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' ABSTRACT
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Project Title : Male Germ Cell Maturation and Chromatin Condensation of the Asian Bandicoot Rat
(Bandicota indica)
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Anatomy, Faculty of Sciences, Mahidol Umiversity

E-mail Address : scpsri@mahidol.ac th and pkwd18 @yahoo.com

Project Period : 4 Years

Bandicoot rat, Bandicota indica is one of the rodent species that commonly occurs in the rice
fields of Thailand. It causes considerable damage to the rice fields crops and is thus of considerable
economic importance to the country. The knowledge of its reproductive biclogy could be useful for
controlling number of the animals. The aims of this study are, therefore: 1) to invesligate the cycle of
seminiferous epithelium by light microscopy:; 2) to study the organization and chromatin condensation
of germ cells during spermiogenesis by electron microscopy. 3) 1o localize the basic nuclear proteins
during spermiogenesis by immunocytochemistry and immunoelectron microscopy.; 4) to characterize
the sperm basic nuciear proteins profile by acid urea triton-X gel electrophoresis,

Seminfercus tubules of B naica could be characterized inlo mne slages based on the
morphological changes of spermatogenic cells along with the pattern of cellular association. This
seminiferous cycle was considerable of hetercgenous type, te., more than one cellular association
pattern could be found in a cross section of seminiferous tubule. During maturation process, epididymal
sperm exhibited more than seven types cof head morphology as assessed by propidium todide staining.
Further attempt was launched to study the nucleoprotein components in the sperm nuclei that
modulate chromatin condensation. Immunocylochemical analysis clearly demonstrated that histones
remainéd throughout late spermiogenesis. This histone remnant was not detected within the nuclear
vacuoles. Histones were alsco present in epididymal sperm as demonstrating by acid urea gel. It was
also apparent that there were transition protein (TP) and protamines in epididyma! sperm. however, the
amount of TP proteins seem to be much tugher than protamine as compared by the intensity of
Coomassie Blue staining. These results were in marked contrast to other mammals studied so far,
where protamine was shown lo be a predominant basic protein in mature sperm. The functional
implication of the abundance of TP and lower amount of protamines need further investigation.
Keywords : germ cell association, seminiferous epithelium, chromatin condensation, spermiogenesis,

Bandicota indica
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) INTRODUCTION

Southeast Asia lies in the tropical zone and was once largely covered by rain
forest. Much of the land has now been cleared for agriculture and other activities
associated with humans. The mammals of Southeast Asia include a number of rain
forest species together with a few that have taken advantage of the agricultural land
that has been developed. Typical Southeast Asian (including Thailand) large mammals
include elephants, tigers and various primates like gibbons etc. however the two
families that contain the greatest number of species are the bats and rodents. Many
species of Thai rodents occur in forests but a few are now common in rice fields.
These species cause considerable damage to the rice field crops and are thus of
considerable economic importance to the country. In addition these species have the
potential to spread diseases to humans and in a few cases they are a source of food to
at least some rural communities. The rodent species that commonly occur in the rice
fields of Thailand are Rattus argentiventer, Mus caroli, Mus cervicolor and two
species of bandicoot rats, Bandicota indica and Bandicota savilei (Boonsong and
McNeely, 1977). All these 5 species occur commonly in at least parts of Thailand and
all are members of the rodent family Muridae within in the subfamily Murinae. The
relationships between the species within the Murinae are not well known but there is
some evidence that the species of Bandicota are closely related to Rattus.

Within the genus Bandicota, there are three well recognized species B.indica,
B.savilei, and B.bengalensis. The two former species occur in Thatland whereas the
third is common in India, Burma and was also introduced onto Penang Island many
years ago.

B.indica 1s particularly widespread in Thailand (Boonsong and McNeely,
1977). 1t’s body size considerably exceeds that of B.savilei and it does, at times, do
considerable damage to the rice crops. It thus needs to be controlled periodically. It is
an aggressive animal on which relatively little biological work has, to date, been
performed. A knowledge of its reproductive biology could, thus, be useful in both
breeding the species for human consumption and for apply immunocontraceptive

techniques for controlling numbers of animals when they are overabundant. For
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applying the latter technique a knowledge of sperm and egg biology may be useful so
that sperm-egg binding could be prevented.

LITERATURE REVIEW

In sexually mature, adult, males of most mammalian species germ cell
production occurs in a highly regulated and organized way with the resultant
spermatozoa having a uniform, and species-specific, shape. In species such as the
laboratory rat and mouse, as well as in farm animals, the maturing germ cells within
the testicular seminiferous epithelium are organized into a series of characteristic cell
associations of various maturational stages that occupy the entire cross-sectional area
of a seminiferous tubule. At any one point along a tubule, there i1s a change in the cell
associations over time with the length of time it takes to pass through all of the cell
associations resulting in a cycle of the seminiferous epithelium (Leblond & Clermont.
1952; Hess, 1990; Russell er al., 1990). Furthermore, along the length of a tubule at
any one time, different cell associations are present with the consequence that a wave
of the seminiferous epithelium occurs (Perey er al, 1961). In the human testis
however, the germ cell organization is quite different as cross-sections of the
seminiferous tubules display multiple cell associations including some that have an
atypical composition of germ cell developmental stages (Clermont, 1964; Heller and
Clermont, 1964). Moreover, adjacently located cell associations do not precede or
follow each other consecutively in the cycle of the seminiferous epithelium (Heller
and Clermont, 1964), although some, but not all, workers believe that a spiral wave is
‘present (Schulze & Rehder, 1984; Johnson, 1994a). Tubule cross-sections with more
than one cell association or stage of the cycle of seminiferous epithelium are also
common in some other primates including apes and New World monkeys (Smithwick
et al., 1996; Weinbauer et al., 2001; Wistuba er al., 2003). Germ cell production in
humans is also less efficient than that in laboratory rats (Johnson, Petty and Neaves,
1980; Johnson et al., 2000) with apoptosis occurring in spermatogonia and primary
spermatocytes as well as in spermatids (Sinha Hikim ef al., 1997, 1998). Additionally,

in humans, unlike in common laboratory rodents, the final form of the spermatozoon is



highly pleiomorphic with some sperm having nuclear vacuoles (Bedford ef al., 1973;

Fawcett, 1975).

Cell associations within the testes have been described for various rodent
species besides common laboratory mice and rats, including hamsters (Clermont and
Trott, 1969; Oud and de Rooij. 1977). prairie voles (Schuler and Gier. 1976). field
voles (Grocock and Clarke, 1975, 1976), bank voles (Grocock and Clarke, 1976), grey
squirrels (Tait and Johnson, 1982), mole rats (Redi er al, 1986), Asian gerbils
(Bilaspuri & Kaur, 1994), viscachas (Munoz er al., 1998), capybaras (Paula ef al.,
1999), lesser bandicoot rats, (Sinha Hikim er al., 1983), plains rats (Peirce and Breed,
1987), and hopping mice (Peirce and Breed, 1987). In all of these species, with the
exception of the hopping mouse Notomys alexis (Peirce and Breed, 1987), a similar
germ cell organization to that of the laboratory rat and mouse was found to occur.

A study of the sperm morphology of the three species of Asian bandicoot rats,
genus Bandicota, has shown that. whereas lesser bandicoot rats have a similar sperm
morphology to that of laboratory rats, this is not the case for the greater bandicoot rat,
B. indica where a very different, and highly variable. sperm head and nuclear

morphology is present (Breed, 1993, 1998, 2004).

Sperm Morphology of Placental Mammals

For a new individual to be formed the spermatozoon has to enter the female
reproductive tract and travel to the site of fertilization. Prior to sperm-egg fusion the
spermatozoon has to first penetrate the glycoprotein coats that surround the ovulated
Egg. Mammalian spermatozoa have several unique features that are not present in
other vertebrate groups and it has been suggested that these features relate to the
challenges that the spermatozoon faces in reaching the egg and, in particular, for
penetrating the surrounding egg coats (Bedford 1991). These peculiar features include
(1) a bilaterally flattened sperm head, (2) keratinoid, disulfide bonding, within, and
between, the protamines to which the DNA is bound in the sperm nucleus, (3) the site
of sperm oolemma fusion by way of the molecules that are localized on the plasma

membrane that overlies the equatorial segment of the acrosome.



The spermatozoon is formed within the testes after the completion of two
meiotic divisions and the transformation of a spermatid by a process called
spermiogenesis.

We will first describe the dynamics of sperm production in the testis, then the

morphological events that take place during spermiogenesis (Clermont et al., 1993).

Sperm Production Within the Testis
Spermatozoa are produced within seminiferous tubules of the testis by a
process called spermatogenesis. This process is highly regulated with the number of
sperm produced being determined by the rate at which germ cell maturation occurs
and by the number and length, of the seminiferous tubules. Within the seminiferous
tubules germ cell maturation gradually occurs at a species specific rate with the length
of time for the germ cells to pass through meiosis and spermiogenesis occurring in a
very controlied manner. It is usually found that, in the tubules, certain germ cell
maturational stages coincide with each other. As a consequence of this it 1s generally
possible to recognize particular germ cell associations where these particular stages
always coincide. Germ cell maturation proceeds at a particular site within the narrow
and highly coiled seminiferous tubules. each of which has a central fluid-filled lumen
that is lined by the epithelium composed of germ cells and somatic cells, Sertoli cells,
which support and nourish the germ cells (Lombardi, 1998). These germ cell
associations change over time and. by determining the percentage of a particular germ
cell association, it is possible to determine how long it takes for cells to pass through
_particular maturational stages relative to that of the other stages. The duration of the
cycle of the seminiferous epithelium is found to be remarkably constant and
characteristic for a given species. for example, in mice: 8.6 days {Oakberg, 1956), in
sheep: 10.4 days (Ortavant, 1954, 1956), in rats: 12.9 days (Hilscher. 1964), in
monkeys: Macaca fascicularis: 9.3 days (Dang. 1971) and Mucaca nmudutta: 10.5 days
(Clermont and Antar, 1973; de Rooij et al., 1986), and in men: 16.0 days (Heller and
Clermont. 1963) Furthermore, by determining the consistency of particular germ cell
maturational stages within a particular cell association. the preciseness. or otherwise.
of the control of the process of germ cell maturation can be ascertained (Peirce and

Breed, 1987; Clermont er al., 1993; Clermont and Trott. 1969; Hess ¢t al., 1990). The



stages or cell associations of the cycle of seminiferous epithelium are characterized by
the changes in shape of spermatid nuclei. acrosomal changes. the maturation and
melotic stages of spermatocytes. and relative positions of germ cells. particularly
spermatids. within the epithelium (Curtis, 1918. Roosen-Runge and Giesel. 1950;
Ortavant. 1939: Amann. 1962: Grocock and Clarke. 1975). There are 6 cell
associations 1 man (Clermont. 1963). 8 cell associations in Australian rodents:
Pseudomyys australis and Notomyvs alexis (Peirce and Breed. 1987). and in albino rat
(Roosen-Runge and Gicsel. 1930). 9 cell associations in common marmoset: Callithrix
Jacchus (Holt and Noore, 1984). 13 stages in musk shrew: Swncus murinus
(Kurohmaru ¢r «f . 1994y and 14 stages of the ¢vele of seminiferous epithelium in

laboratory rat (Leblond and Clermont. 1932,

Spermatogenesis

This process. spermatogenesis. 1s a complex. continuous process that takes
place in the seminiferous tubules which are lormed by the epithelial cells that lie
apainst basal lamina of the wbules and the germ cells. The process begins with
spermatogomia. which develop from primordial male germ cells. Spermatogonia
undergo mitotic division into primary spermatocytes, which then undergo first and
second meiotic divisions which results in reduction of the chromosome number by half
so that haploid cells are formed. The first meiotic division gives rise to secondary
spermatocytes and then the second meiotic division oceurs o torm spermatids. All of
these developing germ cells orgamze themsclves in the way that lavers of the later
developmental stage are closer to the lumen. At the basal lamina of the seminiferous
tubules. two types ol diploid spermatogonia can be distinguished: tvpe A and type B
spermatogoma. Type A spermatogonia have paler nuclear staining with haematoxylin,
and they undergo mitosis frequently thus continuously maintain a population of
precursor cells. Type B spermatogonia eventually form and then divide further to form
primary spermatocytes. Primary spermatocytes undergo morphological changes that in
which chromosome pairing. The stage of this process can be used as criteria to
subdivide the primary spermatocytes into leptotene, zygotene, pachytene. and
diplotene based upon their nuclear appearance. Pachytene spermatocytes are ended by

their relatively large size. especially their nuclei. which occupy most of the cell
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volume. Their chromatin appears as condensed threadlike structures. The lite time of
pachytene spermatocytes 1s longer than that of other stage of the primary
spermatocytes. Therefore. they are the major primary spermatocyvte population
consistency existing above the layer of spermatogonia. During prophase of meiosis |
duplication of the DNA of primary spermatocytes takes place. DNA becomes double
stranded. Exchanging the DNA fragments through crossing over of sister chromatids.
followed by their separation at the end of meiosis I. results in reduction of DNA and
chromosome number of primary spermatocytes by half. so that haploid secondary
spermatocytes are formed. Rapid diviston of secondary spermatocytes through meiosis
I1 results in spermatid formation. in which their DNA is reduced by half to that of

secondary spermatocytes (Ravindranath er /., 2003).

Spermiogenesis

Once the germ cells have completed the two metotic divisions a small round cell ts
tormed. the spermatid. that gradually transforms into a spermatozoon. During this time
a radical reorganization of the intracellular organelles takes place. The major events of
spermiogenesis include: 1) formation of the acrosome, 2) formation of the sperm tail,
3) condensation of the chromatin and transformation of the nuclear shape. and 4) loss
of the majority of cytoplasm. These morphological changes based upon the
characteristics of the acrosome formation and nuclear transformation. The following
is a brief summary of these events.

(1) Formation of the acrosome

One of the first changes that 1s observed is the budding of small vesicles from the
Golgi apparatus. These vesicles travel to the apical pole of the nucleus where thes fuse
together to form an acrosomal cap that progressively spreads over the anterior pole of
the nucleus. Further vesicles arise from the Golel and empty their contents into the
acrosomal vesicle that progressively enlarges. It forms a prominent structure over the
nucleus. the acrosomal cap. Major differences occur between species in the size of the
acrosomal cap but there are. nevertheless. almost universely two functional regions
that develop: they are (1) the principle segment. that undergoes vesiculate at the time

of the acrosome reaction. and (2) the equatorial segment that stabilizes the overlving



plasmalemma for fusion with the oolemma at the time of fertilization (Bedford, 1982;
Yanagimachi, 1994).

(2) Formation of the sperm tail

At the same time as the acrosome is forming 2 centrioles come to the lie at the
opposite pole of the nucleus. One, the distal centriole, starts to give rise to a flagellum
that progressively elongates and forms the sperm tail. As this process proceeds the
germ cell starts to elongate and it rotates so that the developing tail protrudes into the
lumen. Peripheral to the elongating flagellum another series of microtubules occur, the
manchette, and, as the germ cell becomes polarized, the mitochondria migrate to come
to lie around the flagellum within the manchette- this region eventually becomes the
mid piece of the sperm tail.

