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Abstract

An anesthetic protocol was optimized for microinjection-related handling of Siberian stur-

geon (Acipenser baerii; Acipenseriformes) prolarvae, an extant primitive fish species com-

monly grown in aquaculture. Comparative examinations of three selected anesthetics (clove

oil, lidocaine, and MS-222) with a dosage regime of 50, 100, 200, and 400 mg/L indicated

that MS-222 was the most efficient agent for Siberian sturgeon prolarvae, as evidenced by

the fast induction of anesthesia with quick and uniform recovery. Meanwhile, clove oil should

be avoided, due to prolonged recovery times varying widely between individuals. None of

the tested anesthetics significantly affected prolarval viability at any of the dosage regimes

tested in this study. Based on an analysis of the duration of an unconscious state in air, we

recommend a dose of 200 mg/L MS-222 for microinjection. Recovery time after use of this

dose was influenced by the prolarval age and the development of gills, in which prolarvae

older than 3 days after hatching required longer recovery times than did younger prolarvae.

Post-recovery behavioral assessment showed no apparent difference between MS-222-

anesthetized and non-anesthetized prolarvae in their swimming behavior and phototactic

responses. Applicability of currently developed anesthetic protocol using MS-222 in larval

microinjection was demonstrated with the injection of a visible dye to the anesthetized pro-

larvae, followed by the analysis of post-recovery viability. Taken together, the present anes-

thetic protocol based on 200 mg/L of MS-222 could provide researchers with practical

usefulness with good safety margins for the micromanipulation and other related handlings

of Siberian sturgeon prolarvae.

Introduction

Anesthesia is generally defined as a reversible state resulting in unconsciousness and loss of

sensation against external and internal stimulation, through the depression of the central ner-

vous system. This state may be followed by different levels of analgesia and muscle relaxation

[1, 2]. The use of adequate anesthetic protocols in fish research is advocated from an ethical

perspective in promoting animal welfare and scientific perspectives [3]. However, efficacy of

anesthetic agents should potentially be influenced by a number of biotic factors, including
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species, size, age, sex, and maturity, as well as abiotic factors such as temperature, water param-

eter, and salinity [1, 4]. Since no anesthetic agent is effective in all scenarios, the choice of anes-

thetic and dosage regimes should be determined based on experiment with each target species

[2].

Microinjection is a technique to inject defined volumes and concentrations of substances,

for purposes of exploring their physiological function in vivo [5]. Microinjection-based deliv-

ery of cells, nucleic acids, and/or other agents to fish larvae has been widely used in various

investigations including molecular imaging, xenotransplantation, generation of germ-line chi-

mera transgenics, infection, and gene knockdown assay [6, 7, 8]. During microinjection proce-

dures, non-invasive handling and stable immobilization of small-sized fish larvae are needed,

and thus, appropriate anesthetic treatment of the fish larvae is essential to not only ensure the

stable operation of the injection but also to minimize pain and stress in the fish [9, 10].

Sturgeons belong to the Acipenseriformes (Chondrostei) order and subclass, an extant

primitive fish group. Their evolutionary position relative to advanced bony fishes and other

vertebrates makes them useful model system for evolutionary genomics with regard to the

development and physiology of vertebrates [11, 12]. Unique or special features in their anat-

omy and physiology have also been attractive targets for researchers to identify novel genetic

pathways and key genes that are potentially of biotechnological interest [13]. Recently, germ

cell manipulation-based reproductive control of sturgeons has been one of key research issues

with not only conservation aims, such as gene banking and restocking, but also aquaculture

objectives such as shortening the maturation period through the germ-line chimera-mediated

surrogate production. Microinjection is an essential tool in these investigations [7, 14, 15].

Applications of larval microinjection can also be expanded to various research fields of stur-

geon biology so as to gain deeper insight into their molecular and physiological functions [16].

However, despite its importance, anesthetic protocols for sturgeon larvae have not been

comprehensively established, and most postmortem studies on anesthesia have focused on

juveniles, subadults, and adults. Based on this need, our study aimed to develop an anesthetic

protocol for prolarvae (the yolk-bearing early larvae) of the Siberian sturgeon Acipenser baerii,
one of the most widely cultured sturgeon species around the world, including in South Korea

[17, 18]. For this, we evaluated efficacies of three anesthetics (clove oil, lidocaine and MS-222)

with regard to suitable dosage regimes, anesthetic and recovery times, and effects on post-

recovery viability and behavior. Microinjection of a visible dye into sturgeon prolarvae was

also used to demonstrate the efficacy of the optimized anesthetic protocol for safe and non-

invasive larval handling during microinjection procedures.

Materials and methods

Ethics statement

Described experiment was approved by the Animal Care and Use Committee of Pukyong

National University (Approval number 201817). All experimental procedures were performed

in accordance with National Act on Laboratory Animals.

