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FIG. 2. Transmission electron micrographs of mature spermatoroa (87) showing nucieus (Nu),
acrosome (Ag), plasma membrane, mitochondria (Mi), and vacueles (va) in the nucleus. Five globu-
lar mitochondria (arrows in A, B) surround a pair of centriole (ce), which s tightly attached to the
nucleus by thickened double plates (arrow in 1) al the neck region. An acrosamal core with crystal-
line structire filling the concavity of the subacrosomal space at the anterior tip of the nucleus far-

rows in E, F).
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FIG. 2 Trarsmission clectron micrographs showing the nudei (W), and tails (T) of spermatorsos
consisting of centrioles (o), the proximal one attached to the nucleus by the thickened plates (arrows
in A, B, D). {he sy oag filaments (it m the cyvtoplasm link the nuclens and mitochondria to the
postertor sperm membrane (pm) (B, E). The tail consists of an axoneme of 942 doublets of microtu-
hules surrounded by a plusmia membrane (cross-section in € long-section in F). Chiomalin in the
nucles of cellsan B and D still show incomplete condensation, wherein individual chiramatin gran-
ules with 60 nm diameter are chsely packed together, vet the outline of cach granules is sHll visible,
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location the nuclear membrane appears thickened (Fig. 3B, E, F). Mitochondria con-
tain shelf-like cristae, with some stretching from one side to the opposite side (Fig. 3B,
E, F).

In the posterior corner of cytoplasm between the nucleus and mitochondria (Yig.3A,
B, £, T'), there are bundle of thin zig-zag filaments, whose width is about 15-20 nm.
These filaments link mitochondria to the adjacent cell membrane, and some filaments
appear attached to the latter at a specific location (Fig. 3B, E, ). These filaments also
surround the entire lower half of the nucleus.

The tail piece commences from a pair of centrioles whose proximal member is em-
bedded in the socket at the middle region of the slightly indented posterior border of
the nucleus (Fig. 3A, B, D). The nuclear membrane at this region is also visibly thick-
ened (Fig. 3B, D). A long axoneme stretches backwards from the distal centriole that
is surrounded by mitochondria (Figs. 2C, 3A). In cross-sections (Fig. 3C) the axoneme
appears as 9+2 doublets of microtubules, and this pattern appears to exist along the
whole length of the tail (Fig. 2D, 3F). The axoneme is covered directly by partially
wavy plasma membrane at the proximal end close to the centriole (Fig. 2C), while on
the rest of the tail it appears fairly smooth and fits snugly around the axoneme (Fig.
3F).

DISCUSSION

The shape and general morphology of Haliotis asinina sperm are typical of the “primi-
tive type” or “ect-aquasperm” described for mollusks that reproduce by external fer-
tilization, e.g., chitons, bivalves (Frazen, 1970; Baccetti, 1979) and scaphopods
(Dufresne-Dube ¢f al., 1983). Spermatozoa of these mollusks usually possess short,
cone-shaped heads and simple tatls that lack mid-pieces. In contrast, mollusks whose
sperm fertilize the eggs internally tend to have elongated and sometimes also spiral-
ing heads, and tails that have definitive mid-pieces containing mitochondria or their
derivatives; and frequently glycogen particles in residual cytoplasmic masses still
remaining around parts of the tails (Franzen, 1956; 1983; Anderson & Personne, 1976;
Baccetti & Afzelius, 1976; Healy, 1996).

The heads of sperm in Haliotis asinina appear to be shorter and more globular in
comparison to those of temperate abalone species, such as H. rufescens (Lewis et al.,
1980), whose sperm tend to have elongate bullet-shaped heads. There also appears to
be more clear areas or intranuclear vacuoles within the nucleus where the chromatin
mass is lacking. The chromatin in H. asinina appears to be “granular type” in which
large chromatin granules of 50-60 nm are packed tightly side-by-side. During sper-
miogenesis, these large chromatin granules are derived from the periodic thickening
of formerly uniform chromatin fibers whose original size in the earliest round sper-
matid stage is about 20-30 nm (unpublished observation). This granular pattern of
chromatin condensation could also be perceived in other primitive gastropods, such
as trochids (1 Tealy 1989 Hodgson etal., 1990), scaphopods (Dufresne-Dube ef al., 1983),
and bivalves (Bozzo ef al., 1993; Cacas & Subirana, 1994; Johnson ef af., 1996). In
contrast, in the internally fertilized sperm of most meso- and all neogastropods,
opisthobranchs and pulmonates, the chromatin condensation is of “fibrillar-lamel-
lac” type in which the pattern of chromatin condensation goes through three succes-
sive phases: granular, fibrillar and lamellar steuctures, that finally become tightly
packed in myelin-like whorls (Healy, 1987; 1988; Jaramillo ¢t al., 1986; Gallardo &
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Garrido, 1989; Amor & Durfort, 1990; Sretarugsa et al., 1991; Caceres ef al., 1994). Ttis
possible that these two different patterns of chromatin condensation may be linked to
the qualitative difference of basic nuclear proteins, especially protamines, which ap-
pear to be more variable among primitive, externally fertilized mollusks and the more
advanced, internally fertilized mollusks; whereas histones appear to be more con-
served (Subirana et al., 1973; Balhorn et al., 1979; Van Helden et al., 1979; Chiva et al.,
1991; Daban et al., 1991; Caceres ¢f al, 1994). Much work remains to be done in mol-
tusk in characterizing and correlating the variation of protamines with the above-
mentioned patterns of chromatin condensation.

The acrosome of Haliotis asining is cup-shaped with much less elongation and in-
vagination from nuclear side, in comparison to those of temperate abalone species
(Lewis et al., 1980) and other primitive gastropods (Hodgson ef al., 1990). The acroso-
mal matertal is uniformiy homogeneous in contrast to the two clearly separated areas
found in H. rufescens (Lewis et al., 1980). The acrosomal core is composed of short
thick crystalline-like axis embedded within moderately dense matrix that occupies
the whole subacrosomal space. In comparison to other primitive gastropods and
temperate abalone species, the core is much shorter in H. asinina. The crystalline
material is probably consisted of actin and its associated proteins as reported for other
mollusks (Baccetti, 1979; Shiroya ef al., 1986; Tilney ¢t al., 1987). This acrosomal core
might participate in the extension of acrosomal process during acroscmal reaction
and fertilization.

The tail of Haliotis asinina sperm consists of an axonemal core of 9+2 doublets of
microtubules surrounded directly by a plasma membrane. This type of simple tail is
also observed in other primitive gastropods (Healy 1989; Hodgson et al., 1990),
scaphopods (Dufresne-Dube et al., 1983) and bivalves (Bozzo et al., 1993; Cacas &
Subirana, 1994; Johnson ef af., 1996), all of which reproduce by external fertilization.
In contrast, the mollusks that reproduce by internal fertilization possess tails akin to
those of mammalian sperm (Jaramillo ef af.,, 1986; Gallardo & Garrido 1989; Amor &
Durfort, 1990; Sretarugsa ef al., 1991; Caceres ef al., 1994). Such tails usually have mid-
pieces that contain large cylindrical or helical mitochondria. Fibrous sheathes often
surround the axoneme to provide sturdy support that could allow stronger move-
ment than the simple tails found in abalone and other primitive gastropods. Indeed,
in the latter there are only five globular mitochondria located at the posterior end of
the nucleus, surrounding the proximal and distal centrioles. These mitochondria could
probably generate a smaller quantity of energy for the less motile sperm of these
species.

Another remarkable feature in the sperm of Haliptis asinina, which has not been
reported in sperm of other mollusks, is the presence of zig-zag filaments in the cyto-
plasm at the posterior corner of the head. It appears that these filaments link mito-
chondria to the posterior part of the plasma membrane, and some surround the lower
balf of the nucleus. Because of their zig-zag nature and solid core structure, they are
probably not microtubules, but their exact composttion has not yet been identified.
We speculate that these filaments could play some roles in controlling the shape of
the nucleus as well as the position of mitochondria.
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ABSTRACT ['tug ntuitary extract, mammalian gonadotropin releasing hormone agonist(GnRHa, and
human chortonie gonadotropin (hCO ) were injected subcutaneously and intraperitoneally o determine

the optimal doses

required to elicit spermiation in adult male frogs. Rana tigerinag and R. catesbeiana.

during the breeding season. Pituitary extract showed the most pronounced effect in stimulating sperm
release at dosages ol | gland per [rog in Rtigering and 2 glands per frog in R.catesbriana. GnRHa gave
marked stimulating elfeet in both R. ngerina and R. catesheiana at dosages of 10 and 25 pg/kg body
weight, respectively The induction of spenn release in both species ol frogs could alsn be detected alier

the winjection of hCG at the dosage ol 50 and 200 U per [rog |

lhe optimal doses ol GnRHa were also

wested for their stimulatory effect on spermiation during other seasons. R catesheiana could be stimutated

wspermiate throughowt the year, but with the reduction in sperm concentration during pre-, p»
non breeding seasons In contrast, R tigerina could be indueed 1o spermiate only during bieeding seu

iL- ancl
il

KEYWORDS: Rana tigerina, Rana catesbelana, spermiation, gonadotropin, GnRla.

INTRODUCTION

ilie reproductive cycles of amphibians have been
studicd by many investigators. 1t is gencrally
weeepted that ponadotrepic activity of pituitary gland
which inodulates the reproductive eyele is regulated
by hypothalamus?’, through the release of gonado-
trogun- releasing hormone (GnR| ).GnRH has been
demonstrated to stimulate the secretion of follicle-
stimulating hormone (FSH) and luteinizing
hormone{LH) insome species of ltogs such as Rana
cateshewana.’ The testicular funetion is, in (urn,
controlled by LH and £5H2, whose levels were
wigrlodly inereased dunng the proliteration of
secnndary spermatogonin, primary and secondary
spermatocyies in Rana escdenta” tooaddition o
native hormones , ponadotiapin- releasing hormone
asonist (GnRHA) could also stimulate primary
spermatugenial maltipheation and testicular
anchogen productiom in R esculenta®

here were many teporis on the study of the effecr
1 hrmone priming on spermidtion. the
stunulation of sperm release by GoRH administration
could he demonstrated in Hyla regilla” The

¢lfeetiveness ol various hormones, ie. [rog pitwitaries,
human chorionic gonadotropin (hi.G L LH. TS and
LH/F5H-RH on eliciting spermiation in bulltrags
R. catesheiana had also heen r(:pnr[ed 1 Sinmlarly,
pituitary preparation, gomdotropins and hCG could
stimulate the sperm release in Rana piptens.™ !

Most anurans have exhibiled a high sperautog nic
activity in the breeding seasion 25 observed in Runa
tempoerarid -, Bufo arenarum' and Bujo regularis™,
In contrast, Louwmbourdis and Kyriakopoulou'’
studicd the testicular acuvity inan Indian [rog, Runa
ridibunda, and found sperinatogenesis to he
continuons throughout the yrar. [t remains to be seen
whether [rogs with discontinuous-type speirmato
penests condd be induced t spermuate duriig variou

a0 NS.

I present study we mvesngate the elfecr ol
GnRHa, hCG and pitwitary homogenate on
stimulating sperm release an Ro tigering and R,
catesheiana during various phases of reproductive
cyele, Uhe results obtaned may have application in
controlling the reproducuon of both specues, which
arc indigenous {R. lié;e'n'na)‘ and imported species
(R catesheiana), lor commeraial culturing,
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MATERtALS AND METHODS

1. The determination of eflective dosages of various
horinones on spermiation during breeding
SCdson
R. tivering aged more than 12 months old

(weighing on the average 150-200 gm)and R

catesbeiana more than 18 months old (weighing on

the average 350-400 gm) were obtained from the
culture laboratory of the Faculty of Science, Mahidol

University. The adult male [rogs coltected during

breeding season (April-September) were used to

study the effects of mammalian Gonadotropin
releasing hormone agonist (Buserelin acelate!

(GonRHa), hCo. and hemopliastic pituitary

homagenate on spermiation. Fach hormone or

pituitary extract was dissolved in distilled warer and
injected in a toral volume of 0.1 ml Ten frogs were
used in cach group ol experiment

[.1 GnRHa administration

In R. tigering, the [rogs were divided into five
groups . group [ were injected with distilled water
to serve ds conwol; groups [ 1, IV and V received
GnRHu 5 pg, 10 e 25 ne and 30 pgdlp hody weight
(bw i respectively.

lo R. catesbeiand, the frogs were divided into [our
groups : group | were injected with distilled water
o serve ns control; groups 1, 11 and 1V recewved
GrkMa 10 pg, 25 pp and 50 pgdkg hw, respecrively,

All the experimental frogs received a single
subcutancous injectton of GnRHa into the dorsal

lymph saq

1.2 hCG administration
ln K. fegering there were four groups @ group |
was the control ; groups 11, 111 and 1V received e ¢
251U, 50 100 and 100 1) per frop, respectively
In R catesbeiana there were live proups: pronp |
wity the control | gronps 11, 11, IV and V received
hCOG S0 L 100 TU) 200 [0 and S0 TU per Lo,
respectively,
Al thy
T IF" (NEERI)!

experimentil frogs received a single
il injectio

[.3 Pituttary homegenate administration

Pare distahs of puunary glands were collected
lrom the frogs durmg the breeding sension from July
to Aupust. The gland

Iyophihzed, and punitary powder were keptag

were homogenized and

until nse The pitnitary pewder was completcly
dissolved in 0.1 ml distilled water and subcwtaneously

injected into the dorsal lymph sac Fach male B

SciencedAsia 26 {2000)

figerima et ived o |1\)l‘|1<1{‘i.=.-\|1‘_' patary linmo-
penate, whiereas a male R catesbriana was fiven two
homoplastic pituitary homogenate

All the pxperimenial frogs were examined for the
spermanion responscs by the cleical wspiration
carriedd out ai interval begmning ar 1 hour onwards
after hormone treatment. Lhe number of frog
responding o the stimulation, the volume of semen
released, and the concentration of semen were
quantitated

2. The cffect of the optimal dose of GnRHa on

spermiation during various seasons

The pptimal dases of GnRHa that caused
sperniation during the hreeding season in both
species were used to induce spermiation in adult R
tigerina and R. catesheiana during the post-breeding
(Octoher November), non-breeding (December
January) and pre breeding (February-March)
seasons. The observations and quantitations of
spermiation response were done in the same manner
as described above.

3. Statistical Analysis
The mean

cach

obtained [rem
experimental group were compared with the normal

values

conirol values. In addition, comparison amoeng
different dosages of each hormone as well as different
kinds ol hormanes were statistically tested by using
non-parmmerric equivalent, the Mann Whitney 1est.
A probability value tess than or equal 1o 001 or 0 015
was chosen o indicate stalistical sipnilicance.