(3) Condensation of the chromatin and transformation of the nuclear shape

The spermatid nucleus is. initially, a spherical structure within which a haploid set
of chromosomes occurs. As maturation proceeds the nucleus becomes markedly
reduced in volume. Histones become removed and are replaced initially by transitional
proteins (TP) which are subsequently replaced by protammines (Balhorn, 1989; Hecht,
1989; Meistrich et al.. 1994). Coinciding with the changes in the intranuclear proteins,
the DNA becomes very tightly packaged by forming complexes with the basic amino
acid, arginine, of the protamine molecules. Interestingly, unlike histones that are
highly conserved between species, there is much variation in the amino acid sequence
of the protamines that occurs between species. Furthermore, in some species, two
types of protamines, P1 and P2, occur whereas in others only P1 protamine is present.
.The reason for this is not known.
It has been suggested that the final arrangement of the chromatin is in the form of a
toroidal structure (Balhorn, 1982). In human and primates, the fine granular chromatin
of early spermatids gradually turned into coarser and denser bodies which eventually
coalesce to form the compact homogenous mass in the mature spermatozoa (Holstein
and Roosen-Runge, 1981; Allen et al., 1997; Balhorn e/ a/., 1999). In most rodents the
highly coiled 30 nm chromatin fibers are transformed into larger and straightened, 40-
50 nm fibers that arranged in parallel during the early acrosomal phase (Balhorn er al.,
1999; Wanichanon ef al., 2001). These chromatin fibers fuse into the larger fibers with

about 100 nm in width. The large fibers are completely fused to form the compact



chromatint (Ward and Coffey, 1991; Wanichanon et al., 2001). Alternatively, in Rana
tigerina, the process of chromatin condensation is similar to the heterochromatin in the
somatic cells where 30 nm fibers are coalesced together into a dense mass in
spermatozoa without changing their initial size and nucleosomal organization
(Manochantr ef al., 2004).

[n most mammals during spermiogenesis, the DNA in the haploid male germ cells
becomes progressively condensed by the replacement of the histones with transition
proteins (TP) and these transition proteins are being replaced by basic nuclear
proteins called protamines which are highly enriched in arginine and also the cysteine
residues which forms strongly disulfide (S-S) crosslinks (Balhorn er af.. 1984;
Goldberg, 1977) between the adjacent protamine molecules and further stabilizing a
highly compactness structure of chromatin by inter and intra molecular covalent
disulfide bonds between protamines (Bedford and Calvin, 1974). Thus, protamines
with strong disulfide cross-links, are believed to play a major role in the complete
condensation in the mature spermatozoa in mammals (Bedford and Calvin, 1974;
Balhorn ef al., 1999). The degree of chromatin package in mature sperm of various
species depends on the amount of histones being replaced by protamines. Rat
spermatozoa have a higher degree of chromatin condensation than in human
spermatozoa. This is probably due to the higher amount of disulfide cross links of
protamines and lower percentage of histones remaining in the rat spermatozoa. It is
well-known that the nuclear DNA in somatic cells forms nucleosomes which are
composed of core dimeric histones; H2A, H2B, H3, and H4, forming the octamer
proteins that are the repeated structural unit of the chromatin (Kornberg, 1999). These
nucleosomes are joined together by histone H1 binding to the linker DNA. It is shown
that the chromatin forms beads on a string conformation linked with DNA to further
form the coiled solenoid pattern of 30 nm fibers. This appearance of chromatin
organization may also be found in early steps of spermatids which have suggested the
presence of the nucleohistones in the nucleus. Chromatin organization during mid and
late spermatids has been shown the replacing of histones by transition proteins and
protamines respectively. Thus, the DNA in sperm nucleus can be tightly packed in a

very small volume to protect itself from damage during sperm transportation in the



female reproductive tract (Balhorn. 1982). However. there is the evidence suggesting
that the modes of chromatin condensation between species varies.

(4) Loss of the majority of cytoplasm

During the time the sperm tail is forming. the excess cytoplasm moves toward the
tail. forming a cytoplasmic body. called the residual body. Most of the residual bodies
are then endocytosed by Sertoli cells, leaving a minor part. termed cytoplasmic
droplet. attached to the tail.

In spite of the commonality of changes during spermiogenesis in all mammals,
the eventual morphology of the spermatozoon shows considerable diversity between
species. In most (primates, ungulates. carnivores etc.) the sperm head shape is
spatulate with a bilaterally flattened nucleus being capped by a more or less
symmetrical acrosome. By contrast. in most rodents. the morphology of the
spermatozoon is remarkably diftferent and also shows considerably varration between

species.

Sperm Morphology of Rats and Mice

In species of Ratrus and AMus (including the species that occur in the rice fields
of Thailand) as well as the common lab rodents, the house mouse Mus musculus and
the norway rat Rattus norvegicus, the sperm head is hook shaped or falciform.
Transmission electron microscopy (TEM) has shown that, within this structure, there
1s uniformly very condensed chromatin in the nucleus which extends into the apical
hook. In sperm of these species the acrosome is highly asymmetrical and lies along the
upper convex and lateral surfaces of the nucleus with the equatorial segment occurring
along the midlateral surface of the sperm head. There is. in addition. a small accessory
segment that occurs along the concave surface of the apical hook (Lalh and Clermont,
1981). Between the acrosome and nucleus there is extensive cytoskeletal material
which also extends beyond the apical tip of the nucleus as a perforatorium (Lalii and
Clermont, 1981; Oko and Clermont, 1988; Oko ef a/., 1990). The sperm tail attaches

to the head on the lower concave surface.

Sperm Morphology of Bandicota indica
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An early light microscopical study indicated that the sperm morphology of
B.bengalensis was similar to that of Rarrus. This was followed up by a TEM
investigation of the sperm head of this species in which it was found that the nucleus
was uniformly electron dense and that, like in the sperm of the lab rat. it extended into
the apical hook and form a sickle shape. a pear shape in man. and a paddle shape in
domestic animals. As with the lab rat. the acrosome mainly occurs over the convex
and upper lateral surface of the sperm nucleus with the thinner. equatorial segment.
running as a band across the lateral surface of the sperm head. Also the cytoskeletal
material that occurs within the subacrosomal space extends beyond the nucleus toward
the apical tip of the sperm head. One difference from the lab rat sperm found is that
there are two, rather one, ridges of subacrosomnal material running along the convex
nuclear surface (Breed, 1998).

The other two species of Bandicota have a totally different sperm morphology
from that of B bengalensis. In these the sperm head morphology shows considerate
similarity between the two species but this sperm morphotype is remarkably different
from that of all other rats and mice so tar described. and even all other mammalian
species. In these species, B.savilei and B.indica. the overall shape of the sperm head is
globular or pyriform and there is also much variability evident (Breed. 1993).

TEM has shown that in these species of Bandicoru there is a relative small
sperm nucleus in which there are large nuclear vacuoles present. and. in addition. there
1s considerable variability in the apical nuclear region. The acrosome of these sperm is
very large indeed and is, like the nucleus. more or less spherical in cross-section.
Another very unusual feature is the apparent absence of an equatorial segment to the
acrosome (Breed, 1993. 1998) Extending caudal to the acrosome 1is a short
postacrosomal dense lamina which terminates well anterior to the caudal pole of the
nucleus to which the sperm tail attaches. The cyvtoskeletal region sperm head is onlv
modestly developed with a narrow space being presented between the acrosome and
nucleus. There is no indication of a perforatorium being present in the sperm head of
these animals. whereas preliminary observations suggest that chromatin condensation
during spermiogenesis also differs markedly from that of lab rats (Breed. 1993. 1998).

These unusual morphological features of the sperm head of B.indica and

B.savilei strongly suggest thar the way the chromatin condenses. and the process by



which the sperm passes through the egg coats and fuses with the cgg ar fertilization
differ markedly from that of the other rodent species and perhaps even maost other

mammals. Consequently a more detailed study of male germ cell formeation, structural

organization and function is required to berter understand the reproductive biology of

these animals.

e W e
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OVERALL OBJECTIVES

To study the cell associations in the seminiferous tubules and the pattern of

chromatin condensation of germ cells during spermiogenesis in Bandicota indica.

SPECIFIC OBJECTIVES

I. To study the stages of the cycle of seminiferous epithelium in B. indica
2. To investigate the organization of chromatin in germ cells during
spermiogenesis by transmission electron microscopy.

To localize the distribution of nuclear proteins during spermiogenesis.

(S ]

4. To characterize the sperm basic nuclear proteins.



MATERIALS AND METHODS

1. To Study the Stages of the Cycle of Seminiferous Epithelium in B. indica

Rationale: In sexually marure, adult, males of most mammalian species germ cell
production occurs in a highly regulated and organized way with the resultant
spermatozoa having a uniform. and species-specific, shape. In laboratory rat and
mouse, including hamsters (Clermont and Troti. 1969 Oud and de Rooij, 1977), and
lesser bandicoot rats (Sinha Hikim et al.. 198)). the germ cells within the seminiferous
epithelium are organized into the characteristic cell associations of various
maturational stages thar occupy the entire cross-sectional area of u seminferous
tubule. However in the human, the germ cell organization is quite different us cross-
sections of the seminiferous tubules display multiple composition of germ cell
developmental stages (Clermont. 1963, Heller and Clermont, 1964). 4 study of the
sperm morphology of the lesser bandicoot rais have a similar sperm morphology to
that of laboratory rats, this is not the case for the greater bandicoot rat. B. indica
where a very different. and highly variable. sperm head and nuclear morphology is
present (Breed. 1993, 1998, 2004). Due to this highly divergent sperm head shape and
the fact that these sperm. like those of humans, shows a high degree of pleiomorphism,
we, [n this study, ask a related question: "What is the organisation of the seminiferous

epithelium? "

Light Microscopic Study for Germ Cell Association
Animals:

Greater Bandicoot rats, B indica, were collected in Thailand from near
Maesod, Tak Province in October 2001 (n=22, 11 females, 11 males), in Supanburi,
and Nakornrachasima province in January 2003-2004 (n=21, 10 females, 11 males).
After returning the animals to the laboratory at Mahidol University. Bangkok, they
were anaesthetised and their sex, weight and reproductive condition was determined.
In the 2001 sample, two of the 11 females were pregnant and two of the 11 males had

sperm in the cauda epididymides, whereas in the 2003-2004 sample seven of the 10
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females were pregnant, another had recently ovulated, and all 11 males had sperm in
the cauda epididymides.
Tissue Preparation:

From the males with sperm, small pieces of one testis and epididymis were
removed and rapidly fixed in 3% glutaraldehyde/3% paraformaldehyde made up in
0.1M phosphate buffer, pH 7.4, whereas the other testis was fixed whole using the
same fixative. The small pieces of testes were post-fixed in 1% osmium, dehydrated
and embedded in epoxy resin. Larger pieces of fixed tissue were removed from the
whole testis, dehydrated and embedded in paraffin wax. From the epoxy resin-
embedded testis samples, 0.5 to 1 pm thick plastic sections were cut and stained with
toluidine blue. From the paraffin-embedded blocks. 6-8 um thick sections were cut
and stained with either H & E or PAS and haematoxylin.

Organization and Frequency of Stages of the Seminiferous Epithelium:

The testicular seminiferous epithelium in both epoxyv-embedded and paraffin
sections was analysed for the two animals with sperm collected in 2001 and four of the
males collected in 2003. Nine cell associations were characterised, based on the
appearance of the younger generation of spermatids within the seminiferous
epithelium. The relative frequencies of the different cell associations, and the number
of tubular cross-sections displaying more than one cell association, were determined in
epoxy sections by scoring at least 130 tubular cross-sections from at least 3 different
locations within the testis for each male.

Sperm Morphology:

For assessing the pleiomaorphism in the sperm head nuclei. cauda sperm trom
four of the animals collected in January 2003 were placed on glass slides and then
stained with dilute propidium iodide. The slides were viewed with an Olympus BH
epifluorescent microscope using a 515 nm excitation filter and an IFK 90 nm barrier
filter with an absorption wavelength of 535 nm and an emission wavelength of 617
nm. Photographs of the nuclei of cauda epididymal sperm were taken using an
Olympus C-4040 zoom digital camera and 196 to 327 sperm randomly counted from

each of these individuals and allocated to the various nuclear morphotypes.



15

2. To Investigate the Organization of Chromatin in Germ Cells during

Spermiogenesis by Transmission Electron Microscopy.

Rationale: During mammalian spermiogenesis, the haploid male germ cells undergo
the morphological transformations leading to the formation of mature spermatozod.
One of the most changes involves the remodeling of the dispersed chromatin into a
highly condensed chromatin. The reorganization of the packaging chromatin coincides
with two patterns of chromatin condensation (Ward et al.. 1989; Balhorn et al.. 1999).
Firstly, the replacement of the testis specific mrdear proteins, histones, by lysine-rich
proteins termed transition proteins. Secondly, these transition proteins are being
replaced by spermatid basic nuclear proteins rich in arginine and cysteine called
protamines (Balhorn, 1989; Meistrich et al., 1994) which occurs at a time when the
nucleus is highly condensed Therefore, the question arises; "How is the chromatin

condensed in the sperm of Bandicota indica? ™

2.1 Conventional Transmission Electron Microscopic Study

Small pieces of the tissues were fixed immediately 1n a solution containing 3%
glutaraldehyde and 3% paraformaldehyde in 0.1M phosphate buffer saline (PBS) to
which 2.5% PVP 40 has been added, pH 7.4 at 4 °C, for overnight. and then washed
with 0.1M phosphate buffer. Specimens were post-fixed in 1% osmium tetroxide in
the same buffer, at 4 °C, for 1 hour. Subsequently, the specimens were washed with
the same buffer, dehydrated sequentially by passing through a graded series of ethanol
and finally embedded in epoxy TAAB resin. Semithin (lum) and thin (60-90 nm)
sections with an interference color of silver to silver-gold were cut using an
ultramicrotome fitted with glass knives. Thin sections were picked up on uncoated 200
mesh copper grids, air dried and stained sequentially with 2% urany| acetate in 70%
alcohol in the dark and lead citrate, then observed in a Phillips CM100 transmission

electron microscopy.

2.2 Phosphotungstic Acid Staining (PTA)
Pieces of testis were fixed for 4 hr at 20 °C in 4% glutaraldehyde in 0.1M PBS,
pH 7.4. They were washed in 0.2M phosphate buffer, and then in distilled water before
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antibody. To incubate the sections with secondary antibodies, goat anti-rabbit IgG
conjugated with Horseradish peroxidase (HRP) at 1: 360 for histone, and goat anti-
mouse-HRP at 1: 250 for protamine, for 90 minutes. The tissue sections were then
washed again in the same TWBS twice for 5 minutes each time. The final reaction
products were achieved by incubating the tissue sections for 10 minutes in 50 ml of
PBS containing 0.03%H;0,;, 0.3%NiCl,, and 0.05% diaminobenzidine
tetrahydrochloride (DAB) pH 7.4. The tissue sections were then washed in distilled
water and uncounter-stained. The sections were dehydrated by passing the sections
through the graded ethanol series (70%-100%) for 3 minutes in each. Then they were
immersed in xylene two times for 5 minutes each and mounted with Permount. The
sections were observed under the light microscope, and photos taken by Nikon digital
camera DXM 1200.

