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Cooling combined with hyperoxic
CO, anesthesia is effective in
Improving the air exposure duration
s Of tilapia
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Tilapia were subjected to cooling (CO, a stepwise reduction in temperature from 30°C to 15 °C),

. anesthesia (AN, anesthetized by hyperoxic carbon dioxide), air exposure (AE, exposed to air) and cold

. tolerance (CT, in 15 °C water) treatments, and the physiological responses were determined after the

: treatments. CO followed by AN treatment for tilapia could meet the criteria of an ideal anesthetic.

. Fish were deeply sedated within 69 s, completely anesthetized within 276 s and recovered within 308 s

. without any mortality. The stress responses induced by the CO&AN treatment were mild, whereas they
. were consistently increased in the AE treatment. Furthermore, the AE treatment caused tissue damage.
. The AE duration was significantly improved by CO&AN treatment, and the survival time of the CO&AE,
. AN&AE and CO&AN&AE treatments were 313 min, 351 min and 561 min, respectively, in the laboratory
. experiments, whereas the survival rate of the COXAN&AE treatment group after 240-min air exposure

© was 95.2% in the pilot test. It appeared that cooling followed by hyperoxic CO, anesthesia would be

. suitable for handling tilapia in a short-time air exposure procedure.

© Air exposure can induce acute stress in fish, and asphyxia is the major stressor caused by air exposure, which
* induces serious physiological disturbances in fish, including variations of cortisol, glucose and lactate in plasma,
. hematological responses, visceral organ damage and, finally, mortality'. Temperature and stress during air expo-
: sure are the major factors linked to survival rate. Fish have an optimal temperature range, in which no physiologi-
cal disturbances occur, and the metabolic rate is proportional to temperature within this range?. A higher survival
- rate was found in bluegill after air exposure at a low temperature compared with the treatment performed at a
. high temperature®. Therefore, regulation by reducing stress and temperature could be a method for improving the
© air exposure duration of fish.
: Anesthetics are usually used for sedation in fishery operations*>. In our previous study?, tilapia were anesthe-
. tized by 3-aminobenzoic acid ethyl ester methanesulfonate (MS-222), and the results showed that anesthetized
. fish had a prolonged air exposure duration. Although MS-222 remains the only fish anesthetic that has been
approved by the Food and Drug Administration (FDA) in the United States, fish treated with MS-222 are not
edible until after a 21-day withdrawal period’. Therefore, the use of MS-222 in food aquatic products is limited.
However, a CO, water solution was assessed to be an effective anesthetic for aquatic animals, and CO, is safe and
is not a risk to humans®. Although this has advantages, the stress caused by CO, cannot be neglected’. Sandblom
et al.® anesthetized Arctic char (Salvelinus alpinus L.) and Kugino et al.’® anesthetized chicken grunts with oxy-
genated CO,, and the results suggested that hyperoxic CO, was effective and even essential in anesthesia and
reducing stress.

The metabolic rate of fish decreases with decreasing temperatures, and oxygen consumption is lowered in cold
adapted fish?. Although live chilling is a widely used method for fish sedation'!, the rapid decrease in temperature
can result in a number of physiological, behavioral and fitness consequences for fish, termed “cold shock™?2. The
stress response is proportional to the magnitude and the rate of decreased temperature'?. A stepwise reduction
in temperature is necessary to lower the stress response'®. Tilapia are mostly farmed in tropical and subtropical

© regions, and the capture temperature is between 25 and 28 °C'%, which indicates that tilapia are usually exposed
. to a high temperature in the fishery. Therefore, cooling via a stepwise reduction in temperature from ambient
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Figure 1. Ventilation rates and time points of each stage in anesthesia and recovery. This experiment was
carried out in triplicate. All values are means & SD (n=15, 5 per replicate).

temperature to approximately the lethal temperature for tilapia may be necessary for lowering the metabolic rate
and stress response in tilapia.

The objective of this study was to improve the air exposure duration of tilapia by combining cooling with
hyperoxic CO, anesthesia. The results from this study are useful for developing a new strategy of handling tilapia
in a short-time air exposure procedure during fish processing.

