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ARTICLE INFO ABSTRACT

Octopamine (OA), a biogenic monoamine, is known to mediate several immune responses. This study analyzed
the effects of OA on immunological regulation in the tiger shrimp Penaeus monodon. The immune parameters
including total haemocyte count, differential haemocyte count, phenoloxidase activity, respiratory bursts, su-
peroxide dismutase activity, and phagocytic activity and clearance efficiency in response to the pathogen,
Photobacterium damselae, were determined when shrimp were individually injected with saline or OA at 100 or
1000 pmol shrimp ~!. In addition, the intracellular second messengers in haemocyte such as Ca®>* and adenosine
3’,5’-cyclic monophosphate (cAMP) were examined in shrimp receiving saline or OA at 1 or 10 nmol shrimp .
Results showed that all of the immune parameters significantly increased at 2-4 h in OA-injected shrimp except
hyaline cells in 100 pmol shrimp ~'-injected shrimp at 4 h, but phenoloxidase activity per granulocyte sig-
nificantly decreased at 2-4 h. However, these had returned to saline control levels after receiving OA for 8h
except differential haemocyte count and phenoloxidase activity per granulocyte for 16 h. An injection of OA also
significantly increased the survival rate of shrimp challenged with Pho. damselae. Shrimp receiving OA at 1 and
10 nmol shrimp ! significantly increased the intracellular Ca>* concentration ([Ca®*]i) at 30-60 min and
30min, and cAMP concentration [cAMP]i) at 5-15min and 15min, respectively. However, [Ca%™]i at
50-60 min, and [cAMP]i at 30-60 min returned to saline control when the shrimp received OA at 10 nmol
shrimp ™, and at 1 and 10 nmol shrimp ~?, respectively. These results suggest that OA administration by in-
jection at <1000 pmol shrimp~! mediates transient upregulation of immunity together with the increased re-
sistance of P. monodon to Pho. damselae, which are modulated through intracellular Ca>* and cAMP second
messenger pathways.
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1. Introduction

Tiger shrimp, Penaeus monodon, native to the coasts of the Arabian
peninsula and the Pacific and Indian Ocean coasts of Australia,
Indonesia, south and southeast Asia, and South Africa, is one of the
most common penaeid shrimp species currently being cultured in the
world. Culture of this species intensified from 1988 onward in Taiwan
and expanded rapidly to other countries in Asia. It is known that the
intensive culture usually go along with the rapid degradation of ponds
environments resulting in increased incidences of diseases. Cultured
shrimp consistently encounter various environmental stressors in in-
tensive culture ponds. Commercial penaeid shrimp farming has been
severely adversely impacted by epidemics associated with viruses and
Vibrio infections, which have caused serious economic losses world-
wide.
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Catecholamines (CAs), a class of biogenic amines, act as neuro-
transmitters, neuromodulators and neurohormones. In crustaceans, CAs
have been identified and quantitatively measured in nervous systems,
haemolymph and gonadal tissues [1-4], and are required for a variety
of physiological and immunological functions, and behaviors. The re-
lease of CA is the primary response to physiological stress, and the
subsequent induction of hyperglycemia and suppression of immunity
are the secondary responses [5-7]. The relationship between neu-
roendocrine and immunity in shrimp is of primary concern.

Octopamine (OA) and tyramine (TA) as adrenergic transmitters are
counterparts in invertebrate and vertebrate, and they are decarbox-
ylation products of the tyrosine while TA is as the biological precursor
of OA [8]. Effects of OA on immunomodulation studies in invertebrates
were reported by many scientists and reviewed by Adamo [9]. OA was
demonstrated to accelerate clearing of circulating bacteria in
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haemolymph, enhance phagocytosis, modulate activities of haemo-
cytes, and increase resistance against pathogen infection in insects
[10,11]. In our previous studies, OA administration at <1000 pmol
shrimp ~*! for Litopenaeus vannamei and at < 250.0 pmol prawn~* for
Macrobrachium rosenbergii caused the transient up-regulation in im-
munity, and promoted their resistance against pathogens [12,13]. OA
exerts its effects by binding to G-protein coupled receptors (GPCR) and
share the structural motif of seven transmembrane domains. The acti-
vation of OA receptors is coupled with different second messenger
pathways depending on species, tissue source, and receptor type. The
second messengers include adenosine 3’,5-cyclic monophosphate
(cAMP), calcium, diacylglycerol (DAG), and inositol 1,4,5-trispho-
sphate (IP3). The cAMP activates protein kinase, calcium and DAG ac-
tivate protein kinase C, and IP; mobilizes calcium from intracellular
stores. OA-mediated generation of these second messengers is asso-
ciated with changes in cellular response affecting animal physiology
and behaviors [14].