3.2 Immunogold Electronmicroscopy
In this study, the following polyclonal antibodies raised in rabbits were used:
- Either whole anti-histone antibodies to H2A, H2B, H3, or H4 (different antisera) or
to peptide 1-20 of H2A and 85-102 of H4. These antibodies were donated by S. Muller
in France to Assoc. Prof. W. G. Breed.
- Transition protein 1 (TP1} and transition protein 2 (TP2) were donated by R.J. Oko
in Canada to Assoc. Prof. W. G. Breed.

All antibodies were used for localization of these proteins in the spermatids.
testicular sperms and sperm in the cauda epididymis of the bandicoot rat.

LR-white resin embedded ultrathin sections (60-90 nm. thick) of bandicoot rat
testes were cut with diamond knife using an ultramicrotome and mounted on formval
coated 100 mesh nickel grids. The grids were floated on drops of the various solutions.
The sections were first quenched for aldehydes by placing on drop of 0.01 M glycine
solution in 0.1 M Tris buffer saline (TBS), pH 7.4 for 20 min at room temperature, and
blotted on filter paper. The sections were then placed on 1% normal goat serum (NGS)
in TBS with 0.5 % Tween 20 for 20 min to block non-specific binding. After blotting
the grids on filter paper, the sections were then placed overnight at 4 °C on drops of
primary antibodies (the dilutions of 1:10 for histones, and 1:5 for transition proteins)

diluted with 1% NGS in TBS with 0.5% Tween 20. Next, they were rinsed 6 times by



18

passing through drops of TBS with 1% NGS only (no Tween 20), 5 min on each drop,
followed by blotting on filter paper after last drop of rinsed solution. The grids were
then incubated on an appropriate secondary antibodies conjugated with 10 nm gold
particles made up to 1:20 dilution for 1 hr. followed by extensive rinsing in TBS with
1% NGS 6 times, 5 min for each drop. and washed in a series of distilled waters. The
grids were then air dried and stained with uranyl acetate for 1 1/2 min in the dark and

observed under CM 100 Philips transmission electron microscope.
4. To Characterize the Sperm Basic Nuclear Proteins.

Rationale: After several attempts to correlate the appearance of the spermatid nuclear
profeins with the precise structural phase of the chromatin condensation have been
made, we 've found that the replacement of histones by transition proteins and finally
replaced by protamines leading to the highly condensed chiromatin in bandicoot rai
was different of what it does in other mammualian rodents. There wuas no specific phase
where the sperm nuclear proteins have been replaced and most of the histones are still
remained in mature spermatozoa. So in this study we investigate the profile of the
sperm nuclear basic proteins of B. indica which destroys the rice field and effects to

the economic in agricultural matters, commonly found in Thailand.

Biochemical Studies of the Basic Nuclear Proteins

4.1 Isolation of Sperm Nuclei

The animals were injected overdose of Nembutal (pentobarbitone sodium).
After opening up the body cavity the cauda spermatozoa were isolated from semen by
centrifugation at 600g for 10 min in normal saline, and then resuspended in SMT
solution (250 mM sucrose, 2 mM MgCl:, and 10mM Tris-HCl. pH 7.4). then
centrifuged at 600g for 10 min. They were demembranated with 0.5% Triton X-100 in
SMT solution for 10 min at room temperature. After incubation, they were centrifuged
at 1500g for 10 min, washed again with SMT solution and centrifuged at 1500g for
another 10 min. Now there were only the nuclei of spermatozoa in the pellets. The
reducing agent (5M guanidine HCI, 0.5M Tris-HCI pH 8.5, 0.28M [-mercaptoethanol,

and 10mM DTT) was added for 30 min with homogenizer or sonicator.
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4.2 Isolation of Testicular Cells Nuclei

After removal of the testes from the animals, they were immediately placed on
ice and all of the following steps were performed at 4 °C. Testes were decapsulated
and chopped into small pieces, filtered by 4 layers of gauze and homogenized gently
in 5 volume of homogenized buffer (0.31M sucrose. 3mM MgCly, 5mM potassium
phosphate pH 6.0, 0.05% Triton X-100, 0.1mM PMSF) using a hand homogenizer
(PMSF was added immediately just before homogenization). The homogenate was
filtered through four layers of gauze and centrifuged at 600g for 10 min. The pellets
were then suspended in cold distilled water containing 0.1mM PMSF to demembrane
the cells. After centrifugation at 1500g for 10 min, the pellet was resuspended in the
MP solution (5SmM MgCl;, 5SmM sodium phosphate, pH 6.5) using micropipette and
centrifuged at 1500g for 10 min to collect the pellet fractions (Platz er ¢/, 1975). The
reducing agent (5M guanidine HCI, 0.5M Tris-HCI pH 8.5, 0.28M B-mercaptoethanol,

and 10mM DTT) was added for 30 min with homogenizer or sonicator.

4.3 Extraction of Basic Nuclear Proteins by Using HCI Extraction

After incubation the cauda spermatozoa and testicular nuclei (4.1 and 4.2) with
the reducing agent, 0.33 ml of IN HCI per volume of the solution was added to make
the solution 0.25N HCI, and then 1.0 ml of 0.25 N HCI per volume of the solution was
added and allowed to stand on ice for 1 hr with occasional homogenization. The
solution was centrifuged at 12,000g for 10 min and the supernatant was collected. The
pellet was re-extracted with 1.0 ml of 0.25N HCI, centrifuged, and the supernatants
were combined with those collect earlier. Proteins from the pooled extracts were
precipitated by adding 0.33 ml of §0% TCA per 1 ml of extracted solution. and the
solution was allowed to stand on ice for 60 min. the precipitate was recovered by
centrifugation at 12.000g for 10 min. washed with cold (-70 °C} acidified acetone
(200 ml of acetone plus 0.1 ml of 12N HCI), washed with cold (-70 °C) acetone. and
then air dried by opening the lids of each eppendorf (Platz er al., 1975).



4.4 Electrophoretic Separation of Basic Nuclear Proteins by Acid Urea
Triton X-100 Polvacrylamide Gel Electrophoresis (AUT-PAGE) and

Immunoblotting

AUT-PAGE

Basic nuclear proteins were electrophoretically separated and compared on
slab gels containing 17% acrylamide. 2.5M urea. 6mM Triton X-100. and 3% acetic
acid (Zweidler. 1978). Proteins samples were dissolved in sample buffer (1-2 mg/ml).
OM urea. 0.9N acetic acid. 5% mercaptoethanol. and 0.2% pyronine-G. heated for |
min in boiling water bath to unfold polypeptide chams and reduce the disulfide
linkages. 2.5ul of sample solution was loaded into each well. and stacked neatly at the
bottom of the well. Electrophoresis was carried out at 120 volts at constant voltage
with alternating the current for 1 hr or until the front-dye reached to the bottom of the
gel. The gel was stained with protein binding dye ie. 0.125% Coomassie Brilliant
Blue R-250. in 50% methanol and 10% acetic acid tor 1 hr. followed by destaining  in
50% methanol and 10 % acetic acid. 3% methanol and 7% acetic acid for 2 hrs and
overnight for destaining 11 (Laemmli. 1970). The last step was repeated by changing
the destained solution until the background was completely colorless. The gels were

dried onto cellophane paper for longer storage.

Immunoblotting

The specificity of anti-protamine antibody was assessed by immunoblotting as
followed. Total basic nuclear proteins from testicular nuclet, spermatozoa nuclel. and
chick erythrocytes were separated in 17% AUT-PAGLE as previously described.
Proteins were transferred onto nitrocellulose membrane (with 0.45 um pore size)
positioned at the cathode side of the gel. using 0.9 N acetic acid. pH 2.3, as the transfer
buffer, at 400 mA for 2 hrs. Following tranfer, the proteins on nitrocellulose
membranes were visualized by brief staining with 0.5% Ponceaus S in distilled water,
while the gels were stained in Coomassie blue to determine the efficiency of transter.
The membrane were incubated in the primary antibodies at the dilution of 1:10.000 for
1 hr. followed by washing with 10 mM Tris-buffered saline. pH 7.4 containing 0.1%
Tween-20. The secondary antibody. HRP-conjugated goat anti-mouse 1gG. was added
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at the dilution of 1:20.000 for 40 min. washed with 10 mM Tris-buffered saline. pH
7.4 contaming 0.1% Tween-20. Finally. the membranes were washed with 10 mM
Tris-buffered saline. pH 7.4. The membranes were visualized in the solution of 0.03%
3.3".4.4’- tetraamine biphenyl DAB in 350 mM Tris. pH 7.4, containing 0.1% H,0O-.
The reaction was terminated by rinsing the membranes in several changes of distilled

water. The membranes were drted at room temperature and kept in plastic bags in the

dark.
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RESULTS

1. To Study the Stages of the Cycle of Seminiferous Epithelium in B. indicua

The body weights of the two 2001 individuals studied in Jdetanl with sperm
were 655 g and 561 g. The average paired testes weight 2,103 mg. whereas i the 2003
sample mean (£SE) body weight was 489 =55¢ and paired testes weight 2098 =
287mg (n=7). Since these testes weights are similar 1o those of mature male greater
bandicoot rats caught previously (Breed & Taylor. 2000). and some females in both
the 2001 and 2003 samples were pregnant. it is assumed that the males investigated

were sexually mature.

Stages of the Cycle of the Seminiferous Epithelium

The classification syvstem used to determine the germ cell associations was that
based on the morphological appearance of the vounger generation of spermatids in the
cell associations with Stage 1 beginning at the completion of the second merotic
division (see Russell er a/. 1990). The cyvcle of the seminiferous epithelium was
divided into 9 cell associations or stages based on spermatid characteristics. In cyele
Stages 1 — [1l one generation of pachyvtene primary spermatocytes and two generations
of spermatids were present. whereas Stages |V — VIII had two generations of primary
spermatocytes but only one generation of spermatds. Stage !N was characterized by
the presence of meiotic figures in the older population of spermatocytes or by the

presence of secondary spermatocyies.

Morphology and organizaton of the germ cells of the various cyvele stages as
seen 1n the toluidine blue-stained epoxy sections are described below (see Fig. 6 tor
summary). The cell associations were also identitied in PAS and hacmatoxvlhin-stained
paraffin sections. however cellular presenvation and detail were not as good as 1n the
plastic sections and thus the latter were used for describing the cell associauons. Tyvpe
A spermatogonia were present in all cell associations: they were tlattened cells

displaying extensive cytoplasmic contact with the basement membrane of the
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seminiferous tubule and had an ovoid nucleus that occupied a major portion of the

cell.

Stage I was defined by the presence ot small round spermatids swithout o visthle Gola
complex or acrosomal vesicle (Fig. ta) Tyvpe A and occasional intermediite
spermatogonia or spermatoronia undergoing mitosis were present at the base ot the
seminiferous epithelium. The nucler of intermediate spermatogonia swere characterised
by patches of heterochromatin around the nuclear eovelope thig Tay whereas those of
type A spermatogonia contained little  heterochromatin. Pachytene  primany
spermatocytes had chromatin condensed into thick strands and. above them several
lavers of early spermatids with round nuclel were present. Situated between. and
above. the round spermatids were groups of elongated spermatids in which there were
intensely stained nuclel with acrosomes that were generally oriented towuards the

basement membrane (Fig. l1a).

Stage [l was defined by the presence of round spermatids with o Golyr comples
adjacent to the nucleus. Acrosomal vesicles or granules were present watinn the
spermatid ¢ytoplasm. but had little contact with the nuclear emvelope tarrow Fap
1b). Intermediate spermatogonia  were  present. Roundl  pachsytene pomany
spermatocyvtes contained large central. round nucler with condensed. nghtiy packed.
chromosomes. Earlv spermatids with central round nucler were located ubove the
pachytene primary spermatocytes and elongated late spermatids were present. with
some of the nuclei having an apical extenston (arrowhead - Figo 1hy or an indented
nuclear envelope (asterisk — Fig. 1b). The acrosomes of late spermatids were staned
lighter than the nuclei and generatly remained oriented toward the basement

membrane.

Stage III was characterised by enlargement of the acrosome of the round spermatids
During this stage. the acrosome was round. attached to the untenior pole of the nucleus
and spread over about 1537 of the nuctear surface (big. Loy ype B spermatopoma were
present and characterised by having nucler with an ovord 1w round protile that

displaved intensely stained chromatin along the nuctear envelope (arrowhead - Fig.



lc). There were 2 to 3 layers of pachytene primary spermatocytes that had round.
heterochromatic. nuclei. Several layers of early round spermatids were located above
the pachytene primary spermatocytes and along their nuclear envelopes in some
regions there was intensely stained chromatin (Fig lc, arrow). The round spermatids
were oriented in various directions, in some the acrosome was directed towards the
basement membrane whereas in others it faced the lumen (Fig. lc¢). In all round
spermatids, the acrosome stained strongly with toluidine blue. Late spermatids had
their heads located close to the luminal surface of the seminiferous epithelium. In
these cells the chromatin was highly condensed and abundant residual bodies were
present around the perimeter of the lumen of the seminiferous tubule (Fig. lc)

suggesting the shedding of considerable amounts of germ cell cytoplasm at this time.

In Stage IV the acrosome of the early spermatids was larger than that observed in
Stage IlI and. in some cases, it had become somewhat oval in shape. It extended from
15° to about 45° over the nuclear surface. The spermatid nucler were mostly round.
with intensely stained chromatin along the nuclear envelope (arrow — Fig. 1d)
although, 1n some. the nuclear envelope was flattened beneath the acrosome. These
spermatids were located close to the lumen and oriented in various directions. During
this stage. mitosis of Type B spermatogonia to form1 preleplotene primary
spermatocytes occurred. The nuclei of the latter cells were generally round in shape.
and contatned lightly stained fine chromatin threads. Pachytene primary spermatocytes
were larger than preleptotene primary spermatocytes and were irregular in shape. Late
spermatids had been released into the lumen and were generally not evident although

abundant residual bodies could still be seen close to the tubule lumen.

Stage V was characterised by spermatids having an acrosome that was crescent shaped
and covered about a quarter of the anterior surface of the nucleus (Fig. 2a). Their
nuclei were round or slightly ovoid with lightly stained chromatin. Many residual
bodies remained near the luminal surface during this stage. The acrosome, which had
reached its maximum size, was very intensely stained and in most cases oriented
towards the basement membrane. Preleptotene primary spermatocytes. which were

round with central nucler and lightly stained chromatin. were generally present,
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whereas the pachytene primary spermatocyies. that were also present. had round

nuclel with dense heterochromatn.

Some of the spermatids of Stage V1 had nuclet that were a luttle bilaterally ¢longated.
Thev were located near the lumen and had homogeneously stained chromatin. [he
acrosome was intensely stained and oriented toward the base of the tubuie. In these
cells the cytoplasm had migrated posteriorly (arrow — Fig. 2b) resulting in the
acrosome being generally close to the plasma membrane. Leptotene primary
spermatocytes occurred which were round cells with large round nuclei and tightly
packed threads of chromatin. Either pachytene. or occasionally diplotene. primars
spermatocytes were present and generally ovoid in shape. Their nucler were round and

contained conspicuous chromatin threads.

