
lower than those for 5-AVA, at a concentration of
10�3mM. Previously,5-AVAwas shown to stimulate
larval attachment in H. rufescens at 1mM (Morse
Hooker, Duncan et al.1979), and attachment without
metamorphosis in H. virginea at1mM. Commercially
available 5-AVA at 10�3mM has been shown to in-
duce 43% of H. discus discus and H. discus hannai lar-
vae to metamorphosis at 43%. Subsequently, 5-AVA
has been isolated from the algaH. samoense (Suenaga
et al. 2004), but not tested for settlement potential.We
have found 5-AVA to be better than GABA. Pre-
viously, Kaspar and Mountfort (1995) demonstrated
that GABA receptors have an absolute need for the
primary carboxyl group, with minor substitutions at
the g position, but with no major deviation in chain
length. Hence, compounds with GABA-like settle-
ment-inducing properties are dependent on receptor
requirements. Therefore, we hypothesize that GABA
and 5-AVA may have induced more settlement num-
bers due to a structural feature of a selective external
receptor or a receptor within ciliated larvae, as GABA
seems to be a true inducer and 5-AVA as well, as it is
structurally analogous (Morse Hooker, Duncan et al.
1979).

L-glutamic acid, the precursor of GABA, was also
used in our studyandwas e¡ective in inducing larval
settlement. AlthoughMorse et al. (1979) reported that
GA induced H. rufescens to settle in low numbers
(12%), later investigations showed that this chemical
was a potent larval settlement inducer and induced
33% larvae of H. discus hannai to settle after 24 h
(Kang et al. 2003).When GAwas used in conjunction
with benthic diatoms, the numbers of settled larvae
increased to 82% (Kang et al.2003). Our data are con-
sistent with their results regarding GA ability to in-
duce settlement in H. asinina.We also tested another
form of glutamate, MSG, which is inexpensive when
compared with the other three chemicals. MSG
showed settlement-inducing responses similar to
L-glutamate, but a much higher dose is required,
where MSG at 25mM was e¡ective (50%) in settling
larva. Moreover, MSG appeared to be the least toxic.
Due to its easyavailability in local markets, including
e⁄ciency, when compared with expenditure ($US
2.6 kg�1) for the other chemicals, GABA ($US 654),
5-AVA ($US 9880) and GA ($US158) (prices sourced
from Sigma-Aldrich and local markets 2006), there-
fore, it may be of more practical use for lower-funded
facilities and farmers. Publication of the results of
this study provides much-needed information for
aquaculture of abalone, which are important eco-
nomically. The yield of larvae in abalone farms could

be increased by using any one of these inducers,
especially MSG, which is a cheap alternative to the
other expensive chemical inducers.
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Abstract In this study, we aimed to detect morphological
and biochemical changes in developing germ cells (Gc),
testicular sperm (Tsp), and spawned sperm (Ssp) using
capacitation-associated characteristics. Gradual changes in
the profiles of two membrane proteins, namely NaCl- and
detergent-extractable proteins, were observed as compared Gc
with Tsp and Tsp with Ssp. These membrane modifications
were accomplished mostly through the introduction of new
protein sets, both peripheral and integral, into Tsp and Ssp
membranes. Activation of serine proteases, particularly in Ssp
detergent-extracted proteins with the molecular masses of
38–130 kDa was evident and marked a major difference
between Ssp and Tsp. An increase in the level of tyrosine
phosphorylation of the proteins ranging from 15 to 20 kDa
was noted in Tsp and remained constant in Ssp. Specifically,
these three capacitation-associated characteristics could be
detected in Ssp, possessing full fertilizing capacity. The lack
of an activated proteolytic activity in Tsp resulted in a delayed
fertilization, but not affected fertilizing ability. We believe that
these characteristics should be advantageous in predicting
abalone sperm fertilizing capability, particularly in cases when
isolated germ cells or purified Tsp are used in place of
spawned sperm in abalone aquaculture.

Keywords Abalone . Sperm . Capacitation .

Phosphorylation . Acrosomal enzymes

Introduction

In marine invertebrates, sperm readily possess fertilizing
capability upon their release into seawater to fertilize eggs
externally in natural habitats. Success of gamete interaction
appears to be limited by a rapid dispersion of the released
gametes upon spawning (Giese and Kanatani 1987; Levitan
et al. 1991). Therefore, synchronization or “broadcast”
release of the gametes significantly enhances a chance of
contact between sperm and eggs (Dusenbury 2000). In
addition, factors such as period of time over which the
gametes are released, the number of gamete released, and
the proper ratio between sperm and eggs determine the
success of fertilization (Yund 2000; Meidel and Yund
2001). In abalones, the low yield of fertilization rate
encountered in their aquaculture is frequently due to the
non-simultaneous spawning of male and female animals
(Encena II et al. 1998; Grubert et al. 2005). Therefore in
practice, testicular cell isolates are sometimes used in place
of spawned sperm to fertilize the freshly spawned eggs,
which results in some degree of success but also with
highly variable outcomes. This inconsistency may be partly
due to the variable amount of mature testicular sperm and
contamination from testicular extracts.

Many molecular events required for enhancing sperm
fertilizing capability are associated with the process known
as “sperm capacitation” (Bedford 1983; Yanagimachi
1994). Although extensive accounts on sperm capacitation
have been mostly reported in mammals, the evidence of
capacitation-like process in some crustaceans, such as
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shrimp (Sicyonia ingentis and Penaeus monodon) and crabs
(Pseudocarcinus gigas), has also been reported (Lindsay
and Clark 1992; Gardner and Williams 2002; Alfaro et al.
2003; Vanichviriyakit et al. 2004). Most biochemical
alterations during capacitation take place at sperm plasma
membranes which involve extensive modifications of
sperm membranes through the adsorption of proteins from
the fluid environment where sperm reside or the removal of
preexisting membrane proteins (Yanagimachi 1994;
Vanichviriyakit et al. 2004). In addition, a pronounced
increase in the level of protein tyrosine phosphorylation
closely associated with sperm capacitation has been
extensively evident in mammals (Visconti and Kopf 1998;
Naz and Rajesh 2004) and to some extent in invertebrates
(Vanichviriyakit et al. 2004). Additionally, it has also been
reported in penaeoid shrimp that sperm serine proteases, in
particular trypsin-like enzymes, known to be crucial for
acrosome reaction (Rios and Barros 1997; Griffin and Clark
1990), are activated upon transfer of spermatophoric sperm
into female storing sac (thelycum), the site where sperm of
the closed-thelycal shrimp acquire their fertilizing ability
(Lindsay and Clark 1992; our unpublished results). In this
study, we monitored the distinctive morphological and
biochemical changes that occurred in developing germ
cells, testicular sperm, and spawned sperm using capacitation-
associated characteristics which may be used to predict sperm
fertilizing ability, thus enhancing the successful fertilization
rates in abalone aquaculture.

Materials and Methods

Preparations of Germ Cells and Sperm

Sexually mature males (>24 months old with 250–280 g in
body weight) were maintained in concrete tanks at the
Coastal Aquaculture Research and Development Center,
Prachuabkirikhun province, Thailand. To collect testicular
germ cells, fully mature testes with a creamy yellowish
appearance were carefully dissected free from hepatopancreas
in filtered seawater (FSW). The tissues were washed
extensively with FSW, minced into small pieces, and
subjected to gentle agitation (room temperature, 30 min)
to release testicular germ cells. The cell suspension was
centrifuged (600×g, 4°C, 10 min), and the pellet was
resuspended in FSW. Separation of testicular sperm from
other germ cells was performed by a discontinuous Percoll
gradient centrifugation. Briefly, 2 ml of testicular cell
suspension was layered on top of an 8-ml Percoll gradient
(20–80%) in FSW and centrifuged (1,000×g, 4°C, 30 min).
Two population of cells, one sedimented at the interphase
between 40% and 60% Percoll (composed mainly devel-
oping germ cells—Gc) and the other pelleted at the bottom

of the tubes (enriched in testicular sperm—Tsp, see
“Results”), were carefully collected and processed for a
Hoechst 33258 nuclear staining according to the manufac-
turer’s protocol (Molecular Probes, Eugene, OR, USA).
Cell identification and counting were performed under light
and fluorescence microscopes. For physiological tests, the
isolated cells were washed (600×g, 4°C, 5 min) with FSW,
and the pellet was resuspended with FSW to a final
concentration of 107 sperm/ml. Spawned sperm were
freshly collected from seawater surrounding the male
broodstocks during spawning (referred to as “Ssp”). They
were washed and resuspended as mentioned above and
immediately used in the following experiments.

Scanning and Transmission Electron Microscopy

Samples of Tsp and Ssp were immediately fixed with 2.5%
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.8 (4°C,
4 h). After washing, samples were post-fixed with 1%
osmium tetroxide in the same buffer (4°C, 1 h). Subse-
quently, samples were washed twice and dehydrated with a
series of increasing concentrations of ethanol. For scanning
electron microscopy (SEM), samples were further subjected
to critical point drying in liquid CO2 and sputter-coated
with palladium. Finally, they were observed under a Hitachi
S-2000 SEM at 20 kV. For transmission electron micros-
copy (TEM), the dehydrated samples were transferred to
acetone, infiltrated in the mixture of acetone/resin, and
embedded in Araldite 502 resin (Electron Microscopy
Sciences, Fort Washington, PA, USA). Thin sections
(70 nm thick) were cut and placed on 300-mesh copper
grids, stained sequentially with uranyl acetate and lead
citrate, and then observed under a Tecnai T20 TEM at
80 kV. The dimension (width × length) of the sperm head
were measured from at least 25 sperm to obtain mean±SD,
and the data were analyzed statistically by a Student’s t test.

Extraction of Cell Surface Proteins

Isolated Gc, Tsp, and Ssp were washed twice with
prechilled phosphate-buffered saline (PBS) and centrifuged
(600×g, 4°C, 5 min) to eliminate loosely bound molecules
from the cell surface. The pellet was then resuspended and
incubated (4°C, 30 min) with 1 M NaCl in PBS with gentle
shaking. After centrifugation, the supernatant (referred to as
“NaCl extract”) was collected and re-centrifuged (12,000×g,
4°C, 10 min) to eliminate any small particulates. Protein
concentration was measured by Bradford’s protein assay
(Bradford 1976) using a Sigma Bradford’s protein assay
reagent (Sigma, Saint Louis, MO, USA).

To isolate integral membrane proteins, a detergent
partitioning protocol was followed (Bordier 1981). Briefly,
Triton X-114 in PBS at a final concentration of 1% was
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added to the pellets remaining from NaCl treatment. This
cell suspension was briefly sonicated (100-W output, 15-s
intervals, three times) and allowed to stand on ice (15 min)
with occasional agitations. The cellular fragments were then
pelleted (12,000×g, 4°C, 10 min), and the resulting super-
natants were left at room temperature until cloudiness in the
suspension was observed. Thereafter, this suspension was
then laid on a sucrose cushion containing 6% sucrose and
0.06% Triton X-114, and the phase separation was
facilitated by centrifugation (500×g, room temperature,
3 min). The bottom detergent phase was collected, and
the phase separation on sucrose cushion was repeated to
clean the detergent soluble materials (assigned as “detergent
extract”). To remove detergent from the extracted mem-
brane proteins, an ice-cold delipidation mixture consisting of
tri-n-butylphosphate:acetone:methanol (1:12:1, v/v/v) was
used in an incubation (4°C, 4–5 h) with the detergent extracts
at a final proportion of 14:1 (Mastro and Hall 1999). The
precipitated proteins were pelleted (2,000×g, 4°C, 10 min),
washed twice with cold acidified acetone (100:1, acetone/1 N
HCl, v/v), and finally resuspended in 10 mM Tris-buffered
saline (TBS). Protein concentration was determined by a
detergent compatible Lowry’s protein assay using bovine
serum albumin (BSA) as the standard (Lowry et al. 1951).

SDS–PAGE and Immunoblotting

Sperm proteins (~10 μg) including whole cell lysates,
NaCl- and detergent-extracted fractions obtained from Gc,
Tsp, and Ssp were denatured in sample buffer and
electrophoretically resolved in 12.5% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE)
under a reducing condition (Laemmli 1970). Molecular
weight standards were co-electrophoresed as protein
markers. The protein profile in one set of gel was visualized
by silver staining. Resolved proteins in the duplicated gel
were electro-transferred onto a 0.45-μm nitrocellulose
membrane (Amersham Biosciences, Buckinghamshire,
UK). These transferred protein were treated with 5%
skimmed milk in TBS containing 0.1% Tween-20 (TBS-T)
to block non-specific binding and further exposed (1 h, room
temperature) to an anti-tyrosine phosphate monoclonal anti-
body (clone P-Tyr 102, Cell Signaling, Beverly, MA, USA) at
a dilution of 1:20,000 followed by a horse radish peroxidase
(HRP) conjugated rabbit anti-mouse IgG (Zymed Laboratory,
San Francisco, CA, USA) at a dilution of 1:3,000. The
immunoreactivity was visualized with an enhanced chemilu-
minescence detection kit (ECL, Amersham Biosciences).
Specificity of the anti-tyrosine phosphate antibody was
determined by an inclusion of an excess amount (20-fold) of
tyrosine phosphate conjugated with BSA (Sigma) into the
antibody suspension before proceeding for antibody staining
as described above.

Zymography

The isolated protein samples from Gc, Tsp, and Ssp were
separated by 10% SDS–PAGE containing 0.3% gelatin
under a non-reducing condition. Purified porcine pancreatic
trypsin (500 ng) was also co-electrophoresed as a positive
control. After protein separation, the sample was treated
with 3% Triton X-100 and further incubated in the reaction
buffer containing 100 mM NaCl and 10 mM Tris–HCl,
pH 7.4 (37°C, overnight). Visualization of the proteolyti-
cally active band (as a clear band against dark background)
was performed by staining the gel with 0.125% Coomassie
brilliant blue R-250 and then de-staining with 70% ethanol
containing 10% acetic acid. Alternatively, the resolved
proteins in the duplicate gel were pretreated with 1 mM
phenylmethylsulphonyl fluoride (PMSF) or 0.5 mM soy-
bean trypsin inhibitor before developing enzymatic reaction
in the reaction buffer.

Sperm Fertilization Assays

Spawned eggs released naturally from fully mature females
(aged >24 months) were freshly collected in FSW. Aliquots
of 3 ml FSW containing 103 spawned eggs were added to
the wells of a 16-well plate and kept at 27°C in a water
bath. Upon isolation, 105 Tsp as well as the freshly released
Ssp, resuspended in 200 μl FSW, were gently added to the
egg suspensions. Sequential changes of fertilized eggs
including extrusions of polar bodies and occurrence of
two-cell embryos were used as indicators of successful
fertilization which has been reported in many abalone
species (Septo and Cook 1998; Yi et al. 2002; Liu et al.
2004). These parameters were monitored at 8, 15, and
20 min post-sperm addition. The data were expressed as
mean±S.D. calculated from six replicates and analyzed
statistically using a one-way analysis of variance.

Results

Morphological Comparison Between Tsp and Ssp

Initially, we performed discontinuous Percoll gradient
centrifugation to select testicular sperm from the mixed
population of other germ cells. It was found that testicular
sperm constituted 20–25% of the total population of the
isolated germ cells (Fig. 1b, left bar). Upon subjecting the
isolated cells to Percoll gradient centrifugation, the proportion
of testicular sperm (pelleted fraction) increased to >90%
(Fig. 1b, right bar), and the vast majority of these sperm
were motile. The major contaminants in this sperm
preparation were spermatocytes and early spermatids
(~5–7%).
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The ultrastructural comparison between Tsp and Ssp was
demonstrated in Fig. 2. As observed under SEM, the
surface architecture and the cornical contour of the sperm
head for both sperm samples were quite similar. However,
the width of the posterior part of Tsp sperm head (1.24±
0.03 μm×2.78±0.02 μm) was notably narrower (but not
significantly different, P=5.12) than that of Ssp (1.41±
0.03 μm×2.80±0.03 μm), making Tsp appear slightly slender
than Ssp (panels a, d). At the TEM level, the plasma
membranes (Pm) of both sperm samples were readily
distinguishable from the underlying outer acrosomal mem-
brane (Am, panels b, e). There was no apparent difference in
the thickness of the outer Pm leaflet in Ssp, which may
suggest the adsorption of glycosylated proteins onto the sperm
surface. The electron dense acrosomal matrix appeared to be

uniformly distributed throughout the large, U-shaped acro-
some in both sperm samples (panels b, e). Despite having
large acrosome, there was no evidence to suggest any
compartmentalization of the acrosomal matrices in the manner
that have been reported for mammalian sperm possessing the
large acrosomes (Foster et al. 1997; Kim and Gerton 2003).
The acrosome and nuclear membrane of both Tsp and Ssp
were separated by subacrosomal space, filled with crystalline-
like structures surrounded with electron lucent materials
(panels b, e). The nuclei of both sperm samples were occupied
by highly condensed chromatin, leaving few vacuolar spaces
in between (panels c, f). In the sperm tail, mitochondria were
organized into annular structures around the proximal part of
the tail. The axonemal complexes were surrounded only by a
thin layer of plasma membrane (panels c, f).

Fig. 1 Separation of H. asinina
testicular germ cells using a
discontinuous Percoll gradient
(20%–80%) centrifugation.
a Cells sedimented at the inter-
phase between 40% and 60%
and at the bottom of the gradient
were subjected to Hoechst
33258 DNA staining and exam-
ined under a light microscope.
Left, phase contrast micro-
graphs; right, corresponding
fluorescent micrographs. b The
proportion of Gc (hatched bars)
and Tsp (solid bars) collected as
in a
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Profiles of the Membrane Proteins among Different Sperm
Samples

Modification of sperm plasma membrane has been known
to be one of the major events associated with post-testicular
sperm maturation/capacitation process (Yanagimachi 1994;
Vanichviriyakit et al. 2004). Two types of membrane
proteins (based on their extractability) were analyzed,
peripheral (NaCl-extractable) proteins and integral (Triton
X-114-partitioning) proteins. NaCl-extractable proteins ob-
served in Gc were mostly intermediate- and slow-migrating
proteins ranging from 38 to 200 kDa. In addition, the fast
migrating proteins of 15–33 kDa were mainly present in the
peripheral proteins of Tsp, but were rarely detected in Gc
proteins (Fig. 3, left panel, arrowheads). Compared with
Tsp, the peripheral proteins of Ssp possessed at least three
additional bands with the molecular masses of 26, 42, and
48 kDa (Fig. 3, left panel, arrows). Notably, the 23 kDa
protein was present specifically in the Tsp peripheral
proteins, but not in Ssp. For detergent-extractable proteins,
two major protein bands of 33 and 130 kDa were apparent
in the Gc extracts. Two additional detergent-miscible
proteins with the molecular masses of 27 and 52 kDa and
a set of 45–50 kDa proteins were visualized in the Tsp
extracts, but not in that of Gc (Fig. 3, right panel,
arrowheads). In Ssp, at least six additional integral proteins
with the molecular masses of 24, 51, 78, 80, 97, and
100 kDa were observed additionally to those found in Tsp
(Fig. 3, right panel, arrows).

