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ABSTRACT 

Although the chronotoxicity of xenobiotics is relatively well known in mammals, the 

existence of daily rhythms of drug toxicity and effectiveness in fish have been neglected 

to date. The aim of this research was to investigate the influence of the time (middle of 

the light phase, ML vs middle of the dark phase, MD) of exposure to two anesthetics 

(MS-222 or clove oil) commonly used in fish on the median lethal concentration (LC50) 

and swimming activity of zebrafish (Danio rerio). To this end, adult zebrafish were kept 

under a 12:12h LD cycle and exposed to different concentrations of anesthetic for 15 

minutes at ML or MD. The LC 50 calculations were performed using the Spearman-

Karber program, while swimming activity was video recorded and analyzed with 

specialized software. In the trials zebrafish exhibited a mostly diurnal activity pattern 

(77.9% of activity occurring during daytime). The acute toxicity and mortality caused 

by MS-222 and eugenol varied with the time of exposure. In the case of MS-222, the 

LC50 was 170. 6 ± 7.4 mg/L in fish exposed at ML, and 215.6 ± 3.9 mg/L at MD while 

the LC50 of eugenol was 70.3 ± 3.1 mg/L at ML, and 104.9 ± 5.4 mg/L at MD. 

Exposure to sublethal concentrations of MS-222 and eugenol also altered the swimming 

patterns of zebrafish in a different manner depending on the time of exposure. Thus, the 

time required for decreasing swimming activity during exposure to anaesthetics was 

shorter at ML than at MD whereas the recovery period was longer during the day. In 

conclusion, these results revealed that the toxicity and effectiveness of both anesthetics 

is highest during daytime, coinciding with the active phase of fish and suggesting a link 

between the daily rhythms of behaviour and toxicity.  

 

Keywords: chronotoxicity, anaesthetics, eugenol, MS-222, zebrafish, daily rhythms, 

swimming activity. 
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INTRODUCTION  

The physiology and behaviour of most organisms show rhythms that are 

synchronised to periodic environmental changes imposed by the earth’s rotation. As 

part of the rhythmicity in physiology, drug efficacy and toxicity may also vary with 

time (reviewed in Paschos et al., 2010). Chronotoxicology studies the existence of 

variations in the presence and severity of adverse effects when drugs are administered to 

an organism at different times of the day (reviewed in Bruguerolle, 1998). Over the past 

four decades, daily variations in drug absorption, distribution, metabolism and excretion 

have been extensively reported in mammals and later reviewed by several authors 

(Cambar and Pons, 1997; Lemmer, 1989, 1996; Reinberg, 1991; Smolensky and 

Peppas, 2007). However, the chronobiology of xenobiotics and administration-time 

differences in the effectiveness or toxicity of drugs are unknown to most investigators 

working with fish.  

 Some research practices in fish result in exposure of the experimental animals to 

a variety of stressors (Barton, 2000), causing physiological and behavioural alterations 

which may lead to unsatisfactory results and raising concerns about fish welfare. 

Anesthetics are often used in fish to reduce the stress intensity of these activities. As the 

concentration required to induce the desired stage of anaesthesia varies depending on 

the anaesthetic (Roubach and Gomes, 2001), toxicology tests need to be performed to 

establish acceptable limits and to determine the toxic effects of the chemical to which 

the fish will be exposed. In addition, since the adverse affects of chemicals vary with 

the time of administration (Rebuelto et al., 2002), daily changes in the toxicity and 

effectiveness of anaesthetics should also be investigated.   

Anaesthetics such as tricaine methane sulfonate (MS-222) (Fig.1A), quinaldine 

sulfate, benzocaine, clove oil (Fig. 1B) and phenoxyethanol are commonly used in fish 
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farms (reviewed in Burka et al., 1997; reviewed in Ross & Ross, 1999; King et al., 

2005). Among these, only MS-222 is licensed for its use in food fish in the United 

States and the United Kingdom (Velísek et al., 2009) and so it is frequently used in fish 

as both sedative and euthanizing agent (Ackerman et al., 2005). However, after being 

exposed to MS-222, fish cannot be consumed until 21 days have passed (Meinertz et al., 