Resutrs

1. Theeffects of GaRHa, hCG and pituitary homo-
genate on spermiatton during breeding season

11 GnRa

In R tigering, GoREW ar 10 ppdlop hw coulid
stimulite the spermn teleasean LOD of peciments af
the first two hiours. This ellert was then decreased
10 60% i1y the third houe In contrast, the other doses
ol GnRHa (5. 25 amd 50 pe/kg bwl showed les:
stimutating cilect, The high coneentration of GnitHa
particulardy 50 ppke bw conld only stimulae 20
of frogs 1o spermiate ar the beginming, while the
propotiion of positive response was pradually
mcreased o 60% and H% i the scoond and third
howrs, respeenvely (P 1A The same trend ol
sperminnon response could be observed in R
catesbeiuna, where 10 pup/kg bw dose showed marked

cltect at the hirst two howrs The hivher doses of 2%
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S mdwates pe 009 ve 10 ug GnikHa wnjected group.

and 50 pg kg bw showed less etfect at the first two
s, bt facer the effect increased to reach the peak
aranly 80900 at 4-5 haurs {Fig 24).

(e total volume of pooled semen of R tigerina
collected after the fourth hour in the group receiving
the dosage 10 paflp bw gave the highest value
(05416 ml), whereas the wial volume obained
trom other doses remained relatively low (Fiyy LB).
The mean difterenc
10 e bw GnRHa g
(P=0.0%) when compared o the groups receiving
2% and 30 ug/kg bw GnRHa. In R. catesheiuna, after
the end ol the experiment at seventh hour the dosage
al 25 ppfkp bw wnR1Ta pave the highest vidue of
L.Becd4 ml, Fig 2B). This miean value,

ol the total volume in the

s statistically significant

SO Vasume
However, did not show any sigmificant dillerence
fsin 10 and 50 pg/lg bw GuRHa injected group.
Mhe average concentration ol B tigerings sperm
oliained lrom 10 py kg hw GnRHa injecnon showed

the highest value (2.02+0.38 x 10° cell/ml), whereas
the mean concenrrations of the other groups
remained relatively Tow (183 = 0.25 | 0.98:0 18
and 0512032 x L0 cells/ml) (Fig 11 The high
cancentration of sperm collected from 10 pg/lkp bw
GnRHa injected group iy significantly differen
(P<0.05) Trom those ol the othier two dosages (25
and 50 pp/kg bw GnRITa groups). In R, catestwiana
the dose of 25 pg/kg bw ol GnRITa gave the masim)

concentration of sperm (295 « 030 x 107 cellsanl)
(g 20 while the doses of [0 pg and 50 p/ky
hw ol GnRHa showed less elfect. The mean

concentrations of sperm [rom these two groups are
2010 32 and 1.9020.25 x 10 cells/mi, respecnvely
These mean dilferences ol 1hic averuge concentration
are statistically significant (’=0 0013 when compared
to the value ol 25 pg /kg bw injecred group . Noue
of the semen fram the control group showed any

Spernnoron.
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whverr the pilimiegroron of 100 25 ol 30 W el
b s s pre 0 1w i Lnld noamg R AR EITE
1.2 hCG signiticant dilerens (PZ0.00 1) Trom those injecred

The induction of sperm release in R jgerina
art ilse be detected wdier the hOCG adimimistratisoon T
nnber of [rogs respomded o the dose ar 50 10 oy
ol the Tirst two hours, and then abruptly
deercased 10 20% atthe thivd honr (Fig 3A) Incontrast,
there 1 a noticeable lower percentage of iog response
ool 25 and 100 1 row

It ||1Z-'II\! v

at the die (575 ancd 5%

M RsIve TESPONSes Wirs ohseryverl
at any nme after the veaumnent wedie contrel gronp

neG al 50 1WArap could aot
elicit spermion while hC.Cha 200 1L Trog gave the
Fighest respimse (88%0 ar the frse bour (g 44)
o DCCean 100 TG wned 300 1LY

PORIEcd SES respectively

In K oowesheiann

The onher swocdoss

rog showed less efie
ln R tigering, the wean value ot the total semen

volume collected over the entire period of the

experitient is highestin the TOO TU oy groags (i

WB) Thos migan doml colieae (0640 14 ml) is

with 25 and 501U WO GArar i R caresbeioana, the

highwest pogal volynme of senien dld bhe abned in

e proup weated with 200 11D hCOArog (Fig 410
Fhowesver this valng s not signiheantly diflereng from
the other twao gronps (100 and 300 1U/Arag ol he )

In K tigerinn the average conceniration of semen
cotbeeted m 0 TL Frog group e shighidy hagher 011 93
L2 x| pellsdml thon inother groups (76213, [0:4:

3 x10
smcentraton ol s group s notsignificantly differen

vlisfml). However, stanstically the sperm

Irann the groups nyected with 25 and 50 10/eg (Fig

W) b B vgnesherama, thie woniee cancemtration of

e fodtowang dodmivistration ol 2000 10 b Gifrog

wird Jesa 1000 210" ceHsiml) than those dnjected witl
100 e 30010 e Cdrog 110« Jamd W e 2 x 10T cellsiml,
|r-.;u'cn\’v[y) LErg 1O Moreover, sperm coneenttation
obrimed Tram the group injecteed with 2000 [U ey
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1.3 Piuitary homogenate
Pintary homogenates have very pronounced
clfcct on spermiation. All the experimental R tigering
10U respoaded o this treatment within the first
two howrs. Total response could also be detected
1. castrsbeldnu ol the second and fowrth houars,
respectively. The total volume and concentration ol
semen: of Rooogering calleeted at one hour alter
tgectian are U0 mloand 3.09 2100 cells/mi,
respectively. Dhe valine of semen collecied Trom R
castesheiand rose 1o 0,48 mbwith the concentranon
of 216 x 10" cellssiml in the first hour

GnRHa administered outside the breeding

SCasOn

Che dose of 10 /e bw GnikHa has a remarkable
cliccr on B rigerinas sponmiation in bath pre-

}. Spermiation response to the optimal doses of

breeding and breeding scasons, All the cxperimental
lrogs {(100%) can releasc the sperm alier this
hormone administration. As the [rogs progressed (o
pust-breeding season, the percentage of response is
reduced o 255 None ol them could spenmiate in
non-hreeding season (Fig 5AY The average volumes
of semen collected trom pre-breeding, brecding aned
post-breeding seasons are 0.2440.17 0 51+ 0.2 and
0 14=0.05 m!, respeerively (g 38 The congenoatien
al sperm abtiined dhring pre-hieeding bieeding and
past-breeding are 012+ 0.05,1.80+0.58 and 0 06=
002 x10° cellsfiml, respectively (| ig 3C 1L Thus, there
i« a remarkable reduction in the mumber ol <perm
jeleased when compared 1o those abiained in
breeding season. The dilferenres of mean values are
statistically signihicant (P=0415).

The doste ol 2% pg/ke bw GaRHa can stimulaic
spermiation in R castesheiona throughoul the yea
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B The chtanges i tenal volime of sedien o
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*onlieaes pe a5 vs 100 TL GG ijecniad jeex ip

iFig AL The velumes ol semen collected from
different pertods are indistinpguishable from those
ablarned from breeding scason (Fip 68 In contrast
to the volume of semien, the concentration of sperm
coliccted in pres, post-and non-breeding seasans are
stanilicantly lower than the value recorded 1 the

brecding season. with PEO0% thg 600
Discussion

Effects of administration ol LunRHa, hCG and
pituitary homogenate on spermiation

The present sty vevealed that GnRH agonist
(GnRHa) and h'G could he used o elicit the sperm
release an R pigertaa, a mative rice ficld frog of
Fhatlanad

[here was posieng bea difierenee among

conceuttauen obsperin colliored il the ol Gl the experient 04 he osneenively)

various doses ol GnRITa in their elfectiveness: the
[0 ppfkg bw ol GuRa gave a better response than
the lowet and higher three doses, In R. catesheiana
the [rags thai have been huported froam north
America for commercial culturmeg in Thailand, the
itighest ol both volume and sperm concentration
could be oblained from the administration ol CinRHa
at 25 ppske bw sumlar effect was also reporied
hulltrogs cultured i the wmpenae region™ and in
another species ol rogs, Hyvla repilia. In contrast 1o
these optival doses, the higher dises of GnRHa up
t 50 pp/ky bw conld not elicit any substantinl
permiation within the tirst hour in both species o
frogs, and the peak response oeeurred at three howrs
vter treatment. The GnRH agonest may actthrough
the amenor pitnitry gland whichin turn, induaces
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the sperm release in the experimental lrogs. The
direct elfect of GnRH on testicular aclivity has aiso
heen reported in R ¢sculenta and R, pipiens 01617 1F

The volume of semen and concentiration of spertn
m R. tigerina after the adrmnistration of GnRla at
dosage 50 pg/kg bw were also remarkably decreased
in comparison with the results [rom the dosages of
L0 or 25 pg/kg bw The high dose ol GnRHa may
lead 1o the desensitization ol the pituitary gland
which, in wrn, could not maintain the level of
airculating gonadotropins. There was an evidence
done in rhesus morkey which indicaied that the
constant infusion of exogenous GaRH could reduce
pituitary response in a phenomenon generally
knowi as “down regulation”." The resteration of
gonadoltropin secretion, however, was achieved in
the same animals by the intermittent administration
of GnRH. in the present study, a single injection of
high dose of GnRHa 1o the frogs would probably
creale the condition of prolonged exposure 1o this
hormone. therefore, it might result in the decrease
in the response of pituitary gland at the beginning
of the experiment. Furthermore, the development
of pituuary refractoriness after continuous infusion
ol GnRI fora shon duration was also found in vat
and sheep?. This phenomenon may also be resulied
in part from a reduction in the avaitahle receptors
for GnRH.

The administration of pituitary homogenate
showed =agnificant clicct on spermiation in both
species of [rogs, This may he due maialy 10 the
stimulatory effects of LI and FSH. 11 was veported
that mammalian L and FSH could induce
spermiation in frogs Uhe spermyrelease could also
he induced by hCG, i which the doses of 50 and
100 1U/Aree could induce 85-100% response in R.
tigerinaand R catesheiana, vespectively, Similar eflect
was alwo reported in R catesbeiana alter receiving
00 1 The acuviy of hCG i inducing
perminiici e frogs is probably due to is 1 H-Tike
action which could act directly at the gonadat level
There was an evidener which showed that the h(¢

e G

receptars cxteied in the tespenlar tssoe -

The elliser o | 00 and 300
[P, however, appearcd o deliny the masimal
response, cspecially in Rocatesbeiana which showed

hiply disses of hOG |

[he delaved cliec ot hiph dese of RCG might occur

from the loss ot receptors in the gonads and 1the

phenomenore ol “down repulation™ as discussed
carlicr. Conteet af 2 who sindied racovary, had found
that there was a recepiar loss alter heGoadmimis-

Lo b nomvesse coreelation

teatienn, e there secnin
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hetween the number of recepiors ind the dose o hizls,

:ffect of the optimal dose of GnRHa on spermiation
outside the breeding season

The present study also showed that the
exogenous GnRHa could have the elfect on
spermiation outside the breeding season in R
catesbeiana. However, the perceatage of frogs
respanding te GnRHa decreased during the post-and
non-breeding periods. The testicular activities of
bulllrops were well correlated with the level of
gonadotropin throughout the year® Histological
investigation af testes of R. catesbeiana from natural
habitat i the siate of Missoun,USA, revesled that
spermalozoa in seminiferous tubules were teduced
in number aflter breeding period bul they never
reached zero level*® Shmilar testicular picture was
found in bulllrogs cultured in Thailand.”” The
spermiation response in R catesheiana thronghout
the year may be due to their continuous type of
spermatogenic cycle.

In contrast, the spermiation could not be
successfully induced in R. tigerina oulside breeding
season. The negative response to GnRHa in
R. tigering could be explained by the worl of van
Qordt,® who have shown that the sensitivity of the
germinal cells to gonadotropic hormones were least
sensitive during auturmn and winter. Qur earlier
ohservation also showed that in R tigerina, the
testicudar tissue usually brealk down dusing the non-
breeding periods, and late stages germ cells were
completely absent*® Similarly, the seminiferous
tubules of a wopical frogs, R. tgring Daud, in
ile period apurt from the brecding season contained
very lew cell mests and most of which were
spermatogonia. These frogs are, hence, considered
to have discontinuous spermatogenic cyele.
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Fasciola gigantica: surface topography of
the adult tegument
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Abstract

Adult Tascivia gicantica are leaf-shaped with tapered anterior and posterior
rnds and measure about 35 mm in length and 15 mm in width across the mid
section. Under the scanning electron microscope its surface appears rough Jdue
to the presence of numerous spines and surface foldings. Both oral and ventral
suckers have thick rims covered with transverse folds and appear spineless. On
the anterior part of the ventral surface of the body, the spines are small and
closely-spaced. Each spine has a serraled edge with 16 to 20 sharp points, and
measures about 20 pm in widtlt and 30 pm in height. In the mid-region the
spines increase in size (up to 54 pm in width and 58 pm in height) and number,
especially towards the Jateral aspect of the body. Towards the posterior end the
spines progressively decrease in both size and number. The tegumental surface
between the spines appears highly corrugated with transverse folds alternating
with grooves. At higher magnifications the surface of each fold is further
increased with a meshwork of small ridges separated by variable-sized pits or
slits. There are three types of sensory papillae on the surface. Tvpes | and 2 are
bulbous, measuring 4-6 pm in diameter at the base with nipple-like tips, and
the type 2 also have short cilia. Type 3 papillae are also bulbous and of similar
size but with a smooth surface. These sinsory papiliae usually occur in clusters,
vach having between 2 and 15 units depending on the region of the body.
Clusters of papillae on the lateral aspect (usually tvpes 1 and 2) and around the
suckers (type 3) tend to be more numerous and larger in size. The dorsal side of
the body exhibits similar surface features, but the spines and papillae appear
less numerous and are smaller. Corrugation and invaginations of the surface are
alsw less extensive than on the ventral side of the body.

Introduction Fascioliosis causes significant economic Ji

s 14 a discase that infecls both domestic and

disease can also cross-infec! humans, anil there
ts both the temperate and tropical regions of the g Py
wative parasite in temperate regions is beun gepints of licnsimg
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highest incidences in the north and north-east, and the
[west in the south (Pholpark & Srikitakara, 198Y9;
Sukhapesna et g, 1990, 1994, Sobhan ef wl, 1998). It is
Clear that the diseasze = 0 major impedimen! {o economic
progress, which s exacerbated in less developed conn-
tries, particularly towards subsistence farmers who have
Imited resowrces o freat their herds.

Fasciolmss can be pactially controlled by periodic
treatment of i animals in endemic areas with a
repertoire of drugs. Triclibendazole has been reported
to be highly effective, although resistance of liver ilukes
to this drug has been reported (Overend & Bower, [995).
In view of the cost and possible resistance of liver fluke to
the action of drups, a better alternative would be the
development of vaccines to either completely prevenl the
infecton or arrest worm development ar certain stages of
the life cycle.