Fig. 2 Scanning and transmis-
sion electron micrographs of Tsp
(upper panels) and Ssp (lower
panels). SEM (a and d) showing
similar conical sperm heads and
three to four spherical mito-
chondria around the neck and
long flagella in both Tsp and
Ssp. TEM (b, c, e, and f)
showing large U-shaped acroso-
mal vesicle (Ac) with a uniform
electron dense materials (b and
e), a crystalline-like structure in
the subacrosomal region
(asterisk), a highly condensed
chromatin with some vacular-
like structures (Va) in the sperm
nuclei (Nu), and large globular
mitochondria (Mi, c and f) in
both sperm samples. T sperm
tail, Pm plasma membrane, Am
acrosomal membrane, Nm
nuclear membrane

Fig. 3 Comparative profiles of the sperm surface proteins extracted
from Gc, Tsp, and Ssp. High salt (NaCl) and detergent (Triton X-114)
extracted proteins were resolved by 12.5% SDS–PAGE and visualized
by silver staining. Arrowheads and arrows indicate the major
differences in the protein patterns between Gc and Tsp and Tsp and
Ssp, respectively. Mk molecular weight marker
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Activation of Sperm Serine Proteases in Ssp Detergent
Extracts

Sperm serine proteases, significant for the acrosome
reaction, have been shown to be activated upon sperm
transit into female reproductive organs (Lindsay and Clark
1992). This led us to hypothesize that activation of these
serine proteases may also be a crucial step for abalone
sperm to gain their full fertilizing ability. As shown in
Fig. 4A, at least five proteolytically active proteins having
the molecular masses of 38, 40, 46, 68, and 130 kDa were
present in the detergent extracts of Ssp. It should be noted
that these proteolytically active proteins had the different
mobility pattern from those proteins that were additionally
found in the integral proteins of Ssp compared with Tsp
(Fig. 3, right panel, rightmost lane). Conversely, the
enzymatic activity was minimal or absent in the detergent
fractions of either Gc or Tsp. Notably, the only active protein
band that was detectable in the NaCl extracts of all samples
was an 18-kDa protein (Fig. 4A, arrow). This protein was
also found to be active in the detergent extract of Ssp, but not
in Gc or Tsp. Most of the enzyme activities in the
aforementioned proteins including trypsin (as a positive
control) were abolished upon pretreatment of sperm mem-
brane proteins with either 2 mM PMSF (Fig. 4B) or SBTI
(data not shown). However, some residual activity was still
visible at the 68- and 130-kDa protein bands (Fig. 4B, empty

arrowheads). Taken together, these results suggested that
sperm proteases, mainly serine ones, were activated upon the
sperm release into seawater during spawning.

Changes in Protein Tyrosine Phosphorylation in the Sperm
Extracts

Enhanced level of protein tyrosine phosphorylation is
generally anticipated to be a key characteristic that is
tightly related to sperm capacitation in both invertebrates
and vertebrates (Vanichviriyakit et al. 2004; Visconti and
Kopf 1998). Therefore, we also used this characteristic to
detect biochemical changes within the three samples
studied. Notably, immunoreactivity of anti-tyrosine phos-
phate was found to be limited to the small proteins with the
molecular masses ranging from 15 to 20 kDa (Fig. 5A). The
level of immunoreactive intensity of the phosphorylated
proteins was relatively low in Gc, with only a trace amount
of the 16-, 17-, and 19-kDa proteins detected. However, the
intensity level of these three tyrosine phosphorylated
protein bands and the additional 15 and 20 kDa ones were
greatly enhanced in the Tsp sample. This high phosphory-
lation level remained constant in the Ssp sample (Fig. 5A).
When an excess amount of phosphotyrosine–BSA was
included to demonstrate a specific binding of the anti-
tyrosine phosphate antibody, only a background level of the
antibody staining was observed (Fig. 5B).

Fig. 4 Proteolytic activity of
the extracted membrane pro-
teins in Gc, Tsp, and Ssp. NaCl-
and detergent-extracted proteins
of the three samples were
resolved in 10% SDS–PAGE
containing 0.3% gelatin under
non-reducing condition. The
resolved proteins were either
untreated (A) or treated with
2 mM PMSF (B) before devel-
oping enzymatic reactions in the
reaction buffer. Trypsin
(rightmost lane in each panel)
was also co-electrophoresed as a
positive control. Clear bands
against dark background repre-
sent enzymatically active protein
bands. Solid and empty
arrowheads indicate the dimin-
ished and remaining enzyme
activities, respectively, upon
treatment of the resolved pro-
teins with inhibitors. Note the
presence an 18-kDa active pro-
tein within the NaCl extracts of
all three samples and in the
detergent extract of Ssp (arrow)
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Comparative Fertilizing Abilities of Tsp and Ssp

Figure 6 demonstrated fertilizing abilities of both purified Tsp
and Ssp as successful fertilization rates based on protrusion of
polar bodies at 8- and 15-min post-insemination and occur-
rence of two-cell embryos at 20-min post-insemination.
Fertilization rates of Tsp at 8 min were ~25% compared
to ~34% in Ssp. Notably, fertilization rates at 15 min were
~27% and 77% for Tsp and Ssp, respectively, which were
significantly different (P<0.05). However, the percent
fertilization rates at 20 min of the Tsp samples greatly
increased to ~66%, closely approaching to that observed in
the Ssp samples (~76%). The implication drawn from these
results was that the isolated Tsp sperm possessed a fertilizing
ability not dissimilar to Ssp; however, the activation to full
fertilizing capacity might be delayed.

Discussion

Based on their ultrastructural features studied herein, H.
asinina sperm could be classified as a primitive type
because of the following criteria: a very large acrosome
covering the anterior part of the nucleus, large-sized
mitochondria around the neck region, and a simple
structure of the tail consisting of 9 + 2 microtubule
doublets surrounded by plasma membrane (Franzen
1983). In general, ultrastructures of Ssp were quite similar
to those of the isolated Tsp and also to those sperm residing
in the germinal epithelial cords of the testis (Apisawetakan
et al. 2000). The only difference that could be detected was

that sperm head contour of Ssp was slightly wider than that
of isolated Tsp, especially at the posterior region. A
possible explanation of this could be due to the mechanical
compression applied to the Tsp sperm head while they were
embedded in cytoplasm of supporting epithelium or the
swelling of Ssp upon their contact with seawater. It has
been reported that a higher level of intermolecular cross-
linking of protamines rendering higher compaction of
chromosome and sperm head is associated with post-
testicular sperm modification (Yanagimachi 1994). In H.
asinina, chromatin condensation is also modulated by
protamine-like basic nuclear proteins (Suphamungmee
et al. 2005), consistent with other mollusks and even
mammals (Ausio 1999; Balhorn et al. 1999). However, our
results revealing the larger Ssp heads than those of Tsp
(Fig. 2) would suggest that a post-testicular cross-linking of
protamines resulting in the highly compacted sperm head
may not occur in this abalone species.

In this study, we also compared the biochemical and
physiological properties of the isolated germ cells (Gc,
routinely used for fertilizing the spawned eggs in abalone
aquaculture with a variable proportion of developing germ
cells), purified testicular sperm (Tsp, having purity >90%),
and the naturally spawned sperm (Ssp, having full
fertilizing ability). Three lines of experimental evidence
shown herein allowed us to imply that capacitation-related
mechanisms took place during differentiation of testicular
germ cells, which may associate with fertilizing capacity of
these cells, particularly Tsp. Firstly, gradual modifications
of membrane-associated proteins, both peripheral and
integral proteins, could be detected from Gc to Tsp and
Ssp (Fig. 3). These sperm membrane alterations noticed

Fig. 6 Comparative fertilization rates of Tsp and Ssp. The rates were
determined by the occurrence of polar bodies at 8 and 15 min as well
as the presence of two-cell embryos at 20 min under a phase contrast
microscope. One thousand eggs were loaded into each well of a 16-
well plate, followed by the addition of 105 Tsp (black bars) and Ssp
(gray bars). The data were expressed as mean±SD from six replicates.
Asterisk denotes significant difference (P<0.05)

Fig. 5 Detection of protein tyrosine phosphorylation in the different
germ cells. A Western blotted proteins of the whole cell lysates
extracted from Gc, Tsp, and Ssp probed with monoclonal anti-tyrosine
phosphate (1:20,000) and a corresponding HRP-conjugated secondary
antibody (1: 3,000). B Negative control in which the primary antibody
was pre-absorbed with a tyrosine phosphate–BSA conjugate
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along with the enhanced fertilizing ability are known to be
coupled with both sperm maturation and capacitation
processes in invertebrates and mammals (Yanagimachi
1994, Vanichviriyakit et al. 2004). Secondly, an enhanced
level of protein tyrosine phosphorylation was detectable as
early as in Tsp (Fig. 5). Increased phosphorylation in a
broad spectrum of sperm proteins has been thought to be a
characteristic of downstream-signaling event closely asso-
ciated with sperm capacitation in many mammals as well as
in some invertebrates (Asquith et al. 2004; Naz and Rajesh
2004; Vanichviriyakit et al. 2004; Krapf et al. 2007). Our
results reveal for the first time the enhancement of this
signal transduction pathway in the isolated Tsp at a level
comparable with Ssp. These results suggest that the
molecular machineries that mark full fertilizing capability
of the sperm are readily present in Tsp (Fig. 5). Thirdly, the
activation of sperm serine proteases was observed in the
sperm upon spawning into seawater (Fig. 4). This finding
was consistent with the activation of serine proteases,
particularly trypsin-like enzymes, during sperm transit into
the closed-thelycum of female reproductive tracts as part of
capacitation process in penaeoid shrimp (Lindsay and Clark
1992; our unpublished results). These shrimp enzymes
belong to the acrosomal contents that serve their crucial
function in the acrosomal reaction. This function corre-
sponds with the function of the well-studied mammalian
acrosomal serine proteases, proacrosin/acrosin (Arboleda
and Gerton 1988; Barros et al. 1992; Pasten et al. 2005).
Knocking out of this proacrosin/acrosin system has led to a
prolonged delay in fertilization process (Baba et al. 1994;
Adham et al. 1997; Nayernia et al. 2002). It should be
noted that other proteases aside from serine ones (resistant
to PMSF with the molecular masses of 68 and 180 kDa;
Fig. 4b) were also present in the detergent extracts of Ssp.
Identification and physiological function related to fertil-
ization of these proteases still require further investigation.

The high levels of fertilization rate observed for the
isolated Tsp, comparable with Ssp (Fig. 6), correlated with
the onset of at least two capacitation associated character-
istics detected in Tsp, namely, the membrane protein
alterations and the enhanced protein tyrosine phosphoryla-
tion. The lack of proteolytic activation in the isolated Tsp
made them biochemically different from Ssp (Fig. 4). This
absence of proteolytic activity in Tsp may account for the
delay of fertilization (as gauged from a significant
difference in polar body extrusion at 15 min; Fig. 6).
However, it appeared not to affect the final fertilizing
capacity of Tsp (as deduced from the comparable fertiliza-
tion rate at 20 min of Tsp and Ssp). In fact, this finding was
in agreement with the aforementioned knockout studies of
the proacrosin/acrosin system which results in a delayed
fertilization time but not fertilizing ability (Baba et al. 1994;
Adham et al. 1997; Nayernia et al. 2002). It remains to be

proven whether trypsin-like enzymes in the abalone Tsp are
activated upon the contact of these sperm with the egg
surface. From these results, we believe that the fertilizing
ability of abalone sperm is acquired during testicular
residence via capacitation-like molecular machineries.
These capacitation-related characteristics could be used as
biomarkers for predicting sperm fertilizing capability
especially in cases when isolated germ cells are used in
place of naturally spawned sperm. Moreover, the use of
purified Tsp to replace spawned sperm may improve both
fertilization rates and consistency in the abalone aquaculture.
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ABSTRACT

Trypsin-like enzymes in egg water (EW), a natural acrosome
reaction (AR) inducer, are known for their importance in shrimp
AR. In this report, we describe a unique phenomenon of the AR
of black tiger shrimp (Penaeus monodon) sperm. It was
completed within 45–60 sec and comprised only the acrosomal
exocytosis and depolymerization of the sperm head anterior
spike. We used peptidyl fluorogenic substrates to show the
presence of trypsin-like enzymes in P. monodon EW and sperm,
but minimal activities of chymotrypsin-like enzymes. In sperm,
these trypsin-like enzymes existed both on the sperm surface and
in the acrosome. The acrosomal enzyme was revealed as a 45-
kDa band by fluorogenic substrate in-gel zymography. Although
EW possessed high trypsin-like enzyme activities, they were not
essential for the AR induction; EW pretreated with an
irreversible trypsin inhibitor, or heat-inactivated EW (HI-EW),
to abolish the trypsin-like activities could still induce the AR. The
HI-EW-induced AR was inhibited by the presence of a
membrane impermeant soybean trypsin inhibitor (SBTI) in the
sperm suspension, indicating the significance of sperm-borne
trypsin-like enzymes (on the surface and/or in the acrosome) in
this AR process. However, pretreatment of sperm with SBTI
followed by its removal from the suspension still allowed the AR
to occur within 5 min of sperm exposure to HI-EW. Since
trypsin-like activity of the SBTI-pretreated sperm surface at 5
min after SBTI removal was at the minimal level, our results
suggest the importance of the acrosomal trypsin-like enzyme in
the AR process.

acrosome reaction, egg water, fertilization, gamete biology, P.
monodon, sperm, trypsin

INTRODUCTION

In penaeoid shrimp, spermatophores have to be inserted into
the female seminal receptacle (called thelycum) before the
release of sperm together with eggs during spawning [1]. It has
been shown previously that sperm gain fertilizing ability during
their storage in the thelycum [2, 3]. Unlike sperm of other
marine invertebrates, penaeoid sperm are nonflagellated and
immotile [4, 5]. The success of fertilization in these shrimp
thus relies on two key steps: contact of the sperm anterior spike
with the egg outer vestment and the subsequent acrosome
reaction (AR). The AR process involves a triggered fusion of
the sperm plasma membrane with the outer acrosomal
membrane, leading to the release of the acrosomal vesicles
and soluble content. Thereafter, the AR spermatozoon
interacts, fuses, and incorporates into the egg proper. In
Sicyonia ingentis, the AR has been shown to be a biphasic
process. During the first phase, the anterior spike of the sperm
becomes depolymerized upon contacting the vitelline envelope
(VE), leading to an acrosomal exocytosis. The second phase
involves the formation of the acrosomal filament, which binds
to the egg plasma membrane, followed by gamete plasma
membrane fusion [5–7]. These two distinct events are
temporally separated, and can be induced by two different
inducers [7]. While the event in the first AR phase is common
in all penaeoid sperm, formation of the acrosomal filament
during the second AR phase cannot be detected in some
penaeoid shrimp, including Penaeus aztecus, Penaeus setife-
rus, and Penaeus stylirostris [8].

In Penaeus monodon, detailed information of the AR has
not yet been described. Our preliminary work indicates that the
AR in P. monodon differs drastically from that of S. ingentis in
both timing and morphological alterations [9]. The AR
occurring as part of the fertilization process of P. monodon
takes only a few minutes compared with ;45–60 min in S.
ingentis [10]. This rapid process makes it difficult to detect the
various steps of morphological changes during the AR in this
species. Overall structural alterations during the AR in P.
monodon, as detected at the light microscopic level, include
depolymerization of the anterior spike, in conjunction with the
swelling and rupturing of the acrosomal vesicle. However, the
formation of the acrosomal filament during the AR is not
notable in P. monodon sperm. Therefore, spike depolymeriza-
tion and rupture of the acrosomal vesicle are used to mark
completion of AR in this species.

Egg water (EW), a flocculent material in seawater that is
generated during egg spawning, has been commonly used for
in vitro induction of sperm AR in several aquatic species,
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including sea urchins [11, 12], sturgeons [13], and shrimp [10].
EW of penaeoid shrimp is made up of components released
from the female during spawning, including the outermost
layer of the eggs, VE, cortical rods (CRs), which are the egg
jelly components embedded in the egg surface crypts, and
some thelycal (T) substances. In S. ingentis, the trypsin-like
proteolytic activity in EW is important for acrosomal filament
formation during the second AR phase [7, 14]. The given
explanation is that trypsin may hydrolyze enzymes or channel
proteins in the inner acrosomal membrane, thus activating
filament formation [14]. Whether or not these EW enzymes are
involved in any steps of the AR induction in P. monodon
remains to be addressed. In this study, we determined whether
EW trypsin-like enzymes were involved in any steps of the AR
induction in P. monodon. Alternatively, EW may be involved
in the initial part of AR induction, simply through its binding to
the sperm surface. Furthermore, since sperm of many
invertebrate species have been known to contain trypsin-like
enzymes [14–16], we investigated their existence and possible
involvement in P. monodon sperm AR induction.

MATERIALS AND METHODS

Sample Collection

Collection of EW was carried out at the Bangkok Aquaculture Farm
Company, Nakhon Sri Thammarat Province, Thailand. Female shrimp
possessing mature ovaries (stage IV) were individually placed in a 500-L
plastic tank. In order to exclude sperm factors in the EW, only shrimp that had
not been inseminated were used in this study. The shrimp were held firmly over
a 500-ml container and allowed to spawn their eggs into filtered seawater. After
swirling gently to settle the eggs to the bottom, seawater without spawned eggs
was collected and designated as EW. This EW was centrifuged (10 0003 g, 15
min, 48C) to remove particulates, and kept at �808C until use. Proteins in the
EW were quantified with a Bradford’s reagent (Sigma, St. Louis, MO) [17].

To collect T sperm , inseminated females were anesthetized under ice, and
the thelyca located at the fifth pair of walking legs were carefully removed and
placed in calcium-free artificial seawater (CFASW; 423 mM NaCl, 9 mM KCl,
23 mM MgCl2, 9.3 mM MgSO4, 2.1 mM NaHCO3, pH 7.8). Subsequently,
they were teased with dissecting forceps to release sperm masses and fluid. The
T-sperm suspension was filtered through a 212-lm metal sieve (Endecotts,
London, UK) to remove aggregates, washed (5003 g, 5 min), and resuspended
in CFASW at the final concentration of 13 107 sperm/ml before use. T fluid
(TF) was also collected from the female shrimp, which had not been
inseminated, following the dissecting method described above. This fluid was
centrifuged (12 0003g, 10 min, 48C) to remove any small particulates, assayed
for the protein concentration as mentioned above and kept frozen at�808C until
use.