1999). On the other hand, the use of anaesthetics from natural sources, such as clove oil, 

has been reported to offer several advantages (Grush et al., 2004; King et al., 2005; 

Velisek et al., 2005; Velisek et al., 2006; Weber et al., 2009). Clove oil is a natural 

product of low cost and high availability (King et al., 2005; Soto and Burhanuddin, 

1995). Furthermore, eugenol (the main component of clove oil) has a wide safety 

margin for fish, is not toxic to the operator (Keene et al., 1998) and is rapidly 

metabolised and excreted (Wagner et al., 2002). Both anaesthetics (MS-222 and 

eugenol) cause hypoxemia, hypercapnia, respiratory acidosis and hyperglycemia in fish. 

However, eugenol induces anaesthesia quicker; the recovery period is longer and can 

produce ventilatory failure rapidly when using high concentrations (Sladky et al., 2001). 

The zebrafish (Danio rerio Hamilton) is one of the leading models of vertebrate 

organisms in biomedical research (Dooley and Zon, 2000; reviewed in Shin and 

Fishman, 2002), and is particularly used as a model in human disease investigations 

(Berghmans et al., 2005; Guyon et al., 2006) and for screening therapeutic drugs 

(reviewed in Rubinstein, 2003, 2006). This species has a number of attributes that make 

it particularly appropriate for experimental manipulation: it is a small but robust fish, 

and a large number can easily be maintained in the laboratory at low cost. Moreover, the 

genetic and embryological manipulation of zebrafish is easier than in mammals like 

mice, where such procedures are more complicated and expensive. This fish species is 

also widely used in other sorts of investigation, such as toxicology (reviewed in Lele & 
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Krone, 1996; Scalzo & Levin, 2004) or chronobiology studies,  where it provides a 

useful tool to establish the molecular bases of the vertebrates circadian clock (Cahill 

2002), and being a model for research on fish behavioural rhythms (Hurd and Cahill, 

2002).  

This study aims to determine the existence of daily rhythms in (1) the toxicity of 

MS-222 and eugenol, for which the LC50 at mid-light (ML) and mid-dark (MD) were 

calculated, and (2) the sublethal effect of both anaesthetics at ML or MD on the 

swimming activity of zebrafish.   

 

MATERIAL AND METHODS 

Animals housing 

A total of 2040 mixed sex adult zebrafish of 0.35 ± 0.04 g body weight and 3.68 ± 0.07 

cm body length were obtained from a retail store (Jumipez SL, Murcia, Spain). The fish 

were housed in 60 L aquaria (2 fish/L) in which water was recirculated by a filter pump 

(Eheim, Germany) and temperature was controlled (27±1°C) by a heater (150W). The 

aquaria were placed inside an isolated chamber (chronolab) with a photoperiod of 12 h 

light: 12 h darkness (LD). Light was provided by fluorescent tubes (F15W/GRO, 

Sylvania Gro-Lux, Germany) and fish were fed once a day "ad libitum" at random times 

during the daytime, with a commercial dry flake food (Tropical NUTRON Hi-Fi). The 

daily pattern of locomotor activity of zebrafish was recorded by means of infrared 

photocells (Omron, model E3S-AD62, Japan) connected to a USB data-acquisition 

board (Measurement Computing, USA) connected to a computer. Animals were 

acclimated to laboratory conditions for at least ten days before the beginning of the 

experiments and fasted for 24 hours before the assays. The experiments performed in 

the present research followed Spanish legislation on Animal Welfare and Laboratory 
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Practices and was approved by both the National Committee on Animal Welfare and the 

Bioethics Committee of the University of Murcia. In addition, the experimental design 

and methodology followed in this investigation were in accordance with the 

international ethical standards of the journal (Portaluppi et al., 2008).  