Results

Behavioral responses to anesthesia. Fish showed adverse behavior, such as escaping at the beginning
(within 30s), and then, they calmed down quickly. All of the subjected fish were deeply sedated within 69s,
completely anesthetized within 276 s and recovered within 308 s without any mortality. In the anesthesia process,
hyperventilation was noted at the beginning and then decreased gradually to 7 beats/min in the end. In the recov-
ery process, ventilation rates elevated gradually from 7 beats/min at 0s to 56 beats/min at 300's (Fig. 1).

Plasma parameters. In the anesthesia experiment, the primary response (cortisol) significantly elevated
10 min after anesthesia, persistently increased within 30 min of recovery, and decreased to baseline until 90 min
of recovery. For secondary responses, only HCT increased after anesthesia, but elevations in glucose and lactate
were noted at 30 min of recovery. Afterward, HCT and glucose returned to basal values after 90 min of recovery
(Table 1).

Cortisol was elevated in the CO&AN&CT treatment, and moreover, it increased 3.5-fold in the CO&AN&AE
treatment. The maximums of glucose, AST, ALT, RBCs and HCT were all noted in the CO&AN&AE treatment.
Lactate significantly increased after the CO treatment and then returned to the basal value after the CO&AN&CT
treatment, whereas it exhibited a 5-fold increase in the CO&AN&AE treatment (Table 1).

Survival rates during air exposure. The survival rates in air exposure for each laboratory treatment are
exhibited in Table 2. Mortality occurred after 480 min in the CO&AN&AE treatment, and a large portion of
deaths did not occur until 540 min after air exposure. However, mortality occurred after 240 min of air expo-
sure in both the CO&AE and the AN&AE treatments, and no living fish were found after 420 min and 480 min,
respectively.

In the pilot test, after the 240-min air exposure procedure, 452 living fish were found in the CO&AN&AE
treatment group, and the survival rate was 95.2%. By contrast, no survivors were found in the control group.

Discussion

Tilapia could be completely anesthetized by hyperoxic CO, and recovered without any mortality in the present
study, which indicated that hyperoxic CO, anesthesia was efficient for tilapia. An effective anesthetic should
induce anesthesia within 3 min and allow recovery within 5 min’. The induction time (276s) and recovery time
(3085s) were both longer than the criteria. However, for some operations in aquaculture, fish under deep sedation
(A2, 695 in the present study) should be sufficient. If fish were excessively anesthetized by hyperoxic CO,, hyper-
capnia and a decrease in blood pH could be induced and could result in direct or delayed mortality®!>, which
would surely compromise the survival rate during air exposure. Furthermore, in our previous study, the highest
survival rate of the anesthetized tilapia was noted when fish were anesthetized in the A2 stage®. Therefore, in
the present experiment, fish were merely anesthetized into a state of deep sedation (A2) to minimize stress and
avoid hypercapnia. In comparison with other reports”!!, the present study seemed to be more effective, and the
difference might be due to the environment (such as temperature, ions, and water) and species. The temperature
was 30 °C for tilapia but 10 °C for Arctic char. The lower temperature meant a higher CO, concentration and a
state of lower metabolic rate, which caused a shorter induction time and a longer recovery time. With the high
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10 min anesthesia | 73.3 +8.4¢ 8.5+0.5¢ 1.2£02¢ ND ND ND 33.7+£1.2°
Anesthesia experiment | 30min recovery | 104.3+14.7° 14.9+1.4° 2.440.3% ND ND ND 31.7+1.5%
90 min recovery | 47.2+6.4¢ 8.9+0.5¢ 2.7+£0.5® ND ND ND 30.0+ 1.0
Rest 53.5+£7.3¢ 9.5+1.6¢ 0.9+0.3¢ 82.0£11.0° 33.0+£10.8° 2.8+0.1° 28.5+1.0¢
co 77.1£10.7¢¢ 14.74+1.3° 2.0+1.70d 105.3 +£8.0° 30.7+£10.8" 23406 2534644
g;:‘iflf":;‘tre CO&AN&CT 93.046.6 12.840.5% 0.640.3¢ 1143+ 12.1° 413+16.3 28+0.1° 3134120
CO&AN&AE 186.0+8.6° 21.6+0.9* 4.742.0° 22434237 128.0+30.0° 3.6+0.1° 39.742.3

Table 1. Hematological responses to anesthesia and air exposure experiment in tilapia. 10 min anesthesia,

30 min recovery and 90 min recovery refer to the anesthesia experiment; CO, CO&AN&CT and CO&XAN&AE
refer to the air exposure experiment. CO = cooling, CO&AN&CT = cooling, anesthesia and cold tolerance
control, CO&AN&AE = cooling, anesthesia and air exposure treatment, ND = not detected. Values are

means £ SD (n= 10, 5 per replicate). Different letters indicate significant differences (P < 0.05) between
treatments. Rest values were taken from fish without any treatment (30°C).