CRs were isolated from mature ovaries according to the method described
by Lynn and Clark [18]. Briefly, pieces of ovaries were homogenized in an
isolation medium (IM; 500 mM NaCl, 9 mM CaCl

2
, 14 mM KCl, 15 mM

MgCl
2
, and 10 mM Tris-HCl, pH 7.6) containing 30% sucrose. The

homogenate was centrifuged (1000 3 g, 5 min, 48C). The pellet containing
CRs was resuspended in IM, and the suspension was overlaid onto 60% sucrose
in IM and centrifuged (8000 3 g, 60 min, 48C). The white pellet containing
mainly CRs was washed four times with IM. As in physiological conditions,
isolated CRs were left overnight (48C) in artificial seawater (ASW; same
compositions as CFASW, but with 9.3 mM CaCl

2
, pH 7.8) to obtain soluble

materials. Solubilization of CRs was also facilitated by brief sonications
(100 W, 15 sec, 48C, three times) before the overnight incubation. Protein
concentration of the solubilized CRs was measured as described above.

Induction of the Sperm AR with EW

Isolated T-sperm in CFASW were pelleted and resuspended in ASW. The
sperm were then treated with various concentrations of EW (1–64 lg/ml) for 5
min or with 16 lg/ml EW for various time periods (0–600 sec) at room
temperature to induce the AR. Alternatively, EW treated with amidino-PMSF
(APMSF; a trypsin inhibitor) (APMSF-EW) or heat-inactivated EW (HI-EW)
(see below) was used in place of native EW in the AR induction. Treated sperm
were fixed with 4% paraformaldehyde in ASW and the percentages of
unreacted (with an intact long anterior spike) and reacted (without the anterior
spike) sperm were scored under a phase contrast microscope. The percentage of

spontaneous AR was assessed from sperm treated with ASW. Approximately
200 sperm were counted for each data point. Each experiment was repeated at
least three times with different sperm samples.

Electron Microscopy of Acrosome Intact and Reacted
Sperm

Sperm were fixed with 2% glutaraldehyde and 4% paraformaledehyde in
ASW (pH 7.8, 2 h, 48C). They were then postfixed in 1% OsO

4
in ASW,

dehydrated in increasing percentages of cold ethanol, and finally embedded in
Spurr’s resin (EMS, Fort Washington, PA). Thin sections (;70 nm) were cut
and mounted on formvar-coated copper grids and counterstained with lead
citrate and uranyl acetate before being viewed under an FEI Tecni-20
transmission electron microscope (FEI-USA, Hillboro, OR) at 80 kV.

Binding of Fluorescently Labeled EW to the Sperm Surface

EW was conjugated to an Alexa-488 fluorescent reactive dye (Molecular
Probes, Eugene, OR) according to the manufacturer’s procedures. Since EW
initiated AR very rapidly (see Fig. 1C), we used aldehyde-fixed AI sperm for
the EW-sperm binding experiments. T-sperm collected in CFASW were fixed
with 4% paraformaldehyde in ASW (1 h, room temperature). Fixed sperm were
washed twice with ASW and blocked with 4% BSA containing 0.1 M glycine
in ASW (30 min, room temperature). The sperm were incubated (15 min, room
temperature) with 16 lg/ml fluorescently labeled EW, washed twice (5003 g,
10 min) to eliminate unbound EW, plated on a slide, and topped with a
coverslip before being observed under a Nikon Eclipse epifluorescent
microscope equipped with a Nikon DXM 1200 CCD camera (Nikon Corp.,
Kanagawa, Japan). T-sperm were also incubated with Alexa-488 EW in the
presence of a 50-fold unlabeled EW.

Effects of Protease Inhibitors on the EW-Induced AR

To test whether AR induction was dependent on protease activities, various
concentrations of protease inhibitors (all from Sigma) were preadded to EW
prior to coincubation with T-sperm resuspended in ASW. These inhibitors
included the following: 1) serine protease inhibitors, PMSF (0.1–1 mM),
APMSF (0.2–1 mM), soybean trypsin inhibitor (SBTI; 0.1–0.4 mM); 2)
cysteine protease inhibitor, E-64 (1–100 lM); 3) aspartic protease inhibitor,
pepstatin A (1–10 lM); and 4) metalloprotease inhibitor, EGTA (0.25–1 mM).
The percentage of the AR response was analyzed according to the
aforementioned protocol.

To determine whether EW-derived proteases, especially trypsin-like ones,
were mediators of AR, HI-EW or APMSF-EW was used in place of native EW
to treat sperm. HI-EW was prepared by heating EW to 1008C for 2 h, followed
by freezing at�208C overnight. The activity of this HI-EW was examined with
a trypsin-specific fluorogenic substrate (as described below) in parallel with
native EW. The remaining activity of HI-EW was compared with that of native
EW. APMSF-EW was prepared by preincubating EW with 0.5 mM APMSF at
48C for 2 h. The mixture was washed and concentrated (10 0003g, 15–30 min,
48C) three times with ASW through a Microcon YM-10 centrifugal device
(Millipore, Bedford, MA) to remove unbound APMSF, which came down in
the flow-through fraction. Native EW that washed and concentrated in a similar
fashion as APMSF-EW served as an experimental sham control. The remaining
activity of APMSF-EW was then determined and compared with that of the EW
sham control. HI-EW, APMSF-EW, and sham-EW were used to treat the sperm
in place of native EW and the number of AR sperm was scored as described
above.

In an alternative experiment, sperm-borne trypsin-like enzymes of
acrosome-intact (AI) sperm were inhibited with 0.4 mM membrane impermeant
SBTI (15 min, room temperature). The excess amount of the inhibitor was
washed from sperm by centrifugation (5003 g, 5 min, twice). Aliquots of this
sperm suspension were then induced to undergo AR with 16 lg/ml HI-EW (5
min, room temperature), and assayed for the AR responses following the
protocol described above. Another aliquot of sperm was used for trypsin-like
enzyme assays at various time points after the removal of SBTI.

Enzyme Assays

Serine protease assay was performed according to the previously described
method [19] with some modifications. Fluorogenic-4-methylcoumarin-7-amide
(MCA) substrates were used in these assays. These included a final
concentration of 20 lM of Boc-Gln-Ala-Arg-MCA (Boc¼ t-butyloxycarbonyl;
Peptide Institute, Louisville, KY) for trypsin-like enzymes, and Suc-Ala-Ala-
Pro-Phe-MCA (Suc¼ succinyl; Bachem, Torrance, CA) for chymotrypsin-like
enzymes. All assays were performed at room temperature in a final volume of
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100 ll in a 96-well, flat-bottom black plate (Corning Inc., Corning, NY). The
samples included EW-related samples (native EW, HI-EW, and APMSF-EW)
and T-sperm-related samples (untreated live sperm and SBTI-treated live
sperm, AR sperm, and acrosomal vesicles and content). The reaction mixture
was comprised of 10 ll of each sample, 10 ll of 0.2 mM substrate solution in
10% dimethyl sulfoxide, and 80 ll of buffer A (10 mM CaCl2, 0.001% Triton
X-100 in 50 mM Tris-HCl, pH 7.5) for trypsin-like enzyme assay, or buffer B
(10 mM CaCl

2
in 50 mM Tris-HCl, pH 8.0) for chymotrypsin-like enzyme

assay. Fluorescent 7-amino-4-methylcoumarin (AMC), the released product
from substrate hydrolysis, was monitored spectrofluorometrically at various
time points with a Spectra Max Gemini XS (Molecular Dynamics, Sunnydale,
CA), with excitation and emission wavelengths of 360 and 470 nm,
respectively. The measured raw fluorescence units were converted to the
amount of free AMC released by using an AMC standard curve. One unit of the

enzyme activity was defined as a picomole of AMC released per hour at 258C
from Boc-Gln-Ala-Arg-MCA for trypsin-like activity or from Suc-Ala-Ala-Pro-
Phe-MCA for chymotrypsin-like activity. Specific activity of the enzyme was
defined as unit activity per microgram protein.

Characterization of a Trypsin-Like Acrosomal Enzyme by
Fluorogenic Substrate in-Gel Zymography

The released acrosomal vesicles and content of P. monodon sperm were
collected as a supernatant of T-sperm that were induced to undergo the AR by
HI-EW, as described above. This AR supernatant collected from 53106 sperm
possessed 1500 U of trypsin like activity, when Boc-Gln-Ala-Arg-MCA was
used as the substrate (see the enzyme assay method above). The supernatant of
AI sperm (sham-treated with ASW) was also collected from the same number
of sperm and used as a negative control; it contained only 100 U of trypsin-like
activity. The zymography method described by Yasothornsrikul and Hook [20]
was used to characterize the trypsin-like enzyme in the supernatant of AR
sperm. An SDS-10% polyacrylamide gel was copolymerized with 200 lM
Boc-Gln-Ala-Arg-MCA in 0.375 Tris-HCl, pH 8.8, and 0.4% SDS. The
separation gel was allowed to polymerize in the dark at room temperature.
When polymerization of the separation gel was complete, the stacking gel,
consisting of 4% polyacrylamide, 0.330 mM Tris-HCl, pH 6.8, and 0.1% SDS,
was cast and polymerized. Subsequently, 10 ll of the supernatant from AR or
AI sperm, or purified trypsin (0.5 ng of 8000 U; Roche Applied Science,
Indianapolis, IN) was mixed with 10 ll of 23 Laemmli sample loading buffer
[21] without heating, and then loaded into the gel well. Electrophoresis was
performed in the dark at 48C at a constant current of 10 mA until completed.
The gel was then washed in 2.5% Triton X-100 solution to remove SDS for 15
min at room temperature, followed by washing seven times in cold distilled
water (5 min for each wash). The gel was subsequently incubated in trypsin
zymography developing buffer (200 mM NaCl, pH 7.5, 20 mM Hepes, 10 mM
CaCl

2
and 0.005% Triton X-100) at 378C for 30 min. Fluorescent bands

indicating trypsin activity were immediately observed and recorded with an
Ultraviolet Transilluminator (Alpha Innotech Inc, San Leandro, CA).

RESULTS

Induction of the AR with EW

The morphology of the AI and AR P. monodon sperm are
shown in Figure 1A. Transmission electron microscopy
revealed the presence of electron-dense materials in the
anterior spike, and moderately electron-dense materials in the
acrosome and subacrosomal region of the AI sperm (Fig. 1A,
a). Within 5 min of EW addition, the anterior spike completely
disappeared along with the rupture of the acrosome (Fig. 1A,
b). The subacrosomal region of the AR sperm became
somewhat larger and more electron dense compared with that
of the AI sperm (Fig. 1A, b versus Fig. 1A, a). There was no
evidence for the acrosomal filament formation (as seen in S.
ingentis) [22], even at the longer incubation time period (.10
min) (data not shown). At the light microscopic level, the
disappearance of the anterior spike and the presence of dark
subacrosomal materials in the AR sperm were evident. These
features were thus used to differentiate between AI and reacted
sperm in all experiments described below.

The ability of a natural inducer, EW, to induce the AR in P.
monodon sperm was concentration dependent (Fig. 1B).
Within 5 min of sperm treatment with 1 and 4 lg/ml EW,
the AR levels were 54.9 6 15.7% and 76.1 6 11.0%,
respectively. At 16 lg/ml of EW, the maximal AR response
was reached (90.1 6 9.9%). This EW concentration was
therefore selected for all subsequent experiments. When ASW
was used in place of EW, ;20% of sperm underwent
spontaneous AR.

Time-dependent AR induction of P. monodon sperm by EW
is demonstrated in Figure 1C. Within 15 sec of the EW
treatment, 71.9 6 0.9% of sperm underwent AR, whereas only
25.0 6 2.0% of sperm treated with ASW became AR. The
percentage of AR sperm increased to the maximal value of 89.3
6 4.9% within 30 sec of EW incubation time, and remained

FIG. 1. A) Transmission electron micrographs of the AI (a) and AR (b)
sperm after 5-min induction with EW. Inset in each figure represents the
corresponding phase contrast micrograph. Increases in the AR responses
were dependent on the concentration (B) of and incubation time with EW
(C, square symbol). Triangles in C represent spontaneous AR when ASW
was used in place of EW for sperm incubation. Data in this figure and the
remainder are expressed as mean 6 SD from three replicates performed
on different sperm samples. Ac, Acrosome; AS, anterior spike; N, nucleus;
Sac, subacrosomal region.
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constant afterwards. In contrast, the spontaneous AR rate of
sperm incubated with ASW remained at ;25%–30% within 5
min of the ASW incubation. We therefore chose the 5-min
incubation period for subsequent experiments.

Trypsin-Like Proteases Mediated AR Induction in Shrimp
Sperm

We investigated the possible involvement of proteases in
sperm AR induction. Results shown in Figure 2 indicate that
inhibitors of trypsin (PMSF, APMSF, and SBTI) inhibited EW-
induced AR in a dose-dependent manner. Notably, SBTI at 0.4
mM decreased EW-induced AR to only 12% of the control
values. PMSF and APMSF at 1 mM also exerted marked
inhibition (75%–85%) of the EW-induced AR. Inclusion of
EGTA, a specific Ca2

þ
chelator and metalloprotease inhibitor,

also showed a dose-dependent inhibitory effect, and, at 1.0 mM
EGTA, the inhibition of the EW-induced AR was ;80%. E-64
and pepstatin A, inhibitors of cysteine and aspartic proteases,
respectively, exerted no or very low inhibitory effects on sperm
AR induction at all concentrations tested.

Existence of Trypsin-Like Enzymes in EW

Among serine proteases, trypsin and chymotrypsin have
been shown to be significant for sperm AR induction [15, 23].
We thus investigated the existence and physiological functions
of these two proteases in EW. Results in Table 1 show that EW
demonstrated trypsin-like activity. It selectively hydrolyzed the
trypsin-specific substrate (Boc-Gln-Ala-Arg-MCA), with a
specific activity of 30.7 U/lg protein. In contrast, EW possessed
minimal chymotrypsin-like activity when testing with suc-Ala-
Ala-Pro-Phe-MCA as the substrate (i.e., 0.2 U/lg protein).

Further attempts were made to determine the source of
trypsin-like activity in the two major components of EW, CRs,
and TF. Comparatively, high trypsin-like activity (171.0 U/lg
protein) was detected in TF, whereas minimal trypsin-like
activity (2.4 U/lg protein) was present in isolated CRs (Table
1). These results suggest that the enzymatic activity detected in
EW was mainly derived from TF.

Trypsin-Like Enzymes in EW Were Not Involved in the AR
Induction

Previous evidence has indicated that EW trypsin-like
enzymes mediate the AR induction in S. ingentis [7]. This

prompted us to determine whether this mechanism also held
true in P. monodon sperm. Activity of trypsin-like enzymes in
EW was abolished by either HI-EW or APMSF-EW. The
remaining trypsin-like activities of HI-EW and APMSF-EW
were 1.5 and 1.9 U/lg protein, respectively, compared with
that of native EW (Table 1). Surprisingly, treatment of sperm
with HI-EW or APMSF-EW produced AR responses of 84%
and 82%, respectively, a result that was similar to that observed
in sperm treated with native EW (;90%) (Fig. 3). The
percentage of spontaneous AR in these experiments was
;16%. This result indicated that trypsin-like activity involved
in AR induction was not derived from EW.

Binding of EW to the Sperm Surface

Binding of the EW to the sperm surface may initiate sperm
signaling events leading to the AR. Our results showed that
fluorescently labeled EW bound to the entire sperm surface as
well as the anterior spike (Fig. 4, a and b) in the overall sperm
population. A slight difference in fluorescence intensity was
noted among individual sperm. A background level of
fluorescent staining was observed when an excess amount of
unlabeled EW was included in the sperm-EW coincubates to
compete with fluorescently labeled EW in sperm binding (Fig.
4, c and d); this indicated specific interaction of EW to the
sperm surface.

Presence of Sperm Trypsin-Like Enzymes and Their Putative
Roles in AR Induction

Inhibitor studies indicated the significance of trypsin-like
enzymes in sperm AR induction (Fig. 2). However, since

FIG. 2. Effects of various protease inhibi-
tors on the EW-induced AR. T-sperm (;5 3
105) were incubated at room temperature
with EW (16 lg/ml) in 50 ll ASW in the
presence of various concentrations of dif-
ferent protease inhibitors (PMSF, APMSF,
SBTI, EGTA, E-64, and pepstatin A). The AR
levels obtained from control sperm (incu-
bated with EW without any inhibitors) were
assigned as 100%, and the AR extent of
sperm incubated with EW in the presence of
the protease inhibitor was expressed as
percent of control. Data are expressed as
mean 6 SD of results of three or more
replicate experiments.

TABLE 1. Trypsin- and chymotrypsin-like activities in egg water (EW)-
related samples.

Sample

Specific activity (units/lg protein)

Trypsin
(Boc-Gln-Ala-Arg-MCA)

Chymotrypsin
(Suc-Ala-Ala-
Pro-Phe-MCA)a

Native EW 30.7 6 0.5 0.2 6 0.1
Heat-inactivated EW 1.5 6 1.9 NA
APMSF-treated EW 1.9 6 0.1 NA
Thelycal fluid 171.0 6 4.1 NA
Cortical rods 2.4 6 0.1 NA

aNA¼Data not available
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APMSF-EW and HI-EW could still induce the AR, the trypsin-
like enzymes participating in the AR induction would have
belonged to sperm, and they could be localized, either on the
sperm surface or in the acrosome. Results show that live AI
sperm did possess trypsin-like activity (77.1 6 11.4 U/106

sperm), which would reflect the presence of trypsin-like
enzymes on the AI sperm surface. The supernatant of AI
sperm contained trypsin-like activity of only 11.8 6 9.9 U/106

sperm, and this may reflect a low degree of trypsin-like enzyme
release from sperm. When these live AI sperm were treated
with a membrane-impermeable SBTI, the trypsin-like activity
measured at 30 sec after SBTI removal was 2.2 6 0.6 U/106

(Table 2), indicating the marked inhibition of SBTI on sperm

surface trypsin. At 5 and 10 min after the removal of the excess
amount of SBTI from sperm, the sperm surface trypsin-like
activity was still relatively low (i.e., 6.8 6 3.4 and 12.9 6 6.0
U/106 sperm, respectively [,16% of the activity of untreated
control sperm]). However, this enzyme activity was restored to
46.4 6 13.8 and 71.7 6 8.5 U/106 sperm 30 and 60 min post-
SBTI removal, respectively (Table 2). AR sperm induced by
HI-EW also possessed trypsin-like enzyme activity, but to a
lesser extent than AI sperm (53.2 6 8.5 U/106 sperm).