The tegrument is the interfacing laver that helps the
fver flukes to maintain their homeostasis which s
essential tor their survival in the hostile environment of
the host. The tegament plays a key role in the ahsorption
and exchange of nutritive and waste molecules, the
regulation of ionic equilibrium between the interior of
the parasite and the surrounding host fluid, and in
protecting the parasites from the immune responses of
ihe host. Understanding the structural organization of
the tegument is essential in developing any rational
drugs or vaccines, which might damage fhe parisites
through thelr actions on the tegunent. Despite [ew
oberrvations on the fine surfhce features of P wpsfice
(Fennett 1975a,h), no studies nave previously  been
undertaken on o gigantica. In the present study, the
detailed surface features of adult B oeiwindion tegument
are investigated by using scanning electron microscopy

(GEM).

Materials and methods

Adult specimens ol Fasciole giganiice were collected
from the bile ducts in the liver and gall bladder of cattle
and water buffaloes killed at local abattairs. Flukes were
washed several times in (0.85% normal saline before being
transterred mto Minimuem Essentinl Medium (MEM),
with three chanpes. Flukes were kept in MEM supple-
mented with 10 pg ml™! penicillin and 108 wnits ml
streptomyein unt | processed for SEM.

Fntire adult worms were fixed in 25% plataralde-
hyde in 0.1 m sodium  cacodylate bufter containing
acium peetate, pli at 4°C for at least 2 he They
were washed three Himes with the same budfer, post-fised
in 1% osmium tetroxide in 000w sedium cacodylate
buffer, pH 72, ot 4"C for 3 h, oand washed in three
changes of distilled  witer. Subsequ ntly, they  were
dehydrated through increasing concentrafions of ethinol,
and dried in a Hitachi HCP-2 critical point dryng
machine using Hiuid carbon dioxide as a transitional
medium. Alter drving, specimiens were mounted on
aluminum -:-i..m|u|; ard conted witl gold inan won-
sputterimpg apparalus, Hitachi 102, with a sething at 10—
15 mA for  min. Specimens were examine 1 in a Hitachi
scanning electron microscophe (S M) S50 opweratingg At

3KV

Results
Viitral suriice

On the surface of the anterior region, spines are
medium-sized and closely-spaced. each measuring abouf
20 m in width ond 30 pm in height and having a
sorrited edge with 16-20 sharp points (Fg. 1EG,H). At
higher magnitications the surface of the spirus, except
their edges, appeats Lighly corrugated and inviginated
with small ridges angd pits (fig. 1G,H). Thes surface area
between the spines appears corrugated with transverse
inlds alternating with grooves (fig. 1EG). At higher
magnificationa the folds are, in furm, compased of o
meshwork of interlacing micrelolds or small ridpges
separated from one another by variable-sized pits or
slits (fig. 11} In some areas there are groups of bulbous
papillae, which are assumed to be sensory receptors (higs
1E-C, 2A-C). Each papilla appears as o small dome or
bulb 4-6 pm in diameter at the base. The first two types
of papiliae, types 1 and 2, have nipple-like tips, with type
2 also having short cilia on their tips (fig, 21,0 The third
type of papillae, type 3, is fungiform in shape with a
smooth top and highly pitted base {fig. 2F}. On the
anterior and lateral surfaces, type 1 and 2 papillae may
appear singly or in a group of two to threc unity [(fig. 8.
In contrast, both the oral and ventral suckers have thick
muscular rims covered with wide transverse folds,
surrounded by rows of type 3 papillac in farge clusters,
and pores ol gland cells (fig. TA-1).

Om the surface of the middle region of the body, the
spines incredse in size (up to 54 pm in width and 58 pm
in height) as well as number, particularly towards the
edges of the body: The majority of spines, becatise of their
large size, have blunt rather than sharp serrated edpes
(fi. 1F). The area between the spines appears highly
corrugated with ridges separated by pits and slis. This
area also contains large groups of papillae with similar
characteristics to those found on the anterior region.
lowards the lateral aspect of the body, the spines and
clusters of papillae becomis very prominent in Loth size
and number (e, 2A-C). Fach cluster of papillae is »
large agErégate of 1015 umts (fg. 20.0). Most of the
papillag i the clusters are types 1. nd 2 {fig. 2D,E.G),

O the surlace of the posterior region ol the body, the
spines pragressiviely decrease both my size and number,
and they become widely separated (fig. 3A L) The
spines are usually short but still covered with highly
invaginated surface (fig: TEF). Cluster of papitlae are,
hewever, still prominent; and each may contain ds many
gnite per group as these on the laterel aspect of Ihe
mickdle region (fig. 1C-E). The area between the spines
also appenrs highly folded and invaginated, but the
ridges are not as well developed as Higse on the anterior
and middle regions. The posterior tip of the body b
very few spines and appears smooth (lig. 3B).

Dy il surfi

Generally, the anterior and middle reglons of the
dorsal surlace exhibit similar features to those of the
ventral surface, bul they tend to have smaller sl

spines and tewer papillae (g, 3GH). Spines on the



Surface of adult E gigantica
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Surface of adult F. giganties

Fig. 1 A=C. The pasterior part of the ventral surface and the tip of Faseivla gigantion will shon, Flatteoed,

whdplvspaced spines [sp) and Clasters of !.\.;;\1]:"‘\1‘ (). LY [aepm clisiber of I '}'i” e B L cluster ot fraprilli

and swrloce felds {to) and grooves (ury. o Spime with lughly corrugated sarlace. Goand B The antenor doreail
strrface with nunwsrous spines but fewer papillae.
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Fig 4. AL The mididle region of the dorsal soetace of Fascwd gagmitiod . with fat sercated spines (s} close
triggedhier. W Spine O Surtace Pebwoen the spines, highly corrugated with folils (o) and grooves (g, D
Srfice of Toldd, with et ridges (nd separated by pits and st (pi). B The pogleoar domsal siestace, with

shorl wadely separated spriee B Spine with highly invaginated sarfece and unsserated cdge



Surface of adult £ yigantion

anterior ard middle regions are still serrated {fig. 4A,B),
whilst those located towards the lateral and posterion
rerions are smaller and not well serrated. The surface
ared between the spines appears highly convoluted with
folds and grooves {fig. 4C), but ridges on each fold tend
to be flattened when compared with those on the anterior
and middle regions of the ventral surface {lig. 4D}

The posterior region of the dorsal surface possiesses
fewer, smaller, and widely-spaced spines (fig. 4E). Fach
spine is short and unserrated, but still covered with a
liphly invaginated surface (fij5 4F). The area between the
spines is invaginated with large pits, whilst the ridges are
not well developed. Unlike the ventral surface, the
posterior end of the dorsal surface has only a small
number of papillae.

Discussion

The most remarkable features of the surface topo-
eraphy of fully mature F gigantica are the presence of a
highly corrugated surface which consists of series of
alternating grooves and folds, and the presence of spines.
The surface of each fold is increased further by a
meshwork of microfelds or ridges separated by pits
and slits. This increased surface area could enhance the
eitechiveness of absorption and exchange of materials by
the tegument, a characteristic which is also observed in
other trematodes, such as I hepatica (Bennett, 1975b),
Opisthorchis viverrini (Apinhasmit ¢f af, 1993), and the
schistosomes (Hockley, 1973; Hockley & McLaren, 1973,

G977 Tinxin & Yixun, 1981; Sobhon & Upatham, 1990).
The development of ridges and pits varies in different
resiong of the worm surface. The ventral and lateral
surfaces tend to have more complex ridges and pits than
the dorsal surface, and the anterior and middle regions
also tend to have more developed ridges and pits than
the posterior region. This suggests different degrees of
ahsorptive capacities in various regions of the tegument,
a characteristic which is similar to other helminths
(Bennett, 1975b; Hockley & Mcl.aren, 1977; Sobhon &
Upatham, 199 Apinhasmit ef al, 1993). Another
distinguishing surface feature is the presence of numer-
ous spines covering all parts of the body’s surface. We
have not yet vxamined the surface of mefacercaria and
juvenile stages ol this specices. but juveniles of I hepatica
possess farge serrated spines on their entire surface
(Bennett, 1975ab), while those of O. viverrini possess
serralid spines on the anterior and single-pointed spines
on the posteror parts of the body (Scholz of al, 1992;
Apinhasmit ef nl, 1993). These spines may facilitate the
movement of juvente flukes during their migralion to
the biliary system ot the liver. Upen reaching the liver,
malure L wrerrind become spimeless (Apinhasmit of al.,
PR, and the loss of spines may be due to the decreased
movernent of the fluke in the bile ducts. In contrast,
adulls ol © vt and F lepatica still retain spines on
the surface which implies that they may have more
movement in the bile ducts of the liver. Their more active
movement i the biliiry tree of the liver may expilain why
they causie more severe fibrosis of the bl ducts n
comparisen wath O woerrind. However, for most of the
tme adult Jo givantioe probably remain attached to Lthe
wall of the bile ducts using their relalively large and
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muscular ventral suckers, which are surrounded by
smooth fungiform (type 3} papillae which could act as
pressure receptors, On the other hand, type 1 and 2

papillae, which are distributed elsswhere on the surface
of the bedics, may act as tactile receptors.
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AssTRACT The tepument of adult Fasciola gigantica can be divided ity {our layers bised on ulii

structural characteristics The first layer includes ridges and pits which are covered by a trilamimate
membrane about 8 nm thick, underlined by a dense lamina about 15 nm thick. Uhe membrane is coated
externally by the glycocalyx which consists el two layers: the inner dense homogencous layer about 10-
15 nm, and the outer fibnllar layer about 100-300 nm thick which s intensely stained with rutheniwm
red. The evioplasm is composed of densely-packed microtrabecular network. and contains many ovoid
granules (G} whose size 15 aboul 90 x 180 nm, and numerous discoid granules (G,) whose size 15 abouwt
) x 250 nne. G, contain dense rutheanam red- posiive matrix while G, comtain translucent mateix, and
hoth ate sorrounded by a uilaminate membrane. G, close to the surtace invariably exocytose their
content into hettoms ol the pits, while some G, are fised and have ther membrane jnined up with e

surlace membrance. 11 is, therelore, sugpested thal G, contribute 1o the formation of glycocalyx while G

are the maim contributor to the surlice membrane  Che second laver of the wgiment s« norrow zong of
cvroplism that contams high concenuations of G, G, pranules and lysosomes. The thind layer is the
widest middle portion ol the tegument which contains numerous and evenly distributed mitocliondria

foeh Goand G, granales are present bul in much fewer number than in the firss and second layers. The
fourth layer is the innermost zone that vests on and couples with the 120-140 nm thick basal lamina Tis
svinplism s loosely packed and contains nuwmerous infloldings of the hasal plasma membrane which
have mitachondyia in close associatton. Iccentains lairly larpe mumbers of Gand G, granules wlich we
proeduced wnd tansporied 1o the egument by one type ol fegumental cells ying i rows moderieath the
mescnbae Liyers Spines m the tepument are aumereus, cach s a wedge-shaped arestalling sieuciuee

with thie lantice spacing aboue 4 e and s oodlers aee lirmly implaned in the basal lamima

REYWENIYS: Posa hivda gt d, legumen, ulte 1ebiire, Lransintsaion electiom mcios gy

SeicncAsia 1672000 137-148

INTRODUCTION

Fasciolosis due o Fascole giganticd causes

anic logs inanimal production in

13 Ll 13
”‘IC ”(w‘ll'L The discase can also .lll[(_‘(‘| 'H“]I'lll.‘\.
wid Here are reponts ol ancreasing incidence
worldwide ' The prevalence of infection ol animal
are as high as 30-90% in Alvice, 25 90% in

[ond i Thaitmd the provalence al infecnon

in cutthe and ballddoes ace 4 24005 wih the laghest

widenee i the Monh amd Mortheast, and ohe
lovwest in the <outh."* Henee, the disease is one ol
Hee e smpediments (o coonmme progress m
developing contrivs Tasciplosis could be pardally
contralled h\ ,ll']'i()(“(' Leatimaeni ol Zil”lﬂ‘dl\ 111
crvie areas o waith drugs, among wluch
trclabendieole was reported 10 be highly ellecnve,
wrhenet ce=istee hasheen olserved . Tnviews

of the cost and possible emerpgence of drog
resistance, a better preventive ineasure woukl be
the development ol vaccines which could either
compaetely prevent the inlection o arrest the
devetopment of the parasites ai cenain stages ol
thewr life oyrele

The tegument af the parasite 1s one of the major
targets or vaeeines stage i produces amd neleases
number of antigens that con sthinudace the e
responses nonosts ! Furthermors, the tegument
pliws coles in namtaining the parasites” huneosisis
such as the absorption and exchange ol nutritve and
wiste molecules, and the respkation ol e couhibonm
hetween the interior of the parasites and the
surroundiag host Hwcl A complete ideraanding o
the struetural oraanizatio: of the tegrment i= henee
crucial mcdevciopmg any rational drugs or vaceines
that can damage the pacates throush then actinns
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inothe depument. Up oo now, all work on thy

heen carried eut i

lepuntent ulimmstrucioie have
Pusciola Tepatica.™ " Though the basic structure ol
the tegament ol F gigantica s expected 1o be similar
o that of I hepatica, there is evidence that the two
speeies exhibit ddlerences i their resistance o drugs
and potential vaccine candidates ' Henee there could
be variations in the tegument ultrastructure that have
not yet heen ohserved. In this study, we report the

tegument ultrastruceure of adult F gigantica.
Mareriats AND MeTHODS

Specimen Collection

Adult It gigantica were collected from the hile
ducts and gallbladders of cattle and water buflaloes
killed a1 the abattoirs, The ukes were washed
several tmes in 0.85% normal saline belore being
tratsierred into Minimuwm Essential Medinm (MEFM)
with three changes. The ukes were kept in MEM
supplemented with 10mg/ml penicillin and 100 univ
ml streptomvein antil prepared lor TEM.

