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Abstract This study investigated the effect of continuous temperature decrease on
hemocyte apoptosis of the white shrimp Litopenaeus vannamei. In the stress group, water
temperature decreased from 26 to 17 °C atarate of 1 °C/h. Shrimp keptat 26 £ 0.5 °C were
used as control group. Total hemocyte count (THC), reactive oxygen species (ROS) pro-
duction, cytoplasmic free-Ca®* (CF-Ca*") concentration, mitochondrial membrane poten-
tial (MMP), apoptotic cell ratio, and caspase-3 activity of L. vannamei hemocytes were
determined when water temperature decreased to 23, 20, and 17 °C, respectively. Increased
ROS production in hemocytes was observed when water temperature decreased to 20 and
17 °C. Decreased THC and cellular MMP, increased CF-Ca®* concentration, apoptotic cell
ratio, and caspase-3 activity were shown when water temperature decreased to 17 °C. These
results indicate that water temperature decrease can induce oxidative stress on shrimp
hemocytes and then cause mitochondria and caspase-3 mediated hemocyte apoptosis and
THC reduction, when water temperature decreased to an unconformable level.

Keywords Temperature decrease - Litopenaeus vannamei - Apoptosis -
Oxidative stress - Caspase-3

Introduction
Water temperature is one of the most important environmental factors which directly affect

the survival, growth, and metabolism of shrimp (Diaz et al. 2004; Spanopoulos-Hernandez
et al. 2005; Kumlu et al. 2010; Zhou et al. 2011). Shrimp farming in southern China has
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been adversely affected by winter mortality for several decades, especially in 2008. Recent
studies of shrimp have shown that acute low temperature stress would induce reactive
oxygen species (ROS) production and hemocyte apoptosis, increase caspase-3 transcription
and activity levels, cause DNA damage and lipid peroxidation, reduce the immune func-
tions and resistance against pathogen infection (Cheng et al. 2005; Wang et al. 2009;
Chang et al. 2009; Qiu et al. 2011). These studies conducted acute low temperature stress
experiment by transferring rapidly from a suitable temperature to a low temperature.
However, in the natural environment, water temperature fluctuation is more complicated,
and shrimp may suffer in the process of water temperature decrease. So far, only few study
focus on the effects of temperature decrease on shrimp (Zhou et al. 2011).

Hemocytes play an essential role in physiology and immune defense of shrimp
(Johansson et al. 2000). Loss and damage of circulating hemocytes would depress the
immune ability, increase the susceptibility against pathogens, and even endanger the
survival (Lorenzon et al. 1999; Cheng et al. 2005; Rodriguez-Ramos et al. 2008). Rapid
low temperature transfer has been reported to cause total hemocyte count (THC)
reduction which resulted from increased apoptotic hemocytes (Chang et al. 2009).

In crustacean, it had been reported that ROS overproduction could be induced by
various stress factors, such as Cu>* (Xian et al. 2010), pH (Wang et al. 2009), nitrite (Xian
et al. 2011), and bacterial lipopolysaccharide (Xian et al. 2012). Oxidative stress was also
found to be a damage mechanism of rapid low temperature transfer on shrimp (Qiu et al.
2011).

Oxidative stress is known to be an important induction factor for cell apoptosis (Ermak
and Davies 2001). ROS overproduction paralleled hemocyte apoptosis was observed in
shrimp exposed to some environmental stress factors (Xian et al. 2010, 2011). Mito-
chondria play a major role in apoptosis occurrence. Disruptions of mitochondrial functions
are important events in cell apoptosis, such as loss of mitochondrial membrane potential
(MMP), mitochondrial permeability transition, and release of cytochrome ¢ (Green and
Reed 1998; Orrenius 2007). Furthermore, mitochondrion is one of the main sites of ROS
generation (Orrenius 2007). Cytoplasmic free-Ca>* (CF-Ca®") concentration elevation and
caspase-3 activation are also important events of early apoptosis (Porter and Janicke 1999;
Ermak and Davies 2001). Previous research has demonstrated that rapid low temperature
transfer induced apoptosis of Litopenaeus vannamei hemocytes via caspase-3 pathway
(Chang et al. 2009).