Fish specimens and rearing conditions

Gametes from Siberian sturgeon Acipenser baerii broodfish (two females and two males) were

obtained using injected luteinizing hormone-releasing hormone analogue (LHRH-a; Sigma-

Aldrich, Saint Louis, MO, USA) as per Park et al. [17]. Fertilized eggs were incubated at

20 ± 0.5˚C until they hatched. Prolarvae hatched within 4 h of one another were transferred to

a prolarval rearing tank, with conditions maintained according to Park et al. [17]. Briefly,

approximately 5,000 prolarvae were incubated in each rectangular, white, polypropylene (PP)

Anesthetic protocol for Siberian sturgeon prolarvae with MS-222

PLOS ONE | https://doi.org/10.1371/journal.pone.0209928 December 31, 2018 2 / 21

https://doi.org/10.1371/journal.pone.0209928


2 × 1.2 × 0.4 m tank equipped with an external filter unit of 200-L capacity filled with 350 L of

1 μm-filtered groundwater. Incubation temperature was adjusted to 20 ± 0.5˚C throughout the

experiment, with pH at 7.2–7.6, dissolved oxygen at 7.5 ± 0.5 mg/L, and total ammonia nitro-

gen at 0.01–0.02 mg/L. Daily changes in body weight and total length during the prolarval

period were measured to the nearest 0.1 mg and 0.1 mm. Analyses of morphological and

behavioral ontogeny were performed based on descriptions by Gisbert and Nam [19].

Preparation of anesthetic solutions

All chemicals used in this study were purchased from Sigma-Aldrich. Anesthetic agents

included clove oil (1.04 g/mL at 25˚C), lidocaine hydrochloride, and ethyl 3-aminobenzoate

(MS-222). Stock solution for each anesthetic agent was made at 5 g/L using sterile, 18-meg-

ohm-cm deionized water. Clove oil was first dissolved in six volumes of 95% ethanol solution

prepared with absolute ethyl alcohol in order to facilitate mixing with water, then diluted with

deionized water to prepare stock solution. MS-222 was buffered to pH 7.2–7.4 using sodium

bicarbonate. Anesthetic working solutions were prepared by diluting stock solutions with the

1 μm-filtered groundwater used in the larval rearing (see above) to adjust the final anesthetic

dose to nominal concentration. Physico-chemical parameters of water used for anesthesia and

recovery are provided in S1 Table. Working solutions were freshly prepared prior to all anes-

thesia treatments, with doses of 0, 50, 100, 200, or 400 mg/L tested for each agent.

Anesthesia and recovery assessments

Common conditions for anesthesia and recovery. Throughout the anesthesia and recov-

ery experiments, water temperature was adjusted to 19–20˚C. Anesthetic solutions and water

for recovery were exchanged for each replicate observation. For anesthetic induction, a plastic

container (10 × 15 × 7 cm) containing 500 mL of anesthetic solution or filtered water for con-

trols was used in each treatment. Stage of anesthesia was judged by total loss of equilibrium

and swimming ability of prolarvae, while stage of recovery was determined by the beginning of

locomotory swimming. After induction of anesthesia, prolarvae were transferred to a custom-

designed recovery tank. The recovery tank (25 × 15 × 8 cm) contained 1.5 L water with dis-

solved oxygen levels averaging 7.3 ± 0.4 mg/L. During the recovery period, 500 lux light illumi-

nation was provided from above the tank. After transfer to the recovery tank, time to recovery

was recorded for individual fish. Each recovered prolarva was immediately removed from the

recovery tank and transferred to a net cage (20 × 15 × 15 cm) installed in a rearing tank as

described above to monitor post-recovery survival.

Experiment A: Comparison of anesthetics and doses. Dose-dependent patterns of anes-

thetic and recovery times were compared among the three anesthetic agents with Day 0 prolar-

vae. Average body weight and total length of A. baerii prolarvae on Day 0 were 13.8 ± 0.6 mg

and 9.8 ± 0.3 mm, respectively (S2 Table). Twenty fish were immersed in each anesthetic solu-

tion at each of the four prepared doses, plus control. Three replicates were performed for each

treatment. Upon reaching anesthesia, prolarvae were transferred to the recovery tank, and

elapsed times of 10% (R10), 50% (R50), and 100% (R100) of fish recovered were measured.

After transferred to a rearing, the survival rate of prolarvae for each replicate group was exam-

ined at 1 h, 6 h, 12 h, and 24 h post-recovery.

Experiment B: Validation of efficacy of a selected anesthetic. In the Experiment B, the

efficacy of MS-222 (selected based on the results from Experiment A) was further investigated

by examining anesthetic and recovery times. In this experiment, anesthesia and recovery were

examined in each individual, rather than in replicate groups. Each individual prolarva was

immersed in 0, 50, 100, 200 or 400 mg/L of MS-222 to record time to anesthetic induction,
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then transferred to a recovery tank to record time to recovery. Thirty-six prolarvae were tested

individually at each dosage. All other test conditions were as described in the Experiment A.

