakauchi, 1974; Mukai and Walanabe, 1976; Wright, 1981). The evidence for the |
hemoblastic origin of the gonad is, however, only suggestive rather than-explicit. It is based on
1) the fnorphoiogical similarity between the hemoblasts and the cells of the earliest stages of
gonadogenesis, 2) the location (;f the devlcloping‘gonad in regiong of the body that are in
contact with circulating blobd cells. 3) the aggregating behavior of blood cells, and 4) the
pleuripotent nature of h‘g:moblasls. R

Hemoblasts are large spherlcal cells approximately 5 to 6 um in dlamtlcr with a large
nu;}eus and one or more nucleoli. They have a small amount of basophilic cyloplasm which
contains polyribosomes, cisternal RER, several miwchondria, and a small Golgi complex
(Erme;k, 1977, 1582; Milanesi and Burighel, 1978; Wright, 1‘981'; Rowley, 1982). The
lymphocytes can be disling_uis’hed from hemoblasts by their \sm‘z;ller si;c (3to 5 umi, the '
absence of discrete nucleoli, and the localization of peripheral heterochromatin (Pérés, 1943;
“Mxllar 1953; Sabbadm 1955 Goodbody, 1974 Ermak, 1976; Wright, 1981), yet numcrous

' authors have apparenlly confused these two cell types (George 1939; Andrew, 1961; Overton,
1966; Newberry, 1968; Smith, 1970; Freeman, 1964, 1969, 1971).

Newberry (1968) documented thaf the cells that form the gonad in Distomus variolosus

. ) . =

‘are hemoblasts (vide lymphocytes). Similarly, in Szmglg'gg reptans (Sugimoto and Nakauchi,
+ 1974) and in Botryllus primigenus (Mukai and Watanabe, 1976), the size"and morphology of



- the cells that form the gonad appear (0 be identical to hemoblasts. Other observations,
particularly those reported in the earlier lilc'rature, are less conclusive (Kowalevsky, 1871,
1874a. b: Van Beneden, 1881; Seeliger, 1893-1906; Van Beneden and Julin, 1886;‘1\'/fauricc. 1888;
Lefevre, 1898; Bancroft, 1899), ;llhough they indicate that the cells that form the gonad are
morpr/lc;logically similar to amoeboid cells of the blood.

In all ascidians that h‘avc been studied to date, the gonads develop in régions ®f the
body that are in contact with blood cells. In the phlebobranchs and aplousobranchs this region
is the gonad hemocoel, and it contains numerous blood cells of all }ypcs inclt:ding hemoblasts
(Millar, 1953; Wright, 1981). In the stolidobranchs the gonads develop either in the mantle
(Berrill, 1975). vlvhich coma;ns cells that have migrated into the connective tissue from the

blood, or the mantle sinus (Newbary, 1968) which contains c(i:culau'ng blood cells. If
' }

hemoblasts are the cells that form the'gonad and germ cells, they have access to the parts of the

body in which the gonads develop. In Cbrella inflata, this site is located posterior to the loop of

the gut, and is associated with both the ¢pidermis and the dorsal strand. In Distomus variolosus

the gonads develop in regions of the mantle sinus close to the peribranchial epith¢lium in which

there is quieter blood flow (Newberry, 1968). In Symplegma replans, the hemoblasts aggregate
in the "genital tracts” (Sulgimolo and Nakauchi, 1974). However, hemoblasts are not confined
to these regions; they are-found throughout the circqlgnory system of the ascidians. Because the
. gonads deyelop in specific sites of the body, there must be some mechanism responsibie for
promoting the accurhulétion‘ 'of hemoblasts m the pre-gonadal region. Newberry (1968)
suggested that the mantle.spécif ically may proxﬂote the Aocumulation of pré-gonadal blood gens
in that reﬁon In Corella iﬁﬂam there is no ultrastructural support for this hypothesis,
although direct experiment is neoessary to address this hypothesns exphcnly

‘All blood cell types of ascxdxans are capable of amoebond movement and of forming
aggregations (Hechl. 1918; Andrew; 1961; Wright, 1981). I'have frequently observed this

behavior by hemoblasts in many of the hemocoelic sinuses in Corella inflata. Most of these

)
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aggregations are lemporary in Coretlla, but there is a unique and persistent aggregation of only
two hemoblasts that differentiates into the ovotestis; this occurs only in the pYesence of the
‘dorsal strand. Newberry (1968) also noted frequent aggregalions of hcmobla{ ts in the mantle
sinus of Distomus, consisting of a few 1o dozens of cells. Some of\lhgy"aggrcga(ions along the
"presumpltive ovarian line and in the testicular region™ (Newberry, 1968) subsequently become
more encased in a conncc‘live tissue mafrix and more compressed, then d.iffcrcn(ialc into the
gonads. 1t is probable Lhét the pluripotent hemoblasts of the first stage of gonadogenesis give
rise to all of the cells of lﬂc ovotestis, because there is no evidence (o suggest a further addition
of hemoblasts to the developing gonad after its establishment. 1t appears then, that an
aggregation of (wo (o several hemoblasts is a prerequisite for gonad development in many
ascidians. In species such as Corella iif]gi_a, this aggregation must be associated with the ddrsal
strand. : - L,

!

}icmoblasls are probably‘(hc source of most of the tissues of the asexual bud in
members of those fan;ilics (Styelidae, Perophoridae, and Clavelinidae) that mulliply.by--
vascular budding (Brien. 1939; Sabbadin, 1955; Oka and Watanabe. 1957, 1959; Milkman and
Byrne, 196‘1; Freeman, 1964). Freeman (1964) found that hemoblasts (vide lymphocytes) are

1 ,

essential for budding in Perophora viridis and hypothesized that (hcy‘Supply an essenlial stem

cell factor to the bud, without which other lis§ues cannot develop. There is evidence, then, that
hemoblasts are a pluripotent cell type, and ;t is reasonablp to assume that they are capable of

‘ differcntiating into the gonad (Newberry, 1968; Ermak, 1975, 1976, 1979; Mgkai and
Watanabe, 1976; Wright, 1981). |

'~ Thereare three reborts in the literature that do not.support myv hypothesis that the

: .gonads of a;cidims arise from hemoblasts. These reporis, ;'ue particularly diff ichlt to interpret
and assess, and it should be noted that these are based on studies of éompound.a_scidians. First,
in the Ecteinascidia turbinata 0o0zooid, the ovary appears to be derived from mesodermal ﬁells

* '

‘of the mantle by‘ proliferation intol the hemocoel (Simkins, 1924).HSecondly, in Botryllus,

2
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Berrill's (i941a, b) investigations led him to conclude that the germ cells are derived from the

atrial epithelium. This conclusion is partially supported by Sabbadin and Zaniolo (1979). but

disputed by Mukai and Watanabe (1976). Thirdly, in Aplidium zostericola, the dorsal strand .
was reported to give rise tp the gonad (Brien, 1927). Brien (1948). however, does not discuss
the issue of dorsal strand involvement in gonad origin in his later monograph on ascidian
biolog.y. 1t is clear that a reexamination of these spccies‘ is essential 10 a thorough understanding
of gonad origin in the ascidians.

Thcsé few miéroscopical studies provide morphological information on the similarities
between hemoblasts and the cells of the first stages of gox;adogcncsis, and they implicate
hemoblasts in the origin of the gonad and germ cells. Coupled with my observations on Corella
inflata, this information indicales that hemoblasts probably give rise 1o the gonad in most ’
species. However, there remain 'scvc-ral important questions abot:l the origin of the germ cells -
that a niorphbloéical study cannotl address. First, are there characteristics of the gonad-forming
hemoblasts that are unique to these cells, making them a dis}inc( cell line? This has been
suggested by Newberry (1968) and Sugimoto and Nakauchi (1974), but has not been addressed
cxperirﬂcmally. Secondly, are the hemoblastsqihat form the gonad also found in the tadpole
larvar, or do they differentiate from hcmatopéje(ic tissues in the juvenile? After
metamorphosis, dcgenéraling cells of the axial complex are found in the gonad hemocoel of
solitary asci&ia,ns and the oozooid of compbuhd a;scidians. This material may obscure the initial
movcx_zient of hemoblasts to the site of gonad fomﬁon. Thirdly, are there characteristics of
the mantle, or epidermis, that cause the hemol;la'sts to aggregate in the pre-gonadaj regions of
the pody. and fdrm the gonad? |

It is quite o-t;viou; that the question of gérm cell origin in 'Lhis group of chordates has
advanced very h‘itlé in feoenlt years, and remains a significant gap in our understandiﬁg of the
rcp_roductivé biqiqu of the ascidians. It shouild be notéd that because there is considerable

var_iatibn among Speciw in the location of the gbnad; and in the presence and form of such
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structures as the dorsal strand, there may be similar varjation in the mechanism of gonad origin

among different taxa of ascidfans. This will only be elucidated by further investigation,

DORSAL STRAND
The dorsal strand is an enigmatic structure that has been reported in adults and
juveniles of many ascidian species ( Kowalevsky, 1874;1; Metcalf. 1900; Huus, 1924; Brien, 1927,
1948; Millar, 1953; Bullock and Horridge, 1965; Goodbody, 1974). 1t develops soon after
melamorphosis from a portion of the larva\ neural tube that also gives rise 10 the neural gland
(Elwyn, 1937). In all animals that possess a Jorsal strand, this structure is present as a
posterior continuation of the neural gland (Metcalf, 1900; Bullock and Horridge, 1965;
Goodbody, 1974) . In Corella inflaiZ. the dorsal strand js first visible growing towards the
gonad hemocoel within 3 days after metamorphosis. 1t is always associated with lh67>
establishment of the gonad. and ‘with the entire process of gonadogenesis, In many other
species, the dorsal strand is also associated with the developing reproductive system
(Kowalevsky. 1874a; Van Beneden and Julin. 1886; Huus, 1924: Brien, 1925, 1927, 1939:
Aubert, 1954; Markm'an_ 1958). although its role in gonadogenesis is entirely unknown.
My observations on Corella inflata are the first that describe the ultrastructure of the
dor"s,qL strand in.juvenile ascidiansj The dorsal strand is composed of a string of elongate 'cells
. altsatl’;\c‘:d at theiy ends by overlapping processes, joined by well-developed junctions, and
‘Lﬂ‘ ﬁ‘ﬁmded by an external lamina. These cells contain microfilaments, probably ac‘tin, which

may be important during the growth of the structure. Prior to the cavitation of the ovotestis,

there are no special features of the cells at the point of attachment between the dorzal strand
‘ < s

and the developing gonad.
After cavitationof the ovotestis has occurred, there is a blunt enlargement of the dorsal
strand at its attachment to the developing gonad; these cells, and some of the adjacent somatic

cells of the gonad contain moderately electron dense vesicles which are simiflar in sizeto

S
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neurosecretory vesicles that have been dcscri}x:d in other organisms (Baskin, 1976) . This is lhg-
first observation that suggests a possible neurosecretory function of the dorsal strand and
somatic cells oyf the gonad in any ascidian. The dorsal strand of Corella inflata remains a string
of single cells during gonadoganesis, other than at its poin(‘ of contact with the developing
gonad later, after the developing gonoducts have reached the atrium. the dorsal slrand loses
its assouallon with the reproductive system, becomes scveral cells in diameter and forms a
lumen, This is the adult condition of most species (Metcalf, 1900; Huus, 1924; Mackic et al .,
1974), although Millar (1953) reported that the dorsal strand remains associated with the ovary
in adult Ciona,

I)uriﬁg the initial stages of gonadogenesis in Corella inflata, there is no nervous tissue
associated with either the ovotestis or the dorsal strand. Just priot to cavitation of the
ovotestis, and during sd‘bsequcm development, an irregular layer of cell processes, which |
interpret to be axons, is found in close association with the dorsal strand in the region of the

’
ovotestis. These axons contain moderately electron-dense vesicles which, on the basis of their
siic and distribution, are suggestive ¢ a neurosecretory function ( Baskig, 1976). The vcsiclés
are also found in short extensions of these processes which extend into spaces between cells of
the ovolcslﬁ Although potential neurosecretory granules have been reported in some cells of
the neural ganglion and the major nefve trunks icaving the ganglion (Dawson and Hisaw, 1964:
‘Thiebold and Illoul, 1966; Chambost, 1966; Bouchard-Madrelle, 1967a, b; Aros and Konok -
1969; Lender and Bouchard-Madrelle, 1964; Geqrg&s. 1977; Sugimoto and Watanabe, 1980),
this is the first observation of vesicles that may have a neurosecretory f unction, in processes of

‘

the peri;;heral nervous system of ascidians.

I interpret Lhese‘p'ote'mial neurosectetory cell processess to be elements of the do'rsal
fold plexus ;hat has been described in the aduits of various species (Huus, 1937; Fedele, 1938;
Millar, 1953; Aubert, 1954; Maciu'e, et al., 1974), and in the juveniles (;f Ciona (Aubert, 1954;

Markman, 1958) and Corella w (Huus, 1924). The presence of nerw“/ous tissue
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surrounding the dorsal strand led to the c()nylcnli()n in the catly litggature that the dorsal strand
was an element of the peripheral nervous system (Kowalevsky, 1871a; Maurice, 1886, 1888;
Julin, 1881; Metcall, 1900: Lorleberg, 1907). More recent work, however. indicates that the
do-sal stand itself is entirely non- nervous and that the visceral nerve js a scparate structure

%
}\-\iuus_ 1924 i*‘cdclg, 1938; Brien, 1948; Millar, 1953; Markman, 1958: Mackic et al., 1974:
(i&)dbody, 1974).

The association of the dorsal strtand and the ncurosécrcwry cells with the ovotestis
during gonadogenesis leads to the question of the potential functions of ghese structures 1n the
juvenile. I hypothesize that the dorsal strand may be a conduit for tréphic Mb necessary
for lhc‘:'\ini(ialion and/or continuation of gonadogenesis, 1o move from the neural gland {(_)yf‘"“” :
developing gonad. In this way, the neural gland may actually control the establishment of ‘
g()nadogcncsis;, and/or its continuation. This would explain why the gonad never develops -
without the dorsa) strand attachment, and it may explain the presence of what appear to te
neurosecretory vesicles in the cells of the dorsal strand. Goodbz)jdy (1974) réimcrprctcd the
results of Carlisle (1951) and Bouchard - Madrelle (1967a. b) as indicating that the dorsal strand

" may serve as a pathway between the néural‘complcx and gonads for the movement of endocrine
products over a long-term repr(';duclivc cycle. However, because the dorsal strand does not
connect the neural gland with the gonad in adults of most species, including Corella inflata, it
is more likely that'if the dorsal strand functions in endocrine control, it does so primarily
during gonadogenesis. Such an explanation accounts for the continuation of the reproductive
cycle in adult Chelyosoma productum even after neural complex removal (Hisaw et. al., 1966).

One major problem with this hypothesis is that the function of the neural glandlié still

_unresolved. While some experimental results hint that the peural gland may function in some

aspect of reproduction (Hogg, 1937; Carlisie, 1950, 1951, 1954; Sengal and Kieny, 1962, 1963a,
‘ N ‘

e

b; Sengal and Georges, 1966; Bquéiqg;d- Madrellé\,j%’?a. b). there are no gomdotroﬁc
. N

N

hqrmones known to be produced in this organ (Géodﬁodi?“,“w-’ht). ln.‘addition. the neural gland

'



is positioned direcuy subjacent (o a subsiantial hemocoelic space. and such an cudocrine
pathway may therefore be superfluous. Ablation experiments, and the severing of the dorsal
: PR S . .
strand, would provide some information relcvant to this hypothesis,
Alternatively, the dorsal stiand may serve as a pathway directing growth of

4

ncurosecretory cells from the ganglion to the developing gonad. 1 suggest that, because the

Bl .

vesicles | have observed in the axons around the dorsal strand have pever been observed in

adults, they may be restricted (o fuveniles, Based on the presence of these vesicles both in the

axons and in the processes that extend intoj tc?cclllxlar pockets of she developing gonad, the
vesicles may function in some aspect of lh&inualion of gonadogenesis in developing
animals. However, heggase this nervous tissue §s not present in the gonad hemococl at the time ‘
gonadogenesis begins, sorie other mechanism must be involved ix{qhainillalion of
gonadogenesis. Al this time, there is no cxpcrimcnlz;l evidence ‘availablc (o supporl this
hypothesis, and there is insufficient ultrastructural information on the condition of the dorsal
~tstrand plexus in adults,

An aliernative hypothesis {o1 the functiohi of the dorsal strand in juvenile ascidians is
that it provides a template, or pathway, for the directional development of the oviduct and
associaled sperm duct, and gives way to the oviduct as it develops, This hy pbthesis is sup@rw‘d
by the observation in Corella inflata that the dorsal strand is associated with the dorsal most
.aspect of the developing oviduct at all times during gonadogcncsig_ aﬁ’d that this association is
lost by the time the oviduct reaches the atrium. Huu.s (1924) considered that the dorsal strand
actually gives rise to the gonoducts, based in part c;n the loss of the associatjofn between the

,

dorsal strand and the ovid6ict in adult Corella paralielogramma. Aubert (1954), however, states

that in Ciona, the dorsal strand continues posterior to the ovotestis. In Corella inﬂala. I have
never observed the dorsal strand in a postion similar to that described by Aubert (1954), but
neither have I observed any indication that the dorsal strand gives rise to the gonoducts (Huus,

1924). | | ™
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Figally, in those animals which possess a dorsal strand, the gonads may develop in a
location that is determined by the dorsal strand. There may be features of the d()rsél strand
whichb-promote the accumulation of hemoblasts al a particular site of the epidermis o1 mantlc,
which have not been revealed by my TEM observations in Corella inflata. The central issue of
this hypothesis is the mechanism by which the dorsal strand grows from the neural gland to the
pregonadal region of the animal, and the mechanism by which the dorsal strand and hemoblasts
recognize cach othet, nﬁikc contact, and initiate the establishment g)l‘ the gonad. Two
n))cchanisms by which the dorsal strand could be directed o its I'ina!‘pcslinapoh are chemotanis
and contact guidance (Albc.rls et al,, 1983). Neither the hemoblasts lhal‘l'orm the the Stage |
gonad nor the epidermal cells of the pre- gonadal region, have morphological evidence of the
synthesis or secretion of chemotactic substances, ‘although these substances would not
necessarily be obscrvlcd with TEM, It may be that molecules such as fibronectin o
glycosaminoglycans, or even the orientation of the collagen fibers in the cx:raccllular maltrix
may guide the dorsal strand to the pre-gonadal region in a l‘as{n’on similar lo‘(h‘c migration of
ncural crest cells (Alberts, et al,, 1983). Membrane adhesiveness in the end cells of the dorsal
strand might promote the accumulation of cells at this point. but further investigations, o1
example by selective staining for specific carbohydrates such as lectins on the cell surface
(Alberts ¢ - 1983) are essential to demonstfate the méchanisms involved in this process.

' chardiess of its role in Corella inflata. many ascidian species, including the majority
of stolidobranchs, appear to lack a dorsal strand in the juvenile as well as the adult (Mclcalf'_
1900; Newberry, 1968; Goodbody, 1974). If this is indeed the case, then an crlnirely different
niéchanism of gonqg_ formation must be proposed for those animals. I suggest that beftife a
detailed hypothesij concerning gonad formation among members of the class can be proposed,
a careful reexamination of those animals that reportedly do not possess a dorsal strand in the
juvenile must be Pcrf ormed. It may turn out that the dorsal strand is a more universal structure
in the ascidians than has been previously supposed. In any case, the ab_ovc hypotheses apply

. ¥
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only 10 those animals in which a dorsal strand is present in the juvenile,

s

NUAGE

Many animal species possess certain cells, that on the basis of their cytoplasmic
elements can be identified as constituting a germ cell line (Beams and Kessel, 1974; Eddy, 1975:
Nicuwkoop and Sutasurya, 1979; Kessel, 1983). These cytoplasmnic elements are sequestered
during én;bryogcncsis into those cells that will later differentiate into the germ cells (Fddy,
1975: Nicuwkoop and Sutasurya, 1979}, and the destruction or removal of these cells will result
in a slcrile\adull‘ In other species, the germ cells themselves comain a characléristic,
densely -staining material in their cytoplasm, which 1 refer to as nuage after Eddy (1975). This
nuage is found in young oocytes, and sometimes m)gqnia or nurse cells, and also occasionally in
spermatogonia (Eddy, 1975). Although its specific role in dclcrmiéing gcnﬁ cell !'orymalion is
not known, nuage is a germ cell specific inclusion (Eddy, 1975; Nicuwko()p and Sulasurya,
1979).