Conventional Transmission Electron Microscopy
(TEM)

The adult llukes were shiced into thin strips while
being fixed in 2.5 % glutaraldehyde in 0.1 M sodium
cacudylate bulfer contnning 0.1 M calciwm acetale,
pH 72, at 4°C for 2 h. Then they were washed three
times with the same bufter, post-lixed in 1% osmuin
tetoxide (n 0.1 M sodnun cacodylate buffer, pHi 7.2,
at 4°C lor 3 s, and washed tn distilled wates Finally
the specimens were xed i 0.3% aqueous solulion
ol urany] acciane, ph5, contwmning $5mghul sucrose
lor 30 nua, at 4°C The specimens were washed three
times in distitled water, then dehydried o graded
series of ethanol [H0-100%0  Tor 20 pun atcach siep
subsequeutly, they were infiltrated twiee 1o

X "

ropylene oxide for 20 min each, sl the salinion
Py

was later sequentislly repliced with the mixtun ol
: ‘ el

Ty le g ville i Aradi M, L] il | [
[or T hoand 22 overmghl at room lemperature
Einally, the speciaiens were mfllloated with pure
Armdie for at least 12 b at roon
then polymerized at 4370 and 607C for 2 day
il sod eailledted vicher on miked

fempermnre. nd
vah.
Tl scction wert
or Tormvar coated 200-mesh copper grids and
stavied warh felanmelic
cttrate, Tor 30 nun cach The sconons werre viewed

1O wrney L acerne and dead
m o Hachi 10300 1M, operating ar 75 kY

Ruthenium Red Staining

Rutipenimm reil ds d s maakowid

STRIAS AR TRTAAL

SeieneeAswe Lo (20000

componnd which binds electrosiatically to polyantons
wrch as proneaglyeans and sialoglycoprowens " Thi
used to
that contins nepgatvely-clurged acudy

nicthod is exhibit glycocalyx and the
shradinn
arhohydrares ' %
specimins was thus stained with ruthemum red.
Briedly, the specimens were lixed and staimned lor 1 h
al room lemperature in a solution containing equal
proportiens of 4% glutaraldehyde in 0.2 M eacadylate
huifer pH 7.2, and 1500 ppm aguecus sotution af
mithenium red (Polysciences Co)  After washing
thiree times with the same buller, the flukes were
post-fixed for 3 hat room temperatre in a solution
OSTIum

Another goup of pamsite

contaiming equal proportions ol 2
tetroxide in 0.2 M cacodylate buffer pB 7 2, and an
aquecus sotution of 1500 ppm ruthenium red. The
specimens were nnsed briefly with the same hulfer,
andd then dehydrated and processed for TEM as already
deseribed. Both unstained and counterstained
sections with uranyl acetare and lead citrate were
examined in TEM

Resuurs

lrastructure of the Legument

When examined in cross section, the tegiiment
can be divided into fowr layers based on the prosence
of various organelles and the density ol the
240, ). The firs)
and atter most laver is the microvillus like one
icddges or

wegumental gytoskeleton (Fig 1A €
which scwually represonts cross sectons of
nicrololds miervened by oblong pits as visunl zeel
i SEM Y The crevices or grooves between major [lds
may i d 1 that in
these areas the surlace membrane ol the ridges are

ep down in the legumetil, sii

L'm|||.“‘-\-.rjd ageter (1 12 B) The '.|I.Jp!.l‘1lll ol the
frrat baver conststs ol uphddy packed micrarabracuda

thin Hlaments (Frg 20, DY, and contains

ol very
il rate mumder ol _"\‘-I::'l.!l o L conventiooond TTEM
preparation the surlace membrane appears
vilaminate with 8 yon i thickoess: and coaed

vithiin bver of homaogeneous

A P 10 8

the exterior by
glvcocalyx aboul 1015 o i widvh TR

By coptrist, my ruthomivm red-stained sections,

shycocalys appeirs as o hbndlar layer with thiclkness
fe et as TO0- Wi (Fige i, | L thie v

aitlace membiane is underlined

prated cvtophasm o nin

plagmic side, thn
I u T o comd
el (e 210

Fhe sevond Taver irtow cone ol cytopiism

undey il fiest baver, sehied s characieriz | by

presence of o high concentration ol tegum nal
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Alhugh magnitications there appear to be two typies
oFtegumental granules (Fig. 2C; 3A) The first type
{6} is a dense ovord granule that s measurpd
approximately 90 nin wide by 180 nmm long (o,
contains homogeneously dense rathenivm red-
positive matnx and is surrounded by u iriluminate
membrane (Fig 2C, 13, 3A, B; 44, D). Some G
granules appear very closc to the surtace membrane
at the bortoms of the pits (Fig 2D: 4B, ), and a few
appear 1o join with the membrane and exocytose
their content into the pits (ke 4A-C ) The second
type is a discoid granule (G) which 15 measured
abour 40 nm wide by 250 nm long. This granudes is
suwrrounded by a trilaminate membrane, and at the
central part its membrane is closely apposed, while
both ends become enlarged such that the granule
assumes a mild duinbbell shape (Fig 2D, 3A, B (.
granule contains light homogeneous marrix, while
the cytoplasmic side of its membrane has a thin dense
iamina lining (Fig 38) While G, are more numerous
than G,, both are concentrated 1n this zone. A large
number of G, flow up to the first luyer 1o join up
with the membrane lining the sides of ridges and
pits (Fig 2D, 3C). The second layer also coniains
lvsusome-like bodhes artanged in rows parallel o the
surlace (Fig 1A; 2A, B)

The third layer is the muiddle and widest zone ol
the tegumental cytoplasm (Fig 1A, 1), 1t consists o
uniformly packed microtrabecular netwaork, and
contains numerous mitochondra but only few
lysosomes (Fig LA B G and G, wegnmental graonules
ave cvenly distributed throughout the layer, and
ippear less conventiated than in e second layer
Mitochonelria have dense matrix and only fow crisia
running, parallel te their Tongitudimal axes.

The tourth or lesal ayer rests on the basal anil
seticnlar laminae (Uig TR, G Tes cyvtoplasm congns
looscly-packed miviuabecniar network und long
viartow livhthe stoned Chanoels ransmg vonecally
townrds the surlace of the repument. Ar high
magnibivation these cunnels e adwalty alilong
e betwesi the iortious rdaldaes of the basat
plasma membrane. The hasal plisma membrane i
ttaminate anit coupled by hemidesamosoiies to thi
bl lamina, whose hamgsge neot s ot ris continus
1o (i the narrow spaces between the foldinegs 6

he st friguenitly observed sraule=anthe thiid
ver, wlitle G are relanvely warce,
Spincs

Sprues wre the et promunent Lleature of the adulh
s the nnun parg ol s Tads
s of the

egwment. Each spig

criabedded within the whale ik

SerenceAxia 2 LXN0

tegument with 1ts apieal part jutting out rom the
surface (Fig 5A, B) Lhe spine 15 composed of a
wedge-shaped erysialline siructure, wirth each
spacing between the lattice about 4 nim {Fig 4C_ D).
The tip of the spine 1s covered only by the sutlice
membrane, while the edges are covered by thin shee)
ot tegumental cytoplasm that ac invaginated. The
edpe of the spine and adjoining cytoplasm have no
specialized coupling other than the presence of a
rather compact mass of cytoplasm that contains
relatively high concentration ol muochondria (Fig
5C. B). In contrast, at the hasal end the crystaltine
lattices are tragmented mio “rootlets” that are firmly
cmbedded in the matrix of the basal lamma (Fag 317

The Basal and Reticular Laminae

The hasal lamina is a thin layer of fairly dense
matrix ahout 120-140 mnin width, whose components
are made of closely packed hoe filaments enmeshed
within a gel-like ground substance {Fig 18, 51 ). The
filamentis are so fine and ughtly packed rogether thay
they are hardly reselved individually even at high
magnification. The basal lamina is tghily adhered
o the tepument’s basal plasma membrane, and its
malrix continues to il the spaces between the basa
membrane infoldings (Fig 1BY. Smuall plagues of
hemidesmosomes distribured at mregular intervals
lielp 1o couple the tegument’s basal membrane and
the lamina wogether On s internal surlace the basal
lamnu binds with the resicular lamna (Fig 185 ¢
S whose major components are uniform fibers
simiar in character to the retcular ibers present in
the basement membranes of lupher vertebrate:

legumental Cells

[egumental cells lie 1 rows underneath the
longiisdinal muscle laver, and send their processes
containmug bundles of microtubules ocurwards
hetween the musele cells o ot up widle the

teowment (g 1Oy Pach cell has a Longe vound

vesicular nuclens contmmng a o sinp of
hererochromatin alunge the snner

nuclear envelope, md o few smiall blocks scatemd

surfuce pf t

ol the nuclews while most oof the

cuchromatin. Ul

withan the e
remining chimmans appears as
i heai alae s covery pronmnent nacleolus (T4 0A
The -.|.|i\|3~.| copting nutierove noiedchordrn
ronph endoplusmic reuculum, lree polvsomes and
Both G,

amules Coudd be observe within

few weds of Gol complexes (T 0A
anzel G tegrnental
asingle cell (Fig 6B C) however Gooare the maore
nwnetons and they are closely aggrepated near the
Coolph cantprleses (Fig GAY L addivion to thie
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tepumental granules, there are sphencal-shaped

rariles whose content are very lightly siained, and
somme may actunlly appear emapry (Fig 0B, | nese
dranules could be the precursor ot G whose matry

lias not yet been highly concentrated

Discussion

Ultrastracture of the Tegument

Trematode parasites that live in the mammalian
hosts’ circulation or biliary system need 1o absort
nutrient molecules from either the blood or bile, as
demonstrated in schistosomes' tegument which can
absork substantil amount of small nuirient
molecules such as glucose, fructose and amino
acids. " Stmultancous]y the tepument of these
parasiles can also protect them from hosts” immune
attacks by evolving cvasion mechanisms that include
the rapid turn over of the surface membrane to
prevent the attachment of irmmune effector cells, and
by immune mimickry or disguise through the
adsorption of hosis' antigens onte the parasites'
surfaces. 1o addition, the fluid environment in the
host body, especially the bile, is vastly different in
terms ol ionic compostuen from that of the parasites”
hadies. Hence another important role of the tegument
15 the regulation of ions and fluid balance, which
will keep the homeoestate equibibrinm within the
parasites’ bodies Adnlt B gigantica wegument. as
reported in the present study, exhibars all the ulia
strictural features 1o subserve these crincal functions

The First Layer

Based on their ulirmstroctural leatures the tegument
af adule E giganticn could be divided into four layers
ialized Tuim Che first and outermost
regton ol the tepument contains lighly lolded pares

vl mpe ILITES.
namely, ndges and pits. The menihrane covering
these structitres 1= trilaminate and comed with a
substantial layer ol plycocalyx, a typical teature found
in all bile and lumen-dwelling trematodes, including
wiel Chposthon his

b hwepatica™ ¢ lavinrchis sinensis

verin.”t The vast ampunt of membriane covering
the ridges aned pies lelps winerease the surface ares
Ior abserption and oxchanging ol matcnals
Glycocalyx may povide the tus line ol defens
hecause of its substantial thickness and msolubiliry:
In convenuonal TEM, glycocaiyx appears only as
thin faver Gibout 1085 man o thicknes<! which may

be due 10 the fmlure of the lixatve 1o preserve the
O,iyu'.ul,'}.\' s entety By contrast, whei the Jrrases
were stmultancounly teated with ruthenium red

which aces an hathe stain and hisative” ' the

ScivneeAsia Mo (1000

plycocalyx appears as thick as 10-300 nm, and
conststs of two definite lavers, 10, the thin Inoer
homegeneous layer apposed to the surta
membrane and the thick outer fibrillar layer The lauer
may be more labile and could be preserved only by
extra treatment with rithenium red. Glycocalyx may
be quite resistant to the emulsifying action of the
bile and, therefore, able 10 confer a cenain degree of
protection to It gigantica. High alfinity to rutheniom
red is indicative that glycocalyx of adult E gigantica
i= highly negatively chargeid. The anions present may
be contributed mamly by sialic acids, as it has been
shown that ruthenium red can bind sirongly to this
sugar.'” The presence ol abundant negative charges
on the surface could be another factor that helps to
detend the parusites against hosts immune attacks
by repelling the attachment of the hosts’ unmune
eflector cells, which also bear high elecironegativity
-1 Moreover, the presence of

¥y

on their own surfaces
a large quantity ol large negatively-charged molecules,
like glycoproteins, may be instraumental in retaining
ancl concentrating small molecules including sugars
[hus, the
glycocalyx may be viewed as o hydrated shell aroand

ind amine acids and various 1ons

the parasites’ bodies that helps to protect as well as
coneentrate nutrient molecules, in order to make them
readily available for the absorption by the egumeat.

Glycocalyx is probably dertved from (2 granules
present in abundance within the sceond laver of the
tegument, Rutherinm red stain shows similar
inching to the glycocilyx as well as the marix ol G,
granules Tying close 1o the surface. These granules
mvartably join up with the surface membrane at the
battom ol the pits, and exocytose therr matrix into
This material could

the lamen of pits e ilier

incorporated into the surlace membrane, thu
lavming part ol the new glycocalyx ln T lepattea.
simidar granules which were termed 1, by Honna?
witre also thought (o be contburing o the forimation
ol plycocalyx in metacercany and juveuaile parastes,

partcularly durag ther mvasive migration taough
4 ] o =]

the host’s tissues. Onee B hepatica juvendles seach
thelr final destimation and ke up pernument
tesidence i bile duees o the liver T wriilies wiry
repilaced by a stmilor set of adult-1vpe o ea il

I coppartson wo L the number of 1) o adudt

teawnent is drastieadly decreased ) while imother set

call 1 majority of
i

wgwmental praneles in adualt 1

il s granules became the

I, pranule is

nrrounded by o trilaminate membean

issociared thin laver of glveocalys thay express aduh-
type antigens on the surlace These adultimtigens

are much Tess immtnogenic than juvenite
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argEen freconteast to Ehepatico, we have shown
shatinhe iegument el adult Fogivantica ¢ " prantles,
which are probably cquivalent to T, granndes, are
till quite numerous, and the mthenmm red staining
implicates that the secretion of these granules into
the pits may form the major part of glycocalyx.

The surlace membrane of an adult E gigantica is
trilaminate and supporied internally by a thin lamina
ol dense cytoplasm, while the cytoplasm underneath
the lamina is composed of tightly packed
micrutrabeculae and bundles ol larger fibrils. Within
this interstice there are numerous G, granules that
may be cquivalent 10 T, granules of I hiepatica
wpument. [n fortuitous sections several G, granules
were seen joined up with the surtace membrane, and
evert their cisternal side ourwards, thus turning ine
the cxterior surface of the tegument’s surface
membrane, which may later become coated with the
glycocalyx material released from G granules. The
matrix inside the cisternac of G, granules conld
become part of the thin homogenous layer of
glycocalyx that may be coupled with the more
librillar components derivecd from 1he secretion of
G, granules. On the cytopluasmic side, which is now
wrned into the cywplasmic face of the surface
membrane, the dense cytoplasm covering the
membrane of the G, granules could coalesce and
form the dense tamina uaderlining the surface
membranc. The surface membrane and associated
glveocalyx of the adult E gigantica tepument probably
maintain a high tarnever rate, since there are always
4 vast amounl of G, granules accumudated in the
{irst «nd the second layers of the wpumeni, as well
as n still relatively large aumber of G granules in
the second layer Such rapid twrnover and renewal
ol the surface membrane could be a part of the
mechanism for sell defense against the detergenic
activn of hile and the hosts immune atacks, as i
hos been Shown that bide also contams capious
ariving ol anibodies, espectally A

The Sccond Laycer
The most prominent charactensue ol thas
wor s the presence of g very lugh concentratian ol
Gyoand Googranules, paticulariv ¢
canldd be viewed o

pranules.

