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Abstract 14 

The rapid increase in zebrafish use needs to be accompanied by research into refinement of 15 

procedures, such as euthanasia. The EU directive lists three possible euthanasia methods for fish: 16 

anaesthetic overdose, electrical stunning and concussion. However, for a small fish like zebrafish, 17 

concussion and electrical stunning are difficult to perform, leaving anaesthetic overdose as the 18 

only realistic option. Thus, more tailored solutions need to be found for this small tropical water 19 

species. Our aim was to test the efficacy of different anaesthetics overdose and of the rapid 20 

cooling method to kill adult zebrafish.  21 

Adult mixed-sex AB zebrafish (n= 12) were randomly assigned to: 250mg/L MS222; 20 mg/L 22 

propofol + 100 mg/L lidocaine; 6 mg/L etomidate; 50 mg/L clove oil; rapid cooling (water at 2-4º 23 

C). Two minutes after opercular movement ceased, the animals were transferred to clean water to 24 

assess if they could recover.  25 

Zebrafish euthanized with rapid cooling ceased the opercular movements significantly quicker 26 

compared with the other groups, and etomidate-treated animals took longer to die. No zebrafish 27 

recovered after being placed in clean water. 28 

All protocols used were efficacious to achieve euthanasia, but rapid cooling was consistently 29 

the fastest and so more efficient. Further studies evaluating animal welfare and the quality of the 30 

biological samples are needed to refine the rapid cooling protocol before recommendations can 31 

be made to change legislation to include this as a method for euthanasia for small tropical fish.  32 

 33 

 34 

 35 
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Introduction 36 

The rapid increase in zebrafish use needs to be accompanied by research into refinement of 37 

procedures. One such procedure is euthanasia1, necessary for many situations when animals will 38 

be killed, such as for terminal tissue collection for research, when levels of pain, distress and 39 

suffering are likely to exceed the designated level, when they have an incurable disease, or when 40 

they are no longer serving the purpose for which they were kept, as for example reproduction2. 41 

A good method of euthanasia should fulfil several criteria: minimum distress and pain for the 42 

animal, rapid unconsciousness and death with minimum restraint, be irreversible and provide a 43 

reliable CNS depression, be reproducible, simple and practical to perform, be safe to the operator, 44 

aesthetic, economically viable, adapted to animal species, strain, age, number, and health, and, 45 

when applicable, be used without compromising post-mortem analysis.2 3   46 

The EU directive lists three possible euthanasia methods for fish: anaesthetic overdose, electrical 47 

stunning and concussion. However, for a small fish like zebrafish, concussion and electrical 48 

stunning are difficult to perform and may compromise organ collection 4, leaving anaesthetic 49 

overdose as the only realistic option. The most commonly used anaesthetic is tricaine/ MS-222. 50 

This agent depolarizes sodium ion channels, leading to unconsciousness, immobility, and 51 

ultimately vascular collapse and death due to hypoxia3. Previous work has shown that fish 52 

display signs of distress in the presence of MS222 regardless of whether it is buffered or not5. 53 

Moreover, zebrafish showed aversive responses to this anaesthetic, contrary to clove oil1 and 54 

etomidate6 exposure. Clove oil is highly lipophilic and is absorbed through the skin and gills 55 

rapidly. Clove oil enters the blood stream, crosses the blood–brain barrier, and induces death by 56 

respiratory inhibition and, ultimately, cardiac arrest7. This agent is widely available, has a low 57 
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cost and wide range of efficacy5, but it needs to be solubilize in a solvent as ethanol prior to 58 

anaesthesia, increasing the work load8. Etomidate is a non-barbiturate hypnotic agent that acts by 59 

depression of the central nervous system. It does not provide analgesia but it is a relatively quick 60 

acting agent 2. 61 

Propofol/lidocaine is a new protocol proposed by our group with potential to be used in 62 

zebrafish9, 10. Propofol is a short-acting, rapidly metabolized hypnotic, 11  which when overdosed 63 

cause respiratory depression in mammals and fish12. Lidocaine acts as a local anaesthetic through 64 

binding to and blocking the sodium channels, thus, prevents the self-propagating depolarization 65 

signal to travel along the length of the axon7. Like MS222, lidocaine leads to unconsciousness 66 

and eventually death in zebrafish by depolarizing sodium ion channels3. It is relatively cheap, and 67 

easy to obtain13. 68 

Rapid cooling as a method of euthanasia cannot be used on fish under the present EU legislation, 69 

but some studies showed it to cause less distress to zebrafish than MS-2223, 5, with the advantage 70 

of obtaining tissues free of chemicals for post-mortem analysis, and minimal risk to the staff 71 

compared with the use of chemical or other physical methods5. This method is accepted in the 72 

