31 sla'm'“a%'ﬂaﬁ'naa\lg‘mf

(%] v
miﬁnmqmanﬂmx Nn1INITINE Ltazm‘sﬂsxqﬂ@ﬂ%
~ < Y
aas"[am‘nmu@umswaaaaﬂuunizqumaume:aa
v
‘QG?I’]')
Characterizations, Localization, and Possible applications of
gonadotropin-releasing hormone (GnRHs) for stimulating ovarian

maturation and spawning in the Pacific white shrimp,

Litopenaeus vannamei

Tag

NELAT. AF NG Ana uazan:
NRINYINYNRAR INYNVABATHIITIA

ﬁqm 21 2556



el MRG5480061

31 ﬂdﬂ%ﬁ%’ﬂaﬁ'ﬂaa\ly‘stﬁ

‘[ﬂi\‘]ﬂ’li: msﬁnmqmé’nwmz nN1INITINY Llazﬂ’l‘Sﬂiziqlﬂ@ﬂ%

gasluuiiniuauniswasaaslannszduaasinaasfon)
Characterizations, Localization, and Possible applications of
gonadotropin-releasing hormone (GnRHs) for stimulating ovarian
maturation and spawning in the Pacific white shrimp,

Litopenaeus vannamei

#mlasen19I9y:
NA.AY. AAING ATbna

9
ARINYINYNRAY INYVABAITAITIA

v av AR ao
wnIdeidInslasenside:
d.av.Usnasy lanu

AMAITINYINIAFIFAS AMLINYIAIFAT NRIINYIFUNRAR
szgzalasens: 15 ﬁqmﬂu 2554 019 15 a‘iqmﬂu 2556

AL ﬁ‘léui@]EJé’]ffﬂ\‘l’]uﬂw&ﬂii&m’]iﬂ’WQWNﬁmﬁ é’]ﬁmmﬂamuaﬁuagumﬁﬁ' B
LAZNRINGNRNRAR

(@nuinlunouiiduwreside ane. uaz ana. ldududesiudioiaualyl)



ACKNOWLEDGEMENTS

| would like to acknowledge the support of many people, without whom this project would
not have been accomplished. First, | would like to express my gratefulness and deep appreciation to
my major mentor, Prof. Dr. Prasert Sobhon, for his kindness, encouragement, excellent suggestions,
counseling, support throughout this project, and for the revision of my manuscripts. My grateful
appreciation is also extended to Prof. Dr. Peter J Hanna for their constructive comments, valuable
guidance, research directions, and for the revision of my manuscripts. As well, | wish to express my
gratefulness to Dr. Sompong Yoongtong, Vice President of Mahidol University, Nakhonsawan
Campus, Nakhonsawan province, for providing the opportunities for me to conduct researches and
valuable advices. Moreover, | would also like to express my gratefulness to Assoc. Prof. Dr. Chaitip
Wanichanon for their valuable advices. | am extremely grateful to my oversea mentor, Assoc. Prof.
Dr. Scott Cummins, at the Faculty of Science, Health and Education, University of the Sunshine
Coast, Queensland, Australia, for his kindness, encouragement, precious mentoring, sharing his
knowledge, and constructive advice on my works during my project.

My special thank is expressed to Dr. Ruchanok Tinikul for her kindness, helpful
suggestions, patience, and supportive encouragement. In addition, my special gratitude is also
extended to Dr. Jaruwan Ponjaroen, Dr. Charoonroj Chotwiwatthanakun, Dr. Panat Anuracpreeda, Dr.
Napamanee Kornthong, Dr. Piyachat Chansela, Dr. Parinyaporn Nuurai and Dr. Ittipon
Phoungpetchara for their helps, valuable advices, and companionships. | would also like to thank Mr.
Tanes Poomtong, Mr. Nipon Senin, Mr. Li and Mrs. Ping, Ms. Nattakarn, Ms. Samaitong Ciangjen
and Mr. Anurak Prabyai for their help and useful suggestions. | also thank Center of Nanoimaging
(CNI) and Olympus Bioimaging Centers, Faculty of Science, Mahidol University for the use of a
confocal microscope and technical assistance. | would like to thank members at the Electron
Microscopy and Cell Biology Laboratories (EM), and all staffs at Department of Anatomy, Faculty of
Science, Mahidol University, for their infinite help and sharing a good time together. My special
gratitude is also extended to all staffs at Central Instrument Facility (CIF), Faculty of Science, Mahidol
University.

| would like to acknowledge the financial support from a Research Grant for New Scholar to
me (co-funded by the Thailand Research Fund, the Commission on Higher Education and Mahidol
University, grant no. MRG5480061), and a Distinguished Research Professor Grant to Prof. Prasert
Sobhon (jointly funded by the Thailand Research Fund, the Commission on Higher Education, and
Mahidol University). Last of all, but the most on my mind, | am wholeheartedly grateful to my dearest
mother, Mrs. Sirikul Tinikul and my family for their endless love, trust, and encouragement during my
project study, which enables me to carry out and overcome all obstacles. Words are never enough to

express how grateful | am for what they have done for me.

Assist. Prof. Dr. Yotsawan Tinikul

June 2013



Q 1
nange

JAALATINIT : MRG5480061
P =< [ o
Falasons : MIFANHIAUANHILE NINTTANY LLa:m‘sﬂiquﬁl"ﬁaaﬂuu

ﬁmu@;mmmé’aaaﬂuunszé}miauwanmr‘jaﬂm'a
FawnIvy: HALATOFIUG Afna (Fanthlasiniiidn)

a.a3.U3z1853 lanu (Un3dpnlinmlasenisise)
e : anatch2002@yahoo.com
S28212a1bA59NT ; 15 Anunan 2554 019 15 finwien 2556

[

193717 (Litopenaeus vannamei) \Judafvhnfigudngamaiasgiavesdszinalng

9 U

Bafinawnzidsstuadanivemluununiinaieds Jywiuazgdarsandnazwulunis

2

wnzidpsfsraludigiu Aa midaauainudis (eyestalk ablation) lvaNIzdUNIINGIUIIEITI

q

' . . I o . [% v = & ¢ aa &
ai (ovarian maturation) wazn1sWnaaniduan (spawning) Va3aNT A 2u T3 ainand
uaﬂmﬂauﬂu"‘s%ﬂﬁmmurj@LLET’; ﬁaﬁawa@iamﬂqﬂ'ﬂuazﬁﬂmuﬂ%'wadmiﬁuﬁuﬁ:ﬂjaumﬁuﬁa

a % ' < o A aa A L oA o v
wazUTmvasgnieluudazaiidie S93inmamaftenvezliduivenivluewiaa ladinng
T891mNHawiN gonadotropin-releasing hormone (GnRH) iinada193384MIN@MI 28939 12
maaé’mfﬁwmju crustacean THADY LLa:mfﬂfﬂ:ﬁNasima'«aimiﬁwmmaa%’ﬂﬂur}”@mnﬁaU I
T@qﬂszaaﬁmé’nmaﬂmamﬁé’mﬁﬁa HNIIATIVFHOUNAVDI GNRH 619399 TNI TN U899 1
uazn13an 1y wanania ladnsszay n3UNgUaznIINIZAEYsIsNIROUITIINNANLSY
anuduRusndwlyleny GnRH ludsrn waduiugwilugnsfinsmanuduiussains
Mnunniwasmsiiluddinduszansredszam inlddininszdunandnuiinidan
GnRH isoforms Taazlguansucnlndidusuazagludaindzauanuaunusiiidiauwinig
Infidssrufsvnandige Ae octopus-GnRH uaz lampreyGnRH-IIl daxan yNauI18931 1
WRZANIAN 12 MIANEININTTANLAVBINITRAU Tz M LiaLd 8Tz uuUseaNnanInas I v e
19317618n3303F HPLC uaz immunohistochemistry tNBLHT T2 ALLAZIZYAIULAINYDILTASUAS

3 ::' 1 1 [ 1 a o g: é’d 6 o
lavsadefagluszuudszandiunaauaziold  anmsidnluatefifidszlomd lananaazin
GnRH anlFlumInszduniswamizasivliuaznsinaaniduda (spawning) vasgnisnalid
= 12/ v o
RN UMILTITIAaN la L ka1 aa
ANEIALY: Tnulalnstusaadeasion, lslniiu, lawidin, ssuudszanainnaid, 39

1ai, A58nulngalaaians, Mav1o
9

U



Abstract
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The Pacific white shrimp, Litopenaeus vannamei, is a commercially important species in Thailand.
One major drawback in the aquaculture of this shrimp is that female broodstocks must have their eyestalks
ablated to stimulate ovarian maturation of the ovary. Stimulation by gonadotropin-releasing hormone (GnRH)
could conceivably avoid the eyestalk ablation as it could over-ride the inhibition of the gonad-inhibiting
hormone (GIH) produced by the eyestalk. In this proposal, we investigated the effects of GnRHs
(octopusGnRH (OctGnRH) and lampreyGnRH-IlIl (IGnRH-Ill), and dopamine on ovarian maturation and
spawning, and study of the existence and possible relationship of GnRH and major neurotransmitters in the
CNS and ovaries during ovarian maturation in L. vannamei. We found that both GnRH groups showed
significantly shortened ovarian maturation period, increased GSI and OD, whereas DA-injected groups
exhibited significantly delayed ovarian maturation, decreased GSI| and OD, compared with control groups. The
numbers of eggs per spawn among experimental groups showed no statistical difference compared with the
control group. Both GnRH-irs were more intense in the follicular cells surrounding Oc2 and Oc3. These
findings also suggest that GnRHs have a stimulating effect in stimulating ovarian maturation, while DA may
play opposite role. Furthermore, we studied the changes in serotonin (5-HT) and dopamine (DA) levels, and
their distribution patterns, in regions of the central nervous system (CNS) and ovary, during the ovarian
maturation cycle to better understanding about the relationship of neurotransmitters and GnRHs. 5-HT
concentration exhibited a gradual increase in the brain and thoracic ganglia, and reaching a maximum at the
mature ovarian stage IV. In contrast, DA showed the highest concentration at ovarian stage Il in the brain and
thoracic ganglia, and then declined to the lowest concentration at ovarian stage IV. In the ovaries, 5-HT was
highest at ovarian stage 1V, whereas the concentration of DA was highest at ovarian stage Il. 5-HT-ir and DA-
ir were distributed extensively in neurons, fibers, and neuropils in the brain, CEG, SEG, thoracic ganglia and
abdominal ganglia. In the ovary, 5-HT-ir exhibited high intensity in late oocytes, whereas DA-ir was more
intense in early oocytes. This work showed opposing changes in the levels of these two neurotransmitters,
and their specific localizations in the CNS and ovary, during ovarian maturation. Overall, this research could
provide a useful knowledge for important involvements of GnRH and neurotransmitters in enhancing female
white shrimp reproduction.
Keywords: Gonadotropin-releasing hormone; Serotonin, Dopamine; Central nervous system; Ovary;

Immunohistochemistry; Pacific white shrimp, Litopenaeus vannamei



1. Objectives

Overall Objectives: The aim of this project was to investigate the effects of GnRHs
on ovarian maturation and spawning, and to study the existence, distribution and
possible relationship of GnRH and major neurotransmitters in the central nervous

system and ovaries during ovarian maturation in the Pacific white shrimp, L. vannamei.

Specific Objectives: In order to reach the above goals, the following specific

objectives are defined as follows:

1.1 Investigating the effects of GnRHs on ovarian maturation and spawning in the

white shrimp, L. vannamei.

1.2 Studying the existence, distribution and possible relationship of GnRH and
major neurotransmitters in the central nervous system and ovaries during

ovarian maturation.

PART I. Investigation of the effects of GnRHs on ovarian maturation and
spawning in the white shrimp, L. vannamei

1. Introduction

The Pacific white shrimp, Litopenaeus vannamei, is a major seafood that is
cultured worldwide in Thailand and other Asian countries (Tsukimura and
Kamemoto, 1991). Eyestalk ablation of this, and other decapod crustaceans, was
practiced to increase the production through induction of gonad maturation and
spawning. Therefore, attempts have been made in using various neurotransmitters
and neuropeptides to prime female broodstocks in order to avoid this damaging
practice. The synthesis and release of neurohormones in crustaceans are believed
to be controlled by biogenic amines (Richardson et al., 1991), two of which are

the neurotransmitters, serotonin (5-HT) and dopamine (DA). 5-HT has been



reported as having a role in the regulation of crustacean reproduction, especially
ovarian maturation, in which it shortens the ovarian maturation period in the
crayfish, P. clarkii (Kulkarni et al., 1992), the white shrimp, L. vannamei (Vaca and
Alfaro, 2000; Alfaro et al., 2004), the black tiger shrimp, Penaeus monodon
(Wongprasert et al., 2006), and the giant freshwater prawn, M. rosenbergii (Tinikul
et al., 2009a). As well, 5-HT has been shown to induce vitellogenin (Vg) levels in
the hemolymph of the Indian white shrimp, Fenneropenaeus indicus (Santhoshi et
al., 2009), and the giant freshwater prawn, M. rosenbergii (Tinikul et al., 2008). DA
is another major neurotransmitter present in the central nervous system (CNS)
and ovaries of crustaceans, including many decapods (Tierney et al., 2003; Tinikul
et al 2009b, 2011b). In addition, there have been reports regarding the inhibitory
effect of DA on gonadal maturation in decapod crustacans, including the crayfish,
P. clarkii (Sarojini et al., 1995a), and the freshwater prawn, M. rosenbergii (Tinikul
et al., 2009a). DA has been thought to have an inhibitory effect on gonadal
maturation by stimulating the release of gonad-inhibiting hormone (GIH), and/or by
inhibiting the release of a putative gonad-stimulating hormone (GSH) (Fingerman
1997; Tinikul et al., 2008). Furthermore, a DA antagonist, spiperone (SP),
increases the gonadosomatic (GSI) index in P. clarkii, when injecting during early
vitellogenesis (Rodriguez et al., 2002). In male M. rosenbergii, DA also inhibits
testicular maturation and spermatogenesis (Poljaroen et al., 2011). The inhibitory
effects of DA in M. rosenbergii on gonad maruration would appear to be opposite
to the positive stimulatory effects of 5-HT, but this needs to be tested.
Gonadotropin-releasing hormone (GnRH) is a decapeptide present in both
vertebrates and invertebrates (Tsai, 2006). In vertebrates, GnRH regulates the
synthesis and release of luteinizing hormone (LH) and follicle-stimulating hormone

(FSH) from the pituitary gland, thereby regulating steroidogenesis and



gametogenesis (Tsai, 2006; Sower et al., 2009). GnRHs have recently been
investigated in invertebrates, and appear to be both functionally and structurally
homologous to vertebrate GnRHs, and some have been found to serve as
reproduction-related neuropeptides (Terakado, 2001; Gorbman and Sower, 2003).
Although there are reports of the absence of GnRHs in crustaceans (Lindemans et
al., 2009; Tsai, 2006), there are an increasing number of reports regarding
stimulatory effects of GnRHs on gonad maturation. Female broodstocks of M.
rosenbergii treated with octopusGnRH, lamprey GnRH-I, or lamprey GnRH-III,
showed significantly shortened ovarian maturation than those of control groups
(Ngernsoungnern et al., 2009), and similar result was reported in P. monodon
(Ngernsoungnern et al., 2008a). As well, there have been immunohistochemical
based reports regarding the existence of GnRHs in various decapod crustacean
tissues, including the CNS and gonads of M. rosenbergii (Ngernsoungnern et al.,
2008b), P. monodon (Ngernsoungnern et al., 2008a), and L. vannamei (Tinikul et
al., 2011a). Hence, GnRH-like peptides may exist in the white shrimp and play an
important role in inducing ovarian maturation. The testing of GnRHs on ovarian
maturation and spawning in L. vannamei have not been performed, and positive
results could lead to enhanced reproduction in this species.

There is a current lack of knowledge regarding the roles of GnRHs and
DA in controlling ovarian maturation in the Pacific white shrimp, L. vannamei.
Some evidence from other important crustacean species indicates that they
represent important mediators in reproduction. Therefore, the aim of our study was
to investigate the effects of GnRHs and DA on ovarian maturation and spawning,
as well as determine whether they are present in the ovaries in L. vannamei. In
order to stimulate ovarian maturation, we applied 50% lower doses of GnRHs than

had been used in other crustaceans, and this yielded significant results. Our study



represents an important step in determining the presence and effects of GnRH in
the reproduction of the Pacific white shrimp, and the acquisition of data which

could lead to changes in current spawning practices.

2. Materials and methods

2.1. Experimental animals

Male and female broodstocks of L. vannamei, weighing 50-60 g body
weight (BW), were obtained from a commercial farm in Kui Buri district,
Prachaubkirikhan, Thailand. The shrimps were kept in shaded concrete tanks filled
to a depth of approximately 1 m with sea water at a temperature of approximately
28 °C, salinity between 30-32 ppt, and continuous aeration. Half the sea water
was changed every day. The animals were fed twice daily with fresh squid,
oysters and polychates. Male and female shrimps were stocked at a ratio of 1:4,
respectively, in the same tank. Twenty plastic cages were added to every tank for
molting animals to hide in. The shrimps were acclimatized under a photoperiod of

12:12 h light-dark for a week before beginning the experiments.

2.2. Histological observations of stages of ovaries

The ovarian stages during the maturation cycle were observed directly,
and classified on the criteria described previously (Yano et al., 1988; Vaca and
Alfaro, 2000; Tinikul et al., 2011a). In order to evaluate the histology after various
treatments, pieces of ovaries were fixed in Bouin’s fixative and processed for
paraffin embedding, as described previously (Tinikul et al., 2011a). The sections

were cut at a six-micron thickness from each ovary (n = 5), after which they were
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deparaffinized and stained with hematoxylin and eosin (H&E). The sections were
mounted with Permount (Bio-Optica, Milan, Italy) and viewed under a Nikon
ECLIPSE E600 light microscope. Then images were photographed using a Nikon

digital DXM1200 camera.

2.3. Peptides and antibodies

The DA used in this study was purchased (Sigma Chemical Company, St.
Louis, MO). The GnRH peptides, octGnRH (pGlu-Asn-Tyr-His-Phe-Ser-Asn-Gly-
Trp-His-Pro-Gly-NH,) and IGnRH-Ill (pGlu-His-Trp-His-Asp-Trp-Lys-Pro-Gly-NH,),
were custom synthesized (GenScript, Piscataway, NJ, USA). The neurotransmitter
and neuropeptides were dissolved in 0.9% normal saline. An antibody to octGnRH
was produced previously and its specificity tested rigorously (Tinikul et al., 2011a).
In addition, a polyclonal antibody against IGNRH-IIl was produced previously and
its specificity was also tested rigorously (Saeton et al., in press). The female New
Zealand white rabbits (8 week-old) used were obtained from the Animal Care Unit,
Faculty of Science, Mahidol University, and used with the approval of Mahidol
Animal Ethics Committee. In addition, the antidody against DA was purchased

from Gemacbio, St. Jean d’lllac, France.

2.4. In vivo effects of GnRHs and DA on ovarian maturation and spawning

The doses of hormones used in this study were based on the positive
effects of GnRHs in M. rosenbergii (Ngernsoungnern et al., 2009; Poljaroen et al.,
2011), and for inhibitory effects of DA in M. rosenbergii (Tinikul et al., 2009a). We

applied 50% lower doses of GnRHs (i.e., 25 and 250 ng/g BW) in this study, to
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those used earlier, in an attempt to stimulate ovarian maturation and spawning at
doses of GnRHs that may be used in aquaculture farm practice. All injections
were performed at 7-day intervals. The shrimps were randomly divided into 7
groups of 40 animals each, and treated as follows: (1) a vehicle control group (C);
(2 and 3) groups injected with octGnRH at 25 and 250 ng/g body weight (BW),
respectively; (4 and 5) groups injected with IGnRH-IIl at 25 and 250 ng/g BW,
respectively; and (6 and 7) groups injected with DA at 2.5 x10” and 2.5 x 10"
mol/shrimp. Shrimps in each group were identified by tying plastic loops of
different colors around one eyestalk. The injections were performed via an
intramuscular site at the second abdominal segment using 1 ml syringes (NIPRO)
fitted with a 26 G x 1/2 (0.45 x 12 mm) thin-wall needle (NIPRO).

The measurement of total length and weight of the shrimps were
performed on every treatment day, prior to injections. Five shrimps in each group
were randomly selected and sacrificed at days 0, 7, 14 and 21, to calculate a
gonado-somatic index (GSI) and oocyte diameter for each. The GSI was
calculated using the formula [ovarian weight (g)/body weight (g)] * 100. The
experiment was performed in replicate. GSI values and oocyte diameters of the
injected groups and the control groups were then analyzed for differences. The
rest of the shrimps were allowed to proceed until they spawned. Pieces of ovary
were subsequently fixed in Bouin’s solution, paraffin embedded, sectioned, and
stained with H&E, in order to determine the stages of ovarian maturation and
oocyte diameters under the light microscope. Oocyte diameters were carefully
measured as described previously (Tinikul et al., 2009a). Briefly, sixty randomly
selected oocytes at each stage of development in each shrimp, and in three

separate ovarian regions, were observed under the light microscope. Diameters of
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the sixty oocytes that contained full nuclear profiles were measured, and the data

expressed as a mean = SD for each treatment group.

2.5. Evaluation of cell proliferation using antibody against a proliferating cell

nuclear antigen (PCNA)

The ovaries from each of the shrimp at days 0, 7, 14, and 21 were
dissected out and prepared for detection of the cellular proliferation of oocytes and
histological evaluations. The cell proliferation evaluation used antibody against a
proliferating cell nuclear antigen (anti-PCNA), and was based on a modified
protocol described previously (Boglino et al., 2012). Ovarian sections were cut at a
thickness of 6 um and then rehydrated by washing 3 times in washing buffer (0.1
M phosphate buffered saline, PBS). Endogenous peroxidase activity was then
blocked by immersing the sections in methanol containing 1% hydrogen peroxide
(H,O,). The sections were immersed for 15 min in 1% glycine to block free
aldehyde groups, and then washed three times with 0.1 M PBS plus 0.4% Triton-
X 100 pH 7.4 (PBST). Subsequently, non-specific binding of proteins was blocked
with 4% normal goat serum (NGS) in 0.1 M PBST, for 2 h at room temperature.
The sections were washed three times with PBS, and incubated with anti-PCNA
rabbit polyclonal antibody (Santa Cruz Biotechnology, CA, USA), at a dilution of
1:100 in PBS, overnight at room temperature. After washing three times, the
sections were incubated in secondary antibody, HRP-conjugated goat anti-rabbit
IgG (Southern Biotech, Birmingham, AL, USA), diluted 1:200 in blocking solution,
for 2 h. The sections were then washed three times and the color reaction
developed by adding NovaRed (Vector, Burlingame, CA, USA) until a red color

was observed. The sections were washed with tap water for 10 min, and mounted
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with the glycerol buffer. Finally, the sections were examined under a Nikon
ECLIPSE E600 light microscope, and images were obtained using a Nikon digital
DXM1200 camera.

The numbers of PCNA-labelled cells at each oocyte step were counted
from 4-5 shrimps per group, using methods described previously (Poljaroen et al.,
2011; Tinikul et al., 2011b). Digital images of ovaries at 20x and 40x
magnifications were captured, with a resolution of at least 300 dpi. The numbers
of PCNA-labelled cells were counted per visual field (mm2 area) using a Cell
Counter function in ImageJ software (version 1.43, NIH, Bethesda, MD, USA,
available on the internet at http://rsb.info.nih.gov/ij/). At least five areas in each
section, from both positive and negative areas, were counted to compare the
numbers of PCNA-labelled cells. The counting was performed in triplicates, and

the data expressed as a mean = SD for each treatment group.

2.6. Processing of tissues for imnmunohistochemistry

Twenty female shrimps, with five (n = 5) at each of the four stages of the
ovarian cycle (Tinikul et al., 2011a), were anesthetized on ice for 15-20 min and
the ovaries were dissected out and immediately fixed with 4% paraformaldehyde
in 0.1 M phosphate-buffered saline (PBS), for 12-16 h at 4 °C. After fixation and
paraffin embedding, the tissue sections were cut at a 6 m thickness and
mounted on slides coated with 3-aminopropyl triethoxy-silane solution (Sigma-
Aldrich Co., St. Louis, MO, USA). The sections were deparaffinized and
rehydrated through a graded series of ethyl alcohol, for 5 min each, and then

processed for immunoperoxidase and immunofluorescence detections.



14

The method for immunoperoxidase detection was based on that described
previously (Tinikul et al., 2011a, 2011b). Rehydrated sections were immersed in
1% lithium carbonate in 70% ethanol, for 15-20 min, and then endogenous
peroxidase was blocked by immersing the sections in 3% H,O, in methanol for
45-60 min, and in 1% glycine in 0.1 M PBS for 15-20 min. The sections were
washed four times with 0.4% Triton X-100 in 0.1 M PBS (PBST). Subsequently,
the blocking of non-specific bindings was performed by incubating the sections in
a blocking solution of 10% normal goat serum (NGS) in PBST for 2 h at room
temperature. The sections were incubated with: (1) rabbit anti-DA (Gemacbio, St.
Jean d'lllac, France) diluted 1:500 with 1% sodium meta-bisulfite, (2) rabbit anti-
octGnRH diluted 1:100 in blocking solution, or (3) rabbit anti-IGnRH-III diluted
1:100 in blocking solution, at room temperature overnight. The sections were then
incubated with secondary antibody, HRP-conjugated goat anti-rabbit IgG
(SouthernBiotech, Birmingham, USA), at a 1:200 dilution in blocking solution, for 2
h. After washing three times, the immunoreactions were developed by immersing
the sections in NovaRed substrate (Vector Laboratory, Burlingame, CA, USA),
until a red color was observed. Finally, the sections were counterstained with
Meyer hematoxylin for nuclei staining, dehydrated, and mounted with mounting
reagent (Bio-Optica, Milan, Italy), prior to the examination of the sections under a
Nikon ECLIPSE E600 light microscope. The images were photographed using a
Nikon digital DXM1200 CCD camera.

In the immunofluorescence detection of GnRHs or DA, rehydrated sections
were incubated with 1% glycine in PBS for 10 min, and non-specific binding was
blocked by immersion in blocking solution containing 10% NGS in PBST, for 2 h
at room temperature. The sections were then incubated with the primary antibody

(rabbit anti-DA or rabbit anti-octGnRH, or rabbit anti-IGnRH-III), diluted 1:100 in
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the blocking solution, overnight at room temperature. The sections were then
incubated in secondary antibody, Alexa488-conjugated goat anti-rabbit IgG
(Molecular Probes, Eugene, OR, USA), diluted 1:200 in blocking solution, for 2 h.
In addition, the nuclei in sections of the CNS and ovaries were counterstained
with ToPro-3 (Molecular Probes), diluted 1:3000 in blocking solution. The sections
were mounted in Vectashield (Vector Laboratory, Burlingame, CA, USA). They
were then viewed, and images captured, using an Olympus FV1000 confocal laser
scanning microscope. Negative controls were performed by replacing the primary
antibodies with pre-immune rabbit sera, or preabsorption of the primary antibodies

with excess of synthetic GnRHs or DA.

2.7. Statistical analyses

Data were presented as means + standard deviations. The data were then
analyzed for statistical differences with a SPSS program, using one-way analysis
of variance (ANOVA) and Duncan’s multiple range test. A probability value less

than 0.05 (P<0.05) indicated a significant difference.