Experiment C: Test for the duration of anesthesia in room air. Two selected doses of

MS-222 (100 and 200 mg/L) were further tested for the duration of anesthesia in air, since

anesthetized prolarvae are usually exposed to the air during microinjection procedures. In

order to reflect the actual conditions of microinjection, ten Day 0 or Day 1 prolarvae anesthe-

tized with either 100 mg/L or 200 mg/L of MS-222 were placed on a 1% agarose bed and

observed for 5 min, since this duration reflects the realistic timing for conventional microin-

jection of 7–10 larvae. Under a low magnification stereozoom microscope, fish were examined

for reaction to external stimuli by gently pressing the boundary region between the prolarval

body and yolk extension (i.e., the site for microinjection in this study) with a microinjection

needle at 30 s intervals. All reflex activity against the external stimulus was recorded. After 5

min, all prolarvae were transferred to a recovery tank for monitoring recovery time. Viability

was also examined at 1 h, 6 h, 12 h, and 24 h after recovery. Five replicate examinations were

assigned to each concentration of MS-222.

Experiment D: Effects of prolarval ages on the anesthesia. We tested whether the age of

prolarvae (Day 0-Day 5) influenced anesthetic/recovery times and post-recovery viability. Fish

(N = 20 per replicate) from each age group were anesthetized with 200 mg/L of MS-222, and

times to anesthesia and recovery times (R10, R50 and R100) were determined based on three

replicate examinations. Information on length and weight of prolarvae is provided in S2 Table.

All other test conditions were as described above.

Experiment E: Post-recovery behavioral assessment. Behavioral patterns of prolarvae

recovered from anesthesia with MS-222 were compared with those of non-anesthetized con-

trol fish in order to examine whether the anesthetic treatment might cause changes in behav-

ior. Because Siberian sturgeon prolarvae display light- and age-dependent behavioral

modifications [20], we tested behavioral patterns both under daylight and dark conditions on

Day 1, Day 2 and Day 4. On each day, 120 prolarvae were anesthetized with MS-222 at 200

mg/L, exposed to air for 5 min, and allowed to recover as described above. Recovered fish were

transferred to one of three replicate examination tanks (0.6 × 0.5 × 0.25 m). Three replicate

tanks for the non-anesthetized control groups were also prepared, each containing 120 non-

anesthetized prolarvae (N = 120). Each tank contained approximately 60 L of 1-μm filtered

groundwater and was equipped with a custom-designed 2-L filter unit. Water was re-circu-

lated through the filter with a flow rate of 1 L/min. Under 500 lux in average adjusted with a

white fluorescent room light, swimming behaviors were addressed based on the criteria

described by Gisbert and Nam [19] and Gisbert et al. [20]. These include the drifting behavior

(i.e., actively swimming up to the water surface and then passively sinking to the bottom),

preference of water column (pelagic swimming in the upper water column or benthic move-

ment across the tank bottom) and presence of rheotactic behavior. The same parameters (drift-

ing, water column, and rheotaxis) were also examined under dark conditions (<1 lux) with

the aid of an infrared lightening apparatus. In addition, phototactic response to a spotlight

using a white light emitting diode bulb was also examined under dark conditions, since the

prolarvae of this sturgeon species should display strong positive phototaxis during this stage

of development [19, 21]. Spotlight illumination was placed at one corner of the tank 20 cm

above the water surface in order to provide an average light intensity of 5,000 lux at the water

surface below the spotlight. After the spotlight was switched on, the number of positively pho-

totactic prolarvae gathering within 2 min at the corner in a 25 × 25 cm area was counted to

evaluate the relative strength of phototaxis. Behavioral patterns of experimental groups and

control groups were compared under daylight conditions at 0.5 h post recovery and under

dark conditions at 1 h for general swimming behaviors and 1.5 h for phototactic response to a
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spotlight post-recovery. At each detection point, each replicate tank was examined at least

eight times.

Microinjection of larvae

A. baerii prolarvae were anesthetized with using 200 mg/L concentration of MS-222 and

placed on a 1% agarose bed. Microinjection needles of 20 μm diameter were prepared from

glass capillaries (World Precision Instruments, Sarasota, FL, USA) with a PC-10 Micropipette

puller (Narishige, Tokyo, Japan) and EG-401 Micro grinder (Narishige). Microinjection was

performed manually with a M-152 micromanipulator (Narishige). Injections were made at the

border region between the prolarval body and the yolk extension [15]. The injection was traced

using a visible methylene blue staining dye (Sigma-Aldrich) at 0.5 mg/mL. The amount of dye

solution injected into each prolarva was estimated to be approximately 15–20 nL depending

on injection batches. A group of 7–9 prolarvae was anesthetized for each trial, with eight repli-

cate trials made to yield a dataset of 60 microinjected prolarvae. These trials were carried out

at three different age stages (Day 0 to Day 1, Day 2, and Day 3). After injection, prolarvae were

transferred to the recovery tank and then to rearing cages for monitoring post-procedure via-

bility for up to 120 h post injection, at 12-h intervals. Two control groups, including an anes-

thetized but not-injected group, and a non-anesthetized group were also prepared on each day

of treatment.