Pl lore, this aves the sfoape
: v =

rea Tor the new miewbrane (G ind plyoocal v (d

ol this laver is

marternel. Another promiinent featurn

thor presence of a luge number ol lysosomal granulis,
whic e mplies that there oy be absorpuon of lge
nioleenles via the endocviotic pathway within the
wenment bnaddinon we suwiriive substinees, some

b thewe lroe mobecules could he wrtbodies lorming
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inimune compleses with the surface anngens. Onee
anached o the surface membrane these larg,
molecules or immune complexes could be
internadized and broken down by the {usion with
lysosomes, which could be another part of parasits’
defense mechamsm agamst the hosts’ immune atiacks,

The Third Layer

This is the widest layer ol the tegument. lis
cytoskeleton is less rightly packed, and it has the
highest cencentration of mitochondsia whicl are
evenly distributed throughout the layer. G, and G,
granules are present but appear to be much fewer
than in the second layer. This layer may, thercfore,
be involved mainly in supplying energy to other
layers. The concentration of mitochondria and their
positioning within the tegument of this parasite are
guite ditferent from that of schistosomes and a
human liver ftuke, Q. viverrini. In schistosomes muost
of milochondria ave concentrated in the basat layer,”
while in 0. viverrini they are localized close 1o the
surlace plasma membrane ™ The distribution of
cnergy for various metabolic processes in Lhe
tegument of these two species could be carried out
by these cocentrically-located mitochondria because
of the relative thinness of their tegument. 1n contrast,
E gigantica has & much thicker legument because of
the worms' very large size. The increased energy
requirement dictates that the parasites' tegurnient must
possess a very large number of mitochondria that are
positioned strategically in the middie zone, so (hat
energy could be sufhiciendy distributed to other layers.

The Fourth Layer

This layer exhibits the most unique leatures in
having highly canvoluted infoldings of the basal
plisma membrane, with clusely-associated
mitochondria. These features resemble the hasal
eyloplusm olion-wransport epithelinm in mammals.
such as, the kadney proximal and disial ibules
Based un these sumilanties the tourth laver could he
invalved in the tansport ol ons winch will help o
iarnta thewnie equilibrinewithm the parasiies’

Bondies with repards 1o the bile

lepumental Cells
1 Fepied

whicli syathesize 1,

tn I hepranice, Hanma™ atud Burden

that theie 5 ane tepe ol
tacercaria and in the o

pranules in m ery carly

Juvenile suge, while the parasites are migrasing
through the hosts” abdominal cavities. T, cells
vansionn into 1 cells which produce granuoles with

stmdlar leature but with greater density when the
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patasites reack the hver, Both 1, and §, granules

were thowght L give rise 1o the juveniles', and later
adulis” glveoclyx, that enables the parasites 1 evade
the Killing by hosts immune responses. When
parasites become estiblished in the bile duct atabout
12 weeks there is another Lype of tegumental cells
which produce T, granules, which are the main
contributor o the formation of the adult parasites’
surface membrane and glycocalyx. These T, cells
supersede T, cells, and as a resuit the number of T,
granules in the tegument of the adult parasites is
drastically decressed. In F gigantica the number of
Ce, granules in the adult tegument is stll relatively
high in comparnson with the T granules of I
hepaticn. In contrast w the two types of egument
cells reported in the adule 2 hepatica we nhserved
only one wype of cells i adult E gigantica, These
ells provluce both G and G, granules, even though
sof U, predominate in the adult stage.

the producrio
Both types of granules are lound in close association
with microtubules within the processes of the cells
that extend outwards 1o join up with the tegument.
Hence, we helieve that these granules are
teanslocated form cell soma to the wegument by the
sliding action of microtbules,
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Summary

Male germ cells in the testis of A asinina can be divided into 14 stages based on the ultra-
strecture and patterns of chromatin condensation. The spermatogonium is a spherical or oval-
shaped cell with diameter about 8 jum. lts nucleus contains mostly euchromatin with only a thin
rim of heterochromatin along the inuner facet of the nuclear envelope. Primary spermatocytes
(PrSc) are divided into six stages, i.e., leptotene (LSc), zygotene (ZSc¢), pachytene (PSc),
dipiotene (DDSc), diakinesis (DiSc) and metaphase (MSc). The early cells are round and become
increasingly larger, ranging in size from 12 to 14 um from LSc to PSc; then their sizes gradually
decrease from 10 to 7 pm from DSc to MSc. LSc contains small blocks of heterochromatin that
are scaftered throughout the nucleus. ‘These heterochromatin blocks are increasingly thickened
and lengthened in ZSc, and achieve their maximum sizes in PSc. DSc decreases in size, resulting
in the close clumping of chromatin blocks; while in DiSc and MSc long and large blocks of
chromosomes are farmed and then move to be aligned along the eguatorial region. In the nuclei
of all stages of PrSc, heterochromatin blocks are formed by the tight agpregation of 30 nm
chromatin fibers. The secondary spermatocyte (SSc) s a round cetl about 8 um in diameter. They
are aligned in rows that separate spermatids from primary spermatocytes. Their nucle: contain
criss-crossing chromatin cords in a reticutate pattern, whose individual 30 nm fibers are loosely
packed. All spermatids are freed from the epithelium, and can be divided into four stages: St is
a large round cell {about 5-6 pum), and its nucleus contains evenly dispersed 30 nm chromatin
fibers. In 8t, the nucleus decreases in size by a half and becomes oval; thus the chromatin fibers
are packed closer together, particularly around the axis of condensation. In Sty the nucleus is
elongated with individual chromatin {ibers enlarged to about 40 nm in cross section, and they are
packed tightly together. In St, (about 3x2 pum) the nucleus is increasingly elongated with the
acrnsome covering the anterior pole. Individual chrematin fibers are enlarged to 60 nm and
appear in cross-section as closely aligned dense granules. The spermatozoon has a cone-shaped

‘Corresponding authar.
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head (about 3x 1.5 pm) that contains completely condensed chromatin covered by the cup-shaped
acrosome with the subacrosomal core. Each spermatozoon has globular mito-chondria
surrounding a pair of centrioles at the neck region and the tail consists of the axonemal
microtubules surrounded by the plasma membrane.

Key words: Haliotis asinina, male germ cells, ultrastructure, chromatin

Introduction

Despite extensive ultrastructural studies of the male
germ cells in several molluse species (Franzen, 1955;
Fawcett, 1970, Anderson and Personne, 1976;
Buckland-Nicks and Chia, 1976; Dorange and
Le Pennee, 1989), no rigorous categorization of the
various stages of the male germ cells during spermato-
genesis and spermiogenesis in Haliotis spp. has been
undertaken, apart from the presumption that they
comprise four major classes, i.e., spermatogonium,
spermatocytes, spermatids and spermatozoa (Tomita,
1968; Young and De Martini, 1970; Takashima, [978).
The aim of the present study is to classify various
stages of the male germ cells in f/. asinina, a major
species of tropical abalone found along the coast of
Thailand, based on ultrastructural features and the
pattern of chromatin organization. Such basic infor-
mation could be useful in the collection and estimation
of the maturity of male gamete for use in the
aquaculture of this species.

Materials and Methods

Collection of ubalone specimens

Adult abalones over 24 months old were collected
from a land-bascd culture system at Coastal Aqua-
culture Development Center, Departiment of Fisheries,
Prachaubkirikliun Province, Thailand. They were kept
in concrete tanks housed in the shade and well flushed
with mechanically chreulated sand-[iltered seawater and
provided with an air delivery system to maintain the
stable controlled environment. The optimum level of
salinity is about 22.5-3Z.5 ppt and the temperature
about 22-26°C (Singhagraiwan and Doi, 1993). They
were fed with macroalgae (usually Gracifaria spp. and
Laminaria spp.). supplemented with artificial food.

Transmission electron microscopy (TEM)

For TEM studies, testes were cut into small pieces
and fixed in a solution ot 3% glutaraldehyde in 0.1 M
sodiumt cacodylate buffer, pH 7.8, at 4°C overnight.
The specimens were post-fixed in 1% osmium

tetroxide in 0.1 M sodium cacodylate buffer at 4°C for
2 h. Then they were dehydrated in graded scries of
ethanol (50% to 100%) for 30 min each, cleared in two
changes of propylene oxide, infilirated in the mixtures
of propylene oxide and Araldite 502 resin at the ratios
of 3:1 for 1 h 2:1 for 2 h and 1:2 overnight; then in
pure Araldite 502 resin for at least 6 h, and finally
polymerized at 30°C, 45°C and 60°C for 24, 48 and
48 h, respectively. Ultrathin sections were cut and
stained with lead citrate-uranyl acetate and viewed
under a Hitachi TEM H-300 at 75 kV. In each stage at
Jeast 20 large cells with full cross sectional profiles of
the nuclei were selected for measurement of the cell
and nuctear sizes. The width of the chromatin fibers
was measured from the electron micrograph negatives
using catalase crystal with the lattice spacing of
8.75 nm as the standard.

Results

Connective tissue scaffold and spermatogenic unit

The detailed histology of H. asinina testis and its
connective scaffold has been extensively described in
our previous work (Sobhon et al., 1999; Apisawetakan
et al., in press). Basically, the testis is surrounded by
the connective tissue capsule that gives off connective
tissue sheets, termed trabeculae, at regular intervals.

Iig. 1. (Oppusite) A, D. TEM micrographs showing the
undulating basal lamina (Ba) that scparates the gonadal
compartment confaining germ cells (1.Sc) and supporting
cells (Se) from the trabecular compartment (Tr), which
contains hemolymph capillary (Ca), branches of granulated
cells (Gr)and muscle cells (Mu). B, E. Supporting cells (Se),
shiowing the cytoplasm that is extremely rich in mitochondria
{Mi). Nu, nucleus; Sc. spermatocytes. O, F. A spermato-
gonium whose nucleus contains mostly cuchromatin (Ec),
with only a thin rim of heterochromatin (He) along the
nuclear envelope and small blocks in the central area. The
nucleotus (no) is prominent and contains pale centrat
aranulararea surrounded by dense periphery. [n F, chromatin
fibers have two levels: the thin zigzag 10 nm fibers (1) and
30 nm fibers whasc cross sections appear as very dense dots
{2). Heterachromatin {Hc) is fermed by the tight aggregation
of 30 nm fibers.
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Each trabecula contains a small hemolymph vessel in
the center surrounded by muscle cells, fibroblasts,
connective tissue fibers and some granulated cells. A
trabecula forms the axis from which male germ cells
proliferate, together forming a spermatogenic unit.
Germ cells are separated from the connective tissue
proper of a trabecula by a thin undulating sheet of
basal lamina (Fig. 1A, D). Spermatogonia and early
stage primary spermatocytes lie close to the basal
lamina (Fig. 1A,D, 2A), while late stage primary
spermatocytes are located at some distance away.
Secondary spermatocytes lie in a row at the outermost
rim of a spermatogenic unit, and they are the final cells
that still attached to the germinal epithelium (Fig. 3A).
Smaller and denser spermatids are detached from the
epithelium, freed from one another, and released into
the lumnal compartment (Fig. 3A),

There are supporting cells situated at regular
intervals on the basal lamina, which could be
equivalent to Sertoli cells in the vertebrate testes.
These cells are characterized by branching cytoplasm
that is filled with numerous large mitochondria with
very few other organelles (Fig. 1A, B, E). The nucleus
of this cell contains thin strip of heterochromatin along
the inner surface of the nuclear envetope and small
trregular blocks scattered throughout (Fig. 1B,E).

Based on the cell sizes, the ultrastructure and
chromatin condensation pattern, the male germ cells in
the testis of H. asinina can be classified into 14 stages.

Spermatogenic cells

Spermatogonium (Sg) (Fig. 1C, F)

Sg is a spherical-shaped cell with a diameter of 8§~
10 pm. Its nucleus is round or slightly indented with

Fig. 2. AB,C. Leptotene primary spermatocytes (LSc)
showing ovoid nuclei, each containing a very thin rim of
heterochromatin along the nuclear envelope (Ne) and many
smal] heterochromatin blocks (Hc) scatiered throughout the
nucleus (in B). fn C, the chromatin fibers appear in two
levels: the thin zigzag 10 nm fibers (1) and 30 nm fibers
whose cross scctions appear as dense dots (2). Hetero-
chromatin blocks (He) are composed of tightly packed 30 nm
fibers. The cytoplasm of L.Sc contains abundant ribosomes,
few mitochondria and small dense granules (Gr). Ba, basal
lamina. D,E,F. Pachytene (PSc) and diplotene (DSc) primary
spermatocytes, whose chromatin appear as thick branching
heterochromatic cords that become more tightly packed in
DSc (also shown in B). In E and F, PSc shows more hetero-
chromatin than euchromatin; and chromatin fibers also exist
at two levels, i.e., 10 and 30 nm fibers (1, 2 in F). The cyto-
plasm of L.Sc and DSc also contain small dense granules
{Gr).

a diameter of 6-7 um. The nucleus contains mostly
euchromatin with only a thin strip of heterochromatin
attached to the inner surface of the nuclear envelope
and small blocks in the central area. In the euchromatic
area the chromatin fibers exist in two sizes, i.e., 10 and
30 nm fibers; the former appear as thin zigzag lines
while the latter appear in cross sections as dense dots
(Fig. 1F). The heterochromatin blocks are formed by
tightly packed 30nm fibers. The nucleclus is
prominent and composed of a pale central granular
area surrounded by dense fibrous ring (Fig. 1F). The
cytoplasm contains abundant free ribosomes but only
few mitochondria and no other organelles.

Primary spermatocytes (PrSc)

PrSc consists of six stages, i.e., leptotene (LSc),
zygotene (ZSc), pachytene (PSc), diplotene (DSc),
diakinetic (DiSc) and metaphase (MSc). The early cells
{from LSc to PSc) are oval or round and become
increasingly larger; then they (from DSc to MSc) are
gradually decreased in size. The most distinctive
differences among various stages of PrSc are the
patterns of chromatin condensation and the relative
amount of euchromatin versus heterochromatin.

Leptotene spermatocyte (LSc) (Fig. 2A-C)

This oval-shaped cell is larger than Sg with a
diameter of 10—12 pum and also contains a large oval or
round nucleus with the diameter about 8 pm. Most of
the chromatin is in euchromatic form with only a small
amount of heterochromatin appearing as a very thin
rim along the nuclear envelope and smalil blocks
scattered evenly throughout the nucleus (Fig. 2B,C). In
the euchromatic area individual chromatin fibers
exhibit two levels of organization, i.e., the 30 nm fibers
which mostly appear in cross sections as dense dots,
and the 10 nm fibers that appear as zig-zag lines.
Heterochromatin blocks, regardless of their locations
and forms, consist of tightly aggregated 30 nm fibers
(Fig. 2C). The nucleolus is still present but not as
prominent as in Sg. In addition to abundant ribosomes
and an increasing number of mitochondria, the
cytoplasm also contains a few dense granules which
could be the precursor of a proacrosomal vesicle
(Fig. 2B).

Zygotene spermatocyte (Z5c)

Z5c has approximately the same size as LSc. The
distinguishing features of ZSc are the increase in size
and density of heterochromatin blocks which are
coupled by synaptonemal complexes. The chromatin
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fibers and its packaging pattern are similar to that
found in LSc. The nucleolus disappears completely.
The cytoplasm has similar features as L.Sc.