3. Results

3.1. Effects of GnRH and DA on ovarian maturation and spawning

All  shrimps tolerated the injected doses of neuropeptides and
neurotransmitter without showing any abnormal behavior. The ovarian maturation
periods of shrimps that received octGnRH at doses of 25 and 250 ng/g BW (i.e.,
29.30 = 3.24 and 28.54 + 2.65 days, respectively), and IGnRH-IIl at doses of 25

and 250 ng/g BW (i.e., 25.76 £ 3.1 and 23.03 + 2.02 days, respectively), were all
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significantly shorter (P<0.05) than that of the controls (i.e., 38.75 + 4.16 days)
(Fig.1A). In contrast, the DA-injected groups at doses of 2.5 x 10° and 2.5 x 10"
mol/shrimp showed significantly longer ovarian maturation periods (i.e., 60.8 +
5.33 and 58.10 + 5.67 days, respectively) than that of the control group (P<0.05).
Moreover, the shrimps injected with octGnRH and IGnRH-IIl exhibited significantly
higher GSI values compared with that of the control group (P<0.05), whereas the
two shrimp groups injected with two doses of DA exhibited decreased GSI values
compared with the control group (Fig. 1B).

Mean oocyte diameter (OD) of early pre-vitellogenic oocytes (Oc1, Oc2),
vitellogenic oocytes (Oc3), and mature oocytes (Oc4), of all shrimp groups
injected with octGnRH and IGnRH-IlI, increased significantly compared with the
control group (P<0.05) (Fig. 2A). In contrast, all groups of shrimps injected with
DA exhibited significantly decreased diameters of two steps of oocytes, namely
Oc3 and Oc4, compared with the control group (P<0.05) (Fig. 2A). GnRH-induced
shrimps, whose ovaries were determined to be at stage IV by external
observations, underwent spawning on the following night or soon after.

The effect of GnRHs and DA on the quantity of spawned eggs was also
evaluated. The number of eggs per spawn, after injections with octGnRH and
IGNRH-III at doses of 25 and 250 ng/g BW, were approximately 98 x 103 and 101
X 103 eggs, respectively, and these values were not significantly different to the
control group with 102 x 103 eggs (P>0.05) (Fig. 2B). In contrast, the DA injected
groups at doses of 2.5 x 10° and 2.5 x 10  molishrimp both yielded
approximately 83 x 103 eggs per prawn, which was lower compared with the
control group, but not significantly different (P>0.05) (Fig. 2B). In addition, the

number of spawners was 61.54% in the control group, compared with 69.23%,
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76.92%, and 46.15% for the octGnRH, IGnRH-Ill, and DA -injected shrimps,

respectively.

3.2. Histological evaluation of ovarian maturation

Histological evaluation of the diameters of oocytes detected after hormonal
injections was performed to evaluate the ovarian maturation (Fig. 3). At days O
and 7, there were no statistical differences among the injected groups and control
group, as the ovaries contained mostly early previtellogenic oocytes (Oc1), and
few late previtellogenic oocytes (Oc2). Distinct differences were observed at day
21, when the ovaries of the control group contained mostly early vitellogenic
oocytes (Oc3), and few late previtellogenic oocytes (Oc2), whilst the ovaries of
groups injected with octGnRH (at 250 ng/g BW) and IGnRH-Ill (at 25 and 250
ng/g BW) were mostly at stage IV of ovarian maturation, containing mostly mature
oocytes (Oc4) with numerous cortical rods (CRs) (Fig. 3B-C). In addition, the
diameters of mature oocytes in the GnRH-injected groups were greater than those
of the control group (Fig. 3B-C). In contrast, the ovaries of two DA-injected groups
on day 21 had only developed to stage Il, and contained only a few early and late
previtellogenic oocytes (Oc1 and Oc2) with decreased oocyte diameters,

compared with the control group (Fig. 3D).

3.3. Determination of cell proliferation in early steps of oocytes

We selected and counted the PCNA-positive oogonia (Og), early

previtellogenic oocytes (Oc1), and late previtellogenic oocytes (Oc2), as these

three oocyte steps normally exhibited high rates cell proliferation (Fig. 4). At day 0,
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PCNA-labeled cells of all groups were detected as oogonia and previtellogenic
oocytes (Oc1), and these exhibited no statistical differences (P>0.05). At day 14,
after injections with both doses of octGnRH and IGnRH-III, significantly greater
numbers of PCNA-labeled oogonia and previtellogenic oocytes (Oc1-Oc2) were
detected, compared with the control group (P<0.05) (Fig. 4). The numbers of
PCNA-labeled cells decreased considerably, in particular the oogonia and
previtellogenic oocytes, after injections with DA at the dose of 2.5><10_6 mol/shrimp

(Fig. 4). No PCNA labeling was seen in mature oocytes (Oc3, Oc4).

3.4. The existence of octGnRH, IGnRH-Ill and DA immunoreactivities in the

ovaries

In the ovaries, DA-ir was present in the cytoplasm of early and late
previellogenic oocytes (Oc1 and Oc2) (Fig. 5B). In contrast, intense octGnRH-ir
and IGnRH-IlI-ir was present in the follicular cells surrounding Oc2 and Oc3 (Fig.
5C-D). The control sections of the ovary showed no staining (Fig. 5A), and the

oogonia were not immunoreactive (data not shown).
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Fig. 1. Effects of GnRHs and DA on the ovarian maturation period in L. vannamei. (A)
Histograms showing that shrimps injected with octGnRH, IGnRH-IIl exhibited significant
shortening, while DA lengthening ovarian maturation period compared with the control group.
(B) Mean gonado-somatic index (GSI) values after the same injections, evaluated at 0, 7, 14,
and 21 days treatment.The groups injected with octGnRH (at 25 and 250 ng/g BW) and
IGnRH-IIl (at 25 and 250 ng/g BW), showing significant increases of GSI by day 14 and 22,
whereas DA showed no significant difference from the control group. GSI are presented as

mean + SD. Asterisks indicate significant differences (P<0.05).
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Fig. 2. (A) Histograms showing the diameters of oocytes 1 to 4 (Oc1-Oc4) after injections with
octGnRH, IGnNRH-IIl and DA compared with the control group. Columns represent mean + SD
of the diameters. Asterisks indicate significant differences, compared with the control group
(P<0.05). (B) Numbers of eggs per spawned after injection with doses of octGnRH, IGnRH-III

and DA, compared with the control (C).
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Fig. 3. Effects of octGnRH, IGnRH-IIl, and DA, on ovarian histology. (A) Ovaries of the control
group on day 21 after injection with normal saline, showing characteristics of early ovarian
stages IlI-Ill. (B-C) Ovaries of groups injected with octGnRH-injected (250 ng/g BW), IGNRH-III-
injected (250 ng/g BW), on day 21 demonstrating characteristics of stage IV, containing fully
mature oocytes with cortical rods. (D) DA-injected group (2.5 x 10° mol/shrimp) showing
characteristics of stage I, contained mostly early previtellogenic oocytes. CRs, cortical rods;
Oc1, early previtellogenic oocyte; Oc2, late previtellogenic oocyte; Oc3, early vitellogenic

oocyte; Oc4, late vitellogenic oocyte; mOc, mature oocyte; Scale bars, 50 pum.
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4. Discussion

Injecting octGnRH and IGnRH-Ill into mature female L. vannamei
shortened the ovarian maturation period by about two weeks compared with that
of the control group. In addition, the GnRHs caused significant increases in GSI
and oocyte diameter values compared with the control group. The DA-injected
groups showed the opposite results. DA-ir and GnRH-ir were present in different
regions of the ovaries, with DA-ir located in the early oocytes and both GnRH
immunoreactivities were intense in follicular cells surrounding Oc2 and Oc3.

There have been several reports investigating DA in regulating the ovarian
maturation or embryonic development period. In the freshwater prawn, M.
rosenbergii, DA lengthened ovarian maturation, spawning periods, and embryonic
development (Tinikul et al., 2009a), and prolonged ovarian maturation and
decreased GSI values of juvenile crayfish, Cherax quadricarinatus (Tropea and
Lépez Greco, in press). In the freshwater crab, Oziotelphusa senex senex, DA
delayed ovarian maturation in eyestalk-ablated crabs. It was suggested that DA
may control ovarian maturation by inhibiting the release of vitellogenin stimulating
hormone (VSH) from the brain and thoracic ganglion, or having a possible direct
action on ovaries (Sainath and Reddy, 2010, 2011). In M. rosenbergii, vitellogenin
(Vg) concentrations of the shrimps treated with DA were lower at ovarian stage IV
(Tinikul et al. 2008). Moreover, DA inhibits Vg concentrations in the fiddler crab,
Uca pugilator (Sarojini et al., 1995c). These results also indicated a direct causal
relationship, with DA preventing Vg synthesis by inhibiting the release of putative
GSH, by stimulating the release of GIH from the eyestalks, or through a
combination of these two mechanisms rather than directly on the target organ
(Sarojini et al., 1995b; Chen et al., 1999, 2003). Our study is the first to report the

negative effect of DA on ovarian maturation and spawning in L. vannamei. We



23

postulated that this neurotransmitter may act via the inhibition of putative GSH
release and/or the stimulation of GIH release. Although the role of DA is not
clearly known, it is also possible that DA might also delay oocyte maturation in L.
vannamei by promoting meiotic arrest at the end of prophase stage, as our study
showed that the oocytes of DA treated shrimp do not proliferate. However, this
needs to be studied further.

Several studies have described the distribution and key roles for DA in
oocyte maturation in decapod crustaceans. DA-ir is most intense in the ectoplasm
of previtellogenic oocytes (Oc1, Oc2), but not in oogonia or follicular cells,
indicating that DA plays a key role in regulating early oocyte development (Tinikul
et al. 2009b). In the oyster, C. angulata, DA and a DA receptor were highly
expressed in the early stages of ovarian cycle. It was suggested that the binding
of DA to the C. angulata-DA1 receptor could play a major role in the early oocyte
development (Yang et al., 2013). In the present study, we localized DA in the
ovaries in order to confirm the existence and coincidental relationship of DA
function on ovarian maturation. We found that DA-ir is more intense in the
cytoplasm of the previtellogenic stage oocytes (Oc1, Oc2) in L. vannamei and this
is in agreement with our previous report in M. rosenbergii (Tinikul et al., 2009b), in
which it was suggested that DA might be taken up into the oocytes from the
hemolymph, or this neurotransmitter might be synthesized within the oocytes.
Previously, the concentration of DA in the ovary of L. vannamei was quantitated
using HPLC analysis and the study showed that it was significantly higher in early
ovarian stages (stages I-ll) than in the late and mature stages (ovarian stages Ill—-
V) (Tinikul et al., 2011b). In M. rosenbergii, DA concentrations in the ovary appear
to be higher in the early stages (I and Il), and DA-ir is more intense in early

oocytes (Tinikul et al. 2009b). This implies that DA may play a major role in
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regulating the early oocyte development. However, the precise actions of DA in
oocyte development needed to be clarified by further studies.

Several studies have investigated the effects of GnRHs in decapod
crustaceans. In female M. rosenbergii and P. monodon, injections with octGnRH
and IGnRH-III shortened ovarian maturation period, increased GSI| and oocyte
diameter (Ngernsoungnern et al. 2008c, 2009). In male M. rosenbergii, GnRH also
stimulated spermatogenesis and testicular maturation by increasing significantly
testis-somatic index (TSI) and germ cell proliferation (Poljaroen et al. 2011). Our
study is the first to report the positive effects of GnRHs on ovarian maturation
development in L. vannamei. We used two times lower doses of GnRHs (i.e., 25
and 250 ng/g BW) than earlier reports (Ngernsoungnern et al., 2009; Poljaroen et
al., 2011). Clearly, the use of lower doses of GnRHs in this study could still
elicited positive results in shortening ovarian maturation periods in L. vannamei.
The lowest GnRH dose of 25 ng/g BW was effective and could be tested in
aquaculture farm practice.

In regard to oogenesis, PCNA-labelled cells were observed in a high
number of oogonia and pre-vitellogenic oocytes in the groups receiving GnRH
stimulation, while the groups injected with DA showed significantly lower number
of PCNA-stained cells. This suggested that GnRH stimulates the early germ cell
proliferation and differentiation, whereas DA inhibits the processes. The presence
of PCNA may serve as a reliable marker of cell proliferation processes occurring
in the ovaries. However, the mechanism of action of GnRH and DA on cell

proliferation requires further studies.



25

Fig. 4. Histograms showing the numbers of PCNA-labeled cells per mm’ (X £ SD) in
oogonia(Oog) and early oocytes ( Oc1, and Oc2) at day 14 after injections with octGnRH,
IGnRH-IIl, and DA. Each column represents the number of dividing cells as the mean + SD.

Asterisks indicate significant differences compared with the control group (P<0.05).
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Fig. 5. Immunolocalization of immunoreactivities (-ir) of octGnRH, IGnRH-IIl and DA in the
ovaries. (A) Control section of the oocytes showing no immunoreactivity. (B) DA-ir appeared
intense in early oocytes (Oc1 and Oc2). (C) octGnRH-ir was detectd in the follicular cells
surrounding early oocytes (Oc2 and Oc3). (D) Intense IGnRH-IlI-ir appeared in the follicular
cells surrounding early oocytes (Oc2 and Oc3). The inset in D shows the immunoreactivity in

follicular cells at high magnification (arrowheads).
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Immunohistochemically, many studies have reported the presence of GnRH-
like peptides in the ovaries of decapod crustaceans, including P. monodon and M.
rosenbergii, using antibodies against octGnRH, IGnRH-I, and IGnRH-IIl. Strong
IGNRH-I-ir was detected in the cytoplasm of late previtellogenic oocytes (Oc2) and
in the cytoplasm of the follicular cells surrounding vitellogenic stage oocytes of P.
monodon (Ngernsoungnern et al., 2008a), and of M. rosenbergii (Ngernsoungnern
et al., 2008b). In L. vannamei, octGnRH-ir and tGnRH-I-ir was detected in both the
cytoplasm of previtellogenic oocytes (Oc2), vitellogenic oocytes (Oc3), mature
oocytes (Oc4), as well as in follicular cells, especially those surrounding the Oc2
and Oc3. It has been suggested that a GnRH-like peptide might be produced in
both oocytes and in the follicular cells (Tinikul et al., 2011a). In our present study,
we showed that both IGNRH-III and octGnRH-ir were more intense in the follicular
cells surrounding previtellogenic oocytes. It is possible that GnRH may play a key
role in controlling oocyte development and ovarian maturation in L. vannamei
through synthesis within the follicular cells, and its local release may act in a
paracrine fashion to induce ovarian maturation and spawning. However, the
identity of a crustacean GnRH, and its possible applied benefits, is a high priority

of our current research.
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PART II. Study of the levels, existence, distribution and possible relationship
of major neurotransmitters and GnRH in the CNS and ovaries during ovarian

maturation

1. Introduction

In decapod crustaceans, major neurotransmitters that control ovarian
maturation are serotonin (5-HT) and dopamine (DA): 5-HT has a stimulating effect
on gonadal maturation, perhaps by inhibiting the release of gonad-inhibiting
hormone (GIH), and/or by stimulating the release of gonad-stimulating hormone
(GSH)/gonadotropins (GnRH), whereas DA plays the opposite role (Sarojini et al.,
1995b; Fingerman, 1997). As our previous report (Tinikul et al. 2011), we found
that GnRH immunoreactivity (ir) were detected in neurons of various clusters and
in neuropils and fibers in the brain, SEG and thoracic ganglia. In the ovary, GhRH
immunoreactivity-ir was also detected at medium intensity in the cytoplasm of
early step oocytes (Oc2) and, at high intensity, in Oc3. Furthermore, GnRH
immunoreactivity-ir was intense in follicular cells surrounding Oc2 and Oc3.

In this research, we have further investigated the possible relationship and
actions between GnRH and major neurotransmitters such as 5-HT and DA in
controlling  reproduction, especially ovarian  maturation. These two
neurotransmitters may be involved in the synthesis and/or release of GnRH.
Therefore, we have additionally determined changes in the levels of 5-HT and DA
in various regions of the CNS and ovaries during various phases of the L.
vannamei ovarian maturation cycle by HPLC. We also have reported the
distribution patterns of 5-HT- and DA-ir structures in the CNS and ovary using
immunohistochemistry. The implications of data on the opposing roles of the two

neurotransmitters are shown. This part of study may provide us some knowledge
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regarding the presence of these two neurotransmitters in the CNS and ovaries,

and the possible co-actions between 5-HT/DA and GnRH in the white shrimp.

2. Materials and Methods

2.1 Chemicals and sample preparations

All chemicals used in the HPLC experiments, including 5-HT and DA, were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Standards of 5-HT and DA
were dissolved in ice-cold 0.1 M perchloric acid on the day of analysis. They were
then filtered through a 0.45 um filter and stored on ice between injections into the
HPLC system. The brain, subesophageal ganglion (SEG), five thoracic ganglia
(combined), the six abdominal ganglia (combined), and the ovaries, were collected
at mid-day from ten animals at each ovarian stage. Each organ was carefully
dissected out, and its wet weight was determined before being prepared for

analysis (see following sections).

2.2 Procedures for quantification of 5-HT and DA concentrations

Detection and quantification of 5-HT and DA in the CNS and ovaries were
performed using a High Performance Liquid Chromatography with electrochemical
detection (HPLC-ECD). The average concentrations of 5-HT and DA were
estimated in three replicates. The quantifications of 5-HT and DA concentrations
were based on the methods described previously by Mercier at al. (1991) and
Tinikul et al. (2008). After being dissected out and weighed, each tissue of the
CNS and ovary was placed in 50 ul of 0.1 M perchloric acid and homogenized at

4 °C. The concentrations of 5-HT and DA were detected electrochemically using a
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completely isocratic mode. A glassy carbon electrode, serving as the working
electrode was set with an Ag/AgCIl reference electrode. The potential of the
detector was set at a range between +0.7 to +0.8 V. The sensitivity of the detector
was maintained at 100 nA with full scale deflection. The composition of mobile
phase was 75 mM NaH,PO,, 50 uM EDTA, 0.3 mM sodium octylsulphate, 4%
methanol, and 2.5% acetonitrle. The pH was adjusted to 2.75 with
orthophosphoric acid. The flow rate was kept constant at 0.7 ml/min. The mixture
was sonicated and centrifuged at 14,000 x g at 4 °C. The supernatants were
collected and then filtered through a 0.22 pum Spin-x centrifugal filter tube
(Corning, MA, USA) before injection. Samples were then injected into a 20 LU
injection loop and passed onto a Brownlee C,;g-Aquapore OD-300 HPLC column
(250 x 4.6 mm i.d.) (Perkin-Elmer, CT, USA). The electrochemical signals were
recorded and integrated using data analysis software (Millennium, Waters). The
concentrations of 5-HT and DA were quantified using an external standard method
in which peaks corresponding to the two neurotransmitters were detected in the
extracts at the same elution times to their corresponding standards. Furthermore,
the identities of the peaks were verified by spiking the tissue extracts with
appropriate amounts of 5-HT and DA standards in repeated separations. The Bio-
Rad Protein Assay System (Mississauga, Canada) was employed for protein

determination in the extracts, following that described by Bradford (1976).

2.3 Processing of tissues for immunohistochemistry

Immunofluorescence and immunoperoxidase techniques were used for the

detection of 5-HT immunoreactivity (5-HT-ir) and DA immunoreactivity (DA-ir) in

neurons, fibers, and neuropils, in various parts of the CNS and ovaries, during
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various stages of the ovarian cycle. The methods used were described previously
(Mercier et al. 1991; Tinikul et al. 2009b, 2011). For observations of
immunoreactivity in whole-mounts, the brain, circumesophageal ganglia (CEG),
SEG, thoracic ganglia, abdominal ganglia, and ovaries, were obtained from 20
female shrimps at four stages of the ovarian cycle (n=5 animals per stage). Prior
to dissection of the organs, the shrimps were anesthetized on ice for 15 min. The
CNS and ovaries were fixed with 4% paraformaldehyde in 0.1 M phosphate-
buffered saline (PBS) at 4 °C for 12 h, for 5-HT detection, whereas the CNS was
fixed with 4% paraformaldehyde in Millonig’s buffer (containing 120 mM NaH,PO,,
1% D-glucose, 0.005% CaCl,, buffered with NaOH to pH 7.4) and 1% sodium
meta-bisulfite in PBS at 4 C for 12 h, for DA detection. For observation of the
immunoreactivity in sections, another 20 female shrimps (n=5 animals per stage)
were used, and organs were dissected out, fixed, and processed by the same
protocols as described above. After fixation and paraffin embedding, the tissue
sections were cut at 6 pm thickness, mounted on slides coated with 3-
aminopropyl triethoxy-silane solution (Sigma-Aldrich Co., St. Louis, MO, USA),

then processed for immunoperoxidase and immunofluorescence detections.

2.4 Immunoperoxidase detection

Sections of the CNS and ovaries were deparaffinized with xylene, and
rehydrated through a graded series of ethyl alcohol (100%, 95%, 90%, 80%, and
70%), for 5 min each. The sections were then immersed in 1% lithium carbonate
in 70% ethanol for 15 min. Subsequently, endogenous peroxidase and free
aldehyde groups were removed by immersing the sections in 3% H,O, in

methanol for 45 min, followed by 1% glycine in 0.1 M PBS for 15 min. The
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sections were then washed three times with 0.4% Triton X-100 with 1% sodium
meta-bisulfite in 0.1 M PBS (PBST). Non-specific binding of proteins was blocked
by incubating the sections in blocking solution (10% normal goat serum (NGS),
0.4% Triton X-100, 1% sodium meta-bisulfite in PBS), at room temperature for 2
h. The sections were subsequently incubated overnight in the primary antibodies,
rabbit anti-5-HT (Chemicon International, USA), diluted 1:100 in blocking solution,
or rabbit anti-DA (Gemacbio, St. Jean d'lllac, France), diluted 1:500 in blocking
solution, at room temperature. After washing three times, the sections were
incubated for 2 h in secondary antibody, HRP-conjugated goat anti-rabbit IgG
(SouthernBiotech, Birmingham, AL, USA), diluted 1:200 in blocking solution, and
then washed three times. The color reactions were developed by adding NovaRed
(Vector, Burlingame, CA, USA) for 1-5 min, until a red color was observed.
Subsequently, the sections were washed with tap water for 15 min, counterstained
with Mayer's hematoxylin, dehydrated, and mounted with Permount (Bio-Optica,
Milan, ltaly). Finally, the sections were examined under a Nikon ECLIPSE E600
light microscope, and images were obtained using a Nikon digital DXM1200

camera.

2.5 Immunofiluorescence detection

After fixation, the whole-mounts of the CNS were washed with 0.1 M PBS
for 6 h, by changing the washing solution every 30 min. Each CNS was
desheathed using microforceps and pre-incubated with 4% Triton X-100-PBS
(10% NGS, 4% Triton X-100, 1% sodium meta-bisulfite in PBS) at 4 °C for 24 h.
The tissues were then washed three times with 0.1 M PBS, by changing the

washing solution every 15 min. The CNS whole-mounts were then permeabilized
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with Dent’s solution (80% ethanol, 20% DMSO) at -20 °C for 8 h, and washed five
times with 0.1 M PBS by changing the washing solution every 15 min. The CNS
whole-mounts were incubated in the primary antibodies (rabbit anti-5-HT diluted
1:100 or rabbit anti-DA diluted 1:500), in 2% NGS, 0.4% Triton X-100, 1% sodium
meta-bisulfite in PBS, at 4 °C for 6-7 days with gentle shaking. The CNS whole-
mounts were then washed five times with PBST by changing the washing solution
every 20 min, and followed by two washings with 0.1 M PBS by changing the
washing solution every 15 min. The CNS whole-mounts were then incubated in
the second antibody, Alexa 488-conjugated goat anti-rabbit IgG (Molecular
Probes, Eugene, Oregon, USA), diluted 1:500 in 5% NGS, 0.4% Triton X-100, 1%
sodium meta-bisulfite in 0.1 M PBS, at 4 °C for 72 h, with gentle shaking. In
addition, the nuclei of cells in the CNS and ovaries were counterstained with
ToPro-3 (Molecular Probes, Eugene, Oregon, USA), diluted 1:2000 in blocking
solution. ToPro-3 is either shown in red or blue. The whole-mounts were then
washed with PBST for 2 h with six changes, and subsequently with PBS for 1 h
with three changes. They were subsequently dehydrated through increasing
concentrations of ethanol (50%, 70%, 80%, 90%, 95%, 3x100%), and cleared in
methyl salicylate for 30-45 min.

The detection of immunofluorescence in tissue sections was based on the
protocol of Tinikul et al. (2011). In brief, the sections were deparaffinized,
rehydrated through a graded ethanol series, and incubated with 1% glycine in
PBS for 10 min. Non-specific binding of proteins was blocked by immersing the
sections in blocking solution (10% NGS and 1% sodium meta-bisulfite in PBST),
at room temperature for 2 h. The sections were subsequently incubated overnight
in the primary antibodies (rabbit anti-5-HT diluted 1:100 or rabbit anti-DA, diluted

1:500), in blocking solution, at room temperature. The sections were then
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incubated in the secondary antibody, Alexa488-conjugated goat anti-rabbit IgG
(Molecular Probes, Eugene, OR, USA), diluted at 1:500 in blocking solution, at
room temperature for 2 h. In addition, the nuclei of cells were counterstained with
ToPro-3 (Molecular Probes), diluted at 1:2000 in blocking solution. Finally, the

sections were mounted in Vectashield (Vector Laboratory, Burlingame, CA, USA).

2.6 Confocal laser scanning microscopy and image analysis

The whole-mounts and sections of the CNS, as well as ovarian sections
prepared for immunofluorescence detection, were viewed and photographed with
an Olympus Fluoview 1000 laser-scanning confocal microscope (Olympus
America, Center Valley, PA). The tissues were scanned sequentially for each
fluorophore to obtain separate images for each label and an overlay image of all
three channels for each optical section. These projected images were produced
using subsets of the z-stacks. Furthermore, the digital images were exported and
converted from the Olympus confocal system as .tiff images, and then transferred
into Photoshop CS software (Adobe Systems Inc., San Jose, CA, USA) to adjust
contrast and brightness to obtain optimal clarity. In addition, negative controls for

each fluorochrome were scanned using the same parameter settings.

2.7 Estimating the numbers and staining intensities of 5-HT-ir and DA-ir

neurons and fibers

The numbers of 5-HT-ir and DA-ir neurons in four whole-mounts of various
regions of the brain (protocerebrum, deutocerebrum, and tritocerebrum), CEG,
SEG (visceral sensory neuropil (VSN), first maxillary neuropil (MX-l), second

maxillary neuropil (MX-Il), first maxiliped (MP-I), second maxiliped (MP-II), third
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maxiliped neuropils (MP-IIl)), thoracic ganglia 1-5, and abdominal ganglia 1-6, at
each ovarian stage were determined. The methods used were described
previously (Phoungpetchara et al. in press). The digital images of tissues at 20x
and 40x magnifications were photographed. The images obtained were 512x512
or 1024x1024 pixels. Each image had a resolution of at least 300 dpi. The
numbers of 5-HT-ir and DA-ir neurons were counted per visual field (mm2 area) by
using Cell Counter function in ImageJ software (version 1.43, NIH, Bethesda, MD,
USA, available on the internet: http://rsb.info.nih.govl/ij/). At least ten areas in each
section (15 random sections per organ) from both positive and negative areas
were counted to compare the numbers of 5-HT-ir and DA-ir neurons during
various stages of ovarian maturation cycle. The counting was performed in
triplicates.