Statistics

Differences in anesthetic and recovery times, duration of anesthesia, and post-recovery assess-

ments were assessed using Student’s t-test and/or ANOVA followed by Tukey’s post hoc test at

the level of P = 0.05. Coefficient of determination (R2) values were estimated in order to exam-

ine relationship between anesthetic doses and induction/recovery times.

Results

Anesthetic induction with different doses of clove oil, lidocaine and MS-

222

In Experiment A, anesthetic times were inversely related to treatment concentrations (50 to

400 mg/L) of each anesthetic agent (Fig 1). Prolarvae treated with clove oil reached anesthesia

after 265.0 ± 20.0 s, 103.3 ± 2.9 s, 65.0 ± 5.0 s, and 53.3 ± 2.9 s, at 50, 100, 200, and 400 mg/L

dosages, respectively. Anesthetic times with lidocaine treatment were 91.7 ± 12.6 s, 6.7 ± 2.9 s,

36.7 ± 2.9 s, and 33.3 ± 2.9 s. MS-222 also showed dose-dependent decrease of anesthetic

times, with 118.3 ± 7.6 s observed at 50 mg/L and 15.0 ± 0.0 s observed at 400 mg/L. Dose-

dependency was most pronounced in MS-222 (R2 = 0.9354) and weakest in clove oil (R2 =

0.7882). Clove oil showed longer times to induction of anesthesia times than either lidocaine

and MS-222 at every dose strength (P < 0.05). Between lidocaine and MS-222, time to induc-

tion at 50 mg/L was shorter in the lidocaine-treated groups than in those treated with MS-222

(P< 0.05). At 100 and 200 mg/L, the two anesthetics showed similar times to induction

(P> 0.05). However, at the highest dose (400 mg/L), time to induction with MS-222 was sig-

nificantly shorter than with lidocaine (P< 0.05).

Patterns of recovery from anesthesia and larval viability

Recovery times were positively related to anesthetic doses for each anesthetic agent irrespective

of elapsed times to R10 (recovery of 10% prolarvae), R50 (50%) and R100 (100%) (Fig 2, S2

Fig). For R10, prolarvae anesthetized with MS-222 showed shorter recovery times than did

Anesthetic protocol for Siberian sturgeon prolarvae with MS-222
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other two anesthetics at all the dose strengths (P< 0.05) (Fig 2A). Clove oil and lidocaine

showed similar R10 recovery times at 50 mg/L and 100 mg/L doses (P> 0.05). However, at

higher doses (i.e., 200 mg/L and 400 mg/L), prolarvae anesthetized with clove oil required lon-

ger times for R10 recovery than did those anesthetized with lidocaine (P < 0.05). R50 recovery

followed a similar pattern to R10, although a statistical difference in recovery time between

clove oil and lidocaine was observed only at the highest dose (400 mg/L) (Fig 2B). For R100,

differences in recovery time were more obvious among anesthetics. Statistical differences were

detected at every dose strength (P < 0.05) except for at 100 mg/L, where there was no signifi-

cant difference between clove oil and lidocaine (P > 0.05) (Fig 2C). As shown in Fig 2D, the

time difference between R10 and R100 was significantly smaller in the group anesthetized with

MS-222 than those treated with the other anesthetics. Although there were large differences in

anesthetic and recovery times among anesthetics, prolarval viability was not significantly

affected by the anesthetic agent used; survival rate post-anesthesia/recovery was 98% and more

under all the treatment conditions (S3 Table).

Individual variation in MS-222-mediated anesthesia

Examinations of anesthetic and recovery times with MS-222 in an individual manner (N = 36

prolarvae per dose group; Experiment B) reproduced the pattern observed in Experiment A
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(Fig 3). The induction time to anesthesia was inversely related with the dose of MS-222 (R2 =

0.9278), while longer recovery time was required under treatment with higher doses (R2 =

0.9231). Coefficients of variation for induction time in 50 mg/L-treated (CV = 0.043) and 100

mg/L-treated (CV = 0.064) groups were larger than for groups treated with higher doses

(CV = 0.037 and 0.038, for 200 and 400 mg/L, respectively). The coefficient of variation for

recovery time in the 200 mg/L-treated group (CV = 0.146) was lowest, followed by the coeffi-

cient of variation for the 100 mg/L (CV = 0.154), 400 mg/L (CV = 0.161) and 50 mg/L
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(CV = 0.264) treated groups. A few individuals treated with the highest dose showed excep-

tionally delayed recovery times.