USA for euthanasia in adult zebrafish, according to the newest guidelines of the AVMA14.  73 

The aim of this study is to clarify the efficacy of different euthanasia methods in adult zebrafish, 74 

anaesthetic overdose using different agents and rapid cooling, as a first step to identify specific 75 

methods adequate to this small tropical fish. 76 

 77 

 78 
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 79 

 80 

Material and methods 81 

All procedures were carried out under personal and project licenses (014703/2017-06-16 where 82 

rapid cooling method is included) approved by the National Competent Authority for animal 83 

research (Direção-Geral de Alimentação e Veterinária, Lisbon, Portugal), and in accordance with 84 

the European Directive 2010/63/EU on the protection of animals used for scientific purposes, and 85 

its transposition to the Portuguese law, ‘Decreto Lei’ 113/2013.   86 

 87 

Animals and housing 88 

Seventy-eight adult mixed-sex AB zebrafish bred in the Animal Facility of the institute (i3S, 89 

Porto, Portugal) were used. They were maintained in groups inside 3.5-L tanks (maximum of 5 90 

fish per liter), in a recirculating water system connected to a central unit of water purification and 91 

controlled conditions (27 ± 0.5 °C, pH of 7 ± 0.5, conductivity of 700-715 µS) (Multi-linking 92 

WTU, Tecniplast, Buguggiate VA, Italy) and in a 14h:10h light:dark cycle. Adult fish were fed 93 

three times a day with a commercial diet (GEMA micro 300) supplemented with artemia (after 21 94 

days post-fertilization). 95 

Treatments 96 

Pilot study: Three adult zebrafish per concentration were used to test which concentration of each 97 

anaesthetic protocol leads to death (Table 1), in order to choose the lowest effective dose for 98 

irreversible euthanasia for the main study. The 3 animals that had received the concentrations 99 
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chosen for the main study were included in the final analysis, to keep the number of animals to a 100 

minimum 101 

 102 

Main study: Zebrafish were randomly assigned to five different groups (n= 12): a group 103 

euthanized with 250mg/L of MS222 (MS222 group), a group euthanized with 20 mg/L of 104 

propofol combined with 100 mg/L of lidocaine (P/L group), a group euthanized with 6 mg/L of 105 

etomidate (Et group), a group euthanized with 50 mg/L of Clove oil (CO group), and a group 106 

euthanized with cold water between 2- 4º C (RC group). Buffered MS222 solution was prepared 107 

by adding ethyl 3-aminobenzoate methanesulfonate (MS222) powder (Sigma-Aldrich, USA) to 108 

system water, making a stock solution of 10g/L buffered with sodium bicarbonate until pH 109 

reached 7.0.  Clove oil was prepared in a 9:1 ratio of ethanol to clove oil solution (Merck, USA). 110 

Propofol (Lipuro 2%, B. Braun Melsungen AG, Germany) and lidocaine (2%, B. Braun, Queluz 111 

de Baixo, Barcarena, Portugal), as well as etomidate (Lipuro 2mg/mL, B. Braun, Queluz de 112 

Baixo, Barcarena, Portugal) did not require any previous preparation.  113 

The anaesthetic water bath of 200 mL was always freshly prepared with the system water inside a 114 

1-L tank.  For the rapid cooling method, ice was added to a 1-L tank with system water until 115 

water temperature reached 2- 4ºC. An internal tank with perforated bottom (ZB10BTI, 116 

Tecniplast, Ultragene, Santa Comba Dão, Portugal) was then placed on top of the ice to avoid the 117 

animals from being in contact with the ice.  Zebrafish was placed in the prepared water bath (with 118 

anaesthesia or cold water), and time to lose the equilibrium was registered when fish stayed more 119 

than 3 seconds in lateral or dorsal recumbency.  After the equilibrium loss was achieved, the 120 

caudal fin was gently pinched with forceps until the animal had no response to this painful 121 
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stimulus. The response to a painful stimulus was evaluated every 30 seconds. Then, opercular 122 

movement was assessed every 30 seconds. The ceasing of the opercular movements was 123 

registered when the animal stopped breathing for 2 minutes. Thus, the latency for this movement 124 

to stop was considered 2 minutes before the referred registration. When no opercular movements 125 

were detected for 2 minutes, the tested individuals were placed in another tank with clean water 126 

for 20 minutes. If no signs of recovery were noticed, the animals were deemed as dead.  127 