The intensities of 5-HT-ir and DA-ir in neurons and fibers in various CNS
areas, and at each ovarian stage were quantified using computer image analysis
ImageJ software (http://rsb.info.nih.gov/ij/) as described previously
(Ngernsoungnern et al. 2008; Swayne et al. 2010). In brief, digital images of the
whole-mounts and sections at 20x and 40x magnifications from five randomized
sections of each area to be analyzed were obtained. The resolutions and pixels of
images were defined as mentioned above, and images were then converted to a
grayscale (Image/Type/8-bit). A box of 100 x 100 pixels was further generated
and placed over the areas of neurons and fibers, to ensure equivalent areas for all
analyzed images. Densitometric analysis of staining intensities was conducted
using NIH Imaged software. In addition, the subtract background function
(Process/Subtract Background) in Imaged software was used to minimize
background signal. The examiners did not know to the identities of the sections to

minimize bias in the analysis. Data are expressed as mean + SEM.
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2.8 Specificities of antibodies and controls

The specificities of the polyclonal antibodies against 5-HT and DA were
tested by the manufacturer using standard immunohistochemical methods. The
manufacturer has demonstrated that anti-5-HT and anti-DA antibodies did not
cross-react with other biogenic amines. In the controls, the specificities of anti-5-
HT and anti-DA were ascertained by omitting the primary antibodies from the

staining, or by pre-absorption of the primary antibodies with 100 ug/ml of synthetic

5-HT or DA (Sigma-Aldrich, St. Louis, MO, USA) at 4 °C for 16-18 h, before

staining (Tierney et al. 1999). In these controls, no immunostaining was observed.

2.9 Statistical analyses

Experimental data were analyzed with the SPSS program for Windows
software (version 12.0, SPSS Inc., Chicago, IL, USA) using a one-way analysis of
variance (ANOVA) and Tukey’s post hoc test. A probability value less than 0.05 (P

< 0.05) indicated a statistical significance. Data were presented as X + SEM.

3. Results

Stages of ovarian maturation cycle were identified by the appearance and
size of ovaries that could be seen through the carapace in live females (Fig. 1a, c,
e, g), and these were verified by histological examinations of the ovaries (Fig. 1b,
d, f, h). There were four major ovarian stages which include: stage | containing
mainly Oc1 (Fig. 1a, b), stage Il containing previtellogenic oocytes (Oc1 and Oc2)
(Fig. 1c, d), stage lll comprising mostly pre-mature Oc3 (Fig. 1e, f), and stage IV

containing mainly mature oocytes Oc4 (Fig. 1g, h). The mature Oc4 of stage IV
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were characterized by the presence of cortical rods (CRs) around the periphery

(Fig. 1h).

3.1 Changes of 5-HT and DA concentrations in the CNS and ovary

In the HPLC-ECD analyses, the standard peaks of DA and 5-HT showed
elution times of about 10 and 25 min, respectively (Fig. 2a). The peaks of 5-HT
and DA, in extracts of different parts of the CNS, and ovaries, at various
reproductive stages, exhibited the same elution times as their corresponding
standards (Fig. 2b). Moreover, when 5-HT and DA were added to each sample
(repeated three times), higher spiked peaks appeared at the same positions as
the standards (data not shown), thereby confirming that the peaks were 5-HT and
DA in each of the organ extracts. The concentrations of 5-HT in the brain and
thoracic ganglia showed a gradual increase from ovarian stage |, and reached the
highest concentration at stage IV (Fig. 2c). The concentration of 5-HT at stage | in
the brain was 0.15 * 0.05 nmol/mg, and then it gradually increased through
ovarian stage Il (0.22 £ 0.06 nmol/mg) and ovarian stage Il (0.45 + 0.05 nmol/mg)
to reach a maximum level (0.62 £ 0.08 nmol/mg) at stage IV. The 5-HT
concentration in the brain at stage IV was approximately a 4-fold increase over
stage |. The pattern was similar in the thoracic ganglia, where the 5-HT
concentration was 0.21 + 0.07 nmol/mg at ovarian stage I, 0.59 £ 0.12 nmol/mg at
stage Il, 1.37 £ 0.09 nmol/mg at stage lll, and reached the highest level of 1.95 %
0.12 nmol/mg at stage IV, exhibiting approximately a 9.5-fold increase. In the
abdominal ganglia, there was little change in 5-HT concentrations from ovarian
stage | to stage Il (0.1 £ 0.02 to 0.17 + 0.03 nmol/mg, respectively), and then a
small decrease at ovarian stage Il (0.09 + 0.03 nmol/mg), and stage IV (0.11 %

0.02 nmol/mg).
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Fig. 1 a, ¢, e, g Dorsal views of female L. vannamei, showing the locations of ovaries (black
arrowheads) at four stages of the ovarian maturation: stage I, stage I, stage lll, and stage IV,
respectively. b, d, f, h Light micrographs of H&E-stained sections of the ovarian stages I-IV,
demonstrating histology of the oocyte development (Oc1 to Oc4). CRs cortical rods, Og
oogonia, Oc1 early previtellogenic oocyte, Oc2 late previtellogenic oocytes, Oc3 early
vitellogenic oocytes, Oc4 late vitellogenic (mature) oocytes, Tr trabeculae. Bars 50 lm (b, d,

f h)
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Fig. 2 a HPLC chromatograms of DA (1) and 5-HT (2) standards. The biphasic deflection just
before 5 min indicates application of the standards. The standard peaks of DA and 5-HT
showed elution times of about 10 and 25 min, respectively. b HPLC chromatogram of the
brain extract showing DA (1) and 5-HT (2). ¢, d Concentrations of 5-HT and DA, in the brain,
thoracic ganglia, abdominal ganglia, and ovary, at stages I-IV of ovarian maturation cycle.
Concentrations are expressed as nmol/mg of protein in the organ extracts, and are presented
as means + SEM, with asterisks showing significant differences at P<0.05. B brain, T thoracic

ganglia, A abdominal ganglia, O ovaries.
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Interestingly, when various parts of the CNS were compared, the
concentration of 5-HT was about 3-4 times higher in the brain at ovarian stage Il
and IV (P<0.05), respectively, than in the brain at ovarian stage | (Fig. 2c). The
concentration of 5-HT was about 2.5, 7, 9.5 times higher in the thoracic ganglia at
ovarian stage IlI, Ill and IV (P<0.05), respectively, than at stage I. The
concentration of 5-HT in the thoracic ganglia at any ovarian stage was about 3
times higher than in the brain, and about 20 times higher than in abdominal
ganglia. These results were statistically significant (P<0.05). There were significant
increases in 5-HT concentrations in the brain and thoracic ganglia at stages Il
and IV, compared with stages | and Il (P<0.05) (Fig. 2c). In the ovaries, the 5-HT
concentration increased from ovarian stage | (0.42 £ 0.12 nmol/mg) to reach a
maximum (2.28 + 0.15 nmol/mg) at ovarian stage IV (P<0.05), exhibiting
approximately a 5.5-fold increase (Fig. 2c).

The concentration of DA in the brain (Fig. 2d) increased slightly from
ovarian stage | (0.35 = 0.08 nmol/mg) to stage Il (0.71 + 0.06 nmol/mg), then
declined by ovarian stage Ill (0.21 + 0.07 nmol/mg), and was at a minimum by
stage IV (0.11 £ 0.03 nmol/mg). As well, the concentration of DA in the thoracic
ganglia increased from ovarian stage | (1.15 £ 0.06 nmol/mg) to be a little higher
at stage Il (1.88 + 0.07 nmol/mg), and then declined during ovarian stages Ill and
IV, (0.91 £ 0.07 and 0.60 + 0.06 nmol/mg, respectively) (Fig. 2d). The pattern in
the abdominal ganglia varied only slightly similar to that of 5-HT. The DA
concentration was highest (0.16 + 0.04 nmol/mg) at ovarian stage | and then
decreased during ovarian stages I, lll and IV (0.11 £ 0.03, 0.12 + 0.02, 0.07 %
0.02 nmol/mg, respectively). However, the minor variations in DA levels in the
abdominal ganglia were not statistically significant. At ovarian stages | to IV, the

concentrations of DA in the thoracic ganglia were about 3, 2.5, 4.5 and 5.5-fold
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higher than in the brain (P<0.05). In addition, the DA concentrations in the
thoracic ganglia were higher by 12-fold, 8.5-fold, 7-fold, and 10-fold increases at
stages I, I, Ill, and IV, respectively, compared with the abdominal ganglia
(P<0.05). When comparing within a tissue, the concentrations of DA were about 2,
3.5, and 7 times higher in the brain at ovarian stage Il than in the brain at ovarian
stage |, lll, and IV. The DA concentration was about 1.6, 2, and 3 times higher in
the thoracic ganglia at ovarian stage Il (P<0.05) than in the thoracic ganglia at
ovarian stage I, lll and IV, respectively. The lowest and the highest concentrations
of DA, in each part of the CNS at each ovarian stage, were the converse of those
for 5-HT (Fig. 2d).

The concentration of DA in the ovaries (Fig. 2d) was high at ovarian stage
| (17.92 £ 1.42 nmol/mg), then increased further to a maximum level at ovarian
stage Il (20.31 = 1.94 nmol/mg), and subsequently decreased at ovarian stage llI
(11.03 = 1.04 nmol/mg), reaching a minimum (9.71 + 0.78 nmol/mg) at ovarian
stage IV. The concentrations of DA at stages | and Il were significantly higher by
about 2 to 2.5 times than at stage Ill and IV (P<0.05). The concentration of DA in
the ovary at ovarian stage Il was about 10 times higher than 5-HT, but at stage

IV, it was 5 times higher (P<0.05).

3.2 Distribution of 5-HT-ir and DA-ir in the CNS and the ovary

The distribution patterns of both neurotransmitters were similar in all
stages of the ovarian cycle; however, the intensity of 5-HT-ir was highest at
ovarian stage IV, and DA-ir at stage Il. These results support the HPLC results.
Hence the descriptions of the distribution patterns of 5-HT-ir and DA-ir neurons in

the brain, CEG, SEG, thoracic ganglia, and abdominal ganglia illustrated here,
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were from whole mounts taken at stage IV for 5-HT and from stage Il for DA.
However, the pictures of 5-HT-ir and DA-ir in the eyestalks and ovaries were
obtained from the sections. In addition, the distribution patterns of 5-HT-ir and DA-
ir in whole-mounts were also compared with 5-HT- and DA-ir in the sections (Figs.

3,4,5,6,7,8,9).

3.3 Distribution of 5-HT-ir in the CNS

We have previously classified neurons of P. monodon into three types,
based on their distinct sizes (Ngernsoungnern et al. 2008). In L. vannamei, we
also found three types of neurons with distinct sizes; the diameters of the small-,
medium-, and large-sized neurons were 9 + 2.5 um, 28 + 5.1 um, and 68 + 8.2
pm, respectively. These data represent mean + SD of 30 cells. In the eyestalks,
5-HT-ir was detected in neurons of cluster 4 (X-organ), and fibers in the medulla
externa (ME) and medulla interna (MI) (Fig. 3a, b). Intensely immunoreactive
fibers were numerous in the sinus gland (SG) (Fig. 3a, b). In the median
protocerebrum of the brain, strong 5-HT-ir was detected in many medium-sized
neurons within cluster 6 (Fig. 3c, d). In addition, intense immunoreactive fibers
were observed in the protocerebral bridge (PB), anterior medial protocerebral
neuropil (AMPN), central body (CB), and posterior medial protocerebral neuropil
(PMPN) (Fig. 3c, d). In the deutocerebrum, 5-HT-ir was detected in medium-sized
neurons in cluster 11 and in the fibers of the olfactory neuropil (ON) (Fig. 3c). In
the tritocerebrum, 5-HT-ir was detected in medium-sized neurons in cluster 17,
fibers in the median antenna | neuropil (MAN), antenna Il neuropil (AnN), and in
the tegumentary neuropil (TN). Intense 5-HT-ir medium- and large-sized neurons

as well as fibers were detected in the CEG (Fig. 3e).
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In the SEG (Fig. 4a, b), intense 5-HT-ir neurons were distributed at the
periphery of the MP-I to the MP-Ill segments of the ganglion. At the anterior end
of the SEG, very intense 5-HT-ir fibers projected from the CEC to the SEG (Fig.
4a). These fibers extended along the midline, and branched at the MX-I to MP-III
towards lateral margin of each ganglion. Paired 5-HT-ir fibers branched bilaterally
from the MP-IIl to the SEG nerve roots (Fig. 4b). In the thoracic ganglia, most of
5-HT-ir neurons were localized in ventromedial cell clusters of the ganglia (Fig.
4c-f). Each of the thoracic ganglia contained intense 5-HT-ir neurons, as well as
fibers which were more numerous and intensely stained, compared with those in
other parts of the CNS. In the chain of thoracic ganglia, we could detect three
major 5-HT-ir fiber bundles, namely, medial fiber bundles (MFB), central fiber
bundles (CFB), and lateral fiber bundles (LFB). These fiber bundles were
continuous from one ganglion to the next, passing within each intersegmental
commissural fiber (IC) of the ventral nerve cord. The MFB and LFB were distinct
in the T1 to T3 (Fig. 4c-f). As well, the CFB was located between the MFB and
the LFB (Fig. 4d). The MFB and LFB then passed between T3 to T4 and T5 (Fig.
4g, h). In addition, a pair of 5-HT-ir neurons was detected at the dorsolateral cell
cluster in T5 (Fig. 4i), and intense 5-HT-ir was also present throughout the T1-T5
neuropils (Fig. 4c-i).

In the abdominal ganglia, medium- and large-sized 5-HT-ir neurons were
present in the dorso- and ventrolateral cell clusters, exemplified by 5-HT-ir
neurons in A1 (Fig. 5a), and in A3 (Fig. 5b). The MFB and LFB also passed
through the IC of all abdominal ganglia (Fig. 5c, d, e). Intensely immunoreactive
punctate fibers were also detected in the neuropils of A1 to A6 (Fig. 5a, ¢, d). No
5-HT-ir was detected in control sections of any part of the CNS. The distribution

of 5-HT-ir in the CNS is summarized in Fig. 9a, b, c, e, and Table 1.
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3.4 Distribution of 5-HT-ir in the ovary

In the ovary, 5-HT-ir was intense in the cytoplasm of the late vitellogenic
oocytes (Oc3 and Oc4) (Fig. 5f-h), and appeared much weaker in early oocytes
(Oc1 and Oc2) (Fig. 5h). The oogonia were not immunoreactive (data not
shown). No staining was observed in the control sections of the ovary (Fig. 5i).
Other control sections using anti-5-HT pre-absorbed with synthetic 5-HT also
showed no immunoreactivity. A summary of the distribution of 5-HT-ir in different
steps of oocyte development is shown in Table 2.

The distribution patterns of 5-HT-ir in the CNS at stage IV were similar to
the other stages, but the numbers and intensities of immunoreactive neurons and
fibers in the latter were much lower (see Fig. 10a, c). This was confirmed in three

replicated studies of each stage.
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Fig. 3 Immunofluorescence detection of 5-HT-ir (green) in the CNS, with nuclei counterstained with ToPro-3 (red). a The
eyestalk, with the orientation given at the top left, shows 5-HT-ir in the ME, MI, MT, and the SG (large boxed area).
Some neurons in cluster 4 (small boxed area) exhibits a strong immunofluorescence. b High-power magnification of the
boxed areas in a, showing the location of 5-HT-ir neurons in cluster 4 (inset, X-organ neurons, arrowheads) and very
intense 5-HT-ir fibers in the SG. ¢ Whole-mounts of the brain and CEG, with orientation given at the top left, exhibiting
5-HT-ir in neurons of clusters 6, 11, and 17, PB, AMPN, CB, PMPN, AnN, TN neuropils, and nearby fibers. d Numerous
5-HT-ir neurons in cluster 6 (arrows), and distinctive 5-HT-ir in the PB (dashed circles), AMPN, and the CB (dashed
circles). e 5-HT-ir is very intense in a neuropil of the CEG, in neurons (double arrowheads), and in fibers (arrowheads)
connecting the CEG with the brain. Numbers indicate neuronal clusters (A anterior, AMPN anterior medial protocerebral
neuropil, CB central body, CEC circumesophageal connective, CEG circumesophageal ganglia, L lateral, LG lamina
ganglionalis, M medial, MAN median antenna | neuropil, ME medulla externa, M/ medulla interna, MT medulla
terminalis, ON olfactory neuropils, P posterior, PB protocerebral bridge, PMPN posterior medial protocerebral neuropil,

PT protocerebral tract, SG sinus gland, TN tegumentary neuropil). Bars 400 iUm (a, ¢), 100 lUm (b), 50 Um (d, e), 25

Um (inset in b)
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Fig. 4 Immunofluorescence detection of 5-HT-ir (green) in the CNS, with cell nuclei counterstained with ToPro-3 (red). a Intense 5-
HT-ir fibers (arrowheads) run through the CEC to connect with the SEG. b 5-HT-ir neurons of the SEG are located at the periphery
of MP-I to MP-IIl (asterisks). In addition, 5-HT-ir fibers run along the midline from the MX-Il to MP-IIl (small arrowheads), at the MP-
| (small arrowheads), they branch off laterally (large arrowheads). As well, the paired 5-HT-ir fibers branch out bilaterally at the MP-
Ill to the SEG nerve root (double arrowheads). b (inset) High-power micrograph showing intense 5-HT-ir within neurons in the
lateral clusters of the MP-I to MP-II. c-f The thoracic ganglia, with orientation shown at top left, show distinctive 5-HT-ir fiber
bundles in the MFB (arrowheads) and LFB (double arrowheads) running from T1 to T3, with the CFB (arrows) lying lateral to the
MFB and locating medial to the LFB. 5-HT-ir neurons in T2 are located at the ventromedial cell cluster in T1 to T3 (c, d, f,
asterisks). Immunoreactive fibers are distinct in T1-T5 neuropils. g, h The MFB (arrowheads) and LFB (double arrowheads) extend
from T3 to T5. i A pair of 5-HT-ir neurons are located at the dorsolateral cluster in T5 (asterisks). Dotted circles surround the
neuropils of each thoracic ganglion. Dashed lines indicate each side of the IC. Asterisks represent the locations of 5-HT-ir neurons
(A anterior, CEC circumesophageal connective, CFB central fiber bundle, /C intersegmental commissural fibers, LFB lateral fiber
bundle, MFB medial fiber bundle, MP-I, MP-Il and MP-III first, second and third maxilipeds, MX-I and MX-II first and second
maxillary neuropils, P posterior, SEG subesophageal ganglion, T7 fo T5 thoracic ganglia 1 and 5, VSN visceral sensory neuropil).

Bars 100 Um (a-i), 50 lUm (b, inset)
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Fig. 5 Immunofluorescence detection of 5-HT-ir (green) in the abdominal ganglia (a-e) and ovaries (f-i). Cell
nuclei are counterstained with ToPro-3 (red). The orientation of the abdominal ganglia is shown top right of a
and top left of c. a, b 5-HT-ir neurons are located in the dorsolateral and ventrolateral cell clusters A1 and A3
(asterisks). Immunoreactive fibers are present in the LFB (double arrowheads). c-e The MFB (arrowheads)
and LFB (double arrowheads) are detected in the IC of A1 to A6. Immunoreactive punctate fibers are also
present in the neuropils of A1 to A6. f-g Moderate 5-HT-ir is present in the cytoplasm of vitellogenic oocytes
(Oc3), but it is very weak in early previtellogenic oocytes (Oc2). h Immunoperoxidase detection showing
intense 5-HT-ir in the mature oocytes (Oc4), whereas it is very pale in early oocytes (Oc1, Oc2). i No
immunoperoxidase staining is observed in control sections of the ovary, or in immunofluorescence controls
(data not shown) (A anterior, A1 to A5 abdominal ganglia 1 and 5, /C intersegmental commissural fibers, N
nucleus, Oc1 early previtellogenic oocytes, Oc2 late previtellogenic oocytes, Oc3 early vitellogenic oocytes,

Oc4 mature oocytes, P posterior). Bars 400 |lm (a, f), 100 .lm (b-e), 50 m (g-i)
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3.5 Distribution of DA-ir in the CNS

In the optic lobe and lateral protocerebrum, DA-ir neurons were also
present in clusters 4 (X-organ) and 5 (Fig. 6a, b). Some DA-ir fibers were present
in the ME, MI, and medulla terminalis (MT) (Fig. 6a). In addition, immunoreactivity
was very intense in fibers of the SG (Fig. 6a, b). In the median protocerebrum,
many medium-sized DA-ir neurons were present in cluster 6 (Fig. 6¢, d). Intense
immunoreactive fibers were localized in the PB, AMPN, CB, and PMPN (Fig. 6c-
e). In the deutocerebrum, mostly medium-sized DA-ir neurons were present in
cluster 11 (Fig. 6c, inset), which was in close proximity to strongly labeled
immunoreactive fibers in the ON, the olfactory globular neuropils (OGTN), AnN
and TN (Fig. 6c). In the tritocerebrum, DA-ir was detected in medium- and large-
sized neurons in cluster 17 (Fig. 6e). DA-ir was found in neurons of the CEG,
and some were giant neurons with strongly labeled immunoreactive fibers
projecting downwards via the CEC to the SEG (Figs. 6f, g, 7a), and joining a
process of a nerve extending from the SEG (Figs. 6h, 7a, b).

In the SEG, DA-ir neurons were detected at the lateral margin of the MX-
Il to the MP-IIl (Fig. 7b). DA-ir fibers making up the MFB and LFB extended
through the midline of this ganglion (Fig. 7b). Bilaterally paired DA-ir fibers
projected outward from neurons in MP-IIl of the SEG (Fig. 7b). In the thoracic
ganglia, DA-ir neurons were detected in most neuronal cell clusters, including the
ventromedial cell clusters and dorsolateral cell clusters of T1 (Fig. 7c), T2 (Fig.
7e), T3 (Fig. 7g), and T5 (Fig. 7h). The MFB and LFB, passed from the SEG
through T1 (Fig. 7c), and continued in the IC to T5 (Fig. 7d-h). The CFB was
detected at the periphery of the MFB, and projected laterally to the T2 (Fig. 7d).

The LFB extended branches laterally to T4 and T5, and also projected downward
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to A1 (Fig. 7h). The T1 to T5 neuropils also contained intense DA-ir fibers (Fig.
7c-h).

In the abdominal ganglia, medium- and large-sized DA-ir neurons were
detected in the dorso- and ventrolateral cell clusters, exemplified by DA-ir
neurons in A1 (Fig. 8a), A3 (Fig. 8b), and A5 (Fig. 8c). The neuropils of A1 to A6
also contained intense immunoreactive fibers (Fig. 8a-c). The MFB and LFB were
also present in the IC connecting between A1 to A6, as they were with 5-HT-ir
(Fig. 8d-f). No positive fluorescence was observed in the control sections taken
from different parts of the CNS. The distribution of DA-ir in the CNS is

summarized in Fig. 9a, b, d, f and Table 1.

3.6 Distribution of DA-ir in the ovary

In the ovary, the intensity of DA-ir was highest in the cytoplasm of early
oocytes, especially Oc1 and Oc2 (Fig. 8g, h), and by contrast, weak staining was
detected in vitellogenic oocytes (Oc3 and Oc4). No DA-ir was observed in the
oogonia and follicular cells. The control sections did not show any positive
fluorescence (Fig. 8i). The distribution of DA-ir in different oocytes is summarized
in Table 2.

The distribution patterns of DA-ir in the CNS at stage Il were similar to
the other stages, but the numbers and intensities of immunoreactive neurons and
fibers in the latter were much lower (see Fig. 10b, d). This was confirmed in three

replicated studies of each stage.
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Fig. 6 Immunofluorescence detection of DA-ir (green) in the CNS, and cell nuclei are counterstained with ToPro-3 (blue). a In the eyestalk, intense
DA-ir is present in the ME, MI, MT, SG (large boxed area), and a few neurons in cluster 4 (X-organ, small boxed area). b The two boxed areas
from a are shown at higher magnifications: DA-ir is very intense in the SG and moderate in the ME, as well as DA-ir neurons are present in cluster
4 (b, inset, large arrowheads). DA-ir fibers are seen close to the XO (b, inset, small arrowheads). ¢ Whole-mounts of the brain and CEG,
orientation is given top left, showing DA-ir in neurons of clusters 6, 11, 17, PB, AMPN, CB, PMPN, AnN, TN neuropils, and nearby fibers. (c,
inset) shows DA-ir neurons in cluster 11. d, e Many DA-ir neurons are present in clusters 6 (d, arrowheads), 17 (e, large arrowheads), and
intense immunoreactive fibers are present in the PB, AMPN, and CB (dashed circles), as well as fibers close to cluster 11 (e, small arrowheads). f
Many DA-ir neurons are present in the CEG (double arrowheads), and their immunoreactive fibers projecting through the CEC (arrowheads) to the
SEG. g, h High-power micrographs showing the DA-ir neurons (double arrowheads) and the positive fibers (arrowheads) running into the SEG.
Numbers indicate neuronal clusters (AMPN anterior medial protocerebral neuropil, AnN antenna Il neuropil, CEC circumesophageal connective,
CB central body, CEG circumesophageal ganglion, L lateral, M medial, MAN median antenna | neuropil, ME medulla externa, M/ medulla interna,
MT medulla terminalis, OGTN olfactory globular tract, ON olfactory neuropils, PB protocerebral bridge, PMPN posterior medial protocerebral

neuropil, PT protocerebral tract, SG sinus gland, TN tegumentary neuropil). Bars 400 lUm (a, c, f), 100 im (b, d, e), 50 Um (inset in ¢, g, h)
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Fig. 7 Immunofluorescence detection of DA-ir (green) in the CNS, and cell nuclei are counterstained with ToPro-3 (blue). a DA-ir
fibers, comprising the MFB (arrowheads) and LFB (double arrowheads) extend through the CEC to the SEG. b The SEG, with
orientation given at the top right, showing DA-ir neurons which are located at the periphery of the MX-Il to MP-Ill of the SEG
(asterisks). DA-ir fibers are observed along the midline (small arrowheads). Bilaterally paired DA-ir fibers projected outward from
neurons in MP-Il of the SEG (large arrowhead). High-power micrograph showing medium-sized DA-ir neurons (b, inset). c-g DA-ir
neurons are present in the dorsolateral and ventromedial clusters in T1 (c, asterisks), in the T2 (e, asterisks), and in the
dorsomedial cluster in T3 (g, asterisks). Dashed lines in ¢ and f indicate each side of the IC and area of the ganglion, respectively.
The MFB (arrowheads) and LFB (double arrowheads) extend from the SEG to the T1 and T2 to T5 (f, h arrowheads). The CFB are
just lateral to the MFB, and project to the T2 (d, arrows) and to the T3, T4 and T5. Very intense DA-ir fibers are present in the T1-
T5 neuropils. h A pair of DA-ir neurons are located in the dorsolateral cell cluster in T5 (asterisks). The MFB (large arrowheads)
and LFB (double arrowheads) connect between T4 and T5, and their branches extend laterally to T4 and T5 (small arrowheads),
and project downward to A1 (arrows). Dotted circles surround the neuropils of each thoracic ganglion (A anterior, A7 first abdominal
ganglion, CEC circumesophageal connective, /C intersegmental commissural fibers, L left, MP-I, MP-Il and MP-III first, second and
third maxilipeds, MX-I and MX-II first and second maxillary neuropils, P posterior, R right, T7 to T5 thoracic ganglia 1 and 5, VSN

visceral sensory neuropil). Bars 100 Um (a-h), 50 lUm (b, inset)
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Fig. 8 Immunofluorescence detection of DA-ir (green) in the abdominal ganglia, whose orientation is shown at
the top left of a, and ovaries, as well as cell nuclei counterstained with ToPro-3 (blue). a-c Large DA-ir
neurons are present in the dorsolateral and ventrolateral cell clusters, and are exemplified in A1 (a, asterisk),
A3 (b, asterisk), and A5 (c, asterisk). d-f DA-ir in the MFB (arrows) and LFB (double arrowheads) are shown
within the IC of A1 to A6. Immunoreactive fibers are also present in the neuropils of A1 to A6. g-h DA-ir is
moderate in early oocytes (Oc1), and more intense in Oc2, whereas the late oocytes (Oc3, Oc4) show very
weak staining. i Control section of the ovary showing no staining (A anterior, A1, A3, and A5 abdominal
ganglia 1, 3, and 5, /C intersegmental commissural fibers, LFB lateral fiber bundle, MFB medial fiber bundle,
Oc1 early previtellogenic oocyte, Oc2 late previtellogenic oocytes, Oc3 early vitellogenic oocytes, Og oogonia,