Anesthetic duration in air and response to external stimuli

Anesthetic duration in the air without reflex activity against external stimuli differed between

the doses of 100 mg/L and 200 mg/L of MS-222 (Experiment C). Neither group showed any

response to external stimuli (i.e., gentle touch using a glass needle) until 90 s after the induc-

tion of anesthesia. However, from the point, the 100 mg/L-treated group showed a continuous

increase in responsive individuals. Consequently, the cumulative percentage of responsive

individuals in the 100 mg/L-treated group was 82.0 ± 13.0% at the end of observation at 300 s

post-anesthesia. By contrast, prolarvae anesthetized with 200 mg/L were consistently non-

responsive to the same external stimuli throughout the observation period (Fig 4A). As

expected, recovery time after air exposure for 300 s was longer in the 200 mg/L-treated group

(211.4 ± 32.7 s) than in the 100 mg/L-treated group (121.5 ± 38.7 s) (P< 0.05) (Fig 4B). No

mortality was observed in group (S3 Table).

Effect of fish age on anesthetic and recovery times with MS-222

Anesthetic time with 200 mg/L of MS-222 was not significantly affected by prolarval ages. Pro-

larvae aged from 0–5 days displayed a similar time to anesthetic induction (S5 Fig). However,

recovery time tended to increase with age. R10 recovery was similar among age groups from

Day 0 to Day 2 (P> 0.05), but increased on Day 3 (P< 0.05). Subsequently, in Day 4 and Day

5 prolarvae, recovery times were significantly greater (P< 0.05). This pattern was similar for

R50 and R100 recovery. Although the R50 recovery time of Day 3 prolarvae was similar to that

of younger prolarvae, a lag in recovery was apparent in Day 4 and Day 5 groups (P < 0.05)

(Fig 5). However, fish viability was not affected (S3 Table).

Behavioral patterns of recovered larvae

A. baerii prolarvae recovered from MS-222-anesthesia at 200 mg/L showed no apparent differ-

ence in the post-recovery behavioral characteristics compared to non-anesthetized fish (Exper-

iment E). Under daylight conditions, prolarvae from different age groups (Day 1, Day 2, and

Day 4) displayed ontogenetic behavioral patterns consistent with those described as normal

for this sturgeon species (Fig 6A) [20]. Day 1 prolarvae showed characteristic behaviors of

drifting and/or swimming in the upper water column. With age, the percentage of fish show-

ing benthic movement across the tank bottom continually increased, whereas percentages of

fish displaying drifting behavior and swimming at the water surface decreased. Of benthic

swimmers, a small proportion of individuals showed positive rheotaxis on Day 4 (7–8%) (S7

Fig). Under dark conditions, A. baerii prolarvae showed a more or less uniform pattern of

behavior irrespective of MS-222-anesthetized and control groups, characterized by benthic

movement across the tank bottom. Age-dependent modifications of behavioral patterns were

also not significantly different under dark conditions regardless of anesthesia (S8 Fig). In the

assessment of phototaxis, both MS-222-anesthetized/recovered and control groups exhibited a

similar degree of positive phototactic response to a spotlight under darkness at each age (Fig

6B) (P> 0.05).

90th and 10th percentiles, respectively. Outliers are indicated by dots above and/or below the box. Mean ± SD with

different letters (a-c) at each dose level indicate the statistical difference at P< 0.05 based ANOVA followed by Tukey’s

post hoc analysis.

https://doi.org/10.1371/journal.pone.0209928.g003
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Microinjection of anesthetized prolarvae

We demonstrated the applicability of the present anesthetic protocol to the microinjection of

A. baerii prolarvae. The concentration of methylene blue used in this study (0.5 mg/mL) did

not influence the viability of A. baerii prolarvae injected. Delivery of dye into the border region

between the prolarval body and the yolk extension was easily verified under the microinjection

conditions used in this study. Of sixty prolarvae microinjected from each injection batch, the

number of dead fish was zero or one until 120 h post injection, similar to both control groups

(i.e., those anesthetized but not injected, and a non-anesthetized group) (Fig 7).