Nuage has been rcponcd‘ in young previtellogenic oocytes in several species of ascidian, )
both with the light microscope (Crampion_ 1899; Conklin, 1905; Hirschler, 1917; Harvey, 1927; |
Jagersien, 1935). and with the TEM (Hsu and Cloney, 1958; Mancuso, 1964; Kessel, 1983).
Bécause of its germ line specificity. ] searched for nuage in the hemoblasts, and all stages of
gonadogenesis in Corella inflata, to try to determine if' nuage is fQund in any cells prior to the
establishment of the gonad. The presence of nuage in circulating hemoblasﬁ might indicate that
all hemoblasts are capablc of forming the gonad. The presence of nuage in only gonad-forming
hemoblasts would provide evidence both that fhe germ line 1s determined fairly early in
development, éhd thgl there are only a few cells capable of forming the gonad. In Corella
inflata, nuage is first observed in gonial cells of ‘the cavitated gonad (Stage IV), after the gonial

cells ha\}e been completely isolated from the environments of both the lumen of the ovotestis

and t'h%gonad hemocoel by somatic cell processes. It is never found in any gonial cells of earlier



stages of gonadogenesis, or in any hemoblasts. This indicates that the hemoblasts that form the
gonad are not unique by ihis morphological criterion, and that the gonial cells themselves begin
the synthesis of nuage after cavitation of the ovotestis occurs. This is :hc first repori on the
presence of these germ line inclusions in the developing gonad of any ascidian,

Sections through the developing gonad of Corella inflata, demonstrate small granular
aggregations in Jocalized regions of the inner and outer membranes of the nuclear envelope. In
favorable sections, it is possible to see this granular material extending through™uclear pores,
There is therefore every indication that nuat;c is synlhvcsizcd in the nucleus and is moved to lhg
cytoplasm. This view is shared by Cowden (1967)._‘Kcssel (1966a, 1983) and Mancuso (1963, "
1964, 1972). The material that passes through the pores consists of RNA and protein (Cowden,
1961, 1962, 1967; Cowden and Markert, 1961; Davenport and Davenport, 1965; Kesscl, 1966a.
1983; Eddy. 1975). It appears that the frequency of nuage production dccfcascs during growth
of the oocyte. so that it is virtually absent in vitellogenic oocytes (Mancuso, 1964, Kessel, ‘
1966a. 1983) . Similarly, the granular aggregations that constitute the nuage appear 10 fragment
as the oocyte grows, so that they are more numerous but smaller in lafgcr oocyles (Mancuso,
1964; Kessel, 1966a, 1983). Kesgel (1983 ) suggests that these aggregations may be masses of'
ribosomes which subsequently become dispersed in the cytoplasm and transformed j_hlo
particulate ribosomes, accounting for the intense basophilia of previtellogenic oocytes.

1t should be noted that my observations suggest that nuage may be produo;ad cyclically
during gonadogenesis in Corella inflata. The amount of nuage in the gonial cells of a givcnl
individual is relatively constant, as is the apparent movement of material f rbm nucleus to
cytoplasm. It is possible that nuage production gorrcsponds to cell divisions taking place in the
germinal layer, and that there is no nuage production during bouts of mitosis. As yet there is no
experimental evidence to support this hypothesis, ‘and carefully controlled experimental

conditions, and TEM fixation of animais' at all.hours of the night, are required to address the

issue more fully.
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During gonadogenesis in Corelld inflata, n‘uagc is first visible in the ovotestis just after
cavitation has occurred. This indicates that nuage is neither responsible for-organogcncsis_ nor a
determinant for the ovarian line. After the diffcrcmialion of the (eslicular’rudimcm from the
OV(;KCSUS, nuage is still found in the male gonial cells, and ultrastructural évidence supports the
conclusion lh,al nuage is bcirig produced in the testis, although it is not as abundant g in the
ovarian portion of the gonad. Its structure is, however, identical in gonial cells of both the
testis and 1he ovary. Developing male germ cells of other animals have been reported to contain
nuage (Eddy, 1975; Kessel, 1983), but it has never been reported in the develaping male germ
cells of ascidians. This méy partially result from a lack of research on the subject of |

spermatogenesis in ascidians (Georges, 1969; Tuzet et al., 1974).

CELL DIVISIONS

Q]c prc;blcm that 1 have encountered in the study of gonadogenesis in Corella inflata is
that cell division has never been observed in the gonadal tissues, This has made it difficult to
determine the dynamics of gonial céll origin and abundance within the epithelium of the gonad.
In the course of thijs study, sections of over 200'animals. fixed at various times of the day from
ecarly mvoming to late afternoon, showed no animals in which cells of the reproductive tissues
were divid‘ing. Because of the absence of mitotic divisions during these periods of the day, 1
suggest that cell division occurs rapidly and synchronously during gonadogenesis in ascidians.
N Other events of the reproductive cycle, such as the release of gametes and tadpoles, are
regulated by the perception of photoperiod in many species including Carella (Huus, 1937;d
Lgmbert and Brandt, 1967; Whittingham, 1967; Recse, 1967; Georges, 1968; Watanabe and
Lambert, 1973; Woollacott, 1974, 1979; West and Laxhben. 1976; Mukai and .Watanabe, 1977,
Woollncott and Porter, 1§77). It is.possiialc that photoperiod control of the cell cycle is exerted
on the gonial cells so that, for instance, mitoses occur only very late at night. Other authors
have also reported thgt mitotic fi'gures are Absent m the gonads of ascidians (Van Beneden and

”
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Julin, 1886; Bancroft, 1899; Aubert, 1954: Hsu and Cloney, 1958). Tucker (1942) noted that in

Styela clava, all observations concerning mitosis in the gonad were based on sections from a

single animal. Tuzet et-al. (1974) reported that while they did not observe mitoses. there were

cytoplasmic bridges connecting adjacent spermatogonia in the testis. These bridges correspond

to the midbodies that l have reported in the dcvéloping gonad of Corella inflata. The question
!

of mitotic regulation during gonadogenesis is particularly intriguing, and it deserves furthes

investigation.

. ORl(}lI/V OF THE FOLLICLE CELLS

One of‘lhe areas of ascidian reproductive biology lh;il ha's‘ historically received
considerabletattention is the question of follicle cell origin. While I have not addressed this
question specifically during the course of my study on gonadogenesis in g)_r%\ inflata, 1 have
made observations that provide some relevant information to this issue.

Somatic cells are first visible surrounding the gonial cells of the ovotestis in the clump
stage (Slagc 111) of gonadogenesis in Corella inflata. After cavitation of the ovotestis has
occurred, two types of somatic cells are distinguishable on the basis of their shape, sich, ;nd
nuclear characteristics. These two types of somatic cells are present in the ovarian portion of
the gonad throughout gonadogenesis. '

In the ovotestis of Stages IV and V of '@ggllg inflata, the Type I} somatic cells are
irregularly shaped low cuboidal cells, variable in size, and found primarily ad jaccm' to the
gonial cells. The puclei contain dense nucleoplasm, and the cytoplasm contains conspicuous
large vesicles of RER with a diffuse intracisternal matrix, and large Golgi complexes. These
somatic cells are associated with gonial cells in the ovarian portion of the gonad after the
ovarian and’ testicular rudime'nts.have separated, but they are never found in the t;sticular
portion of the developing gonad. In the Stggc VII gonad, after ’lh,e ovary ‘and‘tcstis have

completely separated and are fofming their exit ducts, some of the Type 11 somatic cells appear

‘a
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10 establish a brimary follicle cell layer around the gonial cells. 1 suggest that on the basis of
thegg morphological observations, the Type 11 somatic cells are indeed the progenators of the
follicle cells. |

During the carl‘y stages of oogenesis, the oocyie of ascidians is surr&undcd completely
by a layer of primary follicle cells (Cowden, 1961, 1962; Reyerberi. 1971 Kessel, 1983). The
follicle cells later divide to form first the test cells, and then both the inner and outer follicular
layers (Huus, 1937; Tucker. 1942; Cowden, 1961, 1962; Kessel and Kemp, 1962; Kessel, 1962,
1983; Berrill, 1975). Work by Knabgn (1936). spc,k, (1927) and Mancuso (1965) points 1o a
blood cell .origin of the accessory cell layers around the oocyte. Pérés (1954). DeVincentiis
(1962) and l(alkE (1963a) believed that the follicle cells are germinal epithelium QCrivalives. and
maintained that the test cells are derived from amoeboid cells of the blood. In Corella inflata, it
appears that the follicle cell line is established very early during gonadogenesis. and that at least
the brimary follicle cells are derived from the Type 11 somatic cells. Because there is no
evidence 1o suggest that blood cells contribute ta the the gonad after it is. established, these
follicle cells are probably derived ultimately from the initial, um’hue,accumulalian of
hemoblasts of the first stage of gonadogcnesis‘.'These observatior-ls demonstrate the need for

further specific investigation into the origin of the follicle cells in ascidians.
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Table 1. The seven stages of gonadoge.ncsis in Corella inflata, documenting the size of the
juvenile and number of days after metamorphosis for each stage, as well as tht shape of the
developing gonad, the approximate number and size of the cells that form the gonad, and the
features of the gonial ar;d somatic cells of the gonad. The figures given for days after
metamorphosis are the lowest observed for each stage. There is considerable _van'alion in growth
rate among individuals in each culture; but once a particular size is attained, the juvenile
possesses the given stage of gonadogenesis. ann.lam = annulale lamellae, d.s.= dorsal strand.

f.g.inclusion= fine-grained inclusion, loc.g.l. = localized germinal layer, peri.hetero. =

peripheral heterochromatin.



STAGE

SIZE AGE
(mm) (days)

SHAPE SIZE REPRO APPROX
REPRO SYST ~ SYST (um)_ # CELLS

FEATURES

GONIAL CELLS

SOMATC CELLS
TYPE I TYPE I1

I: Ovotestis

IT: Ovotestis -
HI: Ovofestis

1V: Ovotestis

Y: Ovotestis

VI: Ov.Rudiment

Test.Rudiment ‘

VII: Ovary

Testis

<3 - 2cells, nods., 7-10 2
\I/
0.3 1 2 cells, d.s. N 1-10 2
) 5 7os
o -
0410 14 ellipsoidal Co0 1520
cell cluster ‘
1.0-1.6 25 spherical, w/- 25-35. 30- 50
lumen
1.8-2.4 30 ellipsoidal w/ 3538 "100
fumen, loc.g.l.
26-2.8 s ellipsoidal, w/ 80-100 200
lumen, foc. g.l.
spherical w/ ‘ 20 20-25
fumen
28-40 80 n_on.wm_n. w/ “150 “500

oviduct,loc.g.l.

tlongate, w/ -100 200
spermduct

similar (o
hemoblast

similar to
hemoblast

f .g.inclusion

f.g.inclusion,
nuage

{.g.inclusion,
nuage

{ .g.inclusion,
nuage, ann.lam,
nuage

\
f.g.inclusion

nuage, ann.lam.

nuage

none

none P

no-dif ference

peri.hetero. dense nuc.,VER,

cilia f .g.inclusion
e
peri.hetero., dense nuc.,VER,
cilia f .g.inclusion

peri.hetero., dense nuc.,VER, -
cilia " [.g.inclusion

no difference

peri.hetero., “dense nuc.,VER,
cilia - f.g.inclusion

no difference



Ilustration 1. Drawing of the poslérior region of a juvenile in Stage 111 of gonadogenesis, 'l:his
shows the ovotestis attached to the dorsal strand, an(i the post'lion of the ovotestis relative to
the digestive system. [DS= dorsal strand. ES= esophagus, IN = intestine, OT = ovotestis, ST =
stomach.

~
lllustratiog 2. Drawing of the posterior region of a juvenile in Stage V11 of gonadogenesis. This
shows the oviduct attached to the dorsal strand, and the sperm duct opening into the dorsal
region of the oviduct, The configuration of lhc‘ digestive sys(cx—n i_s the same as that of the a@ull.

DS= dorsal strand, ES= esophagus. IN = intestine, O= oi/ary,Sle stemach, T= testis.
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Hlastration 3, Composite drawing of the seven stages of gonadogenesis in Corella inflata, This
summarizes the morphological changes that take place during gonadogenesis, and includes
changes in the relative numbers of cells that make up the developing gonad. The stippled celis

represent the gonial cells,






Figure 1. Light micrograph (1. M) of a young juvenile shortly a("tNCl mc(amor‘phosis showing the
right side of the body. A= anterior, AS = atrial siphon, BAR = basal attachment region, BS -
branchial siphon, CA = caecum of the stomach, 1> = dorsal, EN ~ endostyle, EP - cpidcrmis,
FES = esophagus, IN= intestine, P~ posterior, $l = stigmata, 5T~ stomach, TU = tunic, V
~ventral, 350X .
)
Figure 2, .M of a young juvenile showing the'left side of the body. Labels are the sagic as
above. A portion of the dorsal strand, attached (o the ovotestis, can be scen jn the poslycnox

-~

region of the animal (arrows). 35@.
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Figure 3, Scanning electron micrograph (SEM) of a mature gonad, AL - atrial cpitheljum,
BC - blood cell, Q0= oocyte in the ovary, T+ lobule of the testis, Scale bat = 40.0 w430
X.

Figure 4. SEM of a portion of a mature ()var)'.‘Aii - alrial cpilhclium. BC = blood cells, T
connective tissue, FC= indentations of follicle cells around the oocytes, OO= oocyte, Scale bai

= 20.0 um. 530 X | >
’ ?
Figure 5. I;Mﬁf a whole mount showing a developing ovarian lobe on the surface of the

intestine. 1 = intestine, OO0= oocyle, Scale bar = 50.0 um. 260 X. A






Figure 6. SEM of a portion of a lobuie in the mature testis. BC = blood cell, CT = connective

tissue. Scale bar = 110.0 xm. 110 X,

Figure 7. I.LM of a whole mount showing several lobuies of the testis, GF = germinal

epithelium, SID = sperm duct, Scate bar = 50.0 um. 220 X

Figure 8. D1C micrograph of the neural complex of a juvenile soon after metamorphosis,
showing the location of the dorsal strand relative to the neural complex. CF = ciliated funnel,
DS = dorsal strand, NG = neural ganglion, NI. = neural gland, NV = ncrve. Scale bar = 10,0

A

um. 1,120 X

Figure 9. DIC micrograph of the right side of a juvenile, The neural complen is posiliqncd
dorsally and anteriorly, and is subjacent 10 a hemocoelic space. BS = branctlxial siphon, DB= -
degenerating larval brain, DS =« dorsal strand, EN = endostyle, EP = epidermis, HC = '
hemocoelic space with blood cels, NC = neﬂral complex. Scale bar = 20.0 pm. 570 X,

2
Figure 10. Transmission electron micrograph (TEM) of the dorsal siran;i in the gonad
hemocoel. El.= external lamina, ER = rough endoplasmic rcliculum, M= mitochondrion, N=

nucleus, SL.= secondary lysosome. Scale bar = 2.0 um. 8,500°X.

/
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Figure 11. TEM of the dorsal strand. El.= external lamina, N= nucleus, P = process, R =

ribosomes, V= moderately electron dense vesicles. Scale bar = 0.25 um. 31,400 X.

Figure 12. TEM of the dorsal strand along the epidermis in the gonad hemocoel, CT =
connective tissue fibers, DS= dorsal strand, EP = epidermis, N= nucleus, NV = associated

nerve axon. Scale bar = 0.5 um. 22,300 X.

N R
’ p f .(’

Figure 13. TEM of microfilaments alongﬁ the edge of “the plas‘!ﬂ‘alcmr'na' ih a dorsal §E’¥and cell. =

MF = microfilaments, N= nucleus. Scale bar = 0.25 um. 37,700 X. ¢

»

"

Figure 14. TEM of desmosomes joining overlapping processes of cells of the dorsal strand. [ =
dcsmoSome. Scale bar = 0.‘25 um. 46,200 X,

Figure 15. TEM of the region of contact between the dorsal sua(;nd and the developing gonad
during Stage V. DS= dorsal'strand, GS= somatic cells of the ovotestis, N= nucleus, NV =

nerve, SL= secondary lysosome. Scale bar = 2.0 um. 5.300 X,

Figure 16. TEM of the dorsal strand and associated nerve near their contact with the ovotestis.
DS= dorsal strand, EL= external lamina which is continuous around the dorsal strand and

nerve, ER = endoplasmic reticulum, M= mitocﬁondrion. NV= nerve, V= mo;leralcly electron
n : )
dense vesicle¢™cale bar = 1.0 pm. 12,800 X.. ‘

[N

Figure 17, ’I'EM of the nerve in the gonéd‘ hemocoel;’composed of multiple overlapping s
LI e L

ooy .

~ pracesses. CT= connective tissue, EP'=‘epidermis. NV= nerve, V= moderately electron dense

a
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Figure 18. TEM of a cross section through the nerve near the ovotestis, MT = microlubulcg,é
V= moderately electron dense vesicies, Note the opaque vesicles in the nerve as well. Scale bar
= 0.1 um, 124 300 X.

Figure 19. TEM of the nerve near the contact between the dorsal strand and the ovotestis. DS =
dorsal strand, GS= somalic cells of the ovotestis, SL = secondary lysosomes, V= moderately

electron dense vesicles. Scale bar = 1.0 um. 14,400 X,

[

Figure 20. TEM of a nerve process extending into the somatic region of the ovotestis. GS:
somatic cells of ‘lhc ovotestis, MT'= rﬁicrolubules. V= moderately ¢lectron dense vesicles, Scale
bar = 0.25 um. 47,300 X. “
3
Figure 21. DIC jnicrograph of the dorsal strand close to a pair of hemoblasts in the gonad
- hemocoel during the first stage of gonadogenesis. BC? blood cells, CT = connective tissue,
"~ DB= degenerating lg‘rw‘xl brain, DS= dorsal strand, which has a tapered end. ES= esophagus,
HB= hemoblasts. Scale bar = 10.0 pm. 1,340 X.
'Figure 22. DIC micrograph of the dorsaltrand in the gonad hemocoel during Stage I of
éon&dogenesis._ AX’= resorbed axlial complex cells, DS= dorsal stfand. EP = epidermis. Scale

¢

bar = 10.0 1,100 X. ‘ : o
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Figure 23. DIC micrograph of the Stage 11 ovotestis attached 1o the dorsal strand on the right

side of the body. BC= blood cells, CT = connective tissue, DS= dorsal strand, EP =

%

epidermis, OT = ovotestis. Scale bar = 20.0 um. 890 X.

Figure 24, DIC micrograph of the Stage 1] 0‘\"01cslis attached to the dorsal strand. CT =
connective tissue, DB= degenerating larval brain, DS= dorsal strand, OT = ovotestis. Scale

bar = 20.0 um. 890 X.

P

- Figure 25. I.M of the Stage 11 ovotestis in the gonad hemocoel. AM= ampulla, CT=

connective tissue, EP = epidermis, GH= gonad hemocoel. OT = ovotestis, PG = pyloric gland.
. T~

Scale bar = 10.0 ym. 1,620 X. f

Figure 26. TEM of collagen fibers around the ovotestis. Note the banding pattern of the

/

individual fibers. Scale bar = 0.1 xm. 98,700 X.