 128 

Statistics 129 

First, data were analysed concerning normal distribution (Shapiro-Wilk test) and homogeneity of 130 

variances between groups (Levene’s test). 131 

Data regarding time to lose equilibrium, reflexes to a painful stimulus, and opercular movements 132 

was log transformed, after which it presented normal distribution and homogeneity of variances 133 

between groups. One-way ANOVA with Tukey as a post-hoc test was then used to compare these 134 

parameters between treatment groups.  135 

All hypotheses were two-tailed tested and statistical significance was set at p≤ 0.05. Data were 136 

inserted in the Microsoft Excel™ 2010 (Microsoft Corporation, Redmond, WA, USA), and 137 

analysed using IBM SPSS™ 20 for Windows (SPSS Inc., Chicago, IL, USA). GraphPad Prism 7 138 

for Windows (GraphPad Inc., San Diego, CA, USA) was used for graphical representations of the 139 

parameters without log transformation (raw data). 140 

 141 

Results 142 
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Pilot study 143 

All the concentrations tested in the pilot study, and the number of dead animals is presented in 144 

table 1. The doses selected are in bold. The first dose tested for clove oil based on the anaesthetic 145 

concentrations15 resulted in the death of all 3 animals, and so it was the only dose tested for this 146 

anaesthetic. 147 

 148 

Main study 149 

Rapid cooling induced a faster loss of equilibrium compared to the other treatments: P/L group (F 150 

(4, 34.82) = 2.61, p<0.0001), CO group (F (4, 34.82) = 2.61, p <0.0001), MS222 group (F (4, 151 

34.82) = 2.61, p<0.0001) and Et group (F (4, 34.82) = 2.61, p<0.0001). MS222-treated animals 152 

took more time to lose equilibrium than zebrafish treated with Etomidate (F (4, 34.82) = 2.61, p= 153 

0.004) or with Propofol/lidocaine (F (4, 34.82) = 2.61, p= 0.011) (Fig. 1A).  154 

Regarding time to lose reaction to a painful stimulus (Fig. 1B), rapid cooling induced a faster loss 155 

of this reflex compared to the other protocols: P/L group (F (4, 34.82) = 2.61, p<0.0001), CO 156 

group (F (4, 34.82) = 2.61, p <0.0001), MS222 group (F (4, 34.82) = 2.61, p<0.0001) and Et 157 

group (F (4, 34.82) = 2.61, p<0.0001). Etomidate-treated animals took longer to lose painful 158 

reflex than those treated with MS222 (F (4, 129.89) = 15.26, p <0.0001), Clove oil (F (4, 129.89) 159 

= 15.26, p <0.0001) and Propofol/lidocaine (F (4, 129.89) = 15.26, p <0.0001). Also, MS222-160 

treated animals lost this reflex faster than Propofol/lidocaine-treated animals (F (4, 129.89) = 161 

15.26, p =0.036). 162 
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Regarding the ceasing of the opercular movements (Fig. 1C), RC induced a faster loss of these 163 

movements compared to the other treatments: P/L (F (4, 34.82) = 2.61, p<0.0001), CO (F (4, 164 

34.82) = 2.61, p <0.0001), MS222 (F (4, 34.82) = 2.61, p<0.0001) and Et group (F (4, 34.82) = 165 

2.61, p<0.0001). Etomidate-treated animals took more time to stop breathing than MS222 166 

(p<0.001) and Clove oil-treated animals (p=0.001). 167 

Some zebrafish of all groups still had heart beat after opercular movement ceased, however none 168 

recovered or regained opercular movements when placed in clean water for 20 minutes. After this 169 

period, heart beat was not observed in any of the animals. 170 

 171 

Discussion 172 

In this study, all protocols used were efficacious to achieve euthanasia, but rapid cooling was 173 

consistently the fastest, with less variability among individuals, hence more efficient.  174 

In more detail, etomidate was quick to induce loss of equilibrium, but it was the slowest to induce 175 

animals’ death. As expected, etomidate-treated zebrafish took more time to lose response to 176 

painful stimuli than the other animals, as etomidate do not have analgesic properties. Still, this 177 

reflex is lost with etomidate around 30 min of exposure because we are using a very high 178 

concentration to euthanise zebrafish, and loss of the pain reflex occurs when the animal is about 179 

to die. Regarding the latency to kill adult zebrafish, rapid cooling was the significantly fastest 180 

method (maximum latency of ~0.98 min), followed by a similar performance of 181 

propofol/lidocaine combination, MS222 and clove oil, while etomidate was significantly slower 182 