Discussion

Based on a comparative examination on the potency of three selected anesthetics, MS-222 was

proven to be the most efficient in inducing anesthesia of Siberian sturgeon prolarvae than

clove oil or lidocaine. Clove oil was consistently shown to have slower induction times com-

pared to lidocaine and MS-222. Although induction time of lidocaine was comparable to that

of MS-222 at 100–200 mg/L doses (and was even shorter at the lowest dose of 50 mg/L), a

dose-dependent decrease of the anesthetic time was not clearly achieved at the highest dose of

400 mg/L. The difference in the efficacy among anesthetics could be more clearly observed in

the analysis of recovery times. Recovery of MS-222-treated prolarvae was obviously faster than

those treated with clove oil or lidocaine at all the dose levels tested. Furthermore, interindivid-

ual variation in recovery time was significantly smaller in MS-222-anesthetized larvae, com-

pared to those anesthetized with clove oil or lidocaine (Experiment A). Results from this study

are in broad agreement with previous studies showing that MS-222 in an ideal anesthetic agent

in fishes when rapid anesthesia and quick recovery are important [22]. MS-222 is a local anes-

thetic acting on voltage-sensitive sodium channels, and has been one of the most frequently

used agents in various sturgeon species [23, 24, 25], although the anesthetic efficacy of MS-222

for yolk-bearing sturgeon larvae has thus far not been studied. Previously, dose levels of MS-

222 used in different sturgeon species were suggested to be 80–250 mg/L with 4–15 min of

induction time and 3–7 min of recovery time depending on species and developmental stages

[26]. Although most previous studies have reported that MS-222 is an effective and safe anes-

thetic for juvenile and subadult sturgeon individuals, its use has not been recommended in

certain sturgeon species such as the pallid sturgeon Scaphirhynchus albus due to potential mor-

tality [27]. More recently, one study of Persian sturgeon (Acipenser persicus) 1-month-old fin-

gerlings reported that concentrations of MS-222 ranging from 75 to 100 mg/L caused

mortality [28], which is in contrast to our findings with Siberian sturgeon prolarvae. Hence,

the adverse effects of MS-222 on viability of sturgeon may be species- and developmentally-

specific. Despite the general agreement on the safety of MS-222, it has been reported to have

adverse side effects such as aversion, epidermal and corneal lesions, hypoxemia, decreased

heart rate, and mortality in some fish species depending on the dose and exposure times [2, 29,

Fig 4. Reflex activity against external stimuli of prolarvae immersion treated with 100 and 200 mg/L of MS-222.

Fish were anesthetized with 100 mg/L or 200 mg/L of MS-222, then exposed to air for 5 min. During air exposure, fish

(N = 10 per replicate examination for either dose) were stimulated externally by gentle pressing with a glass needle.

Five replicate examinations were made. (A) Cumulative percentage of fish showing response to external stimuli. (B)

Recovery time after anesthetic treatment followed by 5-min air exposure. In B), lower and upper boundaries of each

box indicate the 25th and 75th percentiles, respectively. A line within the box marks the median value. Mean value for

each group is noted by the symbol ×. Whiskers above and below the box indicate the 90th and 10th percentiles,

respectively. Similar with MS-222, lidocaine (200 mg/L) also displayed stable anesthesia in air without reflex activity

against the same external stimuli, however, prolonged recovery time and mortality of a few individuals were observed

(S4 Fig).

https://doi.org/10.1371/journal.pone.0209928.g004
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30]. Although such concerns were not observed in this investigation, further studies are

needed to test whether adverse effects of MS-222 appear to differ depending on the age or

developmental stage of this sturgeon species.

Clove oil is believed to have a basic mechanism similar to MS-222, as a local or peripheral

anesthetic and antinociceptive actor with its main action on specific voltage-gated sodium

channels [31, 32]. Clove oil is actually a mixture of different compounds distilled from clove

trees (Eugenia caryophyllata or E. aromatica), and eugenol [2 methoxy-4-(2-propenyl) phenol]

is the principal active ingredient of clove oil. Due to its natural origin, low price, and ready

availability, clove oil (or its main constituent, eugenol) is widely used as an anesthetic for fish

species [1, 33, 34]. In Russian sturgeon juveniles, test concentrations of 450 to 900 mg/L were

reported to meet the efficacy criteria specified for handling within 3 min, with recovery in 5

min and no mortality [35, 36]. Meanwhile, relatively higher doses of clove oil have been used

to induce anesthesia of juveniles and subadults of white sturgeon (Acipenser transmontanus),
with mean induction and recovery times for 1000 mg/L determined as 1.5 min and 16.3 min,

respectively [37]. On the other hand, for Siberian sturgeon juveniles, substantially lower con-

centrations of clove oil (60 to 90 mg/L) were proposed as an appropriate dose range to mini-

mize stress responses [38]. Another previous study on Siberian sturgeon fingerlings has

indicated that the effective concentration of clove oil should be 330–381 mg/L [39]. However,

in contrast to previous studies, our findings suggest that clove oil is not a suitable anesthetic

for Siberian sturgeon prolarvae, due to prolonged recovery times (>8 min to>26 min with

test doses 50 to 400 mg/L). A similar finding of slow induction and recovery times has been

reported with isoeugenol-treated lumpfish [4]. Collectively, data from both previous and the

present studies corroborates idea that the physiological effects of clove oil would be species-

specific, and also suggests that that sturgeon species might show age (or size)-dependent

responses to clove oil.