Toxicity tests: mortality dose-response curve and LC50 

To determine the LC50 at both ML and MD, fish were exposed to 7 or 10 

different concentrations of MS-222 (0.612-0.918 mM=160-240 mg/L) and clove oil 

(0.274-1.218 mM=45-200 mg/L), respectively. For each concentration, 6 glass bottles 

containing 8 fish were filled with 0.6 L of MS-222/clove oil solution. Constant 

oxygenation was provided and throughout the experiments the glass containers were 

kept within a 100 L tank in which water temperature was controlled by a heater 

(27±1°C). The anaesthetic solutions were prepared immediately before the assays. To 

this end, an MS-222 stock solution was prepared (3.827 mM=1g/L) whereas eugenol 

was previously diluted in ethanol (1 eugenol: 9 ethanol) before being dissolved in water 

(Cooke et al., 2004). Nevertheless, a control test only with ethanol was not carried out 

in the present experiments. To determine day-night variations in LC50, the exposure to 

different concentrations of anesthetics were performed at both ML and MD. Each 

exposure was carried out for 15 minutes, then the anaesthetics were removed and the 

fish were transferred to other aquaria containing clean water to allow their recovery. 

After 1 h the mortality rate (%) was recorded.  

Effect of sublethal concentrations on fish activity. 

In this experiment zebrafish were exposed at both ML and MD to 0.229 mM (60 

mg/L) MS-222 or 0.274 mM (45 mg/L) clove oil. For each assay, 7 independent 

replicates were used. To evaluate the effect of these anaesthetic concentrations on 

zebrafish activity, the experimental animals were video-recorded for 30 min before the 
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assay and 15 min during MS-222/clove oil exposure. Then, the anesthetic was removed, 

clean water was provided and swimming activity was recorded for an additional hour to 

monitor the recovery period. To record swimming activity, fish were placed inside an 8 

L aquarium divided into seven compartments, where the anaesthetics exposure was 

carried out. An individual fish was placed in each compartment.  During the experiment, 

temperature was kept constant (27±1°C). During the day, lighting was provided by 

fluorescent tubes (Grolux, 18W, Germany), whereas at night infrared lamps were used 

to allow video-filming, although this illumination was not detected by the experimental 

fish. Video-recording was performed with a digital video camera (SONY, Handycam, 

DCR-SR55E) equipped with “Nightshot plus” function to record in the absence of 

visible light.  

Data analysis 

The locomotor activity displayed by fish before the experiments was recorded by 

infrared photocells (OMRON 3S-AD62, Japan) placed in the aquaria and these records 

were analysed by a Chronobiology software (El Temps v. 1, 179, Dr. Díez-Noguera, 

Barcelona).  

Mortality results were fitted with a three parameters logistic model using the 

least squares method (Sigmaplot Ver. 10, Systat Software, Inc, USA) (Guilhermino et 

al., 1997; Isnard et al., 2001), based on the logistic model: 

 

 

 

where “Y” is the % mortality after exposure to a concentration “x” of anesthetic 

for 15 min, “a” represents the function maximum value, “b” is a measure of the 
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steepness of the rising portion of the curve and “xo” the concentration at which the 

mortality rate is 50% (median lethal concentration “LC50”).  

Furthermore, a t-test was performed (p<0.05) to check the existence of 

significant differences in the mortality rate for each concentration at ML and MD. Prior 

to this the percentages of mortality were arcsine transformed.  

The LC50 for MS-222 and eugenol at ML and MD was calculated by the 

trimmed Spearman-Karber method, with a confidence interval of 95%. To determine the 

No Observed Effect Concentration (NOEC) and the Lowest Observed Effect 

Concentration (LOEC), the mortality data were firstly normalised by arcsin 

transformation. Then, a one-way ANOVA followed by a Dunnett test was performed, 

with P < 0.05 taken as the statistically significant threshold (Isnard et al., 2001).         

The video analysis was performed using specialised software, Fish Tracker 

(Sánchez et al. 2010). The software tracked each fish from the videos and provided their 

position (X,Y) every second. The method consists of the following four main steps: 

image acquisition, video stabilization, image segmentation and tracking technique. This 

tool allowed the quantification of fish activity every second and generated a file that 

was exported to Excel for further analysis and graphics creation.  

To calculate the induction time of anaesthesia and recovery after the anaesthetics 

exposure, the mean activity every minute was calculated and compared to the mean 

activity of fish before the exposure. To this end, a paired-samples t-test was performed 

(p < 0.05). 