(maximum latency of ~40 min) than MS222 and clove oil to induce animals’ death. Furthermore, 183 

rapid cooling induced the less variable responses, and etomidate caused the less consistent 184 
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responses among animals. Anaesthetics are expected to be more prone to individual variability 185 

depending on differences in animal size and in the amount of lipids where anaesthetics may 186 

accumulate13. Rapid cooling is also expected to be slower to induce death in bigger fish, although 187 

it is unlikely that it will cause noticeable differences in time to kill, especially due to the rapidity 188 

of the method. 189 

In this study, none of the animals recovered after being 2 minutes without breathing, in contrast 190 

with the advice in guidelines16 to keep adult zebrafish exposed to the euthanasia treatment for at 191 

least 10 min after opercular movements cease. To perform a second/ confirmatory method of 192 

euthanasia (e.g.: decapitation, exsanguination) solves the question of how long to wait after the 193 

last opercular movement to ensure the death of a fish. Heart beat detection is not an indication 194 

that the fish will recover when placed in clean water, as we detected heart beat in many animals 195 

from all the groups after the 2 min period. This is an expected observation as heart beat is 196 

controlled by an intrinsic pacemaker system which continues to contract after brain activity has 197 

ceased and only stops when oxygen is depleted17.  198 

Rapid cooling is accepted in the USA but not in countries following the European Directive 199 

2010/63/EU. The Directive does not distinguish between euthanasia methods for different fish 200 

species and cold water is not effective to kill cold-water fish or big fish. In contrast, as we have 201 

demonstrated here, it rapidly kills zebrafish. However, time to kill is only one of several criteria 202 

and more needs to be understood about what happens to zebrafish during a hypothermal shock in 203 

order to fully understand if rapid cooling provides a “good death”. The risk of cold-water fish 204 

feeling pain with cold water seems improbable, as no cold-sensitive receptors have been 205 

identified 18. From poikilotherms to homeotherms, the receptors have been evolved to be 206 

sensitive to cold, but the tropical teleost as zebrafish are in a grey area, as they have a wider 207 
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thermal range compared with cold-water species. Although zebrafish do not need to prevent 208 

freezing in their natural habitat, they have antifreeze proteins19 which are involved mainly in 209 

developmental processes 20. Nevertheless, other defensive compensatory mechanisms have been 210 

detected in zebrafish under cold stress such as alterations in gene expression21. In carp, a 211 

temperate species, hypothermia was found to slow the drop of brain temperature by reducing the 212 

blood flow and oxygen to the CNS, except to the preoptic area and pituitary pars distalis that are 213 

associated to temperature detection and endocrine stress response. Indeed plasma cortisol 214 

increased after 5 minutes of the temperature drop22. We found a very quick loss of equilibrium in 215 

rapidly cooled zebrafish (average of 9 sec), which leaves a very small window of time for the fish 216 

to express a stress response. Moreover, the preoptic area and pituitary pars distalis in the 217 

diencephalon22 have not been described as directly implicated in pain or fear/ avoidance 218 

behaviours that are more related to telencephalon regions23-25. In summary, available evidence so 219 

far is not enough to understand what zebrafish feel during rapid cooling euthanasia, and more 220 

electrophysiology studies and other brain activity assessments would be important to understand 221 

if a true loss of consciousness is achieved or if the animal is only immobilized while still able to 222 

experience stress. 223 

A good method of euthanasia is expected to comply with several criteria related to animal 224 

welfare, quality of scientific results, and to the efficacy, safety, and practicability (procedure, 225 

costs, availability) of the method. Animal welfare was briefly discussed before, but it was not the 226 

aim of this study. All methods were considered efficacious as they provide an irreversible 227 

euthanasia in all animals. Regarding practicability, all the protocols allow the euthanasia of 228 

several animals at the same time, with no need of special equipment. MS-222 and clove oil are 229 

slightly less practical to use, as these anaesthetic solutions need to be prepared: MS-222 is a 230 
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powder that has to be diluted and buffered in a stock solution, and clove oil must be mixed with 231 

ethanol. As anaesthetic baths need to be prepared with the appropriate dose, the margin for 232 

human error is higher than when cold water is used. All anaesthetics used can be easily bought, 233 

but, of course, ice for rapid cooling is cheaper as it only requires a freezer. The costs for each of 234 

the method using anaesthesia overdose are available in Table 2. For safety reasons, MS222 235 

should be prepared in a fume hood. Although risks to clove oil exposure are not clarified, some 236 

of its components may have some carcinogenic effects26. Rapid cooling has minimal occupational 237 

health and safety risks compared to chemical and other physical methods of euthanasia5. 238 