. °

Figure 27. TEM of the Stage I1 ovotestis. fER = endoplasmic reticutum, M = mitochondrion,

N

N= nucleus, NU= nucleolus. Scale bar =\{.0 um. 11,200 X .- oL Y

&

-

Figure 28. TEM of circulating hemoblasts. Note the similarities between these cells, apnd the

cells of the Stage I1 ovotestis. ER = endoplaSmic reticulum, M= mitochondrion, N= nucleus,

' NU= nucleolus. Scale bary= 2.0 um. 6,100 X. Inset, TEM of a midbody between two

hemoblasts (arrows). IS,W. - : C,

B
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Figure 29. I.M of the Stage 111 ovo‘tcslis‘alldchcd 10 the dorsal strand. CT = conneclive tissue,

-

* - !
[DS= dorsal strand, EP = epidermis, GC = éonlal cell, PG = pyloric gland, SCz somatic cell,
"

ot 2% :
TU= tanjc. Scale bar = 10.0 um. 1,690 X. | .

i
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Figure 30. TEM of a gonial cell and somatic cells of the Stage 111 ovotestis. Bl.= basal lamina_

C= cilium, ER = cndoplismic reticulum, GA = granular aggfegations jn the perinuclear

cytoplasm, IP = intercellular pocket, M= mitochondrion with matrix granule, MD =
plag .

' Membrane density, N= nuclel;s. NU = nucleolus, R = ribosomes, SC= somatic cell, S, =

~

secondary lysosome. Scale bar = 1.0 um. 18,500 X.
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l%ﬁl. TEM of gonial cells surrounded by somﬁdc cells in the Stage 11 ovotestis, ER e . )
endoplasmic rcticull;m. EP = epidermis, G = Golgl complex; GC= gonial cell, GH= gonad
hemocoel, SCg somatid cell. Scale bar — 2.0 ;.m, 8,500 X.
' @

Figure 32, TEM of a myeloid figure in a ‘gom‘él cell of the Stage 111 ovotestis, AG = granular o ‘ B
aggregations lhal‘\appcar 1o be in transit to the cyl()plas;’n through the nuclear pore, GR < s
glycogen roscucs_*MY; myeloid figure, Nﬁzﬁycl'car envelope, R = ribosomes, S{-alc bar - ':{?’7 .
0.25 wm. 59,200 X . ‘ g

.

Figure 33. TEM of fine-grained inclusions in a gonial cell of the Stage 111 ovotestis, Fi =
fine-grained inclusion, NE = nuclear.envelope, NP = niclear pore. Scale bar = 0.1 pm. 92,700

booa

- X,

. Figure 34. TEM of a somatic cell of the Stage T ovotestis. BL = basal lamiina, G= Golgi - .

. Wy .
complex, GC = gonial cell, N= nucleus with periphergl heterochromatin, SC = somatic cell,

)« N

Scale bar = 1.0 um. 21,300 X : : o , . -
i . ) ‘ ~ KE) .
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Figure 35. TEM of somatic cells of the Stage I11 ovotestis. Note that the somatic cells at the
extremities of the organ afe more cuboidal jn shape, Bl - basal lamina, GC = gonial cell, N -

nucleus with peripheral heterochromatin, Scale bar = 1.0 wm. 15400 X,

g . . (. ' ; £ - . ; :
Figure 36. TEM of somatic cells <%'lhc Stage H1 oxotestis, showing a cilium projecting into-an

intercellular pocket. C= cibum, FR = endoplasmic reticulum, which has a vesicular form, 1P -

intercellular pocket, SC - somatic cell, Scale bar - 0.5 um, 17,600 X,

Figure 37, TEM of vesicles associated with the plasmalemima along an intercellular pocket of a
somatic cell, GC= gonial cell with irregular processes, [P = intercellular pocket, SC= somatic

cell, V= vesicles, Scale bar = 0.5 um, 30,900 X

Figure 38. TEM of a somatic cell membrane specialization, which is coiled, and contains some
.

vesicles similar to those in Figure 37, Scale bar = 0,0 um. 79,700 X,

Figure 39. &}M of desmosomes joining adjacent somatic cells of the Stage 111 ovotestis, Scale

bar = 0.25 um, 39,100 X,

Figure 40. DIC micrograph of the Stage 1V ovotestis, with localized regions of thinning,
particularly in areas facing the epidermis. The dorsal strand attachment is out of focus in this
micrograph. EP = epidermis, .= lumen of the ovotestis. Scale bag = 10.0 um, 1,170 X.

Figure 41. LM of the Stage IV ovotestis, showing the large gonial cells and squamous somatic

©

cells. AE= atrial epithelium, EP = epidermis, GC= gonial cell, L= lumen of the 6volcslis.

SC= somatic cell. Scale bar = 5.0 um. 1,890 X.
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Figure 42, TEM of a gonial cell surrounded by Type 11 somatic cells in the Stage 1V ovotestis.
The Type 11 somatic cells can be distinguished by their dense nuclcoplasm.l and the vesicular
endoplasmic reticulum, EP = epidermis, ER = vesicular endoplasmic reticulum, G = gonial
cell, M) = membrane density, N: Tucleus, P = process of somatic cell, SC2= Type 11

somatic cell, Sca'lc‘ bar = 2.0 um, 8 300 X.

Figure 43. TEM of a gonial cell of the Stage 1V ovolcsli.s. n.= nucleus with peripheral
heterochromatin, AG = granular aggregations in the perinuclear cytoplasm, ER = endoplasmic
reticulum, I.= lumen of the ovotestis, M = mitochondrion, M) = membrane density, MY=
myeloid figure, N = nuclc&s with peripheral hclcréchromalin, NA = nuage, NU = nucleolus,
SC1= Type I somatic cell, SI.= secondary lysosome. Note the vesicular form of endoplasmic
reticulum in the Type 11 somatic cell adjacent to the gonial cell. Scale bar = 0.5 um. 18;40() X.
‘ . o
Figure 44 TEM of nuage in the cytoplasm of a gonial cell, This appears to be associated with

|
nuclear pores. N= nuclens, NA = nuage, NP = nuclear pore, R = ribosomes, Scale bar = 0.25

pl. 66,700 X.

Figure 45. TEM of a gonial cell of the Stage IV ovotestis. AG = granular aggregations, ER =
endoplasmic reticulum, MD= membrgae density, N= nucleus, V= vesic}eq associated with the

plasmalemma. Scale bar = 0.5 um. 24,700 X. '
o .
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Figure 46. TEM of myeloid figures and nuage in a gonial cell. MY= myeloid figure, NA=

nuage. Scale bar = 0.5 um. 23,000 X.
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Figure 47. TEM of the Stage 1V ovotestis, showing Type I somatic cells with extensive

&
processes in the region thal is devoid of gonial cells, EP = epidermis, GH = gonad hemocoel,
»
1.~ lumen of the ovotestis. P = somatic cell process, SCl= Type | somatic cell. Scale bar =

5.0 um. 1,950 X,

Figure 48, TEM of cytoplasmic processes of Type I somatic cells, P = somatic cell process,

ZA = ronula adhaerens, Scale bar = 0.5 um, 25,300 X.

Figure 49. TEM of a Golqgi complex, with a large number of vesicles, in a Type Il somalic cell.

gy
G = Golgi complex, V= vesicles. Scale bar = (.5 um. 31,000 X,

s

Figure 50. TEM of a Typclll somalic cell, Bl. = basal lamina. ER = vesicalar endoplasmic
reticulum, L1 = iipid droplet, VA = vacuole, Scale ’bar = 0.5 um, 31.000 X.’

Figure 5T, DIC micrograph of the Stage V ovotestis, showing the attachment of’the d.orsal
strand ab & blunt expansion, and the localization of the germinal la-ycr. DS = dorsal strand,

GL = germinal layer, L= lumen of the ovotestis, SC= squamous somatic cells. Scale bar =

F lguré 52. LM of the Stage V ovotestis, showing the gonial celis in the germinal layer and the

0.0 um. 840 X.

squamous somatic region that constitutes the ,reméinder of the organ. GC = gonial cells, GL=
germinal layer, L= lumen of the ovotestis, SC= somatic cells. Scale bar = 10.0 wm. 1,260 X.

R
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Figure 53. TEM of the germinal layer of the Stage V ovotestis, including gonial ccﬁs and

somatic cells &)(‘, = Jgonial cell, 3Cl = Type 1 somalic cell, SC2= Type Il somatic cell, SGC =

small gonial cell. Scale bar = 2.0 um. 9,100 X.\

Figure 54. TEM of a Type 11 somatic cell in the germinal layer of the ovotestis. P = process
‘ ©
from the Type 1 somatic cell that extends around adjacent gonial cells, SC1= Type 1 somatic

cell, SC2= Type 11 somatic cell, Scale bar = 1.0 um. 11,800 X,

Figure 55. TEM of a Type Il somatic cell, FI = fine-grained inclusions, GR = granular clustxcrs

that resemble ribosomes. Scale bar = 0.2 um. 79,100 X.

4
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Figure 56. .M of the Stage V] gonad, showing the ovarian rudiment with localized germinal
layer, and the attached testicular rudiment. GL = germinal tayer of the ovarian rudiment, OL =
ovarian lumen, SC= somatic cells of the ovarian rudiment, TL. = lumen of the testicular

rudiment, TR = testicular rudiment. Scale bar = 10.0 um. 950 X.

Figure §7. DIC micrograph of the Stage VI gonad showing the testicular rudiment as a bulge
o , )
extending from the anterior portion of the ovarian rudiment. The testicular rudiment opeps

into the lumen of the ovarian rudiment. OR = ovarian rudiment, TR‘;= testicular rudiment.

Scale bar = 10,0 um. 980 X. | o ‘
¥ . ‘ *
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Figure 58. TEM of the germinal layer of the ovarian rudiment. ER = vesicular endoplasmic

reticulum in the Type 11 cells, GC&{gonial cell, GH= gonad hemocoel, Ol. = ovartan lumen,

(= primary oocyte, SC2= Type Il somatic cell. Scale bar = 2.0 um. 5,600 X.

Figure 59. TEM of the thinner region of the germinal la}cr. GC'= gonial cell, SCl1= Type 1

somatic cell, SC2= Type 11 somatic cell. Scale bar = 2.0 um. §,750 X.

\

Figure 60. TEM of the region of the germinal layer that grades into the squamous somatic
region in the ovarian rudiment. Note the large vesicles of endoplasmic retfculum in the Type 11

somatic cell. GC= gonial cell, SC2= Type 1somatic cell. Scale bar = 1.0 pm. 11,800 X\

Figure 61. TEM of annulate lamellae in a gonial cell of the ovarian rudiment. Al.= annulate

lamellae, F1 = fine-grained inclusion. Scale bar = 0.5 um. 31,600 X.

Figure 62. TEM of a midbody between adjaocm gonial cells of the ovarian rudiment. GC=

- -

“gonial cell, MB= midbody. Scale bar = 0.5 um. 26.300 X.






Figure 63, TEM of a Typc?somalic cell, Note the overlapping processes, and the cilium
projecting into the lumen of the ovarian rudiment, GH '=,§onad hemocoel, Ol.= ovarian

lumen, P = somatic cell process. Scale bar = 0.5 xm. 25,000 X

“Figure 64. TEM of the testicular rudiment of the Stagé V1 gonad. The germinal layer is not
localized in this stage. GC = gonijal cells of the testicular rudiment, 1. = ovarian lumen, OR =
ovarian rudiment, SC= somaltic cells of the testicular rudiment, T1 = testicular lumen, TR =

icsu‘cular rudiment. Scale bar = 5.0 um. 2,300 X.

Figure 65. TEM of the region of contact between the ovarian and testicular rudiments in Stage
- V1. BL.= basal lamina which is continuous around the two organs, GC = gonial cell, GH=
-gonad hemocoel: Ol.= ovarian lumen, OR = ovarian rudiment, TR = testicular rdiment. Scale

-

bar = 2.0 um. 7,800 X.
Figure 66. TEM of a grazing section through a gonial cell in the region of contact between the
ovarian and testicular rudiments. N= nucleus, NA= nuage, SC2= Type Il somatic cell. Scale

bar = 1.0 sm. 11,400 X..






Figure 67. THEM of a grazing section through ¢ gonial cell in the region of contact, GO gonial
cell, Vo vesicles containing electron dense malterial, VA - vacuole with small vesicles. Scale bag

U\ ;‘lll‘ l‘?,?ﬂ(x) X

Figure 68, TEM of a gonial cell in the testicular rudiment, Bl. - basal lamina. N~ pucleus,
NA =~ nuage, 5C - somatic cell with a cilium projecting into an ix]lcxcc‘ll@ar pocket, Scale bat

N

l},()#m‘ 10,700 X. » ' N

Flgure 69, DIC micrograph of the Stage V11 gonad, The testis is positioned laterally o the
ovary, O= ovary, O = oviduct, PG = pylork\gland_ SD = sperm duct, T= testis. Scale bar -

50.0 W, 260 X,

Figure 70. 1.M of the Stage VI gonad. The testis here is anterior 1o the ovary, Ak = atrial
epithelium, EP = epidermis, GH= gonad hemocoel, B1.= germinal layer of the ovary, O=

ovary» OD = oviduct, PG = pyloric gland, SI>= sperm duct, T= testis, Scale bar = 50,0 um.

260 X.






Figure 70, .M of the ovary of Stage VI1. GC = gonial cells, “31. = germinal layer, SC1 - Type
I somatic cells, SC2= Type 1 somatic cells, SID = sperm duct, Scale bar - 10.0 um, 1,080 X,

Figure 72, 'TEM of the thinner region of the genminal Jayer of the ovary, GO = gonial cell,

A

NA = nuage, Ol. = ovariag lumen, SC2= Type 11 somatic cell, Scale bar ~ 1.0 um, 11,200 X,
]

Figure 73, TEM of a region of the thick gc'rminalfaycr showing a Type 11 somatic cell between
S .
adjacent gonial cells, GC= gonial cell, SC2 = Type Il somatic cell, Scale bar = 1.0 um. 11,200

X.

Figure 74. TEM of a Type 11 somatic cell in the germinal layer. GC = gonial cell, SC2= Type

11 somatic cell. Scale bar = 0.5 um, 32,100 X,

Figure 75. TEM of the germinal layer where it grades into the squamous somatic region that
forms the oviduct, GC = gonial cell, Ol.= ovarian lumen, SC2= Type |1 somatic cell, Scale R

bar = 2.0 um. 7,800 X.
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Figure 76, TEM of the oviduct adjacent to the developing spérm duct, Bl.= basal lamina
iy .
between the sperm duct and oviduct, OD = squamous, cells of the oviduct ‘Ol = ovarian lumen,
J ‘
N

S = sperm duct, Scale bar = 2.0 um., 7,800 X, )

) / /A
Figure 77. .M of the testis of Stage VII. GC = gonial cells, GH = gonad hemocoel, SC =
somatic cells, TI. = testicular lumep, Scale bar = 10.0 um. 1,330 X(/ /
Figure 78, TEM of gonial cells of the testis, AG = granular aggregations, N = nucleus, SC =
somatic cell, Scale bar = 2.0 xm, 7,700 X.

Iy
Figure 79. TEM of a gonial cell of the testis. AG = granular aggregations in the perinuclear
cytoplasm, N = nucleus, NE= nuclear envelope, Scale bar = 0.5 um. 35,100 X. Inset. nuage
of a testicular gonial cell. 34,600 X,
Figure 80. TEM of a somatic cell of the testis. Bl.= basal lamina, C= cilium, G = Golgi
complex, GC = gonial cell, N= nucleus. Scale bar = 0.5 pm. 24,500 X.
Figure 81. TEM of of cells of the developing sperm duct. ZA = zonula adhaerens. Scale bar =
. ' . - (]
#., 0.5 um. 31,600 X.
< Rwuil #
o Te

Figure 82. TEM of the d‘eveloping sperm duct. The cells are irregular in shape and surrounded

by a basal lamina. BL= basal lamina. Scale bar = 1.0 um. 11,300 X.

Flglire 83. TEM of a grazing section through the end of the developing sperm duct. OD =

oviduct, SD= sperm duct. Scale bar = 2.0 um. 7,900 X.
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V1. APPENDIX: A REVIEW OF THE LITERATURE ON ASCIDIAN GONAI)OCENESIS

.. AND GONAD ORIGIN
The purpose of this appendix is to provide a synthesis of the literature that is available
on ascidian gonadogenesis, and<:sc related topics that | have addressed during the course of

this research. Much of the inforimation discussed in the literature is confusing and misleading,

) o
in part because the terms used have reflected an attempt 10 find homologies between structures
of ascidians and those of other chordate groups. In addilim&}%\e microscopic techniques .
available ro ir}vcstigalors in the late nineteenth and early twentieth centuries limited the
completeness and cl_arily of their observations. Finally, | have found that many of the early
observations have been misinterpreted in more recent discussions of these lbpics.

1 begin this appendix with a summary of the analon{y of the adult reproductive system
in membgrs of both orders (;f ascidians. This provides a background for comparisons between
the morphological changes that take place during gonadogenesis, and the organization of the
ma(urc gonad. Secondly, | disc_uss lﬁc available information and hypotheses that deal with the
origin of the germ cells and gonads in ascidians, and compare this information with my
observations on Corella inflata. Thirdly, I summarize published observations on the stages of
gonadogenesis that have been identified in both solitary and compound species, concentrating
on‘ti)osé forms in which the testis and ovary devclo;; from a common organ rudiment, the

ovotestis. Published results are compared with my observations on the stages of gonadogenesis

in C, inflata. This is followed by a discussion of the characteristics of the germ and somatic

cells of the gonad, with emphasis on the eérly developmental stages. Finally, I discuss the
association of the neural complex with the reproductive system, and its implications in the

!

development of the reproductive system.

128 .
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A. RELPROI)UCTIVE SYSTEM: GENERAL CHARACTERISTICS

All ascidians, with the possible exception of lhre;: gcr;cra, are hermaphroditic (Berrill,
1975). In the Order Enterogona, the single compound gonad is positioned within the loop of the
intestine and consists of numerous ovarian lobes surrounded on all sides, but particularly on the
right lateral surface, by a large number of smaller testicular lobules. fhe goﬁad in some
representatives of the Suborder Aplousobranchia, namely in the family Polyclinidae (Monniot
and Monﬁiol, 1972), is {mlcd in the postabdomen, bclowhlhe digestive system. The members
of the Order Pleurogona posscss’(wo or more gonads associated with the mantle on either side
of the branchial basket. These gonads may be compound, or they may exist as distinct ovaries
and lestes located in different regions of the body (eg Newberry, 1968). An oziducl and sperm
duct extend from the gonad along the intestine to open into the atrial cavity or alri/um near the
base of the atrial siphon in oviparous animals. Most compound species are ovovivi(parous_ and
in species §uch as Distaplia (Berrill, 1948), parts of the oviduct may be modified into a brood
pouch. An oviduct may be entirely absent in other species, such as the Didemnidae (Berrill,
1950). In many of the stolidobranchs there i$ a tendency for numerous small sperm ducts to
open separately into the atrial cavity (Berriill, 1975).

There have been many studies on the gross morphology of the reproductive system in
several species of ascidian, particularly with reference to gametogenic cycles, gamete ;
maturation and spawning cycles (see Millar, 1971; Bemll 1975 for review). These st dl‘é’s
indicate that while the structure of the adult gonad is similar in most oviparous sp&iw, there is
considerable variation in the seasonality of the gonads (e.g. Millar, 1952, 1954, 1958; Lutzcn.
1960' .Wallace, 1961). In general, each lobe of the ovary contains a "germinal eprhelmm
from.wmch oocyjes and probably also the follicle cells differentiate. All stages of oogenesis and
folliculogenesis are present in each lobe (Tucker, 1942; Pérés, 1954; Millar, 1953; Ermak,
1976). As it is difficuit to ascertain the histologicai naiure of this tissue, the "germinal

cpithelium” of the ovary is referred to in this work as the "germinal layer”. The ciliated
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epithelial lining of the oviduct is continuous with the germinal layer ( Tucker, '1942; Millar,
1953). The structure of the ovary in ovoviviparous forms is often greatly modified due to the
production of a small number of large eggs, which are usually brooded (Berrill, 19’50_ 1975).
The (e§licular lobules are composed of a rcialivcly squamous germinal epithelium which gives
rise to Spcrmaxogc;nia and spermatocytes (Tucker, 1942; Tuzet et al, 1974; Millar, 1953). The
structure of the adult gonad of Corella inflata is essentially the same as in other oviparous

phlebobranch ascidians,

B. ORIGIN OF GONADS AND GERM CELLS‘

Most work on the origin of ascidian gonads is based on an examination of juveniles in,
which the developing gonad is a.lrcady present. Most of this work focusses on the asexually
budded t;laslozooids of compound species, although there are a few reports on gonad origin in
solitary species. Little work concerning the origin of the germ cells or gonads has been done in
recent years, and no experimental analysis of-this subject is available, Finally, there have been
no ul(rasuuqlural studies on the cells of ihc developing gonad during gonadogenesis.