In crustaceans, the innate immunity system are mainly defense
mechanisms, that is activated when pathogen-related molecular pat-
terns are recognized by soluble or by cell-surface pattern recognition
proteins. Three types of circulating haemocytes are generally re-
cognized as hyaline cells (HCs), semigranular cells (SGCs), and large
granular cells (GCs) in crustaceans [15], which play critical roles in
immunological defense functions [16,17]. The prophenoloxidase
(proPO) system, which is contained in granulocytes, can be activated by
several microbial polysaccharides through the non-self recognition
system [18], leading to haemocyte degranulation [19], and it is in-
volved in encapsulation, melanization, and recognition [20]. Pheno-
loxidase (PO) is the terminal enzyme in the proPO system and is con-
sidered a major immune indicator in crustaceans. Several reactive
oxygen species (ROS) such as superoxide anions (O, ), hydrogen per-
oxide (H;0,), singlet oxygen, and the hydroxyl radical (OH™) are
produced during phagocytosis as important components of defense re-
sponses of crustaceans to invading microorganisms, a process known as
respiratory bursts (RBs) [21]. Superoxide anions are the first product
released from RBs and are scavenged by superoxide dismutases (SODs)
[22].

The aims of the present study were to examine the effects of OA on
(1) the susceptibility of P. monodon to Photobaterium damselae, and (2)
the immune responses of P. monodon. Immune parameters including
total haemocyte count (THC), differential haemocyte count (DHC), PO
activity, RBs, SOD activity, phagocytic activity, and the clearance effi-
ciency of shrimp to Pho. dameselae were used as indicators.
Furthermore, intracellular Ca?* responses and cAMP levels in haemo-
cytes were detected to evaluate the signaling pathway of OA.

2. Materials and methods
2.1. Penaeus monodon

Tiger shrimp, P. monodon, (11-14 g) obtained from an aquafarm of
National Pingtung University of Science and Technology in Pingtung,

Taiwan, were acclimated in an indoor concrete pond (5 X 5 X 1m)

Table 1
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with 12 tons of aerated seawater at 27 = 1 °C and a salinity of 20%o for
12 days before experimentation. Only healthy shrimp in the intermolt
stage (stage C) were used for this study. The molt stage was determined
by examining the uropoda, in which partial retraction of the epidermis
could be distinguished [23].

Five studies were conducted. To determine the susceptibility of
shrimp to Pho. damselae, test and control groups were comprised of 10
shrimp each in triplicate. For the experiment of immune parameter
assays, experiments were carried out in six replicate test groups con-
sisting of one shrimp each in 20-L PVC tanks containing 10 L of aer-
ated seawater (20%o). The same experimental treatment was carried
out to analyse Ca®" responses or cAMP levels of haemocytes in vivo.
For the studies of phagocytic activity and clearance efficiency, another
six prawns were used in each of the test and control groups. No sig-
nificant difference in weight was observed among the treatments.
Shrimp were fed twice daily with a formulated shrimp diet (Grobest
Feeds Corp., Pingtung, Taiwan) during acclimation and the experi-
ments, and the water temperature was maintained at 27 * 1°C and
pH at 7.6-8.4.

2.2. Photobacterium damselae

For the study, a known pathogenic strain, Pho. damselae, was iso-
lated from diseased P. monodon, displaying symptoms of anorexia, poor
growth, rough shell, milky musculature, and pale and atrophic hepa-
topancreas [24]. Stocks were plated on tryptic soy agar (TSA, Difco)
supplemented with 2% NaCl for 24 h at 28 °C, and then transferred to
10mL tryptic soy broth (TSB, Difco) supplemented with 2% NaCl,
where they remained for 24hat 28°C, after which they were cen-
trifuged at 7155 x g for 15min at 4 °C. The supernatant was removed,
and the bacterial pellet was suspended in a saline solution (0.85% NaCl)
at concentrations of 107 and 10° colony-forming units (cfu) mL™! as
respective stock bacterial suspensions for the susceptibility study and
for the studies of phagocytic activity and clearance efficiency in shrimp,
respectively.