RESULTS 

Daily activity rhythms 

Locomotor activity was registered to test the light entrainment of the daily 

behavioral rhythms of zebrafish before the exposure to anesthetics. Under a 12h:12h 
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light-dark (LD) cycle, zebrafish showed a mostly diurnal pattern, with 77.9% of activity 

occurring during daytime (Fig. 2A). Moreover, the activity levels were higher during 

the first half of the photophase and sharply decreased once the lights were off (Fig. 2B). 

Dose-response curves and LC50  

The mortality data showed a good fit to the three parameter logistic model 

(Table I), which is routinely used in toxicology studies. The lethal effect of both 

anaesthetics differed between ML and MD, the mortality rate being higher at ML than 

at MD for most of the tested concentrations (t-test, p<0.05) (Fig. 3).  

For MS-222, the LC50 at ML was 0.172 mM (45 mg/L) lower than at MD, 

whereas the NOEC and the LOEC were 0.153 mM (40 mg/L) and 0.192 mM (50 mg/L) 

lower, respectively (Table II). As regards eugenol, the LC50 at MD was around 0.211 

mM (35 mg/L) higher than during the day. In addition, both the NOEC and LOEC were 

0.06 mM (10 mg/L) lower at ML than at MD (Table II).  Therefore, depending on the 

time of the day (ML or MD), the LC50, NOEC and LOEC differed, being higher during 

the night. 

 

Sublethal effects of eugenol and MS-222 

In addition to acute toxicity (mortality), the effectiveness of both anesthetics at 

sublethal concentrations also differed depending on the time of exposure.  

 During exposure to MS-222 at ML, shortly after adding the anesthetic to the 

water, fish tended to move towards the water surface and increased their swimming 

activity (figure 4 A, C). Such a response lasted for approximately 4 minutes, and was 

followed by a marked decrease in activity as fish went down to the bottom of the 

aquarium. During exposure at MD, however, fish showed no initial increase in activity, 

although they, too, tended to swim towards the water surface shortly after adding the 
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anesthetic (figure 4B, D). Immediately after MS-222 was added to the aquarium at ML 

fish significantly increased their activity, whereas at MD this increase was not observed. 

After 5 min of exposure the fish activity decreased significantly at both ML and MD 

(paired-samples t-test, p<0.05), although the activity levels were much lower at ML, 

compare to basal levels, than at MD. As for the recovery period, at both ML and MD 

fish did not reach basal levels of activity, not even at the end of the recording (paired-

samples t-test, p<0.05). 

In the case of eugenol, at ML a marked decrease in swimming activity as fish 

moved to the bottom was observed after 1 min of exposure (paired-samples t-test, 

p<0.05) (Figure 5 A, C). However, at MD fish did not reduce their activity or their 

vertical position in the aquarium (Fig.5B, D). Recovery after exposure at ML occurred 

after 4min (paired-samples t-test, p<0.05).  

  

DISCUSSION  

 Our results revealed that both the toxicity and effectiveness of two common 

anesthetics used in fish had strikingly different effects, depending on the time of 

exposure: a given concentration of MS-222 (0.727 mM=190mg/L) killed 82% of fish at 

ML, but only 14% at MD, while eugenol (0.487 mM=80mg/L) killed 68% at ML and 

22% at MD (Figure 2 and 3). Similarly, the LC50 for eugenol was 21% (MS-222) and 

33% lower at ML than at MD. As regards the NOEC and LOEC, for MS-222 these 

concentrations were 20% and 23% lower at ML. These findings are in accordance with 

a recent study in gilthead seabream, which showed the existence of daily variations in 

the toxicity and effectiveness of MS-222 in this marine species (Vera et al., 2010).  