We speculate that similar to the rapid low temperature transfer, water temperature
decrease would also induce hemocyte apoptosis. The present study is aimed to find out the
temperature point of apoptosis occurrence and to confirm which apoptotic events happen.
THC, ROS production, CF-Ca** concentration, MMP, apoptotic cell ratio, and caspase-3
activity of L. vannamei hemocytes were measured when the water temperature decreased
from 26 to 17 °C at a rate of 1 °C/h.

Materials and methods

Animals

The experimental shrimp L. vannamei were obtained from a commercial shrimp farm in
Guangdong Province, China. They were maintained in the laboratory with diluted seawater

at 5 %o, pH 7.9-8.0 and controlled temperature (26 £ 0.5 °C), with continuous water
circulation. Prior to experimental use, animals were acclimated to the laboratory conditions
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for 1 week and fed twice daily with shrimp feed (40 % protein, 5.0 % fat, 5.0 % fiber, and
16 % ash, supplied by a commercial diet, China). Only apparently healthy shrimp in the
intermolt stage were used.

Temperature decrease trial

One hundred and twenty shrimp individuals with an average weight of 7.58 £ 0.21 g were
randomly divided into six plastic tanks (50 cm x 35 cm x 30 cm), with 20 individuals
per tank. Air pumps were turned on for continuous aeration. Two artificial climate incu-
bators (temperature range 5-50 °C, RXZ-500D, Ningbo Dongnan Instrument Limited
Company, China) were used for water temperature control. In one artificial climate
incubator, water temperature of three tanks (stress group) was decreased from 26 to 17 °C
at a rate of about 1 °C/h. In the other incubator, three tanks were maintained at
26 £ 0.5 °C as control group. Shrimps were not fed 24 h before trial to avoid interference
of diet (Gonzalez et al. 2010).

Preparation of hemocyte suspension and total hemocyte count (THC)

Hemolymph (300 pl) was withdrawn from the pericardial sinus of each shrimp with 25
gage needle and 1.5 ml syringe containing an equal volume of ice-cold anticoagulant
solution (27 mM trisodium citrate, 385 mM sodium chloride, 115 mM glucose, pH 7.5)
(Xian et al. 2012), when the water temperature in the stress group decreased to 26, 23, 20,
and 17 °C. At each temperature, nine shrimps of each group from three tanks were
analyzed.

A drop of hemolymph sample (10 pl) was placed on a hemocytometer to measure THC
with light microscope (Olympus). One hundred microliters hemolymph was transferred to a
new tube kept on ice for caspase-3 activity assay. The remaining diluted hemolymph was
diluted with anticoagulant solution to obtain a final concentration of about 1 x 10° cells/ml
and then used for the flow cytometric analysis of ROS production, CF-Ca*" concentration,
MMP, and apoptotic cell ratio.

Reactive oxygen species (ROS) production

The cell-permeant probe 2’,7'-dichlorofluorescein diacetate (DCFH-DA, Sigma) was used
to monitor the level of ROS as described previously (Xian et al. 2012). A volume of 200 pl
hemocyte suspension was incubated with 10 pM DCFH-DA for 30 min in the dark at room
temperature. Then, the DCF fluorescence (FL1-H) in hemocytes was recorded by flow
cytometer (Becton-Dickinson FACSCalibur). ROS production was expressed as mean
fluorescence of DCF.