2.3. Effect of octopamine on the susceptibility of tiger shrimp to Pho.
damselae

OA (Sigma-Aldrich, St. Louis, MO, USA) dissolved in sterile saline
(0.85% NaCl) to concentrations of 5 X 107> and 5 x 10" ®mol L™},
respectively, were conducted for the studies following the previous
studies [12,13]. P. monodon (11.2 + 0.5g) that was injected with
5x 107 °and 5 x 10 ®mol L™ ! OA solution (around 20 L) into the
ventral sinus of the cephalothorax individually to reach respective
doses of 1000 and 100 pmol shrimp ~! in the initial stage. After 2h of
injection, a challenge test was conducted by injecting 20 uL of a bac-
terial suspension (107 cfumL ") resulting in 2 X 10° cfu shrimp~! into
the ventral sinus of the cephalothorax. Shrimp receiving 20 L of sterile
saline and then were injected with Pho. damselae at 2 x 10°cfu
shrimp ~! served as the saline-challenged controls, and those receiving
OA at 1000 pmol shrimp ! and then were injected with 20 pL of sterile
saline served as the unchallenged control (Table 1). Experimental and

Effect of octopamine on the susceptibility of Penaeus monodon challenged with Photobacterium damselae.

Octopamine (pmol shrimp™')  Bacterial dose (cfu shrimp™")  No. of shrimp

Survival rate after challenge (hrs)

6 24 48 72 120 168
1000 saline 30 100 100 100 100 100 100

saline 2 x 10° 30 100.0 = 0.0° 833 = 58 633 =58> 433 + 58" 433 + 58" 433 + 58"
100 2 x 10° 30 100.0 + 0.0° 90.0 * 0.0 80.0 + 10.0° 66.7 = 5.8 66.7 * 58 66.7 + 5.8°
1000 2 x 10° 30 100.0 + 0.0° 93.3 + 58" 80.0 + 0.0° 73.3 + 58* 733 * 58 733 + 5.8°

Data in the challenge groups in the same column with different superscripts are significantly different. (p < 0.05) among treatments.

Values are mean = S.E. (n = 30 shrimp in each case).
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control shrimp (10 shrimp aquarium ~ ') were kept in 60-L glass aquaria
containing 40 L of seawater at 28 °C and a salinity of 20%o. Therefore,
there were four treatments and each treatment was conducted with 30
shrimp. The experiment lasted 168 h.

2.4. Effect of octopamine on immune parameters of P. monodon

Tiger shrimp (12.5 * 0.6 g) was individually injected with an OA
solution as those described above. Some shrimp received 20 uL of
saline, which served as the saline control. There were three treatments
(saline (0), 100, and 1000 pmol shrimp’l) with five sampling times (2,
4, 8, 16 and 24 h) for immune parameter determination. Six shrimp
from each treatment and time were collected for the studies. In addi-
tion, another six shrimp with no treatment were used as the initial
group. Therefore, 96 shrimp (tanks) ((3 treatments X 5 sampling
time X 6 shrimp) + 6 shrimp at 0 h) were used for the test, and six
independent experiments (tanks) in each treatment at each sampling
time were conducted.

At the beginning (0 h) and after injecting for 2, 4, 8, 16 and 24 h,
haemolymph was withdrawn from the ventral sinus of each prawn
into a 1-mL sterile syringe (25 gauge), and was diluted 10-fold in
anticoagulant solution (trisodium citrate 30 mM, sodium chloride
0.34M, and EDTA 10 mM, pH 7.55, with the osmolality adjusted to
780 mOsm kg~ ' with 0.115 M glucose). A drop of the anticoagulant-
haemolymph mixture was loaded in a haemocytometer to enumerate
the THC following the instruction, and haemocytes in both top and
bottom fields of the haemocytometer were counted (Leica DMIL, Leica
Microsystems, Wetzlar, Germany). For DHC determination, haemo-
cyte categories were counted in 200 haemocyte investigated under
random scale of the stained haemocyte smear. One milliliter of the
haemolymph mixture was centrifuged at 500 X g and 4 °C for 20 min,
and the haemocyte pellet was washed twice with cacodylate buffer
(0.01 M sodium cacodylate, 0.45M sodium chloride, 0.01 M calcium
chloride, and 0.26 M magnesium chloride; pH 7.0). The resultant
haemocyte pellet was then used for the PO activity assay. Another
100 pL of the haemolymph mixture was used for the RB analysis. The
remaining portion of the haemolymph mixture was used for SOD ac-
tivity assay.