Berrill (1975) states in ﬁis monograph on t.he reproductive biology of ascidians that
"there is no germ line traceable back to the egg and the gonadal rudiment may derive from

_dorsal cord, atrial epithelium, mesenchyme, or lymphocytic tissues according t(\) the nature of
the reproductive process”. Berrill (1975) cites few specific references in suppbn of this
ambiguous ﬁalcmcm, and these he interprets incorrccﬂy ( Van Beneden and Julin, 1886; ~
Simkins, 1924; Huus, 1937). Apparentl); flc l;;s hot carefully examined those works that have

» )
provided a foundation for lh_e study of gonad and germ cgll origin in ihc ascidians. Here, 1

outline Lhe‘paltems of origin that have been implicated in the literature to date, and summarize

my observations on Corella inflata.
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BLOOD CELLS

The ascidian circulatory system is essentially a hemocoel (Berrill, 1950; Millar, 1953;
Burighel & Brunetti, 1979; Mukai et al., 1978). It contains scvcral_Fcl; lfpcs referred to
historically as blood cells, as well as plasma. The embryonic origir;;‘of the blood cells has been
investigated only in Clavelina picta where a small mass of mesodermal cells, proliferated from
the archenteron, develops into hematogenic tissue (Cowden, 1968). These early blood-forming
cells of the Cfnbryo (hemocytoblasts) are undifferentiated, and are similar in appearance to the
hemoblasts of the adult hematogenic tissue (Ermak, 1977). In tailbud stage embryos, some
hemocytoblasts differentiate into ;duh bloo& cell types, while others retain their embryonic
nature. After metamorphosis, some of the hemocytoblasts migrate to hematopoietic silc; in
various parts of the body. These include the pharyngeal wall around the gill slits, and the
connective tissue and blood channels ar?und the intestine (Kowalevsky, 1871; Millar, 1953:
Ermak, 1977, 1982). Still other hcmocy‘loblasls may become lodged in discrete nodules in
certain areas of the body wall, and, in some stélidobranchs, near the gonads (Ermak, 1977;

Wright, 1981). \

| Numerous inv;tsligalors have reported on the morphology of the blood cells in adult
ascidians using both light and electron nii)::roscopy (Hecht, 1918: George, 1939; Pérés, 1943;
Millar, 1953; éndean, 1955, 1960; Andrew, 1961; Kalk, 1963a; Smith, 1970; Overton, 1966:
Erxﬂak, 1977; Milanesi and- Burighel, 1978; Rowley, 1982). Six categori& of blood cell have
been identified: hemoblasts, lymphocytes, leukocytes, vacuolated ‘oells. pigment cells, and
nephrocytes (see Wright, 1981). Recent work indicates that all adult blood cells are ﬁerived
| from hemoblasts (Goodbody, 1974; Milanesi & Burighel, 1978; Wright._ 1981). These stem cells
are fi ound prirharily in the hematogenic tissue, but also in circulation in the blood (Ermak,
1977; Wright, 1981). ’

Hemoblasts are large spherical cells approxima‘el_y 5 to 6um in diameter, with a large

nucleus and one or more nucleoli. They have a small arhount of basophilic cytoplasm which



contains polyribosomes, cisternal RER | several mitochondria, and a small Golgi complex
(Ermak. 1977, 1982; Mil;ncsi & Burighel, 1978; Wright, 1981: Rowley, 1982)€(Thcsc cells are
amocboid, as are all blood cell types (Hecht, 1918: Andrew, 196}: Wright, 1981). The
lymphocytes can be distinguished from hemcblasts by their smaller size (310 5 um) . the
absence of discrete riucleoli, and the localization of peripheral heterochromatin (Pérés, 1943:
Millar, 1953; Sabbadin, 1955: Goodbody, 1974; Ermak, 1976; Wright 1'981); yel numerous
authors have apparémly confused these two cell types (George. 1939: Andrew . 1961: Overton,
1966: Newberry, 1968; Smith, 1970; Freeman, 1964, 1969, 1971).

Hemoblasts are probably the source of ngf)s( of the tissues of the asexual bud in
members of those lfamilies (Styelidae, Pcrophoridalf and Clavciin)dac) that multiply by
vascular budding (Brien, 1(930: Sabbadin, 1955; Oka and V\/alanabc_ 1957, 1959; Milkman and
Byrne, 1961; Freeman, 1964). Freeman (1964) found that hcmoblaéls ("vlde lymphocytes) are
essential for budding in Perophora viridis and hypothesized that lhéy sﬁpply an essential stem
cell factor to the bud, without which other tissues cannot dévclop, It has been suggested that
the hemoblast is also the mul(ipotémial cell type responsible for gonad formation (Newberry

1968; Ermak , 1975, 1976; Mukai & Watanabe. 1976; Wright, 1981).

Compound Species

In an elegant study of gonad formation in Distomus variolosus (in the

pleurogonid family Styelidae), Newberry (1968) showed that circulating
“lymphocytes” form aggregations in various regions of the mamlc sinus. These cells
arc amoeboid, contain a large riucleus and nucteolus, ;nd probably combond to
the hemob_lasts of Wright (1981). Some of the hemoblast aggregations, those in the
presumptive ovarian and testicular regions, give rise to the gonads, which are of
separate sex. In his examination of Sym sections of the hcmoblast aggregations,

\ ‘ .

Ncwlicrry (1968) concludeéd that the cells of the pre-gonadal clumps in Distomus
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are undifferentiated, and probably do not have cytological features that set them
~apart from other hemoblasts. Ultrastructural studies might demonstrate differences
in the cytoplasmic architecture of the cells in these gonad-forming clumps.

. In other compound ascidians, the evidence for a hemoblastic origin of the
gonads is less conclusive, The obscrvalidns of lefevre (1897) on Ecteinascidia
blasiozooids, indicate that a clump of cells derived from a region of the inner
vesicle of the bud become§ surrounded by blood cells and constitutes the gonad

rudiment, In Perophora viridis (Lefevre, 1898). P, listeri (Kowalevsky, 1874b; Van

N 4
Beneden, 1881; Van Beneden and Julin, 1886), Clavelina rissoana (Seeliger, o

)

1893-1906: Van Beneden and Julin, 1886), Distaplia 6ccidentalis (Bancroft, 1899),

and Symplegma reptans (Sugimoto and Nakauck}i’, 1974) the gonad first appears as

a small clump of cells. These cells aré” morphologically similar 10 amoeboid cells of
the blood, Sugimoto and Nakauchi (1974) state that these cells in the compound

stolidobranch Symplegma reptans are "lymphocytes”, but they are probably

hcmoblas;s by Wright's (1981) definition, They arc located among other blood cells
in the "genital tracts”, or presumptive gonad region of the blastozooid, and the
germ cells are derived from them,

The gonaq probably also originates from blood cells in other compound
ascidians, Mukai and Watanabe (1976) found that clusters of hemoblasts form a
"loose cell mass” in the gonadal space of Botryllus schlosseri blastozooids: This
"loose cell mass” gives rise to the oocytes and a surrounding primary follicle la;'er
which are subsequently released into the blood. These cells then migrate via the
blood to the gonadal space of a new blastozooid generation in the growing colony.
Individual oocytes become associated with the "loose cell mass” of the- new
generation . The somatic cells of the ovary, and alsolhc testis, subsequently

differentiate from oells of the "loose cell mass”. The research of Mukai and™~
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Watanabe (1976) confirms the earlier report of the blood cell origin of the gonad

and the migration of the oocytes in the blood in B, schiosseri (lzzard, 1968).

Sabaddin and Zaniolo (1979), however, considcruli that the cells of the "loose cell

mass€or worse, “blastema ") had already differentiated from the blood cell line, | o
and were not, in fact, hemoblasts, They do not, however, rule out the possibility

that the "loose cell mass”™ is ultimately derived from hemoblasts.

Solitary Ascidians
The single gonad in the phlebobranch and aplousobra\nch ascidians develops |
in the large subendostylar sinus of the hemocoel., Numerous blood cells are found in
this area in the juvenile. Van Beneden and Julin (1886) working with Phallusia
scabroides, and Kowalevsky (1866, 1871) with Ciona intestinalis noted that the first
indication of the developing gonad is the presence of a small accumulation of
several mesoblastic cells similar to those in the hemocoel which surrounds it. Other
than in their superficial resemblance 10 blood cells, however, there is no evidence.
that clearly indicates the origin of the cells that form this small pre-gonadal clump.
This lack of evidence is probably because po individuals were cxzimincd in which the
clump was absent, and because the mifroscopic techniques used by the authors were
limiting. It is likely that at the stage déécribod by the authors, the developing gonad
conlains some cells that are distinct from the blood. cells. This is true in Corclla
.inflata, where the clump of cells that forms the Stage 111 gonad consists of two
distinct types of cells, gonial and soman'lc cells, clt;,arly distinguishable only with a
\ . ' R -
TEM.

I have observed the developing gonad in Corella inflata at an earlier stage

of development th(m has been reported in any previous study of a solitary ascidian.

My observations demonstrate the striking morphological similarity of the
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circulating hemoblasts and the two cells that form Stages 1 and 11 of gonadogenesis,
as revealed by the transmission electron mictoscope. The morphological similarity
between the gonad- forming cells and hemoblasts continues to be apparent in the
gonial cells of Slagc‘lll. In Stage 1V the gonial cells contain nuage, an inclusion
unique to this population of ’oc'll‘s.‘ln other respects, the gonial cells continue to
resemble hemoblasts. The origin of the somatic cells of the gonad is not known. As
mcre‘is no evidence that suggests a further addition of hemoblasts, or other blood
cells, 1o the developing gonad after its establishment, it may be that the pluripotent
hemoblasts of the f{irst stage of gonadogenesis give rise 10 all of the cells, both
gonial and somatic, of the Stage 111 gonad.

There js further evidence for the hemoblastic origin of the gonad, found in

. “

the first stage of gonadogenesis in Corella. Before the gonadal maierial is
identified, py its location and its association with the dorsal strand, a cell or pair of
céllb lhal resemble hemoblasts is visible in the pre-gonadal region of lpc gonad
hemocoel, sui;jaccm 10 the epidermis and in close proximity to the dorsal sirand.
Althouéh 1 have been unsuccessful at obtaining sections of this very transient
assoéiation, it has been observed in at least 20 individuals using DIC microscopy.

My observations indicate that before gonadogcncsig cari begin in Corella,

the pre-gonadal hemoblasts must be associated with the dorsal strand. No animals
A

in Stage 11 or Stage I11 of gonadogengsis have ever been observed without this

dorsal strand attachment. The dorsal strand never bears a bulbous or swollen region .

at its tip during the Stage I. This indicates that the dorsal strand does not itself

produce the first cells of the ovotestis, but rather that the dorsal strand makes

contact with cells that are already present in the gonad hemocoel.
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MESENCHYME CELLS

The term "mesenchyme ™ has traditionally been rather a catch- all term applied 1o
various wandering or {ixed cellular C]CII;CH(S of the body. Mesenchyme cells are mesodermally
derived cells that are not joined 1o one another. In stolidobranch ascidians the gonads develop
in'some portion of the mantle, which consists of an outer cpidermis, an inner atrial epithelium,
with connective tissue, muscle, nerves, and blood spaces in between. in Molgula ampulloides

(D Selys Longchamps and Damas, 1900)-and Styelopsis grossularia (Julin, 1893) the gonads

are first visible as a small clump of mesenchyme, (or mesoblastic cells), located in the mantle
wall. As blood cells are capable of wandering from the hemocoel into the mantle tissue
(Newberry, 1968, Wright, 1981), and as the ccl(s of the clumps of gonadal tissue are similar in  *
appearance o the amoeboid cells that surround them in the mantle. it is a reasonable

assumption that the gonad in these species is also a blood cell derivative.

MESODERMAL PLATE,
In most compound ascidians the 0ozovid has no gonads, and reproduces only asexually

(Sugimoto & Nakauchi, 1974; Nakauchi, 1982). Gonads of both sexes develup, however, in the

00200id of kcleinascidia turbinata. Simkins (1924) described the ovary of the oozooid as

derived f r(;m a simple mesodermal shelf - like structure that projects from the left body wall
into the "coeclom” (actually the hemocoel) of the animal. A‘ccording to Simkins (1924) the cells
of this projection are derived from the "splanchmy)derm"‘- an inappropriate term as the cavity
is not a coelom. It is likely, however, that certain undifferentiated mcsod<ermal or mesenchymal
cells of the mantle proliferate (x“mo the hemocoel and form the ovarian rudiment. While the cells
of the early ovarian rudiment stain similarly to somatic cells, they are idcﬁtif iable due 10 their
location and their larger, gcrminai vesicle-like nuclei. The multipk: testes devc]of), ‘probably at
the same time as the ovarian rudmrem from small inconspicuous clusters of cells which are

.

similar to the cells of the surrounding tissue (Simkins, 1924). Simkins (1924) provides no
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information in his account on the presence of blood cells in the gonadal region, and it may be

N
v

that the (estis arises from blood cells. [t is clear that the origin of the gonad in the 0ozooid of
E. wrbinata is different from the blastozooid, because in blastozooids the gonads develop in the

hemocoel. presumably from blood cells, as reported by lLefevre (1898).

AR

DORSAL STRAND

*~ . Morphological study implicates the dorsal strand as the direct source of the gonads in
- only one ascidian species (Brien, 1925, 1927). 1n individual blastozooids of AQlidium
zostericola, the dorsal strand cxpanq’s‘dislally, and then separates in the region of the
esophagus, to form two tubes whjch are histologically different, Th‘e ventral most o‘f these two
lubes maintains the same undifferentiated characteristics of the dorsal strand prior 1o its
separation, and it develops into the testis. The dorsal most of the tubes becomes surrounded by
larger cells, and develops into the ovary. Brien (1927) clearly states that the dorsal strand
develops into the ovarian and testicular rudimcnl; of‘thc g‘onad_ but his description does not
make the origins of the germ cells clear, 1t is possible that blood‘cclls aggregate around thé
dorsal and ventral components of the dorsal strand, and these blood cells may be the source of
the germ cells, or at least contribute to the formation of the gonad. Bricﬂ (1948) does nol
discuss the issue of dorsal strand involvement in gonad origin in his later monograph on
ascidian biology.

Aubert (1954) did not rule out the possibility that the gonad in newly metamorphosed

Ciona is derived from thé dorsal strand. His observations were hindered by the large
accumulation of cells from the degeneranng axial complex, which obstructed the earliest stages
of gonadogenws Based on the undifferentiated nature of the dorsal strand cells in the bud of

Diazona violawa; Aubert (1954) suggested that the gonads originate in this species as they do

in Aplidium zostericola (Bnen 1927). The descnpnons of dorsal strand mvolvemem in gonad

origin in these specics are inconcluslve at best, and thxs topic merits further attention and
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reexamination .,
Huus (1924, 1937) maintains that the dorsal strand gives rise to the gonoducts in

Corella parallelogramma. However, his work has been misinterpreted by Aubert (1954) and

Berrill (1975) who imply that his results show that the gonad itself is derived from the darsal

strand.

ATRIAL EPITHELIUM
Berrill (1941 a, b) observed that the germ cells of both the ovary and testis form very

precociously during bud development in Bouyllus schlosseri. He found that the germ cells are

derived from the region of the atrial epithelium, # “sphere”, that pinches off 10 form a new
bud during blastogenesis. He indicates that the germ cells, including a few large oocytes and
numerous smaller, presumptive testicular cells, arise by a "delamination or extrusion” from this
. region of the atrial epithelium. It is possible that the cells are in fact pinched off the atrial
epithelium, and are released into the blood, to form the loose cell mass. as suggested by
Sai)addin and Zaniolo (1979). If this were L’ruc_ distinct histological differences between the
‘hemoblasts and the germ cells should exist, reflecting their different origins. Mukai and
Watanabe (1976), however, have shown that the germ cells are morphologically very simi_lar to

.

the hemoblasts.

C. STAGES OF GONADOGENESIS

The stages of gonadogenesis outlined in the literature appear to be strikingly similar
among the ascidians which possess compound gonads, regardless of their taxonomic position.
In this section I discuss the literature that is available on the structure of the developing gonad

in ascidians, and relate it to the stages of gbnadogcnesis I have identified in Corella inflata.
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STAGES 1 AND 11

These stages have not been identified in any previous slludy of gonadogenesif#in a
solitary ascidian. 1n Corella inflata, Stages I and 11 have been observed only in very small
animals raised from embryos through metamorphosis. and they are extremely difficult to find ,

AN

in sectioned fnatcrial.

The first indication of the developing gonad in Corella inflata is one or a pair of cells
located in the gonad hemocoel of very small animals, in close proximity to the termination of
the dorsal strand. These cells are identical in their morphology to hemoblasts of the circulating
blood, and there ére no (iif ferences between the l;vo cells. This stage is followed by Stage I1,
during which the pre-gonadal hemoblasts make contact with the end of the dorsal strand. |
have never observed Stage 11, or any other stage of gonadogenesis, without the contact with the
dorsal strand. On this morphological evidence, I suggest that in Corella inflata, the association
of the hemoblasts with the dorsal strand is essential to the initiation of gonadogenesis.

Itis reasonable to assume that in most ascidian species the first stage of gonadogenesis
consists of an initial accumulation of hemoblasts, that precedes the slightly diff ércnlialcd
clustet of otc:]ls in Stage I1. In the compound stolidobranchs, the accumulation of hemoblasts in

the mantle ‘sinus has been clearly documented in Distomus variolosus (Newberry, 1968), and

suggested in Symplegma reptans (Sugimoto and I‘_lakaucl;ni, 1974). th Distomus, those cells lhal
form the initial accumulation :re not atfgmentéd by an additional contribution of hemoblasts .
from the blood. This is also true in C__o_ﬁgg inflata, although the numbér of cells that forms the
Stage I gonad is subsmn&;ny fewer than in Distomus. It appears that once the developing
gonad is esiablished. it constitut;s a unique population of cells. ’

lq those species which posses§ a dorsal strand or genital cord, these structures serve as
convenient markers for locating ihis 1§ ilst stage of génadogenwis, In those animals that do not
have either a dorsal strand ora g‘.exii;al- cord (see Métcalf , 1900), the cells that will form the

developing gonad may _passively aggregate in. the "p?-g_ongdal region” of the body. such as the

‘ _ . ,
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mantle, as suggested by Newberry (1968). .