Cytoplasmic free-Ca®" (CF-Ca®") concentration

The cell-permeant probe fluo-3/acetoxymethyl ester (fluo-3/AM, Sigma) was used to
monitor the concentration of CF-Ca>" as described previously (Xian et al. 2012). A vol-
ume of 200 pl hemocyte suspension was incubated with 10 pM fluo-3/AM for 30 min in
the dark. Then, the fluo-3 fluorescence in hemocyte was analyzed by flow cytometer. CF-
Ca*" concentration was expressed as mean fluorescence of fluo-3.
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Mitochondrial membrane potential (MMP)

Mitochondrial membrane potential change was examined using the MMP-sensitive fluo-
rescent dye 5,5',6,6'-tetrachloro-1,1’,3,3'-tetraethylbenzimidazoylcarbo-cyanine iodide
(JC-1, Sigma). JC-1 emits light at red and green wavelengths according to its concentra-
tions absorbed by the mitochondrion: JC-1 forms aggregate which emits orange-red
fluorescence at a normal MMP, but MMP decrease would cause increase in JC-1 monomer
which emits green fluorescence. Therefore, the red fluorescence and green fluorescence of
the JC-1 reflect the change in MMP. A volume of 200 pul hemocyte suspension was
incubated with 10 pM JC-1 at room temperature for 30 min in the dark. Then, the
hemocytes were analyzed by flow cytometer. Results were expressed as JC-1 red-fluo-
rescent/JC-1 green-fluorescent dot plot. The percentage of MMP decreased cells was
analyzed.

Apoptotic cell ratio

The apoptotic hemocytes were examined using Vybrant® Apoptosis Assay Kit #2
(Invitrogen) following the manufacturer’s instructions. Annexin V-Alexa Fluor® 488 is
used to quantitatively determine the percentage of cells that are actively undergoing
apoptosis. Propidium iodide (PI) is a viability probe and used to distinguish viable cells
from nonviable cells. A volume of 300 pl hemocyte suspension was centrifuged
(800xg for 10 min at 4 °C) and then resuspended at about 3 x 10° cells/ml in 1x
Annexin V binding buffer. One hundred microliters of hemocyte sample was stained
with 5 pl of Annexin V-Alexa Fluor® 488 and 1 pl of 100 pg/ml PI working solution for
15 min in the dark. Then, 400 pl 1x Annexin V binding buffer was added to each tube,
and the cells were immediately analyzed by flow cytometer. Typically, 10,000 events
were collected using excitation/emission wavelengths of 488/525 and 488/675 nm for
Alexa Fluor® 488 and PI, respectively. Results were expressed as Annexin V-Alexa
Fluor® 488/PI dot plot (Fig. 6). Cells stained negative with both probes represent live
cells (quadrant a). Cells stained positive with Annexin V-Alexa Fluor® 488 and negative
with PI are early apoptotic cells (quadrant b). Cells stained positive with both Annexin
V-Alexa Fluor® 488 and PI are in the end stage of apoptosis, undergoing necrosis, or
already dead (quadrant c). Apoptotic cell ratio was expressed as the percentage of cells
in quadrant b and c.

Caspase-3 activity

Caspase-3 activity was measured spectrophotometrically using a caspase-3 activity
assay kit (Beyotime, China) following the manufacturer’s instructions with a slight
modification. Optical density of chromophore p-nitroaniline (pNA) produced from Ac-
DEVD-pNA cleaved by caspase-3 was quantified at 405 nm. Hemolymph (100 pl) was
centrifuged at 800xg, 4 °C for 10 min. The supernatant was discarded, and the pellet
was resuspended in 100 pl cell lysis buffer on ice for 15 min and then centrifuged at
20,000x g, 4 °C for 15 min. The supernatant (60 pl) was incubated for 12 h at room
temperature with 120 pl caspase assay buffer and 20 pl Ac-DEVD-pNA (10 mM). The
optical density at 405 nm was measured using a microplate reader (iMark™, BIO-
RAD) and was estimated from the absorbance readings after O and 12 h incubation
with Ac-DEVD-pNA.
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Statistical analyses

Cell Quest® software (Becton—Dickinson Immunocytometry Systems, San Jose, CA, USA)
was used to create logical regions and color gating analyses of fluorescence data. All data
are presented as mean =+ standard deviation for three replications. A multiple comparison
(Tukey) test was conducted to compare the significant differences of the data using SPSS
13.0 program (SPSS Inc., Chicago, IL, USA). A p value <0.05 was considered significant.