In Stage VII, the spermatid nucler were reduced in size compared with those i Stage
VI and they stained more stronglyv with toluidine blue. They were generally oriented
toward the basal lamina and the chromatin was condensed along the nuclear envelope
(arrow — Fig. 2¢). The acrosome covered the anterior region of nucleus and was deeply
stained. Leptotene primary spermatocytes contained round central nucler with thicker
chromatin threads. Diplotene primary spermatocytes were irregular in shape. had
spherical nuclel. and were larger in diameter than the pachytene primary
spermatocytes at the previous stage. Their chromatin was loosely packed and most of

the nucleus was only weakly stained (Fig. Zo).

Stage VIII had spermatids that were elongated and had more sirongly stained
chromatin than in the previous stage. They were embedded in recesses of the cell
membrane of the Sertoli cells and oriented tovward the basal lamina. Nuclear vacuoles
could be seen (arrowhead - Fig. 2d). Most of the late spermatids had nucler with
apical extension(s) (arrows — Fig. 2d) and acrosomes that were lLightly stained.
Leptotene and diplotene primary spermatocytes had similar morphologies 1o those of

Stage V]I



Stage IX began with the diplotene spermatocytes undergoing meiosis to form early
round spermatids and ended with the completion of the second meiotic division (Fig.
3). Zygotene primary spermatocytes were present and round in shape: the strongly
stained nucler showed more tightly packed chromatin than those of leptotene primary
spermatocytes. The late spermatds were elongated and located near the lumen. and
their chromatin had condensed along the nuclear envelope. The acrosome was strongly

stained.

Frequencies (%) of the Stages of Cycle of the Seminiferous Epithelium

The frequency of each of the nine cell associations i1s presented in Table 1. The
total number ot seminiterous tubule cross sections counted was 1230 from six animals.
two of which were cellected 1in 2001 and the other tour in 2003. Stage Il occurred
most often. with an average frequency of 28.3%¢ (range 1.1 — 41.6%). whereas Stage
VIII was the least trequent. and was obsenved in only three of six animals with a range
of 1 - 3.7%. In three males (Bir 2-005. Br 3-001. Br 14-001) Stage [l was the most
frequent. whereas Stage V owas the most common in Bi 7-0030 Bi 8-005 and Bi 1 1-003.
Although some variation in the most frequent cell associations was tound between
animals. in all cases Stages VI VI and IX each comprised <10%0 of the total number

of tubule cross sections and Stage | never exceeded 12% of the total

In 140 out of 1230 tubule cross-sections examined. more than one cell
association was present in the tubule cross section (Fig. 4). Such tubule cross-sections
occurred with an average trequency ot [1.4% (range 6.8 — 19.1% for the different
individuals). The most common mixed cell associations 1n the tubule cross sections
were either Stages [ and IN. V and VI or Il and IV, but many combinations of cell
associations (see Figs 4a —4d) were tound to occur occasionally. Three. or even four.
stages were present in a single cross section in [4 of the tubule cross-sections
examined. e.g. in Bi 2-003 there were Stages V. VI and [X 1n one tubule cross section

(see Fig. 4a).

In 141 out of the 1230 tubule cross sections examined there was at least one

germ cell population that was different from that normally seen within the cycle stage.



with the result that atypical cell associations were present. Such associations occurred
in an average of 11.5% (range 2.3-22.7%) of tubules examined for a particular
individual. Animals Bi 8-003, Bi 11-003, and Bi 14-001 all had >15% tubule cross-
sections with atypical cell associations (Table 1). Most abnormalities were associated
with cell association V. Normally in this stage there is no highly condensed spermatid
population close to the lumen as recent release of spermatozoa had generally occurred.
However, in some tubule cross sections, late spermatids were still present. and
preleptotene primary spermatocytes were absent. In other cases of atypical cell
associations a generation of germ cells was absent from the typical cell association
(e.g. in Stage III where there were no late spermatids in the cross section of one
tubule). or development of a spermatid population appeared to be delayed with respect
to the other germ cell types present. For example, Step 9 spermatids generally
occurred in Stage [X when the older generation of spermatocytes was undergoing the
meiotic divisions, but in a few tubule cross-sections more immature spermatids were

seen to occur in conjunction with the meiotic figures.

Nuclear pleiomorphism of mature spermatozoa

Fluorescent microscopy, after staining with the DNA dye propidium iodide,
indicated a range of different nuclear shapes occurred. the most frequent of which are
shown in Figure 5. Table 2 shows the frequency of the 7 different nuclear
morphotypes that were most commonly seen. It is clear that in all individuals a range
of different nuclear shapes were evident. In B1 4-003 and Bi 7-003 morphotype | was
the most frequent, whereas in Bi 6-003 morphotype 2 predominated, whereas in Bi 11-

003 morphotype 3 was by far the most common.
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2. To Investigate the Organization of Chromatin in Germ Cells during

Spermiogenesis by Transmission Electron Microscopy.

Chromatin Condensation during Spermiogenesis as Revealed by Conventional

TEM and PTA Staining Methods

2.1 Conventional TEM Study

Spermiogenesis took place in several successive phases based upon the
principal morphogenetic events which occurred as development proceeds. In this study
a description of the development of the sperm head within the context of four
divisions, or phases, of spermiiogenesis in bandicoot rat is given.

(1) Initial or Golgi Phase

During the initial phase of spermiogenesis, proacrosomal granules derived
from the Golgi apparatus appeared in the spermatid cytoplasm and fused to form a
single large acrosomal granule which became associated with the nuclear envelope
(Figs. 7a-7b) which surrounded a round wvesicular nucleus (N) with a little
heterochromatin condensed along its inner surface. Chromatin threads with diameter
of 15-23 nm located throughout the nucleus. and a layer of 28-52 nm dense material
occurred along the nuclear envelope. The pattern of chromatin arrangement showed a
ray of star pattern with about 5 small fibrils around an electron dense granule. These
star-like patterns connected to each other to form a pack. or network, of chromatin. A
prominent Golgi apparatus was evident together with adjacent proacrosomal granules
(G). The Golgi apparatus situated on the luminal side of, and adjacent to the nucleus,
defining the future anterior nuclear pole (Fig. 7a). Numerous small, electron dense,
proacrosomal granules appeared between the Golgi apparatus and the nucleus. Some
of the proacrosomal granules fused together to form bigger ones, each of which
contained electron dense material in their granules. A single large proacrosomal
granule developed and finally associated with the anterior pole of the nucleus (Fig.
7b).

(2) Cap Phase
This phase was characterized by the attachment of a large acrosomal granule to

the nucleus. It increased in size and gradually spread over the anterior pole of the



nucleus (Figs. 7¢-7d). The changes in acrosomal size and shape were identitied this
phase of spermiogenesis. The development of acresomal granule resulted in slight
indentation ot the nuclear envelope above which a huge acrosome, with electron dense
material, occurred. The chromatin in the spermatid nucleus showed increased
condensation close to the nuclear envelope (Fig. 7¢). Nuclear envelope had an
increased indentatton above which a large spherical acrosome. with homogencous
electron dense material. occurred (Fig. 7d). Within the spermatid nucleus there was a
thin region of condensed electron dense chromatin just beneath the acrosome as well
as condensed chromatin close to other regions of the nuclear envelope. The chromatin
was more homogeneous than in early of this phase (Fig. 7¢).
(3) Acrosome Phase

A reorientation of the nucleus. moditfication ot nuclear shape and the attached
acrosome which was about one-third of the nucleus were characterised this phase
(Figs. 7e-7f, and 8a). The acrosome (Ac) had become oval shape and laterally bi-
flattened and stll had homogeneous. electron dense. matenal. The nucleus (N) sull
showed indentation due to the acrosome and the chromatin now showed locahized toci
of highlv, electron dense material. and thin threads of chromatin radiated from the
foci. These regions of electron dense matenal tended to be more abundant in the
peripheral parts of the nucleus (Fig. 7f). Also the condensed chromatin had become
displaced from the nuclear envelope. There was a small area of dispersed chromatin
between the electron dense chromatin and the nuclear envelope. At this phase there
were 3 different tyvpes of chromatin organizauon. There were (1) thin threads of
chromatin that were radiated from the 13-18 nm in diameter chromann foci. (2) 39-48
nm foci in diameter. and (3) vanable sized chromatin granules ranging from 35-79 nm
located centrally (Fig. 8a). The anterior pole of each spermatid had become close to a
process of Sertoli cell eytoplasm and cellular reonientanion had occurred. Nucleoli
were not observed in this phase. An array of microtubules of the manchette (M), which
extended posteriorly from the pennuclear nng (pr). ensheathed the postenior
approximate two-thirds of the elongating spermaud (Fig. 7f). A postacrosomal dense
lamina (PADL) could be seen just above the peninuclear nng. The proximal centriole

(C) occurred in a recess in the nuclear membrane. the implantation fossa (IF) (Fig. 71).

T
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The inner membrane of the nuclear envelope that was closed to the implantation fossa
was thickened by dense material. A tail (T) of elongating spermatid was observed.
(4) Maturation Phase

Spermatids had entered the final form. or maturation, phase of spermiogenesis which
was characterised by the completion of the chromatin condensation (Figs. 8b-8f). In
addition to developing an extremely electron dense nucleus its gradually acquired the
size and shape of the mature sperm. The acrosome (Ac) still contained electron dense
material and was now indented posteriorly by a small nuciear extension (Fig. 8c) and
there were two regions of differing electron dense material appearing in the acrosome
(Figs. 8d-8f). The chromatin was very largely made up of 46-117 nm. granules and of
threads of condensed chromatin (Fig. 8c). A small region of electron lucent material
still occurred between the condensed chromatin and nuclear envelope especially
posteriorly. Peripheral to the nucleus and passing from the nuclear ring posteriorly the
microtubules of the manchette (M) were still present. The shape of the nucleus was
more elongated than before. As spermatid progressed through this phase. the
chromatin in the nucleus (Fig. 8¢) now had an extensive area of homogeneous electron
dense material although in addition conspicuous electron lucent regions together with
some electron dense granules with size of 52-111 nm in diameter occurred. The
overall nuclear shape was more elongated and more condensed turther with some
nuclear vacuoles containing spherical dense granules with 73-148 nm (Fig. 8f). At the
conclusion of the condensation process the nucleoplasm was uniformly dense except

for the presence of the nuclear vacuoles and some translucent areas.



2.2 Phosphotungstic acid (PTA) stained chromatin

For determining the present and distribution of lysine rich protein in the
nuclear spermatids were stained with PTA. The results showed that in early spermatids
the chromatin in the nucleus generally lightly stained with PTA (Fig. 10a). However
the chromatin underlying the acrosome (Ac) stained strongly with PTA (Fig. 10b) as
did some of the chromatin lying closed to the rest of the nuclear envelope. The next
developmental stage the chromatin was lightly stained with PTA (Fig. 9¢). The
chromatin generally was lightly stained (Fig. 9d) except for a small area where a group
of granules stained strongly PTA about 0.1 um in diameter. The chromatin stained
more strongly with PTA which had an appearance of three dimensional meshwork
(Fig. 10a) and also there were localized areas of strongly PTA stained material within
the nucleus. With further maturation of the spermatids (Fig. 10b) the nucleus mainly
had poorly stained PTA material except for the peripheral rim of chromatin and one to
three regions in the anterior part of the nucleus which were strongly stained with PTA.
Most of the nucleus (N) had negatively stained except for the peripheral rim, extended
anterior region of nucleus. and near the basal plate (Fig. 10c).

[n the acrosome (Ac) most of the acrosomal material did not stained with PTA
except for a small localized area closed to the nuclear envelope. Between the PTA
stained acrosomal material and the nucleus there was a thin region, subacrosomal

space (SAS), of strongly stained PTA matenal.



3. To Localize the Distribution of Nuclear Proteins during Spermiogenesis.
3.1 Immunocytochemistry

Light micrographs of portions of seminiferous tubules immunostained with
anti-H1 antibody (Fig. 11A and 11B). A positive staining pattern wass visualized at
the base of the seminiferous tubule which referred to the spermatogonia. Some of them
showed intensely immunoperoxidase reactivity (Fig. 11 A, inserted a). somes were not.
Pachytene spermatocytes (P) and spermatids were unreactive (arrow). A variable
staining pattern was depicted among different seminiferous tubule depended on stage
of cycle of seminiferous epithelium (Fig. 11B). Late spermatids showed dense
reactivity of DAB reaction product within the spermatid nuclei (Fig. 11B, inserted b).
Small amounts of spermatogonia cell type were positive staining (arrow). No
reactivity of DAB reaction was found in primary spermatocytes (P).

Immunoreactivities of anti-H3 antibody of Bandicora indica seminiferous
tubules (Fig. 11C and 11D). Pachytene spermatocytes showed highly reactivity
throughout their nuclei (Fig. 11C. inserted ¢2) and also the spermatogoma (Fig. 11C.
arrow), whilst round spermatids (Fig. 11C. inserted c¢l) showed immunoreactivity at
the periphery of nuclei. Intense reactions of DAB product were present in late
spermatids (Fig. 11D, arrows). Discontinuous thin rims as well as the occasional blebs
of reaction product were present at the edge of round spermatid nuclei (Fig. 11D,
arrow in inserted d). Spermatogonia and pachytene spermatocytes were unreactive.

‘ Light micrographs of seminiferous tubules immunoperoxidase stained with
anti-protamine antibody and the control (Fig. 11E and 11F). Fig.11E was a control
section. Anti-protamine P2B antibodies reacted only in late spermatids (Fig. 11F,
inserted f1, f2). Others were unreactive. The positively nuclear extension reactivity

showed in late spermatids (Fig. 11F. inserted {2 arrow).

3.2 Immunogold Electronmicroscopy

Antibody to anti-histone H2A raised in rabbits: Popeye saignee 10 were used.

In the condensing chromatin very light gold labeling was evident. However in the
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condensed.chromatin there was a greater abundance ot vold panticles although where
there were nuclear vacuoles no labeling occurred. The labeling was spread throughout
the chromatin (Fig.12).

With the antt- H2B anubody raised in rabbit Firmin saignee 27 again light
labeling over dispersed chromatin was evident with a little increase over the clectron
dense chromatin even though no labeling occurred over the acrosomal region or other
cytoplasmic regions of the spermatid (Fig.13).

Antibody to anti-histone H3 raised in Trnistan saignee 9 again showed sparse
labeling over the dispersed chromatin but heavy labeling over the condensed
chromatin, although there was virtually no labeling over the acrosome (Fig. 14).

With the anti-H4 raised in Cologne saignee 7 antibody there was again little labeling
over the dispersed chromatin but dense labeling over the condensed chromatin
although none over the nuclear vacuoles (Fig.13).

With antibodies to TPl and TP2 abundant labeling was clearly evident over the
condensed chromatin but the nuclear vacuoles were conspicuous in there total absent

of any labeling (Fig.16).
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4. To Characterize the Sperm Basic Nuclear Proteins.

Acid Urea Triton X-100 Polyacrylamide Gel Electrophoresis (AUT PAGE) and

Immunoblotting

For this study, we used two standard markers; 1: chick erythrocytes as a
standard marker for histones and 2: salmon protamine for protamine marker. Human,
laboratory rat, and laboratory mouse spermatozoa were also co-electrophoresed with
experimental samples (Fig. 17). Testes of these species were also done in the purpose
to evaluate any the different patterns of histones between spermatogenic cells in the
testes and mature spermatozoa in the cauda epididymis.