P posterior, Te telson). Bars 100 Am
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Fig. 9 Representations summarizing the distribution patterns of 5-HT-ir and DA-ir in the CNS of female L. vannamei. The presence
of 5-HT-ir is represented by green color (a-c, e), and DA-ir by red color (a, b, d, f). The CNS is composed of: a the eyestalk and
brain, b CEG, ¢, d SEG and five major thoracic ganglia (T1-T5), as well as e, f six abdominal ganglia (A1-A6). The brain is divided
into a protocerebrum, deutocerebrum, and tritocerebrum; each comprising neuronal clusters (indicated by numbers), and
corresponding neuropils. Major 5-HT-ir and DA-ir fiber bundles, including medial fiber bundles (MFB), central fiber bundles (CFB),
and lateral fiber bundles (LFB) are detected within the ventral nerve cord. These fiber bundles are continuous from one ganglion to
the next from the SEG to T5, and A1-A6, and they pass within each intersegmental commissural fiber (IC) of the ventral nerve cord.
5-HT-ir and DA-ir are also present throughout the T1-T5 neuropils. Immunoreactive neuropils are illustrated by stippling, whose
density corresponds with intensity of the staining (immunoreactivity). The positive neurons in different clusters are illustrated by solid
dots (A anterior, A7-A6 abdominal ganglia 1-6, AMPN anterior medial protocerebral neuropil, AnN antenna Il neuropil, CB central
body, CEC circumesophageal connective, CFB central fiber bundle, /C intersegmental commissural fibers, L lateral, LFB lateral
fiber bundle, LG lamina ganglionaris, MAN median antenna | neuropil, ME medulla externa, MFB medial fiber bundle, M/ medulla
interna, MP-I, MP-II and MP-III first, second and third maxilipeds, MT medulla terminalis, MX-I and MX-II first and second maxillary
neuropils, ON olfactory neuropil, P posterior, PB protocerebral bridge, PT protocerebral tract, PMPN posterior medial protocerebral
neuropil, R retina, SEG subesophageal ganglion, T7-T6 thoracic ganglia 1-6, TN tegumentary neuropils, VSN visceral sensory

neruropil).
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3.7 Changes in the numbers and staining intensities of 5-HT-ir and DA-ir

neurons and fibers in the CNS during ovarian maturation cycle

The numbers of 5-HT-ir and DA-ir neurons in the brain, CEG, SEG,
thoracic ganglia, and abdominal ganglia, counted at different stages of ovarian
maturation cycle, are given in Fig. 10a, b. The numbers of 5-HT-ir and DA-ir
neurons were significantly higher in the brain, SEG, and thoracic ganglia, than in
the CEG and abdominal ganglia (P<0.05) (Fig. 10a, b). At stage IV, the number of
5-HT-ir neurons was highest in the brain with 34 + 3.4 neurons, then the SEG with
20 £ 2.5 neurons, the combined thoracic ganglia (T1-T5) with 22 + 2.7 neurons,
and the combined abdominal ganglia (A1-A6) with only 17 + 1.8 neurons (P<0.05).
The least number of 5-HT-ir neurons was 7 = 0.6 in the CEG (Fig. 10a). The total
number of 5-HT-ir neurons was about 4.5 times higher in the brain, and almost 3
times higher in the SEG and thoracic ganglia, at ovarian stage IV than at stage |
(P<0.05) (Fig. 10a). In addition, the total number of 5-HT-ir neurons was about 2.5
times higher in all parts of the CNS at ovarian stage IV than at stage | (P<0.05).
However, the number of 5-HT-ir neurons observed in the abdominal ganglia was
not statistically different at any maturation stage (Fig. 10a). At stage IV, the
intensities of 5-HT-ir neurons had also increased markedly in the brain, SEG, and
thoracic ganglia, compared with stage | (P<0.05) (Fig. 10c).

The number of DA-ir neurons was higher in the brain, SEG, thoracic
ganglia at stage Il than at stage IV (P<0.05). Specifically, at stage Il, the number
of DA-ir neurons was higher in the brain (30 + 4.5 neurons), the SEG (24 + 2.1
neurons), and the combined thoracic ganglia (T1-T5) (26 + 2.7 neurons), than in
the CEG (least with 10 £ 0.8 neurons) and the combined abdominal ganglia (A1-
AB) (16 £ 1.5 neurons) (P<0.05) (Fig. 10b). The numbers of DA-ir neurons in the
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CEG and abdominal ganglia were not statistically different at any stage of ovarian
maturation (Fig. 10b). The total number of DA-ir neurons was about 3 times higher
in the brain, and about 3.2 times higher in the SEG and thoracic ganglia, at
ovarian stage Il than at stage IV (P<0.05) (Fig. 10b). When combining all parts of
the CNS, the number of DA-ir neurons was about 2.4 times higher at ovarian
stage Il than at stage IV (P<0.05). In contrast, the number of DA-ir neurons in the
abdominal ganglia was not statistically different at any stage of maturation (Fig.
10b). Furthermore, the intensities of DA-ir neurons were significantly greater in the
brain, SEG and thoracic ganglia at stage Il, compared with stage IV (P<0.05) (Fig.
10d). In contrast, the mean intensities of 5-HT-ir and DA-ir neurons and fibers in
the abdominal ganglia appeared to be slightly higher at stages IV and II, than
those at stage | and 1V, but these were not statistically different (Fig. 10c, d).
Overall, the highest numbers of 5-HT-ir and DA-ir were detected in
neurons of cluster 6 of the brain, whereas the lowest numbers were found in
neurons of cluster 17 (P<0.05). In the thoracic ganglia, 5-HT-ir neurons in the
midline clusters exhibited the highest numbers (Fig. 9c), whereas DA-ir neurons in
dorsolateral clusters exhibited the highest numbers (Fig. 9d). In addition, 5-HT-ir
and DA-ir fibers in the protocerebral- and deutocerebral areas of the brain showed
the highest intensities, compared with other parts of the brain. In the thoracic and
abdominal ganglia, the lateral margins of each neuropil exhibited the highest 5-
HT-ir and DA-ir intensities, compared with other parts of the ganglia (Figs. 9cf,

10c-d).
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Fig. 10 Histograms showing the mean numbers of 5-HT-ir neurons at ovarian stages | and IV (a) and DA-ir neurons at
ovarian stages Il and IV (b) in various parts of the CNS of L. vannamei. There are significant differences of 5-HT-ir and
DA-ir neuronal numbers in the brain, SEG, and thoracic ganglia (P<0.05). No significant differences of 5-HT-ir and DA-ir
neuronal numbers are observed in the CEG and abdominal ganglia (P>0.05). ¢, d The mean intensities of 5-HT-ir (at
ovarian stages | and 1V), and DA-ir (at ovarian stages Il and IV) neurons and fibers within different regions of the CNS.
There are significant differences of 5-HT-ir and DA-ir neurons and fibers intensities in the brain, SEG, and thoracic

ganglia (P<0.05), but not in the abdominal ganglia. For each data point, the means are calculated from whole mount

preparations showing the staining intensities (immunoreactivities) of the two neurotransmitters. Values represent X =
SEM, and bars with asterisks are significantly different (P<0.05) (B brain, CEG circumesophageal ganglia, SEG,
subesophageal ganglion, T1 to T5 thoracic ganglia 1-5, A1 to A6 abdominal ganglia 1-6).
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Table 1 Summary of the presence of 5-HT-ir and DA-ir in various parts of the CNS of L. vannamei. +,
indicates the presence of immunoreactivity in neurons, fibers, and neuropils of the CNS parts; -, indicates no
immunoreactivity in neurons, fibers, and neuropils of the CNS parts (A7-A6 abdominal ganglia 1-6, AnN
antenna Il neuropil, AMPN anterior medial protocerebral neuropil, C7-C17 neuronal clusters 1-17 in the brain,
CB central body, CEG circumesophageal ganglion, /C intersegmental commissural fibers, ir immunoreactivity,
L large-sized neuron, LG lamina ganglionaris, M medium-sized neuron, ME medulla externa, M/ medulla
interna, MP-I, MP-II and MP-IIl first, second and third maxiliped neuropils, MT medulla terminalis, MX-/ and
MX-II first and second maxillary neuropils, MAN, median antenna | neuropil, OGTN olfactory globular tract
neuropil, ON olfactory neuropil, PB protocerebral bridge, PMPN posterior medial protocerebral neuropil, S
small-sized neuron, SG sinus gland, T7-T5 thoracic ganglia 1-5, TN tegumentary neuropils, VSN visceral

sensory neruropil).
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Table 2 Summary of 5-HT-ir and DA-ir in various steps of differentiating oocytes and their
associated follicular cells. +, weak immunoreactivity; ++, moderate immunoreactivity; +++,
strong immunoreactivity; -, no immunoreactivity (Fc follicular cells, Oc? early previtellogenic

oocyte, Oc2 late previtellogenic oocytes, Oc3 early vitellogenic oocytes, Oc4 mature oocytes,

Og oogonia).
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4. Discussion

The present study demonstrated that there was a rise in 5-HT levels in the brain,
thoracic ganglia, and ovaries as ovarian maturation progressed, while DA levels
decreased. The highest levels of 5-HT were detected at stage IV in the brain,
thoracic ganglia, and ovaries, whereas the highest levels of DA were detected at
stage Il in the same tissues. This implicates that the increased levels of these two
neurotransmitters might be related to specific functions with regard to ovarian
maturation. It is proposed that the increasing levels of 5-HT stimulate ovarian
maturation, while DA acts in an opposing function.

Several studies have investigated the levels of 5-HT and DA in decapod
crustaceans using HPLC analyses. In the spiny lobster, Palinurus homarus, 5-HT
concentration was found to be higher in thoracic ganglia than in the brain at
ovarian stage IV, suggesting that 5-HT is involved in regulating the ovarian
maturation (Kirubagaran et al. 2005). In the crayfish, P. clarkii, levels of 5-HT were
quantified in various regions of the brain, and it was found that the total
concentration of 5-HT was higher in the brain (~ 0.6 pg/g) than in the eyestalks (~
0.3 pg/g) (Cervantes et al. 1999). In the freshwater prawn, M. rosenbergii, 5-HT
concentrations were highest in the brain and thoracic ganglia (~1.50 nmol/mg) at
ovarian stage IV, and lowest at ovarian stage | (Tinikul et al. 2008). In contrast,
they found that DA concentrations exhibited the highest level in the brain and
thoracic ganglia at ovarian stage Il (~1.30 nmol/mg), but the lowest (~ 0.06
nmol/mg) at ovarian stage IV. Our findings indicate that the changing patterns of
5-HT concentrations in the brain and thoracic ganglia of L. vannamei are similar
with those reported in the three decapod crustaceans. We found that the

concentration of 5-HT was about 3.5 times higher in the thoracic ganglia at stage
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IV than in the brain at the same stage, whereas DA concentration was
approximately 2.5 times higher in the thoracic ganglia at stage Il, than in the brain
at the same stage, thus indicating the strong influence of the thoracic ganglia.
This is supported by a previous study in the freshwater prawn, M. rosenbergii,
where the ovaries, following an injection with culture medium of 5-HT-primed
thoracic ganglia, showed an increase in the oocyte numbers which developed into
mature stages (Meeratana et al. 2006). They suggested that 5-HT and/or other
hormonal factors from the thoracic ganglia could be major factors that stimulate
ovarian maturation and oocyte development. Similarly, with mature L. vannamei
females, the intraspecific implantation of thoracic ganglia also induced ovarian
maturation (Yano et al. 1988). In the crab Uca pugilator, it was also shown that
thoracic ganglion extracts from sexually active females induced precocious ovarian
maturation in intact and eyestalk-ablated crabs (Eastman-Reks and Fingerman
1984). The combined data leads us to believe that the thoracic ganglia may act as
a “primary center’ in stimulating ovarian maturation in decapod crustaceans,
including L. vannamei. However, the abdominal ganglia may not be involved in
this process, as only basal levels of 5-HT and DA were detected there.

Several studies have reported the effects of 5-HT and DA on ovarian
maturation in crustaceans. Specifically, 5-HT shortened the period of ovarian
maturation in P. monodon (Wongprasert et al. 2006), and in M. rosenbergii (Tinikul
et al. 2009a). As well, injecting 5-HT into P. clarkii caused increases in oocyte
diameter and ovarian maturation (Kulkarni et al. 1992). In L. stylirostris, the
combined injection of 5-HT and spiperone (a DA-antagonist) stimulated ovarian
maturation to a greater extent than injection of 5-HT alone (Alfaro et al. 2004). 5-
HT also induced ovarian maturation and spawning in L. vannamei (Vaca and

Alfaro 2000). In contrast, injection of DA into M. rosenbergii delayed ovarian
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maturation and embryonic development (Tinikul et al. 2009a), and DA injected in
P. clarkii also lengthened gonadal maturation period (Sarojini et al. 1995b). There
have been reports regarding the effects of 5-HT and DA on vitellogenesis. In M.
rosenbergii, vitellogenin (Vg) concentrations of prawns treated with 5-HT were
highest at ovarian stage IV, whereas treatment with DA produced lower Vg
concentrations (Tinikul et al. 2008). These results indicated direct causal
relationships, with 5-HT stimulating and DA inhibiting Vg synthesis. Moreover,
after treating the Indian white shrimp, F. indicus, with 5-HT, the Vg concentration
increased significantly from the early ovarian stages (stages | and Il) to the mature
stage (stage V), indicating that the stimulatory role of 5-HT on the ovarian
maturation with a correlated increase of Vg levels (Santhoshi et al. 2009). Taken
together, these studies suggest a positive causal relationship between 5-HT and
Vg, and a negative role for DA. As the level of Vg reflects ovarian maturation and
oocyte development to the more mature stages (Tinikul et al. 2008; Santhoshi et
al. 2009), we believe that 5-HT also exercises a positive control over the ovarian
maturation process in L. vannamei. This is supported further by the finding that
injection of 5-HT into L. vannamei stimulates ovarian maturation (Vaca and Alfaro
2000). In contrast, DA apparently exercises an opposite control, as demonstrated
in other decapods species (Sarojini et al. 1995b; Tinikul et al. 2009a).

In an earlier report on L. vannamei, the presence of 5-HT-ir has been
identified in the eyestalks and in the brain (Ye et al. 2004), but not in other parts
of the CNS. Furthermore, the neuroanatomical pathways of 5-HT-ir and DA-ir
neurons and fibers in the CNS, and their distribution patterns have not yet been
reported. Ours is the first study to demonstrate the complete neural networks of 5-
HT-ir and DA-ir neurons, fibers, and neuropils, which we found to be highly

organized in the eyestalks, brain, and all ganglia of the ventral nerve cord of L.
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vannamei. In general, the distributions of 5-HT-ir and DA-ir in the CNS overlapped
extensively, indicating that the two systems share common pathways. There have
been reports showing the presence of 5-HT in the eyestalk, particularly in the X-
organ (XO) and in the SG of a few decapod crustaceans. In the crayfish, P.
leniusculus, 5-HT-ir neurons and fibers were observed in various ganglia (MI and
MT) in the eyestalks (Elofsson 1983). In the shrimp, Metapenaeus ensis, 5-HT-ir
was found in XO-neurons and fibers of optic ganglia, implying that 5-HT may be
involved in the synthesis and release of related neurohormones from this structure
(Ye et al. 2006). In the Indian white shrimp, F. indicus, 5-HT-ir was found in the
XO neurons and in the fibers of SG, suggesting this group of cells and fibers
could be a primary source of 5-HT, and may regulate the release of other XO
neurohormones, such as CHH (Santoshi et al. 2008). As well, distinct 5-HT-ir was
observed in the MT and in the SG of the shrimp, Palaemon serratus (Bellon and
Van Herp 1988), and P. clarkii (Escamilla-Chimal et al. 2001), implicating the role
of 5-HT in the regulation of neurosecretory activity at these structures.

It has been shown that 5-HT induces the bursting of action potentials in
the intact X-organ axons of P. clarkii (Séenz et al. 1997), and to elicit electrical
activity of X-organ cells in the crayfish, Orconectes limosus, and the crab,
Cardisoma carnifex (Keller and Beyer 1968; Nagano and Cooke 1981). Injections
of 5-HT into the crayfish hemolymph stimulated an increase in the number of CHH
granules in the SG of Astacus leptodactylus, followed by a hyperglycemic
response in the blood, suggesting a direct role of 5-HT in stimulating the release
of CHH (Van Herp and Strolenberg 1980; Gorgels-Kallen 1985). In the present
study, intense 5-HT-ir was detected within neurons of cluster 4 (XO neurons) and
associated fibers, and was even more intense in the SG. Thus, we believe that 5-

HT-ir is present in some XO neurons, and in the SG of L. vannamei, as reported
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in other species. This suggests that 5-HT may also play a role in stimulating the
synthesis of neuropeptides, such as CHH, from the XO neurons as reported in
other decapod crustaceans, and possibly also causes the release of this hormone
from the SG. As CHH belongs to the same family as GIH/MIH (gonad-inhibiting
and molt inhibiting hormones) (Hsu et al. 2006), the same controlling mechanism
may be applied to the synthesis and release of these hormones from the XO. This
has yet to be demonstrated in L. vannamei. The 5-HT-ir neurons in the XO and
their positive fibers in the SG may also be involved in controlling the X-organ
neurosecretory neurons that synthesize the CHH family of hormones, as reported
earlier in crabs and crayfish.

Ovarian maturation and vitellogenesis are regulated by GIH (Huberman
2000), which is a member of the neuropeptide family that is synthesized in
neurons located in the X-organ and transported to the axon terminals that end at
the SG, where it is secreted into the haemolymph (Skinner 1985; Chan et al.
2003; Treerattrakool et al. 2008). 5-HT and DA are thought to exercise their
controls over the synthesis and release of a putative gonad-inhibiting hormone
(GIH/VIH) or GIH-like peptides in the eyestalks of P. monodon (Treerattrakool et
al. 2008), M. ensis (Gu et al. 2000), L. vannamei (Wang et al. 2000), and Jasus
lalandii (Marco et al. 2002). 5-HT possibly acts by inhibiting the release of GIH
from the XO and/or by stimulating putative GSH or gonadotropin-releasing
hormone (GnRH-like peptide) from the brain and thoracic ganglia, as a GnRH-like
gonad-stimulating neuropeptide has been reported to be present in these neural
structures (Tinikul et al. 2011), whereas DA may play the opposite role (Sarojini et
al. 1995b; Fingerman 1997). However, this hypothesis needs to be investigated
further by studying the effects of these two neurotransmitters on the expression of

the genes encoding the respective hormones. Furthermore, the presence and
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distribution of 5-HT and DA receptors in the CNS and ovary should also be
studied to identify the cellular targets of these two neurotransmitters.

In the lobster, H. americanus, about a hundred 5-HT-ir cells were detected
in the central ganglia, thirty five 5-HT-ir neurons in the brain, one neuron in each
of the paired circumesophageal ganglia, and at least two in each ganglion of the
ventral nerve cord. 5-HT-ir fibers were also detected MFB, CFB, and LFB along
the ventral nerve cord (Beltz and Kravitz 1983). In addition, a dense plexus of
stained nerve endings were detected surrounding each of the thoracic second
roots and the adjacent groups of peripheral neurosecretory neurons in this
species, suggesting that the thoracic second roots may be neurohormonal organs
(Beltz, 1999). These serotonergic nerve plexuses might be the source of 5-HT
released into the hemolymph (Beltz and Kravitz 1983). In the thoracic ganglia of L.
vannamei similar structures have not yet been identified. However, because of the
relatively high level of 5-HT in the thoracic ganglia, it is possible that this organ
may also be the major site that produces 5-HT and DA, which are then released
via a similar nerve roots-associated neurohaemal sites, as reported in the lobster.

In the crayfishes, P. leniusculus, P. clarkii, and C. destructor, 5-HT-ir was
present in clusters 6 and 11, nearby neuropils, as well as immunoreactive fibers in
the ON (Elofsson 1983; Real and Czternasty 1990). In the squat lobster, M.
quadrispina, one hundred and twenty 5-HT-ir neurons were detected in the CNS,
of which sixty neurons were detected in the brain, two neurons in the CEG, and
the rest in the ventral nerve cord (SEG, T1-T5, and A1-A6). Moreover, the MFB,
CFB, and LFB were immunopositive within the series of thoracic ganglia. The
MFB and LFB extended through the nerve cord from the SEG to A6, whereas the
CFB was particularly distinct within the anterior thoracic ganglia (T1-T2), but could

not be traced within the T4 and T5 (Antonsen and Paul 2001). In the freshwater
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prawn, M. rosenbergii, about seventy 5-HT-ir neurons, numerous fibers, and
neuropils, were detected within the brain and ventral nerve cord. Fibers with 5-HT-
ir were also present in the MFB and LFB of this species (Vazquez-Acevedo et al.
2009). Our study showed that, in addition to the eyestalk and the brain, 5-HT-ir
neurons were also present in the SEG, the thoracic ganglia, and their
immunoreactivities were more intense than neurons in other parts of the CNS. We
also detected intense immunoreactivity in the MFB, CFB, LFB in the SEG, and
thoracic ganglia (T1-T5), but the pathway of the CFB in the abdominal ganglia
was not clear. Furthermore, the positions of most 5-HT-ir neurons, neuropils, and
the fiber tracts of L. vannamei, were found to be similar to those of other
crustacean species, suggesting a highly conserved serotonergic pathway among
decapod crustaceans.

The presence and distribution of DA has also been investigated in the
eyestalk, brain, and the ventral nerve cord of many decapod crustaceans. DA-ir
has been identified in neurons, fibers, and neuropils of the eyestalks (e.g., MT and
the optic tracts of C. sapidus and M. rosenbergii), suggesting a role of DA in the
regulation of neurosecretory activity of the eyestalk (Wood and Derby 1996; Tinikul
et al. 2009b). In the crayfish, P. clarkii, DA has been shown to excite small
neurons in the XO-SG, suggesting a direct role of DA in controlling the X-organ
(Alvarez et al. 2005). Sarojini et al. (1995b) reported that DA stimulated the
release of a putative GIH from the X-organ in P. clarkii, thereby inhibiting gonadal
maturation. As well, DA has been reported to be a major influence on the release
of other neurohormones from the XO-SG system. Injection of DA into the crayfish,
P. clarkii, showed changes in blood glucose levels, presumably by affecting CHH
release (Zhou et al. 2003). In the same species, DA reduced the rate of CHH

release from the eyestalk, suggesting that DA acts to inhibit the release of CHH
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(Sarojini et al. 1995b). Other studies have also demonstrated a direct effect of DA
on the neurosecretory cells of the XO-SG system (Fingerman 1997; Gardia and
Aréchiga 1998). We found DA-ir neurons with strong staining intensity in some
neurons in cluster 4 (XO) and in the SG, suggesting that DA may also play a role
in controlling the synthesis and release of neuropeptides of the CHH family, as
reported in the crayfish.

DA-ir has also been identified in neurons and fibers in various ON
neuropils of the brain in H. gammarus, C. sapidus, O. rusticus, P. argus, and M.
rosenbergii (Cournil et al. 1994; Wood and Derby 1996; Schmidt and Ache 1997;
Tierney et al. 2003; Tinikul et al. 2009b). In L. vannamei, we found intense DA-ir
in the ON as well as neurons of clusters 6, 11, and 17, and nearby fibers,
suggesting that DA may also be involved in mediating olfaction in this species. In
the CEG of L. vannamei, we detected large DA-ir neurons which could be
homologous to “the L cell” described in the CEG of H. gammarus and O. rusticus
(Cournil et al. 1994; Tierney et al. 2003). Furthermore, about 30 DA-ir neurons
were detected in the SEG of H. gammarus (Cournil et al. 1994). In L. vannamei,
about 25 DA-ir neurons were detected in the SEG and intense immunoreactive
fibers were present throughout the SEG. Some of DA-ir fibers branched out from
the MP-IIl of the SEG, and we believe that these DA-ir nerves may project from
the MP-IIl of SEG to the well known neurohaemal organ, known as the pericardial
organ, where DA is released into the blood to control heart rate (Tierney et al.
2003). DA-ir neurons were also detected in the thoracic ganglia (T1-T5), in which
T1 contained six neurons (two pairs located laterally and one pair medially), and
T2-T5 contained two pairs each (Cournil et al. 1994). In O. rusticus, 20-25 DA-ir
neurons were observed in the lateral margin of the SEG, and about 40 DA-ir

neurons were detected throughout the series of thoracic ganglia, with each
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ganglion of T1-T3 containing three pairs of DA-ir (two pairs located laterally and
one pair medially) (Tierney et al. 2003). As well, T4 contained two additional pairs
of DA-ir neurons, and T5 contained one additional medial pair. In C. sapidus, at
least one pair of DA-ir neurons was detected in the first SEG and all of the
thoracic ganglia. The two pairs of DA-ir neurons were detected in the T3 and T5
(Wood and Derby 1996). In L. vannamei, we found that the distribution patterns of
DA-ir neurons were similar to H. gammarus and O. rusticus. Moreover, we have
provided the first evidence that DA-ir fibers are present in the MFB, CFB, and
LFB, all of which extend through the SEG and thoracic ganglia.

In the three crayfishes, O. limosus, O. rusticus, P. clarkii, and in H.
gammarus, and M. rosenbergii, there are DA-ir neurons in the abdominal ganglia
(Cournil et al. 1994; Elekes et al. 1988; Mercier et al. 1991; Tierney et al. 2003;
Tinikul et al. 2009b), which have been postulated to be neurons involved in
regulating the movement of swimming legs. In P. clarkii, the anterior unpaired
medial (AUM) neurons were found in A3 and A4, and their fibers project into the
hindgut where they control its movement (Mercier et al. 1991). Similarly, the large
DA-ir AUM-neurons detected in A3 of L. vannamei may also be motor neurons
involved with hindgut movement. Since both our HPLC and immunolocalization
data indicate that there is very litle change of DA levels in these ganglia, it
implies that the DA-ir neurons in these ganglia may be involved in the movement
of swimming legs and hindgut, but not in the control of ovarian maturation.