Pachytene spermatocyte (PSc) (Fig. 2D, E, F)

PSc still has a round shape with slightly larger size
than LS¢ (13-14 pm in size and 10-12 pm in nuclear
diameter). [t is characterized by the heterochromatin
that appear as dense interconnecting cords consisting
of tightly packed 30 nm fibers (Fig. 2E, F). In the
cytoplasm, proacrosomal granules increase in number
(Fig 2D, E).

Diplotene spermatacyte (DSc) (Fig. 2B)

This cell resembles PSc, except the sizes of the cell
and its nucleus become smaller (about 10 and 8 pm,
respectively), and the chromatin cords become
increasingly thicker and packed closer together in the
denser nucleoplasm. The cytoplasm has similar
features to PSc.

Diakinetic (DiSc) and metaphase spermatocytes
(MSc) (Fig. 3A-C)

These stages are about 7 pwin in size, and they
exhibit very large chromatin blocks that are parts of the
completely formed chromosomes in DiSc, which are
separated and then move to align at the equatorial
region whilst the nuclear membrane disintegrates and
completely disappears in MSc. Despite their tight
aggregation, individual chromatin fibers in the chromo-
somes are the 30 nm type (Fig. 3C). The cytoplasm
contains a large number of dense proacrosomal
granutes (Figs. 3B, C).

Secondary spermatocyte (55¢) (Fig. 34, D, E)

SSc is a round or oval cell about 8 pm in diameter
with the nucleus abouwt 6 um. They show thick

Fig. 3. A. On the right is the epithelium of closely packed
early germ cells consisting of pachytene (PSc¢), metaphase
(MSc) primary spermatocytes and secondary spermatocyte
(S5¢), while on the left are early spermatids (St) that become
separated from each other and from the epithelium.
B.C. Metaphase primary spermatocyte containing large
blecks of heterochromatin which are pieces of chromosomes
(Ch). In C, the chromatin blocks are formed by the tight
aggregation of 30 nm fibers. There are also numerous dense
granules (Gr) in the cytoplasm. DLE,F. Secondary spermato-
cytes ($S¢) whose nuclei contain thick chromatin cords in a
reticulate pattern. [n F, the 30 nm chromatin fibers (2), which
form the cords, are loosely packed when compared to earlier
stages.

chromatin cords that are criss-crossing one another,
thus appearing as checker-board or XY figures
(Fig. 3E, F). The individual chromatin fibers in the
cords are loosely packed, but each still maintains the
size of 30 nm (Fig. 3F). The cytoplasm of 8Sc contains
a large number of dense proacrosomal granules
(Fig. 3E).

Spermiogenic cells and spermatozoa

Spermatids (St)

There are four stages of spermatids, i.e., spermatid
[ (8t), spermatid [T (St,), spermatid Il (St;) and
spermatid IV (St,) depending on the sizes, chromatin
granulation and condensation. Successive stages vary
from round and oval to ellipsoid, and ranging in sizes
from 5-6 pm in St; to 3%2 um in St,.

Spermatid I (5¢,) (Fig. 4A, B)

St, can be distinguished by its chromatin appearing
as uniform but loosely packed 30 nm chromatin fibers
(Fig. 4B, C). The cytoplasm of St, also contains a large
number of proacrosomal granules that become concen-
trated in one side of the cell (Fig. 4A, B). Mitochondria
are enlarged but still scattered in ali areas of the
cytoplasm (Fig. 4A).

Spermatid I ¢5t,) (Fig. 4D, E)

The general features of St, are similar to those of
St, but the cell size is decreased to about 3.5 pm, the
nucleus becomes oval, and is located eccentrically
within the cell. The 30 nm chromatin fibers become
more closely packed into clumps in the cenfer of the
nucleus as well as along the nuclear envelope, leaving
light areas in between (Fig. 4D,E). At high magni-
fication the chromatin clumping is formed by 30 nm
fibers winding and condensing around the axis of
condensation (Fig. 4F). In the cytoplasm, a large
proacrosomal vesicle is formed on one side of the
nucleus, perhaps by the fusion of the small proacro-
somal granules found in earlier stages (Fig. 4D).

Spermatid Il (St,) (Fig. 5SA—C)

The cell becomes reduced to about 3 pm and
assumes a more oval shape with an eccentrically
located nucleus. The cytoplasim moves to the posterior
part. The chromatin begins to condense into dark
connecting blocks with intervening light areas of
nucleoplasm. Individual chromatin fibers in the
chromatin blocks are enlarged and most appear in cross
section as 40 nm tightly packed granules (Fig. 5C). A
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single large proacrosomal vesicle becomes attached to
one side of the nucleus (Fig. 5B), while mitochondria
and centrioles are concentrated on the opposite side

(Fig. SA).

Spermatid IV (St,) (Fig. 5D-F)

The cell becomes reduced in size to about 3% 2 pm
and appears cone-shaped. Its chromatin becomes
nearly condensed, thus the nucleus appears rather
opaque; however, the outlines of individual chromatin
fibers could still be observed as beaded structures, with
each bead about 60 nm in diameter, connected by thin
strands (Fig. 5E, F). At the caudal end of the nucleus
the centrioles, which are surrounded by globular-
shaped mitochondria, start to form the axonemal
complex of the tail (Fig. 5F).

Spermatozoon (Sz)
An immature spermatozoon is a cone-shaped cell
whose size is about 3x .5 pm (Fig. 5A, B). There is a

Fig. 4. A, B, C. Stage | spermatids whose nuclei show evenly
distributed 30 nm chromatin fibers (2) which are loosely
packed. The cytoplasm contains numerous proacrosomal
granules (Gr) and a few mitochondria (Mi). D, E, F. Stage I(
spermatids (St,) showing the condensation of 30 nm chroma-
tin fibers into clumps (Ch) separated from each other by
clear nucleoplasm. At high magnification (in F) the clumping
of 30 nm chromatin fibers (2) occur around the axis of
condensation (ax). A very large acrosomal granule (Ac) is
formed in every celt, while a few small granules (Gr) are also
still present (in D).

Fig.5. A, B, C. Stage [} spermatids (St,) whose nuclei show
increasingly condensed chromatin (Ch), leaving only
irregular electron lucent areas (Va) which contain very little
chromatin fibers. At high magnification (in C) the 40 nm
chromatin pranafes (3), which represent the closely packed
chromatin fibers. could be observed in the condensing
chromatin blocks (Ch). ln each cell therc is only one large
proacrosomal vesicle (Ac) abutting on one side of the
nucleus (in B). Two spermatozoa (Sz)} with completely
condensed chromatin are also present in A and B. Each has
a cup-shaped acrosome (Ac) with the subacrosomal core
(arrow) at the anterior end of the nucleus. [, E, . Stage 1V
spermatids (St,) whose nuclei contain dense chromatin
which appear as evenly distributed beads about 60 nm in size
(4. In reality these beads could be the cross sections of the
enlarged chromatin fibers. Only small electron lucent arcas
(Va) arc presented. Notice that there is still a narrow rim of
cytoplasm surrcunding the nucleus, while most of the
cytoplasmic mass is transtocated to the posterior end, which
also contains the tail piece (1) developed from a pair of
centrioles {ce) that are surrounded by globular-shaped
mitochondria (Mi).

cup-liked acrosome with subacrosomal core apposing
on the anterior tip of the electron dense nucleus
(Fig. 5B). The tail is short with a pair of centrioles
surrounded by globular-shaped mitochondria at the
neck region from which the axonemal microtubules are
generated. Full details of the mature spermatozoa of /.
asinina has been rccently described by our group
{Apisawetakan et al., 2000)

Discussion

Testicular structure and classification of cells in
spermatogenesis

The first accounts of the testicular histology of an
abalone species, H. tuberculata, were published by
Stephenson (1924) and Croft (1929), who showed that
the basic connective tissue framework of the testis is
composed of fibrous capsule and trabecular sheets,
from which germ cells appear to generate. Similar
histological studies in other species were later
performed by many investigators (Tomita, 1968;
Young and De Martini, 1970; Takashima et al., 1978;
Bevelander, 1988; Jarayabhand et al,, 1994). Up to
now most studics have not rigorously categorized the
various stages of spermatogenesis in Haliotis, apart
from suggesting broadly that there are four classes, i.e.,
spermatogonia, spermatocytes, spermatids and
spermatozoa (Tomita, 1968; Young and De Martini,
1970; Takashima etal., [978). In the present study, the
process in £ asinina could be classified into 14
specific stages according to the size, shape, cyto-
plasmic features and the pattern of chromatin conden-
sation. The spermatogonium is the earliest cell which
gives rise to primary spermatocytes which pass through
six stages as in the first metotic division of vertebrate
germ cells (Courot et al., 1970). Secondary spermato-
cytes are quite numerous in comparison to those in
vertebrate testes, and they have heterochromatin that
exhibits a checker-board pattern. Regardiess of the
changes in the packaging of chromatin into various
patterns during primary and secondary spermatocyte
stages, the individual chromatin fibers within the
heterochromatin blocks are always the 30 nm type.
I'hese fibers invariably appear in cross sections as
dense dots that are tightly packed together from PSc to
MSc, but are more dispersed in S5c¢.

Cells in spermiogenesis and formation of sperma-
fozoa

Four stages of spermatid development coutd be
identified in A. asinina based on nuclear size, shape
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and chromatin condensation patterns. The first two
exhibit finely granulated chromatin which are the cross
sections of 30 nm fundamental fibers. Individual
chromatin fibers increase in size to 40 nm in St, and
eventually, transform into enlarged beaded fibers, with
individual beads about 60 nm in diameter in St,. The
change in size of chromatin from 30 nm highly coiled
fibers to 60 nm beaded fibers could be modulated by
the replacement of histones by the more basic
protamine-liked protein. Al fractions of histones could
be detected in testicular cells of abalone and other
molluscs, and these histones are similar to those found
in mammalian cefls (Daban et al., 1991; Caceres et al,,
1994). On the other hand, it was found that in
spermatozoa of most bivalves (Giancotii et al., 1983;
Ausio et al., 1992) and abalone (Balhorm et al., 1979)
there is a protamine-liked (PL) protein in addition to
histonies. This PL protein represemts a group that
appears 1o be intermediate basic proteins between
histonies and protamines (Ausio, 1999). It is possible
that this highly positive PL protein may partially
replace histones during the course of differentiation of
male genm cells, probably in spermatid stage I11 (St;} as
judged from the change in chromatin fiber size from 30
to 40 nm. Subsequently, this protein may help to
package DNA into tight coils which appear as large
60 nm beads. The exact point of replacement of
histones by PL protein and how DNA is coiled up
remain to be investigated further.

Our study has shown that the formation of the
acrosome in ff. gsinina may begin earlier than in
vertebrates, as a few dense proacosomal granules could
be observed even in the LSc stage of primary
spermatocytes. These granules are increased in number
in PSc and later stages of primary spermatocytes.
Consequently, St, is a relatively simple cell whose
cytoplasmic mass is scanty and does not have a well-
developed Golgi complex in contrast to a veriebrate
spermatid at the same stage in which proacrosomal
granules start to be synthesized. The large acrosomal
vesicle becomes apparent in St, due to the coalescence
of smaller granules. The definitive acrosome is formed
in St, when the large single proacrosomal vesicle
becomes attached to one side of the nucleus. The
acrosome is fully formed in immature spermatozoa
where it appears as a cup-shaped structure with a
subacrosomal core, which is not as highly developed as
in other abalone species (Shiroya et al., 1986; Usui,
1987) and hivalves (Tilney et al., 1987).

Another interesting finding is that there are
supporting cells whose cytoplasm is highly branching
and extremely rich in mitochondria, which implies that

they are metabolically highly active. It is possible that
these cells may play an important role in the
development of primary spermatocytes with which they
maintain close association. However, spermatids and
immature spcrmatozoa are not embedded or anchored
in the cytoplasm of supporting cells as in the case of
vertebrate and neopastropod Sertoli cells (DeJong-
Brink et al., 1977). Instead all spermatids are freed
from each other while they are differentiating to
spermatozoa and released into the lumen of the
testicular compartment. A less intimate association
between spermatids and supporting cells was also
observed in other prosobranchia (Buckland-Nicks and
Chia, 1986; Hodgson and Heller, 2000), which implies
a less active role of supporting cells during spermio-
genesis in the primitive gastropods.

Acknowledgements

This investigation was supported by the Thailand
Research Fund (Senior Research Scholar Fellowship to
Prasert Sobhon).

References

Anderson, W.A. and Personne, P., The molluscan sperma-
tozoa: dynamic aspects of its structure and function. Am
Zool., 16 (1976) 293-313.

Apisawetakan, 5., Sobhon, P, Wanichanon, C., Linthong,
V., Upatham, E.S., Kruatrachue, M, Jarayabhan, P, and
Pumthong, T., Ultrastructure of spermatozoa in the testis
of Haliotis asinina Linnaeus. I Med & Appl Malacoi., 10
{2000} 101-109.

Apisawetakan, S., Chanpoo, M., Wanichanon, C., Linthong,
V., Kruatrachue, M., Upatham, E.S., Pumthong, T. and
Sobhon, P., Characterization of trabecular cefls in the
gonad of Haliotis asinina Linnaeus. ] Shelifish Res., in
press.

Ausio, J., Purification and biochemical characterization of
the nuclear sperm-specific proteins of the bivaive
mollusks Agriodesma saxicola and Mytilimeria nurtalli.
Biol. Bull,, 182 (1992) 31—40.

Ausio, J., Histone H1 and evolution of sperm nuclear basic
protiens. J Biol Chem., 274 (1999) 31115 31118.

Balhorn, R., Lake, S. and Gledhill, B.L., Clectrophoretic
analysis of nuclear profeins isolated from the sperm of
the black abalone Halioris crackeroidii. Exp. Cell Res.,
123 (1979)414-417.

Bevelander, G., Abalone: gross and fine structure. Boxwood
Press, California, [988.

Bucktand-Nicks J.A. and Chia F.5., Spermatogenesis of a
marine snail, Littorina sitkana. Cell Tissue Res., 172
(1976) 503-515.

Buckland-Nicks J.A. and Chia F.8., Fine structure of Sertoli
cells in three marine snails with a discussion on the



66 P. Sobhon et al. / IRD 39 (2001} 55-66

functional morphology of Sertoli cells in general. Cell
Tissue Res., 245 (1986) 305-313.

Caceres, C., Ribes, E., Muller, S., Comudella, L. and Chiva,
M., Characterization of chromatin-condensing proteins
during spermiogenesis in a neogastropod mollusc (Murex
brandaris). Mol. Reprod. Dev,, 38 (1994) 440-452.

Courot, M., Hochereau-de Reviers, M.T. and Ortavant, R.,
In: The Testis, A.D. Johnson {ed.), Academic Press, New
York, 1970.

Croft, D.R., Maliofis. L.M.B.C. mem, Liverpool University
Press, Vol. 29, 1929,

Daban, M., Chiva, M., Rosenberg, E., Kasinsky, H.E. and
Subirana, J.A., Protamines in prosobranchian gastropods
(Mollusca) vary with different modes of reproduction.
1. Exp. Zool., 257 (1991) 265-283.