In bandicoot rats, the pattern of histones in the testes showed 4 different bands
of H2A, H3, H2B, and H4 whilst in spermatozoa represented the same level of histone
bands as in the testes but there were less amount of vary histones in mature
spermatozoa because its paler staining with Coomassie Blue (Fig. 17). Moreover, in
spermatozoa there was a major band located between the pack of histone bands and
the protamine at the bottom. We assumed that this major band could be a transition
protein or protamine-like protein in bandicoot spermatozoa. Further studies will be
done to confirm for this expectation.

To proof the bioreactivity to antibody against protamine, the protamine in
human and mouse spermatozoa has been detected by immunoblotting with anti-
protamine antibody (Fig. 17, lane a and b). The positive immunoreactivity at the
position of protamine was found in both species suggesting that this antibody had high
specificity to its antigen which is suitable for immunohistochemistry and
immunoblotting. Unfortunately, we have not yet proved the presence of protamine in
bandicoot spermatozoa by immunoblotting. However, using AUT PAGE, the presence
of protamine band of bandicoot spermatozoa was gaged by the same mobility as
human and mouse spermatozoa. In the near future, we plan to load the higher
concentration of proteins in bandicoot spermatozoa in order to detect by

immunoblotting technique.
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Figs. 1-3. The stages of the cycle of seminiferous epithelium in B. indica as shown 1n
plastic sections stained with toluidine blue. Fig la-1d = Stages | — IV, Fig 2a-2d =
Stages V — VIII. and Fig 3 = Stage IX respectively. Abbreviations: A, In, B = A,
mtermediate. and B spermatogonia; Pl = preleptotene primary spermatocyte; L =
leptotene primary spermatocyte; 7 = zygotene primary spermatocyte; P = pachytene
primary spermatocyte; D = diplotene primary spermatocyte; M-1I = Meiosis [I; 1-12 =

steps of spermatid maturation. All scale bars = 10 um.
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Figs. 1-3. The stages of the cycle of seminiferous epithelium in B. indica as shown 1n
plastic sections stained with toluidine blue. Fig la-1d = Stages | — IV, Fig 2a-2d =
Stages V — VIII. and Fig 3 = Stage IX respectively. Abbreviations: A, In, B = A,
mtermediate. and B spermatogonia; Pl = preleptotene primary spermatocyte; L =
leptotene primary spermatocyte; 7 = zygotene primary spermatocyte; P = pachytene
primary spermatocyte; D = diplotene primary spermatocyte; M-1I = Meiosis [I; 1-12 =

steps of spermatid maturation. All scale bars = 10 um.







Figs. 1-3. The stages of the cyvele of seminiferous epithelium i B indica as shown in
plastic sections stained with toluidine blue. Fig Ta-Td = Stages [ - [V g 2a-2d =
Stages V - VIIL and Fitg 5 = Stage IN respectively, Abbreviations: A Ind B = AL
intermediate, and B spermatogonia; Pl = preleptotene primary  spermatocyte; L =
leptotene primary spermatocyte; Z = zvgotene primary spermatocyte: P = pachytene
primary spermatocyte; D = diplotene primary spermatocyvie: M-I = Meiosis I1; 1-12 =

steps of spermatid maturation. All scale bars = [0 um.






Fig. 4. Seminiferous tubules of B indica testis containing more than one cell
association in the same cross-section (a) Stages V. VI, and IX, (b) Stages III and IV,
(c) Stages Il and VI, (d) Stages I1I, IV and X, (e) Atypical cell association of Stage
VIl and M-Il (metosis [1). and (f) Atypical cell association of Stage I and VII. All

scale bars = 25 um.
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Fig. 5. Fluorescence microscopy of nuclei of cauda epididymal sperm from B. indica
adult male stained with propidium iodide showing highly variable nuclear shape. Scale

bar = 2.8 um.




Fig.5
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Fig. 6. A map of the stages of the cycle of seminiferous epithelium in B. indica.
showing the phases of germ cell development. Type A spermatogonia have been
omitted. Abbreviations: In. B = intermediate. and B spermatogonia; PL = preleptotene,
L = leptotene. Z = zygotene. P = pachytene. D = diplotene primary spermatocytes; M-
Il = meiosis 1I: 1-12 = steps of spermatid maturation (for more details see text and

Figs 1 - 3).
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Figs. 7-8. Transmission electron micrographs of four successive phases based upon
the principal morphologenetic events which occurred as development proceeds. Fig.
7a-7b = Initial or Golgi phase showed numerous small. electron dense proacrosomal
granules (G) appearing between the Golgi apparatus and nucleus (N). Chromatin
threads with 153-25 nm in diameter located throughout the nucleus. Fig. 7¢c-7d = Cap
phase a large acrosomal granule attached to the nuclear membrane to form an
acrosome (Ac) over the anterior pole of nucleus (N). Thin region of condensed
electron dense chromatin just beneath the acrosome (Fig. 7d-arrow) as well as close to
other regions of the nuclear envelope (Fig. 7c¢-arrow). Fig. 7e-7t. and 8a-8¢ =
Acrosome phase the acrosome became oval shape with homogeneous. electron dense
material. Shape of nucleus had bi-laterally flattened with gradually condensed
chromatin diameter of 39-48 nm foci and chromatin granules ranging from 35-79 nm
in diameter located centrally (Fig. 8a-arrow). Fig. 8d-8f = Maturation phase chromatin
developing an extremely electron dense nucleus with 46- 117 nm granules in the
nucleus and showing the spherical electron dense granules with 73- 148 nm in the
nuclear vacuoles (NV) (Fig. 8e-8f-arrow). Abbreviations: PADL = postacrosomal

dense lamina. M = manchette. I[F = implantation fossa. pr = perinuclear ring, and T =

tail. All scale bars = | um. and 2 um for Fig. 7f.
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Figs. 7-8. Transmission electron micrographs of four successive phases based upon
the principal morphologenetic events which occurred as development proceeds. Fig.
7a-7b = Initial or Golgi phase showed numerous small. electron dense proacrosomal
granules (G) appearing between the Golgt apparatus and nucleus (N). Chromatin
threads with 15-23 nm in diameter located throughout the nucleus. Fig. 7c-7d = Cap
phase a large acrosomal granule attached to the nuclear membrane to form an
acrosome (Ac) over the anterior pole of nucleus (N). Thin region of condensed
electron dense chromatin just beneath the acrosome {Fig. 7d-arrow) as well as close to
other regions of the nuclear envelope (Fig. 7c-arrow). Fig. 7e-7f, and 8a-8c =
Acrosome phase the acrosome became oval shape with homogeneous, electron dense
material. Shape of nucleus had bi-laterally flattened with gradually condensed
chromatin diameter of 39-48 nm foci and chromatin granules ranging from 35-79 nm
in diameter located centrally (Fig. 8a-arrow). Fig. 8d-8f = Maturation phase chromatin
developing an extremely electron dense nucleus with 46- 117 nm granules in the
nucleus and showing the spherical electron dense granules with 73- 148 nm in the
nuclear vacuoles (NV) (Fig. 8e-8f-arrow). Abbreviations: PADL = postacrosomal
dense lamina. M = manchette. [F = 1mplantation fossa. pr = perinuclear ring, and T =

tail. All scale bars = 1 um. and 2 um for Fig. 7t.
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Figs. 9-10. Phosphotungstic acid (PTA) stained detecting lysine rich protein in the
nuclear chromatin. Early spermatid generally lightly stained chromatin (Fig. 9a).
however chromatin lving close to nuclear envelope as well as did some chromatin
underlving the acrosome (Ac) stained strongly (Fig. 9b-arrow). Small area of group of
chromatin granules had positively stained (Fig. 9c. 9d-arrow). PTA strongly stained
material localized within the nucleus (N) and an area undemeath the acrosome (Fig.
10a-arrow). With further maturation of spermatid nucleus had poorly stained PTA
except for the peripheral nuclear nm (Fig. 10b-arrow). anterior part of nucleus (N)
{Fte. 10b-arrowhead). and near the basal plate (Fig. 10c-arrow). Acrosomal matenal
did not stained with PTA except for a small localized area closed to nuclear envelope
(Fig. 9¢-arrow). Between acrosome and nucleus there was a thin region. subacrosomal
space (SAS) stained strongly. Abbreviauons: PADL = postacrosomal dense lamina.

All scale bars = 1 um. and 0.5 um for Fig. 10a.
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Figs. 9-10. Phosphotungstic acid (PTA) stained detecting lysine rich protein in the
nuclear chromatin. Early spermatid generally lightly stained chromatin (Fig. 9a),
however chromatin lying close to nuclear envelope as well as did some chromatin
underlying the acrosome (Ac) stained strongly (Fig. 9b-arrow). Small area of group of
chromatin granules had positively stained (Fig. 9¢, 9d-arrow). PTA strongly stained
material localized within the nucleus (N) and an area underneath the acrosome (Fig.
10a-arrow). With further maturation of spermatid nucleus had poorly stained PTA
except for the peripheral nuclear rim (Fig. 10b-arrow), anterior part of nucleus (N)
(Fig. 10b-arrowhead), and near the basal plate (Fig. 10c-arrow). Acrosomal material
did not stained with PTA except for a small localized area closed to nuclear envelope
(Fig. 9c-arrow). Between acrosome and nucleus there was a thin region, subacrosomal
space (SAS) stained strongly. Abbreviations: PADL = postacrosomal dense lamina.

All scale bars = | um. and 0.5 um for Fig. 10a.
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Fig. 11. Light micrographs of paraffin sections of seminiferous tubules immunostained
with anti-Hl antibody. A positive staining pattern was visualized at the base of the
seminiferous tubule which referred to the spermatogonia, Some of them showed
intensely immunoperoxidase reactivity as mn Fig. 1TA-inserted a. some were not.
Pachytene spermatocytes (P) and spermatids are unreactive (Fig. 11A-arrow). A
variable staining pattern was depicted amonyg different seminiferous tubule depends on
stage of cvele of seminiferous epithelium. Late spermatids showed dense
immunoreactivity within the spermatid nucler as in Fig. 11B-inserted b. Small
amounts of spermatogonia cell type are positive staining (Fig. 11B-arrow). No
immunoreactivity was found in primary spermatocytes (P). Immunoreactivities of anti-
H3 antibody of B.indica seminiferous tubules (Fig. 11C. 11D). Pachytene primary
spermatocytes showed highly reactivity throughout their nuctet as in Fig. [ 1C-inserted
¢2 and also the spermatogonia (Fig. 11 C-arrow )y whilst round spermatids (inserted ¢l)
showed immunoreactivity at the periphery of nucler. Intense reactions of anti-H3
antibody presented in late spermatids (Fig. 11D-arrows). Discontinuous thin rims as
well as the occasional blebs of reaction product were present at the edge of round
spermatid nucler {Fig. I1D-arrow in inserted d). Spermatogonia and pachytene
spermatocytes were unreactive. Light micrographs of  seminiferous tubules
immunoperoxidase stained with anti-protamine antibody and the control. Fig. 11E was
a control section. Fig.11F ant-protamine P2B antibodies reacted only in late
spermatids (inserted f1. 2). Others were unreactive. Inserted {2 showed the positively

nuclear extension reactivity in late spermatids (Fig. 11 F-arrow).
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Fig. 12. Transmission electron micrographs (TEM) of gold labeled of spermatid nuclei
{(a, b. ¢, and ) and cauda epididymides (d. e) using anti-histone H2A antibody. A
number of gold particles were more in nuclei of cauda spermatozoa (d, e) than those in
spermatids (a. b, ¢) but no labeling occurred in nuclear vacuoles (nv) (f). Bar

represents 1 um. in fig. (a). 200 nm in fig. (f), and 500 nm in fig. (b-e).
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Fig. 13. Immunoelectron micrographs of spermatids and mature sperms stained with
anti-histone H2B. A small amount of gold particles were observed in spermatids (a-d),
while a slightly increased gold particles in mature sperms (e, f). There is no labeling
over the acrosomal region (Ac), nuclear vacuoles (nv). and in part of cytoplasm. Bar

represents 200 nm in fig. (¢), and 500 nm in fig. (a-d. f).
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Fig. 14. Immunoelectron micrographs of spermatids and mature sperms stained with
anti-histone H3 showing sparse labeling over the dispersed chromatin (a, b), but heavy
labeling occurred over condensed chromatin (¢, d) in cauda sperm. In the acrosome
(Ac) and nuclear vacuoles (nv) showed no labeling (e, f). Bar represents 200 nm in fig.

(a, f), and 500 nm in fig. (b-e).
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Fig. 15. Immunoelectron micrographs of spermatids and mature sperms stained with
anti-histone H4. [t showed little labeling over the chromatin in the testicular
spermatids (a. b) but more labeling over condensed than uncondensed chromatin (c, d.
e). the nuclear vacuoles (nv) showed no labeling (f). Bar represents 1 um. in fig. (b),

200 nm in fig. (e), and 500 nm in fig. (a, c-d, f).
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Fig. 16. Gold labeling of transmission electron micrographs using anti-transition
proteins TP1 (b-f) and TP2 (a) antibodies. Abundant labeling was clearly evident over
the condensing chromatin and also over the condensed chromatin (a-d) but the nuclear
vacuoles were conspicuous in their total absent of any labeling (e, f). Bar represents |

um. in fig. (b, ¢), 200 nm in fig. (f), and 500 nm in fig. {a, d, and e).






Fig. 17. AUT-PAGE (17%) analysis of the basic nuclear proteins from spermatozoa
nuclel of human. B indica. lab rat. and lab mouse (lane 2-3) comparing with the nuclei
of testicular cells ot B indica. lab rat. lab mouse (lane 6-8). and salmon protamine
(lane 9) respectively. Basic nuclear proteins tfrom chick ervthrocytes were used as a
standard marker (lane 1). Extracted proteins were apphed to each well and
electrophoresed trom top (+) to bottom (-). Each lane showed the Coomassie Blue-
stained bands displaying all fractions of histones (H). transition proteins or protamine-
like (PL). and protamines (P) lLane a and b = basic nuclear proteins from human and
mouse spermatozoa demonstrated the specificity  of anti- protamines  antibody

analvzed by Western blotting.
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CONCLUDING REMARKS AND DISCUSSION

Stages of the Seminiferous Epithelium

Characteristics of each cell type were described in detail in this study. The
criteria used were cell size and their appearance, the presence of marking organelles
such as Golgi body, acrosomal granule, and the condensation of chromatin fibers
corresponding with the reduced size of nuclei. As the sperm cell developed and
differentiated. Golgi body became visible at stage II. Meanwhile. the acrosomal
granule was initially formed in in this stage. This acrosomal granule then contacted
with nuclear membrane and it finally became elongated along the nuclear shape.
Nuclear chromatin gradually packed tighter and tighter in correlation with the slimmer
and small head as the spermatogenic cell became more mature.

Morphological characteristics of spermatogenic cells along with the pattern of
cellular association were further used as the critena to establish seminiferous cycles
which were consisted of nine stages. These cellular associations were considerable of
heterogenous type and closely similar to that of humans. namely, more than one
seminiferous cycle could be found in a cross section of the tubule.