PO activity of haemocytes was spectrophotometrically measured at
490 nm by recording the formation of dopachrome produced from L-
3,4-dihydroxyphenylalanine (.-DOPA, D-9628, Sigma, St. Louis, MO,
USA) according to the method of Mason [25] and Herndndez-Lépez
et al. [26]. The 1-DOPA and trypsin were served as a substrate and an
elicitor, respectively. The details of measurements was described pre-
viously [27]. The optical density (OD; 490 nm) was expressed as do-
pachrome formation in haemocytes per 50 uL of haemolymph or per
107 granulocytes (the sum of GCs and SGCs).

RBs in haemocytes were quantified using the reduction of nitroblue
tetrazolium (NBT) to formazan as a measure of superoxide anion (O, ")
formation as described previously [22,28]. The OD at 630 nm was
measured for triplicate reactions using a microplate reader (Model
VERSAmax, Molecular Devices, Sunnyvale, CA, USA). RBs are ex-
pressed as NBT reduction in haemocytes per 10 uL of haemolymph or
per 107 haemocytes.

For SOD activity examination, the haemocyte lysate supernatant
(HLS) was prepared as described previously [29]. SOD activity was
measured by its ability to inhibit superoxide radical-dependent reac-
tions using a Ransod Kit (Randox, Crumlin, UK) based on previously
described methods [30]. One unit of SOD was defined as the amount
required to inhibit the rate of xanthine reduction by 50%. Specific ac-
tivity was expressed as SOD units (mg protein)’l. Protein was quan-
tified by a method described by Bradford [31] using a Bio-Rad protein
assay kit (no. 500-0006, Bio-Rad Laboratories, Richmond, CA, USA)
with bovine serum albumin as the standard.
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2.5. Phagocytic activity and clearance efficiency of tiger shrimp to Pho.
damselae

Penaeus monodon receiving saline or OA were the same as those
described above. Tests were carried out on six shrimp (replicates) at
each treatment and sampling time. For phagocytic activity and the
clearance efficiency analysis, 20uL of a bacterial suspension
(10° cfumL ™) resulting in 2 X 107 cfu shrimp~! was injected into the
ventral sinus of each shrimp after receiving saline or OA for 2 h. After
injection of the bacterial suspension, the shrimp were kept for 1h in a
separate tank containing 40 L of water at 27.0 = 1.0 °C then 200 L of
haemolymph was collected from the ventral sinus and mixed with
200 pL of a sterile anticoagulant solution. This mixture was divided into
two equal sub-samples: one to measure phagocytic activity and the
other to measure the clearance efficiency. Phagocytic activity was
evaluated as previously described by Weeks-Perkins et al. [32], and the
procedure was formerly described in detail [12]. In total, 200 haemo-
cytes were counted, and haemocytes engulfing stained bacteria were
phagocytic haemocytes. Phagocytic activity, defined as the percentage
phagocytosis (PR), was expressed as:

PR = [(phagocytic haemocytes) (total haemocytes) ~11 x 100.

The clearance efficiency was measured following the method of
Adams [33]. Diluted haemolymph was further diluted with a sterile
saline solution. Three 50-uL portions of each diluted haemolymph
sample were spread on separate TSA plates and incubated at 28 °C for
12h before the colonies were counted using a colony counter. The
number of colonies of shrimp receiving saline was expressed as the
control group, and the numbers of colonies of shrimp receiving OA for
2, 4, 8, 16 and 24 h were expressed as the test groups. The clearance
efficiency toward Pho. damselae, defined as the percentage inhibition
(PI), was calculated as:

PI = 100 — [(cfu in test group) (cfu in control group)_l] x 100.

2.6. Estimation of intracellular Ca®" signaling

For the estimation of intracellular Ca®>* signaling in haemocytes,
shrimp received saline or OA at 1 or 10 nmol shrimp ~* for 10 min, and
then the haemolymph was individually collected and diluted as those
described above. The Ca®* signaling in haemocytes were measured
using a Fluo-4 Direct™ calcium assay Kits (F10471, Invitrogen, CA,
USA). Briefly, the diluted haemolymph was deposited in 96-well mi-
croplates (previously coated with poly-i-lysine) resulting in
2 x 10°cells well ", and then was centrifuged at 400 x g for 3 min.
Plasma was removed and the haemocytes were washed three times with
200 uL Hanks’ balanced salt solution (HBSS), then 100 uL HBSS was
added, followed by 100 puL 5 mM Fluo-4 Direct™ calcium reagent solu-
tion added. The fluorescence was measured using a spectraMax Gemini-
XPS microplate reader (Molecular Devices, Sunnyvale, CA, USA) setting
appropriate wavelengths for excitation at 494nm and emission at
516 nm. The related fluorescence units were recorded in real time at 30-
s interval for 60 min. Tests were carried out on six shrimp (replicates) at
each treatment. Therefore, there were 18 shrimp used for this studies.
The determined data were selected at 10, 20, 30, 40, 50, and 60 min for
statistical analysis.