De Jong-Brink, M., Boer, H.H., Hommes, T.G. and Kodde,
A., Spermatogenesis and the role of Sertoli cells in the
freshwater snail Biomphalaria glabrata. Cell Tissue
Res., 181 (1977} 37-58.

Dorange, G. and Le Pennec, M., Ultrastructural character-
istics of spermatogenesis in Pecten maximus (Mollusca,
Bivalvia). Invert. Reprod. Develop.,15 (1989) 109-117.

Fawcett, D.W_, A comparative view of sperm ultrastructure,
Biol. Reprod. Suppl., 2 (1970) 90-127.

Franzen, A., Comparative morphological investigations into
the spermiogenesis among mollusca. Zool. Bidr.
Uppsala., 30 (1955) 399—456.

Giancotti, V., Russo, E., Gasparini, M., Serrano, D., Del
Piero, D.,, Thome, A.W., Cary, P.D. and Crane-
Robinson, C., Proteins from the sperm of the bivalve
mollusc Ensis minor: co-existence of histones and a
protamine-like protein. Eur. J. Biochem., 136 (1983)
509-516.

Hodgson, A.N. and Heller, I., Spermatozoon structure and
spermiogenesis in four species of Melanopsis (Gastro-
poda, Prosobranchia, Cerithioidea) from Israel. Invert.
Reprod. Develop., 37 (2000) 185-200.

Jarayabhand, P., Jew, N., Manasveia, P. and Choonhabandit,
S., Gametogenic cycle of abalone FHaliofis ovina Gmelin
1791 at Khangkao [sland, Chon-buri province. Thai J.
Aqua. Sci., | (1994) 34-42.

Shiroya, Y., Hosoya, H., Mabuchi, 1. and Sakai, Y.T., Actin
filament bundle in the acrosome of abalone spermatozoa.
J. Exp. Zoo., 239 (1986) 105-115.

Singhagraiwan, T. and Doi, M., Seed production and culture
ofatropical abalone, Haliotis asinina Linne. The Eastern
Marine Fisheries Development Center, Department of
Fisheries, Ministry of Agriculture and Cooperatives,
Thailand, 1993.

Sobhon, P., Apisawetakan, S., Chanpoo, M., Wanichanon,
C., Linthong, V., Thongkukiatkul, A., Jarayabhand, P.,
Kruatrachue, M., Upatham, E.S. and Pumthong, T.,
Classification of germ cells, reproductive cycle and
maturation of gonads in Haliotis asinina Linnaeus,
Science Asia, 25 (1999) 3-21.

Stephenson, T.A., Notes on Haliotis tuberculata. J. Marin.
Biol. Assoc. UK, 13 (1924} 480-495.

Takashima, F., Okuno, M., Nichimura, K. and Nomura, M.,
Gametogenesis and reproductive cycle in Haliotis
diversicolor diversicolor Reeve. ], Tokyo Univ. Fish,, 1
(1978) 1-8.

Tilney, L.G., Fukui, Y. and De Rasier, D.J., Movement of
the actin filament bundle in Mysifus sperm: A new mech-
anism is proposed. J. Cell Biol., 104 (1987) 981-993.

Tomita, K., The testis maturation of the abalone, Haliois
discus hannai Ino, in the Rebun Island, Hokkaido, Japan.
Sci. Rep. Hokkaido Fish. Exp. Sta., 9 (1968) 56—61.

Usui, N., Formation of the cylindrical structure during the
acrosome reaction of abalone spermatozoa. Gamete Res.,
16 (1987) 37-45.

Young, J.8. and De Martini, J.D., The reproductive cycle,
gonadal histology and gametogenesis of the red abalone,
Haliotis rufescens (Swainson). Calif. Fish and Game., 56
(1970) 298-309.



Invertebrate Reproduction and Development, 39:1 (2001) 67-79 67
Balaban, Philadelphia/Rehovot

(168-8170/00/305.00 © 2001 Balaban

Ultrastructure of female germ cells in
Haliotis asinina Linnaeus

SOMJAI APISAWETAKAN!, VICHAI LINTHONG', CHAITIP WANICHANON!, SASIPORN PANASOPHONKUL ',
ARDOOL MEEPOOL', MALEEY A KRUATRACHUE?, EDWARD SUCHART UPATHAM??,
TANATE PUMTHONG* and PRASERT SOBHON'

! Department of Anatomy, ' Department of Biology, Faculty of Science, Mahidol University,
Rama VI Road, Banghok, Thailand 10400
Tel (662) 245-5198; Fax (662) 247-9880; email: scpso@mahidol.ac.th
‘Department of Medical Science, Faculty of Science, Burapha University, Chonburi, Thailand
“The Coasial Aquaculture Development Center, Depariment of Fisheries, Prachuabkirikhun Province, Thailand 77000

Received 25 September 2000; Accepted 7 March 2001

Summary

Germ cells in the ovary of A asining are divided into six stages: oogonia and five stages of
oocytes. The oogonium is a scallop-shaped cell 8-10 pm in diameter, closely adhered to a
trabecula. Its nucleus exhibits small blocks of heterochromatin along the nuclear envelope and
asmall nucleatus. The cytoplasm contains abundant ribosomes. The stage | oocyte is a round ceil
12-25 ym in diameter. Its nucleus contains numerous lampbrush chromosomes consisting of
chromatin fibers with three sizes, i.e., 100-200, 40-60 and 7-12 nm in diameter. The cytoplasm
has numerous mitochondria, few rough endoplasmic reticulum, and abundant ribosomes. The
stage !l oocyte is a round cell 25-35 pym in diameter. Its nucleus exhibits increasingly
decondensed chromatin and a nucleolus, and the nuclear envelope exhibits numerous nuclear
pores. The cytoplasm contains numerous and well-developed Golgi bodies, rough endoplasmic
recticulum and abundant ribosomes. There are two types of secretory granules: both have a
spherical shape, 350—450 nm in diameter, with an electron-dense and electron-lucent matrix,
respectively. The stage I1l oocyte is a pear-shaped cell about 35%70 pm in size. Lampbrush
chromosomes are almost completely unraveled. The two types of secretory granules are greater
in number and cluster around the Golgi bodies. Larger and more electron-dense ovoid-shaped
volk granules start to appear. The stage IV oocyte is a flask-shaped celi about 5080 pm in size.
[ts nucleus contains completety decondensed chromatin and a highly enlarged nucleolus. The
cytoplasm is filled with lipid droplets (1.5-3 pm in diameter) and yolk granules {(1.5-2.5 pm in
diameter). The vitelline-cum-jelly coat starts to develop, and could be derived from the first type
of secretory granules which are translocated to be exocytosed at the plasma membrane. The
stage V oocyte is similar to the stage IV oocyte except its vitelline-jelly coat achieves maximum
thickness and appears fibrous in comparison to the amorphous appearance at stage 1V,

Key words: [lalietis asinina, female germ cells, ultrastructure
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Introduction

The histology of the ovary in various abalone
species has been extensively studied since 1924
(Stephenson, 1924). In 1929, Croft (1929) showed that
the basic connective tissue framework of the ovary in
H. tuberculata is composed of a fibrous capsule that
partly projects inwards as trabeculae which provide
support for the developing germ cells. Simiiar
conclusions were reached in the studies of other
species including H. discus hannai (Tomita, 1967),
H. cracherodii (Webber and Giese, 1969}, f. rufescens
(Young and DeMartini, 1970; Giorgi and DeMartini,
1977), H. diversicolor diversicolor (Takashima et al.,
1978), H. ovina (Jarayabhand et al., 1994; Minh,
1998), and H. asinina (Apisawetakan et al., 1997,
Sobhon et al., 1999). Recently, electron microscopic
studies revealed that the outer gonadal capsule is lined
by asingle layer of mucus-secreting epithelium (Martin
et al., 1983; Apisawetakan et al., in press) and not a
cuticle as suggested earlier by Young and DeMartini
(1970). Furthermore, the middle layer of the capsule
consists of several alternated layers of muscle cells and
collagen fibrils, intermingled with fibroblasts,
granulated cells and nerve fibers. This is lined at the
inner surface with a single layer of simple squamous
epithelium which rests on the thick basal lamina that
separates the connective tissue proper of the capsule
and trabeculae from the germ cell compartment
(Apisawetakan et al., in press).

There have also been several attempts to classify
the female germ cells in the oogenetic processes.
Tomita (1967) reported that there are seven stages of
female germ cells, including oogonia and six stages of
developing ooceytes in FIL discus hannai; while
Takashima et al. {1978) suggested that there are nine
stages of female germ cells with oogonia and eight
stages of oocyles 1 M. diversicolor diversicolor. In
more recent works using TEM to observe the relative
abundance of various organelles, particularly ribo-
somes and the development of rough endoplasmic
reticulum (RER) and Golgi bodies in the cells, Martin
et al. (1983) classified female germ cells in H.
rufescens into five stages: oogonium, presynthetic
oocyte, synthetic cocyte, early pustsynthetic oocyte and
tully developed postsynthetic oocyte; while Young and
DeMartini (1970) suggested that there were only four
stages of female germ cells in this species. In view of
these conflicting reports, together with the fact that
there are still no detailed studies of the female germ
cells in Haliotis asinina, an abundant abalone species
found in the tropics including the coastal water of
Thailand, we have attempted to classify the female
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germ cells of this species by using ultrastructural
characteristics.

Materials and Methods

Collection of adult abalone

Adult abalone (older than 24 months) from a land-
based culture system were provided by the Coastal
Aquaculture Development Center, Department of
Fisheries, Prachaubkirikhun Province, Southern
Thailand. They were kept in concrete tanks housed in
the shade and well flushed with mechanically
circulated filtered seawater and an air delivery system
to maintain a stable controlled environment. The
optimum level of salinity was 22.5-32.5 ppt and the
temperature was 22-26°C (Singhagraiwan and Doj,
1993). They were fed with macroalgae (usually
Gracilaria spp. and Laminaria spp.), supplemented
with artificial food.

Transmission efectron microscopy (TEM)

For TEM studies, ovarics were cut into small pieces
and fixed in a solution of 3% glutaraldehyde in 0.1 M
sodium cacodylate buffer plI 7.8 at 4°C overnight. The
specimens were post-fixed in % O0sO, in 0.IM
sodium cacodylate buffer at 4°C for 2 h. They were
dehydrated in the increasing concentrations of ethanol
(50-100%) for 30 min each, cleared in two changes of
propylene oxide, and embedded in Araldite 502 resin.
Blocks of specimens were sectioned at t-micron
thickness by an MT-2 ultramicrotome and stained with
methylene biue for light microscopic observations.
Ultrathin sections were cut and stained with lead
citrate-uranyl acetate and viewed under a Hitachi
H-300 TEM at 75 kV.

Results

Female germ cells

Based on light and electron microscopic charac-
teristics, there are six stages of female germ cells in the
ovary of H. asinina, including oogonia and five stages
of oocytes.

Oagonium (Og)

This is an oval or scallop-shaped cell whose size is
10-12 pum (Figs. 1A, 2A). Its nucleus is round and
about 7 pym in diameter. It contains small blocks of
heterochromatin attached to inner surface of the
nuclear envelope, while the majority of chromatin
appears as euchromatin, and the nucleolus is small. In

N
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semi-thin sections the cytoplasm is basophilic and
stained light blue by methylene blue, which reflects the
presence of moderate numbers of ribosomes as
observed in TEM. Other organelles have not yet been
developed. Oogonia are concentrated in groups and
attached to capsular side of the trabeculae (Fig. 1A).
Each is surrounded by flat, squamous-shaped follicular
cells.

Stage I oocyte (Oc, )}

This is a round cell that is closely adhered to the
trabecula (Figs. 1A,B; 2B-F). It is 15-25 um in size,
with a round nucleus about 12 pm in diameter. lis
nucleus exhibits numerous densely packed lampbrush
chromosomes which consist of large fibers 100-
120 nm in cross section, and small fibers 40-60 nm in
diameter which are linked by thin zigzag filaments
7—-12 nm in size (Fig. 2C). The nucleolus is enlarged
and becomes quite prominent. In semi-thin sections,
the cytoplasm is stained deep blue with methylene
blue, which indicates its intense basophilic property
due to the presence of numerous ribosomes as
observed in TEM. [n early Oc,, other organelles consist
of only a few mitochondria (Fig. 2B), while in late Oc,
RER starts to develop (Fig. 2D,E). There are large
aggregates of ribosome-liked particles close to the
cytoplasmic side of the nuclear membrane. The
dimension of each particle in the aggregates and its
electron density are similar to those of ribosomes in the
rest of the cytoplasm. Hence, these aggregates could be
the newly formed ribosomes which are being
transtocated from the nucleus (Fig. 2E, F). There are
still no secretory granules, and due to its enlarged size,
each Qc, is surrounded by few follicular cells.

Stagre IT oocyte (Oc,)

This cell still has a spherical or ovoid shape and is
larger, with the cell size about 30%55 pm, and a
nuclear size about 22 um (Figs. 18; 3A-G). It is still
anchored to the connective tissue trabecula by a group
of basal follicular cells, and each Oc, is surrounded by
several peripheral follicular cells (Fig. 1A.B). The
nucleus exhibits increasingly decondensed chromatin
and a prominent nucieolus (Fig. 3A,B). Very few
lampbrush chromosomes remain (Fig. 3A,B), while
most of the chromatin assumes euchromatic form
consisting mainly ot chromatin fibers 44-60 nm and
7-12 nm in diameter (Fig. 3D). In tangential scctions
the nuclear membrane exhibits numerous nuclear pores
arranged in close regular rows (Fig, 3C). The cyto-
plasm is stained light btue, similar to Og, and contains
clusters of clear lipid droplets (Figs. 1B, 3A). In TEM

the cytoplasm was observed to contain numerous well-
developed Golgi bodies, RER (Fig. 3E,F)and abundant
ribosomes bound to the fine microtrabecular network
of the cytoplasm. There are two types of secretory
granules: 8G, and SG, both have diameters ranging
from 350 to 450 nm, with an electron-dense and
electron-lucent matrix, respectively (Fig. 3G). How-
ever, these granules are still comparatively few in
number.

Stage I oocyte (Oc;)

This cell becomes increasingly larger and assumes
a pear shape, with the narrow side or base stilf attached
to the connective tissue trabecula by a thin cytoplasmic
process surrounded by a group of follicular cells
(Fig. 1C,D). The cell size is 3570 pm, and the nuclear
size is 25 pm. The nucleus contains mostly euchro-
matin, as the lampbrush chromosomes become
unraveled into smaller-sized fibers (Fig. 4A,D), and the
nucleoplasm becomes fairly transparent. The nucleolus
is enlarged due to uncoiling of the nucleolar chromatin,
and few vacuoles are present (Fig. 4C). In addition to
the increasing number of clear lipid droplets, the
cytoplasm begins to show numerous small granules
representing $G, and SG, which are concentrated
around Golgi bodies (Fig. 4B,E,F), whilst only a few
farger and more electron-dense yolk granules were
observed. Remnants of ribosomal aggregates are still
sporadically present (Fig. 4F).