CO&AN&AE 1000 1000 1000 1000 100+0 9312 67112 20£0 712 561£57*
CO&AE 100+0 93+12 67112 40420 0 0 0 0 0 313+£57°
AN&AE 1000 9312 6010 40+12 33+12 0 0 0 0 351+£79°

Table 2. Survival rates and survival time of each laboratory treatment. CO&AN&AE = cooling, anesthesia and
air exposure treatment, CO&AE = cooling and air exposure control, AN&AE = anesthesia and air exposure
control. All treatments were run in triplicate (n =15, 5 per replicate). Values are presented as the mean =+ SD.
Significant differences (P < 0.05) between the survival times of each treatment are indicated by different letters.

concentration of ions in the marine environment, the solubility of CO, is reduced; thus, it is more difficult to
achieve sedative concentrations of CO, in salt water than in fresh water!'!. Additionally, CO, excretion occurs
more readily in the marine environment, making it more difficult for hypercapnia to be induced in marine spe-
cies. Moreover, tilapia have many positive attributes (such as tolerance for poor water quality and tolerance to
handling and crowding)'¢; thus, tilapia were effectively anesthetized by the hyperoxic CO, exposure treatment.

The ventilation response of tilapia was in agreement with that of Arctic char exposed to hyperoxic CO,’, and
a slight elevation in the ventilation rate was noted at the beginning of anesthesia exposure (Fig. 1). High concen-
trations of CO, inhibited the combination of O, and hemoglobin, so the ventilation rate of the conscious fish
increased for O, intake. The ventilation rate was positively correlated with oxygen consumption and the metabolic
rate'”. According to the ventilation results, the metabolic rate of anesthetized tilapia decreased. The physiological
responses of anesthesia suggested that hyperoxic CO, seemed to be an ideal anesthetic for tilapia.

Cortisol, glucose and lactate are common indicators of stress'®. Cortisol is primarily associated with eliciting
metabolic shifts in accordance with escape responses’. The increasing of glucose was caused by glycogenolysis
and/or gluconeogenesis, which were/was elevated by cortisol. Lactate is an important product of glucose and was
produced via anaerobic metabolism during heightened swimming activity!>?. In the AN treatment, cortisol,
glucose and lactate reached their peak values at 30 min during recovery and returned to basal values at 90 min
post-recovery (except for lactate). These results were in agreement with those of Sandblom et al.®, who detected
the maximum at 30 min post-recovery in Arctic char following 10 min of hyperoxic CO, exposure. The maximum
of cortisol in Arctic char was approximately 245 nmol/L, which was 4-fold its basal value, and the elevated cor-
tisol level was higher in Arctic char than that in tilapia of the present experiment. In the present experiment, the
stress responses of tilapia caused by hyperoxic CO, exposure resulted in changes in cortisol, glucose and lactate.
However, this stress was mild and temporary, and tilapia was suitable for hyperoxic CO, exposure.

No behavioral disturbances were observed in the CO treatment, which suggested that brain functions of tila-
pia were not compromised with the temperature reduction. The indicators of hormonal and metabolic stress
responses increased slightly after the CO treatment, and the glucose and lactate levels decreased after the CT
treatment, which indicated that the slight stress caused by CO was relieved during CT. This result was in agree-
ment with that of Chen et al.?!, who challenged tilapia by temperature reduction from 25°C to 12 °C within
30min. The results of the physiological responses demonstrated that the rate of temperature drop in the present
experiment did not induce “cold shock” in tilapia.