2.7. Haemocyte cAMP assays

Shrimp (11.8 = 0.7 g) received saline or OA at lor 10 nmole
shrimp~! and then haemolymph were collected the same as those de-
scribed above except sampling times were at 5, 15, 30 and 60 min. The
haemolymph mixture was centrifuged at 400 x g and 4 °C for 15 min,
and the haemocyte pellet was washed twice with HBSS. The resultant
haemocyte pellet was then suspended in a HBSS at concentration of
2 x 10° cells mL~ . A 500 uL haemocyte suspension was used for cAMP
assay. The cAMP level was determined using a cAMP ELISA Kit (Item
No. 581001, Cayman Chem. Comp., MI, USA) by following the
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manufacturer's instructions. The OD at 420 nm was measured by an
ELISA plate reader, and the cAMP concentration was calculated from a
known cAMP concentration standard curve. Tests were carried out on
six shrimp (replicates) at each treatment and sampling tine. In addition,
another six shrimp with no treatment were used as the initial group.
Therefore, there were 78 shrimp were used for this study.

2.8. Statistical analysis

A one-way analysis of variance (ANOVA) was used to analyse the
data. When the ANOVA identified differences among groups, a mul-
tiple-comparisons (Duncan) test was conducted to compare significant
differences among treatments using the SAS computer software (SAS
Institute, Cary, NC, USA). Percent data were normalized using an arc-
sine-transformation before analysis. A statistically significant difference
required that p < 0.05.

3. Results
3.1. Effects of OA on the susceptibility of P. monodon to Pho. damselae

The survival rates of shrimp receiving different concentration of OA
in Pho. damselae challenge tests are shown in Table 1. All of the un-
challenged shrimp receiving OA at 1000 pmol shrimp ! then injected
with saline survived. Among the test groups, survival rates of shrimp
receiving OA at 100 and 1000 pmol shrimp ~* were significantly higher
than those of saline-challenged shrimp at 48-168 h. After challenging
for 168 h, survival rates of shrimp receiving OA at 100 and 1000 pmol
shrimp ! were 23.4% and 30.0% higher than those of the saline-
challenged control, respectively. However, no significant difference was
observed in survival rate between shrimp receiving OA at 100 and
1000 pmol shrimp_1 (Table 1).

3.2. Effect of OA on the immunological parameters of P. monodon

THC, HCs, SGCs, and GCs of shrimp receiving OA at 100 and
1000 pmol shrimp ~! were significantly higher at 2-4h, 2h, 2-4h and
2-4h, respectively, than those of shrimp in the saline control. When
shrimp received OA at 100 and 1000 pmol shrimp ~* for 2 h, THC, HCs,
SGCs, and GCs were significantly higher by 77.7% and 104.4%, 43.9%
and 74.5%, 103.4% and 121.7%,187.6% and 242.0%, respectively,
than those receiving saline. After 8 h of the injection, THC, HCs and GCs
of shrimp receiving OA at 1000 pmol shrimp ~! were significantly lower
than those of shrimp receiving saline and OA at 100 pmol shrimp .
However, no significant difference was observed in THC, HCs, SGCs or
GCs among the three treatments at 16-24 h (Fig. 1A D).

PO activities in haemocytes per 50 UL of haemolymph of shrimp
receiving OA at 100 and 1000 pmol shrimp ~* were significantly higher
than those of shrimp receiving saline after 2—4 h of injection with a
dose-dependent tendency, and significantly increased by 19.8% and
33.1% at 2 h, respectively, compared to those of saline-injected shrimp.
On the contrary, PO activities per granulocyte (SGCs + GCs) of shrimp
receiving 100 and 1000 pmol shrimp~! were significantly lower than
those of shrimp receiving saline for 2-4 h, and significantly decreased
by 51.4% and 53.9% at 2h, respectively, compared to shrimp in the
saline control. After 8h of injection, PO activities per granulocyte of
shrimp receiving saline and OA at 100 pmol shrimp~' were sig-
nificantly lower than those of shrimp receiving OA at 1000 pmol
shrimp ~ . However, no significant difference was observed among the
three treatments in PO activity per 50 pL of haemolymph at 8-24 h or in
per granulocyte at 16-24h, and between the two OA-injected treat-
ments in per granulocyte at 2—4 h (Fig. 2A and B).