STAGE 111 -

- This stage has been identified in most previous studies as the first stage of
gonadogenesis. 1t consists of a small cluster of cells located in the gonad hemocoel in
phlebobranchs and aplousobranchs, and in the mantle or mantle sinus in the stolidobranchs. In,
Corella inflata, the Stage 11 ovotestis consists of two distinct cell types which are clearly
discernible in transmission electron micrographs. These cells are the gonial cells and somatic
cells. To a large extent, the gonial cells retain their hemoblastic, nature. They are completely
surrounded by somatic cells, and are therefore isolated from the environment of the gonad
hemocoel. The ovotestis is attached to the dorsal strand, and always appca;s 1o be surrounded
by connective tissue fibers, which may anchor the ovotestis 1o the epidermis, preventing it from
floating free in the blood. I have frequently observed blood cells ig the gonad hemocoel around

the ovotestis, which may be important in carrying out various physiological functions of the

cells of the ovotestis (Wright, 1981)

In a comprehensive study of gonadogenesis in Corelld parallelogramma, Huus (1924)
was unable to find animals in which the ovétcstis was not present. He described the first stage
of gonadogenef;is as consisting of a small compact mass of cells located between the stomach
and intestine, and near the caccum of the Stomach. This corresponds to Stage Il in C, inflata. ‘
Some of the cells of the ovou;stis inC. parallelogramma have large spherical nuclei and little
cytoplasm, and there ére smaller nucléi interspersed among the larger ones. The smaller nuclei
do not, however, f.orm a distinct outet lz;yer. Huus (1924) states that élthoggh tﬁe'largcr nuclei
of ‘the ovotestis are noticeably dif}erent from the smaller nuclei, the difference in size is not
_ great enough to suggest that :here is more than one cell type at this stage. Cell membranes were
apparently not dis;.:ernible at the light microscope level, as Huus (1924) based his description on

nuclei rather than on individual cells. The dorsal strand is always attached to the dor_sél endof - ‘
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the ovotestis. l,( is thicker near this attachment, and contains 4 10 5 rounded nuclei. This
thickened region of the dorsal strand extends into a single- celled region, which contains
spindle-shaped nuclei. No other free mesenchyme or blood cells are present in the immediat
vicinity of the ovolcslis:

The other comprehensive study of gonadogenesis of a-compound gonad is that of Van

Beneden and Julin (1886). In the aplonfsobranchs_ Perophora listeri, Clavelina rissoana and

Phallusia scabroides, they describe the first stage of gonadogenesis, corresponding to Stage 11 in

| Corella inflata, as being composed of a small cluster of undifferentiated mesbblastic cells

identical to blood cells. The cell mass is loosely held logf(hrer, and in P_ listeri and C. rissoana it

is spherical, while in P, scabroides it is triangular. Individual cells in P, scabroides have
occasional projéctions that touch neighboring cells. The ovotestis of these anim;;ls is attached to
a thin stsnd of cells, the genital cord. This cord is composed of single cells joined end to end. A
It is not continuous with the neural gland, and thert}liére is not a morphological equivalent of
the dorsal strand. Lefevre (189'8)‘ confirmed Van Beneden and Julin's (1886) account of this
stage of gonadogenesis in P. viridis, but observed that the genital cord arises {n situ from free
spindle-shapgd cells around the ovotestis. These cells join end to end to unite with the
ovotestis. Lefevre (1597) similarly confirmed Van Beneden and Julin's (1886) report on
Clavelina rissoana. He describes the ovélestis of lhis/'gtage as composed of :m "irregular mass of .
cytopiasm containing a few scattered nuclei”, and atiaf:hed to the genital cord.

In very young specimens of the solitary .phl\ebobranch. Ciona intestinalis, the'ovotesu's ‘
‘consists of a small'mass of cells, found ;n the gonad hemocoel, near the degenerating cells of )
the axial complex (Aubén. 1954). The cells of this mass are indistinguishable from
mesenchyme cells, corroborating Floderus (1896). No fi unper details o I e éells are avai}able.
Among the solitary stolidobranchs, De Selys Longchamps and Damas (1900) found that in
Molgula ampulloides a small mass, approximately 10 xm in ~diameter. of rounded cells is found

in the mantle wall on each side of the body. This'proGably corresponds to Stage 11 of Corella
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inflata. There is neither dorsal strand nor genital cord in (hrs species. lrr Dendrodoa grossularis,
ﬂre Stage 11 gonad (the earliest stage observed in this animal) consists of a small

irregularly -shaped mass of mesodermal cells, abutting the peribranchial epithelium (Julin,
1893). The ovotestis subsequently forms a_peripheral flatiened layer, and a syncytial inner layer
with rounded nuclei. At this point, before cavitation of the ovotestis occurs, a genilal cord
develops from the ovotestis. It is likely that the syncytial mass in the ovotestis of D, grossularia
is an artifact of fixation. In no o(hc‘r ascidian is lhcrel a description of a sym:ylial layer during

any stage of gonadogenesis.

In the compourrd stolidobraneh Distaplia occidentalis. Bancroft (1899) was unable 1o
find a stage in which the ovotestis wa? not brcsem. In the earliest stage he obs;rch_
corresponding to Stage 1 in Corella inflata. the avotestis is situated on the flattened inner
vesicle of the bud. ‘Tlire ovotestis consrsls of a compactvmass of cells, with smalil "oogonia”, or
gonial cells, in the anterior regjon of the organ, intermingled with primordial follicle cells. The
less differcnu"atcd_ presumptive testis cells are more posterior relative (o the "oogonia”. The
ovotestis fuses with the dorsal strand (dorsal tube) under most conditions. Bancrofl (1899)

- believed that this un;on was not significant, as he occasipnally found Ano sign of a dorsal strand.
In the absence of a dorsal strand, the ovotestis produces a genital cord along the anterior end.

This is a difficult observation to interpret, and it is likely that in some of his study animals,

Bancroft (1899) missed the association between the dorsal strand and the ovotestis.

STAGE IV

The rmall cluster of cells\that constitutes Stage 111 of gonadogenesis cavitarcs_andl
forms zr centrplly placed lumen in Stage 1V. This stage is probably universal amdng ascidians,
although most workers do not distinguish between thrs stage and Stagc V. In Corella inflata the

ovotzsus isa regular sphenml shape withaf arrly extensive lumcn There are regrons of

Lhmnmg lomhzed in small areas facmg the epidermrs these rhmncr areas do not contam gonial -

+
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cells. The ovotestis consists of gonial and somatic cells, and the wall is never more than a single
gonial cell thick. In this stage, the gonial cells have distinct germ cell characteristics, visibl‘:
only with TEM, which include the first indication-of nuage. The somatic cells have extensions
that completely surround the gonial cells, isolating 1hcrﬁ from both external and internal
environments. In the Stage 1V ovotestis there are two types of somatic cells. Type I somatic
cells are more squamous, and their nuclei t;ave relatively diffuse chromatf. Some of these cells
bear cilia which prqjccl into the lumen of the ovotestis, or into intercellular pockets. The Type
11 somatic cells are found consistantly in association wi\m gonial cells; they are more cuboidal,
and possess nuclei with denser nucleoplasm.

£
In Corella parallelogramma the ovotestis also cavitates, and forms a small eccentrically

24) . Huus (1924) does not, however, describe the Stage IV ovotestis as
()

a separate stage of gonadogenesis. Similarly, Van Beneden and Julin (1886) do not describe this

placed lumen (Huus,

stage in Perophora listeri, Clavelina rissoana and Phallusia scabroides. They discuss the -

cavitation of the ovotestis asJassociated with the formation of a distinct germinal Jayer, several
cells in diameter, on the ventral side of the organ. I consider this localization of the germinal
laycf to be separate stage. Stage V, of gonadogenesis. Lefevre (1898) describes the Stage 1V

gonad in Perophora listeri corresponding to my criteria, but does not discuss Siage V.In

Distaplia occidentalis, lumen formation usually does not occur before the ovotestis
differentiates into ovarian and testicular portions ( Bancrof' t, 1899).

STAGE Y

During this stage in Corella inflata the ovotestis becomes structured into a peripheral or

ventral germinal layer that is several gonial cells in diameter, énd a more clongate, dorsally
placed somatic region. In all cases, the ovotesiis is larger in Stage V than in Stage IV, and has a
niore extensive iumen. Many authors havé referred to this stage as the stage during whi.qh
cavitation of the ovotestis occurs. 1 have found that in Corella inflata, itis a disunct‘smge, and

) . ~
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always fqllows Stage 1V, in which the germinal layer is not localized. While there are no
substantial differences in the cells that fornrthe ovotestis at this stage, the morphological
organization will persist throughout later development. In additi n, the Type I somatic cells in
the region devoid of ‘gonial cells extend further to form,mp/béginnings of the oviduct.

In Corella parallelogramma the ovotestis enlarges by forming a larger lumen (Huus,

1924) . The !aicral walls of the ovotestis are a single cell in diameter, and consist only of
squamous cells in this region. The front. or ventral side, becomes several cells thick and
contains spherical nuclei. Huus (1924) termed the thicker region of the ovotestis the
undifferentiated germinal epithelium, which also contains ﬂe.mcned Or squamous somatic cells
similar to those in the region devoid of gonial cells. The connection between the ovoltestis and
the dorsal strand occurs on the dorsal side of the thin - walled portion of the organ, and there’

are several rounded nuclei in thisg region of connection.

‘In Perophora listeri (Van Beneden and Julin, 1886; Lefevre, 1897). Clavelina rissoana

and Phallusia scabroides (Van Beneden and Julin, 1886), the ovotestis becomes ovoid by

forming 4 small eccentrically placed lumen. The ovotestis is delimited on the left (dorsally} by a:
single cell layer, and on the right (ventrally) by séVeral layers of cells. The tip of the ovotestis
extends into the genital strand. In Ciona intestinalis, the ovotestis is also spherical during this
stage, with an eccentrically placed lumen (Aubert, 1954).
A\

STAGE V1

This is thestage 6f gonadogenesis that is the most rﬁorphéloﬁimlly variable according
to accoﬁn& in the literature. Du:ing' this stage the ovotestis divides to form rudiments of
scpe.xrate sexes. In some species testicular rudiment f ormation is by Eudding of the ovotestis,
“while in others‘ the ovotestis forms a furrow, which divit\iés the ovogestis into two separaté.

organ rudiments.
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In Corella inflata the testicular rudiment always forms as a bulging, or evagination of
the anterior wall of the ovotesus. This occurs along a small region of the ovotestis that is a
single gonial cells in section, rather than in the thicker germinal layer, or the squamous somatic
region. The testicular rudiment may later drop to a moge lat=ral position relative-1o the ovarian
rudiment. The fine structure of the cells at the site of testicular rudiment formation is
unremarkable, although there is a considerable number ;)f small vesicles whose contents are
upknown. No contractile elements ’havc been observed in the cells at the periphery of the ’
Sulging. A.s there are no special cellular features, and as the location of the testicular rudiment
formation is not variable, it is likcly. that the factors that control testicular rudiment formation
may be elucidated only experinfentally . .

A distinct basal lamina is found around each of the rudiments, which is continuous
until the two rudiments separate. An epithelium is never formed between the two rudiments at
any stage in C. inflata. The ovarian and testicular rudiments main‘tain contact for some u'x.nc
during which the smali testicular rudiment opens into the larger ovarian rudiment. This opening
always occurs in the somatic regiqg composed of squamous cells,

The ovarian rudiment in Q_o;e_llg inflata is essentially identical to the ovotestis of Stage
Vv, al(hou@ the germixial layer com/ai\nf considerably more gonial cells. Type 1 and Type 11
somatic cells continue to be foufid in the same orientation, surrounding the gonial cells and
isolating them from both the g;mad hemocoel and the lumen of the organ. The testicular
rudiment has fewer gonial cells, and these are not localized into a distinct germinal region in
-this stage. The gonial cells are indistinguishable from those of the ovarian rudiment. ’I'Hey ‘are
also surrounded by processes 6f .son.latic cells, and are therefore isolated from the external and
internal envirompénts of the testicular rudiment. There is no distinction between somatic cells

in the testicular rﬁdiment. and all somatic cells are siﬁxilar to the Type I cells of the ovarian

" rudiment.
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During Stage VI in Corella parallelogramma, Huus (1924) describes a distinct

q .
depression that forms on the ventral side of the ovotestis. This observation is different from C.

inflata. both in the site of testicular rudiment formation, and in the manner by which the
les;icular rudiment develops. The ovotestis in C, parallelogramma subsequently divides into a
larger lateral rudiment, and a smaller medial one closely applied to the ventral surface of the
lateral ruzlimcnl. This larger is the ovarian rudiment, while the smaller is the testicular
rudiment, The testicular rudiment is formed along the middle portion of the stratified germinal

layer of the ovotestis. The ovarian rudiment at this site js reduced (o a single cell layer. This

. observation in Corella parallelogramma is also different from that in C. inflata, where the

testicular rudiment forms from a thin region of the germinal layer. The ovarian rudiment is

crescent-shaped in C. parallelogramma, with a simple epithelium of low flat cells on the lateral
i /

surfaces, and a compound getminal layer on the medial surface, comainikg cells with large,

spherical chromatin- rich nuclei. There are two distinct germinal layer zones, separated by the

simple epithelium at the site where the testicular rudiment was formed. Huus (1924) describes a
small structureless "membrane”, which is probably the basal lamina separating the ovarian
rudiment from the testicular rudiment. The testicular rudiment is smaller than the ovarian

rudiment, and is composed of a stratified epithelium of cells similar to those of the ovarian

r

rudiment. A biindly ending sac, to which the dorsal strand attaches, forms a tubular

r
continuation- of ;the ovarian rudiment.

T ‘
g ‘;a\lmﬁl"é#'rophora listeri, the formation of the testicular rudiment occurs on the side of the

ovotestis opposite to the genital cord ( Van‘Ber.leden and Julin, 1886). In this location, a furrow
divides the ovotestis into two incomplefe lobes that cbmm'unicalg with ¢g2h other. The walls of
the ventral ends of these lobes are conégdcrably thicker than at the tapered dorsal end w'hcre' the
wall fs reduced to a simple flattened epithelial layer. The genital cord is attached 10 the ovotesu‘s
in this region. Soon after the f u}'row forms in Perdphora, the two lobes ‘become more distihcdy:

scparate (Van Beneden and Julin, 1886; Lefevre, 1898). The oﬁrian rudiment is the more

*
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i
external, situated iﬁlmcdmlly beldw the epidermis. It has a large ovoid lumen, and is continuous
wim\ the genital cord. The testicular rudiment is more deeply placed, subjacent to the ovarian
rudiment. The lumen of the testicular rudiment is continuous with the ovarian lumen at a very

!
large opening. Tcsli%ula} rudiment differentiation in C, rissoana is similar to that described for

(

|
P, listeri (Van Benedeniand Julin, 1886; lefevre, 1898). Kowalevsky (1874b). however,
J
described the ovarian aﬁd testicular rudiments of P listeri as arising from two separate clumps

of cells, rather than from a common ovotestis. His work has been supersceded by that of Van

Beneden and Julin (1886).

~ In Phallusia scabroides. the ovotestis divides into two unequal parts, by the formation
of a small epithelial bulge on the wall of the ovotestis (Van Beneden and Julin, 1886). The
testicular rudiment is perpendicular to the axis of the ovotestis, and opens at a large orifice into
the lumen of the larger ovarian rugimcm, The structure of ihe two rudiments is the same as .
that described for Perophora listeri (Van Beneden and Julin, 1886), These authors suggest that
the dorsal strand is responsible for the formation of the large common duct, which is
continuous with the ovarian rudiment,

v

take on a Y-shaped configuration (Aubert, 1954). The two ventral regions, or bulges, develop

The ovotestis separates to form two distinct cellular regions in Ciona intestinalis, which

into the ovarian rudiment, and consist of a germinal epithelium continuous with the thin
epithelium of lhc developing oviduct. The single medial bulge develops into the tésu‘cular
rudiment. This organ also contains a ‘germinal epithelium that is continuous with the oviduct.
Aubert (1954) remarked that the dorsal strand coexists with the beginnings of the gonoducts,
and that the gon@ucm therefore musi form from the ovotestis rather than from the dorsal
strand.

In Ecteinascidia turbinata blastozooids, Lefevre (1898) bﬁeﬂy mentions that the
ovotestis divides into two lobes. At first these two lobes mmmuqimtc. but they sqbseqhenuy

scparate and give rise o the ovary and testis. The genital cord maintains its attachment to the

O
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ovarian Jobe, but it subsequently splits to form the oviduct and sperm duct. In Distaplia
occidentalis, the differentiation of the testicular rudiment bcgins with the formation of a small
notch on the ventral side of the ovotestis (Bancroft, 1899). The two rudiments scpaia(c in an
«aanterior direction, accompanigd by a small structureless "membrane " (a membrana propria)
which forms between the two masses, The (wo rudiments subsequently become separate. and

the genital cord continues to the atrial epithelium. The ovotestis in Molgula ampulloides also

divides into two incompletely separaled lobes, although the mechanism is not discussed (De

Selys Longchamps and Damas, 1900). The small testicular rudim%{‘ is found in a more
ot A“
7
posterior posititn, and is covered by the larger ovarian rudiment. These rudiments are

N
composed of layers similar 1o those described by Huus (1924) . In Dendrodoa grossularia the™™

ovotestis divides into ovarian and testicular rudiments by the formation of‘a very thin,

;
transverse furrow, This begins in the middle of the ovotestis and progresses towards the (wo
extremes, The central syncytium proliferates, and the group of spherical cells subjacent 1o the
peribranchial epithelium develop into the ovarian ruéﬂncnl. The more superficial cells develop
into the testicular rudiment. The rudiments have the same structure, and are composed of ]

peripheral flattened cells, and large gonial cells.

ST‘AGQJVII

The basic structure of the adult rcproduclivc system is essentially completed during
Stage VI. The ovary and testis become distinct separate organs, and each develops an exit duct.
Further development involves the elaboration and enlargement of lobes in both the ovary and
testis, and the differentiation of the mature gametes.

‘ln Corella inflata, the ovary maintains the samc morphology as the ovarian rudiment
of Stage VI. fhe germiuCHay’ef.comﬁmes to be thickest in the ventral-most rcgion of the
brgan. and the thinner géﬁﬁinal layer continues into the somatic région which extends to form
‘the develop@g oviduct. The number of gonial cells continues to increase during this stage of

A
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gonadogenesis, ! have observed no direct evidence of cell division in this or any other stage of
gonadogenesis, but indirect evidence in the form of midbodies between gonial cells has been
observed. This indicates that cell division is a synchronous and relatively rapid event in Corella

' .
inflata. The fine structuse of the gonial cells is not noticeably different from those of Stage VI,

A’hcy continue o be separated by somatic cell processes from both external and internal
cnvironmcnl; of the ovary, Vitellogenesis does not begin until a\[elcr time, Developing follicle
cells are, however, apparent in the germinal layer of the ovary, Based on size and shape, and on
nuclear and cytoplasmic characlcris\‘lics_ mcsc:-ppcar 1o be similar to the Type 11 somatic cells.
These follicle cells extend into regions of the germinal layer and probably arc derived from
those cells that give rise to the gonial cells. 1 have o ped no cvidence supporting the blood
cell origir'f%f follicle cclls‘ al anv stage in (, inflata, as suggested by Spek. ( 1927) and Knaben
(1936). o

The developing oviduct is a tubular extension of (he ovary, and it remains attached to
the dorsal strand at the dorsal-most aspect of the ovary. There js never a;ly sign of a
bifurcation of the dorsal strand, or of cell aivisions at the end of the dorsal strand, that might
indicate (t;al the dorsal strand gives risé 10 the oviduct, as was suggested by Huus (1924).
Although no cell divisions have been observed inllhe somaltic epithelium of the ovary, it seems
likely that the periphery of the germinal layer, or the margins of the duct itself, proliferate to

form the oviduct.