In L. vannamei, both 5-HT and DA levels in ovaries showed the same
patterns of change which occurred in the brain and SEG-thoracic ganglia.
However, the levels of DA in the ovaries were higher than those of 5-HT at each
stage of ovarian maturation cycle. Many studies have described different roles for

5-HT and DA in oocyte maturation in crustaceans. In P. monodon, 5-HT



68

concentrations in the ovary appeared higher in the late stages (lll and 1V), and
that 5-HT-ir was more intense in mature oocytes (Oc4) (Wongprasert et al. 2006).
As well, 5-HT1 receptors were also expressed in the oocyte membranes at these
stages (Ongvarrasopone et al. 2006). These data indicated that 5-HT plays a
direct role in regulating oocyte maturation. This is supported by the findings that 5-
HT concentrations in the ovary of M. rosenbergii were higher in the late stages (llI
and IV) than in the early stages (I and Il), whereas DA concentrations in the ovary
were found to be much higher in early ovarian stages (I and Il) than in the late
stages (Il and 1V) (Tinikul et al. 2008). Furthermore, DA-ir was most intense in the
cytoplasm of previtellogenic oocytes (Oc1, Oc2), but not in the oogonia and in
follicular cells, suggesting that DA plays a key role in controlling early oocyte
development (Tinikul et al. 2009b). In L. vannamei, we found 5-HT-ir was more
intense in the ectoplasm of the late stage oocytes (Oc4), whereas DA-ir occurred
in the early stage oocytes (Oc2). This implicates that 5-HT and DA may play a
direct role in the oocyte development, but at different stages, i.e. 5-HT could be
involved in the late oocyte stages, whereas DA could be involved in the early
stages. These two neurotransmitters may be taken up in the oocytes from
hemolymph, as there were no 5-HT-ir and DA-ir nerve fibers in the ovary.
Alternatively, 5-HT and/or DA could be synthesized in the oocytes.

In addition to direct action on oocytes, 5-HT and DA could also exercise
their controls over the synthesis and release of a putative gonad-inhibiting
hormone (GIH) or GIH-like peptides in the eyestalk, as thought to occur in many
decapods, including P. monodon (Treerattrakool et al. 2008), and L. vannamei
(Wang et al. 2000). Apart from an inhibitory effect on GIH release, 5-HT could
also stimulate a putative GSH, and/or gonadotropin-releasing hormone (GnRH)-

like peptides, from the brain and thoracic ganglia, as these gonad-stimulating
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neuropeptides are reported to be present in these neural structures (Tinikul et al.
2011). Conversely, DA could act in an opposite role. In salmonids, DA delayed
ovarian development by inhibiting the release of GnRH and LH at the
hypothalamus-pituitary level (Peter et al. 1986; Saligaut et al. 1999). As well, DA
also exerts an inhibitory role during the early steps of oogenesis, by inhibiting the
release of GnRH in many teleost species (Dufour et al. 2010). In tilapia,
Oreochromis aureus, DA acting via the D2 receptor, inhibited GnRH activity and
downregulated the GnRH receptor synthesis (Levavi-Sivan et al. 2004). The DA-
mediated mechanism in the L. vannamei CNS may be similar to those occurring in
salmonids and teleost fish as proposed earlier (Peter et al. 1986; Saligaut et al.
1999; Aizen et al. 2005; Dufour et al. 2010). However, this hypothesis needs to be
investigated further by studying the effects of these two neurotransmitters on the
expression of these genes. Furthermore, the presence and distribution of 5-HT
and DA receptors in the CNS and ovary should also be studied to identify the
cellular targets of these two neurotransmitters. In addition, further studies
demonstrating the expressions of genes encoding the enzymes involved in the
syntheses of 5-HT and DA by RT-PCR or in situ hybridization techniques would
help to validate whether the two neurotransmitters are synthesized in or uptaken

by the oocytes.
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Abstract We investigated changes in serotonin (5-HT) and
dopamine (DA) levels and in their distribution patterns in
the central nervous system (CNS) and ovary during the
ovarian maturation cycle in the Pacific white shrimp,
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Litopenaeus vannamei. The concentrations of these two
neurotransmitters were determined by using high perfor-
mance liquid chromatography with electrochemical detec-
tion. The 5-HT concentration exhibited a gradual increase
in the brain and thoracic ganglia during early ovarian stages
I, II, and III, reaching a maximum at the mature ovarian
stage IV, whereas DA showed its highest concentration at
ovarian stage Il in the brain and thoracic ganglia and then
declined to its lowest concentration at ovarian stage IV. In
the ovaries, 5-HT was lowest at ovarian stage I and
gradually increased to a peak at ovarian stage IV.
Conversely, the concentration of DA was highest at ovarian
stages I and II and lowest at ovarian stage IV. In the brain,
5-HT immunoreactivity (—ir) from stage IV and DA-ir from
stage II were distributed extensively in neurons of clusters
6, 11, and 17, in fibers, and in the anterior and posterior
medial protocerebral, olfactory, antenna II, and tegumentary
neuropils. In the circumesophageal, subesophageal, thorac-
ic, and abdominal ganglia, both 5-HT-ir and DA-ir were
detected in neuropils and surrounding neurons and fibers.
5-HT-ir and DA-ir were more intense in the thoracic ganglia
than in other parts of the CNS. In the ovary, 5-HT-ir
exhibited high intensity in late oocytes, whereas DA-ir was
more intense in early oocytes. Thus, opposing changes
occur in the levels of these two neurotransmitters and in
their specific localizations in the CNS and ovary during
ovarian maturation, indicating their important involvement
in female reproduction.

Keywords Serotonin - Dopamine - Central nervous

system - Ovary - Pacific white shrimp, Lifopenaeus
vannamei (Crustacea)
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Introduction

The Pacific white shrimp, Litopenaeus vannamei, is one of
the most important commercial species of decapod
crustaceans that is widely cultured in Thailand and other
Asian countries. Ovarian maturation of decapod crusta-
ceans, including this species, is controlled by various
neurohormones that are synthesized and released from
the X-organ-sinus gland (XO-SG) complex located in the
eyestalks (Quackenbush 1989; Chen et al. 2003). The
biogenic amines, including serotonin (5-HT) and dopa-
mine (DA) that have been detected in the central nervous
system (CNS) of crustaceans, are believed to regulate the
synthesis and release of the neurohormones of the XO-SG
complex (Ridchardson et al. 1991; Fingerman et al. 1994;
Tinikul et al. 2009a, b). In addition, these two neuro-
transmitters are involved in other physiological processes,
including fighting behavior, escape, and tail-flipping
behaviors (Antonsen and Paul 2001; Beltz 1999; Sarojini
et al. 1995a). Several previous studies have reported the
positive effects of 5-HT on gonadal maturation in many
decapod crustaceans, including the red swamp crayfish,
Procambarus clarkii (Kulkarni et al. 1992), the Pacific
white shrimp, L. vannamei (Vaca and Alfaro 2000), the
black tiger shrimp, Penaeus monodon (Wongprasert et al.
2006), the freshwater prawn, Macrobrachium rosenbergii
(Meeratana et al. 2006; Tinikul et al. 2009a), and the
Indian white shrimp, Fenneropenaeus indicus (Santhoshi
et al. 2009). On the other hand, DA has been shown to
inhibit testicular maturation in P. clarkii (Sarojini et al.
1995b), and ovarian maturation in M. rosenbergii (Tinikul
et al. 2009a). Because of the important roles of 5-HT and
DA in reproduction and in the control of ovarian
maturation, the levels of 5-HT and DA have been
determined by high performance liquid chromatography
(HPLC) in relation to seasonality and reproductive stages
in various regions of the eyestalks and intestinal nerves of
P clarkii (Alvarez et al. 2005; Mercier et al. 1991), the
CNS of Pacifastacus leniusculus (Elofsson et al. 1982),
and the CNS and ovary of M. rosenbergii (Tinikul et al.
2008). These studies have reported that the changes of 5-
HT and DA levels occur in opposite directions during
various stages of the ovarian cycle in these species.

In addition, 5-HT- and DA-immunoreactive cells, have
been investigated in the CNS and gonads of decapod
crustaceans by using immunohistochemistry. 5-HT-
immunoreactive neurons and fibers have been reported to
be distributed in the CNS of the squat lobster, Munida
quadrispina (Antonsen and Paul 2001), the American
lobster, Homarus americanus (Beltz and Kravitz 1983),
the red swamp crayfish, P. clarkii (Real and Czternasty
1990; Tierney et al. 1999), and the yabby, Cherax
destructor (Sandeman et al. 1988). Moreover, DA-
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immunoreactive neurons have been detected in several
regions of the brain of the European lobster, H. gammarus
(Cournil et al. 1994), the spiny lobster, P. argus (Schmidt
and Ache 1994), several crayfish species (Tierney et al.
2003), the giant freshwater prawn, M. rosenbergii (Tinikul
et al. 2009b), and the blue crab Callinectes sapidus (Wood
and Derby 1996). Despite a few studies reporting the
effects of 5-HT and DA on ovarian maturation of L.
vannamei, the changing levels and distribution of 5-HT and
DA in the CNS and ovary have not been investigated
during ovarian maturation cycle of this species.

In this study, we have therefore determined the changes
in the levels of 5-HT and DA in various regions of the CNS
and ovaries during various phases of the ovarian maturation
cycle of L. vannamei by HPLC. We also report the
distribution patterns of 5-HT- and DA-immunoreactive
structures in the CNS and ovary by using immunohisto-
chemistry. The implications of the data with respect to the
opposing roles of the two neurotransmitters are discussed.

Materials and methods
Experimental animals

Female broodstock of L. vannamei (86.44+7.21 g body
weight) were obtained from a commercial farm, in
Prachaubkirikhan, Thailand. The shrimps were kept in
shaded concrete tanks filled with sea water at a temperature
of approximately 28°C, with salinity between 30-32 ppt,
and under constant aeration. The sea water was changed
every day, and the shrimps were fed twice daily with fresh
squids and polychaetes. The animals were acclimatized
under a photoperiod of 12:12 h light-dark for 2 weeks
before beginning the experiments.

Histological observations of CNS anatomy and stages
of ovary

The anatomical nomenclature of the various parts of the
supraesophageal ganglion (brain) was based on that
described previously by Sandeman et al. (1992), whereas
other parts of the CNS were named as described by Tinikul
et al. (2011). The ovarian stages during the maturation
cycle were observed directly and classified on the basis of
criteria described previously by Bell and Lightner (1988)
and Tinikul et al. (2011).

Chemicals and sample preparations
All chemicals used in the HPLC experiments, including 5-

HT and DA, were obtained from Sigma-Aldrich (St. Louis,
Mo., USA). Standards of 5-HT and DA were dissolved in
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ice-cold 0.1 M perchloric acid on the day of analysis. They
were then filtered through a 0.45-pm filter and stored on ice
between injections into the HPLC system. The brain,
subesophageal ganglion (SEG), five thoracic ganglia
(combined), the six abdominal ganglia (combined), and
the ovaries, were collected at mid-day from ten animals at
each ovarian stage. Each organ was carefully dissected out,
and its wet weight was determined before being prepared
for analysis (see below).

Procedures for quantification of 5-HT and DA
concentrations

The detection and quantification of 5-HT and DA in the
CNS and ovaries were performed by using HPLC with
electrochemical detection (HPLC-ECD). The average
concentrations of 5-HT and DA were estimated in three
replicates. The quantifications of 5-HT and DA concen-
trations were based on the methods described previously
by Mercier et al. (1991) and Tinikul et al. (2008). After
being dissected out and weighed, each tissue of the
CNS and ovary was placed in 50 pl 0.1 M perchloric
acid and homogenized at 4°C. The concentrations of 5-
HT and DA were detected electrochemically by using a
completely isocratic mode. A glassy carbon electrode,
serving as the working electrode, was set with an Ag/
AgCl reference electrode. The potential of the detector
was set at a range between +0.7 to +0.8 V. The
sensitivity of the detector was maintained at 100 nA
with full-scale deflection. The composition of the
mobile phase was 75 mM NaH,PO,, 50 uM EDTA,
0.3 mM sodium octylsulfate, 4% methanol, and 2.5%
acetonitrile. 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 and centrifuged at 14,000g at
4°C. The supernatants were collected and then filtered
through a 0.22-um Spin-x centrifugal filter tube (Corning,
Mass., USA) before injection. Samples were then injected
into a 20-pl injection loop and passed onto a Brownlee
Cs-Aquapore OD-300 HPLC column (250%4.6 mm i.d.;
Perkin-Elmer, Conn., USA). The electrochemical signals
were recorded and integrated by using data analysis
software (Millennium, Waters). The concentrations of 5-
HT and DA were quantified by an external standard
method in which peaks corresponding to the two neuro-
transmitters were detected in the extracts at the same
elution times as their corresponding standards. Further-
more, the identities of the peaks were verified by spiking
the tissue extracts with appropriate amounts of 5-HT and
DA standards in repeated separations. The Bio-Rad
Protein Assay System (Mississauga, Canada) was
employed for protein determination in the extracts,
following the method described by Bradford (1976).

Processing of tissues for immunohistochemistry

Immunofluorescence and immunoperoxidase techniques
were used for the detection of 5-HT immunoreactivity (5-
HT-ir) and DA immunoreactivity (DA-ir) in neurons, fibers,
and neuropils, in various parts of the CNS and ovaries,
during various stages of the ovarian cycle. The methods
used were as described previously (Mercier et al. 1991;
Tinikul et al. 2009b, 2011). For observations of immuno-
reactivity in whole-mounts, the brain, circumesophageal
ganglia (CEG), SEG, thoracic ganglia, abdominal ganglia,
and ovaries were obtained from 20 female shrimps at four
stages of the ovarian cycle (n=5 animals per stage). Prior to
dissection of the organs, the shrimps were anesthetized on
ice for 15 min. The CNS and ovaries were fixed with 4%
paraformaldehyde in 0.1 M phosphate-buffered saline
(PBS) at 4°C for 12 h, for 5-HT detection, whereas the
CNS was fixed with 4% paraformaldehyde in Millonig’s
buffer (containing 120 mM NaH,PO4, 1% D-glucose,
0.005% CaCl,, buffered with NaOH to pH 7.4) and 1%
sodium meta-bisulfite in PBS at 4°C for 12 h, for DA
detection. For observation of the immunoreactivity in
sections, another 20 female shrimps (n=5 animals per
stage) were used, and organs were dissected out, fixed, and
processed by the same protocols as described above. After
fixation and paraffin-embedding, the tissue sections were
cut at a thickness of 6 um, mounted on slides coated with
3-aminopropyl tricthoxy-silane solution (Sigma-Aldrich),
and then processed for immunoperoxidase and immunoflu-
orescence detection.

Immunoperoxidase detection

Sections of the CNS and ovaries were deparaffinized with
xylene and rehydrated through a graded series of ethyl
alcohol (100%, 95%, 90%, 80%, and 70%), for 5 min each.
The sections were then immersed in 1% lithium carbonate
in 70% ethanol for 15 min. Subsequently, endogenous
peroxidase and free aldehyde groups were removed by
immersing the sections in 3% H,0, in methanol for 45 min,
followed by 1% glycine in 0.1 M PBS for 15 min. The
sections were then washed three times with 0.4% Triton X-
100 with 1% sodium meta-bisulfite in 0.1 M PBS (PBST).
Non-specific binding of proteins was blocked by incubating
the sections in blocking solution (10% normal goat serum
[NGS], 0.4% Triton X-100, 1% sodium meta-bisulfite in
PBS), at room temperature for 2 h. The sections were
subsequently incubated overnight in the primary antibodies,
namely rabbit anti-5-HT (Chemicon International, USA),
diluted 1:100 in blocking solution, or rabbit anti-DA
(Gemacbio, St. Jean d’lllac, France), diluted 1:500 in
blocking solution, at room temperature. After being washed
three times, the sections were incubated for 2 h in
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secondary antibody, namely horseradish-peroxidase-
conjugated goat anti-rabbit IgG (SouthernBiotech,
Birmingham, Ala., USA), diluted 1:200 in blocking
solution, and then washed three times. The color reactions
were developed by adding NovaRed (Vector, Burlingame,
Calif., USA) for 1-5 min, until a red color was observed.
Subsequently, the sections were washed with tap water for
15 min, counterstained with Mayer’s hematoxylin, dehy-
drated, and mounted with Permount (Bio-Optica, Milan,
Italy). Finally, the sections were examined under a Nikon
ECLIPSE E600 light microscope, and images were obtained
by using a Nikon digital DXM1200 camera.

Immunofluorescence detection

After fixation, whole-mounts of the CNS were washed with
0.1 M PBS for 6 h, by changing the washing solution every
30 min. Each CNS was desheathed by using microforceps
and pre-incubated with 4% Triton X-100-PBS (10% NGS,
4% Triton X-100, 1% sodium meta-bisulfite in PBS) at 4°C
for 24 h. The tissues were then washed three times with
0.1 M PBS, by changing the washing solution every
15 min, subsequently permeabilized with Dent’s solution
(80% ethanol, 20% dimethylsufoxide) at —20°C for 8 h, and
washed five times with 0.1 M PBS, by changing the
washing solution every 15 min. The CNS whole-mounts
were incubated in the primary antibodies (rabbit anti-5-HT
diluted 1:100 or rabbit anti-DA diluted 1:500), in 2% NGS,
0.4% Triton X-100, 1% sodium meta-bisulfite in PBS, at
4°C for 6-7 days with gentle shaking, washed five times
with PBST by changing the washing solution every
20 min, followed by two washes with 0.1 M PBS by
changing the washing solution every 15 min, and
incubated in the second antibody, namely Alexa-488-
conjugated goat anti-rabbit IgG (Molecular Probes,
Eugene, Ore., USA) diluted 1:500 in 5% NGS, 0.4%
Triton X-100, 1% sodium meta-bisulfite in 0.1 M PBS,
at 4°C for 72 h, with gentle shaking. In addition, the
nuclei of cells in the CNS and ovaries were counter-
stained with ToPro-3 (Molecular Probes), diluted 1:2000
in blocking solution (ToPro-3 is shown in either red or
blue). The whole-mounts were then washed with PBST
for 2 h with six changes and subsequently with PBS for
1 h with three changes. They were subsequently
dehydrated through increasing concentrations of ethanol
(50%, 70%, 80%, 90%, 95%, 3x100%) and cleared in
methyl salicylate for 30-45 min.

The detection of immunofluorescence in tissue sections
was based on the protocol of Tinikul et al. (2011). In brief,
the sections were deparaftinized, rehydrated through a
graded ethanol series, and incubated with 1% glycine in
PBS for 10 min. Non-specific binding of proteins was
blocked by immersing the sections in blocking solution
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(10% NGS and 1% sodium meta-bisulfite in PBST), at
room temperature for 2 h. The sections were subsequently
incubated overnight in the primary antibodies (rabbit anti-5-
HT diluted 1:100 or rabbit anti-DA diluted 1:500) in
blocking solution at room temperature and then incubated
in the secondary antibody, namely Alexa-488-conjugated
goat anti-rabbit IgG (Molecular Probes) diluted at 1:500 in
blocking solution, at room temperature for 2 h. In addition,
the nuclei of cells were counterstained with ToPro-3
(Molecular Probes) diluted at 1:2000 in blocking solution.
Finally, the sections were mounted in Vectashield (Vector
Laboratory, Burlingame, Calif., USA).

Confocal laser scanning microscopy and image analysis

The whole-mounts and sections of the CNS and the ovarian
sections prepared for immunofluorescence detection were
viewed and photographed with an Olympus Fluoview 1000
laser-scanning confocal microscope (Olympus America,
Center Valley, Pa., USA). The tissues were scanned
sequentially for each fluorophore to obtain separate images
for each label and an overlay image of all three channels for
each optical section. These projected images were produced
by using subsets of the z-stacks. Furthermore, the digital
images were exported and converted from the Olympus
confocal system as .tiff images and then transferred into
Photoshop CS software (Adobe Systems, San Jose, Calif.,
USA) to adjust the contrast and brightness in order to
obtain optimal clarity. In addition, negative controls for
each fluorochrome were scanned by using the same
parameter settings.

Estimating numbers and staining intensities
of 5-HT- and DA-immunoreactive neurons and fibers

The numbers of 5-HT- and DA-immunoreactive neurons in
four whole-mounts of various regions of the brain (proto-
cerebrum, deutocerebrum, and tritocerebrum), CEG, SEG
(visceral sensory neuropil [VSN], first maxillary neuropil
[MX-I], second maxillary neuropil [MX-II], first maxiliped
[MP-I], second maxiliped [MP-II], third maxiliped neuro-
pils [MP-III]), thoracic ganglia 1-5, and abdominal ganglia
1-6, at each ovarian stage were determined. The methods
used as were described previously (Phoungpetchara et al.
2011). The digital images of tissues at magnifications of
20x and 40x were photographed. The images obtained
were 512x512 or 1024x1024 pixels. Each image had a
resolution of at least 300 dpi. The numbers of 5-HT- and
DA-immunoreactive neurons were counted per visual field
(mm? area) by using the Cell Counter function in ImageJ
software (version 1.43, NIH, Bethesda, Md., USA; avail-
able on the internet: http:/rsb.info.nih.gov/ij/). At least ten
areas in each section (15 random sections per organ) from
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both positive and negative areas were counted to compare
the numbers of 5-HT- and DA-immunoreactive neurons
during various stages of the ovarian maturation cycle.
Counting was performed in triplicate.

The intensities of 5-HT-ir and DA-ir in neurons and
fibers in various CNS areas and at each ovarian stage were
quantified by using Image] computer image analysis
software (http://rsb.info.nih.gov/ij/) as described previously
(Ngernsoungnern et al. 2008; Swayne et al. 2010). In brief,
digital images of the whole-mounts and sections at
magnifications of 20x and 40x from five randomized
sections of each area to be analyzed were obtained. The
resolutions and pixels of images were defined as mentioned
above, and images were then converted to a grayscale
(Image/Type/8-bif). A box of 100 x 100 pixels was further
generated and placed over the areas of neurons and fibers in
order to ensure equivalent areas for all analyzed images. A
densitometric analysis of staining intensities was conducted
by using NIH Imagel software. In addition, the “subtract
background” function (Process/Subtract Background) in
the Imagel software was used to minimize background
signals. The viewers did not know the identities of the
sections in order to minimize bias in the analysis. Data are
expressed as means=SEM.

Specificities of antibodies and controls

The specificities of the polyclonal antibodies against 5-HT
and DA were tested by the manufacturer by using standard
immunohistochemical methods. The manufacturer also dem-
onstrated that the anti-5-HT and anti-DA antibodies did not
cross-react with other biogenic amines. In the controls, the
specificities of the anti-5-HT and anti-DA antibodies were
ascertained by omitting the primary antibodies from the
staining procedure or by pre-absorption of the primary
antibodies with 100 pug/ml of synthetic 5-HT or DA (Sigma-
Aldrich) at 4°C for 1618 h, before staining (Tierney et al.
1999). In these controls, no immunostaining was observed.

Statistical analyses

Experimental data were analyzed with the SPSS program
for Windows software (version 12.0, SPSS, Chicago, III.,
USA) by using a one-way analysis of variance (ANOVA)
and Tukey’s post hoc test. A probability value less than
0.05 (P<0.05) indicated statistical significance. Data were
presented as X + SEM.

Results

Stages of ovarian maturation cycle were identified on the
basis of the appearance and size of ovaries that could be

seen through the carapace in live females (Fig. 1a, c, ¢, g);
these were verified by histological examination of the
ovaries (Fig. 1b, d, f, h). The four major ovarian stages
included: stage I containing mainly Ocl (Fig. la, b), stage
IT containing previtellogenic oocytes (Ocl and Oc2)
(Fig. 1c, d), stage III comprising mostly pre-mature Oc3
(Fig. le, f), and stage IV containing mainly mature oocytes
Oc4 (Fig. 1g, h). The mature Oc4 of stage IV were
characterized by the presence of cortical rods (CRs) around
the periphery (Fig. 1h).

Changes of 5-HT and DA concentrations in CNS and ovary

In the HPLC-ECD analyses, the standard peaks of DA and
5-HT showed elution times of about 10 and 25 min,
respectively (Fig. 2a). The peaks of 5-HT and DA, in
extracts of various parts of the CNS and in ovaries at
various reproductive stages exhibited the same elution
times as their corresponding standards (Fig. 2b). Moreover,
when 5-HT and DA were added to each sample (repeated
three times), higher spiked peaks appeared at the same
positions as the standards (data not shown), thereby
confirming that the peaks were 5-HT and DA in each of
the organ extracts.

The concentrations of 5-HT in the brain and thoracic
ganglia showed a gradual increase from ovarian stage I
and reached the highest concentration at stage IV
(Fig. 2c). The concentration of 5-HT at stage I in the
brain was 0.15+0.05 nmol/mg and then gradually in-
creased through ovarian stage 11 (0.224+0.06 nmol/mg) and
ovarian stage III (0.45+£0.05 nmol/mg) to reach a
maximum level (0.62+0.08 nmol/mg) at stage IV. The 5-
HT concentration in the brain at stage IV exhibited
approximately a four-fold increase over stage I. The
pattern was similar in the thoracic ganglia in which the
5-HT concentration was 0.21+0.07 nmol/mg at ovarian
stage 1, 0.59+0.12 nmol/mg at stage II, 1.37+£0.09 nmol/
mg at stage III, reaching the highest level of 1.95+
0.12 nmol/mg at stage IV and exhibiting approximately a
9.5-fold increase. In the abdominal ganglia, little change
occurred in 5-HT concentrations from ovarian stage I to
stage II (0.1£0.02 to 0.17+0.03 nmol/mg, respectively),
with a small decrease at ovarian stage III (0.09+
0.03 nmol/mg) and stage IV (0.11£0.02 nmol/mg).
Interestingly, when various parts of the CNS were
compared, the concentration of 5-HT was about three to
four times higher in the brain at ovarian stages Il and IV
(P<0.05), respectively, than in the brain at ovarian stage I
(Fig. 2¢). The concentration of 5-HT was about 2.5, 7, and
9.5 times higher in the thoracic ganglia at ovarian stages
IL, I, and IV (P<0.05), respectively, than at stage I. The
concentration of 5-HT in the thoracic ganglia at any
ovarian stage was about three times higher than that in the

@ Springer


http://rsb.info.nih.gov/ij/

108

Cell Tissue Res (2011) 345:103—-124

Fig. 1 a, ¢, e, g Dorsal views of
female L. vannamei showing the
locations of ovaries (black
arrowheads) at four stages of
the ovarian maturation: stage I,
stage 11, stage III, and stage IV,
respectively. b, d, f, h Light
micrographs of sections of
ovarian stages I-1V stained by
hematoxylin and eosin and
demonstrating the histology of
oocyte development (CRs
cortical rods, Og oogonia, Ocl
early previtellogenic oocyte,
Oc? late previtellogenic oocytes,
Oc3 early vitellogenic oocytes,
Oc4 late vitellogenic or mature
oocytes, Tr trabeculae). Bars

50 um (b, d, f, h)

brain and about 20 times higher than that in the abdominal
ganglia. These results were statistically significant (P<
0.05). Significant increases occurred in 5-HT concentra-
tions in the brain and thoracic ganglia at stages III and IV
compared with stages I and II (P<0.05; Fig. 2c). In the
ovaries, the 5-HT concentration increased from ovarian
stage I (0.42+0.12 nmol/mg) to reach a maximum (2.28+
0.15 nmol/mg) at ovarian stage IV (P<0.05) exhibiting
approximately a 5.5-fold increase (Fig. 2c¢).