Lidocaine is also a sodium channel blocker and local anesthetic that has previously been

used for anesthesia in medaka species (Oryzias dancena) with large margin of safety [40]. This

chemical has been considered an alternative candidate to MS-222 based on its low cost and

ease of preparation. In zebrafish (Danio rerio), lidocaine-HCl has been claimed to have advan-

tageous merits over MS-222, such as longer duration of surgical anesthesia, less adverse effects

on heart rate, and more complete euthanasia [41]. This anesthetic has also been used as com-

bined with other anesthetics (e.g., propofol) in zebrafish to overcome its potential drawbacks

such as high mortality rates at high concentrations and high variability in anesthetic/recovery

times [2, 22]. For sturgeons, lidocaine has been little used and must be assessed according to

the criteria of efficacy evaluation for induced anesthesia. From this study, the potency of lido-

caine to induce anesthesia of sturgeon prolarvae was similar to MS-222, and lidocaine did not

cause significant mortality. However, the recovery of lidocaine-treated prolarvae was not as

efficient as MS-222-treated fish.

Based on our assessment of individual variations in anesthetic induction and recovery

times with test concentrations 50, 100, 200, and 400 mg/L of MS-222 (Experiment B), the low-

est concentration of MS-222 showed large interindividual variations in both induction and

Fig 5. Effects of prolarval ages on recovery time after the anesthetic treatment with 200 mg/L of MS-222. Elapsed

times to 10% (R10), 50% (R50) and 100% (R100) of fish (N = 20 per replicate; three replicates per age group) recovered

were estimated with different age groups (Day 0 to Day 5). Mean ± SD with different letters (a-c) indicate the statistical

difference at P< 0.05 based ANOVA followed by Tukey’s post hoc analysis. In contrast to recovery times, times to

induction of anesthesia were not significantly influenced by ages of prolarvae (S5 Fig). Size of prolarvae and data on

post-recovery viability are provided in S2 and S3 Tables, respectively. Age-dependent pattern of recovery time was also

observable in prolarvae anesthetized with lidocaine (S6 Fig).

https://doi.org/10.1371/journal.pone.0209928.g005
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Fig 6. Post-recovery behavioral patterns of prolarvae after anesthetic treatment with 200 mg/L MS-222, compared

with those of non-anesthetized control prolarvae. A) Swimming behaviors under daylight conditions. B) Phototactic

response to a spotlight under dark conditions. No statistical difference was observed between MS-222-anesthetized and

non-anesthetized prolarvae in all tests conducted. Triplicate examinations were made (N = 120 per replicate tank).

Data in detail for each replicate tank under daylight and dark conditions are provided in S7 and S8 Figs, respectively.

Data on comparison of post-recovery phototactic behavior after anesthetic treatment with MS-222 or lidocaine are

provided in S9 Fig.

https://doi.org/10.1371/journal.pone.0209928.g006
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recovery times, while the highest concentration was proven to give rise to a small portion of

individuals requiring prolonged recovery, which might be undesirable for the handling of a

large number of prolarvae for microinjection. Hence, from the viewpoint of uniformity in

induction and recovery times, an appropriate dosage of MS-222 for Siberian sturgeon prolar-

vae could be 100 to 200 mg/L.

However, given the purpose of microinjection, another important requirement of a suitable

anesthetic protocol is the ability to stably maintain a deep anesthetic state for a sufficient

period of time. The microinjection procedure includes arranging anesthetized larvae, injection

to the target site of each individual, then transferring the injected individuals to a recovery

tank [7, 10]. During this practice, larvae are usually exposed to the air rather than immersed in

water, and their reflex activity should be firmly inhibited (i.e., immobilization in an uncon-

scious state). Under these criteria, our findings in Experiment C comparing reflex activity

clearly recommended a dose of 200 mg/L rather than 100 mg/L, since a considerable portion

of 100 mg/L MS-222-anesthetized larvae did not remain in an unconscious state after 2 min of

air exposure. Because the larvae underwent an additional 5 min of air exposure after reaching

anesthesia, recovery times increased in both 100 mg/L and 200 mg/L concentrations compared

to the recovery by direct transfer of larvae to clean water immediately after reaching anesthe-

sia. Nevertheless, the increased anesthetic duration in the air did not cause any adverse effect

on the post-recovery survival of the prolarvae.