The testis also enlgrgcs ciuring this stage, and the germinal layer becomes localized in
the ventral region of the organ, continuous with a somau‘c reéion, as in the ovary. The germinal
layer, however, is never as thick as that of the ovary. Th’e gonial cells of the estis are not
noticeably différem from those of the ovary. They contain nuage and*the appearance of
nuclear-cytoplasmic exchange that is typital of the gonieﬂ cells in all stages bgg]nning with Stage
IV. The gonial cells c;f the testis mt‘ on a somatic epithelium. They are noi surroup_ded by

somatic cell processes on their luminal surfaces, but rather project into the testicular lumen.

| S
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N The sperm duct appears 1o develop from the wall of the testis, This continues o open into the

ll men of the ovary close to the attachment w1lh the dorsal strand. As the ovidﬁcl extends
towhrds the atrium, the sperm duct also extends, so that its position relative 10 the oviduct 1\
maintained. The sperm duct is always found in close p‘r.mimily to the oviduct, and it is always
surrounded by a distinct basal Jamina,

The ovarian tudiment lengthens and widens in Stage VI of Corella parallelogramma
(Huus, 1924) I wo separate. symmetrical germinal zones are found on the lateral surfaces in
the ventral portion of the organ. The nuclei of the cells of the gcrminal‘cpilhchum are
spherical, and l‘hey all appear to m similar, Huus (1924) does not discuss sompatic Sclls, in
particular the follicle cells, although he mentions that individual oocyles begin to ;;row and
have distinctly diff'erent nuclear characteristics from. other cells of the germinal epithelium, The

[

remainder of the ovary consists of a flatiened simple epithelium, both in the region between the

germinal zones, and in the area of the developing oviduct: The testis also elongates in Stage VI

of C. paraliclograinma, and forms (wo-smal} lobes along the dorsal side of the ovary, Huus

(1924) states that the dorsal growth of the testis probably involves a dif_fcrcnlialiqn of‘ cells
from the medial wall of the ovary and oviduct, and the ventral growth is probably the result of
an increase ir; the number of cells in the germinal epithelium, The ends of each testicular lobe
contain a stratified gc‘:rmiAnal‘cpilhelium composed of cells that are all alike, and resemble those
of the germinal'iayer of the ovary. The area Ibclwecn the ends of the testicular lobes is
composed of :;\ simple, flattened epithelium. At the dorsal end of the testis a narrow duct is
found next to the ovary: this has its origin from the oviducll. ‘

Huus (1924) describes the development of the gonoducts in Corella parallelogramma.,

—~F

which occurs during this stagg. The oviduct, which he terms the ” pnmary ducl (as he believes

-

that both oviduct and sperm duct are derived f rom this structure), Iengthcns A "tissue band”

is found between the ovary and testis. This tissue band becomes less extensive in a dorsal

Y

posmon and yet more dorsally. there is a small tlosed duct which appears in the wall of the

n,\
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ovary. This corresponds 10 the communication between the ovarian and testicular rudiments
found in Corella inflata, although in C, inflata, the tiwo rudiments communicate via a lumen. A

faint bulge, composed of cuboidél cells, subsequently appears on the medial side of the oviduct

wall, A lip-shaped projection forms in the lumen of the oviduct, and a distinct tube

subséqucmly forms as a direct continuation of the testis, and represents the developing sperm
duct. The origin of the sperm duct is therefore partly from the testis itselfl, and partly from the
oviduct. The sperm duct remains in intimate contact with the oviduct on the medial side. In C,
parallelogramma, t‘hc dorsal strand is still continuous with the dorsal end of the oviduct. As the
gonoducts develop, the dorsal strand progressively shortens, and when the ducts reach lh; atrial
cpithelium the dorsal\s(rand is present only as a vestige. Huus (l924)| concludes that the
gonoducts are therefore l‘qrmcd from the dorsal strand. This issue is discussed further in a later
section.

In Perophora listeri, the ovary of this stage has an extensive lumen, and the dorsal and
lateral portions of the ovary are compéscd of a flat, thin epithelium (Van Beneden and Julin,
1886). The ventral end of the ovary is considerably thicker, and consists of large cells, with
large. clear nuclei, formed from a germinal epithelium. These cells, and associated small nuclei
that may represent the developing follicle cells, constitute the "primordial follicles” of the
ovary. The ovary elongates during this stage 10 form a long cylindrical tube, the developing
oviduct, that continues into the genital cord on the dorsal side. The genital cord thickens and
shortens as th;: oviduct elongates. Late in this stage, the oviduct opens into the aujium: and the
genital cord is no longer visible.

The ventral end of the testis in P. listeri expands to form two incompletely separated

 lobes, each with an external epithelium of flattened cells, and subjacent to this, a thicker

. spermatogenic layer. This layer contains spherical cells of different sizes, which have few points

Qf contact between them. There are numerous free cells in the lumen. The developing sperm

duct is found between the testicular lobes, and opens into the developing oviduct near the



connection with the genital cord. The wall of the sperm duct is composed of a cuboidal
epithelium cantinuous with the epithelia of the testis, and the ovary. As the oviduct elongates,
the sperm duct maintains its position. Ul}imatcly, the spenn duct opens into the atrium.
Further development of the ovary and testis involves the formation of lobes. but the basic
histology of these organs does not change. |
In both Clavelina rissoana and Phallusia scabroides., Stage V11 is essentially identical 1o
\

that described for P listeri, except that the ovary in C, rissoana does not form lobes (Van
2y

Beneden and Julin, 1886). 1.cfewre (1898). working on P, viridis, confirmed the report of Van

Beneden and Julin (1886). In Ecteinascidia turbinata blastozooids, the genital cord is

a

transformed into the oviduct and sperm duct during this stage (Lefevre, 1897). In Distaplia

accidentalis, the ovary cavitates during this stage (Bancroft, 1899). The gonial cells of the

ovary are situaled on the ventral side of the lumen. ’l"hc“lcstis 3lso enlarges, becomes
crescent-shaped, and covers the ovary on the ventral surface, lau':r the testis divides into
several smaller lobes. The oviduct and sperm duct are differentiated from the dorsal strand. As
the ducts reach the atrial epithelium the dorsal strand probably disappears, although its fate is
not d.iscusscd { Bancroft, 1899). |

Aubert (195£) did not continue his observations in Ciona beyond Stage VI, although he

did observe that the gonoducts are formed by the ovarian and testicular rudiments themselves.

In this stage of Molgula ampulloides, a superficial flat epithelium is visible around the ovarian

rudiment (De Selys Longchamps and Damas, 1900). This epithelium takes on a bumpy
appearance due to irregular enlargement of the germinal epithelium. The testis clongates and
becomes bilobed. It does not open into the ovarian lumen, but rather forms small individual

4

sperm ducts which open separately irito the atrial cavity. In Dendrodoa grossularia. the

germinal layer of the ovary is located ventrally and contains primary oocytes surrounded by
folticle cells (Julin, 1893). T}C remainder of the ovary consists of a thin epithelium, which

Julin (1893) terms a superficial limiting epithelium. The cells of this epithelium divide to form

Y | .‘
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the oviduQ, which eventually communicates with the atrial cavity. The smaller testis is
surrounded by a flat epithelium containing spermatogenic cells. The testis also consists of a
superficial epithelium and a germinal layer, It divides lélform 10bes, each with its own duct
continuous with a common sperm duct. The sperm duct consists of a thin epithelium and it also’

eventually opens to the atrial cavity.

OTHER PATTERNS OF GONADOGENESIS

There are a few descriptions in the literature of gonadogenesis in ascidians that do not
develop gonads from an ovotestis. In these animals, the stages of gonadogenesis differ
somewhat from that described above.

I1a the oozo00id of Ecieinascidia turbinata, the ovary differentiates from the

"mesodermal plate”™ which projects into the hemocoel (Simkins, 1924). The mesodermal cells
are said to form the germinal epithelium. The ovary cavitates, and consists of a thick region
containing large, oval nuclei, and a thin region composed of ellipsoid nuclei. Oogonia and
follicle cells differentiate from the germinal epithelium. The multiple testes originate from a
separate, solid mass of cells at about the same time as the ovary. The testes are never connected
in any w,"ay to the ovary. Each testis consists of two layers of cells, an outer epithelium and'an
inner spermatogenic layer. The testes elongate and branch, and may completely surround the

ovary.

In blastozooids of Aplidium zostericola, the distal extreme of the dorsal strand enlarges

and then Qiffcrentiates into a dorsal and a ventral tube, which are intimately joined (Brien,
1927). The dorsal most of these structures develops into the ovary which is composed of a very
thin dorsalwall and a thicker ventral wall. The ventral wall becomes the germinal epithelium,
frqm which both oocytes ﬁd fonicle cclls differentiate. The ventral most of the two strixctures

expands laterally and differenﬁates into the testis, maintaining i .oohnection to the ovary. The

v

testis is rounder than the ovary, and is composed of numerousTayers of undnf ferentiated cells
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in the ventral portion of the organ. The testis maintains contact with the dorsal strand in this
animal, a situation that is uncorroborated by investigations on other ascidians. There are
gonoducts, which extend (o the atrium, in association with a thin remnant of the dorsal strand,

but Briea (1927) does not discuss the structure of these ducts,

In Distomus variolosus , the multiple ovaries and testes develop from separate clusters

- of cells (Newberry, 1968). !n each ovarian rudimeht; som(e of the peripheral lymphocytes form

. an epithelium which delimits the oQary. Certain cells become subslanliallyg larger, and some of
these larger cells develop into oocytes. Others of the larger cclls,A"aborled oogonia ", along with
lymphocytcs,‘latcr develop into the follicle cells. A cavity forms eccentrically in the ovary, with

the germinal layer localized on the peribranchial sutface: Qocytes are randomiy distributed

within this germinal layer, and these are isolated from the mantle sinus and the lumen of the
1 .

ovary by developing follicle cells. "Fhe> oo;'ylcs become aligned in a ziglzag fashion in maturing
ovaries. An oviduct extends from each ovary 10 the atrial epithelium, but Newberry (1968) was
not able to follow -its development. Each testis cavitates by what appears to be autolysis of the
cells in the central part of the organ. The cells of the testis are uniform in size, and these
prblif erate and differentiate into gametes, During cavilalk;n, a(sc;ﬁd column of cells extends
from each testis to the atrium. The spcrm‘ duct is formed by the extension of the testicular
lumen into the column of cells. It is composed of a simple ciliated epithelium, and remains

closed at its distal tip until sexual maturity.

In Botryllus primigenus, the usually single oocyte becomes partly surrounded by some .

cells of the "compact cell mass” soon after its arrival in the gonadal space of the developing
bud ( Mﬁukai and Watanabe, 1976). The cells immediatelyv surrounding the cocyte differentiate
into the accessory cell envelopes and the follicle stalk. The follicle stalk cavitates, and is
énalogous to the gviduct. The resultant "egg follicle” matures with further elaboration of the
accessory cells, and the oogonium divides meijotically to form the oocyte Tﬁe tesﬁs is also

derived from cells of the "compact cell mass”. It h.”é petipheral epithelium, and cavitation of -

’
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the central cells forms a lumen. The peripheral cells presumably constitute a germinal

epithelium. The organ opens to the atrium via a short sperm duct. In Botryllus schlosseri,
Sabaddin and Zaniolo (1979) agree in most respects with the description of Mukai and
Waltanabe (1976). They emphasize, however, that the germinal epithelium is localized in the

<
regions opposite the ducts in both the ovary and testis. In addition, The testis forms several

lobes in B. schlosseri.

SUMMARY ‘ ‘
Gonadogenesis in those ascidians that possess compound gonads appears to follow a
similaY pattern of rﬂorphological‘ changes despite substantial differences in approach and extent
of examination by investigators. There is an initial establishment of gonadal cells associated
with a‘dorsal strand, genital cord, or some particular region of the mantle wall. Once this initial
cluster Qf cells is established, the developing gonad constitites a unique population of cells. The .
cluster of cells then differentiates into somatic cells and gonial cells. The organ subsequently
cavitates, and the cells that form the ovotestis can be isolated into gonial cells and two types of
somatic cells; the Type I1 cells probably representing the first stage of folliculogepesis. The
following stage involves the localization of the germinal layer into the ventral most region of
the ovotestis. The ovotestis divides into rudimcms of separate sex during the next stage. The
Af ormation of the testicular rudiment is morphologically variable f rox;x accounts in the literature,
bui in general it appears to be formed-either as a bulge on the anterior portion of the ovotestis,
or as 2 medial division of the ox:gan‘ into right and left portions. The two reéultant organ
rudiments oon'taih gonial cells that“ are &ssentjally identical, and Type I somatic cells. Type Il-
somatic cells are not found in the testicular rudiment. During the final stage pf gonadogenesis.
the ovary and testis oomplefe the dxff erentiation into the fc;rm found in the adult. ATh_e ovary
consists of a substantial germinal layer composed of gonial cells isolated from both the external

and internal environments of the organ. Type II somatic cells, or follicle cells are moré

.
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apparent, and the oviduct develops and expands, attached to the dorsal strand from the dorsal
most region of the ovary. The testis is also organized into a ventral germinal layer. There are no
follicle cells in the testis, and the gonial cells are not isolated by somatic cells from the lJuminal
surface. The sperm duct opens directly into the oviduct.

The observations on the organization of the cells that compose the developing
reproductive system are divers. The cells of ascidians are small, ‘;and the relationships among
-them are not clearly visible with the light microscope. In addition, the cells and tissuefof -
asci(;ians are difficult to fix, and it is likely that some of the observations made by previous
aulhor§ are artifacts of fixation. An example is Julin's (1893) observation that in Dendrodoa
grossularia there is a central syncytial mass inllhc ovolestis that develops into the germinal
layer. 1 have found that TEM fixations and observations are essential to understanding the
relationships belwe;:n the cells in all stages of gonadogenesis. This study of Corella inflata is the
first to use these techniques to describe the stages of gonadogenesis, Further comparisons of

the process of gonadogenesis among the groups of ascidians must involve TEM.

D. CHARACF ERlSﬂCé OF GO.NIALI CELLS AND SOMATIC CELLS

There is an enormous literature describing the germ céliﬁ of ascidians. These studies
have concentrated on the structure of the gametes in mature animals, and on gametogenesis,
which generally continues throughout the life cycle af lgr maturity is7attained ( Millar, 1971;
Berrill, 1975; Kessel, 1983). Many of these studies have also concentratéd on the origin and |
development of the accessory cell layers surroundin_g the oocyte (Reverberi, 1971; Kessel,
1983). While ‘rﬁost of the early monographs on gonadogenesis have described the general sizes
and shapes of the cells that form the déveloﬁing gonad, these d'cscriptions are of limited value
regarding the nuclear and cytoplasmié éharaclefistits of the cells during gonadogenesis. There
are no ultrastructural studies availabte on the cells that form the developing gonad during

gonadogenesis.
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In this section, | review what is known of the ultrastructure of small, developing
oocytes and their accessory cell layers, and of the cells of the testis, within the established
organs. These published observations are compared with the characteristics of the gonial and

somatic cells of the developing gonad in Corella inflata.

GONIAL CELLS

The gonial cells of Corella inflata do not undergo any substantial growth during the
.stages of gonadogcnesis | have described in this study, Therc are, h(;wcver_ some ghangcs that
take plact in the ultrastructure of these ccllls during gongdogencsis. In Stagesl 1 andc)ll, the
ovolestis consists of two cells which are morphologically identical to hcmobiagls. These cells are
spherical in shape, and each has a large nucleus with some mha)l hclérochr,omatin. The

SN , .

cytoplasm is not unique. In Stage 111, the gonial ecll§ are sepafated from the environment of
the gonad hemocoel by somatic cell processes. In this stage there is some indication that
material is moving from the nucleus to the cytoplasm, through the nuclear pores. In Stage 1V,
the gonial cells of the ovotestis are separated from both the luminal and gonad hemocoelic
environments by somatic cell processes. These cells have relatively more mitochondria and
lamellar RER, and there are also small vesicles on the luminal surface of the Aplasmalemma, and
myeloid f igufes. Nuage f irsl‘ appears in this stage, primarily in regions close to the nuclqus. and
associated with what may be material moying into the cytoplasm through nuclear pores. In
Stage V gonial cells, the Golgi complex is more prominent than in previous stages, and tpcre is
also more nuage in the cytoplasm. The nuage is usuélly more dispersed, and loc.ated in regions
further away from the nuclear envelope. After the diff erentiation of the testicular rudiment
from the ovotestis in Stage VI/ the gonial cells of the ovarian rudiment are similar to those of
the Stage V ovotestis, but l;ere there is yet more disp;:rsed vnuage/and there are annulate
lamellae in the cytoplasm. roasioﬁal large cells, which ;xxay Tepresent primary oocytes are also
seen. The gomal cells of tﬁe testicular rudiment are mmﬁgr to those of the évaﬁan rqdixhent.
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although they never have any annulate lamellae. During Stage VI, the cytoplasm of the
ovarian gonial cells becomes more dense with a relative increase in the number of ribosomes
and glycoécn. No sécondary lysosomes have been seen in lhcse.cclls. and the nuage,
mitochondria, and annulaie lamellae are more abﬁndam in this stage. The gonial cells of the
testis in Stage VII are not separated from the luminal surface of the organ by somatic cell
processes. These cells are similar to the ovarian gonial cells although the nuage is not as

abundant, and there are no annulate Jamellae .

Ovarian Portion of the Gonad .

Cowden (1961) has divided oogenesis into three stages in Ascidia nigra.
Stage 1 consists of small oc;cytcs‘ approximately 50 ,m in diameter, which have
differentiated from the germinal epithelium and are beginning their initial growth
phase. Although these Stage 1 oocytes are substantially larger than the gonial cells
of Corella inflata during gonadogenesis, they are still the smallest that are available
for ultrastructural comparisons. During this stage of oogenesis, the oocytes increase
in size and become surrf)undca by a l/z;yer of f.)rimary follicle ccl;s (Cowden, 1961),
The nuclei of these oocytes have a large nucleolus, and some peripheral
hetgrochromatin (Cowden, 1961). The cytoplasm is intensely basophilic, correlated
with the large number of ribosomes in the cytoplasm (Cowden, 1961, 1967; Hsu,
1962; Kessell, 1966b, 1983). There is similarly a largc number of ribosomes in the
gonial cells iln all stages of Corella inflata, with the largest relative numbers found
in Stage VII. The number of ribosomes in these gonial cells compared with Stage 1
of oogenesis is-unknown. Small amounts of cytoplasmic glycogen are f oﬁnd in' the
Stage 1 oocytes (Cowden, 1961), as well as in the gonial cells of Corella ixlﬂ_gi

Several investigators have reported on nuclm-cﬁophsmic excﬁange asa

characteristic feature of Stage I oocytes in ascidians ( Kessel, 1966a, 1983; Mancuso

v 4
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1963, 1964, 1972). This takes the form of small granular aggregations associated
with nuclear pores in localized regions of the inner and outer membranes of the
nuclcalr envelope. In favorable sections it is possible to see this granular material
extending through the pores, and there is therefore reason (o believe that this
material originates ih.lhe nucleus and moves 1o the cytoplasm. The material that
passes through the pores consists of RNA and‘prficin (Cowden, 1961, 1962, 1967;
Cowden and Markert, 1961; Davenport and l)avcnl\.x)rl_ 1965; Kessel, 1966a, 1983;
Eddy, 1975). It appears that the frequency of nuclear-cyioplasmic exchange
decreases during growth of the oocyte, so that it is virtually absent in vitellogenic

. oocytes {Mancuso, 1964; Kessel, 1966a, 1983). Similarly, the granular aggregations
associated with this nuclear-cytoplasmic exchange appear l(; fragment as the oocyte
grows_‘so that they are more numerous but smaller in larger oocytes. The
aggregations are also virtually absent in vitellogenic oocytes (Kessel, 1966a, 1983:

. ’

Mancuso, 1964).

Kessel (1983) describes two types o’f aggregations, composed of material
that originates in the nucleus and transported to the cytoplasm, although it is
difficult to distinguish between them based on his descriptions and pholqgraphs.
The first type of aggregation consists of small masses of densely packed granules
asspdated with the perinuclear cytoplasm. Kessel (1983) suggests that these
aggregations may be masses of ribosomes which subsequently become dispersed in
the cytoplasm and transformed into pam‘culatcvribosc;mes. accounting for the
intense basophilia of the Stage ‘l oocytes. I have frequently eﬁcd#ntered these small
dense aggregations in locahz.ed regions of the perinuclear Cytoplasm, beginning in

Stage 111 and continuing through gonadogenesis in Corella inflata. They ‘are not as

large or &s abundant in the small goxiial cells as is indicated in the published .

descriptions of Stage I oocytes. The rﬁlativc number of ribosomes in the gonial cells
' ' B
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during gonadogenesis is probably much smaller than in the Stage 1 oocytes, after
significant growth has occurred.