The concentration of DA in the brain (Fig. 2d) increased
slightly from ovarian stage I (0.35+0.08 nmol/mg) to stage
IT (0.71£0.06 nmol/mg), then declined by ovarian stage III
(0.21+0.07 nmol/mg), and was at a minimum by stage IV
(0.11£0.03 nmol/mg). Moreover, the concentration of DA
in the thoracic ganglia increased slightly from ovarian stage
I to stage I (1.15+£0.06 nmol/mg to 1.88+0.07 nmol/mg)
and then declined during ovarian stages III and IV, (0.91+
0.07 and 0.60+0.06 nmol/mg, respectively; Fig. 2d). The
pattern in the abdominal ganglia varied only slightly,
similar to that of 5-HT. The DA concentration was highest
(0.16+0.04 nmol/mg) at ovarian stage I and then decreased
during ovarian stages II, III, and IV (0.11£0.03, 0.12+0.02,
0.07+0.02 nmol/mg, respectively). However, the minor
variations in DA levels in the abdominal ganglia were not
statistically significant. At ovarian stages I to IV, the
concentrations of DA in the thoracic ganglia were about
3-,2.5-, 4.5-, and 5.5-fold higher than that in the brain (P<
0.05). In addition, the DA concentrations in the thoracic
ganglia were higher by 12-fold, 8.5-fold, 7-fold, and 10-
fold at stages I, I, III, and IV, respectively, compared with
those in the abdominal ganglia (P<0.05). In comparisons
within a tissue, the concentrations of DA were about 2, 3.5,
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and 7 times higher in the brain at ovarian stage II than in
the brain at ovarian stages I, III, and IV. The DA
concentration was about 1.6, 2, and 3 times higher in the
thoracic ganglia at ovarian stage II (P<0.05) than in the
thoracic ganglia at ovarian stages I, III, and IV, respectively.
The lowest and the highest concentrations of DA, in each
part of the CNS at each ovarian stage, were the converse of
those for 5-HT (Fig. 2d).

The concentration of DA in the ovaries (Fig. 2d) was
high at ovarian stage I (17.92+1.42 nmol/mg), then
increased further to a maximum level at ovarian stage II
(20.31+1.94 nmol/mg), and subsequently decreased at
ovarian stage III (11.03£1.04 nmol/mg), reaching a
minimum (9.71£0.78 nmol/mg) at ovarian stage IV. The
concentrations of DA at stages I and II were significantly
higher by about 2-2.5 times than at stages III and IV (P<
0.05). The concentration of DA in the ovary at ovarian
stage Il was about 10 times higher than that of 5-HT, but at
stage IV, was 5 times higher (P<0.05).

Distribution of 5-HT-ir and DA-ir in CNS and ovary

The distribution patterns of both neurotransmitters were
similar in all stages of the ovarian cycle; however, the
intensity of 5-HT-ir was highest at ovarian stage IV and of
DA-ir at stage II. These results thus support the HPLC
results. The descriptions of the distribution patterns of 5-
HT- and DA-immunoreactive neurons in the brain, CEG,
SEG, thoracic ganglia, and abdominal ganglia illustrated
here are from whole-mounts taken at stage IV for 5-HT and
from stage II for DA. However, the micrographs of 5-HT-ir
and DA-ir in the eyestalks and ovaries have been obtained
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Fig. 2 a HPLC chromatograms of DA (/) and 5-HT (2) standards.
The biphasic deflection just before 5 min indicates the application of
the standards. The standard peaks of DA and 5-HT show elution times
of about 10 and 25 min, respectively. b HPLC chromatogram of brain
extract showing DA (/) and 5-HT (2). ¢, d Concentrations of 5-HT
and DA in the brain, thoracic ganglia, abdominal ganglia, and ovary,
at stages I-IV of ovarian maturation cycle. Concentrations are
expressed as nanomoles/milligram protein in the organ extracts and
are presented as means£SEM (B brain, 7 thoracic ganglia, 4
abdominal ganglia, O ovaries); significant differences at *P<0.05

from sections. In addition, the distribution patterns of 5-HT-ir
and DA-ir in whole-mounts have also been compared with 5-
HT- and DA-ir in the sections (Figs. 3, 4, 5, 6, 7, 8, 9).

Distribution of 5-HT-ir in CNS

We have previously classified neurons of P. monodon
into three types, based on their distinct sizes (Ngernsoung-
nern et al. 2008). In L. vannamei, we also found three
types of neurons with distinct sizes; the diameters of the
small-, medium-, and large-sized neurons were 9£2.5 pm,
28+5.1 um, and 68+8.2 pum, respectively (meantSD of
30 cells). In the eyestalks, 5-HT-ir was detected in neurons
of cluster 4 (X-organ [XO]) and in fibers in the medulla
externa (ME) and medulla interna (MI; Fig. 3a, b).
Intensely immunoreactive fibers were numerous in the

sinus gland (SG; Fig. 3a, b). In the median protocerebrum
of the brain, strong 5-HT-ir was detected in many medium-
sized neurons within cluster 6 (Fig. 3c, d). In addition,
intense immunoreactive fibers were observed in the
protocerebral bridge (PB), anterior medial protocerebral
neuropil (AMPN), central body (CB), and posterior medial
protocerebral neuropil (PMPN; Fig. 3c, d). In the
deutocerebrum, 5-HT-ir was detected in medium-sized
neurons in cluster 11 and in the fibers of the olfactory
neuropil (ON; Fig. 3c). In the tritocerebrum, 5-HT-ir was
detected in medium-sized neurons in cluster 17, fibers in
the median antenna I neuropil (MAN), antenna II neuropil
(AnN), and in the tegumentary neuropil (TN). Intense 5-
HT-immunoreactive medium- and large-sized neurons, and
fibers were detected in the CEG (Fig. 3e).

In the SEG (Fig. 4a, b), intense 5-HT-immunoreactive
neurons were distributed at the periphery of the MP-I to the
MP-III segments of the ganglion. At the anterior end of the
SEG, highly intense 5-HT-immunoreactive fibers projected
from the CEC to the SEG (Fig. 4a). These fibers extended
along the midline and branched at the MX-I to MP-III
toward the lateral margin of each ganglion. Paired 5-HT-
immunoreactive fibers branched bilaterally from the MP-
I to the SEG nerve roots (Fig. 4b). In the thoracic
ganglia, most of 5-HT-immunoreactive neurons were
localized in ventromedial cell clusters of the ganglia
(Fig. 4c—f). Each of the thoracic ganglia contained intense
5-HT-immunoreactive neurons and fibers that were more
numerous and intensely stained compared with those in
other parts of the CNS. In the chain of thoracic ganglia, we
could detect three major 5-HT-immunoreactive fiber
bundles, namely, medial fiber bundles (MFB), central
fiber bundles (CFB), and lateral fiber bundles (LFB).
These fiber bundles were continuous from one ganglion to
the next, passing within each intersegmental commissural
fiber (IC) of the ventral nerve cord. The MFB and LFB
were distinct in T1 to T3 (Fig. 4c—f). Moreover, the CFB
was located between the MFB and LFB (Fig. 4d), which
both then passed between T3 to T4 and TS (Fig. 4g, h). In
addition, a pair of 5-HT-immunoreactive neurons was
detected at the dorsolateral cell cluster in TS (Fig. 41), and
intense 5-HT-ir was also present throughout the T1-T5
neuropils (Fig. 4c—i).

In the abdominal ganglia, medium- and large-sized 5-
HT-immunoreactive neurons were present in the dorso-
and ventrolateral cell clusters, exemplified by 5-HT-
immunoreactive neurons in Al (Fig. 5a) and in A3
(Fig. 5b). The MFB and LFB also passed through the IC
of all abdominal ganglia (Fig. 5c—¢). Intensely immunoreac-
tive punctate fibers were also detected in the neuropils of
Al1-A6 (Fig. 5a, ¢, d). No 5-HT-ir was detected in control
sections of any part of the CNS. The distribution of 5-HT-ir
in the CNS is summarized in Fig. 9a, b, c, e, Table 1.
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Fig. 3 Immunofluorescence detection of 5-HT-immunoreactivity (ir;
green) in the central nervous system (CNS) with nuclei counterstained
with ToPro-3 (red). a The eyestalk (orientation given top left; A
anterior, P posterior) shows 5-HT-ir in the medulla externa (ME),
medulla interna (M), medulla terminalis (M7), and the sinus gland
(SG, large boxed area). Some neurons in cluster 4 (small boxed area)
exhibit strong immunofluorescence (2, 3 clusters 2 and 3, LG lamina
ganglionalis). b High-power magnification of boxed areas in a
showing the location of 5-HT-immunoreactive neurons in cluster 4
(inset X-organ neurons indicated by arrowheads) and highly intense
S-HT-immunoreactive fibers in the SG. ¢ Whole-mounts of the brain
and circumesophageal ganglia (CEG; orientation given fop left; A
anterior, P posterior, L lateral, M medial) exhibiting 5-HT-ir in

Distribution of 5-HT-ir in ovary

In the ovary, 5-HT-ir was intense in the cytoplasm of the
late vitellogenic oocytes (Oc3, Oc4; Fig. 5f-h) and
appeared much weaker in early oocytes (Ocl, Oc2;
Fig. 5h). The oogonia were not immunoreactive (data not
shown). No staining was observed in the control sections
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neurons of clusters 6, 11, and 17 (6, 11, 17, respectively),
protocerebral bridge (PB), anterior medial protocerebral neuropil
(AMPN), central body (CB), posterior medial protocerebral neuropil
(PMPN), antenna II neuropil (4nN), tegumentary neuropil (7N), and
nearby fibers (CEC circumesophageal connective, MAN median
antenna I neuropil, ON olfactory neuropils, PT protocerebral tract). d
Numerous 5-HT-immunoreactive neurons in cluster 6 (6, arrowheads)
and distinctive 5-HT-ir in the PB (upper dashed oval), AMPN, and CB
(lower dashed oval). e Highly intense 5-HT-ir in a neuropil of the
CEG, in neurons (double arrowheads), and in fibers (arrowheads)
connecting the CEG with the brain. Bars 400 um (a, c¢), 100 um (b),
50 um (d, e), 25 um (inset in b)

of the ovary (Fig. 51). Other control sections by using anti-
5-HT pre-absorbed with synthetic 5-HT also showed no
immunoreactivity. A summary of the distribution of 5-HT-
ir during the various steps of oocyte development is shown
in Table 2.

The distribution patterns of 5-HT-ir in the CNS at
stage IV were similar to those of the other stages, but
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Fig. 4 Immunofluorescence detection of 5-HT-ir (green) in the CNS
with cell nuclei counterstained with ToPro-3 (red). a Intense 5-HT-
immunoreactive fibers (arrowheads) run through the circumesopha-
geal connective (CEC) to connect with the subesophageal ganglion
(SEG; VSN visceral sensory neuropil). b 5-HT-immunoreactive
neurons of the SEG are located at the periphery of first to third
maxilipeds (MP-I to MP-III, asterisks). In addition, 5-HT-
immunoreactive fibers run along the midline from MX-II to MP-III
(small arrowheads) and, at MP-1 (large arrowheads), they branch off
laterally (large arrowheads). Furthermore, the paired 5-HT-
immunoreactive fibers branch out bilaterally at MP-III of the SEG
nerve root (double arrowheads). Inset High-power micrograph
showing intense 5-HT-ir within neurons (arrowheads) in the lateral
clusters of MP-I to MP-II. ¢—f Thoracic ganglia (orientation shown top

the numbers and intensities of immunoreactive neurons
and fibers in the latter were much lower (see Fig. 10a,

left; A anterior, P posterior) with distinctive 5-HT-immunoreactive
fiber bundles in the medial fiber bundle (MFB, arrowheads) and
lateral fiber bundle (LFB, double arrowheads) running from thoracic
ganglia 1 to 3 (71-T3), with the central fiber bundle (arrows) lying
lateral to the MFB and locating medial to the LFB. 5-HT-
immunoreactive neurons in T2 are located at the ventromedial cell
cluster in T1-T3 (¢, d, f, asterisks). Immunoreactive fibers are distinct
in TI-TS neuropils. g, h MFB (arrowheads) and LFB (double
arrowheads) extend from T3 to T5. i Pair of 5-HT-immunoreactive
neurons located at the dorsolateral cluster in TS (asterisks). The areas
of the neuropils of each thoracic ganglion are delineated by dotted
lines. Each side of the intersegmental commissural fibers (IC) is
indicated by dashed lines. Bars 100 pm (a—i), 50 pm (inset in b)

c). This was confirmed in three replicated studies of
each stage.
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Fig. 5 Immunofluorescence detection of 5-HT-ir (green) in the
abdominal ganglia (a—e) and ovaries (f—i). Cell nuclei are counter-
stained with ToPro-3 (red). The orientation of the abdominal ganglia is
shown fop right in a and ftop left in ¢ (A4 anterior, P posterior). a, b 5-
HT-immunoreactive neurons are located in the dorsolateral and
ventrolateral cell clusters of abdominal ganglia 1 and 3 (41, 43;
asterisk). Immunoreactive fibers are present in LFB (double arrow-
heads) and MFB (arrowheads). c—e MFB (arrowheads) and LFB
(double arrowheads) are detected in the intersegmental commissural

Distribution of DA-ir in CNS

In the optic lobe and lateral protocerebrum, DA-
immunoreactive neurons were also present in clusters 4
(XO) and 5 (Fig. 6a, b). Some DA-immunoreactive fibers
were present in the ME, MI, and medulla terminalis (MT;
Fig. 6a). In addition, immunoreactivity was highly intense
in fibers of the SG (Fig. 6a, b). In the median protocere-
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fibers (IC) of A1-A6. Immunoreactive punctate fibers are also present
in the neuropils of A1-A6. f, g Moderate 5-HT-ir is present in the
cytoplasm of early vitellogenic oocytes (Oc3) but is very weak in
previtellogenic oocytes (Ocl, Oc2; N nucleus). h Immunoperoxidase
detection showing intense 5-HT-ir in the mature oocytes (Oc4) but
pale immunoperoxidase in early (Oc/) and late (Oc2) previtellogenic
oocytes (CRs cortical rods). i No immunoperoxidase staining is
observed in control sections of the ovary or in immunofluorescence
controls. Bars 400 pum (a, f), 100 um (b—e), 50 um (g—i)

brum, many medium-sized DA-immunoreactive neurons
were present in cluster 6 (Fig. 6¢, d). Intense immunoreac-
tive fibers were localized in the PB, AMPN, CB, and
PMPN (Fig. 6¢—e). In the deutocerebrum, mostly medium-
sized DA-immunoreactive neurons were present in cluster
11 (Fig. 6¢, inset), which was in close proximity to strongly
labeled immunoreactive fibers in the ON, the olfactory
globular neuropils (OGTN), AnN, and TN (Fig. 6¢). In the
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tritocerebrum, DA-ir was detected in medium-sized and
large neurons in cluster 17 (Fig. 6e). DA-ir was found in
neurons of the CEG; some of these neurons were giant
neurons with strongly labeled immunoreactive fibers
projecting downward via the CEC to the SEG (Figs. 6f, g,
7a) and joining a process of a nerve extending from the
SEG (Figs. 6h, 7a, b).

In the SEG, DA-immunoreactive neurons were detected
at the lateral margin of the MX-II to the MP-III (Fig. 7b).
The DA-immunoreactive fibers making up the MFB and
LFB extended through the midline of this ganglion
(Fig. 7b). Bilaterally paired DA-immunoreactive fibers
projected outward from neurons in MP-III of the SEG
(Fig. 7b). In the thoracic ganglia, DA-immunoreactive
neurons were detected in most neuronal cell clusters,
including the ventromedial cell clusters and dorsolateral
cell clusters of T1 (Fig. 7c), T2 (Fig. 7e), T3 (Fig. 7g),
and T5 (Fig. 7h). The MFB and LFB passed from the SEG
through T1 (Fig. 7c) and continued in the IC to T5
(Fig. 7d-h). The CFB was detected at the periphery of the
MFB and projected laterally to the T2 (Fig. 7d). The LFB
extended branches laterally to T4 and T5 and also
projected downward to Al (Fig. 7h). The T1-T5 neuropils
also contained intense DA-immunoreactive fibers
(Fig. 7c—h).

In the abdominal ganglia, medium- and large-sized DA-
immunoreactive neurons were detected in the dorso- and
ventrolateral cell clusters, exemplified by the DA-
immunoreactive neurons in Al (Fig. 8a), A3 (Fig. 8b),
and A5 (Fig. 8c). The neuropils of A1-A6 also contained
intense immunoreactive fibers (Fig. 8a—c). The MFB and
LFB were also present in the IC connecting between Al to
A6, as for 5-HT-ir (Fig. 8d—f). No positive fluorescence was
observed in the control sections taken from various parts of
the CNS. The distribution of DA-ir in the CNS is
summarized in Fig. 9a, b, d, f, Table 1.

Distribution of DA-ir in ovary

In the ovary, the intensity of DA-ir was highest in the
cytoplasm of early oocytes, especially Ocl and Oc2
(Fig. 8g, h), and in contrast, weak staining was detected
in vitellogenic oocytes (Oc3 and Oc4). No DA-ir was
observed in the oogonia and follicular cells. The control
sections showed no positive fluorescence (Fig. 8i). The
distribution of DA-ir in the various oocyte stages is
summarized in Table 2.

The distribution patterns of DA-ir in the CNS at ovarian
stage I were similar to those of the other stages, but the
numbers and intensities of immunoreactive neurons and
fibers in the latter were much lower (see Fig. 10b, d). This
was confirmed in three replicated studies of each stage.

Changes in numbers and staining intensities of 5-HT- and
DA-immunoreactive neurons and fibers in CNS during
ovarian maturation cycle

The numbers of 5-HT- and DA-immunoreactive neurons in
the brain, CEG, SEG, thoracic ganglia, and abdominal
ganglia, counted at various stages of the ovarian maturation
cycle, are given in Fig. 10a, b. The numbers of 5-HT- and
DA-immunoreactive neurons were significantly higher in
the brain, SEG, and thoracic ganglia, than in the CEG and
abdominal ganglia (P<0.05; Fig. 10a, b). At stage IV, the
number of 5-HT-immunoreactive neurons was highest in
the brain with 34+3.4 neurons, then in the SEG with 20+
2.5 neurons, the combined thoracic ganglia (T1-T5) with
22+2.7 neurons, and the combined abdominal ganglia (A1-
A6) with only 17+1.8 neurons (P<0.05). The lowest
number of 5-HT-immunoreactive neurons was 7+0.6 in
the CEG (Fig. 10a). The total number of 5-HT-
immunoreactive neurons was about 4.5 times higher in the
brain and almost 3 times higher in the SEG and thoracic
ganglia at ovarian stage IV than at stage 1 (P<0.05;
Fig. 10a). In addition, the total number of 5-HT-
immunoreactive neurons was about 2.5 times higher in all
parts of the CNS at ovarian stage IV than at stage [ (P<
0.05). However, the number of S5-HT-immunoreactive
neurons observed in the abdominal ganglia was not
statistically different at any maturation stage (Fig. 10a). At
stage 1V, the intensities of 5-HT-immunoreactive neurons
had also increased markedly in the brain, SEG, and thoracic
ganglia compared with stage 1 (P<0.05; Fig. 10c).

The number of DA-immunoreactive neurons was higher
in the brain, SEG, thoracic ganglia at stage II than at stage
IV (P<0.05). Specifically, at stage II, the number of DA-
immunoreactive neurons was higher in the brain (30+4.5
neurons), the SEG (24+2.1 neurons), and the combined
thoracic ganglia (T1-TS5; 26+2.7 neurons) than in the CEG
(lowest with 10+0.8 neurons) and the combined abdominal
ganglia (A1-A6; 16+1.5 neurons; P<0.05; Fig. 10b). The
numbers of DA-immunoreactive neurons in the CEG and
abdominal ganglia were not statistically different at any
stage of ovarian maturation (Fig. 10b). The total number of
DA-immunoreactive neurons was about three times higher
in the brain and about 3.2 times higher in the SEG and
thoracic ganglia at ovarian stage II than at stage IV (P<
0.05; Fig. 10b). When combining all parts of the CNS, the
number of DA-immunoreactive neurons was about 2.4
times higher at ovarian stage Il than at stage IV (P<0.05).
In contrast, the number of DA-immunoreactive neurons in
the abdominal ganglia was not statistically different at any
stage of maturation (Fig. 10b). Furthermore, the intensities
of DA-immunoreactive neurons were significantly greater
in the brain, SEG, and thoracic ganglia at stage Il compared
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with stage IV (P<0.05; Fig. 10d). In contrast, the mean
intensities of 5-HT- and DA-immunoreactive neurons and
fibers in the abdominal ganglia appeared to be slightly
higher at stages IV and II than those at stages I and IV, but
these were not statistically different (Fig. 10c, d).
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Overall, the highest numbers of 5-HT-ir and DA-ir were
detected in neurons of cluster 6 of the brain, whereas the
lowest numbers were found in neurons of cluster 17 (P<
0.05). In the thoracic ganglia, 5-HT-immunoreactive neu-
rons in the midline clusters exhibited the highest numbers
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Fig. 6 Immunofluorescence detection of DA-ir (green) in the CNS;
cell nuclei are counterstained with ToPro-3 (blue). a In the eyestalk
(orientation is given top left; A anterior, P posterior), intense DA-ir is
present in the medulla externa (ME), medulla interna (M), medulla
terminalis (MT), sinus gland (SG, large boxed area), and a few
neurons in cluster 4 (small boxed area X-organ [XO]; 2, 3 clusters 2
and 3, respectively). b The two boxed areas from a are shown at
higher magnifications: DA-ir is highly intense in the SG and moderate
in the ME; DA-immunoreactive neurons are also present in cluster 4
(inset, large arrowheads). DA-immunoreactive fibers are seen close to
the XO (inset, small arrowheads). ¢ Whole-mounts of the brain and
circumesophageal ganglia (orientation is given fop left; A anterior, P
posterior, L lateral, M medial) showing DA-ir in neurons of clusters 6,
11, 17 (6, 11, 17, respectivley), protocerebral bridge (PB), anterior
medial protocerebral neuropil (AMPN), central body (CB), posterior
medial protocerebral neuropil (PMPN), antenna II neuropil (4nN),
tegumentary neuropil (7N), and nearby fibers (CEC circumesophageal
connective, MAN median antenna I neuropil, OGTN olfactory globular
tract, ON olfactory neuropils, PT protocerebral tract). Inset DA-
immunoreactive neurons in cluster 11 (/7). d, e Many DA-
immunoreactive neurons are present in clusters 6 (d, arrowheads)
and 17 (e, large arrowheads) and intense immunoreactive fibers are
present in the PB, AMPN, and CB (dashed ovals) and fibers close to
cluster 11 (e, small arrowheads). f Many DA-immunoreactive neurons
are present in the circumesophageal ganglia (CEG, double arrow-
heads) and in their immunoreactive fibers projecting through the CEC
(arrowheads) to the SEG. g, h High-power micrographs showing the
DA-immunoreactive neurons (double arrowheads) and positive fibers
(arrowheads) running into the SEG. Bars 400 um (a, c, f), 100 um (b,
d, e), 50 um (insets)

(Fig. 9c), whereas the numbers of DA-immunoreactive
neurons in the dorsolateral clusters were the highest
(Fig. 9d). In addition, 5-HT- and DA-immunoreactive fibers
in the protocerebral- and deutocerebral areas of the brain
showed the highest intensities compared with other parts of
the brain. In the thoracic and abdominal ganglia, the lateral
margins of each neuropil revealed the highest 5-HT- and
DA-immunoreactive intensities compared with other parts
of the ganglia (Figs. 9c—f, 10c—d).

Discussion

The present study demonstrated a rise in 5-HT levels in the
brain, thoracic ganglia, and ovaries as ovarian maturation
progressed, and a decrease in DA levels. The highest levels
of 5-HT were detected at stage IV in the brain, thoracic
ganglia, and ovaries, whereas the highest levels of DA were
detected at stage II in the same tissues. This implies that the
increased levels of these two neurotransmitters might be
related to specific functions with regard to ovarian
maturation. We propose that the increasing levels of 5-HT
stimulate ovarian maturation, while DA acts in an opposing
function.

Several studies have investigated the levels of 5-HT and
DA in decapod crustaceans by using HPLC analyses. In the
spiny lobster, Palinurus homarus, the 5-HT concentration
has been found to be higher in thoracic ganglia than in the

brain at ovarian stage IV, suggesting that 5-HT is involved
in regulating ovarian maturation (Kirubagaran et al. 2005).
In the crayfish, P. clarkii, the levels of 5-HT have been
quantified in various regions of the brain, with the total
concentration of 5-HT being found to be higher in the brain
(~0.6 pg/g) than in the eyestalks (~0.3 pg/g; Cervantes et
al. 1999). In the freshwater prawn, M. rosenbergii, 5-HT
concentrations are highest in the brain and thoracic ganglia
(~1.50 nmol/mg) at ovarian stage IV and lowest at ovarian
stage I (Tinikul et al. 2008); in contrast, DA concentrations
exhibit the highest level in the brain and thoracic ganglia at
ovarian stage II (~1.30 nmol/mg), but the lowest (~
0.06 nmol/mg) at ovarian stage IV. Our findings indicate
that the changing patterns of 5-HT concentrations in the
brain and thoracic ganglia of L. vannamei are similar to
those reported in the three decapod crustaceans. We have
found that the concentration of 5-HT is about 3.5 times
higher in the thoracic ganglia at stage IV than in the brain at
the same stage, whereas the DA concentration is approx-
imately 2.5 times higher in the thoracic ganglia at stage II
than in the brain at the same stage, thus indicating the
strong influence of the thoracic ganglia. This is supported
by a previous study in the freshwater prawn, M. rose-
nbergii, in which the ovaries, following an injection with
culture medium of 5-HT-primed thoracic ganglia, show an
increase in the oocyte numbers developing into mature
stages (Meeratana et al. 2006). This suggests that 5-HT and/
or other hormonal factors from the thoracic ganglia are
major factors that stimulate ovarian maturation and oocyte
development. Similarly, in mature L. vannamei females, the
intraspecific implantation of thoracic ganglia also induces
ovarian maturation (Yano et al. 1988). In the crab Uca
pugilator, thoracic ganglion extracts from sexually active
females have been shown to induce precocious ovarian
maturation in intact and eyestalk-ablated crabs (Eastman-
Reks and Fingerman 1984). The combined data lead us to
believe that the thoracic ganglia acts as a “primary center”
in stimulating ovarian maturation in decapod crustaceans,
including L. vannamei. However, the abdominal ganglia
might not be involved in this process, as only basal levels
of 5-HT and DA have been detected there.