FIG. 3. EW with very low trypsin-like activity could still induce sperm
AR. Native EW, HI-EW, or AMPSF-EW (see Materials and Methods for
their preparation) was added to 50 ll T-sperm suspension (;5 3 105

sperm). Note that HI-EW and APMSF-EW, having very low trypsin activity
(Table 1), were able to induce the AR to the same extent as native EW.
Spontaneous AR was assessed in sperm exposed to ASW.

FIG. 4. Binding of Alexa-488-labeled EW
to aldehyde-fixed sperm. Approximately 5
3 105 T-sperm in 50 ll were incubated
(room temperature) with 16 lg/ml Alexa-
488-labeled EW in the presence (c and d)
and the absence (a and b) of 50-fold excess
of unlabeled EW. a and c) Fluorescent
micrographs. b and d) Corresponding phase
contrast micrographs. Bars ¼ 10 lm.

FIG. 5. Decreases in sperm surface trypsin-like activity did not affect the
ability of HI-EW to induce the AR. Approximately 53105 T-sperm in 50 ll
were induced to undergo the AR by 16 lg/ml HI-EW (condition II) or ASW
(condition I, control). SBTI (0.4 mM) present in the coincubate (condition
III) inhibited the HI-EW-induced AR. Under condition IV, T-sperm were
pretreated with cell-impermeant SBTI (denoted by the encircled ‘‘plus’’
symbol) to inhibit surface trypsin-like enzymes (see Materials and
Methods) prior to incubation with HI-EW. Note that the same extent of
the AR was still observed in these SBTI-pretreated sperm as that occurring
in untreated sperm (condition II).
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However, the supernatant of these HI-EW-treated sperm
(containing acrosomal vesicles and soluble content) showed a
significant level of trypsin-like activity (84.0 6 27.9 U/106

sperm).
To determine which trypsin-like enzymes (i.e., those at the

sperm surface versus those in the acrosome) were significant
for AR induction, the sperm surface enzymes were inhibited by
pretreating AI live sperm with 0.4 mM of cell-impermeant
SBTI. These SBTI-treated sperm still contained low surface
trypsin activity within 5–10 min after SBTI removal by
centrifugation (Table 2). Significantly, the SBTI-pretreated
sperm were still responsive to HI-EW following 5-min
exposure to this inducer; 88.3% of these sperm underwent
AR (Fig. 5, fourth bar), a rate that was comparable to that
observed with untreated sperm incubated with either HI-EW or
native EW (Fig. 5, second bar; Fig. 3, first bar). However,
when SBTI was present throughout the HI-EW-sperm
coincubation, the AR rate was only ;12%, similar to the
spontaneous AR rate (Fig. 5, first and third bars). All of these
results suggest that the sperm surface trypsin-like enzymes may

not be essential for the AR induction. Instead, the trypsin-like
enzyme(s) in the acrosome would play a more pertinent role in
inducing AR in P. monodon sperm.

To further characterize the trypsin-like enzyme(s) in the
acrosome, the supernatant of the HI-EW-treated sperm,
containing the acrosomal vesicles and soluble content, was
subjected to fluorogenic substrate in-gel zymography. Figure 6
indicates that this supernatant generated a major fluorescent
band (indicating the presence of a trypsin-like activity) of a 45-
kDa molecular mass. As expected, purified trypsin generated a
major fluorescent band at 21 kDa and a minor fluorescent band
at 69 kDa (possibly due to the polymerization of the enzyme).
In contrast, the supernatant of the AI sperm treated with ASW
showed no fluorescent bands in the zymogram (Fig. 6).

DISCUSSION

We report here that the AR induction in P. monodon sperm
involved EW binding and enzymatic action of sperm trypsin-
like enzymes. In spite of an extremely short period of AR in
this species, two morphological changes—spike depolymer-
ization and the rupture of the acrosome (Fig. 1A)—were
recognized and, therefore, used as criteria for determining a
complete AR in P. monodon. Serine proteases, particularly
trypsin- and chymotrypsin-like enzymes, have been shown to
play significant roles in sperm AR induction [15, 23]. In this
study, we also demonstrated the physiological relevance of
trypsin-like proteases in this process in P. monodon sperm (Fig.
2). This was deduced from our results showing that the EW-
induced AR was inhibited by trypsin inhibitors (APMSF,
PMSF, and SBTI). We used fluorogenic substrates specific for
trypsin and chymotrypsin to show that P. monodon sperm and
their acrosomal vesicles and content contained substantial
levels of trypsin-like activity, but minimal amounts of
chymotrypsin-like activity. The results of inhibitor studies
suggest that metalloproteases (an inhibitor of which is EGTA)
may also be important for sperm AR induction. However, this

TABLE 2. Recovery of trypsin-like activities of SBTI-pretreated acrosome
intact sperm.

Time after SBTI removal (min) Activities (units/106 sperm)

0.5 2.2 6 0.6
5 6.8 6 3.4
10 12.9 6 6.0
30 46.4 6 13.8
60 71.7 6 8.5

FIG. 6. Characterization of sperm acrosomal trypsin-like protease. The
supernatant of 5 3 106 AR sperm containing acrosomal vesicles and
content (lane 2) and the supernatant of the same number of AI sperm (lane
3), as well as 0.5 ng purified trypsin (lane 1), were subjected to fluorogenic
substrate in-gel zymography with Boc-Gln-Ala-Arg-MCA as the substrate.
The fluorescent bands (arrowhead) were indicative of trypsin-like
activities.

FIG. 7. Pictorial diagram postulating the
temporal events of the EW-induced AR in P.
monodon. A) Components in EW (þ)
initially bind to the sperm surface. This
binding may trigger the fusion of the sperm
plasma membrane (PM) and the outer
acrosomal membrane (OAM), creating
pores on the membrane overlying the
acrosome (Ac). This would lead to a leakage
of trypsin-like enzymes (dots) from the
sperm acrosome. Depolymerization of the
anterior spike (AS) may then occur due to
the hydrolytic activity of the released
trypsin-like enzymes (B). Shortly afterwards,
the anterior spike was completely depoly-
merized along with the rupturing of the
entire acrosome (C). N, Nucleus; Sac,
subacromal region.
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inhibition can also be due to the effect of EGTA on chelating
extracellular calcium, the role of which during the AR process
has been extensively documented [22, 24].

The significance of trypsin-like proteases in AR induction
has long been reported in many invertebrates, including sea
urchins [15] and the penaeoid shrimp, S. ingentis [7, 14].
However, the mechanisms of these enzymes in the AR
response in the two shrimp species, S. ingentis and P.
monodon, are dissimilar. The proteolytic activity in S. ingentis
specifically mediates the acrosomal filament formation [7, 14].
This mechanism does not apply to P. monodon sperm, since
such a morphological change does not occur in sperm
undergoing the AR in this species. EW trypsin-like proteases
of S. ingentis is involved in the AR induction, whereas EW
trypsin-like enzymes of P. monodon appear to be unimportant
for this event. This observation stems from the fact that
denatured EW (HI-EW) or APMSF-EW was still capable of
inducing AR responses to a similar extent to that of native EW
(Fig. 3). Therefore, trypsin-like proteases essential for the AR
induction in P. monodon likely belonged to sperm. We provide
the results here indicating that trypsin-like enzymes existed
both on the sperm surface and in the acrosome, the latter of
which was revealed as a 45-kDa band in the zymogram (Fig.
6).

Our results also revealed that sperm AR was inhibited when
SBTI was present throughout sperm-EW coincubates (Figs. 2
and 5), while the AR was still inducible with 5-min exposure of
SBTI-treated sperm with HI-EW (Fig. 5). Since the surface of
SBTI-pretreated sperm contained only minimal levels of
trypsin-like activity within 5–10 min after SBTI removal
(Table 2), our AR results shown in Figure 5 (condition IV)
suggest that the sperm surface trypsin activity might not be
essential for AR induction (Fig. 5). Rather, the trypsin-like
activity in the acrosomal vesicles/content may be more
pertinent for sperm AR in P. monodon shrimp. In fact, the
presence of a 45-kDa trypsin-like enzyme was observed in this
study (Fig. 6). In the cases in which PMSF and APMSF were
used for incubation with sperm, these cell-permeant inhibitors
could readily reach the acrosome and inhibit the trypsin-like
activity in this organelle. However, for the sperm incubation
with SBTI, it would reach the trypsin-like enzyme(s) in the
acrosome once pores on the sperm surface membranes were
formed via fusion between the sperm plasma membrane and
the outer acrosomal membrane at the onset of AR. Our results
also suggest that the participation of these acrosomal trypsin
enzymes in AR events was downstream of the initial
interaction between the EW and the sperm head plasma
membrane, which may lead to the fusion between the sperm
plasma membrane and outer acrosomal membrane. This would
allow the release of the acrosomal trypsin-like enzyme, which
might be responsible for the digestion of the sperm anterior
spike. Our ongoing work involves the purification and
proteomic analyses of this acrosomal 45-kDa trypsin-like
protease. We intend to discern its peptide sequence which will
then be comapred with that of acrosomal trypsin-like enzymes
of invertebrate animals (ascidians [16] and abalones [25]),
known to be involved in enzymatic and nonenzymatic egg coat
digestion, respectively. In addition, comparison will be made
with acrosin and testis serine protease 5, two well-characterized
serine proteases in the mammalian sperm acrosome that are
believed to engage in sperm acrosomal matrix dispersion and
zona pellucida digestion, respectively [26, 27].

Recently, sperm proteasomes have been shown to be
involved in egg jelly-induced AR [28, 29] and vitelline layer
hydrolysis [29] in sea urchins. Proteasomes have also been
found in mammalian sperm, and play similar roles in AR

induction, as observed in sea urchin gametes and in sperm-zona
pellucida interaction [30, 31]. The 26S proteasome is a large
protein complex, consisting of a 19S regulatory particle and a
20S core particle. Based on their substrate specificity, three
threonine proteases, present in the latter particle, are catego-
rized to be trypsin-like, chymotrypsin-like, and peptidyl-
glutamyl peptide hydrolyzing enzymes. The confinement of
these three different enzymes within the 20S particle may
accelerate the hydrolysis of their common substrates, which are
usually ubiquitinated [32]. While it is tempting to speculate that
the trypsin-like enzyme found in the acrosome of P. monodon
sperm may be a component of proteosomes, evidence available
so far argues against this possibility. First, the molecular
masses of proteases in the 20S proteasome particle are usually
in the range of 20–30 kDa [33]. Second, our unpublished
results also revealed relatively low chymotrypsin-like activity,
both in the acrosome and on the sperm surface of this shrimp
species. Experiments are ongoing in our laboratory to
determine whether the 20S a subunits of the proteasome exist
in the sperm lysate of P. monodon.

Despite the deficit in proteolytic activity, HI-EW still
possessed high competency in inducing AR (Fig. 3). The initial
step of the AR induction was likely dependent on the direct
interaction of EW components with sperm (Fig. 4). These EW
constituents were derived from TF and egg components,
including the egg jelly (originated from the CR precursor upon
spawning [34, 35]) and the egg VE. Both the egg jelly in
echinoderms [36–38] and VE in shrimp [39, 40] have been
known to engage in AR induction, presumably through their
binding to the sperm surface. Since P. monodon sperm that
were stored in the thelycum and continuously exposed to TF
(T-sperm) only had a minimal level of spontaneous AR (as
described previously here), EW components from the CR and
VE may be of greater importance in the sperm binding that
leads to AR induction.

The significance of EW components and sperm acrosomal
trypsin-like proteases in the acrosomal exocytosis in P.
monodon is summarized pictorially in Figure 7. Initially, EW
components bind specifically to the sperm membrane receptors
(Fig. 7A). This ligand-receptor binding would likely induce the
downstream signaling events that lead to the fusion of the
sperm plasma membrane and the acrosomal membrane. The
acrosomal trypsin-like enzymes that are then released through
the membrane pores may be responsible for dissociating the
sperm anterior spike (Fig. 7B). Subsequently, the acrosome is
completely ruptured, leaving a dense spherical mass lying in
place of the anterior spike against the nuclear pole of the AR
sperm (Fig. 7C). Whether the dense spherical material is
analogous to the acrosomal filament of S. ingentis, or a
protease-resistant remnant of the depolymerized spike, is
currently under investigation.
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a b s t r a c t

Serotonin or 5-hydroxytryptamine (5-HT) and dopamine (DA) are the two key neurotransmitters that
control gonadal development in decapod crustaceans. This study investigated changes in the levels of
5-HT and DA in the CNS and ovary during different phases of the ovarian cycle of the freshwater prawn,
Macrobrachium rosenbergii. The levels of 5-HT and DA were quantified by using High Performance Liquid
Chromatography with electrochemical detection (HPLC-ECD). Moreover, changes of vitellogenin (Vg)
concentrations in the hemolymph after treatment with 5-HT and DA (at doses of 2.5 � 10�6 and
2.5 � 10�7 mol per prawn) were also examined. 5-HT exhibited a gradual increase in concentration in
the brain and thoracic ganglia from ovarian stage I (0.12 ± 0.01 nmol/mg, 0.22 ± 0.01 nmol/mg, respec-
tively) to reach a maximum (0.66 ± 0.03 nmol/mg, 1.48 ± 0.03 nmol/mg, respectively) at ovarian stage
IV. In contrast, DA in the brain and thoracic ganglia showed the highest concentrations at ovarian
stage II (0.20 ± 0.01 nmol/mg, 1.27 ± 0.06 nmol/mg, respectively) and then decreased to the lowest
concentrations (0.06 ± 0.01 nmol/mg, 0.28 ± 0.04 nmol/mg, respectively) at ovarian stage IV. The
ovarian concentration of 5-HT was 0.53 ± 0.11 nmol/mg at ovarian stage I and gradually increased to
1.63 ± 0.16 nmol/mg at ovarian stage IV. In contrast, the concentration of DA was highest at ovarian stage
I (29.05 ± 1.31 nmol/mg), and lowest at the ovarian stage IV (11.43 ± 0.74 nmol/mg). Injecting 5-HT into
prawns significantly increased Vg concentration in the hemolymph at ovarian stage IV compared to con-
trol groups, and injecting DA into prawns had the opposite effect. The inverse relationship between 5-HT
and DA levels in neural ganglia and ovaries, and their opposing effects on hemolymph Vg levels suggest
that these two transmitters play opposite regulatory roles in controlling ovarian maturation and oocyte
development in this species.

� 2008 Elsevier Inc. All rights reserved.

1. Introduction

The giant freshwater prawn, Macrobrachium rosenbergii, is an
important food source that is cultured in Thailand and other Asian
countries (Sandifer and Smith, 1985). Reproduction of this as well
as other decapod crustaceans is regulated by various neurohor-
mones that are synthesized and released from the X-organ–sinus
gland complex located in the eyestalks (Chen et al., 2003). The syn-
thesis and release of these neurohormones are believed to be reg-
ulated by biogenic amines (Ridchardson et al., 1991), particularly
5-HT and DA that are present in the CNS of these crustaceans
(Kerkut et al., 1966; Butler and Fingerman, 1983; Laxmyr, 1984;
Fingerman et al., 1994). Several previous studies have reported a
stimulatory effect of 5-HT on gonadal maturation in some deca-
pods, including Procambarus clarkii (Kulkarni et al., 1992), Penaeus

monodon (Wongprasert et al., 2006), and M. rosenbergii (Meeratana
et al., 2006). It was suggested that 5-HT stimulates gonadal matu-
ration by inhibiting the release of gonad-inhibiting hormone (GIH)
and/or by enhancing the release of gonad-stimulating hormone
(GSH), whereas DA plays the opposite role (Sarojini et al., 1995;
Fingerman, 1997). 5-HT and the rate limiting enzymes (tryptophan
hydroxylase and 5-hydroxy-L-tryptophan decarboxylase) involved
in its synthesis were found at measurable levels in several regions
of the CNS of a crustacean, Panulirus homarus (Kirubagaran et al.,
2005). Moreover, 5-HT and DA have been detected by HPLC in var-
ious regions of the CNS of Pacifastacus leniusculus (Elofsson et al.,
1982; Laxmyr, 1984), the eyestalks of P. clarkii (Alvarez et al.,
2005), and the intestinal nerve of P. clarkii (Mercier et al., 1991).
Major tissues that exhibited a high level of 5-HT are the optic gan-
glion, cerebral ganglion, circumoesophageal connectives, stomato-
gastric ganglion, and thoracic ganglia (Aramant and Elofsson, 1976;
Beltz et al., 1984). However, quantification of the levels of these
two neurotransmitters in correlation with different phases of the

0016-6480/$ - see front matter � 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.ygcen.2008.07.009

* Corresponding author. Fax: +66 2 354 7168.
E-mail addresses: scpso@mahidol.ac.th, anatch2002@yahoo.com (P. Sobhon).

General and Comparative Endocrinology 158 (2008) 250–258

Contents lists available at ScienceDirect

General and Comparative Endocrinology

journal homepage: www.elsevier .com/locate /ygcen



decapod crustacean ovarian cycle has not yet been performed. In
this study, we have investigated changes in 5-HT and DA concen-
trations in various parts of the CNS and the ovary during various
phases of the ovarian maturation in M. rosenbergii. Moreover,
hemolymph vitellogenin (Vg) concentrations were also determined
during various phases of ovarian cycle following the treatments
with 5-HT and DA in order to assess possible effects of these two
neurotransmitters on ovarian maturation more directly.

2. Materials and methods

2.1. Experimental animals

Mature female freshwater prawns (each weighing on average
about 30.88 ± 3.6 g) were obtained from commercial farms in
Chonburi Province, Thailand. The animals were kept in outdoor cir-
cular concrete tanks, each with 1.50 m diameter with the water
depth at 0.80 m, and about 30% of water changed every 2 days.
The prawns were fed commercial food pellets twice per day. Aera-
tion was given all day. Small plastic cages were added in every tank
(30 per tank) for molting animals to hide in and avoid being killed
from the cannibalistic behavior of this species. The prawns were
acclimatized under a photoperiod of 12:12 h light–dark for two
weeks before beginning the experiments.