 Despite the lack of chronotoxicity studies in fish, there are many examples of 

acute toxicity rhythms in mammals. For instance, Skubitz et al. (1986) reported that 
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75% of mice injected with a given dose of antibiotics at the beginning of the day 

survived in comparison to only 13% of those treated early at night. Zhang et al. (1993) 

also reported that mortality caused by drugs used in chemotherapy (AZT) was 

significantly higher in rats injected in the middle of the night. In general, although there 

are many rhythmic factors involved in the chronobiology of xenobiotics, lethality 

appears to be higher during the active phase of the animal (at night in nocturnal 

rodents). As regards the dosing-time effects of anaesthetics, in mice, the hypnotic 

duration of GABAergic drugs (pentobarbital, propofol, midazolam and ethanol) was 

larger in the early active phase (Sato et al., 2005). On the contrary, some 

chronopharmacological studies in rodents and rabbits have shown that the effect of 

general anaesthetics is higher during the rest period (reviewed in Dispersyn et al., 

2008). In both cases, the authors have linked these findings to circadian variations in the 

post-synaptic GABA receptor. In the case of zebrafish, our results are consistent with 

the hypothesis linking daily patterns of behaviour and toxicity, since toxicity of MS-222 

and eugenol was highest in the middle of the day, coinciding with the diurnal activity 

rhythm displayed by zebrafish, which could be related to a higher anaesthetic absorption 

through the gills at ML. Actually, previous studies in sea bream have also found a 

relationship between diurnal activity and higher toxicity during the day (Vera et al., 

2010). Zebrafish is considered “day-active”, as reported by López-Olmeda et al. (2006, 

2009) and Blanco-Vives and Sánchez-Vázquez (2009), who showed that this species 

had diurnal locomotor activity and spawning rhythms under different environmental 

conditions (light and temperature cycles), in agreement with previous studies by Hurd et 

al. (1998), in which a strong confinement of zebrafish activity to the light phase was 

observed.  
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 The mechanisms underlying toxicity rhythms are not fully understood, although 

drug pharmacokinetics is closely related to circadian variations in physiology driven by 

clock genes (reviewed in Paschos, 2010). In fish, circadian rhythms in many 

behavioural and physiological functions have been reported (reviewed in Kulczykowska 

et al., 2010). Zebrafish has been used as a model species to study the vertebrate 

molecular clock system (Hirayama et al., 2005). Moreover, recent research has found 

that zebrafish activity rhythms and clock gene expression can be modified by restricted 

feeding schedules (Sánchez and Sánchez-Vázquez, 2009; Sánchez et al., 2009). 

However, further research is required to understand how the circadian clock controls 

gastrointestinal, hepatic and renal processes, which, in turn, affects drug 

pharmacodynamics (absorption, distribution, metabolism and excretion).  

 The effects of anesthetics depend on a number of environmental factors such as 

anesthetic concentration, water temperature, dissolved oxygen, pH, etc. (reviewed in 

Burka et al., 1997; Hamackova et al., 2004; Myszkowski et al., 2003; reviewed in Ross 

& Ross, 1999; Soto and Burhanuddin, 1995; Weyl et al., 1996). The response to 

anesthetics may also be influenced by biological factors such as the size and the species 

(Rombough, 2007), stress, individual fitness and skin thickness (Walsh and Pease, 

2002). In the case of zebrafish, the LC50 of eugenol in our trials varied from 0.426 mM 

(70 mg/L) (ML) to 0.639 mM (105mg/L) (MD), which is higher than that found by 

Grush et al. (2004) and Mácová et al. (2008) for the same species: 0.128 and 0.116 mM 

(21 and 19 mg/L), respectively. Such differences between authors are most likely due to 

the different durations of exposure (96h vs 15min) to eugenol, a factor which is known 

to affect drastically the LC50 (Velisek et al., 2006). 

 Because of the widespread circadian rhythms in physiology, fish might be 

expected to respond differently to anesthetics depending on their internal physiological 
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state. For instance, fish during the day may be more stressed, coinciding with the peak 

in cortisol levels, as observed in rainbow trout (Reddy and Leatherland, 2003). In this 

species, Holloway et al. (2004) evaluated the effect of eugenol and MS-222, finding a 

significant increase in hematocrit, plasma cortisol, glucose, tri-iodothyronine and 

thyroxine, accompanied by a decrease in potassium, while total protein and sodium 

levels remained unchanged. In the case of zebrafish, the higher toxicity found at ML in 

our trials may be related to increased metabolic activity during the day, which requires 

greater energy expenditure and might also increase the anaesthetic absorption through 

the gills. Fish exposed to anesthetics react by consuming more energy, which drives the 

response of excess catecholamine and cortisol secretion (Pickering, 1993). This 

overload may cause excessive stress in fish, leading to death. However, during the 

resting phase (MD in zebrafish) the metabolism is lower and the organism's efforts to 

maintain homeostasis is smaller, and so the stress and mortality are diminished. 