After production in the testis, the sperm of most mammals must be translocated
into epididymis to undergo the post-testicular meodification in order to gain more
fertilizing ability. During this sperm “maturation” process. epididymal sperm are still
considerably heterogenous in certain degree depending on species. As assess the
sperm head morphology by propidium iodide staining. sperm of B. indicu revealed a
higher degree of heterogeneity among other rodent species. In this context. there were
at least seven types of head morphology was notified in bandicoot epididymal sperm.

This study thus showed that this spectes of bandicoot rat, B. indica, has several
features of the germ cell organization in the testis that differ from that of the
laboratory rat and lesser bandicoot rats. In some regards they showed some similarity
to that of humans, apes and New World primates (Chowdhury & Steinberger. 1976:
Johnson et al., 1992: Johnson, 1994a; Smithwick et a/.. 1996; Wistuba et al.. 2003).
Greater bandicoot rats have previously been found also to have highly derived and

pleiomorphic cauda epididymal sperm populations (Breed. 1993, 1998) and. in the
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present study, the pleiomorphic nature of the sperm nuclei was also confirmed.
Furthermore. previous transmission electron microscope studies have shown nuclear
vacuoles were sometimes present in late spermatids, testicular spermatozoa, and
epididymal spermatozoa and that there was a variable response between the
spermatozoa in chromatin dispersion when cauda spermatozoa are incubated in
detergents (Breed, 1998). Therefore, the present observations, together with those
made previously, indicated that some of the processes of germ cell maturation and the
final form of the sperm of the greater bandicoot rat showed some similarity to the

situation in humans (Bedford et al., 1973; Fawcett, 1975).

In conclusion, the greater bandicoot rat, that was a common and widespread species
throughout much of southeast Asia (Corbett & Hill, 1992; Musser & Carleton, 1993),
may turn out to be a useful model for investigations on the processes controlling
spermatogenesis and sperm form due to the lack of tight synchrony in both germ cell
maturation and final sperm form that occurs. Andrologists in southeast Asia may thus
have a very useful model for probing questions on the regulatory processes of male
germ cell morphogenesis and maturation both of which are extremely poorly
understood phenomena at the present time (Sharp. 1994).

We have published one paper from these data in International Journal of

Andrology (see the attached document).
Chromatin Condensation during Spermiogenesis

Although it has been known that the nuclear chromatin undergo high degree
condensation during germ cell differentiation, mediating through the replacement of
histones with a higher positive charged basic nuclear proteins. termed transition
protein and protamine. Sperm of B. indica possessed a wide variety of head
morphology, therefore, it would be interested to see the pattemn of basic nuclear
proteins and their localization in developing and differentiated germ cells.

Information of immunohistochemical analysis clearly demonstrated that the
remaining of histones in late differentiated spermatids, and protamine was found

mainly in late differentiated spermatid. This histone remnant was not coincident with
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the presence of many nuclear vacuoles as was addressed by immunoTEM. Question is
still remained whether what materials make up of the nuclear vacuoles and why there
is still a considerably high level of histone in late differentiated germ cells in B.
indica? We further confirmed that during germ cell development in the testis, there
seem to be a gradual decrease of total histone proteins (observed by the intensity of
Coomassie Blue staining when compared to epididymal sperm). Histones were also
present in epididymal sperm in considerably high level. It was also apparent that there
were transition protein and protamine in epididymal sperm. however. the amount of
TP proteins seem to be much higher than protamine. This result was somewhat
discrepancy to other mammals studied where protamine was shown to be a
predominant basic protein in mature sperm. The onset of transition proteins and
protamine was still unclear at the moment and need further investigation.
The experiments will be repeated before any firm conclusion is drawn.

We are preparing in manuscript for publication (about molecular level of
chromatin  condensation in B indica)y and will be submitted to Biology of

Reproduction or Molecudar Reproduction and Developnient.
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Summary

In the greater bandicoot rat, Bandicota indica, of south-east Asia, nine cell associations
were documented in the testicular seminiferous epithelium. In about 10% of the wbule

cross sections two or more cell associations occurred and, furthermore, some of the
generations of germ cells within the cell asso’ciaﬁons were sometimes either ouc of phase,
or missing, in the tubule cross sections. These fearutes, together with the fact that this
species has 2 highly pleiomorphic spcrm ‘head’ shape are somewhat reminiscent of those
of the seminiferous epithelium in humans and some other primates but not of common
laboratory rodents. This species could thus be a good model for investigating irregular
patterns of spermatogenesis in naturally occurring wild species of rodent.

Keywords: bandicoot rat, seminiferous epithelium, apoptosis

Introduction PP

In sexually mature, adulr, males of ‘most mammalian
species germ cell producrion occursina highfy regulated and
organized way with the resultant spermatozoa having a
uniforn, and species-specific, shape. In species such as the
laboratory rat and mouse, as well as in farm animals, the
maturing germ  cells within the testcular seminiferous

present with the consequence that a2 wave of the senimfer-
ous epithelium occurs (Perey et al,, 1961). In the human
testis however, the germ cell organization s quite differenc as
cross-sections of the seminiferous tubules display muluple
cell associations including some cthat have an atypical
composition of germ cell developmental stages (Clermont,

epithelium are organized into a series of chamcteristic cell [l®1964; Heller & Clenmont, 1964). Moreover, adjacently

associations of various maturational stages that cccupy the
entire ‘cross-sectional area of 1 seminiferous whule. At any
one point along a tubule, there is a change in the cell
ssociations over ime with the length of time it takes to pass
theough all of the cell associations resulting in a cycle of the
seminiferous epithelium (Leblond & Clermont, 1952; Hess,
1990; Russell er al., 1990). Furthermore, along the length of
3 tubule at any one ume, different cell associations are

Correspondence: W.G. Breed, Department of Anatomical Sci-

eiwey, The Univenity of Adelaide SA 3005, Austnlia
E-mail: bill.breed@adehide. edu.au

© 2004 DPlackwwel Publishing Lid,

located cell associations do not precede or follow each other
consecutively in the cycle of the senuniferous epithehium
{(Heller & Clermont, 1964), although some, but not all.
workers believe that a spiral wave 15 present (Schulze &
Rehder, 1984; Johnson, 1994a). Tubule cross-secnions
with more than one cell associanon or stage of the cycle
of senuniferous epithelium are also common mn some
other primates including apes and New World monkeys
{(Smithwick ef al., 1996 Weinbauer er al., 2001, Wistuba
et al., 2003). Gernm cell production 1n humans 15 also less
efficient than that in laboratory rats {Johnson er al.. 1980,
2000) with apoptosis occurning in  spermatogoma and

INIFITHNMIY 1



2 P.Worowittayawong et of,

primary spermatocytes as well as in spenmatids (Sinha Hikim
et al, 1997, 1998). Addisonally, 1in humans, unhke n
common laboratory rodents, the final form of the spenmnato-
zoon s highly pleiomaorphic with some spernt having nuclear
vacuoles (Bedford et af., 1973, Fawcett, 1975).

Cell associations within the testes have been desenbed for
vanous rodent species besides common laboratory mice and
1ats, including hamsters (Clermont & Trotr, 1969, Oud & de
Rooyy, 1977), prine voles (Schuler & Gier, 1976), ficld
voles (Grocock & Clarke, 1975, 1976), bank voles (Grocock
& Clarke, 1976), grey squirrels (Tait & Johnson, 1982), mole
rats (Redi er al, 1986), Asian gerbils (Bilaspun & Kaur,
1994), viscachas (Munoz et af., 1998}, capybaras (Paula er ol ,
1999). lesser bandicoor ras (Sinha Hikim et af., 1985), plains
rats (Peirce & DBreed, 1987) and hopping mice {Peirce &
Breed, 1987). In all of these species, with the exception of
the hopping mouse Notomys alexis (Peirce & BDreed, 1987), a
similar germ cell organization to that of the laboratory rat
and mouse was found to occur.

A study of the sperm morphology of the three species of
Asuan bandicoot rats, genus Bandicora, has shown that,
whereas lesser bandicoot rats have a similar sperm
maorphology 10 that of laboratory rats, this is not the case
for the greater bandicoot rat, Bandicota indwa where a very
ditfferent, and highly wvanable, sperm head and nuclear
morphotogy is present (Breed, 1993, 1998, 2004). Decause
of this highly divergent sperm head shape and the fact that
these sperm, like those of humans, shows a high degree of
pleiomorphism, we, in this study, ask two related questions.
First, *What is the organization of the sermuniferous epithe-
hum?’ and secondly, ‘Do adult males of this species, like
humans, shoew unusually high levels of germ cell apoprons?

Materiols and methods

Animals -
Greater Bandicoot raws, B. mdica, were collected 1n
Thaland from near Maesod, Tak Province 1in Qctober 2001

Univerury of Adelaide, South Australia, wheie the
picces of testes were post-fined in 1% cvmnnn, dehy drred
and eimbedded in epovy resin Larger preces of fived 1ovar
were removed frtom the whole testin, dehvdisted oo
embedded 1n parathin wax Fromi the epovy revm-cmbied et
testys samples, 0 5=1 pn thich plastic sectiens swere vut and
stained with toluidine blue. From the pantho-embedied
blocks, -8 pm thack sections were cut and vt wah
cither H & E or PAS and hacinztoxylin

Orgamzanien and fiequency of siapes of thie sconuieno,

eprilichion

The 1esucular semmiferous epithelinm i both eposy
cmbedded and paraffin sections was analysed for thie twa
animals with sperm collected 1n 2001 and four of the inules
collected 1n 2003, Nine ccll assocnations were characrenized,
based on the sppearance of the younger genenzton of
spermatds within the senuiniferous epithehum The relstive
frequencies of the different cell associations, and the nombce
of tubulir cross-sections diplaving more thin one el
association, werr detenmuined in epoxy srctions by sconng at
least 130 tubular cross-secucns from at least three dillerent
locations within the testis for each male

Cerm cell apoploss

For determuining the numbens and dotobution of genn
cclls undergoing apoptouls termunal deoxynucieonde rans.
fer-mediated dUTP nick end-labeling (TUNEL)Y  was
carried out on 6 pum thick paraffin secuony uung on
ApopTag Peroxidase in situ apoptous detecnion bt (luteien
Co., New York, USA) after 10-mmin sncubation at scam
temperature for protainase K digestion (see Larew er al |

2003).

Sperm morpliology
For assessing the plaomorphamn the spenin head nucler.

cauda spenn from four of the amimaly coliected 1n January
2003 were placed on glaw shdes and then wained warh dilure

(r = 22, 11 females, 11 males) and in Supanbun Province 1n mprop:dmm sodide. The shdes were viewed wilian Olympu

January 2003 (n = 21, 10 femnales, 11 males). After returning
the ammuals to the liboratory at Mahidol Univerry,
Bangkok, they were anacsthenzed and therr sex, weight
and reproductive condition was determined. In the 2001

sample, rwo of the 11 fenales were pregnant and two of the m.pcr'm were taken wung an Olympuy C-3041 zoom O

11 males had sperm in the cauda eprdidymides, whereas in
the 2003 sample seven aof the 10 females were pregnant,
another had recently ovulated, and 3l 11 miales had spermoan
the cauda epididyimides

Tusue pieparanen

From the moales with sperm, simzll pieces of one tesns and
cprchidvinns were rermoved and rapidly fixed i 3% glutnal-
dehyde/3% panformaldehyde mmade vp an 01 a1 planphate
butfer, pH 7.4, whereas the other testn was fiaed whele
vung the same fixative The tisue was then returned 1o The

BH epifuorescent mmucroscope vung a 515 nov excitatian
filter and an IFK %0 mim barer Alter with an sluorpuion
wavelength of 535 nm and an comnion wavelengh of
617 nm. Photographs of the aucler of caudas ety il
|

cameta and 196-327 spenin randordy counsed traan each o

these andividuals and allocaresd 1o the vaniony niwclear
marphotypey

Results

The bo-dy \--'t:_u;hn of the 1w 200 individtuals stodedd o
dernd wath sperm were €55 and S0 g orsspeinivery Lt ke

average pared reumes smeight 21053 g whieress inothe Za0)
sample me:n (25E) body waphe w459 2 35 o i, aed
i

testes anight 2005 2 187 g (= T) Av theie 1rva

C >0 (N h el e g Led, l-u--a.....'},-..J.{ s 4 L L O e T LA



Seminiferous epithelium in bandicoot rots 3

figure 1. A mop ol the sloges of the cycle of
seminilerous epithelivm in icota indico, :
showing the phases of germ cell development S
Type A spermatogonio have been omined In, :

b | 4 ] 7 ] 9

L . e -

N W | v S, L

[ 4 : r P | 4 D D Mo
f S A

D B -3 %

@ & W H ¥ £ e

s i om . oom A o HE z

MmooV i v oLV D v v ax

B = inlermedicte, ond B spermatogonio, PL = EE 4
prelepiolene; L = leplotene, I = rygotene; o i
P = pochytene; D = diplotene primary sper- !
motocytes; Ml = meiosis 0; 1-12 = steps of b tn
spermotid maturction {for more delails see ten 1 n
ond Figs 2 ond 3). :

weights are similar to those of mature male greater bandicoor
rts caught previously (Breed & Taylor, 2000), and some
females in both the 2001 and 2003 samples were pregnant, it
s assumed that the males invesugated were sexually mature.

Stages of the cydle of the semimferous epithelium

The classification system used to detennine the germ cell
associations was that based on the morphological appearance
of the younger generation of spermatids in the cell
asociations wih Stage | beginning at the completion of
the sccond meiotic division (see Russell et al., 1990). The
cycle of the semuniferous epithelium was divided into 9 cell
assoctations or stages based on spermatid characteristics. In
cycle Swges J-lI] onc generauon of pachytenc primary
spermatocytes and two generatons of spermatids were
present, whereas Stapes IV-VIII had nwo generabons of
pnmary spermatocytes but only one generanion of spermat-
ids. Stage IX was characterized by the presence of meiotic
figures in the older population of spenmnarocytes or by the
presence of secondary spermatocytes.

Marphaology and arganization of the germ cells of the
various cycle stages as seen in the toluidine blue-stained
¢poXy scctions are described below (see Fig. 1 for summary).
The cell associations were also adentified in PAS and
haematoxylin-stained paraffin sections, however cellular
preseivation and detail were not as good as in the plastic
secuons and thus the latter were used for describing the cell
associations. Type A spermatogonia were present in all cell
assocnnons; they were flattened cells displaying extensive
cytoplasmic contact with the basement membrane of the
seminiferous tubule and had an ovoid nucleus that occupied
a miajor portion of the cell.

Stage 1 was defined by the presence of snall round
spermiatids without a visible Golgi complex or acrosomal
vesicle (Fig. 2a). Type A and occasional intermediate

spermatogonia or spermatogonia undergoing mitosis were
present at the base of the semuniferous epithelium. The
nudet of intermediate spermatogonia were charactenzed by
patches of heterochromatin around the nuclear envelope
(Fig. 23) whereas those of type A spermatogonia contained

“litdle heterochromatin. Pachytene primary spermatocytes had

chromatin condensed into thick strands and, above them
several layers of early spermiacids with round nuclei were
present. Situated berween, and above, the round spermarids
were groups of clongated spermatids in which there were
intensely stained nuclei with acrosomes that were generally
oriented towards the basement membrane (Fig. 2a).