The CO&AN&CT treatment was deliberately set to be identically to the CO&ZAN&AE treatment, except for
holding in water as a sham control group to isolate and analyze the stress caused by AE. The present data illus-
trated that the AE treatment elicited a much more severe stress response compared with the CT treatment, as most
parameters dramatically changed after the AE treatment (Table 1). Similar results were also found in Largemouth
Bronze Gudgeon (Coreius guichenoti)® and cobia?® challenged to air exposure for 1 min. Interestingly, lactate
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returned to its basal value in the CT treatment, whereas it subsequently increased in the AE treatment, because
lactate caused by CO generally lasted short term and recovered over a short period'?. Therefore, lactate dissipated
from the bloodstream during CT, while it was produced during AE. AST and ALT are intracellular enzymes,
and they are indicators of cell tissue damage, as their functions are restricted to the intracellular space, and they
are only released in the blood stream upon cell damage or death?. In the present experiment, increases in AST
and ALT were induced by AE rather than temperature drop because there were no significant changes in the
CO&AN&CT treatment, while they significantly increased in the CO&AN&AE treatment. Similar results were
also noted in the common carp? and Largemouth Bronze Gudgeon® after air exposure.

Fish suffered acute anoxia during air exposure. To cope with the respiratory stress, some species of teleost,
such as bonefish*, loricariid fish* and the common carp?, increased their oxygen-carrying capacity, which was
accomplished by releasing stored red blood cells (RBCs), accelerating the maturation of circulating immature
RBCs and/or stimulating erythropoiesis?>*. In the present experiment, RBCs significantly increased after AE
treatment, which suggested that new RBCs were compensated during AE. Releasing additional RBCs and eryth-
rocytic swelling could induce an elevation in HCT, and HCT was another common stress indicator for fish'®. The
HCT of tilapia was significantly elevated by air exposure (Table 1) to increase the capacity of oxygen binding.

Obviously, both cooling and anesthesia played important roles in improving air exposure duration and
increasing the survival rate of air exposure. Physiological responses during air exposure resulted in elevated cor-
tisol, which was a predictor of mortality'. Although the cortisol responses were different among species and
experiment protocols, the value of cortisol in tilapia (186 nmol/L, Table 1) was less than those in other species
after air exposure, such as 883 nmol/L in Largemouth Bronze Gudgeon?? and 634.8 nmol/L in cobia®. The limited
cortisol response might explain why anesthetized tilapia had prolonged air exposure duration.

When fish were out of water, high temperatures accelerated tissue energy consumption®. Mortality occurred
due to asphyxia, depletion of tissue energy and severe physiological disturbances caused by air exposure!.
Temperature was highly related to the survival rate of air exposure; for example, little skate (Leucoraja erinacea)
exposed to air for 50 min, both in winter (1°C) and summer (27 °C), had a mortality rate of 27% in the winter
group and 100% in the summer group?®. In the present study, cooling could lower the energy consumption of
fish; thus, cooled tilapia exhibited improved air exposure duration. Although the AN&AE treatment was also
performed at a low temperature, the large magnitude of temperature reduction, which induced additional stress,
impaired the duration of air exposure. Additionally, the increase in RBCs of tilapia during air exposure improved
the capacity of oxygen binding, which might be another reason that tilapia had a much longer air exposure dura-
tion than other species.

To verify whether cooling followed by hyperoxic CO, anesthesia had good sedative effects and prolonged
the survival time during air exposure, a pilot test was performed. In the pilot test, although the survival rate was
compromised compared with the laboratory experiment, the survival rate was improved by cooling combined
with anesthesia. The different results between the laboratory experiment and the pilot test were primarily caused
by the additional stress during handling and air exposure, including the retention prior to capture, the sunniness
in capture and the handling process, and the noise and shaking during transport. In further research, to achieve a
higher survival rate or a longer air exposure duration, cooling would be prolonged prior to anesthesia, and han-
dling stress would be lowered to avoid hypercapnia.

It is necessary to keep fish sedated when they are exposed to air for a short time (approximately 10-240 min,
depending on the distance of transport and process scale) during the transport and processing procedure (grad-
ing, weighing, slaughter, etc.). The results of the pilot test implied that cooling followed by hyperoxic CO, anes-
thesia had good sedative effects and prolonged the survival time during air exposure in the present study. The
use of CO, anesthesia in bony fish is controversial, and some people are strongly against it. However, in our
present experiment, cooling followed by hyperoxic CO, anesthesia for tilapia could meet the criteria of an ideal
anesthetic: safe for fish and consumers; inexpensive; easy to handle; and short induction time and recovery time’.
Therefore, cooling followed by hyperoxic CO, anesthesia could be applied in handling tilapia in a short-time air
exposure procedure during fish processing.