The purpose for which fish are killed is also important in the choice of euthanasia method.  If 239 

tissues need to be collected, the rapid cooling procedure used in this study needs to be adapted to 240 

avoid the risk that unsterile ice may compromise post-mortem analysis. This can be done by 241 

using one tank inside another: the outside tank contains ice and the inside, where the fish will be 242 

placed, contains water from the zebrafish system at 2-4ºC 27. Rapid cooling also appears adequate 243 

for biochemical post-mortem analysis, and histological damage was ruled out by Wilson et al.5 244 

who did not detect the formation of ice crystals in the tissues. However, as long as rapid cooling 245 

is not a legally approved method, it cannot be used alone, and anaesthetic overdose remains the 246 

most used method. To minimize the influence of anaesthetic agents in the post-mortem analysis, 247 

the concentrations used and the period of exposure to these agents may be reduced to provide 248 

only loss of equilibrium, and then rapid cooling or decapitation can be used. This protocol 249 

complies with the European Directive, as other methods than those listed in the Annex IV may be 250 

used “on unconscious animals, providing the animal does not regain consciousness before death.” 251 

Taking in consideration the points studied, rapid cooling is the method that check most of the 252 

criteria to properly kill adult zebrafish: rapid unconsciousness and death, requiring minimum 253 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27432v1 | CC BY 4.0 Open Access | rec: 17 Dec 2018, publ: 17 Dec 2018



13 
 

restraint, being reliable, reproducible, irreversible, simple to administer and safe for the operator, 254 

economically viable and, so far as possible, aesthetically acceptable for the operator 2.  255 

To summarize, etomidate is the slowest methods for euthanasia completion, and etomidate-256 

treated animals had the most variable responses, while rapid cooling was the quickest protocol to 257 

kill adult zebrafish with the less inter-individual variability, hence more efficient. As rapid 258 

cooling is not allowed in the EU and animal welfare questions still need to be clarified, we 259 

recommend that after loss of equilibrium induced by anaesthesia, this method can be used to 260 

accelerate the euthanasia, minimizing the exposure duration to chemicals that may influence post-261 

mortem analysis, without requiring a special permit.  262 

Further studies evaluating animal welfare and the quality of the biological samples are needed 263 

to refine rapid cooling protocol before legislation can be changed to include this as a method for 264 

euthanasia for small tropical fish.  265 

 266 
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Fig. 1: Time to lose equilibrium (A), to lose reaction to painful stimulus (B) and to cease 343 

opercular movements (C) of adult zebrafish when exposed to 20 mg/L of propofol combined with 344 

100 mg/L of lidocaine (P/L), 250 mg/L of MS222 (MS222), 6 mg/L of etomidate (Et), 50 mg/L 345 

of clove oil (CO), or cold water at 2-4ºC (RC).  Data are presented as median [interquartile 346 

range]; n= 12. Different letters indicate significant differences between groups (p< 0.05, one-way 347 

ANOVA followed by Tukey’s post-hoc test using log-transformed data).  348 

349 
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Table 1: Anaesthetic concentrations tested in the pilot study and the number of dead animals in 350 

each protocol. At bold are the protocols selected to be used in the main study. 351 

Anaesthetic Concentration (mg/L) Number of dead zebrafish 
(max 3) 

MS-222 
300 

3, but with gill 

haemorrhage 

250 3 

Propofol 

15 1 

20 1 

30 2 

Propofol + Lidocaine 
15 + 100 0 

20 + 100 3 

Etomidate 
5 1 

6 3 

Clove oil 50 3 

352 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.27432v1 | CC BY 4.0 Open Access | rec: 17 Dec 2018, publ: 17 Dec 2018



18 
 

Table 2: Anaesthetic doses, suppliers and costs for 200 mL of solution used to adult zebrafish 353 

euthanasia. Costs of the anaesthetic solutions related to the treatment of chemical residues are not 354 

included.  355 

Anaesthetics Effective dose (mg/L) Supplier Brand 
Cost €/200 mL 
of working 
solution 

Etomidate 6 
Propecuária Veterinária e 
Farmaceutica, Lda. 

B. Braun 0.2274 

Clove Oil * 50 Merck Merck 0.0015 
MS222 * 250 Merck Merck 0.2454 

Propofol + Lidocaine 20 + 100 
Propecuária Veterinária e 
Farmaceutica, Lda. 

B. Braun 0.2680 

*Price for clove oil includes ethanol for dilution, and price for MS222 includes NaOH to buffer 356 

the solution.  357 
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