Furthermore, the increased metabolism during the active phase does not seem to be 

related with a higher activity of detoxifying enzymes, such as Cytochrome P450 in mice 

(Sato et al., 2005) or estearase and GST in Drosophila (Hooven et al., 2009). 

 Treatment with excessive anaesthesia is very stressful to fish, causing abnormal 

behaviour, metabolic rate, oxygen consumption, blood pressure and blood physiological 

responses (Park et al. 2008). Moreover, these side-effects can last for hours after fish 

recover from anaesthesia (reviewed in Summerfelt and Smith, 1990). In our trial, 

immediately after MS-222 was added to the aquaria, zebrafish dramatically increased 

their activity and swam towards the water surface, particularly at ML (Figure 4). 

Changes in behaviour have previously been reported in zebrafish exposed to 

anaesthetics (Grush et al., 2004), as well as in seabream Sparus aurata and seabass 

Dicentrarchus labrax (Mylonas et al., 2005), although the effect of time of day was not 
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considered. In experiment 2, the induction time of anaesthesia in zebrafish with eugenol 

was shorter at ML than at MD, which is in accordance with the toxicity results (exp. 1). 

Actually, fish exposed to eugenol at MD did not show any effect, and activity levels 

remained comparable to those displayed before the anaesthetic exposure. However, the 

same eugenol concentration (0.274 mM=45 mg/L) induced anaesthesia at ML in 1 min. 

The recovery times also differed between ML and MD, being longer during the day. 

These differences could also be explained by the fact that, for a given anaesthetic 

concentration, the toxicity (and therefore, effectiveness) would be higher at ML than at 

MD. Fish exposed to MS-222 showed lower activity levels after anesthesia than those 

treated with eugenol, suggesting that for zebrafish, MS-222 could be more toxic than 

eugenol, which contradicts other studies reporting that the recovery time is longer when 

fish are exposed to eugenol than to other anesthetics (reviewed in Svobodova et al., 

2007). However, other factors, such as differences in the physiological status of fish 

should also be considered (Weber et al., 2009).  

 In conclusion, the present results showed that the lethality of MS-222 and 

eugenol, and their effectiveness to induce anaesthesia in zebrafish, depended on the time 

of day at which the exposure was carried out. These findings should be used to 

synchronize behavioural and physiological rhythms and the dosage of medication to 

increase efficacy and safety. Although the importance of the time of drug administration 

has been well established in mammals, husbandry and/or experimental protocols using 

anaesthesia in fish should also take into account the existence of daily rhythms at which 

the effectiveness is optimum and the toxicity is lowest.  

 

ACKNOWLEDGEMENTS 



15 
 

This research was supported by the Spanish Ministry of Science and Innovation 

(MICINN) by project (AGL2007-66507-CO2/ACU), Spanish Ministry of Education, 

Brazilian-Hispanic Cooperation Program, by project (PHB-2008-0092/93) and 

SENECA foundation by project (08743/08) to FJSV. The results were partially 

presented at the COST ACTION 867 (“Welfare of fish in European Aquaculture”)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

at the Isafjordur meeting (Iceland). Thanks are also due to CAPES (Brazil), project 

193/09, for the grant awarded to VOF. 

 

Declaration of interest: The authors report no conflicts of interest. The authors alone 

are responsible for the content and writing of the paper.  

 

REFERENCES 

Ackerman AH, Creed PA, Parks AN, Fricke MW, Schwegel CA, Creed JT, Heitkemper 

DT, Vela NP. (2005). Comparison of a chemical and enzymatic extraction of 

arsenic from rice and an assessment of the arsenic absorption from contaminated 

water by cooked rice. Envion. Sci.  Technol. 39:5241-5246.  