For shrimp receiving OA at 100 and 1000 pmol shrimp ~*, RBs in
haemocytes per 10 uL of haemolymph and per haemocyte, and SOD
activities in haemocytes were significantly higher than those of shrimp
in the saline control at 2-4h. After 2h of injection, there was a
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Fig. 1. Total haemocyte count (A), hyaline cells (B), semigranular cells (C) and
granular cells (D) of Penaeus monodon receiving saline or octopamine at 100 or
1000 pmol shrimp_1 for 0, 2, 4, 8, 16 and 24 h. Each bar represents the mean
value from 6 samples with the standard error. Bars with different letters sig-
nificantly differ (p < 0.05) among treatments at the same sampling time.
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Fig. 2. Phenoloxidase (PO) activity in haemocytes per 50 uL of haemolymph
(A) and in per 107 granulocytes (granular cells (GCs) + semigranular cells
(SGCs)) (B) of Penaeus monodon receiving saline or octopamine at 100 or
1000 pmol shrimp ™! for 0, 2, 4, 8, 16 and 24 h. Statistical descriptions are the
same as those in Fig. 1.

significantly increased in RBs per 10 pL of haemolymph by 125.0% and
193.2%, in RBs per haemocyte by 26.1% and 46.7%, and in SOD ac-
tivities by 208.6% and 419.3% in shrimp receiving OA at 100 and
1000 pmol shrimp ~*, respectively, compared to saline-injected shrimp.
However, no significant difference in RBs per 10 pL of haemolymph and
per haemocyte, and SOD activities were observed among the three
treatments after injecting for 8-24 h (Fig. 3A, B, C).

Phagocytic activity and clearance efficiency of shrimp receiving OA
at 100 and 1000 pmol shrimp ~! were significantly higher than those of
shrimp in the saline control at 2-4, and significantly increased by
34.3% and 34.9%, and 66.6% and 66.7% at 2 h, respectively, compared
to those of shrimp in the saline control. However, no significant dif-
ference in phagocytic activity or clearance efficiency was observed
among the three treatments after injecting for 8-24 (Fig. 4A and B).

3.3. Effects of OA on intracellular Ca®>* and cAMP in haemocytes

The haemocytes of shrimp receiving saline or OA at 1 or 10 nmol
shrimp ~! for 10 min were collected to determine Ca®* responses. The
significantly increased Ca®* responses were observed after assessing for
30 min in OA treatments, compared to the saline control, and however,
the retained high level only detected in 1 nmol shrimp~! group after
60 min. No significant difference in Ca®>* responses were observed
between the saline control and 10nmol shrimp™! group within
50-60 min (Fig. 5A and B).

cAMP in haemocytes of shrimp receiving OA at 1 nmol shrimp™
was significantly higher than that of shrimp receiving saline and OA at
10 nmol shrimp~! for 5min. However, no significant difference in
cAMP level was observed among the three treatments after 15-60 min

1
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Fig. 3. Respiratory burst in haemocytes per 10 uL of haemolymph (A) and in
per 107 haemocytes (B), and superoxide dismutase activity (C) of Penaeus
monodon receiving saline or octopamine at 100 or 1000 pmol shrimp ~* for 0, 2,
4, 8, 16 and 24 h. Statistical descriptions are the same as those in Fig. 1.

of injection or between shrimp receiving saline and OA at 10 nmol
shrimp ! for 5min (Fig. 6).

4. Discussion

The effects of stress-induced hormones/neurohormones on immunity
are complex in invertebrates [9]. In insects, acute stress leads to a
transient increase of haemolymph OA up to 10-fold over baseline levels
[34,35], and OA is considered with a biphasic effects on immune func-
tion. The survival rates of cockroaches, Periplaneta americana, coinjected
with Staphylococcus aureus and OA at 0.1 mM or clonidine, an OA ago-
nist, were significantly higher than those of cockroache that treated with
saline control [36]. OA levels in the haemolymph of M. rosenbergii and L.
vannamei were 4030.6 + 0.03 and 4880.0 + 0.10 pmolmL™?, respec-
tively [12]. M. rosenbergii and L. vannamei receiving OA at 25.0 or
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Fig. 4. Phagocytic activity (A) and clearance efficiency (B) of Penaeus monodon
receiving saline or octopamine at 100 or 1000 pmol shrimp™! for 0, 2, 4, 8, 16
and 24 h. Statistical descriptions are the same as those in Fig. 1.