2.2. Determination of ovarian stages

The changing phases of the ovarian cycle in female broodstock
could be observed directly and classified into five stages based
on the size, color, and histology of the ovary as reported by Chang
and Shih (1995) and Meeratana and Sobhon (2007). Stages 0 and I
were spawn and spent phases, respectively, when the ovaries ap-
peared white and indistinct when observed through the carapace
(Fig. 1A).1 In stage II (proliferative) a small yellow mass of ovary
could be observed dorsally under the carapace (Fig. 1B). In stage
III (premature), the ovary became orange (Fig. 1C). In stage IV (ma-
ture), the reddish-orange ovary extended from behind the eye pos-
teriorly to the first abdominal segment (Fig. 1D). These ovarian
stages were confirmed by histological study (Fig. 1E–H) based on
the criteria described by Meeratana and Sobhon (2007).

2.3. Chemicals and standard solutions

5-HT, DA, and all other chemicals used in the experiments were
obtained from Sigma Chemical Co. (St. Louis, MO, USA). Standard
solutions were freshly prepared by dissolving 5-HT and DA in
ice-cold 0.1 M perchloric acid on the day of analysis and were
stored in ice between injections onto the HPLC system.

2.4. Sample preparations

The brain (supraesophageal ganglion), the five thoracic ganglia
(combined), the six abdominal ganglia (combined), and the ovaries
were collected at mid-day from ten animals at each ovarian stage
(as defined by Meeratana and Sobhon, 2007). Each organ was care-
fully dissected, and its wet mass was weighed. Samples were
placed in 50 ll 0.1 M perchloric acid. The mixture was then soni-
cated and centrifuged at 14,000g at 4 �C. The supernatants were
then collected and filtered through a 0.22 lm Spin-x centrifugal fil-
ter tube before injection onto the HPLC column. Detection and
quantification of 5-HT and DA in the CNS and ovaries were per-
formed by using High Performance Liquid Chromatography with

electrochemical detection (HPLC-ECD). The average concentrations
of 5-HT and DA were estimated in four replicates.

2.5. Quantification of 5-HT and DA by HPLC

HPLC method used in this study was adapted from Mercier
et al. (1991) and Molaei and Lange (2003). Each tissue sample
was dissected, weighed and placed in 50 ll of 0.1 M perchloric
acid and was prepared as described above (Section 2.4). Superna-
tants from the extracts were injected onto a Brownlee C18-Aqua-
pore OD-300 HPLC column (250 � 4.6 mm i.d.). 5-HT and DA
were detected electrochemically using a completely isocratic
mode for the determination of the neurotransmitters. A glassy
carbon electrode served as the working electrode and was used
with an Ag/AgCl reference electrode. The detector potential was
set at +0.8 V versus an Ag/AgCl reference electrode. The sensitiv-
ity of the detector was maintained at 100 nA with full scale
deflection. The mobile phase consisted of 75 mM NaH2PO4,
0.3 mM sodium octylsulphate, 50 lM EDTA, 2.5% acetonitrile,
and 4% methanol. The pH was adjusted to 2.75 with orthophos-
phoric acid. The flow rate was kept constant at 0.7 ml/min. The
mixture was sonicated, centrifuged at 14,000g at 4 �C. The super-
natants were collected and then filtered through a 0.22 lm Spin-x
centrifugal filter tube before injection. Samples were injected into
a 20 ll injection loop. The signals from the electrochemical detec-
tor were recorded and integrated using data analysis software
(Millennium, Waters). 5-HT and DA levels were quantified using
the external standard method. Peaks corresponding to 5-HT and
DA were detected in the extracts at the same elution times as
their corresponding standards. The identities of the peaks in each
sample were further verified by spiking the tissue extracts with
known amounts of 5-HT and DA standards. All samples were
freshly prepared and analyzed within the same day. The Bio-
Rad (Mississauga, Canada) Protein Assay System was employed
for protein determination in the extracts according to Bradford
(1976).

2.6. Effects of 5-HT and DA on Vg levels

Female prawns at ovarian stage I were divided into six groups
(four experimental groups and two control groups) of 28 animals
each. Prawns in the experimental groups were injected with 5-
HT at doses of 2.5 � 10�6, 2.5 � 10�7 mol of 5-HT/prawn or DA at
doses of 2.5 � 10�6, 2.5 � 10�7 mol of DA/prawn. 5-HT and DA
were dissolved in crustacean physiological saline (CPS) containing
the following: NaCl 29 g, KCl 0.71 g, CaCl2 � 2H2O 2.38 g,
MgSO4 � 7H2O 3.16 g, NaHCO3 0.5 g, MgCl2 � 6H2O 0.17 g, HEPES
4.76 g in 1 l of distilled water. The injected volumes of 5-HT and
DA were 0.10 ml. All prawns tolerated the injected doses of neuro-
transmitters without showing any abnormal behavior. All injec-
tions were performed at 4-day intervals, covering a period of 49
days. The effects of the neurotransmitter-treated groups were
compared with two control groups of 28 animals each. In the first
control group, the animals were untreated and served as a negative
control (NC). The second control group was a vehicle-injected con-
trol (VIC) in which each animal was injected with 0.1 ml of CPS.
Animals in each group were identified by tying plastic loops of dif-
ferent colors around the eyestalk. The injections were performed
by intramuscular route at the lateral aspect of the second abdom-
inal segment by using a 1 ml syringe (NIPRO) fitted with 26G �1

2”
(0.45 � 12 mm) thin-wall needles (NIPRO). The weight and total
length of the prawns were measured on every treatment day, be-
fore injection. The total length was evaluated from the base of eye-
stalk to the telson (Eyestalk base-telson length, EBTL).

The hemolymph of treated and control prawns was collected
from the substernal hemolymph sinus at 4-day intervals. Each

1 For interpretation of color mentioned in this figure the reader is referred to the
web version of the article.
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100 ll sample of hemolymph was mixed together with 100 ll of
anticoagulant (containing 0.45 M NaCl, 0.1 M glucose, 30 mM so-
dium citrate, 26 mM citric acid, 20 mM EDTA in distilled water,
pH 4.5; Kwok and Tobe, 2006). The sample was then centrifuged
at 2000 rpm at 4 �C, for 10 min. The supernatants were collected
and then stored at �80 �C until Vg assays.

2.6.1. Production of anti-vitellin antibody and Enzyme-Linked
Immunosorbent Assay (ELISA) to determine the hemolymph
vitellogenin (Vg) levels

The anti-vitellin antibody was prepared according to Chen and
Kuo (1998). Briefly, frozen ovarian samples were homogenized
and centrifuged. The supernatant was concentrated by concentra-
tor (Centreprep-30, Amicon Inc., USA), and then vitellin protein
was fractionated by HPLC using UV-detector, and further concen-
trated by ultrafiltration. The purity of vitellin was then determined
using polyacrylamide gel electrophoresis. A 250 lg of purified
vitellin was further dissolved in 300 ll of 0.1 M PBS, emulsified
with an equal volume of Freund’s adjuvant and injected into each
of the two New Zealand white rabbits (purchased from the Animal

Care Unit, Mahidol University with the approval of the Animal Eth-
ics Committee). The titers of the rabbit immune sera were deter-
mined by ELISA following the standard protocol. Serum providing
high titer was used in ELISA (anti-vitellin was shown to cross-react
with hemolymph vitellogenin (Vg), Chen and Kuo, 1998).

An indirect ELISA technique was used to determine hemolymph
Vg levels. In the assay, polystyrene microtiter plates were coated
with 100 ll of 1.25 lg/ml hemolymph diluted in coating buffer
(15 mMNa2CO3, 35 mMNaHCO3 pH 9.6) for 2 h at 37 �C. After incu-
bation, the excess antigen was washed using analytical grade dH2O
three times, 1 min each. Non-specific bindings were blocked with
100 ll of blocking buffer containing 0.25% bovine serum albumin
(BSA) in 0.01 M PBS, pH 7.2 and 0.05% Tween 20, at 37 �C for 2 h.
After washing three times, the plate was incubated in the primary
antibody (anti-vitellin) diluted at 1:2000 in the diluent containing
0.25% BSA in 0.01 M PBS, pH 7.2 and 0.05% Tween 20. One hundred
ll of primary antibody was added to each well and incubated at
37 �C for 2 h. The plate was washed as described above, and then
100 ll of HRP-conjugated goat anti-rabbit IgG (Zymed Co., San
Francisco, CA, USA) diluted to 1:4000 in blocking solutionwas added

Fig. 1. Top views of female giant freshwater prawn, M. rosenbergii, showing ovary at various stages: (A) stage I, (B) stage II, (C) stage III, (D) stage IV. (E–H) Light micrographs
of H&E-stained ovarian sections showing histology of various stages of ovarian cycle (I–IV) and steps of oocyte development. Oog, oogonia; Oc1, early previtellogenic oocyte;
Oc2, late previtellogenic oocytes; Oc3, early vitellogenic oocytes; Oc4, late vitellogenic oocytes; mOc, mature oocytes (classified according to Meeratana and Sobhon 2007).
Scale bars = 1 cm (A–D). Scale bars = 50 lm (E–H).
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to each well, and incubated at 37 �C for 1 h. After washing three
times, the color reactionwas developed by adding 100 ll ofO-phen-
ylenediamine dihydrochloride (OPD, Sigma, St. Louis,MO, USA) sub-
strate solution (3 mg OPD in 7.5 ml substrate buffer and 3 ll H2O2)
to each well, and incubating at 37 �C for 30 min in a dimly lit
room. Finally, 100 ll of 6 N H2SO4 was added to stop the enzy-
matic reaction, and the optical density (OD) was measured at
492 nm in an automatic spectrophotometer (Titertex Multiscan
Flow Laboratories, Pty. Ltd., Australia). A negative control sample
was prepared in parallel by using rabbit pre-immune serum in
place of primary antibody. The Vg concentrations were calcu-
lated from a standard curve established from known concentra-
tions of Vg.

2.7. Statistical analysis

Experimental data were analyzed with the SPSS program using
one-way analysis of variance (ANOVA) and Tukey’s post hoc test. A
probability value less than 0.05 (P < 0.05) indicated the statistical
significance. Data were presented as means ± SEM.

3. Results

The 5-HT and DA peaks in the extracts of the brain (supraesoph-
ageal ganglion), thoracic ganglia, abdominal ganglia, and ovary
showed the same elution times as their corresponding standards.
Additionally, the spiked peaks and the peaks of corresponding

standards appeared at the same position when 5-HT and DA were
added to each sample (Fig. 2).

3.1. Changes in the 5-HT concentration in the CNS and ovary

From HPLC-ECD analyses, the concentrations of 5-HT and DA in
the organ extracts were expressed as nmol per mg protein (Fig. 3
and 4). The concentration of 5-HT in the brain and thoracic ganglia
exhibited a gradual increase from ovarian stage I to stage IV. At
stage I, the concentration of 5-HT in the brain was 0.12 ±
0.01 nmol/mg, and it gradually increased through the ovarian stage
II (0.18 ± 0.01 nmol/mg), ovarian stage III (0.44 ± 0.05 nmol/mg),
and finally reached the highest level (0.66 ± 0.03 nmol/mg) in stage
IV, which was approximately a 5.7-fold increase over stage I. A
similar pattern was observed in the thoracic ganglia, where the
5-HT concentration was 0.22 ± 0.01 nmol/mg at ovarian stage I,
0.69 ± 0.02 nmol/mg at stage II, 1.06 ± 0.01 nmol/mg at stage III,
and finally 1.48 ± 0.03 nmol/mg at stage IV, showing approxi-
mately a 6.7-fold increase. In the abdominal ganglia, 5-HT concen-
tration increased from ovarian stage I to stage II (0.08 ± 0.01,
0.21 ± 0.01 nmol/mg, respectively), and then declined at ovarian
stage III (0.06 ± 0.01 nmol/mg). When compared within a tissue,
the concentration of 5-HT was about 4 and 5 times higher in the
brain at ovarian stage III and IV (P < 0.05) than in the brain at ovar-
ian stage I, respectively. The concentration of 5-HT was about 3, 5,
7 times higher in the thoracic ganglia at ovarian stage II, III, and IV
(P < 0.05) than in the thoracic ganglia at ovarian stage I, respec-

Fig. 2. (A) HPLC chromatogram of standards at 0.7 ml/min flow rate. Solutes: (1) DA; (2) 5-HT. (B) HPLC chromatogram of the brain extract. (C) The brain extract was spiked
with DA and 5-HT standards. Samples were injected at the start of each recording trace (arrows).
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tively. The level of 5-HT in the thoracic ganglia at any one ovarian
stage was about two times higher than in the brain, and about 15
times higher than in abdominal ganglia when compared at ovarian
stage IV. These results were statistically significant (P < 0.05). In
the ovaries, the 5-HT concentration showed a gradual increase
from a low level at ovarian stage I (0.53 ± 0.11 nmol/mg) to the
highest level (1.63 ± 0.16 nmol/mg) at ovarian stage IV (Fig. 3).

3.2. Changes in DA concentration in the CNS and ovary

In the brain, the concentration of DA (Fig. 4A) increased slightly
from ovarian stage I to stage II (0.16 ± 0.01, and 0.20 ± 0.01 nmol/
mg, respectively) and then declined at ovarian stages III and IV (at

0.08 ± 0.01, and 0.06 ± 0.01 nmol/mg, respectively). The concentra-
tion of DA in the thoracic ganglia also increased from ovarian stage I
(0.69 ± 0.06 nmol/mg), became highest in stage II (1.27 ±
0.06 nmol/mg), and then decreased in ovarian stages III and IV,
(0.46 ± 0.05, and 0.28 ± 0.04 nmol/mg, respectively). In the abdom-
inal ganglia, DA concentration was highest (0.14 ± 0.02 nmol/mg)
in ovarian stage I and then decreased from ovarian stages II to IV
(0.09 ± 0.01, 0.06 ± 0.01, 0.05 ± 0.01 nmol/mg, respectively). At
ovarian stages I to III, the concentration of DA in the thoracic ganglia
was 6-fold higher (P < 0.05) than in the brain. When compared to
the abdominal ganglia, the DA concentration in the thoracic ganglia
was higher by 14-fold, 7-fold, and 6-fold at stage I, II, and III, respec-
tively (P < 0.05). When compared within a tissue, the concentration

Fig. 3. A graph illustrating the changing concentrations of 5-HT in the brain, thoracic ganglia, abdominal ganglia, and ovary during various stages of the ovarian cycle (stage I–
IV). The concentration is expressed as nmol/mg of protein in the organ extract. Numbers are means ± SEM. Asterisks indicate significant differences at P < 0.05 in an analysis of
variance. B-I to IV are the concentration of 5-HT in brain at ovarian stages I–IV. T-I to IV are the concentration of 5-HT in thoracic ganglia at ovarian stages I–IV. A-I to IV are
the concentration of 5-HT in abdominal ganglia at ovarian stages I–IV. O-I to IV are the concentration of 5-HT in ovarian stages I–IV.

Fig. 4. Graphs illustrating: (A) the changing concentrations of DA in the brain, thoracic ganglia, and abdominal ganglia; (B) the changing concentrations of DA in the ovaries.
The concentration is expressed as nmol/mg of protein in the organ extract. Numbers are means ± SEM. Asterisks indicate significant differences at P < 0.05 in an analysis of
variance. B-I to IV are the concentration of DA in brain at ovarian stages I–IV. T-I to IV are the concentration of DA in thoracic ganglia at ovarian stages I–IV. A-I to IV are the
concentration of DA in abdominal ganglia at ovarian stages I–IV. O-I to IV are the concentration of DA in ovarian stages I–IV.
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of DAwas about 2.5 and 3 times higher in the brain at ovarian stage
II than in the brain at ovarian stage III and IV. The concentration of
DA was about 2.7 and 4.5 times higher in the thoracic ganglia at
ovarian stage II (P < 0.05) than in the thoracic ganglia at ovarian
stage III and IV, respectively. The highest and the lowest concentra-
tions of DA in each part of CNS were comparable to those of 5-HT,
but the stages at which these occurred were in reverse. In the ova-
ries, the highest concentration of DA was detected at the ovarian
stage I (29.05 ± 1.31 nmol/mg), and it declined to the lowest level
(11.43 ± 0.74 nmol/mg) at ovarian stage IV (Fig 4B). Additionally,
the concentration of DA was about 2 to 3 times higher in ovarian
stage I and II (P < 0.05) than in the ovarian stage IV (Fig. 4B).

3.3. Changes in Vg concentrations after treatment with 5-HT and DA

The Vg concentrations in the hemolymph of female prawns
after injection with various doses of 5-HT and DA during various
stages of ovarian cycle were expressed in mg/ml of hemolymph
as means ± SEM. The Vg concentration in the NC group exhibited
gradual increases from ovarian stage I to reach maximum at stage
IV, which were 1.76 ± 0.25, 3.19 ± 0.49, 5.88 ± 0.94, 9.90 ± 1.02 mg/
ml, respectively. A similar pattern was also observed in the VIC
group, whose Vg concentrations were 1.54 ± 0.13, 3.04 ± 0.24,
6.02 ± 0.68, 9.37 ± 0.93 mg/ml, respectively, from ovarian stage I
to stage IV (Fig. 5A and B).

The Vg concentrations after treatment with 2.5 � 10�6 or
2.5 � 10�7 mol of 5-HT/prawn exhibited a gradual increase from
ovarian stage I to stage IV (Fig. 5A). At stage I, the Vg concentra-
tions were 2.50 ± 0.15 and 2.33 ± 0.12 mg/ml, respectively, for the
two 5-HT doses. Vg concentration gradually increased through
ovarian stage II (8.89 ± 1.10 and 7.99 ± 0.82 mg/ml, respectively)
and ovarian stage III (16.96 ± 2.01 and 14.37 ± 1.59 mg/ml,
respectively), and finally reached the highest level (24.95 ± 1.88
and 20.33 ± 1.60 mg/ml, respectively) in stage IV, which was
approximately at 10-fold increase over stage I. The Vg concentra-
tions of prawns treated with 2.5 � 10�6 mol 5-HT/prawn were
about 3, 3, and 2–3 times higher than those of control groups
at ovarian stage II–IV. These results were statistically significant
(P < 0.05). The Vg concentrations of prawns treated with
2.5 � 10�7 mol 5-HT/prawn were about 2–3, 2–3, and 2 times
higher than those of control groups at ovarian stage II–IV
(P < 0.05). The Vg concentration of prawns treated with either
dose of 5-HT at ovarian stage IV was approximately a 14-fold
higher that of control groups at ovarian stage I (P < 0.05). Further-
more, injection of 5-HT shortened the ovarian maturation periods
(OMP) by about 10 days compared to control groups (OMP, �29
days for 5-HT vs. �39 days for NC). The gonado-somatic (GSI) in-
dex (i.e., ovarian size) was also significantly increased by about
2.5 fold, when compared to those of the control groups (Tinikul
et al., in press).