Stage 1l was defined by the presence of round spermands
with 2 Golgi complex adjacent to the nucleus. Acrosomial
vesicles or granules were present within the spermand
eytoplasm, but had litde contact with the nuclear envelope
{arrow - Fig. 2b). Intermediate spenmatogonia were present.
Round, pachytene primary spermatocytes contained large
central, round nuclei with condensed, tnghty packed,
chromosomes. Early spermatids wath central round nucle
were located above the pachytene primary spermatocytes
and clongated late spermatids were present, with some of the
nuclei having an apical extension (arrowhead - Fig. 2b) or
an indented nuclear envelope (asterisk — Fig. 2b). The
acrosomes of late spermatds were stained lighter than the
nuclei and generally remained ornented towards the base-
ment membrane.

Stage NI was characterized by enlargement of the
acrosome of the round spermauds. Dunng this stage, the
acrosome was round, attached to the anterior pole of the
nucleus and spread over about 15° of the nuclear surface
(Fig. 2¢). Type D spennatogonia were present and charac-
terized by having nuclei with an ovoid to round profile that
displayed intensely stained chromatn along the nuclear
envelope {arrowhead — Fig. 2¢). There were two to three

© 24014 Blackwell Publishing Lid, Brcoational fonsnaad of Awdralogy, Doi. 101111/, 136:5-2605.2004.00529.x
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Figure 2. The stoges of the cycle of seminiferous epithelium in Bandicota
indica s shown in plostic sections sloined with lolvidine blue. {a}Hd} Stages
HV respediively. A, In, B = A, intermediate, and B spermologonia; Pl =
preleplotene primary spermolocyte; L = leplotene primory spermatocyte;
Z = zygolene primary spermolocyte; P = pachylene primary spermalocyte;
D = diplotene primory spermatocyte; 1-12 = steps of spermatid mokur-
ofion. All scale bars = 10 pm.

layers of pachytene primary spermatocytes that had round,
heterochromatic, nuclei. Several layers of ‘early round
spermatids were located above the pachytene’ primary
spermatocytes and along their nuclear envelopes in some
regions there was intensely stained chromatin (Fig- 2c,
arrow). The round spermatids were onented in varous
ditrections, in some the acrosome was directed towards the
basement membrane whereas in others it faced the lumen
(Fig. 2¢). In all round spermatids, the acrosome stained
strongly with toluidine blue, Late spefmatids had their heads
located close to the Juminal surface of the seminiferous
epithelium. In these cells the chromatin was highly con-
densed and abundant residual bodies were present around
the perimeter of the lumen of the seminiferous tubule
(Fig. 2¢) suggesting the shedding of considerable amounts of
germ cell cytoplasm ae this time.

In Stage IV the acrosome of the early speomarids was
larger than that observed in Stage [1] and, in some cases, it
had become somewhat oval in shape. it extended from 15°
10 abourt 45° gver the nuclear surface. The spermand nucle
were mostly round, with intensely stained chromaun aleng
the nuclear envelope (arrow — Fig. 2d) although, in some,
the nuclear envelope was Aatzened beneath the acrosome.
These spermatids were located close to the Jumen and
oriented in various directions. During this stage, mitosis of

Type B spermatogonia
spennatocytes occurted, The nuclet of the latter cells were
generally round in shape, and contained lighdy staned fine
chromatin threads. Pachytene primary spermatocytes were

to form preleptotene  primary

larger than preleptotene primary spennatocytes and were
irregular in shape. Late spermatids had been released into the
lumen and were generally not evident although abundane
residual bodies could still be seen close to the tubule limen
Stage V' was characterized by spermands having
acrosome that was crescent shaped and covered about o
quarter of the anterior surface of the nucleus (Fig. 3a). Ther
nuclei were round or slightly ovoid with lightly stamed
chromatin. Many tesidual bodies remained near the lummal
surface during this stage. The acrosome, which had reached
its maximum size, was very intenscly stained and m mow
cases onented towards the basement membrane. Prelepto-
tene primary spermatocytes, which were round with cenual
nuclei and lightly stained chromatin, were generally present,
whereas the pachytene primary spermatocytes, that were also
present, had round nuclei with dense heterochromann,
Some of the spermartids of Stage VI had nucler that were a
little bilaterally elongated. They were located near the lumen
and had homogeneously stained chromatin. The acrosome

Figure 3. The stoges of lhe cycle of seminiferous epithelium in Band.cote
indice os shown in plaslic seclions stained with 1oluidine blue {aHd} Sioges
V-VIIl respectively. A, In, B = A, intermediote, and B spermalogonia, Pf =

preleplotens primory spermotocyle: L = leplotene primary spermaotocyte,
Z = zygolene primary spermalocyle; P = pochytene primary spermatocyte,
D = diplotene primary spermotocyte; 1-12 = sleps of spermotd matur

ctian. All scole bars = 10 um.

© 2004 Blackwell Publishang Lid. Intemational Jorrnl of Amdrodogy, Dov 1011 PE7y B363-20405 Had (01329
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ags intensely stained and onenisd owards the base of the
rebuls. In these cells the oytoplasm had migrzied posteriotly
jsrow — Frg. 3b) resulang in the icrosome being generaly
dose to the plasma membrane. Lepiotene pnmary sperma-
racytes occurred, which were round cells with large round
cuclet and cghtly packed threads of chromeann. Either
pachyiene, or occzsionally diplotene, pamary spenmatocytes
were present and generally oveid in shape. Their nucle were
round znd contined conspicuous chromztn threads.

In S=ge VII the spomaud nucei were reduced inosize
compared warh those in Swage VI and they smined more
sroagly with toluidine blue. They were generally onented
rowards the baw] lamina and the chromazn was condensed
along the nuclezr envelope {arrow = Fig. 3¢). The acrosome
covered the anrerior region of nuclsus and was deeply
sainsd. Leptotens primary spermaztocytes conmired round
cenmal nuclei with thicker chromuaon threads Diplotene
Primary spermatocytes were irregular in shape, had sphencad
nucleas, and were larger in dizmersr than the pachytene
pumary spermatocyTes at the previous stige. 1heir chroma-
un was looscly packed and most of the nudeus was enly
wezidy smined {Fiz. 3c).

Swge VIII had sprrmands ehar were elongated and had
more soongly smined chrormtin than in the previous smge.
They wers embedded in recesses of the cell memmbrane of the,
Sertoh cells and orented towards the basal lamina, Nudlear
vzcuoles could be seen (arrowhezd — Fg. 3d). Most of the
ke spermmadds had nucler with zpical extension(sj {arrows —
Frg. 3d}, and acrotomes that were lighdy smined. Leprorene
and diplotene primary spermatocytss had similir morphol-
ogiss to those of Sage VIL _

Suge IX began with the diplotene spermatocytss under-
going meiosis to form exrfdy round spermacds and ended
with the completion of the second meiothc division.
Zygotene primary sparmarocyies were present and round
1 shape; the swonzly smined nuclel showed more cghiy
packed chromatin than those of leptotene prunary sperma-
tocytes. The Late spermands were elongared and locared near
the lumen, and their chromatin hed condensed along the
nuclesr envelope. The acrosome was strongly stzined

Frequencies (%) of the sicges of cpde of the seminiferous

epithedium

The frequency of each of the rine cell asociitons is
presented in Table 1. The tota]l number of seminiferous
twbule cross sections covnted was 1230 from six animals, two
of which were collectad in 2001 2nd the other four in 2043,
Swage I occurred most often. with an average Ssquency of
28.3% (range 11.1—41.6%), wherzas Stage VIII was the leaz
frequent, and was observed in only three of six animzk with
3 nnge of 1-3.7%. In three males (I 2-003, Bi 5-001, Bs
14-001) Stage 1T was the most frequent, whereas Sage V was
the most common in Bi 7-003, Bi 803 and B 11-003.
Although some vimstion in the most freguent cell 23003~
tions was found berween snimals, in 2}l cases Sreges VI VI

© 0t Binck wrl Publnheng L. brommond frsed of Aadeingy. Dos 10 111575 1365-2005 2004 073292

Tablo 1. Number and lrequency (%) of each germ call assoclation In seminifarous lubule crass sactions of groater bandicoat rats

No. with

No. with

Total ne, with

Numbar and hequancy {X) of tubules with typical cell associations

mu|li'slc1ge

alypicol

typical call

Seminiferous epithelium in bandicoo! rots

associations {%)

ossaciotions (%)

associalions

Vil IX

Wil

Vi

v

Animal no,

34{12.3)
26 (9.5)

18 {4.5)
62 (22.7)

224

2018.9)

0
0

411.8)

21 (9.4) 83,6}
6(3.2)
14 (6.1

451{20.1)
23(12.4)

45(29.00  I&(164)
77 {41.4)
76 (33,3

25(11.2)

Bi 5-001

185
220

) (0.5)
18 {7.9)

1{0.5)
411.8)

0

19 {10.0)
15 (6.6)

36 (19.5)

22111.9)

i 14-001
Gi 2:003

Bi

3220
27 (12,1}
12 (8.3)

6 (2.3}
12 {0.5)

313

47 {20.6)
2009.6)

251(11.0)

26 (11.4)

3{2.9) 102

1{1.0)
4{3.7)
0

11 {10.0)
24122.2)
10 (%.0)
2317.7)

22 (1.6)
26 {24.1)
251(24.5)
128 (13.5)

14{13.7)
16 (14.8}
V7 18.7)
144 15.2)

10 (9.8} 21 {20.¢}

7 16.5)

-003

22 15.5)
21 15.9)

141 {11.5)

100

110.9)

1 (1.0

44 (4.6)

201.9)
4(5.9)
17 [1.8)

16 (14.8)
12 (11.8)
163 (19.1)

121411.1)

Bi 8-003

9 14.8)
140 (11.4)

102

20 (19.4)
271 [78.5]

11 10.8)

101 {10.4)

B 11-003
Total {moan)

249

810.8)

5
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Figure 4. Seminderous hbules of Bandicoto indico testis contoinng move
than one cell associalion in the some cross-sedion {a) Stoges V, ¥Vl and IX, (b}
Stoges I ond IV, (¢} Stoges | ond V ond [d} Sloges 18, IV and VIt All scole
bon = 25 um

and IX cach comprised <10% of the total number of tubule
cross sections and Stage | never exceeded 12% of the total.

In 140 of 1230 tubule cross-sections examined. more than
one ¢cll association was present in the tubule cross secton.
Such wbule cross-sections occurred with an average fre-
quency of 11.4% (range 6.8~19.1% for the different
individuals). The most common muxed cell assocuations 1n
the tubule cross sections were cither Stages [ and 1X, V and
VI, or Hl and 1V, but many combinations of celi associations
{see Fig. 4a-d) were found to occur occasionally Three, or
even four, stages were present in a single cross section 1n 14
ol the tubule crous-sections exanuned, ¢ g 1in Bi 2-003 cheic
were Stages V, VI and IX 1n onc tubule cross secuon (see
Fig. 43).

In 141 of the 1230 tubule ¢ross sections examined there
was at least one germ cell populanon that was different from
that pormally seen wathin the cycle stage, with the resuls that
aryprcal cell associations were present. Such ausocuatuens
occurred in an average of 115% f[range 2 3-227%) of
tubules exarmined for a parncular indnndual Annnaly 1 &
003, M 11-003, and 13 14-001 2l had >15% tubule cross-

sccuons with atypical <ell associanons (Table 1) Mown
abrarmaliues were associated with cell assocntion 1V
Normally in thus stage there 11 no highly condensed

spermznd popuiaton close ta the lumen 3y 1ecent release
of tpermatozos had genemlly occuned However, i some
tubule cross sections, late spermatds were soll presest. and
preleprotene pnmary spermatocytes were abwrnt Inoathe
cuer of stypacsl cell avacnneny a genennion of geann celh
w1y absent from the rypical cell assocanen (e g oin Stage 11
where there were no late spermuands in the cren et of
one tubule). or developmient of 2 spermund populin
sppeared to be delaved wuh respect e
Step 9 spermatedy genenlhe

tYpes present For example,

Figure 5. Termingl deompnucheanite tomsber medoned T clih mad
kebeling voned wermemilerous hbule Cron st thamerag sl g
of prhnctc germ ced mucter [o], ared hegh prormer phusara g da e meg

that these included both primoary speematocptes (b ol yerma e oy | ' ke
Bory = 25 um [o0). ond 10 um fh) ord (1)

occurred 0 Stage [N when the older perneiinion v
spermatocytes was underpoing the ooty
3 few ruhulc CLOR-5C T Sbi e wtliatiine ey iy e

1cen 1o vCur N canan. tioen wath thie e

The TUNEL rovules shiomes thet cocans o] per
were undergoing apopromn st the e e ihaly wegr
killed Thee celly erther pwaiteredd grogly o ar piall groog-
3 parocular tubule crosioaertiin (hg Sol Albasgpts the o -l
most frequently undergonng st N s LI
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| Figure 6. Fluorescence microscopy of nuclei of cavda epididymal sperm
I from one Bondicote indico odult male stained wilh propidium iodide showing
highly vorable nucleor shope Scale bor = 2 8 pm

were evident I By 42003 and B3y 7-003 morphorype 1 was
the wost frequent, whereas sn B 6-003 morphorype 2
predontnated, whereas i By 11-003 moiphorvpe 3 was by

tar the most common

Discussion

Althaugh there 1s some basic knowledge of the ocstrous
cycle, pregnancy length and hiuer size of female greate:
bandicoor rats (Boensong, 1484), and the sperm morpholopy
of males Breed, 19937 1998), the orgamization ol male germ
cells in the tesus has not been desenibed for dus speaies. In
the  present tound that
orgamzanen dunng the cycle of senumterous epithchum in
greater bandicoot rats 1s more vanable that of both laboratory
rodents and a closely related species, the lesser bandicoort rt
(Sinha Fokim et al., 1585),

In cross sections of sermimiferous tubules of the labgratary
rodents. as well as of the lesser bandicoot rat, the same cell

study we  have the germ ccel)

associsnon generally occupres an entire tubule cross secnon.
In greater bandicoot rats, by contrast, this 1s sometnunes not
In all of the individuals of this species that were
10%, of the tubule cross-sections
contained two or more cell associauens. In soine ot these
A550C1200NS

the case
ivesngated, around

mulo-stage  tubular cross-secnions,  the  cell
present were sequental an the cycle of the senmumferous
epitheliem, and thus represent the spatial transinen from one
stage ta the next. Such an orgamzanon s consistent with o
segmenaal arrangement of associavons along the length of a
rubule as occurs 1in the laboratny rat {Perey et al | 1061,

Roussell er of | 1990). In the other mulu-stage cross secnons

Seminiferous epithelium in bandicoot rats 7

however, cell assocuations adjacent to each other 1n the
cpithelium were non-sequentual The orgamzation widin
these tubular cross secnons therefore somewhat resembles
that of humans (Clesmont, 1963; Schulze & Roehder, 1984,
Johnson, 19940), and some other primate species {Chow-
dhury & Scemberger, 1970; Sothwiack of al | 1996; Wistuba
cral . 2003) i which cell associations are confined to simaller
regrons of the epithehum and may have a spiral wave,
contrast to that of common lhaboratory rodents or the other
species of bandicoor rat, B bengalenss.