Methods

Animal holding and general experimental protocol.  All of the experiments were performed according
to the guide of the National Research Council (US) Committee for the care and use of laboratory animals and the
ethical permit approved by the Animal Ethics Committee of Guangxi University. Farmed tilapia (Oreochromis
niloticus) with weights ranging from 500-550 g were purchased from a local freshwater farm and transported
with a tank full of air aerated freshwater (no anesthetics) to the laboratory within 20 min at a density of 250 g/L.
They were placed in the laboratory for two days before the experiment, in continuously aerated 50 L tanks, and the
stocking density was 20 fish per tank (30 +2°C, pH 6.8-7.2, dissolved oxygen 9 mg/L).

Behavioral response experiments were performed prior to hematological response experiments, and the pilot
test was performed last. Specifically, behavioral responses of anesthesia (anesthesia time, recovery time, ventila-
tion rate, efc.) and air exposure (survival rate) were determined. Afterward, these experiments were performed
once again, and blood samples were taken at the settled time for hematological parameter detection.

Anesthetic preparation. The hyperoxic CO, saturated water solution was prepared by bubbling CO,/O,
(1.0L/min) mixture into 20 L water (30 °C) held by the anesthesia tank with a capacity of 25L. The pH value was
determined by a pH meter (Leici PHS-3E, China), and dissolved oxygen and carbon dioxide were measured by
chemical methods described by Montgomery et al.** and Pauss et al.’!, respectively. The gas flow was decreased to
0.2 L/min until the pH reached 5.6 (dissolved CO, was 320 mg/L) and dissolved oxygen concentrations reached
14 mg/L, which meant that both dissolved CO, and O, reached the saturated concentration. Another same-sized
tank with oxygenated fresh water (dissolved oxygen was 9 mg/L, 30 °C) was required for fish recovery.
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Stage | Description Behavior

Al Light sedation Partial loss of reaction to external stimuli

A2 Deep sedation Partial loss of equilibrium, no reaction to external stimuli
A3 Anesthesia Fish turns over, loses swimming ability

A4 Complete anesthesia No external reaction, no operculum movement

R1 Incomplete previous stunning | Occasional opercular motions, fish is lying on bottom

R2 Incomplete previous stunning | Respiration recover, fish still turns over

R3 Escape behavior Fish regains partial equilibrium

R4 Normal Total recovery of equilibrium, normal swimming

Table 3. Behavioral changes at various stages of anesthesia and recovery.

Anesthesia efficacy. Five rested fish were randomly netted from the resting tank and transferred to the
anesthesia tank at the same time. Fish were transferred into the recovery tank immediately when they were
completely anesthetized (A4). Behaviors were observed to define different induction stages and recovery stages;
operculum movement was checked visually to determine respiratory frequency. Four anesthesia stages and
four recovery stages were based on fish behavior according to Erikson’s description®? with slight modification
(Table 3). The time from exposure to the beginning of each stage (both anesthesia and recovery) was determined.
The trial was run in triplicate.

Cooling, anesthesia and air exposure. In the present treatment, fish were subjected to cooling (CO),
then anesthesia (AN), and finally air exposure (AE) (CO&AN&AE treatment). In the CO treatment, fish were
subjected to a stepwise reduction in temperature from 30°C to 15°C, at a rate of 3.5°C/h, by adding slurry ice. The
change of temperature was monitored by a temperature meter and a timer. The final cooling temperature was set
to 15°C because the lethal temperature of tilapia is 12°C*. As soon as the temperature reached the final cooling
temperature, fish were transferred to the anesthesia tank filled with hyperoxic CO, water at 15 °C for anesthesia
exposure (AN treatment). As soon as fish were anesthetized into stage 2 (A2), they were removed to a ventilated
case for the air exposure experiment (AE treatment) until death. The cases were kept at 15 °C. Fish were detached
from each other, and fish were sprayed with constant-temperature water (154 1°C) every 10 min during air
exposure until all fish died.