250.0 pmol prawn !, and at 100 or 1000 pmol shrimp ~ !, respectively,

showed the increased resistance to pathogens infection [12,13]. In the
present study, P. monodon injected with OA at 100 or 1000 pmol
shrimp ~ ! significantly increased the resistance to Pho. damselae. This fact
suggests that OA may promote the resistance abilities of M. rosenbergii, L.
vannamei and P. monodon, when the shrimp had received exogenous OA
at a lower dose than the physiological baseline by injection. Further
study is needed to verify biphasic effects of OA on immune resistance
function of shrimp.

In crustaceans, haemocytes played crucial roles the physiological
and immunological responses, and can be regulated by stress-induced
biogenic amines. Kim and Kim [37] showed that OA and 5-hydro-
xytryptamine (5-HT) through injection induce a significant increase in
the THC of haemolymph, and mediate a rapid increase of circulating
haemocyte population in response to bacterial challenge via Racl signal
in Spodoptera exigua. OA also affects haemocyte behavior to modulate
haemocyte mobilization in response to stress in Galleria mellonella [38].
Soderhédll [39] indicated that the stimulation with microbial poly-
saccharides or repeated bleeding induces a need for new haemocytes,
thereby stimulating cell division in the haematopoietic tissue (HPT) and
the release of immature and mature haemocytes in crustacean. In
crayfish, Pacifastacus leniusculus, serotonin (5-HT) had no direct effect
on HPT cell proliferation, but participated in haematopoiesis through
stimulating haemocytes to release astakine 1 (Ast 1) that reduced the
activity of transglutaminase on the HPT leading to the stimulation of
HPT cell migrating out of the tissue, which causes an increase in the
number of circulating haemocyte [40]. In the present study, OA-in-
jected P. monodon exhibited significant increases in THC, HCs, SGCs,
and GCs after 2 and/or 4 h of injection, compared to the saline-injected
and initial control. The similar tendency was also observed in OA-in-
jected M. rosenbergii and L. vannamei except HCs of L. vannamei
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nmole shrimp~?! for 0, 5, 15, 30 and 60 min. Statistical descriptions are the
same as those in Fig. 1.

maintained unchanged [12,13] and in TA-injected L. vannamei [41].
These results suggest that OA and TA enhanced mobilization of fixed
haemocytes and regenerated haemocytes releasing into the circulatory
system, which resulted in the elevation of THC and DHC in OA- and TA-
injected shrimp. In addition, saline- and OA 100 pmol shrimp ~'-in-
jected shrimp exhibited higher levels in THC, HCs and GCs after 8 h of
injection than the initial control, and meanwhile, those in OA
1000 pmol shrimp ™ !-injected shrimp recovered to baseline levels. The
results suggest that the elevation of circulating haemocytes population
responding to injecting operation was later than OA treatment [13],
and OA at a reasonable concentration might promote the redistribution
of haemocytes.

The proPO system is one of the critical innate immune defense
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mechanism in crustaceans, which exists in granular haemocytes and can
be regulated by biogenic monoamine [27]; it is involved in non-self
recognition, haemocyte communication, and the production of mel-
anin. In the present study, shrimp receiving OA at 100 and 1000 pmol
shrimp ~ ! significantly elevated THC and granulocytes within 2-4 h of
injection, and meanwhile, the significantly increased PO activity in
haemocytes per 50 uL of haemolymph and the significantly decreased
PO activity in per granulocyte, compared to those in saline control,
were observed. Although PO activity in haemolymph showed no sig-
nificant difference among treatments after 8 h of injection, yet the ob-
viously decreased THC and granulocytes accompanied with the sig-
nificantly induced PO activity per granulocyte revealed in 1000 pmol
shrimp ™! OA treatment. These were similar to the findings in L. van-
namei and M. rosenbergii injected with saline and OA that the expression
patterns of granulocytes disagreed with the PO activity per granulocyte
and agreed with the PO activity in haemocytes per 50 uL haemolymph
in an attempt to maintain homeostasis [12,13]. It was therefore con-
cluded that for maintaining the homeostasis, the varied PO activity in
haemolymph followed with the change of granulocytes were modulated
by the inverse reaction of PO activity in per granulocyte.