Fig. 5. A graph illustrating the concentrations of hemolymph vitellogenin (Vg) during various phases of the ovarian cycle following administrations of 5-HT (A) and DA (B).
The doses of 5-HT and DA were given at 2.5 � 10�6 and 2.5 � 10�7 moles per prawn. The concentration is expressed as mg/ml of hemolymph. Numbers are expressed as
means ± SEM. Asterisks indicate significant differences P < 0.05, when compared between the experimental groups (5-HT and DA) and the control groups. St-1, at ovarian
stage I; St-4, at ovarian stage IV.

Y. Tinikul et al. / General and Comparative Endocrinology 158 (2008) 250–258 255



In contrast, Vg concentrations after treatment with DA at
2.5 � 10�6 or 2.5 � 10�7 mol of DA/prawn increased slightly from
ovarian stage I (1.84 ± 0.36 and 2.06 ± 0.21 mg/ml, respectively) to
stage II (2.66 ± 0.18 and 2.77 ± 0.16 mg/ml, respectively), and then
slightly increased at ovarian stages III (3.01 ± 0.71 and
3.58 ± 0.83 mg/ml, respectively), and stage IV (3.88 ± 0.65 and
4.49 ± 0.9 mg/ml, respectively). The Vg concentrations of prawns
treated with DA (2.5 � 10�6 mol/prawn) were about 2 and 2.5
times lower than those of control groups at ovarian stage III
and IV. These results were statistically significant (P < 0.05). The
Vg concentrations of prawns treated with DA (2.5 � 10�7 mol/
prawn) were about 1 and 2 times lower than those of control
groups at ovarian stage III and IV (P < 0.05) (Fig. 5B). However,
prawns treated with DA showed longer ovarian maturation peri-
od (OMP �64–67 days) as well as decreased ovarian size (Tinikul
et al., in press).

4. Discussion

The present investigation documents how endogenous levels of
5-HT and DA change in the ovaries and nervous system inM. rosen-
bergii during the ovarian cycle. Variations in the concentration of
5-HT in the ovaries appear to be correlated with changes in brain
and thoracic ganglia throughout the four stages of the cycle. Specif-
ically, 5-HT levels rose steadily in all three structures from ovarian
stage I to ovarian stage IV. In contrast, levels of DA in the brain,
thoracic ganglia, and ovaries were high in ovarian stages I and II,
and declined in ovarian stages III and IV. Thus, changes in DA con-
centration in the brain, thoracic ganglia, and ovaries were essen-
tially opposite to those of 5-HT. This suggests that the two
transmitters may play opposite roles in regulating ovarian matura-
tion. Maximal DA levels occurred in stage I in the ovaries and in
stage II in the brain and thoracic ganglia. Thus, the relationship be-
tween DA levels in the ovaries, brain and thoracic ganglia does not
appear to be as tightly correlated as for 5-HT. Changes in DA and 5-
HT levels in the abdominal ganglia during various stages of the
ovarian cycle were not statistically significant.

The distribution of 5-HT has been extensively mapped using
immunohistochemistry on the CNS of various crustaceans, includ-
ing the crayfish, Cherax destructor (Sandeman et al., 1988), P. lenius-
culus (Elofsson, 1983), P. clarkii (Real and Czternasty, 1990), the
lobster, Homarus americanus (Beltz and Kravitz, 1983), and squat
lobster, Munida quadrispina (Antonsen and Paul, 2001). As well,
DA was reported to be present in various regions of the CNS,
including the lobster, Homarus gammarus (Cournil et al., 1994),
the spiny lobster, Panulirus argus (Schmidt and Ache, 1997), the
blue crab, Callinectes sapidus (Wood and Derby, 1996), and several
crayfish species (Tierney et al., 2003).

Although immunohistochemistry is a useful method for visual-
izing and mapping neuronal populations containing biogenic
amines, it is not an effective method for estimating and comparing
the quantities of these neurotransmitters in various regions of the
CNS. HPLC is a better method for this purpose, as pointed out by
Hardie and Hirsh (2006). In the crayfish, P. clarkii, levels of biogenic
amines were quantified in various regions of the CNS, eyestalk, and
intestinal nerve using HPLC (Mercier et al., 1991; Kulkarni et al.,
1992; Alvarez et al., 2005). In this species, the total concentration
of 5-HT in the brain (0.581 ± 0.36 lg/g) was higher than in the eye-
stalks (0.299 ± 0.15 lg/g) (Cervantes et al., 1999). In the spiny lob-
ster, P. homarus, the level of 5-HT was higher in thoracic ganglia
than in the brain at ovarian stage IV, and as a result it was sug-
gested that 5-HT could be involved in controlling the ovarian
development (Kirubagaran et al., 2005). In the lobsters,
Palinurus interruptus, H. americanus, and the crab, Cancer irroratus,
major tissues that exhibited high levels of 5-HT were the optic
ganglion, cerebral ganglion, circumoesophageal connectives,

stomatogastric ganglion, and thoracic ganglia (Aramant and
Elofsson, 1976; Beltz et al., 1984). However, fluctuations in the lev-
els of both 5-HT and DA in correlation with different phases of the
ovarian cycle have not been previously reported. The present study
demonstrates that in the freshwater prawn, M. rosenbergii, the lev-
els of 5-HT and DA in the brain, thoracic ganglia and ovaries fluc-
tuate in opposite directions during the ovarian cycle. Specifically,
5-HT levels rose with ovarian maturation, and DA levels fell. Our
results agree with those reported earlier in P. clarkii and in P. hom-
arus by Cervantes et al. (1999) and Kirubagaran et al. (2005), but
these authors reported only 5-HT levels. Chen et al. (2003) was
the first to report the possible involvement of DA in ovarian devel-
opment in M. rosenbergii, but they did not show the variation pat-
tern of DA in various regions of CNS and ovary as reported here.

The effects of 5-HT and DA on regulation of ovarian maturation
in crustaceans have been extensively reported (Martinez and Rivera,
1994; Sarojini et al., 1995; Meeratana et al., 2006). 5-HT induces
ovarian maturation in several species, including the crayfish,
P. clarkii, the lobster, H. americanus (Kulkarni et al., 1992;
Fingerman, 1997), the giant freshwater prawn, M. rosenbergii
(Meeratana et al., 2006), the black tiger shrimp, P. monodon
(Wongprasert et al., 2006), P. vannamei (Vaca and Alfaro, 2000),
and Litopenaeus vannamei and Litopenaeus stylirostris (Alfaro
et al., 2004). Treatment of the crayfish, P. clarkii, with 5-HT causes
significant increases in ovarian index and oocyte diameter
(Kulkarni et al., 1992). Kulkarni et al. (1991) reported that brain
and thoracic ganglia of P. clarkii stimulated incorporation of leucine
into ovarian protein. In the freshwater prawn, M. rosenbergii, treat-
ment with 5-HT also showed a significant increase in the gonado-
somatic (GSI) index (Meeratana et al., 2006). In L. stylirostris, the
combined injection of 5-HT and spiperone elicited higher rates of
ovarian maturation compared to application of 5-HT alone (Alfaro
et al., 2004). Furthermore, the ovaries of prawns injected with the
culture medium of 5-HT-primed thoracic ganglia exhibited an in-
crease in the number of oocytes developing to vitellogenic and ma-
ture stages. These findings suggest that 5-HT and/or other
hormonal factors from the thoracic ganglia could be major factors
that stimulate the ovarian maturation (Meeratana et al., 2006).
5-HT might act indirectly by stimulating the release of some other
putative gonadotrophic factor, such as gonad-stimulating hormone
(GSH) from the thoracic ganglion, and/or by inhibiting the release
of gonad-inhibiting hormone (GIH) from the optic lobe, whereas
DA plays the opposite role (Kulkarni et al., 1992; Sarojini et al.,
1995; Fingerman, 1997). In the freshwater prawn, M. rosenbergii,
it was suggested that the inhibitory action of DA could be on the
thoracic ganglia through inhibition of vitellogenesis-stimulating
hormone (VSH) release, but not at the eyestalk level through stim-
ulation of VIH release from the X-organ–sinus gland complex
(Chen et al., 2003). Our finding that the thoracic ganglia contained
high levels of 5-HT and DA implies that this part of CNS may play a
leading role in controlling the prawn’s ovarian maturation, and
that the brain may play a secondary role. In contrast, the abdomi-
nal ganglia, which had the lowest levels and least fluctuation of
both 5-HT and DA levels, may not be involved in this controlling
process.

In crustaceans, vitellogenesis is an important process in the fe-
male reproductive cycle (Okumura, 2004), which is characterized
by the appearance in the hemolymph of vitellogenin (Vg), the pre-
cursor of the major yolk protein, vitellin (Vn) (Tsukimura, 2001).
Thus, hemolymph Vg level is an important indicator of ovarian
maturation. Extracts of the brain and thoracic ganglia stimulate
ovarian vitellogenin synthesis and the development of secondary
oocytes in the crayfish, P. leniusculus and P. clarkii (Elofsson et al.,
1982; Sarojini et al., 1995), the crab, Uca pugilator (Chang, 1985),
and the shrimp, Paratya compressa (Takayanagi et al., 1986). In
the present study, injection of 5-HT and DA, respectively, increased
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or decreased levels of hemolymph Vg in M. rosenbergii. Vg concen-
trations of prawns treated with 5-HT were higher at all ovarian
stages, especially stage IV, compared to control groups, whereas
prawns treated with DA exhibited lower Vg concentrations when
compared to those of 5-HT and control groups. These results indi-
cate causal relationships, with 5-HT stimulating Vg synthesis and
DA inhibiting Vg synthesis. Taken together with fluctuations in
5-HT and DA levels, the present data suggest that ovarian matura-
tion involves increases in levels of 5-HT and decreases in levels of
DA in the CNS and ovary.

In this study, the concentrationof 5-HT in the ovarywas lowest at
ovarian stage I and gradually increased to ovarian stage IV. In con-
trast, the concentration ofDAwashighest at ovarian stage I and low-
est at the ovarian stage IV. Fluctuations in the level of these two
neurotransmitters were also in opposite directions as in the brain
and thoracic ganglia. However, the levels of DA in the ovaries were
much higher than those of 5-HT at each phase of the ovarian cycle.
There have been previous reports on the roles of 5-HT and DA in
the oocyte maturation. In mouse, the existence and expression of a
5-HT receptor (5-HT1D) in oocytes implies that 5-HT may be in-
volved in the regulation of oocyte maturation (Vasela et al., 2003).
Moreover, increasing levels of 5-HT have been detected in human
ovarian follicular fluid in associationwith the ovulatory cycle (Bodis
et al., 1992). In marine memertean worms, 5-HT causes increases in
cAMP in immature oocytes, which stimulates meiotic division and
maturation of oocytes (Stricker and Smythe, 2001). In bivalves,
Spisula sp., 5-HT stimulates the completionofmeiotic divisionof iso-
lated cultured oocytes (Hirai et al., 1988). The mechanism by which
5-HT releases oocytes from prophase I arrest appears to involve a
G-protein coupled receptor that results in the increase of IP-3 and
intracellular Ca2+ levels (Gobet et al., 1994). In P. monodon, 5-HT1
receptors were expressed in the membrane of mature oocytes in
stages III and IV of the ovarian cycle (Ongvarrasopone et al., 2006),
which suggest that 5-HTmay play a critical role in regulating oocyte
maturation in this penaeoid shrimp as well. As a significantly high
level of 5-HTappeared in theovary fromstage I to IV inM. rosenbergii,
and 5-HTwas also detected in late andmature oocytes (unpublished
observation), we propose that 5-HT may play similar role in the
oocyte maturation in this species.

The expression of DA in the ovary appears to be phylogeneti-
cally conserved feature (Buznikov, 1991). In sea urchins, the ability
of both unfertilized and fertilized eggs to take up DA was demon-
strated, and it was shown that the uptake of DA was more promi-
nent before fertilization (Carginale et al., 1995). In the grey mullet,
Mugil cephalus, DA was found to inhibit the proliferation of early
stages of vitellogenic oocytes and the final stage of oocyte matura-
tion and ovulation (Aizen et al., 2005). In the European eel, Anguilla
anguilla, and in teleost fish, it was demonstrated that DA could
inhibit the release of luteinizing hormone (LH) (Peter et al., 1986;
Vidal et al., 2004). Consequently, the oocytes fail to mature and
ovulate (Yaron, 1995). Even though the role of DA is not as well de-
fined as that of 5-HT, it is possible that in M. rosenbergii DA might
also delay oocyte maturation by promoting the meiotic arrest at
the end of prophase stage. This, however, needs to be further
studied.
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Abstract Male germ cells of the greater bandicoot rat,
Bandicota indica, have recently been categorized into 12
spermiogenic steps based upon the morphological appear-
ance of the acrosome and nucleus and the cell shape. In the
present study, we have found that, in the Golgi and cap
phases, round spermatid nuclei contain 10-nm to 30-nm
chromatin fibers, and that the acrosomal granule forms a
huge cap over the anterior pole of nucleus. In the acrosomal
phase, many chromatin fibers are ∼50 nm thick; these then
thickened to 70-nm fibers and eventually became 90-nm
chromatin cords that are tightly packed together into highly
condensed chromatin, except where nuclear vacuoles occur.
Immunocytochemistry and immunogold localization with
anti-histones, anti-transition protein2, and anti-protamine
antibodies suggest that histones remain throughout sperm-

iogenesis, that transition proteins are present from step 7
spermatids and remain until the end of spermiogenesis, and
that protamines appear at step 8. Spermatozoa from the
cauda epididymidis have been analyzed by acid urea Triton
X-100 polyacrylamide gel electrophoresis for basic nuclear
proteins. The histones, H2A, H3, H2B, and H4, transitional
protein2, and protamine are all present in sperm extracts.
These findings suggest that, in these sperm of unusual
morphology, both transition proteins and some histones are
retained, a finding possibly related to the unusual nuclear
form of sperm in this species.

Keywords Chromatin organization . Sperm basic
nuclear proteins . Immunocytochemistry . Spermiogenesis .

Bandicota indica (Rodentia)

Introduction

Mammalian spermiogenesis involves the differentiation of
spermatids into highly polarized spermatozoa during which
time the remodeling and repackaging of the sperm nuclear
proteins occurs (Balhorn et al. 1984; Courtens and Loir
1981; Oko et al. 1996). In common laboratory rodents, the
chromatin organization, as seen by transmission electron
microscopy (TEM), appears early in spermiogenesis as
50-nm fibers, which later aggregate into 100-nm cords that
then become highly compacted in the mature sperm nuclei
(Ploen and Courtens 1986; Biggiogera et al. 1992; Balhorn
et al. 1999; Wanichanon et al. 2001). During chromatin
condensation, transition proteins (TPs) initially replace
most of the histones. They are then largely, or completely,
replaced by protamines (Grimes et al. 1977; Oliva and
Dixon 1991; Meistrich 1989; Biggiogera et al. 1992;
Wouters-Tyrou et al. 1998; Oko et al. 1996; Corzett et al.
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2002) with the TPs probably preparing the chromatin for
association with protamines and playing a role in bringing
about DNA condensation (Oko et al. 1996; Yu et al. 2000;
Brewer et al. 2002; for reviews, see Meistrich et al. 2003;
Kimmins and Sassone-Corsi 2005; Pradeepa and Rao
2007). In the spermatid nuclei of laboratory rodents, TPs
appear before histone removal is complete (Zhao et al.
2004), and in the rat, TPs appear concurrently with the
condensation of chromatin (Oko et al. 1996). In the mouse,
histones are replaced by TPs in step 11 to 13 spermatids,
the TPs then being replaced by protamines (Yu et al. 2000;
Meistrich et al. 2003; Zhao et al. 2004) so that mature
sperm lack TPs (Oko et al. 1996; Pradeepa and Rao 2007).
Protamines, which are small, highly positively charged,
arginine-rich proteins, bind to the phosphate backbone of
DNA and initiate DNA coiling (Balhorn 1982; Allen et al.
1993; Balhorn et al. 1999). In some mammal species, two
groups of protamines occur. Protamine 1, which is relatively
highly conserved, is invariably present, whereas protamine 2
is found only in a few species. The reason for this difference
in abundance of protamine 2 is not clear, but to date, no
obvious relationship appears to exist between the ratio of
protamine 1 and protamine 2 and that of nuclear shape
(Balhorn 1989; Queralt et al. 1995; Corzett et al. 2002).

Unlike most murine rodents in which sperm heads have
falciform-shaped nuclei (Retzius 1909; Friend 1936; Bishop
and Austin 1960; Lalli and Clermont 1981; Breed 2004),
those of the greater bandicoot rat, Bandicota indica, have a
globular-shaped nucleus that is capped by an extremely large
acrosome (Breed 1993, 1998, 2004; Worawittayawong et al.
2005). The reason for this dramatic difference in sperm
nuclear shape is not clear but may be related to differences
in sperm chromatin organization and its nuclear protein
profile. In the present study, we show that, in the greater
bandicoot rat, both filamentous and globular patterns of
chromatin packaging occur during spermiogenesis, and that
the mature sperm nucleus appears to contain, in addition to
protamine, a TP and some histones.

Materials and methods

Antibodies and chemicals

Rabbit polyclonal anti-H2A, anti-H2B, and anti-H4 antibodies
were donated byDr. SylvianeMuller (IBMC, France), and anti-
H3 IgG was purchased from Santa Cruz Biotechnology (Santa
Cruz, Calif., USA). Rabbit polyclonal anti-TP2 antibody, origi-
nally from Alfonso and Kistler (1993), was kindly provided by
Dr. Richard Oko (Department of Anatomy and Cell Biology,
Ontario, Canada), and monoclonal antibody against human
protamine was from Dr. Rod Balhorn (Lawrence Livermore
National Laboratory, Livermore, Calif., USA). Chemicals used

in these experiments were purchased from Sigma-Aldrich (St.
Louis, Mo., USA) unless mentioned otherwise.

TEM and measurement of chromatin fibers of spermatids

Greater bandicoot rats were caught in rice fields in the northern
parts of Thailand and acclimatized for a few days before use.
After anesthesia, the testes were removed from the animals,
and small pieces of tissue were immediately fixed in 3%
glutaraldehyde and 3% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4, at 4°C, overnight. Some of the tissue was then
post-fixed in 1% osmium tetroxide (1 h, 4°C), washed in
phosphate buffer, dehydrated by being passed through a
graded series of ethanols, and embedded in TAAB epoxy
resin. Ultrathin sections were cut, mounted on copper grids,
stained with uranyl acetate and lead citrate, and observed with
a Philips CM100 transmission electron microscope at 80 kV.