Three control groups were performed as cooling and air exposure control (CO&AE), anesthesia and air expo-
sure control (AN&AE), and cooling, anesthesia and cold tolerance control (CO&AN&CT). 1) The CO&AE fish
were subjected to cooling but without anesthesia and then air exposure; 2) the AN&AE fish were anesthetized but
without cooling and then subjected to air exposure; and 3) the CO&AN&CT fish were subjected to the same as
the CO&KAN&AE treatment but instead of being exposed to air were returned to water at 15°C (Fig. 2).

When the mouths and gills stopped moving for more than 1 min, the fish were judged to be dead?*, and the
death check was carried out continuously. The time from the beginning of the air exposure to the individual fish
death was recorded. All treatments were performed in triplicate, and five fish were used for each treatment per
time.

Blood sampling. Blood samples were taken as shown in Fig. 2. In the anesthesia experiment, fish were sam-
pled at 10 min after anesthesia and 30 min and 90 min during the recovery period. Blood samples were also taken
at the end of cooling and 7h after cold tolerance and air exposure. Each treatment was performed and replicated
as described above, five subjected and rested (control, rested two days after being transported to the laboratory)
live fish were sampled, and individual fish were sampled only once. Blood samples of the live fish were taken from
the caudal vessel by a vacuum blood tube equipped with a needle pipe. All blood samples were collected within
3 min. Blood samples were taken for separate analyses; one used a heparinized vacuum blood tube for hematocrit
(HCT) and total red blood cell count (RBC) determination by a blood cell analyzer (Mindray BC-2600, China),
and the other one used no additive vacuum blood tube for plasma collection. Whole blood was centrifuged (2000
g, 5min), and then, plasma was removed and stored at —80 °C. Plasma was collected for cortisol, glucose, lactate,
aspartate aminotransferase (AST) and alanine aminotransferase (ALT) analysis. A radioimmunoassay (RIA) was
used for cortisol determination by an Immunoassay Analyzer (DPC Immulite2000, USA); glucose, lactate, AST
and ALT were determined by an Automatic Biochemistry Analyzer (Toshiba TBA-120FR, Japan).

Pilot test. The pilot test was performed at a fishpond, for which the water temperature was 26 °C, in the
suburb of Nanning, and the weather was sunny. In total, 500 fish (length = 30.6 cm, weight =711.4 g, on average)
were retained in a small area by a mesh net prior to capture. Twenty fish were captured once by a net, put into a
tank (50 x 60 x 50, capacity of 150 L) filled with hyperoxic CO, water (20 °C) and held there 1 min for simplified
cooling and anesthesia. Subsequently, they were netted to a ventilated case (80 x 60 x 30 cm) and then loaded into
a van container, which kept constant temperature (18 °C) and gas exchange. A total of 475 tilapia were treated by
the present method, while 25 were directly netted to the case set as the control group. The loading density was
250kg/m>. Death check in the pilot test was carried out at the time of 240 min after air exposure.

The cooling process was simplified in the pilot test. A similar temperature reduction of 6 °C (from 25°C to
19°C) occurred in tilapia within 15 min, while no significant change in cortisol was noted?!, which could indicate
that the stress caused by temperature reduction in the pilot test was mild.
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Figure 2. Illustration of the experimental protocol. Blood sample experiments were performed independently.
Behavioral response experiments (anesthesia response, survival rate of air exposure, efc.) were performed prior
to hematological response experiments, all behavioral response experiments were triplicated, and 5 fish were
subjected in each replicate (5 x 3); all hematological response experiments were duplicated, and 5 fish were
subjected in each replicate (5 x 2).

Statistics. Values were presented as the mean & SD, and SPSS19.0 for Windows (SPSS Inc., Chicago, Illinois,
USA) was used for statistical analysis. Data were first tested for normality (Shapiro-Wilk test) and homogeneity
(levene test), and all data passed both tests. The significance of any differences between the groups or the impact
of treatment was determined using one-factor analysis of variance (ANOVA), followed by a post hoc Tukey’s test.
Differences at the level of P < 0.05 were considered to be statistically significant.

References

1. Cook, K. V., Lennox, R. J., Hinch, S. G. & Cooke, S. J. FISH Out of WATER How Much Air Is Too Much? Fisheries 40, 452-461
(2015).

2. Clarke, A. & Johnston, N. M. Scaling of metabolic rate with body mass and temperature in teleost fish. ] Anim Ecol 68, 893-905
(1999).