Several studies have reported the effects of 5-HT and DA
on ovarian maturation in crustaceans. Specifically, 5-HT
shortens the period of ovarian maturation in P. monodon
(Wongprasert et al. 2006) and in M. rosenbergii (Tinikul et
al. 2009a). Furthermore, the injection of 5-HT into P. clarkii
causes increases in oocyte diameter and ovarian maturation
(Kulkarni et al. 1992). In L. stylirostris, the combined
injection of 5-HT and spiperone (a DA-antagonist) stim-
ulates ovarian maturation to a greater extent than the
injection of 5-HT alone (Alfaro et al. 2004). 5-HT also
induces ovarian maturation and spawning in L. vannamei
(Vaca and Alfaro 2000). In contrast, the injection of DA
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Fig. 7 Immunofluorescence detection of DA-ir (green) in the CNS;
cell nuclei are counterstained with ToPro-3 (blue). a DA-
immunoreactive fibers, comprising the MFB (arrowheads) and LFB
(double arrowheads) extend through the circumesophageal connective
(CEC) to the SEG (VSN visceral sensory neuropil). b SEG showing
DA-immunoreactive neurons located at the periphery of the second to
third maxilipeds (MX-1I, MP-iIl) of the SEG (asterisks). DA-
immunoreactive fibers are observed along the midline (small arrow-
heads). Bilaterally paired DA-immunoreactive fibers project outward
from neurons in MP-III of the SEG (large arrowhead; MP-I first
maxiliped). Inset High-power micrograph showing medium-sized DA-
immunoreactive neurons. ¢—g DA-immunoreactive neurons are pres-
ent in the dorsolateral and ventromedial clusters in T1 (¢, asterisks), in
T2 (e, asterisks), and in the dorsomedial cluster in T3 (g, asterisks).

into M. rosenbergii delays ovarian maturation and embry-
onic development (Tinikul et al. 2009a), and DA injected
into P. clarkii also lengthens the gonadal maturation period
(Sarojini et al. 1995b). Reports regarding the effects of 5-
HT and DA on vitellogenesis have been presented. In M.
rosenbergii, vitellogenin (Vg) concentrations of prawns
treated with 5-HT are highest at ovarian stage IV, whereas
treatment with DA produces lower Vg concentrations
(Tinikul et al. 2008). These results indicate direct causal
relationships, with 5-HT stimulating and DA inhibiting Vg
synthesis. Moreover, after treating the Indian white shrimp,
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Dashed lines in ¢, f indicate each side of the intersegmental
commissural fibers (/C) and the area of the ganglion, respectively.
MFB (arrowheads) and LFB (double arrowheads) extend from the
SEG to TS (f, h, arrowheads). The CFB are just lateral to the MFB
and project to the T2 (d, arrows) and to the T3, T4, and T5. Highly
intense DA-immunoreactive fibers are present in the T1-T5 neuropils.
h A pair of DA-immunoreactive neurons are located in the
dorsolateral cell cluster in TS (asterisks). MFB (large arrowheads)
and LFB (double arrowheads) connect between T4 and T5, and their
branches extend laterally to T4 and TS (small arrowheads), and
project downward to first abdominal ganglion (41, arrows). Dotted
circles surround the neuropils of each thoracic ganglion (4 anterior, L
left, P posterior, R right). Bars 100 um (a—h), 50 um (inset in b)

F indicus, with 5-HT, the Vg concentration increases
significantly from the early ovarian stages (stages I and II)
to the mature stage (stage 1V), indicating the stimulatory
role of 5-HT on ovarian maturation with a correlated
increase of Vg levels (Santhoshi et al. 2009). Taken
together, these studies suggest a positive causal relationship
between 5-HT and Vg, and a negative role for DA. As the
level of Vg reflects ovarian maturation and oocyte
development to the more mature stages (Tinikul et al.
2008; Santhoshi et al. 2009), we believe that 5-HT also
exercises a positive control over the ovarian maturation
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Fig. 8 Immunofluorescence de-
tection of DA-ir (green) in the
abdominal ganglia (41, A3, A5)
whose orientation is shown top
left in a (A anterior, P posterior),
and ovaries; cell nuclei are
counterstained with ToPro-3
(blue). a—c Large DA-
immunoreactive neurons are
present in the dorsolateral and
ventrolateral cell clusters and are
exemplified in Al (a, asterisk),
A3 (b, asterisk), and A5 (c,
asterisk). d—f DA-ir in MFB
(arrows) and LFB (double
arrowheads) are shown within
the intersegmental commissural
fibers (IC) of A1-A6. Immuno-
reactive fibers are also present in
the neuropils of A1-A6 (7e
telson). g—h DA-ir is moderate
in early previtellogenic oocytes
(Ocl) and more intense in late
previtellogenic oocytes (Oc2),
whereas the late oocytes (Oc3,
Oc4) show weak staining (Og
oogonia, N nucleus). i Control
section of the ovary showing no
staining. Bars 100 pum

process in L. vannamei. This is supported further by the
finding that injection of 5-HT into L. vannamei stimulates
ovarian maturation (Vaca and Alfaro 2000). In contrast,
DA apparently exercises an opposite control, as demon-
strated in other decapods species (Sarojini et al. 1995b;
Tinikul et al. 2009a).

In an earlier report on L. vannamei, the presence of 5-HT-
ir has been identified in the eyestalks and in the brain (Ye et
al. 2004), but not in other parts of the CNS. Furthermore, no
reports as yet exist with regard to the neuroanatomical
pathways of 5-HT- and DA-immunoreactive neurons and
fibers in the CNS and their distribution patterns. Ours is the
first study to demonstrate the complete neural networks of 5-
HT- and DA-immunoreactive neurons, fibers, and neuropils,
which we have found to be highly organized in the eyestalks,
brain, and all ganglia of the ventral nerve cord of L.
vannamei. In general, the distributions of 5-HT-ir and DA-ir
in the CNS overlap extensively, indicating that the two
systems share common pathways. Some reports have shown
the presence of 5-HT in the eyestalk, particularly in the XO
and in the SG of a few decapod crustaceans. In the crayfish,
P leniusculus, 5-HT-immunoreactive neurons and fibers
have been observed in various ganglia (MI and MT) in the
eyestalks (Elofsson 1983). In the shrimp, Metapenaeus ensis,
5-HT-ir has been found in XO neurons and fibers of the

optic ganglia, implying that 5-HT is involved in the
synthesis and release of related neurohormones from this
structure (Ye et al. 2006). In the Indian white shrimp, F.
indicus, 5-HT-ir has been found in XO neurons and in the
fibers of SG, suggesting that this group of cells and fibers
are a primary source of 5-HT and regulate the release of
other XO neurohormones, such as crustacean hyperglyce-
mic hormone (CHH; Santhoshi et al. 2008). Moreover,
distinct 5-HT-ir has been observed in the MT and in the
SG of the shrimp, Palaemon serratus (Bellon-Humbert
and Van Herp 1988), and P. clarkii (Escamilla-Chimal et
al. 2001), implicating 5-HT in the regulation of neurose-
cretory activity at these structures.

5-HT has been shown to induce the bursting of action
potentials in the intact XO axons of P. clarkii (Saenz et al.
1997) and to elicit electrical activity of XO cells in the
crayfish, Orconectes limosus, and the crab, Cardisoma
carnifex (Keller and Beyer 1968; Nagano and Cooke 1981).
Injections of 5-HT into the crayfish hemolymph stimulate
an increase in the number of CHH granules in the SG of
Astacus leptodactylus, followed by a hyperglycemic re-
sponse in the blood, suggesting a direct role of 5-HT in
stimulating the release of CHH (Van Herp and Strolenberg
1980; Gorgels-Kallen 1985). In the present study, intense 5-
HT-ir has been detected within neurons of cluster 4 (XO
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Fig. 9 Representations summarizing the distribution patterns of 5-HT-
ir and DA-ir in the CNS of female L. vannamei (green presence of 5-
HT-ir in a—c, e, red presence of DA-ir in a, b, d, f). The CNS is
composed of: (a) the eyestalk and brain, (b) circumesophageal ganglia
(CEG), (¢, d) subesophageal ganglion (SEG) and five major thoracic
ganglia (T1-T5), and (e, f) six abdominal ganglia (4/—A46). The brain
is divided into a protocerebrum, deutocerebrum, and tritocerebrum,
each comprising neuronal clusters (numbers) and corresponding
neuropils. Major 5-HT- and DA-immunoreactive fiber bundles,
including medial fiber bundles (MFB), central fiber bundles (CFB),
and lateral fiber bundles (LFB) are detected within the ventral nerve
cord. These fiber bundles are continuous from one ganglion to the
next from the SEG to TS5 and Al-A6, and pass within each
intersegmental commissural fiber (/C) of the ventral nerve cord. 5-

neurons) and associated fibers and is even more marked in
the SG. Thus, we believe that 5-HT-ir is present in some
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HT-ir and DA-ir are also present throughout the TI-T5 neuropils.
Immunoreactive neuropils are illustrated by stippling whose density
corresponds to the intensity of the staining (immunoreactivity). The
positive neurons in the different clusters are illustrated by solid dots (4
anterior, AMPN anterior medial protocerebral neuropil, AnN antenna 11
neuropil, CB central body, CEC circumesophageal connective, L
lateral, LG lamina ganglionaris, MAN median antenna I neuropil, ME
medulla externa, MI medulla interna, MP-I, MP-II, MP-III first,
second, and third maxilipeds, respectively, M7 medulla terminalis,
MX-I, MX-II first and second maxillary neuropils, respectively, ON
olfactory neuropil, P posterior, PB protocerebral bridge, PT proto-
cerebral tract, PMPN posterior medial protocerebral neuropil, R retina,
TN tegumentary neuropils, VSN visceral sensory neruropil)

XO neurons and in the SG of L. vannamei, as reported in
other species. This suggests that 5-HT also plays a role in
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Table 1 Summary of the presence of 5-HT-immunoreactivity (ir) and
DA-ir in various parts of the central nervous system (CNS) of L.
vannamei (+ presence of immunoreactivity in neurons, fibers, and
neuropils of the CNS regions, — no immunoreactivity in neurons,
fibers, and neuropils of the CNS regions, 47/-46 abdominal ganglia 1—
6, AnN antenna II neuropil, AMPN anterior medial protocerebral
neuropil, C/—C17 neuronal clusters 1-17 in the brain, CB central
body, CEG circumesophageal ganglia, /C intersegmental commissural
fibers, L large-sized neuron, LG lamina ganglionaris, M medium-sized

neuron, ME medulla externa, MI medulla interna, MP-I, MP-II and
MP-III first, second and third maxiliped neuropils, M7 medulla
terminalis, MX-I and MX-II first and second maxillary neuropils,
MAN, median antenna I neuropil, OGTN olfactory globular tract
neuropil, ON olfactory neuropil, PB protocerebral bridge, PMPN
posterior medial protocerebral neuropil, S small-sized neuron, SG
sinus gland, 7/-T5 thoracic ganglia 1-5, TN tegumentary neuropils,
VSN visceral sensory neruropil)

Stuctures Neuronal clusters/Neuropils 5-HT-ir DA-ir
Neurons Fibers Neurons Fibers
Eyestalk C1-C3 - - - -
C4-C5 + (S,M) - + (S,M) -
SG - + - +
Neuropils (LG, ME) - + - +
Neuropils (MI, MT) - + - +
Protocerebrum C6 + (M) - + (M) -
C7-C8 - - - -
Neuropils (PB, CB, AMPN, PMPN) - + - +
Deutocerebrum C9, Cl10, C12, C13 - - - -
cll + (M) - + (M) -
Neuropils (ON, OGTN, MAN) - + - +
Tritocerebrum Cl14-Cl6 - - - -
C17 + (S, M) + (M) -
Neuropils (AnN, TN) - + - +
Circumesophageal ganglia (CEG) CEG + (M,L) + + (M,L) +
Subesophageal ganglion (SEG) Mandibular (VSN) - + - +
Maxilliaries -1 + (S,M) + + (S,M) +
Maxilipeds [-111 + (S,M) + + (M) +
Thoracic ganglia Tl + (M) + + (M) +
T2 + (M) + + (M) +
T3 + (M) + + (M) +
T4 + (M,L) + + (M,L) +
T5 + (M,L) + + (M,L) +
Abdominal ganglia Al + (M,L) + + (M,L) +
A2 + (M) + + (M) +
A3 +(M,L) + + (ML) +
A4 + (M) + + (M) +
As + (M) + + (M) +
A6 + (M,L) + + (M,L) +

Table 2 Summary of 5-HT-ir and DA-ir in various steps of
differentiating oocytes and their associated follicular cells (+ weak
immunoreactivity, ++ moderate immunoreactivity, +++ strong

immunoreactivity, — no immunoreactivity, Fc follicular cells, Oc/
early previtellogenic oocyte, Oc2 late previtellogenic oocytes, Oc3
early vitellogenic oocytes, Oc4 mature oocytes, Og oogonia)

Immunoreactivity (ir)

Steps in differentiating oocytes and follicular cells

Og Ocl Fe Oc2 Fc Oc3 Fc Oc4 Fc
5-HT-ir - + - - ++ - +++ -
DA-ir - ++ - +++ - + - + -
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Fig. 10 Histograms showing the mean numbers of 5-HT-
immunoreactive neurons at ovarian stages | and IV (a) and DA-
immunoreactive neurons at ovarian stages II and IV (b) in various
parts of the CNS of L. vannamei. Significant differences of 5-HT- and
DA-immunoreactive neuronal numbers were found in the brain, SEG,
and thoracic ganglia (P<0.05). No significant differences in 5-HT- and
DA-immunoreactive neuronal numbers were observed in the CEG and
abdominal ganglia (P>0.05). ¢, d Mean intensities of 5-HT-
immunoreactive (at ovarian stages I and IV) and DA-immunoreactive
(at ovarian stages II and IV) neurons and fibers within various regions
of the CNS. Significant differences were seen between the intensities of
5-HT- and DA-immunoreactive neurons and fibers in the brain, SEG,
and thoracic ganglia (P<0.05) but not in the abdominal ganglia. For
each data point, the means are calculated from whole-mount prepara-
tions showing the staining intensities (immunoreactivities) of the two
neurotransmitters. Values represent X + SEM; significantly different at
*P<0.05 (B brain, CEG circumesophageal ganglia, SEG, subesophageal
ganglion, 7/-T5 thoracic ganglia 1-5, 4/-46 abdominal ganglia 1-6)

stimulating the synthesis of neuropeptides, such as CHH,
from the XO neurons, as reported in other decapod
crustaceans, and possibly also causes the release of this
hormone from the SG. As CHH belongs to the same family
as GIH/MIH (gonad-inhibiting and molt inhibiting hor-
mones; Hsu et al. 2006), the same controlling mechanism
might apply to the synthesis and release of these hormones
from the XO. This has yet to be demonstrated in L.
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vannamei. The 5-HT-immunoreactive neurons in the XO
and their positive fibers in the SG might also be involved in
controlling the XO neurosecretory neurons that synthesize
the CHH family of hormones, as reported earlier in crabs
and crayfish.

Ovarian maturation and vitellogenesis are regulated by
GIH (Huberman 2000), which is a member of the
neuropeptide family that is synthesized in neurons located
in the XO and transported to the axon terminals that end at
the SG from which it is secreted into the hemolymph
(Skinner 1985; Chan et al. 2003; Treerattrakool et al. 2008).
5-HT and DA are thought to exercise their controls over the
synthesis and release of a putative gonad-inhibiting
hormone (GIH/VIH) or GIH-like peptides in the eyestalks
of P. monodon (Treerattrakool et al. 2008), M. ensis (Gu et
al. 2000), L. vannamei (Wang et al. 2000), and Jasus
lalandii (Marco et al. 2002). 5-HT possibly acts by
inhibiting the release of GIH from the XO and/or by
stimulating putative gonad-stimulating hormone or
gonadotropin-releasing hormone (GnRH-like peptide) from
the brain and thoracic ganglia, as a GnRH-like gonad-
stimulating neuropeptide has been reported to be present in
these neural structures (Tinikul et al. 2011), whereas DA
might play the opposite role (Sarojini et al. 1995b; Finger-
man 1997). However, this hypothesis needs to be investi-
gated further by studying the effects of these two
neurotransmitters on the expression of the genes encoding
the respective hormones. Furthermore, the presence and
distribution of 5-HT and DA receptors in the CNS and
ovary should also be studied to identify the cellular targets
of these two neurotransmitters.

In the lobster, H. americanus, about one hundred 5-
HT-immunoreactive cells have been detected in the
central ganglia, thirty five 5-HT-immunoreactive neurons
in the brain, one neuron in each of the paired circum-
esophageal ganglia, and at least two in each ganglion of
the ventral nerve cord. 5-HT-immunoreactive fibers have
also been detected in the MFB, CFB, and LFB along
the ventral nerve cord (Beltz and Kravitz 1983). In
addition, a dense plexus of stained nerve endings have
been observed surrounding each of the thoracic second
roots and the adjacent groups of peripheral neurosecre-
tory neurons in this species, suggesting that the thoracic
second roots might be neurohormonal organs (Beltz
1999). These serotonergic nerve plexuses might be the
source of 5-HT released into the hemolymph (Beltz and
Kravitz 1983). In the thoracic ganglia of L. vannamei,
similar structures have not as yet been identified.
However, because of the relatively high level of 5-HT in
the thoracic ganglia, this organ might also be the major
site that produces 5-HT and DA, which are then released
via a similar nerve-root-associated neurohemal site, as
reported in the lobster.
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In the crayfishes, P. leniusculus, P. clarkii, and C.
destructor, 5-HT-ir is present in clusters 6 and 11, nearby
neuropils, and immunoreactive fibers in the ON (Elofsson
1983; Real and Czternasty 1990). In the squat lobster, M.
quadrispina, one hundred and twenty 5-HT-
immunoreactive neurons have been detected in the CNS,
of which sixty neurons have been found in the brain, two
neurons in the CEG, and the rest in the ventral nerve cord
(SEG, T1-T5, and A1-A6). Moreover, the MFB, CFB, and
LFB are immunopositive within the series of thoracic
ganglia. The MFB and LFB extend through the nerve cord
from the SEG to A6, whereas the CFB is particularly
distinct within the anterior thoracic ganglia (T1-T2) but
cannot be traced within the T4 and TS5 (Antonsen and
Paul 2001). In the freshwater prawn, M. rosenbergii, about
seventy 5-HT-immunoreactive neurons, numerous fibers,
and neuropils have been detected within the brain and
ventral nerve cord. Fibers with 5-HT-ir are also present in
the MFB and LFB of this species (Vazquez-Acevedo et al.
2009). Our study has shown that, in addition to occurring
in the eyestalk and the brain, 5-HT-immunoreactive
neurons are also present in the SEG and the thoracic
ganglia and that their immunoreactivities are more intense
than neurons in other parts of the CNS. We have also
detected intense immunoreactivity in the MFB, CFB, and
LFB in the SEG and in thoracic ganglia (T1-T5), but the
pathway of the CFB in the abdominal ganglia is not clear.
Furthermore, the positions of most 5-HT-immunoreactive
neurons, neuropils, and the fiber tracts of L. vannamei
have been found to be similar to those of other crustacean
species, suggesting a highly conserved serotonergic
pathway among decapod crustaceans.

The presence and distribution of DA has also been
investigated in the eyestalk, brain, and the ventral nerve
cord of many decapod crustaceans. DA-ir has been
identified in neurons, fibers, and neuropils of the eyestalks
(e.g., MT and the optic tracts of C. sapidus and M.
rosenbergii), suggesting a role of DA in the regulation of
neurosecretory activity of the eyestalk (Wood and Derby
1996; Tinikul et al. 2009b). In the crayfish, P. clarkii, DA
has been shown to excite small neurons in the XO-SG,
suggesting a direct role of DA in controlling the XO
(Alvarez et al. 2005). Sarojini et al. (1995b) have reported
that DA stimulates the release of a putative GIH from the
XO in P clarkii, thereby inhibiting gonadal maturation.
Furthermore, DA has been reported to be a major influence
on the release of other neurohormones from the XO-SG
system. Injection of DA into the crayfish, P. clarkii, results
in changes in blood glucose levels, presumably by affecting
CHH release (Zhou et al. 2003). In the same species, DA
reduces the rate of CHH release from the eyestalk,
suggesting that DA acts to inhibit the release of CHH
(Sarojini et al. 1995b). Other studies have also demonstrat-

ed a direct effect of DA on the neurosecretory cells of the
XO-SG system (Fingerman 1997; Garcia and Arechiga
1998). We have found DA-immunoreactive neurons with
strong staining intensity in some neurons in cluster 4 (XO)
and in the SG, suggesting that DA also plays a role in
controlling the synthesis and release of neuropeptides of the
CHH family, as reported in the crayfish.

DA-ir has also been identified in neurons and fibers in
various ON neuropils of the brain in H. gammarus, C.
sapidus, O. rusticus, P. argus, and M. rosenbergii (Cournil
et al. 1994; Wood and Derby 1996; Schmidt and Ache
1997; Tierney et al. 2003; Tinikul et al. 2009b). In L.
vannamei, we have found intense DA-ir in the ON and in
neurons of clusters 6, 11, and 17 and nearby fibers,
suggesting that DA is also involved in mediating olfaction
in this species. In the CEG of L. vannamei, we have
detected large DA-immunoreactive neurons that might be
homologous to “the L cell” described in the CEG of H.
gammarus and O. rusticus (Cournil et al. 1994; Tierney et
al. 2003). Furthermore, about 30 DA-immunoreactive
neurons have been detected in the SEG of H. gammarus
(Cournil et al. 1994). In L. vannamei, about 25 DA-
immunoreactive neurons have been identified in the SEG,
and intense immunoreactive fibers are present throughout
this ganglion. Some of DA-immunoreactive fibers branch
out from the MP-III of the SEG, and we believe that these
DA-immunoreactive nerves project from the MP-III of SEG
to the well-known neurohemal organ, known as the
pericardial organ, in which DA is released into the blood
to control heart rate (Tierney et al. 2003). DA-
immunoreactive neurons have also been detected in the
thoracic ganglia (T1-T5), in which T1 contains six neurons
(two pairs located laterally and one pair medially), and T2—
T5 contain two pairs each (Cournil et al. 1994). In O.
rusticus, 20-25 DA-immunoreactive neurons have been
observed in the lateral margin of the SEG, and about 40
DA-immunoreactive neurons have been detected through-
out the series of thoracic ganglia, with each ganglion of
T1-T3 containing three pairs with DA-ir (two pairs
located laterally and one pair medially; Tierney et al.
2003). In addition, T4 contains two additional pairs of
DA-immunoreactive neurons, and T5 contains one addi-
tional medial pair. In C. sapidus, at least one pair of DA-
immunoreactive neurons has been detected in the first
SEG and all of the thoracic ganglia. Two pairs of DA-
immunoreactive neurons have been observed in the T3 and
T5 (Wood and Derby 1996). In L. vannamei, we have
found that the distribution patterns of DA-immunoreactive
neurons are similar to thsoe of H. gammarus and O.
rusticus. Moreover, we have provided the first evidence
that DA-immunoreactive fibers are present in the MFB,
CFB, and LFB, all of which extend through the SEG and
thoracic ganglia.
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In the three crayfishes, O. limosus, O. rusticus, and P.
clarkii and in H. gammarus and M. rosenbergii, DA-
immunoreactive neurons have been reported in the
abdominal ganglia (Cournil et al. 1994; Elekes et al.
1988; Mercier et al. 1991; Tierney et al. 2003; Tinikul et
al. 2009b) and are postulated to be neurons involved in
regulating the movement of the swimming legs. In P
clarkii, the anterior unpaired medial (AUM) neurons have
been found in A3 and A4, and their fibers project into the
hindgut where they control its movement (Mercier et al.
1991). Similarly, the large DA-immunoreactive AUM-
neurons detected in A3 of L. vannamei might also be
motor neurons involved in hindgut movement. Both our
HPLC and immunolocalization data indicate little change
of DA levels in these ganglia, implying that the DA-
immunoreactive neurons in these ganglia are involved in
the movement of the swimming legs and hindgut, but not
in the control of ovarian maturation.

In L. vannamei, both 5-HT and DA levels in the ovaries
show the same patterns of change that occur in the brain
and SEG-thoracic ganglia. However, the levels of DA in
the ovaries are higher than those of 5-HT at each stage of
the ovarian maturation cycle. Many studies have de-
scribed various roles for 5-HT and DA in oocyte
maturation in crustaceans. In P. monodon, 5-HT concen-
trations in the ovary appear to be higher in the late stages
(III and IV), and 5-HT-ir is more intense in mature oocytes
(Oc4; Wongprasert et al. 2006). Additionally, 5-HT1
receptors are also expressed in the oocyte membranes at
these stages (Ongvarrasopone et al. 2006). These data
indicate that 5-HT plays a direct role in regulating oocyte
maturation. This is supported by the findings that 5-HT
concentrations in the ovary of M. rosenbergii are higher in
the later stages (III and I'V) than in the early stages (I and
IT), whereas DA concentrations in the ovary have been
found to be much higher in the early ovarian stages (I and
1) than in the late stages (III and I'V) (Tinikul et al. 2008).
Furthermore, DA-ir is most intense in the cytoplasm of
previtellogenic oocytes (Ocl, Oc2), but not in oogonia or
follicular cells, suggesting that DA plays a key role in
controlling early oocyte development (Tinikul et al.
2009b). In L. vannamei, we have found that 5-HT-ir is
more intense in the ectoplasm of the late stage oocytes
(Oc4), whereas DA-ir occurs in the early stage oocytes
(Oc2). This implies that 5-HT and DA play a direct role in
oocyte development, but at different stages, i.e., 5-HT
might be involved in the late oocyte stages, whereas DA
might be involved in the early stages. These two neuro-
transmitters might be taken up into the oocytes from
hemolymph, as no 5-HT- and DA-immunoreactive nerve
fibers have been found in the ovary. Alternatively, 5-HT
and/or DA might be synthesized in the oocytes them-
selves. Further studies demonstrating the expression of
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genes encoding the enzymes involved in the syntheses of
5-HT and DA by reverse transcription with the polymerase
chain reaction or in situ hybridization techniques should
help to validate whether the two neurotransmitters are
synthesized in or taken up by the oocytes. These two
neurotransmitters might be present in the oocytes in order
to exercise direct control over these oocytes and subse-
quent embryonic development, but further studies are now
required to determine their actions.
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Neurotransmitters such as the serotonin (5-HT) and dopamine (DA), as well as the neurohormones gonadotropin-
releasing hormones (GnRHs) and corazonin (Crz), are known to have various effects on decapod crustaceans, in-
cluding ovarian maturation and spermatogenesis. The effects of these neurotransmitters and neurohormones on
spermatogenesis in the small male freshwater prawns, Macrobrachium rosenbergii, have not been reported. So,
we undertook histological and histochemical observations, as well as germ cell proliferation assays to examine
the effects of 5-HT, DA, two exogenous GnRH isoforms (I-GnRH-IIIl and oct-GnRH) and Crz. Ten experimental
groups were injected with 5-HT and DA at 2.5x 10~ and 2.5x 10~ mol/prawn, and 1-GnRH-III, oct-GnRH
and Crz at 50 and 500 ng/gBW, at 4-day intervals from days 0 to 16. We found that prawns treated with 5-HT
Serotonin and GnRH isoforms exhibited significant increases in their testis-somatic index (TSI), seminiferous tubules at
Dopamine early maturation, i.e., stages I and III, with increased diameter of the tubules (DST), and germ cell proliferation,
GnRH ) by days 4, 12 and 16, compared with saline control groups. In contrast, prawns treated with DA and Crz showed
Corazonin mostly seminiferous tubules at late maturation stages VIII and IX, and decreases of TSI, DST, and cell proliferation,
by day 12, compared with saline control groups. By day 16 the Crz-treated prawns had died. These data indicate
that 5-HT and GnRHs can stimulate spermatogenesis, while DA and Crz inhibit spermatogenesis. Consequently,
hormonal treatment of male broodstocks in aquaculture with 5-HT and GnRHs could provide valuable tools to
enhance reproduction by accelerating testicular maturation, leading to increased production of sperm.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Many studies have reported the opposing effects that 5-HT and DA
have on crustacean reproduction. For example, the administration of
5-HT into male freshwater crayfish, Procambarus clarkii, induces tes-
ticular maturation and development of androgenic glands (Sarojini
et al., 1994), while in females it stimulates ovarian maturation and
ovulation (Fingerman, 1997). In contrast, DA can inhibit testicular
maturation in the fiddler crab, Uca pugilator (Sarojini et al., 1993,
1995a), and the crayfish, P. clarkii (Sarojini et al., 1995b, 1996), and
also inhibit ovarian maturation in P. clarkii (Sarojini et al., 1995c,
1995d). In the freshwater prawn, Macrobrachium rosenbergii, treat-
ment with 5-HT significantly increases the vitellogenin level in the

* Corresponding author. Tel.: +66 2 201 5406; fax: + 66 2 354 7168.
E-mail addresses: scpso@mahidol.ac.th, puijar655@yahoo.com (P. Sobhon).