Sizes of chromatin fibers at each spermatid step were
measured in ten randomly selected areas of each nucleus. At
least ten nuclei at each step of spermiogenesis were measured
by Adobe Photoshop software at high resolution by using a
modified method as described in Manochantr et al. (2005)
with a catalase crystal (lattice spacing: 87.5 Å) as a standard.

Immunohistochemistry of spermatids

For immunohistochemistry, testes were removed, fixed in
Bouin’s fixative overnight, and processed for paraffin embed-
ding. Sections (5 μm thick) were cut, deparaffinized by being
passed through a decreasing series of ethanols, and immersed
in 1% saturated lithium carbonate in 70% ethanol to eliminate
residual picric acid. Endogenous peroxidase activity was
minimized by immersion in 1% H2O2 in 70% ethanol. The
sections were then pre-blocked with 0.1 M glycine and 4%
bovine serum albumin (BSA) in 0.1 M phosphate-buffered
saline (PBS), and permeabilized with 1% Triton X-100 in
PBS for 15 min. Sections were incubated in either anti-
histones, anti-TP2, or anti-protamine antibodies at a dilution
of 1:100 (1 h, in a humidified chamber). For controls, the
primary antibodies were omitted, or the sections were treated
with pre-immune sera. Sections were washed twice in 0.1 M
TRIS-buffered saline (TBS) containing 0.05% Tween 20
(TBST) and subsequently exposed to the corresponding
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies at a dilution of 1:400 (1 h, room temperature). The
peroxidase reaction products were obtained by incubating
tissue sections in 0.03% H2O2, 0.3% NiCl2, and 0.05%
diaminobenzidine tetrahydrochloride (DAB) in TBS and
washed in distilled water. Sections were dehydrated by being
passed through ethanols, cleared in xylene, and a coverslip
placed on top. All images were acquired with a Nikon
Eclipse E600 microscope equipped with a Nikon DXM 1200
charge-coupled device camera.
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Immunoelectron microscopy of spermatids

Small pieces of testes were fixed in 4% paraformaldehyde
and 1% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4.
They were then dehydrated and processed for embedding in
LR White resin (London Resin, Berkshire, UK). Thin
sections were cut with a diamond knife, mounted on
Formvar-coated nickel grids, placed on drops of 0.1 M
glycine solution in PBS, and blocked with 5% normal goat
serum (NGS) in TBST (20 min, in a humidified chamber).
They were then incubated (4°C, overnight) with one of the
primary antibodies (goat anti-rabbit antibody for H2A,

H2B, H3, and TP, and goat anti-mouse antibody for
protamine) at a dilution of 1:10 in 1% NGS-TBST, washed
with NGS-TBST, incubated in the corresponding secondary
antibodies coupled with 10-nm gold particles at a dilution
of 1:20 (2 h, in a humidified chamber), and washed
repeatedly in NGS-TBS and distilled water. For negative

controls, the primary antibody was omitted. The sections
were then stained with uranyl acetate and observed with a
Phillips CM100 transmission electron microscope at 80 kV.

Extraction of basic nuclear proteins from spermatozoa
from the cauda epididymidis

Extraction was performed according to the protocol
described by Platz et al. (1975) and Manochantr et al.
(2005). Briefly, sperm were gently squeezed from the cauda
epididymidis, washed in cold PBS, and then centrifuged at
600g for 10 min before being resuspended in sodium-
magnesium TRIS (SMT) solution (250 mM sucrose, 2 mM
MgCl2, and 10 mM TRIS-HCl, pH 7.4). The sperm were
then pelleted (600g, 10 min), demembranated with 0.5%
Triton X-100 in SMT solution, and centrifuged (1500g,
10 min) to obtain the sperm nuclear fraction. Nuclei from
chick erythrocytes were prepared similarly.

Fig. 1 Transmission electron micrographs of early developing
spermatids of Bandicota indica testis. a A Golgi phase spermatid
showing numerous small electron-dense proacrosomal granules (gr);
the nucleus (n) contains 10-nm and 20-nm chromatin threads. b An
early cap phase spermatid showing a large acrosomal granule (ac)
attached to the nuclear envelope in the anterior region of nucleus (n);
condensed chromatin is located just beneath the acrosome and close to
other regions of the nuclear envelope (arrows). c Early acrosome
phase spermatid showing cap-shaped acrosome (ac) and homogeneous

electron-dense chromatin; 30-nm chromatin fibers (3) have started to
appear in the middle (inset) and posterior (arrow) regions (2 20-nm
fibers). d An early acrosome phase spermatid showing abundant 30-
nm chromatin fibers throughout much of the nucleus (n) and thicker
chromatin (50-nm fibers) located peripherally. Spherical electron-
dense particles lie in the vacuole situated centrally (arrow). Inset:
Three different types of chromatin fibers of 20 (2), 30 (3), and 50 (5)
nm (padl postacrosomal dense lamina, mt microtubule). Bars 1 μm (a,
b, d), 2 μm (c)
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The nuclear fractions of sperm and chick erythrocytes
were treated with reducing agent (5 M guanidine HCl,
0.3 M β-mercaptoethanol, and 10 mM dithiothreitol, 0.5 M
TRIS-HCl, pH 8.5). To obtain a nuclear suspension, a final

concentration of 0.25 N HCl was added, and incubation
was carried out for 1 h to extract the basic nuclear proteins
(BNPs). Nuclear remnants were then eliminated by centri-
fugation (12,000g, 15 min), and the nuclear proteins in
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supernatant were precipitated with 80% trichloro-acetic
acid (60 min). The precipitate was recovered by centrifu-
gation (12,000g, 10 min), washed twice with cold acidified
acetone (−70°C; 2,000:1, v/v: acetone/12 N HCl) and
subsequently with cold acetone, and then air-dried.

Acid urea Triton X-100 polyacrylamide gel electrophoresis
and immunoblotting of spermatozoa from the cauda
epididymidis

BNPs of cauda sperm were separated by 17% acid urea
Triton X-100 polyacrylamide gel electrophoresis (AUT-
PAGE; 2.5 M urea, 6 mM Triton X-100, and 5% acetic

acid; Zweidler 1978). Protein samples were isolated from
cauda epididymal sperm and chick erythrocytes, and
standard protein markers were dissolved in sample buffer
(9 M urea, 0.9 N acetic acid, 5% mercaptoethanol, and
0.2% pyronine-G). Electrophoresis was carried out at a
constant current, and some of the gels were stained with
Coomassie brilliant blue R-250. Proteins on the other
duplicated gels were transferred onto nitrocellulose mem-
brane by using 0.9 N acetic acid, pH 2.3, as the transfer
buffer. Non-specific binding of antibodies was blocked with
skimmed milk in TBST. The membranes were then flooded
with either anti-TP2 or anti-protamine antibodies at a
dilution of 1:10,000 (1 h, room temperature), and washed
in TBST. Subsequently, the proteins were exposed to the
corresponding HRP-conjugated secondary antibodies at a
dilution of 1:20,000 (1 h, room temperature) and visualized
by enhanced chemiluminescence (ECL) using an ECL Kit
(Amersham Pharmacia, Buckinghamshire, UK).

Results

Ultrastructure of spermatids and chromatin organization

We have previously categorized B. indica spermatids into 12
steps by light microscopy based on their appearance and the
patterns of the germ cell associations (Worawittayawong
et al. 2005). In the present study, we extend these

Fig. 2 Transmission electron micrographs of late spermatids in the B.
indica testis. a Early acrosome phase showing chromatin fibers of
30 nm (3) throughout the nucleus (n) with 50-nm fibers (5) at the
periphery and a localized central region (arrowhead, see also inset). b
Mid-acrosome phase spermatid showing 50-nm fibers (5, inset)
throughout the nucleus (n) with some 70-nm peripheral chromatin
cords (7, inset); a small region of electron-lucent material occurs
posteriorly (arrowhead). c Mid-acrosome phase spermatid showing
large chromatin cords of 90 nm in thickness (9, inset) with spherical
electron-dense particles in the nuclear vacuole (nv); the acrosome (ac)
has two regions of different electron density. d Late acrosome phase
spermatid showing 90-nm chromatin cords with small region of
electron-lucent material posteriorly (arrow). e, f Maturation phase
spermatids showing extensive homogeneous electron-dense chroma-
tin, except where nuclear vacuoles (nv) are present (mt microtubules,
padl postacrosomal dense lamina, pr perinuclear ring, sas subacroso-
mal space, t tail). Bars 2 μm (a), 1 μm (b-f)

R

Fig. 3 Immunocytochemistry of
BNPs in seminiferous tubules of
B. indica. a, b Sections stained
with anti-H2B antibody or anti-
H3 antibody, respectively,
showing the positive staining of
many of the nuclei of spermato-
gonia lying on the basement
membrane of the seminiferous
tubules and also in some of the
spermatids near the lumen
(insets in a, b). c, d Sections
stained with antibodies against
transition protein2 (TP2) or
protamine, respectively, demon-
strating positive staining in the
nuclei of the late spermatids and
spermatozoa (insets in c, d). Bar
5 μm (insets)
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observations by determining the ultrastructural organization
of the spermatids with special emphasis on chromatin
organization.

The formation of the acrosomal granule, by the
attachment of Golgi-body-derived vesicles to the outer
nuclear envelope, was characteristic of the Golgi phase
(steps 1–2) spermatids (Fig. 1a), similar to that in most
mammalian species (Biggiogera et al. 1992; Courtens et al.
1991; Dooher and Bennett 1973; Loir and Courtens 1979).
In the early cap phase (steps 3–4) of B. indica spermatids,
the acrosomal granule became extremely large (Breed
1993) (see Fig. 1b), and the acrosomal matrix developed
two regions of differing electron density (Fig. 2c-f)
suggesting compartmentalization of the acrosomal contents
in the granule. Thickening of the nuclear envelope occurred
close to the acrosomal granule with an elongation of the

acrosomal granule taking place during the late cap and
acrosomal phases (steps 5–9), with the manchette forming
around the nuclear periphery (Figs. 1c,d, 2a-d).

In the Golgi phase and early cap phase (steps 1–4)
spermatids (Fig. 1a,b), the nuclear chromatin initially
appeared as 10-nm and 20-nm scattered granules. In
spermatids of the late cap phase (step 5), condensed 30-
nm fibers of nucleochromatin began to appear in the central
nuclear region (Fig. 1c). Whereas these chromatin fibers
spread throughout the nucleus of the spermatids of early
acrosome phase (steps 6–7), higher order condensation of
chromatin fibers with a diameter of about 50 nm appeared
close to the nuclear periphery at a distance from the
acrosomal granule (Figs. 1d, 2a, insets). Vacuoles with
electron-dense particles surrounded by an electron-lucent
region often occurred near the center of the nuclei of these

Fig. 4 Transmission electron
micrographs of gold-immunola-
beled nuclei of B. indica sper-
matocyte and spermatids after
immunostaining with anti-histo-
nes antibodies (n nucleus).
Immunostaining with the anti-
H2B antibody demonstrated
gold particles scattered through-
out the condensing nuclear
chromatin of a pachytene pri-
mary spermatocyte) serving as
the positive control for histone
(a and of a step 12 spermatid
(b). Immunostaining with the
anti-H3 antibody revealed nu-
merous gold particles in the step
10 (c) and step 12 (d) late
spermatids. The acrosome (ac in
b, d) exhibited no labeling. No
immunogold labeling occurred
in the nuclear vacuole (nv in e)
or in the control section (f). Bars
500 nm (a-d, f), 200 nm (e)
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spermatids (Fig. 2b). In the mid-acrosome phase (step 8)
spermatids, 50-nm diameter fibers were dispersed through-
out much of the nucleus with larger 70-nm diameter fibers
being present peripherally (Fig. 2b, inset). All chromatin
fibers reached their maximal thickness of about 90 nm in
spermatids of the late acrosome phase (step 9), leaving
some spaces filled with unidentified material scattered
randomly throughout the nucleus (Fig. 2c, inset). The thick
chromatin cords in spermatids of the maturation phase (step
10–12) then associated with each other to become highly
condensed chromatin patches, with the vacuoles containing
the spherical electron-dense particles becoming reduced in
size (Fig. 2d-f) as was the overall volume of the nucleus.

Distribution of BNPs in spermatids during spermiogenesis

Intense immunoreactivity to antibodies against histones
H2B (Fig. 3a) and H3 (Fig. 3b) was detectable in some of
the spermatogonia lining the base of seminiferous tubules.
Similar immunostaining by both anti-H2B and anti-H3 was
also observed in various spermatids in the adluminal
compartment of the tubules (Fig. 3a,b, insets) indicating
that these two histones were retained until late differenti-
ation. At the TEM level, as in primary spermatocytes
(Fig. 4a), deposition of gold particles was seen in
spermatids from the late cap phase (step 9) to the late

maturation phase after staining with histone antibodies
(Fig. 4b-d). There was an absence of labeling against both
anti-histones in the nuclear vacuoles of the late differenti-
ating spermatid nuclei (Fig. 4e) and in the negative controls
(Fig. 4f).

Immunoreactivity with anti-TP2 was initially found in
step 7 spermatids and remained throughout nuclear matu-
ration (Figs. 3c, 5a,b), whereas staining with the anti-
protamine antibody was detected from the mid-acrosomal
phase (step 8; Figs. 3d, 5c,d). At the TEM level, some
deposition of gold particles initially appeared at step 7 after
anti-TP2 staining (Fig. 5a) and in step 8 spermatids after
anti-protamine staining (Fig. 5c,d). In step 11–12 sperma-
tids, a slightly increased abundance of gold particles was
evident, especially with the anti-protamine antibody,
whereas no gold labeling was apparent in the negative
controls.

Presence and expression level of TP and protamine
of mature sperm

Profiles of BNPs extracted from B. indica spermatozoa
were analyzed by AUT-PAGE (Fig. 6). Four major protein
bands were found to occur, which had similar electropho-
retic mobilities to those of the chicken erythrocyte histones
H2A, H3, H2B, and H4 in sperm BNP extracts (Fig. 6a,

Fig. 5 Transmission electron
micrographs of B. indica sper-
matids gold-labeled with the
anti-TP2 or anti-protamine anti-
bodies (n nucleus). Immunos-
taining with anti-TP2 antibody
showed sparse gold labeling in
the chromatin of spermatids at
step 7 (a) and occurred
throughout the chromatin at step
12 (b). No gold labelling was
seen in the nuclear vacuoles
(arrows in b). Immunostaining
with anti-protamine antibody
revealed the presence of gold
particles in the chromatin of step
8 spermatids (c) and throughout
the maturing spermatids (d).
Bars 1 μm (a, c) 500 nm (b, d)
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lanes 1, 2). Two other major basic proteins occurred, which
were probably TP and protamine as judged by their
positions on the gels. Results seen in gels of the cauda
sperm extracts blotted with specific antibodies against TP
and protamine supported the conclusion that TP and
protamines occurred in the sperm extracts. The antibodies

specifically recognized a single protein band whose mob-
ility was similar to that of TP or protamine (Fig. 6b, lanes 1,
2, respectively). BNP extracts exposed to secondary
antibody, as a negative control, revealed only background
staining (Fig. 6b, lane 3).

Discussion

Unlike in most murine rodents that have a falciform-shaped
sperm head (see Retzius 1909; Friend 1936; Bishop and
Austin 1960), the sperm head in male greater bandicoot rats
is globular and more like that in other, distantly related,
eutherian mammals, with the shape of the nucleus generally
reflecting that of the overall head shape (Breed 1993, 1998,
2004; Worawittayawong et al. 2005). Preliminary observa-
tions suggested that, during chromatin condensation, the
chromatin organization differed from that of the laboratory
rat (Breed 1993, 1998). Thus, the question arises as to
whether the pattern of chromatin condensation could result,
at least in part, in the different final form of the sperm
nucleus. In the present study of spermiogenesis in the
greater bandicoot rat, we have found that a filamentous
organization of the chromatin is evident during early
spermiogenesis, similar to that of the laboratory rat (Bal-
horn et al. 1999; Wanichanon et al. 2001), but that the
chromatin fibers then appear to assemble to form thicker
chromatin cords. In addition, we have observed that nuclear
vacuoles, with electron-dense particles, also occur.

In maturing mammalian spermatids, histones are gener-
ally replaced by TPs, which are, in turn, then replaced by
protamines (Grimes et al. 1977; Meistrich 1989; Oliva and
Dixon 1991; Biggiogera et al. 1992; Oko et al. 1996;

Table 1 Occurrence (+) of histones, transition protein2 (TP2), and protamine and of the different sizes of chromatin fibers during spermiogenesis
in Bandicota indica (GP Golgi phase, ECP early cap phase, LCP late cap phase, EAP early acrosome phase,MAP mid-acrosome phase, LAP late
acrosome phase, MP maturation phase)

Presence of BNPs and sizes of chromatin fibers Spermatid steps (1-12)

GP ECP LCP EAP MAP LAP MP

1 2 3 4 5 6 7 8 9 10 11 12

BNPs
Histones + + + + + + + + + + + +
TP2 + + + + + +
Protamine + + + + +
Chromatin fibers (nm)
10 + + + +
20 + + + + + +
30 +
50 + + +
70 +
90 +

Table 1 Occurrence (+) of histones, transition protein2 (TP2), and
protamine and of the different sizes of chromatin fibers during
spermiogenesis in Bandicota indica (GP Golgi phase, ECP early cap

phase, LCP late cap phase, EAP early acrosome phase,MAP mid-
acrosome phase, LAP late acrosome phase, MP maturation phase)

Fig. 6 a Comparison of BNPs from cauda epididymal spermatozoa of
B. indica (lane 2) with BNPs from chick erythrocytes (lane 1) by 17%
acid urea Triton X-100 polyacrylamide gel electrophoresis. Coomas-
sie-blue-stained bands demonstrate core histones (H2A, H3, H2B, H4)
together with TP and protamine (P) in B. indica sperm extracts. b
Immunoblotting with anti-TP (lane 1) and anti-protamine (lane 2) of
epididymal spermatozoa extracts (lane 3 control–arrowhead presumed
testis-specific H2B)
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Wouters-Tyrou et al. 1998). Nevertheless, in human
spermatids, a small amount of histone is retained, perhaps
localized to the telomere regions at the nuclear periphery
(see, for example, Gatewood et al. 1990; Wykes and
Krawetz 2003; Churikov et al. 2004), whereas in the
laboratory mouse, sperm histones also occur around
the peripheral nuclear region (Pittoggi et al. 1999). In the
present study of the spermatids of the greater bandicoot
rat, immunogold labeling suggests that, whereas only
histones are present in the early spermatid nuclei, TPs and
protamines are laid down at the time of the thickening of
the chromatin fibers and the formation of cords. Informa-
tion available from several species of mammals has
revealed the toroidal chromatin structure of nucleoprot-
amine organization (Balhorn et al. 1999), but the structure
of the DNA-TP complexes does not appear to have been
determined. Our finding of chromatin fibers of ∼50 nm in
the mid-acrosomal phase spermatids suggests this may
represent complexes of DNA and TPs (Akama et al. 1996;
Singh and Rao 1988). These chromatin fibers then appear
to associate with each other to form the thicker chromatin
cords of ∼90 to 100 nm, which are similar to nucleoprot-
amine complexes previously found in late spermatids of
some other mammalian species (Sobhon et al. 1982;
Balhorn et al. 1999) but quite unlike those in the
spermatids of common laboratory rodents. The changes
in the appearance of BNPs and the size of chromatin fibers
in spermatids of the greater bandicoot rat during spermio-
genesis is summarized in Table 1.