Results

THC

The mean of THC ranged from 137.3 £ 15.37 x 10° to 97.0 £ 6.2 x 10° cells/ml as
temperature decreased from 26 to 17 °C. There was no significant difference in THC when
water temperature decreased to 23 and 20 °C. When water temperature decreased to 17 °C,
THC decreased significantly by 29.4 % compared to the initial level (Fig. 1).

ROS production

The ROS content of hemocytes increased from 63.9 £ 12.5 to 200.3 £ 38.5 as temper-
ature decreased from 26 to 17 °C. ROS production increased significantly by 119.3 and
213.4 9% compared to the initial level, when water temperature decreased to 20 and 17 °C,
respectively, while no significant difference in ROS production of hemocytes was observed
among shrimp kept at 26 °C at the different sampling times (Figs. 2, 3).

CF-Ca®* concentration

Significant increase in CF-Ca®" concentration was observed when the water temperature
declined to 17 °C, compared to the level at the initial temperature, while no significant
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Fig. 1 Total hemocyte count of L. vannamei in control group (kept at 26 £ 0.5 °C) and stress group (water
temperature decreased from 26 to 17 °C at a rate of 1 °C/h). Dates in the same group with different letters
are significantly different (p < 0.05). N = 9 shrimps
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Fig. 2 Reactive oxygen species production distribution histogram of hemocytes from L. vannamei when
water temperature was 26 °C (a) and 17 °C (b)
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Fig. 3 Reactive oxygen species production in hemocytes from L. vannamei in control group (kept at
26 + 0.5 °C) and stress group (water temperature decreased from 26 to 17 °C at a rate of 1 °C/h). Dates in
the same group with different letters are significantly different (p < 0.05). N = 9 shrimps
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difference in CF-Ca®" concentration of hemocytes was observed among shrimp kept at
26 °C at the different sampling times (Figs. 4, 5).

MMP

The initial percentage of MMP decreased cells (R2) was 2.7 £ 0.2 %. There was no
significant change in MMP while water temperature was decreased from 26 to 20 °C.
When the water temperature dropped to 17 °C, MMP of hemocytes significantly
decreased, and the percentage of MMP decreased hemocytes increased to 11.9 + 1.6 %
(Figs. 6, 7).

Apoptotic cell ratio

The initial ratio of apoptotic hemocytes was 2.7 £ 0.6 %. The percentage of apoptotic
hemocytes was not affected by temperature decrease from 26 to 23 and 20 °C. Apoptotic
cell ratio of hemocytes significantly increased to 10.8 & 1.0 % when water temperature
decreased to 17 °C (Figs. 8, 9).
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Fig. 4 Cytoplasmic free-Ca>" concentration distribution histogram of hemocytes from L. vannamei when
water temperature was 26 °C (a) and 17 °C (b)
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Fig. 5 Cytoplasmic free-Ca®>" concentration in hemocytes from L. vannamei in control group (kept at
26 £ 0.5 °C) and stress group (water temperature decreased from 26 to 17 °C at a rate of 1 °C/h). Dates in
the same group with different letters are significantly different (p < 0.05). N = 9 shrimps

Caspase-3 activity

The caspase-3 activity in hemocytes of shrimp in stress groups significantly increased by
182.3 % when water temperature decreased to 17 °C, while no significant difference was
observed among shrimp kept at 26 °C at the different sampling times (Fig. 10).