0044-8486/% - see front matter © 2011 Elsevier B.V. All rights reserved.
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hemolymph at ovarian stage IV, whereas DA has an opposite effect
(Tinikul et al., 2008). In addition, females injected with 5-HT exhibit
significantly shorter periods of ovarian maturation and embryonic
development, whereas injections with DA result in a longer period
of ovarian maturation, embryonic period and decrease of oocyte diame-
ters (Meeratana et al., 2005, 2006; Tinikul et al., 2009). The effects of 5-HT
and DA on reproduction in male M. rosenbergii have not been reported.
GnRHs are ancient decapeptides that are present in both vertebrate
and invertebrates (Gorbman and Sower, 2003; Tsai, 2006). In verte-
brates, GnRH is a key neuroendocrine factor that controls the synthesis
and release of luteinizing hormone (LH) and follicle-stimulating hor-
mone (FSH) from the pituitary gland, thereby regulating steroidogene-
sis and gametogenesis (Blazquez et al., 1998; Schulz et al., 2001; Sower
et al., 2009; Tsai, 2006; Zohar et al., 2010). In invertebrates, GnRHs that
have been described so far appear to be both structurally and functional-
ly homologous to vertebrate GnRHs, and exhibit reproduction-related
functions (Adams et al,, 2003; Gorbman and Sower, 2003; Powell et
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al., 1996; Terakado, 2001). GnRHs have been detected in a protochor-
date, Ciona intestinalis (Adams et al., 2003), a gastropod, Aplysia califor-
nica, (Zhang et al., 2008), a cephalopod, Octopus vulgaris (Iwakoshi et al.,
2002), and an annelid, Capitella teleta (Rastogi et al., 2002; Tsai and
Zhang, 2008). Although a GnRH-like gene or peptide has not yet been
identified in crustaceans, immunoreactivities against octopus GnRH-
and lamprey GnRH-like molecules have been detected in the central
nervous system and ovaries of Penaeus monodon (Ngernsoungnern et
al., 2008a, 2008b), M. rosenbergii (Ngernsoungnern et al., 2008c), and
Litopenaeus vannamei (Tinikul et al., 2011). Furthermore, in P. monodon,
treatment of female broodstock with three exogenous isoforms of
GnRHs, namely, mammalian GnRH, salmon GnRH, and lamprey GnRH-
I, significantly shortened ovarian maturation time (Ngernsoungnern et
al., 2008b). Similarly, in M. rosenbergii, the ovarian maturation period
of female broodstock treated with octopus GnRH, lamprey GnRH-],
and lamprey GnRH-III, is significantly shorter than those untreated
(Ngernsoungnern et al., 2009). Thus, GnRH-like peptides may be pre-
sent in decapod crustaceans and play an important role in inducing
ovarian maturation. However, the roles of GnRH-like peptides in tes-
ticular maturation and spermatogenesis of M. rosenbergii, have not
yet been studied.

Crz is a neuropeptide that was first identified as a potent cardioac-
celerator in the American cockroach (Veenstra, 1989), and belongs to
a family of peptides, including crustacean red pigment concentrating
hormone, adipokinetic hormone, and possibly GnRH (Boerjan et al.,
2010; Gade and Maco, 2009; Veenstra, 2009). It has been suggested
that Crz in insects may have a reproduction-related function in addi-
tion to its role in metabolism and stress regulation (Boerjan et al.,
2010; Veenstra, 2009). In crustaceans, Crz has been identified as
one of the neuropeptides present in the pericardial organs of the
Jonah crab, Cancer borealis (Huybrechts et al., 2003; Li et al., 2003),
the nervous system and neuroendocrine organs of the American lob-
ster, Homarus americanus (Ma et al., 2008), and the CNS of L. vannamei
(Ma et al,, 2010). In addition, Crz is known to be involved in the migra-
tion of pigments in the crayfish, P. clarkii (Porras et al.,2003). There is no
evidence concerning the effect of Crz on reproduction in decapod crus-
taceans. So, we investigated the effects of 5-HT, DA, GnRH isoforms and
Crz, on testicular maturation and spermatogenesis in M. rosenbergii.

1. Materials and methods
2.1. Animals

Sexually mature small male prawns, M. rosenbergii, weighing
33.10+£3.2 g (X £SD), were obtained from a commercial farm in
Chachoerngsao province, Thailand. The animals were held in circular
concrete tanks of 1.50 m diameter and water at a depth of 0.8 m. Ap-
proximately 30% of the water was changed every 2 days and the
prawns were fed with a commercial diet (Charoen Pokphand Group,
Thailand). The photoperiod was on a 12:12 h light:dark cycle. Plastic
cages were added to each tank for molting prawns to hide, thus mini-
mizing loss from the cannibalistic behavior of this species.

2.2. Bioassays of 5-HT, DA, GnRHs and Crz

The small male prawns were separated into 12 groups, each with
35 prawns. The effects of the neurotransmitters and neurohormones
were compared with two control groups; group 1 (NC) was a no-
injection control, and group 2 was a vehicle-injected control (VIC),
injected with 100 pl of crustacean physiological saline (CPS; 29 g NaCl,
0.71 g KCl, 2.38 g CaCl,, 2H,0, 3.16 g MgS0,4, 7H,0, 0.5 g NaHCOs,
0.17 g MgCl,, 6H,0, and 4.76 g HEPES, in 100 ml of distilled water).
The neurotransmitters and neurohormones were dissolved in CPS. The
prawns in the experimental groups 3-4 were injected with 100 pl of
CPS containing 5-HT and DA (Sigma Chemical Company, St. Louis,
MO), at doses of 2.5x10~7 and 2.5x 10~% mol/prawn (effective doses

according to Alfaro et al., 2004; Chen et al., 2003; Tinikul et al.,, 2008).
Groups 5-10 were injected with 100 pl of CPS containing 1-GnRH-III,
oct-GnRH and Crz, at doses of 50 and 500 ng/g body weight (BW)
(effective doses according to Ngernsoungnern et al, 2008b). The I-
GnRH-III (pGlu-His-Trp-Ser-His-Asp-Trp-Lys-Pro-Gly-NH,), oct-GnRH
(pGlu-Asn-Tyr-His-Phe-Ser-Asn-Gly-Trp-His-Pro-Gly-NH;) and Crz
(pGIn-Thr-Phe-GIn-Tyr-Ser-Arg-Gly-Trp-Thr-Asn-NH,), were custom
synthesized by Genscript Corp, Piscataway, NJ, USA. Hormone prepara-
tions were administered on days 0, 4, 8 and 12. The injections were per-
formed via an intramuscular route at the lateral aspect of the second
abdominal segment of the prawn. Five animals from each of the control
and experimental groups were randomly selected and sacrificed on
days 0,4, 8, 12, and 16 (i.e., at 4-day intervals) for analyses of testicular
histology and spermatogenesis. Testis development was estimated
based on the presence of various seminiferous tubules stages at day
12 after injections. The percentages of tubular stages were determined
from 10 non-consecutive slides of each testis by counting at least 40 tu-
bules per section.

2.3. Histology of testis

Testes were dissected out from prawns in each experimental
group at days 0, 4, 12, and 16. They were fixed overnight in 4% para-
formaldehyde in 0.1 M PBS (pH 7.4), then dehydrated in increasing
concentrations of ethanol, and then embedded in paraffin. Sections
were cut at 5 um thickness and stained with hematoxylin and eosin
(H&E; Sigma Aldrich) for histological observations.

2.4. Testicular development indices

The testis-somatic index (TSI) was calculated for each group of
prawns according to the standard formula: TSI=weight of the testes
(g) x 100/weight of prawn (g). A mean diameter of seminiferous tu-
bules (DST) was determined by measuring the diameters of 50 semi-
niferous tubules (um) in the testes of each prawn, according to
Sarojini et al. (1995b).

2.5. Estimation of male germ cell proliferation using 5-bromo-2'-deoxy-
uridine (BrdU) labeling

To investigate germ cell proliferation in the testes, 5 prawns per
group were randomly sampled and injected with 5 mg of 5-bromo-
2'-deoxy-uridine (BrdU) per 100 g of body weight (0.5% BrdU in
distilled water), 8 h prior to sacrifice, and testes collected at days 0, 4,
12, and 16. Testes were prepared for histological observations and
estimation of cell proliferation using the BrdU assay for cell
proliferation as described in the Detection Kit II (Roche, Mannheim,
Germany) with modifications described previously (Lee et al., 2003).
Paraffin sections of BrdU-labeled testes were cut at 5pum and then
rehydrated by washing 3 times in washing buffer (0.1 M phosphate
buffered saline, PBS). They were then immersed in methanol
containing 1% hydrogen peroxide to block endogenous peroxidase
activity. Sections were immersed in 1% glycine diluted with 0.1 M PBS
to block free aldehyde groups. Sections were then washed with 0.1 M
PBS plus 0.4% Triton-X 100 pH 7.4 (PBST), and non-specific bindings
of proteins blocked with 4% normal goat serum in 0.1 M PBST, pH 7.4,
for 2 h at room temperature. After washing three times with PBS, the
sections were incubated overnight with anti-BrdU (mouse
monoclonal antibody, at 1:20 dilution in PBS) at room temperature.
They were washed three times with PBS and then incubated with
anti-mouse Ig-alkaline phosphatase (1:200) for 2h at room
temperature. The antigen-antibody complexes were visualized by
incubating with color-substrate solution (NBT/BCIP solution; Roche,
Mannheim, Germany), for 45 min at 25 °C. After washing three times,
sections were mounted with mounting medium (Permount). Negative
controls were performed by omitting the primary antibody.
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Photomicrographs were taken using a Nikon eclipse E600 microscope
equipped with a digital camera (Nikon DXM1200). The numbers of
dividing cells (BrdU-labeled nuclei) were counted from stages I and II
of 5 non-consecutive sections of each testis from 5 animals per group.
The germ cell proliferation was expressed as number of BrdU-labeled
nuclei per mm?2.

2.6. Statistical analyses

TSI, DST, and OL were calculated, and compared between the ex-
perimental and control groups. Measurements of cell numbers and
proliferation indices were performed twice and the results analyzed
with an 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 a statistical significance.

3. Results
3.1. Histology of testes in small male prawns

Based on cellular associations, the seminiferous tubules in each
testis of an untreated small male were divided into 9 stages (i.e.,

stages [ to IX) (Fig. 1). In all stages, groups of spermatogonia were al-
ways present close to the basement membrane. Nurse cells, which
were present in all stages, were located on the basement membrane
between the spermatogonia (Fig. 1A). Independently of spermatogo-
nia, each stage of the testicular cycle (I to IX) was defined accordingly
with the homogenous population of cells present, each at a given
stage of prophase I. Stage I tubule contained mostly leptotene sper-
matocytes (Fig. 1A); stage Il contained mostly zygotene and pachy-
tene spermatocytes (Fig. 1B); stage IIl contained mostly diplotene
spermatocytes (Fig. 1C); stage IV contained mostly diplotene and
metaphase spermatocytes (Fig. 1D); stage V contained mostly meta-
phase spermatocytes (Fig. 1E); stage VI contained mostly early and
mid-stage developing spermatids (Fig. 1F); stage VII contained most-
ly late-stage spermatids (Fig. 1G); stage VIII contained mostly mature
sperm with condensed chromatin (Fig. 1H); and stage IX contained
mostly mature sperm with decondensed chromatin (Fig. 1I).

3.2. Effects of neurotransmitters and hormones on histology of the testes
of small males

There were no obvious histological changes in the small male tes-
tes (N=15) of the NC and VIC control groups sampled at days 0, 4, 12,

Fig. 1. Light micrographs showing the 9 stages (I-IX) of development of germ cells in seminiferous tubules (H&E staining). (A) Stage I contain mostly leptotene spermatocytes, with a layer of
spermatogonia located at the basement membrane of the tubule (inset; arrowhead). (B) Stage Il contains mostly zygotene and pachytene spermatocytes. (C) Stage IIl contains mostly dip-
lotene spermatocytes. (D) Stage IV contains mostly diakinesis and metaphase spermatocytes. (E) Stage V contains mostly metaphase spermatocytes. (F) Stage VI contains mostly early and
mid-spermatids. (G) Stage VII contains mostly late spermatids. Nurse cells are located at the periphery of a seminiferous tubule (inset; arrowheads). (H) Stage VIII contains mostly premature
sperm with condensed chromatin in crescent-shaped nuclei (inset; arrowheads). (I) Stage IX contains mature sperm with decondensed chromatin in crescentic nuclei (inset; arrowheads).
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Table 1

Testis development in small male prawns (N=15) based on the presence of various
seminiferous tubules stages at day 12 after injections with biogenic amines 5-HT and
DA, GnRHs, and Crz. The numbers were determined from 5 non-consecutive slides
from the testes of each prawn by counting at least 40 tubules per section.

Test group Maturation stage (%) based on tubules present

I 11 111 Iv Vv vi vl vl IX
Non-injection control (NC) 30 20 5 0 0 5 15 15 10
Vehicle-injected control (VIC) 35 15 5 5 5 5 10 5 15
5-HT 2.5x1077 mol/prawn 25 30 15 0 5 10 0 10 5
5-HT 2.5x 10~ mol/prawn 60 15 0 0 0 10 5 10 0
DA 2.5x 10~ 7 mol/prawn 0 0 0 5 10 5 15 40 25
DA 2.5x 10~ ® mol/prawn 0 0 0 O 0 0 5 40 55
1-GnRH-III 50 ng/gBW 40 25 10 0 10 5 10 0 0
1-GnRH-III 500 ng/gBW 50 35 5 0 0 5 5 0 0
Oct-GnRH 50 ng/gBW 60 30 5 0 0 0 5 0 0
Oct-GnRH 500 ng/gBW 55 40 0 0 0 0 5 0 0
Crz 50 ng/gBW 6 12 0 0 0 0 6 36 40
Crz 500 ng/gBW 0 0 0 0 0 0 0 36 64

and 16 after injection. However, animals treated with 5-HT at doses of
25%x1077 and 2.5x10~®mol/prawn, and both types of GnRH
(I-GnRH-III and oct-GnRH) at doses of 50 and 500 ng/gBW, showed
obvious histological changes compared with controls at day 12 by
having higher numbers of seminiferous tubules at stages I, II, III
(Table 1). In contrast, prawns treated with the two doses of DA and
Crz showed mostly seminiferous tubules at stages VIII and IX. Therefore,
with treatment of 5-HT and GnRHs, the seminiferous tubules tended to
increase in number at early and proliferative stages (stages I-IIl) which
possessed more spermatogonia and spermatocytes, whereas the testes
of the prawns injected with DA and Crz tended to increase in number
at terminal stages (stages VIII-XI), which contained mostly mature
sperm and only a few layers of spermatogonia (Table 1).

3.3. Effects of neurotransmitters and hormones on TSI and DST values

TSI values of all groups of prawns are shown in Fig. 2, with the NC
and VIC groups showing no significant changes over the course of the
experiment. However, the experimental groups treated with
2.5x1077 and 2.5x10~% mol/prawn of 5-HT showed significantly
greater TSIs at days 12 and 16 (as well as at day 4 for the higher
dose), compared with controls (P<0.05). In contrast, the TSIs of the
prawns treated with DA at doses of 2.5x1077 and 2.5x107° mol/
prawn showed significant decreases by days 4, 12 and 16, compared
with control groups (P<0.05). At day 4, the prawns treated with I-
GnRH-III at doses of 50 and 500 ng/gBW, showed significantly in-
creased TSIs, compared with the control groups (P<0.05). At days
12 and 16, experimental groups treated with 1-GnRH-III and oct-
GnRH, at doses of 50 and 500 ng/gBW, showed significantly greater

TSIs compared with the control groups (P<0.05). At day 12, the ex-
perimental groups treated with Crz at 50 and 500 ng/gBW showed
significant decreases in TSI values compared with the control groups
(P<0.05). There was progressive death of animals in both Crz-treated
groups between days 12 to 16.

DST values of all groups of prawns are shown in Fig. 3. The control
groups showed no significant changes over the course of the experi-
ment. However, at days 4, 12 and 16, the DST values of prawns trea-
ted with both doses of 5-HT showed significant increases, compared
with the control groups (P<0.05). In contrast, prawns treated with
DA at both doses showed significant decreases in DST compared
with control groups (P<0.05). Experimental groups injected with
both doses of 1-GnRH-III and oct-GnRH (at dose of 500 ng/gBW)
showed significantly increased DSTs at days 4, 12 and 16 (P<0.05),
whereas, the testes of prawns treated with Crz (50 and
500 ng/gBW) showed significant decreases in DST. There was pro-
gressive death of animals in both Crz-treated groups between days
12 and 16.

Growth of prawns over the experimental period, as determined by
increments of the OLs, was recorded for both controls and experi-
mental groups. There was no significant difference between the
groups (data not shown).

3.4. Determination of cell proliferation in the seminiferous tubules of normal
and hormone-treated small males

In NC and VIC control sections at day 0, numerous BrdU-labeled
nuclei were found in seminiferous tubules of small males at stages |
(Fig. 4A) and II (Fig. 4B). Considerably fewer BrdU-labeled nuclei
were observed in seminiferous tubules at stages III, IV and V
(Fig. 4C-E), and they were reduced further in stages VI, VII and VIII
(Fig. 4F-H). There were no BrdU-labeled nuclei observed in the semi-
niferous tubules at stage IX (Fig. 41). The negative control sections of
seminiferous tubules at stages I, II, and IX did not show any stained nu-
clei (Fig. 4]-L).

The numbers of BrdU-labeled nuclei observed in stages I and Il
seminiferous tubules of the NC and VIC control sections, showed no
differences over the experimental period of 16 days (NC—Fig. 4A,
and VIC data not shown). However, there were greater numbers of di-
viding germ cells in the stages I and II tubules in testes of prawns at
day 12 after treatment with both doses of 5-HT (Fig. 5A-B), I-GnRH-
Il (Fig. 5E-F), and oct-GnRH (Fig. 5G-H). Most intensely labeled nu-
clei occupied the same position as spermatogonia close to the base-
ment membranes, while other less intensely labeled nuclei were
located at a more inner zone at the same location with early sper-
matocytes (Fig. 5B, E, H). This implied that most of the dividing cells
were spermatogonia and early spermatocytes. In contrast, after

Fig. 2. Histograms showing the mean testis-somatic index (TSI) - SD of prawns under the different treatments, at days 0, 4, 8, 12 and 16, compared with the control groups (NC, VIC).
Asterisks indicate significant changes of TSI values (P<0.05), compared with the control groups (N=5). , treated prawns had died.
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Fig. 3. Histograms showing the mean diameters of seminiferous tubules (DST) 4 SD of prawns under the different treatments, at days 0, 4, 8, 12 and 16, compared with the control
groups (NG, VIC). Asterisks indicate significant changes of DST values (P<0.05) compared with the control groups (N=5). 7, treated prawns had died.

treatments with DA (Fig. 5C-D) and Crz (Fig. 5I-]) the numbers of la-
beled nuclei had notably decreased.

A histogram of the numbers of BrdU-labeled nuclei (per mm?) in
the seminiferous stages I and II of the prawns is shown in Fig. 6. At
days 0 to 16, the numbers of BrdU-labeled nuclei showed no signifi-
cant differences within the NC and VIC control groups (range of
89 4 12.6 to 110+ 12.6 labeled nuclei/mm?). However, the numbers
of BrdU-labeled nuclei were significantly greater in the prawns
injected with 5-HT at day 12 for the lower dose, and at days 12 and
16 for the higher dose (123 +13.6 and 133.4 + 5.8 nuclei/mm?, re-
spectively), compared with the control groups (P<0.05). There were
also significantly greater numbers of labeled nuclei at days 12 and
16 in prawns injected with I-GnRH-III at doses of 50 and
500 ng/gBW (132.3 + 5.8 and 219.5 + 1.81 nuclei/mm?, respectively),
and oct-GnRH at doses of 50 and 500 ng/gBW (151 +14.9 and 188.8 +
16.9 nuclei/mm?, respectively; P<0.05). In contrast, at day 4, there
was a significant decrease in the numbers of BrdU-labeled nuclei in
testes of prawns treated with DA at the dose of 2.5 x 10~® mol/prawn
(26.7 £ 6.0 nuclei/mm?). At days 12 and 16, there were also signifi-
cant decreases of labeled nuclei at both doses of DA, compared with
the control groups (P<0.05). Treatment with 500 ng/gBW of Crz also
resulted in a significant decrease of labeled nuclei at days 4 and 12
(464+5.5 and 0 nuclei/mm?), compared with the control groups
(P<0.05). Also, there was a significant decrease in number of labeled
nuclei at day 12 after treatment with Crz at the dose of 50 ng/gBW
(50 4 5.5 nuclei/mm?) (P<0.05). There was progressive death of ani-
mals in both Crz-treated groups between days 12 to 16.

4. Discussion

The aim of this study was to investigate the effects of biogenic
amines (5-HT and DA), gonadotropin-releasing hormones (GnRHs)
and corazonin (Crz) on spermatogenesis in the small male freshwater
prawns, M. rosenbergii. The major findings of this study were : 1) an-
imals administered with 5-HT and GnRH isoforms, show significantly
higher TSI, DST, and germ cell proliferation values than untreated
controls (P<0.05), and 2) animals administered with DA and Crz,
show significantly lower TSI, DST, and germ cell proliferation values
than untreated controls (P<0.05).

The treatment of small males with 5-HT and GnRHs showed ob-
servable histological changes, with the majority of seminiferous tu-
bules at early (proliferative) stages (I, II, and III). In contrast, prawns
treated with DA and Crz showed mostly seminiferous tubules at ter-
minal stages (VIII and IX), compared with saline controls. These find-
ings demonstrated that treatments with 5-HT and GnRHs stimulated,

whereas DA and Crz inhibited testicular development and tubules
transformation.

Previous studies in decapods crustaceans, including P. clarkii,
U. pugilator, Litopenaeus stylirostris, L. vannamei and P. monodon,
have shown that 5-HT is stimulatory while DA is inhibitory to
gonadal development in both males and females (Alfaro et al., 2004;
Fingerman, 1997; Fingerman and Nagabhushanam, 1992; Fingerman
et al., 1994; Sarojini et al., 1995a, 1995b, 1995c; Wongprasert et al.,
2006). As well, in female M. rosenbergii, administration of 5-HT
resulted in shortening the period of the ovarian development, as well
as increased gonado-somatic index and oocyte diameters (Meeratana
etal., 2006; Tinikul et al., 2009). 5-HT also significantly increased hemo-
lymph vitellogenin (Vg) level, whereas DA had the opposite effect. In
addition, the levels of 5-HT in the CNS and ovary gradually increased
up to ovarian stage IV, whereas level of DA decreased (Chen et al.,
2003; Tinikul et al., 2008). It was, therefore, suggested that these two
biogenic amines play opposite roles in controlling ovarian development
and oocyte maturation in this prawn. We have now shown for the first
time that 5-HT also stimulated testicular development and male germ
cell proliferation while DA had opposite effects.

Our study is the first to investigate the effects of GnRHs on sper-
matogenesis and testicular development in M. rosenbergii. GnRHs
have not yet been characterized in decapod crustaceans, however,
there has been accumulating studies implicating their existence in
several physiological and immunohistochemical studies. We have
shown that administration of I-GnRH-III, a primitive vertebrate iso-
type, and oct-GnRH, a mollusc isotype, could significantly increase
TSI and DST values, and germ cell proliferation. This is supported by
our previous studies showing that these heterologous GnRHs, I-
GnRHs (I, II) and oct-GnRH, cause stimulatory effects on female re-
production, including ovarian maturation (Ngernsoungnern et al.,
2008b, 2009). Moreover, GnRH-like immunoreactivity has been
detected in the CNS and ovary of M. rosenbergii (Ngernsoungnern et
al., 2008c). The identification and characterization of crustacean
GnRH(s) in males, and females, and its relationships with 5HT and
DA, as well as mechanism of action in M. rosenbergii, require further
studies.

It was suggested that Crz can bind to a receptor belonging to the
GnRH receptor family (Cazzamali et al.,, 2002; Park et al., 2002). Fur-
thermore, a bioinformatic analysis indicated that Crz belongs to the
GnRH family as it shares some amino acid similarity with GnRHs, par-
ticularly at the N-terminal region (Christie et al., 2010). We proposed
that by binding to GnRH receptor, Crz could block the activity of
GnRH, hence negating its action. Indeed, we have found for the first
time, that administration of multiple doses of Crz inhibits germ cell
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Fig. 4. Representative medium power light micrographs of the testes of small males showing BrdU-labeled nuclei in the seminiferous tubule stages I-IX. Relatively high numbers of
BrdU-labeled nuclei (insets) are present in tubules at stages I and Il (A-B). In contrast, very few labeled nuclei (arrowheads) are present in stages III-VIII (C-H), and there were no
labeled nuclei in seminiferous tubules at stage IX (I). The negative control sections of tubules at stages I, II, and IX (J-L).

proliferation in a decapod crustacean. The male prawns injected with In addition to controlling heart beat in insects (Predel et al., 2007;
Crz showed decreased TSI values, DST, and germ cell proliferation in Slama et al., 2006), Crz also acts as a stress hormone that mobilizes
the testes, and eventually death. The latter event was probably eli- sugar (trehalose) and fatty acids to allow them to cope with stress sit-
cited by the stress-induced action of Crz that occurred following mul- uations (Boerjan et al., 2010; Predel et al., 2007). These data corrobo-

tiple administrations of this hormone. rate that Crz acts as a stress hormone, and may block the release of
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Fig. 5. Representative medium power micrographs showing BrdU-labeled nuclei (arrowheads) in seminiferous tubules at stages I and II of the testes of prawns 12 days after injec-
tions with 5-HT at doses of 2.5 x 10~7 and 2.5 x 10~ mol/prawn (A and B), DA at doses of 2.5x 10~ and 2.5 x 10~® mol/prawn (C and D), I-GnRH-III at doses of 50 and 500 ng/gBW
(E and F), oct-GnRH at doses of 50 and 500 ng/gBW (G and H), and Crz at doses of 50 and 500 ng/gBW (I and ]).
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Fig. 6. Histograms showing the mean number + SD of BrdU-labeled nuclei (per mm?) in the seminiferous tubules stages I and II in testes of small male prawns under the different
treatments, at days O to 16. Asterisks indicate significant changes (P<0.05), compared with the control groups (NC, VIC). f, treated prawns had died.

GnRH, thereby suppressing germ cell proliferation and testicular de-
velopment in M. rosenbergii. Alternatively, Crz may bind to the
GnRH receptors at the target organ levels (i.e. testicular cells), and
block the action of GnRH at the testicular level, thereby inhibiting
germ cell proliferation and differentiation. This is supported by the
finding in a mammalian study, where hypothalamic GnRH cells ex-
press the receptors for corticotrophin-releasing factor, which is in-
volved in the stress-induced suppression of GnRH release (Li et al.,
2004). The Crz mechanisms of actions on the induction of stress,
and its possible relation with the suppression of crustacean gonadal
maturation need further investigations.

In summary, we have found that in M. rosenbergii, 5-HT and
GnRHs have a stimulating effect on testicular maturation and sper-
matogenesis, while DA and Crz have inhibitory effects. The use of 5-
HT and GnRH in stimulating male broodstock reproduction in farm
situations now needs further work to determine an effective doses
and means of administration. It is possible that this measure could
be applied to accelerate testicular maturation, leading to the en-
hancement of sperm quantity and quality, as well as fertilizability.
However, these sperm parameters and the reproductive performance
of the treated prawns need to be studied further.
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