The orgamzacon ot the senvaiferous epithehuny in the
testis of geater bandicoot rats alsa differs from that of the
Iaberatory rodents and lessee bandicoot rats wath respect o
the constaney of geim cell composiuon of parncular cell
assocnuons Whereas in the latter species parocular matu-
ranonal stages of gerat cells nearly always occurin synchrony
with  other  speaific maturauenal {Leblond &
Clermont, 1932, Clermont, 1972), 10 the greater bandicoot

tats between 2 and 23% (average 13%0) of the tubule cross

stages

secnons had at least one group of matunng geum cells within
a cell associanien that was out of synchrony wiath the rest and,
occasionally, a poucular generanon of germ cells appeared 1o
be completely nussing Individual cell associations occupying
smaller areas of the eprthelsum and the nuxing of germ cells
between associations at their physical boundanes may
parnally explain an increased nadence of arypical cell
associztions 1 this species, however 1t can not account for
mssing gevm cell generations. Massing genn cell generanony
could reflect a lack of spermatoponnl divisions during 2
partucular cycle, or the death of an entre cohort of cells such
that na cells of a partcular oype are cncountered within a
seciion of nssue Why this nught oceur miore often i this
spraies however, remains to be determuned.

In the arypical cell associanions observed, the germ cell
populanen most commonly out of synchrony with the other
cell populanons was the most mature spermand populanon,
The relaunvely common occurrence of elongated spermaunds
i stage 1V oindicates 2 delay 1n spermuanon. although
spermands at an earhier step n spernuogenesis thao thatin a
typical cell association also occurred A delay or arrest in
spermand development, resulung i atypical cell associations,

Table 2. Numbers of sperm nuclei
in the various dilferent shape

Sperm nucleor shopes (see Fig ke

cotegones shown in Fig 6 for four

individual grealer bandicool rats Animol no N® 1 ? 3 4 5 6 7
Bi 4-003 289 92 (32%) 55(19%) 29 {10%) 14 (5%) 35(12%) 12 {4%) 52{18%)
B 6003 1846 13(7%) 73139%) O 56 [30%) 26 [N4%] 9 (5%) 9 ({5%)
Bi 7.003 327 108 (33%) O 26 (8%) 56 {(17%) 26 (8%) 3&6(11%) 75(23%)
Bi ¥1-003 276 4V {15%) V4 (5%] 215(78%] O & (2%) 0 0

“Total number of sperm counted for each individuol
brumbers refer to head shape showa in Fig. 6

@ 2004 Blackwell Publshing Lad. Tnrermamond Jound of Audedogy, 3or 10 111175 13652605 200400329 5
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has been documented during the establishment of sperma-
- [BBrogenesis in pubertal golden hamsters (Miething, 1998), but
disappears as Leydig cell maturanon is completed. However,
both groups of male bandicoot rats we obtined were
collected ac the same place and time as pregnant fermnales.
Furthermore, since the body and testes weights were typical
of sexually mature, adult males of the species (Breed &
Taylor, 2000), we thus assume that these males were sexually
mature and not just entening the onset of spermatogenesis.
Another possible explanation for spermand vanability within
an assoclauon in this species relates to the pleiomorphism
observed 1n mature spermatozoa. Perhaps differences in the
appearance of the elongated spermatid populations in some
associations reflect variabihty in the nuclear form of the
spermatozoa.

Several possible explanations have been put forward for
the synchronous development of different generations of
germ cells within a cell association, including interactions
between the germ cells and Sercol cells that regulate
development, factors produced by more mature germ cell
populatons influencing the development of younger cell
generations, and simultaneous acuvation of different devel-
opmental events in the germ cell lineage at a specific localivy
by pertodic sumuli (Roussell et ai., 1990}, Whatever the
cause, from its organization, it appears that maturation of
germ cells wathin the seminiferous epithelium of the greater
bandicoot rat is not be as tightly synchronized as that of
common laboratory rats (Russell eral, 1990} and lesser
bandicoot rats (Sinha Hikim et al., 1985). Furtherimore,

bandicoot rats. In some regards they show some similanty 1o
that of humans, apes and New World primates (Chowdhury
& Steinberger, 1976; Johnson ef al., 1992; Johnson, 1994a;
Smmthwick eral, 1996; Wistuba e¢r al . 2003) Greawo
bandicoot rats have previously been found also o have
highly denved and pleiomorphic cauda epididymal_sperm
populattons (Breed, 1993, 1998) and, 1n the present study,
the pleiomorphic natore of the spenm nucler was also
confirmed. Furthermore, previous transmussion elecuen
microscope studies have shown nuclear wvacuoles were
sometimes present In spermatids and epididymal spermatozoa
and that there 15 a vanable response between the spermatozoa
i chromann dispersion when c¢auda  spermatozoa  are
incubated in detergents (Breed, 1998) Therefore, the
present observations, together with those made previously,
indicate that some of the processes of germ cell maturanion
and the final form of the sperm of the greater bandicoot vat
show some symilanty to the sttuation in humans (Bedtord
et af., 1973, Fawcert, 1975).

In conclusion, the greater bandicoor vat, thatis a comumon
and widespread species throughout much of souch-east Asia
(Corbett & Hill, 1992; Musser & Carleton, 1993}, may wrn
out to be 2 useful model for investigations on the processes
controlling spermatogenesis and sperm form because of the
lack of tight synchrony in both germ cell maruration and
final sperm form that occurs. Andrologists in south-east Asia
may thus have a very useful model for probing questions on
the regulatory processes of male germ cell morphogenes:s

and maturanion both of which are extremely poorly

when TUNEL was carried cut, it was found that occasional I undestood phenomena ac the presenc time {Sharpe, 1994).

apoptotic cells, including spermatogoma, prnimary spermato-
cytes and spermands, were scattered throughout the germinal
epithelium. This is siimlar to the situation In human testes
(Brinkworth ef al., 1997; Sinha Hikim et al, 1998), buc
unlike that in the rtestes of laboratory mts and mice
(Brinkworth et al., 1995; Sinha Hikim ef af., 1997; Knishna-
murthy et af., 1998).

This study thus shows that this species of bandicoot rat,
B. indica, has several features of the germ cell organization in
the testis that differ from that of the laboratory rat and Jesser
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The sperm head of mammals is largely composed of a nucleus and acrosome and
in most murid rodents it is falciform in shape. Two southern Asian murids in the genus
Bandicota, however, have evolved a unique sperm head that is conical with a small
nucleus capped by a massive acrosome. In the present study we investigate the
histochemistry of sperm chromatin during late spermiogenesis. For this, male B indica
were collected in Thailand in September 1996 and January 2001. Testes were fixed in
3% buffered glutaraldehyde and either osmicated and stained with lead citrate and
uranyl acetate, or fixed with alcoholic 3% phosphotungstic acid (PTA) ovemight. In
conventionally stained material chromatin appeared as large cords within which there
were nuclear vacuoles with 50-90 nm electron-dense globules. PTA-stained material
showed variable staining; some had peripheral electron-dense chromatin (Fig.1-4),
suggesting lysine or thiol-rich nucleoproteins in these regions. How the chromatin is
eventually packaged remains undetermined, but these observations indicate some
unusual features of chromatin organization during late spermiogenesis; this may relate
to the bizarre sperm head shape that eventually results.
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Fig.1 Early spermatid; dispersed chromatin in the nucleus (N) ; with strong PTA
stained material under the acrosome (Ac).

Fig.2 Late spermatid; strong PTA stained chromatin in the posterior region of
the nucleus; anteriorly a small localized (arrow) region of PTA positive
material also occurs.

Fig. 3 Late spermatid or probable specrmatozoan; strong PTA stained material
in upper middlle part of nucleus (arrow) and near the basal plate

(two arrows)

Fig. 4 Very late spermatid or probable spermatozoan; sperm nucleus with no

PTA-staining except the region in basal plate (arrow)
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EFFECTS OF TWO PLANT SECONDARY METABOLITES, CINEOLE AND GALLIC
ACID, ON NIGHTLY FEEDING PATTERNS OF THE COMMON BRUSHTAIL
POSSUM

Plant secondary metabolites (PSMs) can assist in a plant’s defence against herbivory. The common
brushtail possum (Trichosurus vulpecula) is a generalist folivore, adapted to consume a varicty of plants,
This enables them (o encounler a wide range of PSMs, but cach at low concentrations. We arc interested in
the behavioural responses of herbivores to PSMs, and whal implications these responses have on their diet.
The aim of this investigation was 1o determine patlerns of feeding behaviour in brushtail possums in
response to PSMs occurring in foliage they naturally consume,

We introduced two PSMs, cineole and gallic acid, inlo an artificial diet. Firstly, we tesied whether
possurns altered their feeding behaviour in response to increasing levels of cineole. Diets contained three
concentrations of cineole; zero, medium and high. Following this, possums were offered a choice PSM diel
(cineole and gallic acid diets simullaneously) or a no-choice PSM diet (containing either cineole or gallic
acid). With increasing cineole levels, possums ale less, had smaller feeding bouts, and had a lower ratc of
intake, but did not extend their total nightly feeding time. Possums offered the choice PSM diet compared
with the no-choice diets, ate more, had larger feeding bouts, and tended to increase their rate of intake.
These results indicate that PSMs not only constrain overall intake, but that possums alter their feeding
behaviour in response to them. Altered feeding patterns may reduce the negative influence of PSMs on
intake.

WORAWITTAYAWONG!?* P Leigh!,C., Peirce', E., Sretarugsa®, P., and Breed', W.
Bolliger Award Candidate

'Department of Anatomical Sciences, University of Adelaide

*Department of Anatomy, Mahidol Universily, Bangkok, Thailand

QUALITATIVE AND QUANTITATIVE PRODUCTION OF SPERMATOZOA IN THE
ASTAN BANDICOOT RAT, BANDICOTA INDICA

The genus of the southern Asian murd rodent Bandicota is close 1o Rattus. Nevertheless, previous
observations have shown that, in two species, highly divergent spermatozoa from those of Raius occurn
which there is generally a globular sperm head and very short tail. The present study on one of these
species, B. indica, has quantitatively determined in 10 adult males (i} the varation in spenn head shape,
and (ii) the organisation of the germ cells during maturation within the seminiferous epithelium. For the
former approximately 100 cauda epididymal sperm from each individual were measured and allocated to
one of several morphotypes and, for the latter, plastic sections of the testes were cut, stained with toluidine
blue, and germ cell maturational stages dctermined in around 100 tubule cross seclions from each
individual.

The results showed that, although all sperm had pyriform or globular-shaped heads, there were
invariably several different morphotypes present within the mature sperm population. Within the
seminiferous tubules, 8 germ cell associations were recognised of varying abundance and sometimes germ
cells out of synchrony with the typical cell association were found. These findings highlight that, in this
species, sperm form shows marked heterogencity as well as variable degrees of synchrony between the
maturing germ cells within the cell associations. This suggests that the genetic control of sperm form has
been relaxed such that synchrony of germ cell maturation does not occur and sperm pleiomorphism is

evident in the mature spermatozoon population.
This work was sponsored by the Royal Golden Jubilee Thai Program. Thauland Rescarch Fund.
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Is the Highly Divergent Sperm Nuclear Shape in Bandicoot Rats
due to an Unusual Process of Chromatin Condensation?

P Worawittayawong™ ", P Sretarugsa®, CM Leigh? and WG Breed®
® Department of Anatomy, Faculty of Sciences, Malidol University, Banglok, Thatland.
b Department of Anatomical Sciences?, Adelaide University SA 5005 Australia.

Objective
To investigate the histochemistry of sperm chromatin during spermiogenesis.
Methods

For this, male B indica were collected in Thailand in September 1996 and January 2001.
Testes were [ixed in 3% bulfered glutaraldehyde and either osmicated and stained with lead
citrate and uranyl acelate, or fixed with alcoholic 3% phosphotungstic acid (PTA) (2) overnight.

Results

The sperm head of mammals is largely composed ol a nucleus and acrosome and in maost
murid rodents it is falciform in shape (1). Two southern Asian murids in the genus Bandicota,
however, have evolved a unique sperm head that is conical with a small nucleus capped by a
massive acrosome. In conventionally stained material chromatin appeared as large cords within
which there were nuclear vacuoles with 50-90 nm electron-dense globules. PTA-stained material
showed variable staining; some had peripheral electron-dense chromatin (Fig.1-4), suggesting
lysine or thiol-rich nucleoproteins in these regions.

Conclusion

How the chromatin is eventually packaged remains undetermined, but these observations
indicate some unusual features of chromatin organization during late spermiogenesis; this may
relate to the bizarre sperm head shape that eventually results.
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A Possible Cause for the Presence of Vacuoles in the
Nucleus of Spermatids and Spermatozoa of the Bandicoot
Rat (Bandicota indica)
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Objective

In this study we ask the fotlowing questions: what s the distribution of hastones and transition
proteins in the spermand nucter of the bandicoot rat, and do the nuclear vacuoles exhibit different
proteins from the rest of the sperm chromatin?

Method

For routine TEM small preces of testes were fixed in 2% etutaratdehyde, embedded in
araldite, and stained i uranyl and lcad citrate. For PTA staining testes were fixed in 4% glutaralde-
hyde. stained with 3% phosphotungstic acid (PTA) in 100% cthyl alcohol and embedded in Epon
(1). For gold labeling with the antibodies to histones and transtuon proteins. pieces of lestes were
fixed in 0.5% glutaraldehyde. embedded in Lowicryl K4M . cat. and incubated in either a monoclonal
anti-histone (H2A, H2B, H3. or H4) (2) or polyclonal anti-transiion protein (TP1 or TP2) (3)
antibody raised in rabbits. After washing, incubation in 10 nm gold conjugated goat antirabbit 1¢G
was performed and distribution of goid particles determined.

Results

Routine TEM uf spermatids showed that during chromatn condensation fibrillar chromatin
with localized electron lucent regions wath grunules occurred. Further chromatin condensation then
took place throughout most of the nucleus but the localized tuer of electron lucent regions remained.
Alcoholic PTA showed strong positive staming peripheraily as well as in a localized area in the
anterior region of the nucleus but this region did not appear o coincide with location of nuclear
vacuoles. Observations of gold laubeling with ant-TP1 showed abundant. widespread, labeling over
the condensing chromatin bul absence of lubeling aver the clectron lucent nuclear vicuoles. Anti-TP2
and anti-H3 also labeled the condensing chromatin but oot matenial i the nuclear vacuoles.

Conclusions

These resulis contirm that i the bundicoot rat condensing spermatid nocler focahzed tocr of
electron lucent regions occur These regions do not stamn with alcohohe PTA nor does gold labehing
with anti-TP1. ant-TP20 or anti-H3 antibodies occur over these regions unlike the rest of the
condensing chromann. We thus hypothesis that nuclear vacuoles may result from an absence of
transition proteins heine knd down duning spermiogenesis. this may also be the case for vacuoles in

human sperim nucler.
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