3. Gingerich, A. J. et al. Evaluation of the interactive effects of air exposure duration and water temperature on the condition and
survival of angled and released. Fish Res 86, 169-178 (2007).

4. Neiffer, D. L. & Stamper, M. A. Fish Sedation, Anesthesia, Analgesia, and Euthanasia: Considerations, Methods, and Types of Drugs.
Ilar ] 50, 343-360 (2009).

5. Sneddon, L. U. Clinical Anesthesia and Analgesia in Fish. ] Exot Pet Med 21, 32-43 (2012).

6. Fan, X,, Yu-Qin, L. U, Chen, M. S., Yan, M. Y. & Chen, D. W. Effect of MS-222 anaesthesia on the transport of live tilapia without
water. Food Science & Technology (2014).

7. Marking, L. L. & Meyer, E. P. Are Better Anesthetics Needed in Fisheries. Fisheries 10, 2-5 (1985).

8. Oberg, E. W,, Perez, K. O. & Fuiman, L. A. Carbon dioxide is an effective anesthetic for multiple marine fish species. Fish Res 165,
22-27 (2015).

9. Sandblom, E. et al. Stress responses in Arctic char (Salvelinus alpinus L.) during hyperoxic carbon dioxide immobilization relevant
to aquaculture. Aquaculture 414, 254-259 (2013).

10. Kugino, K., Tamaru, S., Hisatomi, Y. & Sakaguchi, T. Long-Duration Carbon Dioxide Anesthesia of Fish Using Ultra Fine (Nano-
Scale) Bubbles. Plos One 11 (2016).

11. Erikson, U., Hultmann, L. & Steen, J. E. Live chilling of Atlantic salmon (Salmo salar) combined with mild carbon dioxide
anaesthesia I. Establishing a method for large-scale processing of farmed fish. Aquaculture 252, 183-198 (2006).

12. Donaldson, M. R., Cooke, S. J., Patterson, D. A. & Macdonald, J. S. Cold shock and fish. J Fish Biol 73, 1491-1530 (2008).

13. Foss, A. et al. Live chilling of Atlantic salmon: physiological response to handling and temperature decrease on welfare. Fish Physiol
Biochem 38, 565-571 (2012).

14. Charo-Karisa, H., Rezk, M. A., Bovenhuis, H. & Komen, H. Heritability of cold tolerance in Nile tilapia, Oreochromis niloticus,
juveniles. Aquaculture 249, 115-123 (2005).

15. Trushenski, J. T., Bowker, J. D., Gause, B. R. & Mulligan, B. L. Chemical and Electrical Approaches to Sedation of Hybrid Striped
Bass: Induction, Recovery, and Physiological Responses to Sedation. Transactions of the American Fisheries Society 141, 455-467
(2012).

16. Britz, P. T. Biology, Culture and Nutrition. African Journal of Aquatic Science 33, 103-103 (2006).

17. Michael, E, Petervilhelm, S. & Johnfleng, S. Thermal optimum for pikeperch (Sander lucioperca) and the use of ventilation
frequency as a predictor of metabolic rate. Aquaculture s 324-325, 151-157 (2012).

18. Bonga, S. E. W. The stress response in fish. Physiol Rev 77, 591-625 (1997).

19. Mommsen, T. P, Vijayan, M. M. & Moon, T. W. Cortisol in teleosts: dynamics, mechanisms of action, and metabolic regulation. Rev
Fish Biol Fisher 9, 211-268 (1999).

20. Trushenski, J., Schwarz, M., Takeuchi, R., Delbos, B. & Sampaio, L. A. Physiological responses of cobia Rachycentron canadum
following exposure to low water and air exposure stress challenges. Aquaculture 307, 173-177 (2010).

21. Chen, W. H,, Sun, L. T, Tsai, C. L., Song, Y. L. & Chang, C. F. Cold-stress induced the modulation of catecholamines, cortisol,
immunoglobulin M, and leukocyte phagocytosis in tilapia. Gen Comp Endocr 126, 90-100 (2002).

22. Zhao, ]. H. et al. Cage-cultured Largemouth Bronze Gudgeon, Coreius guichenoti: Biochemical Profile of Plasma and Physiological
Response to Acute Handling Stress. ] World Aquacult Soc 44, 628-640 (2013).