A further unusual characteristic suggested from the BNP
profiles of the sperm extracts taken from the cauda
epididymidis of the greater bandicoot rat is the apparent
retention of TPs in the mature sperm nuclear extracts. TPs
have been previously shown to play a role in chromatin
condensation and perhaps in DNA repair during chromatin
remodeling (Oko et al. 1996; Yu et al. 2000; Caron et al.
2001; Meistrich et al. 2003). These TPs are generally
replaced by protamines (Zhao et al. 2001) and are thus
eliminated prior to sperm maturation. However, the present
study suggests that, in the sperm of the greater bandicoot
rat, one of the TPs is retained even in the nuclei of the
spermatozoa from the cauda epididymidis. Further work is
now required to determine the distribution and relative
abundance of the TPs in the mature sperm of this species. It
also remains to be seen whether the remaining TPs and
histones co-localize with protamines on the DNA strands to
modulate DNA condensation or occur in the peripheral
region of the nucleus leaving protamine as the major
protein involved in DNA condensation.
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Abstract The normal lymphoid organ of Penaeus monodon (which tested negative for WSSV
and YHV) was composed of two parts: lymphoid tubules and interstitial spaces, which were
permeated with haemal sinuses filled with large numbers of haemocytes. There were three
permanent types of cells present in the wall of lymphoid tubules: endothelial, stromal and cap-
sular cells. Haemocytes penetrated the endothelium of the lymphoid tubule’s wall to reside
among the fixed cells. The outermost layer of the lymphoid tubule was covered by a network
of fibers embedded in a PAS-positive extracellular matrix, which corresponded to a basket-like
network that covered all the lymphoid tubules as visualized by a scanning electron microscope
(SEM). Argyrophilic reticular fibers surrounded haemal sinuses and lymphoid tubules. Together
they formed the scaffold that supported the lymphoid tubule. Using vascular cast and SEM, the
three dimensional structure of the subgastric artery that supplies each lobe of the lymphoid
organ was reconstructed. This artery branched into highly convoluted and blind-ending termi-
nal capillaries, each forming the lumen of a lymphoid tubule around which haemocytes and
other cells aggregated to form a cuff-like wall. Stromal cells which form part of the tubular
scaffold were immunostained for vimentin. Examination of the whole-mounted lymphoid
organ, immunostained for vimentin, by confocal microscopy exhibited the highly branching
and convoluted lymphoid tubules matching the pattern of the vascular cast observed in SEM.
ª 2008 Elsevier Ltd. All rights reserved.

Introduction

The lymphoid or Oka organ was first described in Penaeus
orientalis by Oka [1], and later in Sicyonia ingentis by
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Martin et al. [2] who incorrectly described it as haemato-
poietic nodules. The lymphoid organ of penaeid shrimp con-
sists of two lobes situated ventro-anterior to the
hepatopancreas [3]. Each lobe receives the haemolymph
from the anterior aorta via the subgastric artery [3,4],
which is further branched several times in each lobe of
the lymphoid organ. At the light microscope level, the lym-
phoid organ is composed of two parts: lymphoid tubules and
the spaces in between which are occupied by haemal si-
nuses. Lymphoid tubules consist of the central lumen lined
by flattened endothelial cells. Next to the endothelial lining
are two types of stromal cells. Cells in the inner layer have
a clear, unstained cytoplasm, whereas those in the outer
layer have a more darkly stained cytoplasm with H and E
staining [4]. It is believed that haemocytes penetrate the
endothelial cells into the space between stromal cells,
where they settle and later migrate into the haemal sinuses
which form part of the open circulatory system [3]. Apart
from cellular constituents, there is a connective tissue scaf-
fold that provides support for the lymphoid tubules. In pe-
naeid shrimp, there is no detailed description of the fibrous
scaffold of the lymphoid organ. Furthermore, the three di-
mensional structure of lymphoid tubules and their relation-
ship with the branching subgastric artery have never been
demonstrated. In this study the normal lymphoid organ of
Penaeus monodon, which tested negative for white spot
syndrome virus (WSSV) and yellow head virus (YHV), was
studied by light microscopy using special staining and trans-
mission electron microscopy in order to demonstrate the
histological organization, cellular components, and the
connective tissue scaffold, and by a vascular cast technique
and SEM to visualize the three dimensional structure of the
tubules.

Materials and methods

Shrimps

Wild caught fully mature P. monodon were obtained from
the Gulf of Thailand. The shrimps were confirmed to be
WSSV-negative by PCR and YHV-negative by RT-PCR using
the IQ 2000 detection kit (Farming IntelliGene Technology
Corporation, Taipei, Taiwan).

Tissue preparation for light microscopic
observation

Dissected lymphoid organs were fixed in Davidson’s fixative,
dehydrated through ascending concentrations of ethanol,
cleared with dioxane, and embedded in paraffin wax. Four
to six micron thick sections were cut and stained with
hematoxylineeosin (H and E), Periodic acid-Schiff (PAS),
and Gomori’s stains. All images were captured in a Nikon
microscope fitted with a digital camera DXM 1200.

Periodic acid-Schiff stain (PAS)

This staining method was used to identify carbohydrate
components especially the extracellular matrix (ECM) in
tissue sections. Briefly, the sections were deparaffinized

and hydrated in distilled water. The sections were then
oxidized by being immersed in 0.5% periodic acid solution
for 5 min and washed thoroughly with three changes of
distilled water. The sections were then placed in Schiff re-
agent for 15 min. The excess stain was removed by washing
the sections thoroughly with two changes of 2% potassium
metabisulfite before washing in running tap water for
10 min to develop full color. The sections were counter-
stained with hematoxylin, dehydrated with 95 and 100%
ethanol, cleared with xylene, mounted with permount,
and observed under a light microscope.

Gomori’s stain

Gomori’s stain was applied to detect reticular fibers in
tissue sections because of their argyrophilic property.
Briefly, the deparaffinized sections were treated with
0.5% potassium permanganate solution for 1 min and rinsed
in tap water for 2 min. After that, the sections were differ-
entiated in 2% potassium metabisulfite solution for 1 min
and then washed in running tap water for 2 min. The sec-
tions were sensitized in 2% ferric ammonium sulfate for
1 min, washed thoroughly with tap water, and two changes
of distilled water for 30 s each. The sections were then im-
pregnated with 10% silver nitrate in distilled water for
1 min. Thereafter, the sections were rinsed in distilled wa-
ter for 20 s, reduced for 3 min in the formalin solution and
washed in tap water for 3 min. The sections were then
toned in 0.2% gold chloride solution for 10 min and rinsed
in distilled water. Subsequently, the sections were placed
in 2% potassium metabisulfite for 1 min, in 2% sodium thio-
sulfate for 1 min, and washed in tap water for 2 min.
Finally, the sections were dehydrated in 95 and 100%
ethanol, cleared with xylene and mounted with permount
before being observed under the light microscope.

Immunoperoxidase staining using antivimentin
and anticytokeratin as cell markers

The deparaffinized sections of the lymphoid organ were
prepared as mentioned above and haemolymph smears
were prepared by taking haemolymph from the ventral
sinus, fixing it with an equal volume of 4% paraformalde-
hyde for 1 h at 4 �C, and smearing onto glass slides, which
were air-dried. Both the tissue sections and haemolymph
smears were incubated in 0.3% hydrogen peroxide in meth-
anol for 30 min to remove endogenous peroxidase activity.
Thereafter, free aldehyde was quenched with 1% glycine in
PBS for 5 min, followed by incubation in a blocking solution
(4% BSA and 2% normal goat serum and 0.4% Triton X-100 in
PBS) for 2 h. The sections were then incubated overnight at
4 �C in monoclonal antibodies against cytokeratin or vimen-
tin (Sigma Chemical Co., St. Louis, MO, USA), as the primary
antibodies, and goat anti-mouse IgG conjugated to HRP, as
secondary antibody, for 1 h, respectively. Sections with the
primary antibodies omitted or those treated with normal
goat serum, served as controls. Subsequently, the sections
were immersed in the substrate containing AEC-red (Zymed
Laboratories, San Francisco, CA, USA) and counterstained
with Mayer’s hematoxylin. The sections were washed three
times in PBS between each incubation step. All images were
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Figure 1 Position of lymphoid organ and light micrographs (LM) of paraffin sections stained with hematoxylin and eosin (H and E).
(A) A photograph of the cephalothorax region of Penaeus monodon whose carapace was removed, showing the paired lymphoid
organs (LO) lying ventral to the stomach (Stm) and dorso-anterior to the ventral hepatopancreas (HP). H: heart. (B) Low
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captured in a Nikon microscope fitted with a digital camera
DXM 1200.

Whole mount immunofluorescence observation

Dissected lymphoid organs were fixed with 4% paraformal-
dehyde, dehydrated in ascending concentrations of ethanol
(70 to 100%), permeabilized with Dent’s solution (80%
ethanol and 20% DMSO) and rehydrated in descending
concentrations of ethanol (100 to 50%). Whole lymphoid
organs were then incubated in mouse monoclonal anti-vi-
mentin antibody (Sigma Chemical Co., St. Louis, MO, USA)
at 4 �C for 3 days and Alexa 594-conjugated goat anti-mouse

IgG (Zymed Laboratories, San Francisco, CA, USA) overnight,
respectively. The nuclei were stained with ToPro-3 (Zymed
Laboratories, San Francisco, CA, USA). The specimens were
then cleared in methyl salicylate before being observed
under a confocal laser scanning microscope, Olympus FV1000.

Tissues preparation for electron microscopic
observations

Dissected lymphoid organs were fixed in 4.2% glutaralde-
hyde and 1% paraformaldehyde in cacodylate buffer,
post-fixed in 1% OsO4, and dehydrated through ascending
concentrations of ethanol. For scanning electron microscopic

magnification LM micrograph, showing the general feature of the lymphoid organ surrounded by a capsule (arrows). Subgastric ar-
tery (SGA) entered at the vascular pole (VP) and branched 4e5 times to form vascular plexuses in the lymphoid organ. An antennal
tubule complex was situated at the antennal pole (AP). (CeE) Medium and high magnification LM micrographs from the white-boxed
area in B (C), white-boxed area in C (D), and black-boxed area in B (E), showing antennal tubules (Ant) which were the invaginating
parts from the antennal complex that projected inwards and partitioned the lymphoid organ into lymphoid lobules (arrows in C).
Antennal tubules (Ant) and haemocytes (He) in haemal sinuses were also observed (D, E). LT: lymphoid tubule, HS: haemal sinus.

Figure 2 LM (H and E staining) and SEM micrographs of lymphoid tubules. (A, B) Comparable LM (A) and SEM (B) micrographs of
lymphoid organs, showing lymphoid tubules (LT) and haemal sinuses (HS), which were packed with a large amount of haemocytes
(He). The luminal surface of lymphoid tubule was lined by endothelial cells (En). Capsular cells (Cp) were located at the outermost
layer of the lymphoid tubule. Stromal cells (St) were located between endothelial and capsular cells. (C) High magnification LM
micrograph of a long section of the proximal part of the lymphoid tubule, showing high cuboidal endothelial cells (En) lining the
lymphoid tubule (LT). Lu: lumen. (D) High magnification LM micrograph of a long section of the terminal blind ending of a lymphoid
tubule (LT) where the endothelial cells (En) became simple squamous. Haemocytes (arrows) penetrating the endothelium into the
wall of lymphoid tubules (LT) were observed.
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Figure 3 LM, SEM and TEM micrographs of normal lymphoid tubules. (A, B) High magnification LM micrographs of lymphoid tubule
sections stained with PAS counterstained with Mayer’s hematoxylin (in A) and uncounterstained (in B), showing intensely stained
type 1 fibers and the extracellular matrix (ECM) in the capsular layer of lymphoid tubules (arrows), and there were also type 1 fibers
running in the thinner ECM between stromal cells. There was no staining in haemal sinuses (HS). He: haemocyte. (C) High magni-
fication LM micrograph of the lymphoid tubule section stained with Gomori’s stain for reticular (type 2) fibers, showing thin black
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observation, specimens were dried in a Hitachi HCP-2 critical
point drying machine, mounted on aluminium planchettes
and coated with platinum and palladium in an ion sputtering
apparatus, Hitachi E-120, before being observed under a Hi-
tachi scanning electron microscope S-2500, at an accelerat-
ing voltage of 15 kV. For transmission electron microscopic
observation, specimens were embedded in Araldite-502
resin. Ultrathin sections were cut and stained with uranyl ac-
etate and lead citrate before being observed under a Hitachi
H600A and a Tecnai G2 transmission electron microscope at
75 and 80 kV, respectively.

Vascular cast of lymphoid organ

A modified method of Chunhabundit and Somana [5] was
used. Briefly, corrosion casts of the lymphoid organ vascula-
ture were made by injecting the heart of the shrimps with
Batson’s No. 17 Anatomical Corrosion Kit (Polysciences Inc.,
Warrington, PA, USA). Soft tissues were removed by im-
mersing the cast in 40% sodium hydroxide for 24e48 h, fol-
lowed by slow rinsing in running tap water for 6e8 h, and
washing in several changes of distilled water. Vascular casts
were collected under a stereoscope, air-dried, mounted on
aluminium planchettes, coated with platinum and palla-
dium in an ion sputtering apparatus, Hitachi E-120, and
then observed under a Hitachi scanning electron micro-
scope S-2500 at an accelerating voltage of 15 kV.

Results

Gross anatomy of lymphoid organ

The lymphoid organs were paired and lay ventral to the
stomach and dorso-anterior to the ventral hepatopancreas
(Fig. 1A). Each lymphoid organ had an ovoid shape and was
connected to the heart via the subgastric artery. In the fully
mature shrimp (with the body length of 18e20 cm from
head to telson, and body weight of 150e170 g), lymphoid
organs were about 3e4 mm long, 2e3 mm wide, and
1e2 mm thick.

General histology of lymphoid organ

Each lymphoid organ was surrounded by a connective
tissue capsule (Fig. 1B). The capsule invaginated inwards
together with antennal tubules, and partitioned each lym-
phoid organ into lymphoid lobules (Fig. 1B, C). Antennal
tubules were derived from the antennal tubule complex
situated at the antennal pole of the lymphoid organ
(Fig. 1B, C), and they were lined by simple cuboidal

epithelium (Fig. 1C, D). The subgastric artery originated
from the heart, entered the lymphoid organ at the side op-
posite to the antennal pole, and branched a further 4e5
times to form vascular plexuses in the lymphoid organ
(Fig. 1B, C). Each terminal capillary formed a lumen of
a lymphoid tubule, whose interstitial spaces were perme-
ated with haemal sinuses that were packed with large num-
bers of haemocytes (Fig. 2A, B). Along their entire length,
lymphoid tubules generally had the same histological ap-
pearance. At the vascular pole, each lymphoid tubule was
lined with cuboidal epithelium (Fig. 2C), and had a diameter
of approximately 200e250 mm. At the distal end, the endo-
thelial cells decreased in height until they became squa-
mous (Fig. 2A, D), and the diameter of the tubule reached
50e60 mm near the blind ending (Fig. 2C). Encircling the
endothelium were 2e6 stromal cell layers (Fig. 2A) with
intervening stromal matrix. Cells in the inner layer were
tightly packed, whereas fewer cells were observed in the
outer layer. The outermost layer was composed of ovoid-
shaped capsular cells that ran circumferentially around
the lymphoid tubule (Fig. 2A). Haemocytes appeared to
penetrate the endothelium and move into the stromal cell
layers in the wall of the lymphoid tubule (Fig. 2D).

Histology of the fibrous scaffold

Based on the histochemical staining and ultrastructural
characteristics, the fibrous scaffold of the tubule was
identified as fibers associated with the extracellular matrix
(ECM) and reticular fibers. PAS stained the ECM and
associated fibers (type 1) as pink structures, demonstrating
the presence of carbohydrate components in both the fibers
and ECM (Fig. 3A, B), while Gomori’s stained reticular fibers
which appeared as black lines representing the argyrophilic
(type 2) fibers (Fig. 3C). In the normal lymphoid organ, the
thick intensely PAS-positive ECM and associated type 1 fi-
bers formed the capsular layer of each lymphoid tubule
(Fig. 3A, B), and the lightly stained thinner ECM and associ-
ated type 1 fibers formed the scaffold between stromal
cells (Fig. 3A, B). There was no staining of haemal sinuses.
When observed by SEM, the type 1 fibers and ECM formed
a basket-like network that covered all the lymphoid tubules
(Fig. 3D, E). At the TEM level (Fig. 3G, H), the width of each
type I fiber was about 100e150 nm. Unlike collagen fibers,
no transverse striation was seen in these wavy type 1 fibers
(inset in Fig. 3H). In contrast, black lines of argyrophilically
stained reticular (type 2) fibers from Gomori’s stain were
observed around haemal sinuses and surrounding the outer-
most rim of lymphoid tubules (Fig. 3C). No Gomori’s stain
stained fibers were found within the wall of the lymphoid
tubule (Fig. 3C). By SEM (Fig. 3D, F) and TEM (Fig. 3G, H),

lines around haemal sinuses and lymphoid tubules (arrows). (D) SEM micrograph of the outer surface of lymphoid tubules, showing
the surface features of the lymphoid tubule (LT) and haemal sinus. (E) Higher magnification SEM micrograph of the black-boxed
area in D, showing numerous basket-like networks of fine type 1 fibers (arrows) forming the capsular layer of lymphoid tubules.
(F) Higher magnification SEM micrograph of the white-boxed area in D, showing reticular (type 2) fibers (arrows) surrounding
the haemal sinus (HS) and lymphoid tubule (LT). (G) Low and (H) high TEM micrograph taken from the boxed area in G, showing
wavy type 1 fibers embedded in the extracellular matrix (ECM) forming the capsular layer of lymphoid tubule. No cross-striation
was observed in these fibers (inset in H) or reticular (type 2) fibers located around the lymphoid tubule and haemal sinuses (HS).
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