Discussion

Hemocytes play vital role in immunity and physiology of crustaceans. THC is known to be
an important indicator for immune function. Decrease in hemocyte number in crustaceans
might lead to impaired immune capability, decreased resistance to bacterial infection and
ultimately death (Cheng et al. 2005; Xian et al. 2010). The number of hemocytes could
be modulated by various factors, such as salinity (Wang and Chen 2006a), ammonia
(Rodriguez-Ramos et al. 2008), nitrite (Xian et al. 2011), Cu?* (Xian et al. 2010), and
pathogens (Li et al. 2008). Rapid low temperature transfer has also been reported to
result in decrease in hemocyte count in white shrimp L. vannamei (Cheng et al. 2005;
Chang et al. 2009; Qiu et al. 2011), tiger shrimp Penaeus monodon (Wang and Chen
2006b), giant freshwater prawn Macrobrachium rosenbergii (Cheng and Chen 2000), and
lobster Panulirus interruptus (Gomez-Jimenez et al. 2000). For the white shrimp L.
vannamei transferred from 28 to 24 and 20 °C, the THC decreased significantly after
24 h (Cheng et al. 2005). Another study reported that THC significantly reduced when L.
vannamei were rapidly transferred from 28 to 22 °C for 2 days (Chang et al. 2009).
Effect of temperature decrease on THC was analyzed in the present study. THC did not
change when temperature decreased from 26 to 20 °C at a rate of 1 °C/h. Significant
decrease in THC only could be observed when water temperature reduced to 17 °C
(Fig. 1). This result suggests that the process of temperature decrease has similar effect
with rapid low temperature transfer on the hemocyte count of shrimp. There is no doubt
that the rapid transfer is a more acute stress than temperature decrease. Suppression in
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Fig. 6 Mitochondrial membrane potential dot plot of hemocytes from L. vannamei when water temperature
was 26 °C (a) and 17 °C (b). MMP normal cells are located in region 1 (R1). MMP decreased cells are
located in region 2 (R2)

THC reduction did not occur until temperature decreased to 17 °C in the present study,
but could be observed when shrimp transferred from 28 to 24 °C (Cheng et al. 2005).
It has previously been reported that a small increase in ROS is considered to be ben-
eficial with respect to increased immunity (Raman et al. 2008). In contrast, high ROS
generation may be cytotoxic and lead to oxidative damage to tissue macromolecules
including DNA, proteins, and lipids (Orrenius 2007). Previous studies had showed that
oxidative stress was one of the damage mechanisms for acute low temperature stress (Qiu
et al. 2011). The ROS level in L. vannamei hemocyte increased at 3 h after transfer from
25 to 12 °C (Qiu et al. 2011). Inversely, another study showed that content of superoxide
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Fig. 7 Mitochondrial membrane potential of hemocytes from L. vannamei of L. vannamei in control group
(kept at 26 £ 0.5 °C) and stress group (water temperature decreased from 26 to 17 °C at a rate of 1 °C/h).
Dates in the same group with different letters are significantly different (p < 0.05). N = 9 shrimps

anion (O, ") in shrimp hemocyte reduced at 24 h after transfer from 28 to 20 °C (Cheng
et al. 2005). However, this study did not measure the change of other ROS, such as H,O,
and OH. In the present study, significant increases of ROS content occurred when water
temperature decreased to 20 and 17 °C. The results may suggest that temperature decrease
also induce oxidative stress on shrimp hemocytes.

Many studies have demonstrated that intracellular ROS generation is intimately asso-
ciated with apoptotic cell death (Ermak and Davies 2001; Oh and Lim 2006; Orrenius
2007; Xian et al. 2010, 2012). We measured the hemocyte apoptosis by the detection of
phosphatidylserine (PS) externalization. Results of apoptosis indicators showed the dam-
age of temperature decrease on hemocytes (Fig. 8). Increase in apoptotic cell ratio was
observed when water temperature decreased to 17 °C (Fig. 9). Pervious study of acute low
temperature stress showed that percentage of apoptotic hemocytes increased by 88.7 and
200.1 %, after shrimps L. vannamei were transferred from 28 to 22 °C for 2 and 7 days,
respectively (Chang et al. 2009). These results indicate that both temperature decrease and
temperature transfer would cause hemocyte apoptosis in shrimp. ROS has also been
demonstrated to induce cell apoptosis.