SCIENTIFICREPORTS |7: 14016 | DOI:10.1038/s41598-017-14212-3 6



www.nature.com/scientificreports/

23. Rapp, T. et al. Consequences of Air Exposure on the Physiology and Behavior of Caught-and-Released Common Carp in the
Laboratory and under Natural Conditions. N Am ] Fish Manage 34, 232-246 (2014).

24. Suski, C. D. et al. Physiological disturbance and recovery dynamics of bonefish (Albula vulpes), a tropical marine fish, in response
to variable exercise and exposure to air. Comp Biochem Phys A 148, 664-673 (2007).

25. da Cruz, A. L. et al. Air-breathing behavior and physiological responses to hypoxia and air exposure in the air-breathing loricariid
fish, Pterygoplichthys anisitsi. Fish Physiol Biochem 39, 243-256 (2013).

26. Chen, Y. H., Chen, H. H. & Jeng, S. S. Rapid renewal of red blood cells in the common carp following prolonged exposure to air.
Fisheries Sci 81, 255-265 (2015).

27. Lewis, J. M., Klein, G., Walsh, P. J. & Currie, S. Rainbow trout (Oncorhynchus myKkiss) shift the age composition of circulating red
blood cells towards a younger cohort when exposed to thermal stress. ] Comp Physiol B 182, 663-671 (2012).

28. Kieffer, J. D. Limits to exhaustive exercise in fish. Comp Biochem Phys A 126, 161-179 (2000).

29. Cicia, A. M., Schlenker, L. S., Sulikowski, J. A. & Mandelman, J. W. Seasonal variations in the physiological stress response to discrete
bouts of aerial exposure in the little skate, Leucoraja erinacea. Comp Biochem Phys A 162, 130-138 (2012).

30. Montgomery, H. A. C., Thom, N. S. & Cockburn, A. Determination of dissolved oxygen by the winkler method and the solubility of
oxygen in pure water and sea water. Journal of Chemical Technology & Biotechnology 14, 280-296 (2010).

31. Pauss, A., Rozzi, A., Ledrut, M. ], Naveau, H. & Nyns, E. J. Bicarbonate Determination in Complex Acid-Base Solutions by a Back-
Titration Method. Environ Technol 11, 469-476 (1990).

32. Erikson, U. Assessment of different stunning methods and recovery of farmed Atlantic salmon (Salmo salar): isoeugenol, nitrogen
and three levels of carbon dioxide. Anim Welfare 20, 365-375 (2011).

33. Li, S. E, Li, C. H,, Dey, M., Gagalac, E. & Dunham, R. Cold tolerance of three strains of Nile tilapia, Oreochromis niloticus, in China.
Aquaculture 213, 123-129 (2002).

Acknowledgements

This work was funded by the “National Natural Science Foundation of China (No. 31660448)”, “Guangxi Natural
Science Foundation (No. 2016GXNSFAA380290 & 2016GXNSFEA380003)”, and “BaGui Scholars Program of
food Biotechnology”

Author Contributions

D.-W.C., W.-L.G. and M.-M.Z. conceived and designed the study. W.-L.G., T.-T.L. and X.F. carried out the
experiment. D.-W.C. and W.-L.G. analyzed the data. D.-W.C. and W.-L.G. wrote and revised the manuscript. All
authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 14016 | DOI:10.1038/s41598-017-14212-3 7


http://creativecommons.org/licenses/by/4.0/

	Cooling combined with hyperoxic CO2 anesthesia is effective in improving the air exposure duration of tilapia

	Results

	Behavioral responses to anesthesia. 
	Plasma parameters. 
	Survival rates during air exposure. 

	Discussion

	Methods

	Animal holding and general experimental protocol. 
	Anesthetic preparation. 
	Anesthesia efficacy. 
	Cooling, anesthesia and air exposure. 
	Blood sampling. 
	Pilot test. 
	Statistics. 

	Acknowledgements

	Figure 1 Ventilation rates and time points of each stage in anesthesia and recovery.
	Figure 2 Illustration of the experimental protocol.
	Table 1 Hematological responses to anesthesia and air exposure experiment in tilapia.
	Table 2 Survival rates and survival time of each laboratory treatment.
	Table 3 Behavioral changes at various stages of anesthesia and recovery.