The species of reactive oxygen intermediates may be produced by
several different immune reactions [42], which are needed to kill in-
vading pathogens during phagocytosis is known a key cellular defense
mechanism. The clearance efficiency is an important humoral defense
mechanism. Clearance from the circulation is induced by humoral
factors such as agglutinins, lectins, cytotoxic factors [43], and anti-
microbial factors [44]; this causes bacterial aggregation in the circu-
lating haemolymph, and enhances the clearance rate [45]. In the pre-
sent study, OA-injected P. monodon exhibited the increases of RBs, SOD
activity, and clearance efficiency and phagocytic activity against Pho.
damselae, which agreed with the increased resistance of P. monodon to
Pho. damselae. Significant increase in RBs as well as phagocytic activity,
clearance efficiency and resistance against pathogens were also ob-
served in L. vannamei and M. rosenbergii injected with OA [12,13].
These facts suggest that OA promotes humoral and cellular immune
responses leading to rapidly elevate resistance against pathogens in
shrimp, and the elevation in RBs of shrimp receiving OA is correlated
with the increase phagocytic activity.

Actions of biogenic amines were shown to be mediated via the ac-
tivation of G-protein-coupled receptors (GPCRs) pathways, thereby in-
ducing the generation of intracellular second mesesengers like cAMP
and/or Ca?* [8]. In insects, many TA and/or OA receptors have been
identified such as a-adrenergic-like OA receptors (OAaRs), (-adre-
nergic-like OA receptors (OABRs) and OA/TA or TA1 receptors [46,47].
Activation of OAaRs evokes an increase in intracellular Ca®* con-
centration ([Ca2*]i), whereas activation of OApRs induces an increase
in cellular cAMP concentration ([cAMP]i) but no increase in [Ca?*]i
[47,48]. Activation of TA1 receptors results in both a decrease of in-
tracellular [cAMP]i and generation a [Ca®t1i signal [49,50]. Huang
et al. [51] indicate that at low concentration (< 1 pM), OA stimulated
haemocyte spreading and phagocytosis in the larval Lepidopteran, Chilo
suppresalis, and increased intracellular Ca®>*, whereas at high con-
centration (> 10 uM), OA inhibited haemocyte spreading and phago-
cytosis as well as increased both Ca®* and cAMP.

A putative OA/TA receptor in ganglia of M. rosenbergii was cloned
by Reyes-Colén et al. [52]. In M. rosenbergii, using a pharmacologic
experiment, the up-regulated circulating haemocyte and PO activity of
haemolymph via al, a2, 1 and (2-adrenergic-like OA receptors; the
phagocytic activity to pathogen via al, a2 and (2-adrenergic-like OA
receptors, and clearance efficiency to pathogen via al and a2-adre-
nergic-like OA receptors were reported by Kuo and Cheng [13]. In the
present study, OA was observed to upregulate immunocompetence in P.
monodon after receiving OA at 100 and 1000 pmol shrimp ' for 2-4h
then returned to the initial level. Furthermore, [Ca®*]i and [cAMP]i in
haemocyte significantly increased from 30 to 60 min and from 5 to
15 min, respectively, in 1 nmol shrimp ~* OA-injected tiger shrimp, and
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in addition, in 10nmol shrimp~' OA-injected shrimp, [Ca®*]i and
[cAMP]i in haemocyte significantly increased at 30 min and 15 min
then recovered to baseline at 50 min and 30 min, respectively. These
results indicate that shrimp receiving OA at 1nmol shrimp~' might
induced immunocompetence through adrenergic-like OA receptors to
elevate both [Ca®T]i and [cAMPI]i as the intracellular signaling path-
ways in haemocyte, whereas the shrimp receiving OA at 10nmol
shrimp_1 showed an early recovery of [Ca%?*]iand a delayed elevation
of [cAMP]i, compared to those in 1 nmol shrimp71 OA-injected shrimp.
Those support that the different level of exogenous OA might result in
the different expressing pattern of intracellular signaling pathways to
modulate immune performance through adrenergic-like OA receptors.
These findings should be further clarified with the full set of molecular
mechanisms responsible for the biphase response in shrimp.

In conclusion, the present study documented that P. monodon re-
ceiving OA at < 1000 pmol shrimp~* showed the upregulation of hu-
moral and cellular immune responses then led to the increased re-
sistance to Pho. damselae. These effects were regulated through both
Ca®" and cAMP signaling pathways.
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