Calcium acts as a secondary messenger in a variety of cellular processes. Marked
elevations of CF-Ca*" activate hydrolytic enzymes and then lead to cell apoptosis (Nic-
otera and Orrenius 1998). Our results showed that significant increase in CF-Ca”>* con-
centration was observed when water temperature decreased to 17 °C. This result correlated
well with the increased apoptotic ratio at the same temperature, suggesting that Ca>* might
play a major role in apoptosis induced by temperature decrease. The increased CF-Ca*"
concentration also correlated well with the elevated production of ROS, indicating that
elevated Ca>" content in the cytoplasm resulted from oxidative stress, as reported in
diverse cell types (Ermak and Davies 2001; Mehta and Shaha 2006).

Mitochondrial membrane potential is maintained in a definite degree to sustain the
physiological activity in normal cells (Orrenius 2007). Excessive ROS seems to be lethal
by inducing the opening of mitochondrial permeability transition pore and leading to the
disruption of MMP (Green and Reed 1998; Orrenius 2007). MMP collapse is considered to
be an early apoptotic event (Green and Reed 1998). In the present study, loss of MMP
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Fig. 8 Apoptosis dot plot of hemocytes from L. vannamei when water temperature was 26 °C (a), and
17 °C (b). Live cells are located in quadrant a. Early apoptotic cells are located in quadrant b. Late apoptotic
cells and necrotic cells are located in quadrant c. Cell debris are located in quadrant d

occurred when water temperature decreased to 17 °C, presenting a positive correlation
with the elevation of ROS production. These results suggest that MMP collapse caused by
temperature decrease may be modulated by ROS-mediated signaling pathways.

Caspase activation plays a central role in the execution of programmed cell death (Shi
2004). Caspase-3 is a frequently activated death protease, catalyzing the specific cleavage
of many key cellular proteins (Porter and Janicke 1999). Knocking down caspase-3 by
RNAI reduced mortality in L. vannamei challenged with a low dose of white-spot syn-
drome virus (Rijiravanich et al. 2008). Caspase-3 in L. vannamei hemocytes could be
induced by acute low temperature transfer (Chang et al. 2009). In the present study,
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Fig. 9 Apoptotic cell ratio of hemocytes from L. vannamei in control group (kept at 26 + 0.5 °C) and
stress group (water temperature decreased from 26 to 17 °C at a rate of 1 °C/h). Dates in the same group
with different letters are significantly different (p < 0.05). N = 9 shrimps
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Fig. 10 Caspase-3 activity of hemocytes from L. vannamei in control group (kept at 26 £ 0.5 °C) and
stress group (water temperature decreased from 26 to 17 °C at a rate of 1 °C/h). Dates in the same group
with different letters are significantly different (p < 0.05). N = 9 shrimps

caspase-3 activation occurred when water temperature decreased to 17 °C, indicating that
the increased caspase-3 activity contributed to the occurrence of hemocyte apoptosis
induced by temperature decrease.

The present study clearly demonstrated the occurrence of apoptosis in shrimp hemocyte
when water temperature decreased to 17 °C. Apoptotic events characterized by CE-Ca**
increase, MMP loss, PS externalization, and caspase-3 activation paralleled ROS content
elevation in terms of temperature response, suggesting that hemocyte apoptosis induced by
temperature decrease was mediated by superfluous ROS. Under stress of temperature
decrease, ROS overproduction triggers hemocyte apoptosis via the caspase-3 dependent
pathway and the mitochondrial pathway. On the other hand, our findings showed that at a
decrease rate of 1 °C/h, 17 °C is the unconformable point of water temperature. This fact
suggests that shrimp farmers should do defensive measures before the water temperature
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decreases to 17 °C at this situation. However, the decreasing rate of water temperature may
also affect the unconformable point. More studies should be done to confirm the influence
of decreasing rate.
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