Based on the results of Experiment D, prolarval age significantly influenced recovery time,

where older prolarvae (>Day 3) required a longer time to recover than did younger individu-

als, although there was no effect on the induction time of anesthesia. Although we have not yet

clarified the mechanism responsible for this observation, one plausible explanation is that it

could be related to ontogenetic difference in gill development. Post-larval fish (and fish at sub-

sequent stages of development) use gills as the main organ for oxygen uptake, respiratory gas

exchange, and other physiologic functions; hence, the gill may be the main route of anesthetic

uptake during immersion treatment [4, 42]. However, newly hatched and early prolarvae

with poorly developed or undeveloped gills may use the skin more than gills for respiratory

exchange and other relevant functions, and may therefore show different responses to immer-

sion exposure to anesthetics compared to older fishes with well-developed gills [42, 43]. The

remarkable difference in the response to anesthetic treatments between larvae and adults has

been previously highlighted in zebrafish [44]. Sturgeons are known to possess external gills

that are not completely covered by an operculum in their early life stages [18]. Newly hatched

prolarvae (Day 0) of Siberian sturgeon display only brachial grooves, without clear develop-

ment of defined gill filaments. This rudimentary structure is usually seen until Day 1. On Day

2, early development of external gills become visible; after this, the external gills are vigorously

developed in subsequent ages (S10 Fig). [19]. With this ontogenetic viewpoint, the delay of

recovery time in aged prolarvae might be, at least in part, related to the delivery of higher

amounts of dissolved anesthetic compounds through the developed external gills in older pro-

larvae compared to younger ones. However, despite delayed recovery times, the post-recovery

viability of prolarvae was not affected by age, suggesting good safety margins regardless of lar-

val age.

Fig 7. Demonstration of microinjection with anesthetized Siberian sturgeon prolarvae. Prolarvae at Day 0/Day1,

Day 2, and Day 3 (N = 60 per day) were immobilized with MS-222 at 200 mg/L and microinjected with methylene blue

dye at 0.5 mg/L. Post-operative survival for up to 120 h of injected prolarvae in comparison with groups receiving

anesthesia but no injection or no anesthesia/no injection controls showed no significant difference among groups. A

representative photograph of Day 3 prolarva showing the successful delivery of the dye through microinjection is also

shown (AY, anterior part of yolk sac; PY, posterior part of yolk sac; and PP, pigment plug; injection site boxed).

https://doi.org/10.1371/journal.pone.0209928.g007
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Based on our assessment of post anesthetic/recovery behaviors (Experiment E), the prolarvae

quickly resumed normal swimming behaviors comparable to those observed in the non-anesthe-

tized control prolarvae. Siberian sturgeons are known to undergo a dynamic change in behavioral

patterns, with these including the progressive disappearance of drifting behavior, the transition

from pelagic swimming in upper water column to benthic swimming, and the acquisition of

strong positive phototaxis [45]. These behaviors were observed to take place during the early pro-

larval period (up to Day 4 in this study), and were generally in accordance with previous reports

[20, 21]. Furthermore, our data indicated clearly that treatment with MS-222 did not give rise to

any effects on the behavior of recovered prolarvae. Meanwhile, local anesthetics including MS-222

could potentially influence the sensitivity of the nociceptors to stimulation [3, 32]. However, test-

ing of post-exposure analgesic efficacy (e.g., noxious stimulus using acetic acid pain test) has not

yet been conducted with Siberian sturgeon prolarvae, and should be carried out in future studies.

Finally, we verified the applicability of the recommended anesthetic protocol to microinjec-

tion-related handling. With prolarval specimens anesthetized with MS-222, routine microin-

jection practice could be feasible without any impaired viability of fish, based on our

observation of very low post-operative mortality. No apparent difference in post-recovery sur-

vival rate was detected among prolarvae subjected to microinjection, anesthesia only, or non-

anesthesia control. Taken together, the results of this study suggest that an anesthetic protocol

based on 200 mg/L of MS-222 could provide researchers with a practical approach for the

micromanipulation and other related handling of Siberian sturgeon prolarvae, as evidenced by

rapid induction of anesthesia, stable inhibition of reflex activity for a sufficient period for han-

dling, fast and uniform recovery time, and good safety margins.
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(PDF)
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with MS-222 (200 mg/L) under daylight conditions. Post-recovery behaviors were compared
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replicate tanks at Day 1, Day 2, and Day 3 ages. No apparent difference was found between

anesthetized and non-anesthetized groups, irrespective of age. Behavioral criteria were made
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S8 Fig. Swimming and behavioral patterns of prolarvae after recovery from anesthesia
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222 (200 mg/L) or lidocaine (200 mg/L). Positive phototactic behavior was examined in

response to a spotlight under dark conditions on Day 2 and Day 4. There was no significant

difference in phototactic characteristics of prolarvae anesthetized with MS-222 or lidocaine

based on ANOVA and/or student’s t-test (P > 0.05).
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baerii during the prolarval stage from Day 0 to Day 5. Abbreviations are barbel rudiment
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(OP), and yolk sac (YS). Bars indicate 0.3 mm.
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