The other type of aggregation that appears 1o be transported from the
nucleus 1o the cytoplasm in Stage I oocytes is larger, variable in size and shape. and
is distributed throughout the ooplasm. These aggregations correspond 0 nuage
(Eddy, 1975; Késsel, 1983). and probably to the yolk nucleus (associated with
mitochondria) that has been described by several authors with light microscopy
(Crampton, 1899: Conklin, 1905; Hirschler, 1917; Harvey, 1927; Jagersten, 1935)
and with the TEM (Hsu and Cloney, 1958: Mancuso, 1964). These inclusions have
been identified in the germ cells of a variety of animals, and generally appear as
discrete aggregations (Beams and Kessel, 19‘;‘7‘4; Eddy. 1975 Kessel, 1983). 1 have

P
found nuage, corresponding to these dense gr:;nular aggregations, beginning at
Stage 1V of gonadogenesis in Corella inflata. These germ cell specific inclusions are
probably synthesized in the nucleus of the gonial cells and are transported (o the
cytoplasm at an carly stage, even before the establishment of the ovarian and
testicular portions of the gonad. Nuage is not confined (o the ovarian germ cells It
is also present in the gonial cells of the 1estis after the differentiation of the
testicular rudiment from the ovotestis. My morphological observations indiéatc that
nuage may be produced cyclically during gonadogenesis, and it is possible that this
corresponds to oeli divisions taking place in the gcfminal layer.

Some studies have described the endoplasmic reticulum in developing
oocytes of ascidians (Kessel, 1965, 1966b, 1983). In Sta‘ge I, the RER is; found in
both vesicular and lamellar form (Kessel, 1983). These vesicles of RER arise as
blebs of the outer layer of th&nuclcar envelope, and they are widely dispersed in
the ooplasm, particularly in vitellogenic oocytes (Kessel, 1965, 1966b, 1983;
Mancuso, 1963). The .'Vesicles may fuse to form the lamellar form oi' RF;R (Kessel,
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1983), which is less frequently encountered than the vesicular form in the Stage |
oocytes. The lamellac have been observed in close association with mitochondria,
although the significance of this association is not known (Kessel, 1966b, 1983).
Both the vesicles and lamellae of RER contain a diffuse filamentous material.
Reverberi (1971) states that RER is only found in oocytes that have begun
oogenesis. | have, however, observed some RER in the gonial cells of Corella
inflata during gonadogenesis, although these cells do not contain Thc vesicular form
- of this organelle. The vesicular RER appears to be associated exclusively with lh‘c
Type 11 somatic cells during gonadogenesis in Corella inflata. There are a few
profiles of lamellar RER around the circumference of each gonial cell, but these arc
not associated with mitochondria as reported by Kessel (1966b, 1983).

Cy(oplasmic annulate lamellae have been observed in previtellogenic and
vitellogenic oocytes of ascidians (Hsu, 1963; Mancuso, 1964; Kesscl, 1964, 1965,’
1966b, 1983). They consis\of from 3 10 4 and up to 36 Jamellae, arranged in
stacked arrays and distributed in a more or less random fashion throughout the
ooplasm (Hsu, 1963; Kessel, 1983). There do not appear to be more than 3 or 4
such organelles per cell (Kessel, 1965), and these are more abundant and contain
the greatest number of lamellac in vitellogenic oocytes (Kessel, 1965, 1983). The
membranes of the lamellae may hve attached ribosomes, and ribosomes may also
be present in{t{: cytoplasm between the lamellae (Kesse), .1965)‘ The ends of
individual lamellae may be connected with lamellar RER (Kessel, 1965, 1983). It is
thought that annulate lamellae form by a blebbing process of the nuclear envelope.
These blebs subsequently detach from the nuclear envelope and then diff erentiétc
into la;ncuae by a specialized fusion process (Kessel, 1983). It should by noted that
intranuclear forms of annulate lamellae have been reported in ascidian oocytes

(Hsu, 1963; Kessel 1964, 1965, 1968; Evringham 1965). Annulate lameliae were not

Ty -



scen in any of the earliest stages of gonadogenesis in Corclla inflata. They were
observed in the gonial cells'of the Stage VI and Stage VII gonad, only in the dells of
the ovarian portion of the gonad. There does nox‘appcar to be a characteristic
location or orientation of these organclles in the gonial cells, and there does not
appear 10 be more than one per cell, The function of the z;nnulalc lamellac is nog
known, although they may be responsible for the storage or aclivatiop of
developmental information (Kessel, 1968, 1973: Franke, 1974) . \

)

Very small oocytes contain relatively few mitochondria, located in the
perinuclear cytoplasm (Mancuso, 1964: Kessel, 1966b. 1983). During growih of the
oocyle, the mitochondria increase in number, although this has not been quantificd
(Kessel, 1966b, 1983), and prior to vitellogenesis, the mil(x'h(r)/ndria become widely
distributed in the ooplasm, There are usually two or more n}utrix granules,

‘approximalcly 500 nm in di;;mc(cr, which are characteristic of ascidian |
mitochondria (Kessel, 1966b, 1983: Mancuso, 1966: Beams and Kessel, 1976).
These granules may rc_pr@m the accumulation of divalent cations (Kessel, 1953:
Bloom and Fawceut, 1982). Mitochondria -may be surrounded by a lamclia of RER,
and there may be a close association between mispchdndria and lipid droplets
(Kessel, 1966b, 1983). In Corella inflata, the mitochondria are slightly
conc;mraled in the perinuclear cytoplasm during all stages of gonadogenesis,
although this has not been quantified. They appear to increase in number during
gonadogenesis. .
Mancuso (1964) reported that a Golgi complex is not f éund in Stage 1
oocytes. Kessél (1983), however, reported that in small oocytes a Golgi complex is
usually located in the ooplasm near the nuclear envelope. There appears to be an

increase in the number of Golgi complexes as the oocyte grows (Kessel, 1983).

‘These organelles consist of a variable numi®s of cisternac arranged in a stacked

" w
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barallcl array (Kcsscl, 1983).1 have not made a quantitative study of the presence

and location of the Gblgi in the gonial cells of the developing gonad in Corella

.

inflata, but it appears ghat they increase in size during gonadogenesis . | have never
r .

seen more than one Golgi complex per cell, although it is possible that there are

-

more, The Golgi complex apbcars to be imponanl{n volk formation {Msu, 1962;
Mancuso, 1964 Kessel, 1966b, 1983 ).

In addition to the cytoplasmic organelles of the developing oocyte described
above, there are also dumerous secondary lysosomes which are characteristic of all
cells in the ovotestis ;aflcr mctani()rphosis. In gonial cells of the carly gonad

rudiment, these are largc and among thé most conspicuous componen(s of lhe cells.
) Px
lLater in developmeént- }lhey become less numerous and smaller,
j -
] ' :
Yesticular Portion of the Gonad
RS .
There is substantially less information available on the ultrastructure of (he

\

gonial.cells of the dcvelopi.ng testis, /f\vailqblc informalioﬂ on the male rc'produ‘clive
system is based primarily on the s(ruclu}c ‘of the male gametes ( Franz,én_lll;83). A
description of the {ﬂuaslructure of the s;-x:rmalogonia of the testis is brcscmcd in |
only two repotts (.Georgcs, 1969; Tuzet et al., 1974). The sr;ermatogonia are large

cells, approximatelyj pm:in diameter (Georges, 1969)'_ with a large ‘nucleola.ued <
nucleus. T&c nucleolus is often siu{ated subjacent to the nuclear envelope

, . . ] \d s
(Georges, 1969).‘Thc nucleus ‘contains diffuse granular chromatin. The cytoplasm

“of the Sperﬁiatogonia contains a large Golgi i complex associated with small

osmiophilic vesicles (Tuw. et. al., 1974) 'I‘here are small mnochondna with’ feW

‘cristae (Georges 1969 Tuzet etal 1974) vacuoles some sparsc nbosomes and

A .

htde ER (Tuz.et et al 1974) Tuzet ot al. (1974) also reported that wtnle they dnd

not observe ml&ses some ad jacent cells had connecnng cytoplasmxc bridges.
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The testicular goni'al cells of the developing gpllad in Corclla inflata are
very similar ultrastructurally to those of the ovary. The cells of the testis are more
clliptical, and are not separated from the luminal environment of the organ by
somatic cell processes. Some of these cells, in Stage V11, are separated from the
underlying epithelium and cxlcn(; into the lumen. There are relatively fewer
ribosomes, on a qualitative basis, in the teficular gonial cells, In Stage V1, there is
some nuclear -cytoplasmic exchange taking place, as seen in the small granular
aggregations on-both sides of the nuclear cxlvclgpc. This is less abundant li;an in the
ovarian gonial cells. Similarly. there is nuage in the testicular gonial cells, and shc
structure of this miagc is identical 1o lha} ol the ovarian gonial cells. Developing
male germ cells of 'o(h‘cr animz.als have been reported 10 contain nuage-like material
(Eddy,’l975: Kegel. 1983). but this has never been reported in developing male
germ cells of ascidians. There are fewer mitochondria and proﬁlle's of RER. in the
lesu'cula‘r goniahcells than in the ovaria’n go}lial cells in Corella inflata, and these

L .
gonial cells do not contain annulate lamellac, No cilia are found in Stage VII gom‘ﬁ
celly, asm beeh reported in secondary spermatocytes and spermatids (Georges, -
1969: Tu;el ctal., 1974). Prior to the onset of growth, there do not abpear (o be
major diff erences that di§linguish between the gonial cells of the male and.rﬁumalc

portions of the developing reproductive system .

SOMATIC CELLS

4

The somatic cells of the ovotestis are first visible surrounding the gonial cells in Stage
i

111 of gonadogenesis In Stage lV of gonadogenesis there are Znypes of somauc cells in Ihe

ovotestis, which are dxstmgmshed on the basxs of their shape and swc and on the charactenshcs B .

"-of lhe nucleus These 2 soma‘hc oell types oontmue to be present in the ovarian portion of thc a -

o

" gonad dunng gonadogenems but af ter the tesueular rudxment has differentiated f rom the

L
.
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ovotestis, Type 11 somatic cells are never found in the testicular portion of the gonad.

" Ovarian Portion of the Gonad
© The mature ascidian oocylte is surrounded by several layers of accessory

cells prior to spawning. These include a layer of test cells which are found in
indentations in the cocyte surface, a layer of inner follicle cells, and a layer of
outer follicle cells. These follicular layers are separated from the test cells and
oocyte by an acellular chorion (Reverberi, 1971; Berrill, 1975; Kessel, 1983). Much
of the research on oogenesis in ascidians has been devoied to the origin, structure,
and funpu’on of these accessory cell layers. There are no ultrastructural studies on
the follicl; cell layers during gonadogenesis,

The ovotestis of Stage 1V in Corella inflata consists of gonial cells and two
ty?)es of somatic cells, The Type 11 somatic cells are irrcgularly shaped low cuboidal
cells, variable in size, and found primarily adjacent lovlhe gonial cells. The nuclei
contatn dense nucleoplasm, and the cyloplasm contains consplcupus large vesicles
of KER with a diffuse in&racistcrrial rrralrix, and large Golgi complexes. These .
somatic cells continue 10 be found associated with gonial cells in subscquerrl stages
of gonadogenesist After the diff ~eremié{lion of the testicular rudiment f rom'lhc
ovotestis, the Type llﬂsomau'c cells are f ound\(;nly in' the ovarian portion of the
gonad. In Stage VII, the Type 11 somatic cells appear to form Lhé .b'e.'ginnings of a
pnmary f ollrcle cell layer. Later in development, dunng Stagc I of oogenesis, the
oocyte is completely surrounded by a layer of pnmary follrcle cells (Cowden, 1961,
1962; Revcrberi. 1911; Kessel, 1983). This primary follicle cell layer later divides to
form the test 'éells.' and then the 'i.nrler and ‘outer follicular layers (Huus, 1937;

Tucker, 1942; Cowden; 1961 1967; Kessel and Kemp, 1962; Kessell, 1962 1983;

Bcrnll 1975).
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Work by Knaben (1936). Spek (1927)_ and Mbancuso (1965) points 10 a
blood cell origin of lh‘cécccssory cell layers}:‘: Pérés (1954), DeVincentiis (1962),
and Kalk (1963a) believed that the follicle cells are germinal epithelium derivatives,
while the test cells are derived from amoeboid cells of the blood, While this work
on Corella inflata has not specifically addressed the question of accessory cell
;)rigin. it appears that the follicle cell line is established very early in gonadogenesis,
and that the primary i‘oliiclc cells at least are derived from the same cells that give
rise to the gonial cells during gonadogenesis. Kessel (1967, 1983) and Beams and
Kessel (1974) state that among the first organelles to become active in the follicle
cells are the ER (found in both vesicular and lamellar form in these cells), and the
Golgi complex. 1t is pos§iple that even early in gonadogenesis, these organelies arc
large and well-developed in preparation for their secretory function in later stages
of oogenesis,

'

| ;FCS(icular Portion of the Gonad

The ullrastrucl::r'e of the testicular somatic cells have been briefly described
by Georges (1969). These ce_lls are found on the peripheral margin of the testicular
lobes. They are relatively clongate cells with an irregularly shaped nucleus, apd
heterogenous cytoplasm. Georges (1969) terms (hi; the gcrminai cpithcliuh:.
Qccasional larger cells have been described among the squamous cells of the
germinal epithelium _(lGed{‘(‘ges, 1969) . These cells are Jaden with heterogenous
granules reminiscent of puclear debris, and she suggcsis that they are phz_s,gocytic
cells. h

I have observed a similar external epithelium in the testis of Stage VII of
gonadcn)genesisi in Corella iLfl_agf , composed o}' a single type of squamous somatic

;. cells surroun&ed by A basal lamina. These cells qontain clogyte nuclei with little
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peripheral heterochromatin, and unremarkable cytoplasm. There are occasional cilia
. projecting into the testicular lumen from these somatic cells. These cells are
continuous with the squamous epithelium of the sperm duct. 1 have not seen such

phagocytic cells in the epithelium of the testis as reported by Georges (1969).

E. NEURAL COMPLEX AND DORSAL STRAND
Adult ascidians possess a neural complex consisting of the neural ganglion and closely

apposed neural gland. The neural cpmpicx is embedded in the body wall midway between the

siphons. It js surrounded by a connective tissue sheath, and it borders on a hemocoelic space

(eg Millar, 1953; Bullock and Horridge, 1965; Goodbody, 1974) . In Corella inflata, the

association of extensions of the neural complex with the developing gonad is onspicuous soon
alter metamorphosis, and this association appears to be essential for the initiation of
gooqdogcncsis. In this section, 1 therefore discuss the origin, anatomy, and potential functions

of the various oomponen(s of the feural complex, conccnlralipg on the structure and potential &

functions of the dorsal strand.

ORIGIN OF THE NEURAL COMPLEX
- Most of the existing wotk on the ganglion and gland have been directed toward an
R ' ‘
altcmpt 1o homologize the structure of the ascidian brain with' that of the vcnebratcs, or to

provndc evxdcnoe agamst such an homolo,gy Julin (1881) first suggested the homology of the
®

‘ascidian neural gland with the vertebrate pituitary, based on his belief that the neural gland
- arises as an mglependcnt outgrowth from the stomodeum, or prebranchial portion of the

 pharynx. Subquent werks, however, by Salensky (1893), Willey (1893), Hjort ( 1896))

Seeliger (18%%1906) Garstang and Garstang (1928) and Elwyn (19§7) have shown that Both

the ganglion and gland are derivatives of the neural tube of the embryo.
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The close physical association of the neural ganglion and neural gland is cmbhasilod by
their origin during embryogenesis. Elwyn (1937) summarized earlier work on the origin of the

the neural complex in Ciona intestinalis, Clavelina lepadiformis. and Distaplia magnilarva. The

! .
anterior end of the neural tube divides longitudinally into two tubes, after closure of the

neuropore. The right tube enlarges 1o form the cerebral vesicle of the larva, and the left forms
b

the hypophyseal duct (neurohypophyseal duct of Willey, 1893). These (wo structures are

, contipuous with the neural tube of, the trunk and tail of the larva. Subsequently, the

-

communication between the cerebral vesicle and the hypophyseal duct is lost: the fogmer . A
. , . , ,

develops into the fungctional central nervous system of the larva, apd the latter grows apieriorly
‘ . ‘- - e

and ventrally to establish communication with the prebranchial portion of the pharynx

(stomodeum), anterior to the cerebral vesicle. ElWyn (1937) showed that the anterior opéning

of the hypophyseal duct is‘nol a stomadcz;l invagination in Ecteinascidia turbinata, and an
homology of the ascidian neural complex with the vertebrate brain is ir.lappropriale.

The anterior opening of the hypo, I duct into the pharynk péréisls, and ldenvc;lops
into the ciliated funnel. The duct ext ‘ds dorsally and posteriorly, where in the region of the
cerebral vesicle, the dorsal wall proliferates a mass of cells that dcvglop into the neu‘ral
ganglion. Glandular folds form from the ventral wall of the duct ir; this region, and these —
develop into the neural gland. In most stolidobranchs, the gémg}ion develops from the ventral

wall of the duct, and in some the ganglion develops laterally (Elwyn, 1937; Metcalf 1906). ;I‘hc
' lfypophyseal duct continues pqsteriorly from the neu‘:’al complex, develops into a solid ccllular
strand variously named the “"cordon ganglionnaire-yisceral” (Van Beneden and J ulin, 1884)
the "dorsal cord éMarkman 1958) the gangho gemtal -strang” ( Huus 1924) or the "dérsal
"“strand” (eg Millar, 1953; Gpodbody, 1974). Therefore' “the neural:ganghon neural gland
proper, and the anterior and postenor conunuauons of the neural gland are all denved from

the same pomon of the embryomc neural tube o

-2



.

) 169

r .

NEURAL GANGLION AND NERVES

The neural ganglion in adult as;idians consislg of an outer cortex containing unipolar
neurons and what may be neurosecretory cells, and an inner fibrous medulla (Bullock and
llorridgc, 1965; Goodbody, 1974). In most species, five major nerves arise from the ganglion;
wo antcriol nerves that innervate the branchial sipl1 and associated musculature, two
pOSlﬂlO"l‘ﬂpCl’VCS that innervate the atrial siphon and :iocialed musculature, and a visceral
nerve llla( extends posteriorly to the visceral mass (eg Millar, 1953; Bullock and Horridge. 1965;
Goodbody, 1974). In Corella, 1h<:le are two visceral nerves that arise as numerous small
branches of the posterior nerve roots. These nerves pags into the roof of the branchial baskct,‘
the dorsal fold, and continue t6 the 'vi\soéra_ with offshoots Jeading to the branch.lal‘baskel
(Huus, 1924; Mackie et al., 1974).