Stage [V oveyte (Oc,)

This cell is large and assumes a flask or polygonal
shape that is still attached to the trabecula by a slender
cytoplasmic process surrounded by a group of basal
follicular cells (Fig. 1D). The cell size is about 60x
80 um, and the nuclear size about 35 um. The nucleus
contains only euchromatin consisting of 40—60 nm and
7-12 nm fibers, and the nucleoplasm is virtually
transparent (Figs. 1D, SA-C)}. The nucleolus becomes
maximally enlarged due to the complete uncoiling of
its chromatin. The cytoplasm is filled with electron-
dense oval-shaped yolk granules each 1.5-2.5 pm in
diameter, mixed with numerous lipid droplets each
1.5-3 um in diameter (Fig. 5A,D,E). Small §G, and
SG, granules are present in fewer numbers in the
central area of cytoplasm, since most are located
peripherally beneath the plasma membrane. A thin
layer of homogenous jelly coat begins to form on the
outer surface of the cell membrane which shows
numerous short microvilli (Figs. 1D, 5F~H). The coat
is in tum surrounded by the processes of follicular
cells.
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Stage V vovyte (Oc,)

This is the largest cell with a polygonal or round
shape, and the cell and nuclear sizes are 100% 140 pm
and 40 pm, respectively (Fig. 1C,D). Oc, exhibits
similar nuclear and cytoplasmic ultrastructural charac-
teristics as Oc,, but the cell has more and evenly
distributed yolk granules and lipid droplets
(Fig. 1C,D). In addition, the jelly coat of Oc, is
uniformly thick and composed of the network of dense
and coarse fibers in comparison to the thin homo-
geneous jelly coat that contains evenly distributed fine

Fig. 1. A. Semi-thin sections of the ovarian tissue in
H. asining, showing a row of pogonia (Og} and a few Oc.
attaching to a trabecula (Tr). Cp, ovarian capsule. B. Also
anchoring 1o the trabeculae are stages 1, I and 11l oocytes
(O¢,. Oc,, Oc,). The cytoplasm of Oc, is intenscly baso-
philic, while Oc¢, and Oc; have decreased basophilia but
increased lipid droplets (1d). All these cells are surrounded
by peripheral follicular cells {Fo,) and anchored to the
trabeculae by basal follicular cells (Fo,). C. Oc, remain
attached to the trabeculae (Tr) by slender cytoplasmic
processes (arrows) which are surrounded by basal follicular
cells (Fo,}. Yolk granules (yg) start to appear. D. Oc, could
be identified by a thin jelly coat on the surface (jc) and
increasing number of lipid droplets (Id) and yolk granules
(yg). Oc, (also shown in C) are surrounded by a uniformly
thick jeily coat (jc}, and contain numerous lipid droplets and
yolk granules (yg) in the cytoplasm. Magnifications of all
micrographs are indicated by micron bars (um).

Fig. 2. A, B. TEM micrographs of an oogonia (Og) and an
early oocyte | (Oc,) which lie on the basal lamina (Ba) of a
trabecula (Tr). Og has a rather clear aucleus and a small
nucleolus, while Oc,, also shown at higher magnification in
B, has increasing number of lampbrush chromosomes (Ch)
and a large nucleolus (no). The cytoplasm has abundant
ribosemes and a tew mitachondria (Mi). €. The {ampbrush
chromosomes of Oc, in B show three levels of chromatin
fibers. The first two levels usually appear as dense pranules
in cross sections with diameters 100-120 nm (1), and 40-
60 nm (2), while the third level appears as thin zigzag fibers
7-12 nm in thickness (3). D,E. Late ooccyte 1, showing highly
decondensed lampbrush chromosomes (Ch) which exhibit
increasing amount of level 2 and 3 fibers. The cytoplasm
contains abundant ribosomes (ri) which are evenly
distributed throughout. [n addition, there are large
aggregates of ribosome-liked particles {rmm) around the
cytoplasmic side of the nuclear membrane, and only a little
RER. F. A high magnification of the cell shown in D,
showing the nucleus containing three-level chromatin fibers
(1,2,3) and ribosomal aggregates {rmm) ncar the nuclear
membrane. At the edge ot the aggregates (arrows) strings of
these particles are dispersed out to form individual
ribosomes (ri) as appear in the rest of the cytoplasm.

filaments in Oc, (Figs. 5H, 6A). This coat may be
partialty formied by the contents of 5G, which were
seen apparently engaged in exocytosis at the cocyte’s
plasma membrane (Fig. SF-H).

Follicular cells

Follicular cells could be divided into two groups:
those that aggregate at the bases or around the
cytoplasmic processes of cocytes and help te anchor
them to the connective tissue of trabeculae (Figs. 1B,
D; 6B,C), and those that surround the periphery of the
oocytes (Figs. 1B,D, 6E,F). Cells in the first group
have a columnar shape, and they adhere to the basal
lamina lining the trabecular connective tissue proper on
one side, while the other side is attached to the oocytes
(Fig. 6B). The nucleus of each cell is characterized by
a uniform thick rim of heterochromatin lining inner
surface of the nuclear envelope. There are only one or
two blocks of heterochromatin in the central area of the
nucleus, whilst the remaining chromatin is in euchro-
matic form. The cytoplasm has numerous large
mitochondria with tubular cristae, dilated RER and a
few clear lipid droplets (Fig. 6B,C). Within the
connective tissue proper of trabeculae, there are cells
possessing similar nuclear characteristic but with only
scanty cytoplasm (Fig. 6C). These cells could be the
precursors of the basal follicular cells and, by
traversing the basal lamina into the germ cell
compartment, they could give rise to the latter. In
contrast, the peripheral follicular cells that surround the
cocytes exhibit ellipsoid shape and taper into thin

Fig. 3. A. Qocyte Il (Oc,}, showing a very large nucleolus
{no) and highly decondensed chromatin in the nucleus {ou},
and lipid droplets (ld) and ribosomal aggregates (rmm) in
the cytoplasm. B. The nucleolus (no) in the nucleus of Oc,,
also shown in A, is enlarged and consisted of granular inner
area surrounded by dense fibrous ring (arrow). C. A
tangential section of the nuclear membrane exhibits
numerous nuclear pores (np) arranged in regular rows. D, A
high magnification of the nucleus of Oc, in A, showing
chromatin which is highly decondensed to assume mostly
level 2 and level 3 fibers. £, The cytoplasm of Oc, in A
contains numerous newly formed Guolgi bodies {Ge). F.
There arc abundant ribosomes (ri) anchored on the
filamentous microtrabecular network of the cytoplasm
(arrows). One fairly well developed Golgi complex (Ge) is
also shown. G. There are still very few secretory granules in
the cytoplasm of Oc,, and those that are present comprise
two types of spherical granules, one with dense matrix (SG,)
and the other with light matrix (5G,) whose diameters range
from 350 to 450 nm.
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cyloplasmic sheets that form a complete covering of
the remaining oocytes’ surface. The nucleus of each
cell exhibits large blocks of heterochromatin along the
nuclear envelope and in the central area. The cyto-
plasm contains abundant dilated RER, a few secretory
granules and lipid droplets (Figs. 1B, 6E,F). These
cytoplasmic characteristics indicate that the cells may
be quite active and not merely serving as 4 passive
covering of the pocytes.

Discussion

In eaclicr studies, there are some disagreements on
the classification of the stages of germ cells in the
oogenetic processes (Tomita, 1967; Young and
DeMartini, 1970; Takashima et al.. 1978). In the
present study we divide the cells according to changes
in histological and ultrastructural characteristics which
reflect the synthetic activities in various developmental
stages. These characteristics include: (1) the appear-
ance of the nucleus and nucleolus especially with
regard to the uncoiling of chromatin; (2} the basophilia
imparied to the cytoplasm of the cells by methylene
blue stain, which reflects the abundance of ribosomes
in the cytoplasm as observed in TEM,; (3) the develop-

Fig. 4. A, B. OQocyte 11 {Oc,), showing the nucleus with
campletely decondensed chromatin (nu), and the cytoplasm
which contains large amount of lipid droplets (Id) and
secretory granules (8G,, SG,, in B). C. The nucleolus of Oc,
becomes highly decondensed and contains a pale lace-like
interior with few vacuoles (va) and a dense edge (arrows).
D. Most of the chromatin in Oc, is decondensed to levels 2
and 3 with very few level 1 fibers remaining. I, Secretory
granules (SG,, SG,) in Oc, are located close to the Golgi
complex (Ge). F. There is small amount of ribosomal
aggrepates {rmm) remaining in the cytoplasm of Oc,.

Fig. 5. A. Oocyte [V {Oc,) showing the nucieus (nu) with
completely decondensed chromatin and the light nucleo-
plasm, and the cytoplasm which contains numerous yolk
granules {yg}, lipid droplets (Id), and secretory granules
(8G,, 8G,). B. C. The chromatin of Oc, is almost completely
decondensed to levels 2 and 3 fibers with only sporadic level
| fibers remaining. D, E. Medium and higher mugnifications
of an Oc, cytoplasm showing the large ovoid-shaped yolk
granules (vg), the small spherical sceretory granules (8G,,
5G,) interspersed with lipid droplets (Id) and mitochondria
(Mi). F, G. The peripheral cytoplasm of Oc, showing SG,
granules close to the plasma membrane (arrows) bearing
short microvilli (mv). The vitelline-jelly coat {Ve,) appears
fairly homogeneous. H. In Oc¢; seme SG, granules are
exocytosed to form the jelly coat (Vc,) which appears
fibrous, while in Oc, most of SG, have not yet been
exocytosed and the jelly coat appears homogeneous (V).

ment of secretory organelles, particularly RER and
Golgi bodies; (4) the occurrence of secretory products
including cortical granules, yolk granules, and their
relative abundance; (5) the presence of lipid droplets;
and (6) the presence and nature of the jelly coat
surrounding the oocytes. By using these rather
stringent morphological criteria, we could identify six
stapes of female germ cells, starting from oogonia,
which are the smallest cells closely attached to the
connective tissue trabecula. These cells, particularly
those that are clustered on the capsular side of the
trabeculae, maintain a constant pool of carly stem cells
(Sobhon et al., 1999).

The most pronounced characteristics of the first
stage oocytes (Oc,) are the increasing basophilta of
their cytopiasm, the prominence of nucleoli, and the
presence of large aggregates of ribosome-liked
particles around the nuclear membrane which could
represent the nascent ribosomes that have just been
transported from the nucleus to the cytoplasm. This
process may be facilitated by the presence of numerous
nuclear pores in the nuclear membrane in Jate Oc, and
Oc, stages. The above characteristics suggest that this
stage of oocyte is involved largely in the synthesis,
assembly and transport of ribosomes from the
nucleolus to the cytoplasm. Thus, we designate Oc, as
a ribosomal phase which may correspond to the
presynthetic cocytes as described in H. rufescens by
Martin et al. (1983) when the cells are preparing
themselves for the onset of synthetic activities.

Fig. 6. A. Higher magnification of the boxed area from
Fig. SH, showing the homogeneous jelly coat surrounding
Oc, (Ve¢,) which could be partly derived from peripheral
follicular ceils and the fibrous jelly coat surrounding Oc,
(Vey) which receives exocytosed material from SG,.
B,C. Basal follicular cells (Fo,) anchor oocytes to the basal
lamina (Ba) ot a trabecula (Tr). The nucleus of this type of
cell exhibits uniformly thick rim of heteruchrematin on the
nuclear envelope {arrows, in C), with only a few small
hlocks of dense chromatin (hc) in the central areq. The cyta-
plasm has numerous mitochondria (Mi) and dilated vesicular
RER and a few lipid droplets (ld). Mu, muscle cell. D. A
cell (Fo'|) within a trabecular compaurtment (Tr) exhibits the
nucleus with similar characteristics as that of the basal
tollicular cell (Fo,) shown in € but with scant eytoplasm.
This cell may be the precursor of Fo, cells. Ba, basal lantina;
Mu, muscie cell. E. Peripheral follicular cells (Fo,) have a
squamous shape, forming flat sheets covering the oocytes
(Oc). F. A nucleus (nu) of the peripheral follicular cell (I'o,)
exhibits more heterochromatin than in the basal follicular
cell, and the cytoplasm contains fewer mitochondria (Mi})
but numerous flattened RER.
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The second stage cocyte (Oc,) is characterized by a
decondensation of most chromatin, an increased
translucence of the nucleoplasin, the presence of
numerous nuclear pores on the nuclear membrane, and
a sipnificantly enlarged nucleolus. All of these
characteristics imply increased transcriptional activity.
In the cytoplasm, the most distinctive feature is the
proliferation of numerous Golgi bodies that are
distributed throughout the cytoplasm. However, only a
few SG, and SG, granules start to appear in this stage,
and most of them cluster around the Golgi complexes.
Thus, Oc, could represent the initial phase of synthetic
activities in which the cell is preparing itself by
developing secretory organelles, including Golgi
bodies and RER; and the cell begins to synthesize a
small number of secretory granules. From these unique
ultrastructural characteristics, we designated Oc, as the
RER-Golgi phase.

The third stage oocyte (Oc,} is the cell in which
SG, and SG, appear in large numbers and are
concentrated around the Golgi bodies, while yolk
granules hegin to appear, but are still very few in
number. The chromatin becomes completely
euchromatic and the nucleolus is enlarged to the
maximum size which implies the active transcriptional
activities in the nucleus as well as translational
activities in the cytoplasm. Oc, is therefore designated
the synthetic phase.

The fourth stage oocyte (Oc,) is the stage at which
a thin jelly coat is first observed between the oocyte’s
plasma membrane and the surrcunding follicular cells.
Initially this coat appears homogeneous and could be
partly derived from the secretion of peripheral
follicular cells. The chromatin of Oc, is completely in
the euchroematic state, and the nucleolus is fully
enlarged. These imply that there are still high levels of
both nuclear and nucleolar transcriptional activities.
The cytoplasm of Oc, is filled with SG,, SG, and yolk
granules, which reflect the near saturation of synthetic
activitics. Oc, is thercfore equipped with most essential
cellular structures with the exception of a mature jelly
coat; herce, it is designated the premature phase.

The fifth stage cocyte (Oc,) has a jelly coat that is
uniformly thick and deprived of the surrounding layer
of follicufar cells. Most SO, granules were seen
exocytosed at the plasma membrane to contribute
material to the formation of the jelly coat, whilst SG,
which could be the cortical granules, remain in the
peripheral cytoplasm. As a result, the jelly coat is
transformed from a homogeneous to a fibrous organi-
zation. There is no division of this coat into the jelly
and vitelline layers us reported in other species

(Monzingo et al.,, 1995). Thus, Oc, appears to be the
completely mature cell, and could correspond to the
late postsynthetic stage as defined by Martin et al.
(1983). The abscnce of basal follicular cells might
allow the detachment of Oc, from the trabeculae, as
they are ready to be released from the ovary.
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