There are numerous unanswcrcd questions about the nature of visceral mnervauon in
ascldxans (Goodbody, 1974). Regarding the reproductive system, several authors (cg
Kowalevsky 1874a; Millar, 1953 Goodbody 1974) state Lhat the visceral nerve extends to the
region of the gonads, allhough there is vitually no mformauon concerning gonadal mncrvauon

Goodbody (1974) states that neurosecretory-fibers may innervate the gonad, and the Visceral

nerve may innervate the sphincter muscle of the gonoducts. Bullock and Hom’dge_(l%i) report

that the visccral nq}Vé ramifies particularly over the oviduct, and less cxtehsivcly,ovér the

! ~ R
rectum, intestlrie,w,,stémach and esophagus. At least in the region of ‘ the dorsal fold there is a
nuclcated nerve plexus that is assocxated with the visceral nerve and, dorsal strand (Mar.kle et
,al., 1974 Fedelc l923a b, 1927) l‘n young Clona this plexus continues to me gonad
(Markman 1958) wlnle in older Ciond, the plexus is assocnated with the gonoducts (Bone,

1959)

,' & ~In ascldlans the nerves fmm the ganghon appear to be mixed, contmmng both sensory

+
v

» I: motor elements and associated w1th a reueulum of supporting material" and connecuVe

sue celis (Bullock and quclge. 1965)._Althdugh gome illformation exists on the strug:tqre of =

‘e ST AT et . . . -
. S v 2 ] TR S
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peripheral nerves at the light microscope level (eg Hunter, 1898a, b; Hilton, 1913). there is
little information conccrmng the fine structure of the peripheral nerves. Macklc et al (1979)
desc)bc the ultrastructure of axons as conlammg numerous distinctive neurotubules and a
cytoplasm that is "charactc\ristically rather featureless”. The perikarya of the visceral nerve
axons are located in the neural ganglion (Markman, 1958: Mackie et al., 1974) . Mackie et al.
(1974) also point out the possibility of mistaking certain cells of the connective tissue and blood
for nerves. Very little is known of the development and distribution (I)f vlhc nerves in newly
metamorphosed animals. |

Neurosecretory cells have been rcpoﬁcd in the neural ganglion, although actual
secretory products have not been identified. 1n a histochemical sl:;jy_ Dawson and Hisaw
(l964).rcporled’tha‘l there are cells containing granules scattered among other nérvc cell b;)dics
in the peripheral region af the neural ganglion in ten spécies of ascidians. In the slolidobran?ﬁs_
they observeci that the cell bodies contain “finely granulated, densely sxaipcd malerial,
sometimes regionally displaced b?' clear, unstained vacuoles of varying size and number ", while
in the phlebobranchs the granular material was generally localized in a perinuclear position. The
' granules in these two ascxdnan groups stain differently, mdlcaung that their secretory products

are dlfferent (Dawson and Hisaw, 1964). In at least one species, Chelyosoma productum, lhc

stained granules were best visualized in animals with mature gonads, and Goodbody (1974) ‘
suggests that they may be associated wuh reproducuon Aros and Konok (1969) in a light -
mlcroscope histochemical study of the neural ganglion, found granules whtch by their size (250

/

-nm) and stammg properues Lhey suggest mxght be neuresecretory granules. They found these

granules in both the perikarya of neurons in the ganghon and in neurites in each of 12 species -

. studled Ultrastructural observauons by Thlebold and Hioul (1966) and Chambost (1966) also.

| demonstrate granules, whlch appear 10 be neurosecretory, in the penkarya of some cells i in the -
wvcortml reglon of the ganghon In t.hree specxes I.ane (1972) found small mcmbrane -bounded,
dense-cored granules (“10 nm m diameter) which appeared v_to be elabora_ted.by' t.he Golg; o

e
¢
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complex. Similarly, Georges (1977) described pcrin‘uclcar granules in the ganglion which were
greatly reduced in numbet following the removal of the ovary. Bouchard-Mad'rclle (1967a. b)
and Lender and Bouchard-Madrelle (1964) also observed a variation in neurosecretory granule
abundance during gonad development. Sugimoto and Watanabe (1980) described the
ultrastructure of two types of neurosecretory ccll; in the neural ganglion and in axons in the
immediate vicinity of the ganglion. One of these cell types contained electron-dense granules
100 to 140 nm in diameter, and the other contained electron-opaque granules 240 to 300 nm in
v
diameter, These granules were found 1o increase in number as the oocytes began vitellogenesis,
It should be noted that the emphasis in the study of potential nearosecretory cells in ascidians
has been confined exclusively to cells in the neural ganglion_'and has not includcd the peripheral
nervous system,

\ Several investigators haQ%‘scarchcd for neurotransmitters, or putative transmitter
substances in extracts of ganglia.\'A_cclylcholine (Florey, 1963), the amino acid precursors,
GABA and taurine (Osborne, 1971; Osborne et al., 1979), glycine, glqtamale, and aspartate
(Osborne et al, 197(9) have been reported. The catacholamines, dopamin; énd qoradrcnaline
(Osborne et al., 1979) Rave also been reported in small quamiu‘es. These findings indicate that

neurotransmitters are probably synthesized, although what lhe? are, and their polenual

function, is still unknown.

NEURAL GLAND . . : |

The neural gland of adult ascidians consists of a hlghly folded Qandulér region, an
anterior vduct which opens into the branchial basket and a posterior extension, ‘the dorsal strand
(Bullock and Horridge, 1965 Mllrlar 1953 Goodbody, 1974) The antenor duct i is lined thh a
ciliated cuboxdal eplthehum and opens into the branclnal basket at the Clhated funnel The c1ha
may beat mward from the branchml basket to.the gland (Geotgm, 1970, 1971)@0ugh Millar

: (1953) beheved that water ctrcnhtes atound the funnel and is dot pulled into’ the Tegion of the

x. - -
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duct.

Numerous glandular evaginations form the body of the neural gland. The morphology
of the gland in most species varies, apparently with physiological function, ranging from a
compact strugcture l(? a loose mass of vacuolated cells (Metcalf, 1900; Pérés, 1943; Brien, 1948:
Georges, 1970, 1971; lainc, 1971; Goodbody, 1974; Godeaux and Beros- Debrous, 1979).
Numerous functions have been ascribed to the n:ural gland since it was first described by
Hancog:k (1868), with particular emphasis on possible S€nsory or secrelory processes, and also
10 its connection with the dorsal strand. 1n over 100 years of examination, however, our -
‘ifiderstanding of its role is still far from complete. ‘

’ One possible function of the neural gland that has been considered recently. is a rolc in
digeslioh, due (o the association of the neural gland with the food-collccligg\apparatus, and the
variable condition of the neural gland celfs (Lane, 1971: GO(;dbody, 1974). Another polcmiai
function is -lhe secretion of hormones like oxytocin and vasoprcssin‘( Butcher, 1930; Bacq and
Florkin, 1935, 1946). Péres (1943, 1947a. b), Sawyer (1959) and Dodd and Dodd kl966)
concluded that these pituitary hormones are most likely not sécreléd by the gland;, allhbug_h a
smooth muscle confraclan(' similar to oxytocin may bensecrctcd in Jow concentrations by the
gland and/or the tissues surroundjng the neur§l complex (Dawsag and Hisaw, 1964- Lane -
1968; Goodbody, 1974). If such a smooth mu contractant is secreted by.the gland it mxghl\
serve 10 maintain the contracted slate of the sphincters of mc gonoducls thereby preventing
the premature rclease of gameles (Goodbody, 1974). Pestarino (1984) found prolactin-like
peptides in the nc;ural gland of one s;pecies and liyboth&ized an osmoregulélory role.

Most recent research eg{ons on neural gland fi uncuon have concentraled on its possible

role in gonadouopm secretion. I-Qms (1937) suggested that the gland may control reproductnon '

- by ﬂrst collecnng sumulatory substanoes such as gametes Trom conspecnf m in the cihawq

' funnel. These substanoes mlgln then stimulate the neural gland to secrete a substanoe into the

'

b_!obd, stream that_ cau;es gamete release. In an effort to jdentify gonad stimulating activity in ;
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the neural gland, Hogg (1937) and Carlisle (1950) injected neural gland extracts into mice, and
found that their gonads increased in size and wcigl?l relative to controls, Similar experiments by
Benazzi (1939) and Dodd (1955), however, did not support this conclusion. In a series of

experiments designed to test for neural gland control of spawﬁng, Carlisle (1951, 1954)

”
|

concluded that gameies of conspecifics are aclivel} taken into the gland, causing it to secrete a ,
hormone that excites the ganglion. The release of gametes is then stimulated via the “gonadal
nerve”. In studies of neural complex removal, Bouchard-Madrelle (1967a, b)-concluded that
the number of young oocytes in"lhc ovary is controlled by the neural gland, while the neural,
lganglidﬁ influences the number of mature follicles and oocytes in previtelogénesis. Experiments
of Sengal and Georges (1966) indicale that spawning may be inhibited by the neural gland. In
addition, Sengal and Kieny (1962, 1963a. b) found that oocytes in whdlc cultured gonads
continued to mature only ‘when in the presence o'f explanted neural complex. They conclude
that somg component of the neural complC)l& is essemial to gonad malurau'od . Contradictory

results were obtained by Hisaw et al. (1966), who found that removal of the neural complex in

Chelyosoma productum has no effect on gametogenesig, even after one year.

DORSAL STRAND " -

The dorsal strand has been described in a large number of ascjdian specief since

Kowalevsky's (1874a) wof_k on Didemnum styeliferum, Phallusia mamillata and ‘lAscidia
(Metcalf - 1900; Huus, 1937; Brien, 1947; Goodbody, 1974 for summary). Itis a fiﬁe strand, or
- cord, of cells that connnues dorsally from the‘neural gland and runs along the dorsal wall of |
the branchial basket close above the dorsal lamma and dorsal blood vessel. In Corella mﬂata
'whxch has an expanded amum the dorsal stmnd runs in the dorsal f old between the antenor
dorsal edge gf th.c branchial basket and the atrium (Mackit et al., 1974).

Thﬁength of the dorsal strand is extremely vanable in adults. It may extend only a,

“short distance from the neural gland it may en(l near Lhe esophogeal opemng (Metcalf 1900)
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or near the caecum of the stomach (Van Beneden and Julin. 1884) . In some species, there is no

R e . . ' .
Jw‘i__}?omal srand at all in the adult (Metcalf, 1900). Millar (1953) rr:poncd that the dorsal strand

) Ciopgeinigsti Xxtends to lhc gonad where il terminates ab&uplly as a slight swelling in the

all of tht ovary. Metcalf (]900) and Aubcn (1954) howcvcr did not find this structure in

‘x\he gonad rcglon of adult (,10na ln Corella parallelogramma (Huua 1924) and (. inflata. the
dorsal s&rand is rudxmcmary in the adult, and is not associated wuh ‘the gonad.
!
Most rcpons on the hlslology of the dorsal strand have bccn limited to adults. In Ciona

the dorbal s&rand is a hollow cylinder 10 to 15 4m in diameter. and composed of rclalwcly

elongate, spmdlc sbapcd cells (Millar, 1953). Brien (1925 1927, 1939) observed that in

Aplidium’ z,oslcricola. Clavelina and I)istaplia magnilarva blastozooids, the dol‘sal strand is

irregular in section, and composed of undifferentiated cells similar to mesenchyme cells, Huus

- »

: ‘ b
(1924) reported that in adults of Corella parallelogramma, the dorsal strand is composed of

rounded cells with irregularly scall)cred nuclei arranged around a lumen, and with 6 cells in

‘diameter. Van Beneden and Julin (1884, 1886) described the cells of the dorsal sirand as being

-

similar to those of the neural ganglion, around a small central Jumen in Molgula arﬁpulloidcs.

Mackie et al, (1974) depict the dorsal suand in adults of Corella willmeriana as approximately

15 pm in dlamctcr and composed of scveral cells surroundmg a small lumen. Some species,
such as Ascidia aua, have a dorsal strand wnhout a lumen (Metcalf, 1900)
~ Relalivély lmlc work has becn donc on the length and sm;(:ture of the dogsal strand in
Juvemle asc1d1ans ln Corell'é L_ the dorsal strand extends to.the gonad hcmocoel where it
_ makes .contact wnh the pre- gonadal hemoblasts The assocxalion bctwecn the dorsal strand and
the developmg gonad is maintained during gonadogenesns but after the gonoducts reach the
atrium, the dorsal strand loses 1ts assomauon with megomd and is. presem as &i{ a vesug;: in
the adult: Huus (1924) described a sxmﬂar assocxauon between the dorsal strand and the
' developlng gonad i in C. parailel gggamma which is mamtamed durmg gouadogencsxs and

subsequently lost in the adult The assocxation has also been descnbed in Qd um stylif’ \

X

R R ' ‘ : C -
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Phailusia mammillata, Ciona intestinalis (Kowalevsky, 1874a), Aplididm zostericola. Clavelina,

Distaplia 'magnilarva (Brien, 1925, 1927, 1939) and Ciona intestinalis (Markmaﬁ_ 1958).

Aubert (1954). however, believed that the dorsal strand continues past the ovotestis in Ciona
intestinalis juveniles, and does not make contact with go‘nadal material, His descripaion of the
dorsal strand in this location indicates he may, in fact, be describing the visceral nerve” Still

,other authors were unable 10 find the termination of the dorsal strand in the juvenile (eg Van

Beneden and Julin, 1886; Mauricc,A1886_ 1888; Julin, 1892, Damas, 1902). .

In juveniles, the dorsal strand consists of a cord of single cells attached ¢nd (o end

bé‘lwctm lhé‘;lcural gland and its point of lcrmina{on (Huus, 1924; Van Bcnédéﬁ ;'md ) ulin,
1884, 1886; Aubert, 1954), In many cases the atll‘s of the dorsal strand have been described as
rcl@(ivcly,gndi}fcrcnliaié_ resembling blood cells (Van Beneden and Julin, 1886; Brien, 1927).
. Mauricc (1886) descrit’x':'s it as composed of nerve fipers, Van Bc;1¢dcn and Julin (1886) as
identical 10 the cells of the neural gland, and Fedele (1938) describes the cells as similar to

neuroblasts, giving rise to the nerve cells that are found near the dorsal strand.

My observations on Corella inflata are the first that describe the ultrastructure of the

dorsal strand in juvenile ascidians The dorsal strand is composed of a string of elongate cells .
' allached at lhcu ends by overlappmg processes, joined by well-developed junctions, and
| *  surrounded by an exlernal lauina, gmng it an epithelioid configuration. The cells contain
chroﬁlamcms probably actm which may be iportam during the growlh of ‘the structure. At
. the point of attachment between the dorsal strand and the developing gonad there are no
special features of - tbc cells. In Stage IV of gonadogenesis, and during su uem development,
: | there 1s a blunt cnlargement at tlns point of attachment, but here too, Lhe tls of the dorsa]
| strind are: v1nually 1dentieal to. the _somatic cells of the developmg gonad w cre the attachment
occurs. The dorsal strand remams a string of single cells during gonadogen i$, other than at
this pomt of contact, and n is hkcly that the dorsal strand beoomes several cells thick and forms
- lumen only after it s 5o longer associated with the gonad. 1 have not follojred this later in

\ N -
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dcvclopmcnl howcvcr in Corella inflata. Kowa]g\vsky (1874a) first described the dorsal slrand
as an extension of the neural ganghon ending in a vmcral ganghon in the region of the
>lom&hﬁany of the carlier’ dcscnpuons of the dorsal strand similarly conclude that the dorsal .
strand is an element of the peripheral nervous system (Maurice, 1886 1888: Julin, 1881,
Lorleberg, 1907). MEicalf (1900) described varying degrees of associalion between the dorsal
strand (rapheal d:cl) and the visceral nerve (rapheal nerve). He could not distinguish the

o

visceral nerve from the dorsal strand in many species, and concluded that at least in their
. . e -

posterior extremities, they were parts of the samé structure, (xher more recent works, however,

_ tonclusively demonstrate that the dorsal strand l(s%"is‘ entirely non-nervous, and Fhar l’hc . .
"vlisccral nerve is a separates structure (Huus, 1924; B;icn, 1925, 1927. 1‘948; Fedcle, 1938; Millar «
1953; Aubert, 1954; Markman. 1958; Mackic et al., 1974; Goodbody. 1974),
The dorgal strand is ccrla‘inly aSS()Cia£Cd with nervous clcmlcms for most qf ilts length, in
a structure vanously called (fle dorsal cord plexus™ (Markman 1958 ). "dorsal cord sheath”
(Mlllar 1953), or "dorsal fold plcxus (Mackxe ct al., 1974), This consists or an irregular

-

nclwork of bipolar and multipolar neurons sdrrounding the dorsal strand and visccral ncrvcs.

Processes of. these ncurons form a sheath-like plcxus around the dorsal strand (rodcle 1938:
Mxllar 1953; Aubert, 1954; Markman 1958 Mackie et al.. 1974), Somc of these procmses may .
extend to the brancmal bask;l portions of the inlestine, cndostyle and pericardium (I'cdclc

1938; Markman, 1958; Mackie et al. 1974) Thc dorsal fold plcxus has bec‘n"reponed in young

juveniles of Ciona (Markman 1958; Aubcrt 1954) and Cor;:lla p_a_ailclmamma (Huus 1924)

Immediately afier the dorsal strand has ma,dc oontact with the developmg gonad i m
Stage 11, there aren\o&ne cells or prooesses assocmed with cher structure in Corella in Lg

(
However, in Stage III and dunng subsequcnt developmcnt am megular Iayer of cell proccsscs{ J ‘

’\ 4

is closely assocmted with the dorsal strand in the regfon of the: ovox,csus I mtcrprct these to bcx)

A

axons, and clements of the dorsal fold plexus =These axons con

™~
, odcrately tioctron dcnsc

“
vesicles whxch on the basns of anxr swe and dxstribuuon. are sugmdvc of a néumsecmory
ﬁ v a : Sty
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funcuon, The vesicles are also found in short extensions of these processes which eatend 1nto

\

spaces between cells of the ovotestis, In addition, vesicles are occastonally seen in the cvtoplasm

ol somatic cells of the ovotestis, and in cells of the dorsal strand near the attachment beiween

N X ’
the ovotestis and the dorsal strand. There have been|no previous geports of these vesteles i the
cells of the developing gonad, the dorsal sirand., o1 the nerve pleaun, | suggest that the vesicles

in the nerve cell processes may be confined 1o juveniles. and thai they may funcuon in the
' ’
dif ferentiation o the feproductive system in developing animals, There is no eaperimental s
-

LLevidence 10 suppott this claim, and a great deal more, work 1s needed (o address (his queston

thoroughly,

+

Potential funcuons of the dorsal strand have been proposed, but it remains an clgiia,
- N

The studies of Fedele (1938) and Mackte ¢ al, (1974) suggest that the dorsal strand has a

functivnal relationship with the visceral nerve, and that the associated pleaus may be mportant
in branchial innervation, In this conteat, the dorsal strand itsell may supply nutnents 1o the

v 1
nerve cells in the manner of ghial cells (Goodbody, 1974), Bricn (1927) found that the dorsdy

L]
strand gives rise to new peural tissue and the gonads durning blastogenesis in Aplidium

tostericola. Huus (1924) concluded that the dorsal strand probably gives rise to the gonoducts,

based in part on the absence of the dorsal strand in aduli Corella parallelogramma . Aubcrt

(1954), however, asserts that the dorsal strand continues past the gonad rudiment in.young

Ciona, and could therefore not be involved in gonoduct formation. In Corella inflata, I have

never observed the dorsal strand in a position similar to that described b}Auben (1954) in

Ciesa, but neither have I observed any indicaiion that the dorsal strand tissue gives rise to the
o

gonoducts. The dorsal strand does, however, remain associated with the developing oviduct

during gonadogenesis. ] consider it more likety that the dorsal strand provides a template for

the directional development of the oviduct, and gives way to the oviduct as it develops.
The association between the deural gland and the developing gonad during development

implies that the dorsal strand may be a conduit for trophic factors necessary for gonadogenesis
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to move from the neural gland o the gonad, In this way, the neutal gland may actually control
the establishment of gonadogenesis, and/os its continuation. This would eaplain why the gonaé
never develops without the dorpal strand attachment, {3<xx1txx1y (1974) reinterpreted the results
t .

ol Carlisle (1951) and Bouchard  Madrelle (19674, b) as indicating that the dorsal strand may
serve aaln pathway between the neural complex and gonads for endoctine products over a long
term reproductive cycle. Because the assoctation of the neural gland with the gonads in adults is

.

questionable, it is more likely that if the dogsal strand functions in endocrine control, it does $0

primatily during gonadogenesis. Such an eaplanation accounss {or the continuation of the
reproductive cycle in adult Chelygsonté productum even after noural complex removal (Hi»a;’v
ot alv, 1966) . However, bécmnsc the peural complen is directly subjacent to a substanual
hemocoelic space, such an endocrine pathway 'sccuw)supcrt'luom, It may also be true that the
dorsal strand setves as a pathway directing the growth of neurosecretory cells from the ganglion
to the developing gonad, and that these substances are important in the continuation of

;

LS
gonadogenesis. These hypotheses apply only 10 those animals in which a dorsal strand is found
carly in gonadogcncais. The dorsal strand in‘many species, particularly stolidobranchs | is nol

associam with the developing gonad, and a different mechanism of gonad initiation and

development must be proposed for these animals,