Barton BA. (2000). Salmonid fishes differ in their cortisol and glucose responses to 

handling and transport stress. N. Am. J. Aquacult. 62: 12-18.  

Berghmans S, Jette C, Langenau D, Hsu K, Stewart R, Look T, Kanki JP. (2005). 

Making waves in cancer research: new models in the zebrafish. Biotechniques 39: 

227-237. 

Blanco-Vives B, Sánchez-Vázquez FJ. (2009). Synchronization to light and feeding 

time of circadian rhythms of spawning and locomotor activity in zebrafish. 

Physiol. Behav. 98: 268-275. 



16 
 

Bruguerolle B. (1998). Chronopharmacokinetics - Current status. Clin. Pharmacokinet. 

35: 83-94. 

Burka FJ, Hammell KL, Horsberg TE, Johnson GR, Rainnie DJ, Speare DJ. (1997). 

Drugs in salmonid aquaculture – a review. J. Vet. Pharmacol. Ther. 20: 333-349. 

Cahill GM (2002). Clock mechanisms in zebrafish. Cel. Tissue Res.  309: 24-37. 

Cambar J, Pons M. (1997). New trends in chronotoxicology. In: Redfern PH, Lemmer B  

(eds.). Physiology and Pharmacology of Biological Rhythms. Handbook of 

Experimental Pharmacology. Berlin: Springer, pp. 557-588. 

Cooke SJ, Suskib CD, Ostranda KG, Tuftsb BL, Wahld DH. (2004). Behavioral and 

physiological assessment of low concentrations of clove oil anaesthetic for 

handling and transporting largemouth bass (Micropterus salmoides). Aquaculture 

239: 509-529.  

Dispersyn G, Pain L, Challet E, Touitou Y. (2008). General anaesthetics effects on 

circadian temporal structure: an update. Chronobiol. Int. 25: 835-850. 

Dooley K, Zon LI. (2000). Zebrafish: a model system for the study of human disease. 

Curr. Opin. Genet. Dev. 10: 252-256. 

Guilhermino LC, Sobral O, Chastinet, C, Ribeiro R, Gontalves F, Silva MC, Soares 

AMVM. (1999). A Daphnia magna First-Brood Chronic Test: An Alternative to 

the Conventional 21-Day Chronic Bioassay?. Ecotoxicol. Environ. Saf. 42:67-74. 

Grush J, Noakes DLG, Moccia RD. (2004) The efficacy of clove oil as an anesthetic for 

the zebrafish, Danio rerio (Hamilton). Zebrafish 1:46-53. 

Guyon JR, Steffen LS, Howell MH, Pusack TJ, Lawrence C, Kunkel LM. (2006) 

Modeling human muscle disease in zebrafish. Biochim. Biophys. Acta 1772: 205-

215. 



17 
 

Hamackova J, Lepicova A, Kozak P, Stupka Z, Kouril J, Lepic P. (2004). The efficacy 

of various anaesthetics in tench (Tinca tinca L.) related to water temperature. Vet. 

Med. (Praha) 49: 467-472. 

Hirayama J, Kaneko M, Cardone L, Cahill G, Sassone-Corsi P. (2005). Analysis of 

circadian rhythms in zebrafish. Meth. Enzymol. 393: 186-204. 

Holloway AC, Keene JL, Noakes DG, Moccia RD.  (2004). Effects of clove oil and 

MS-222 on blood hormone profiles in rainbow trout Oncorhynchus mykiss, 

Walbaum. Aquac. Res., 35: 1025-1030. 

Hooven LA, Sherman KA, Butcher S, Giebultowicz JM. (2009). Does the clock make 

the poison? Circadian variation in response to pesticides. PloS One 4,e6469. 

Hurd MW, Debruyne J, Straume M, Cahill GM. (1998). Circadian rhythms of 

locomotor activity in zebrafish.  Phisiol. Behav. 65: 465-472. 

Hurd MW, Cahill GM. (2002). Entraining signals initiate behavioral circadian 

rhythmicity in larval zebrafish. J. Biol. Rhythms 17:307-314. 

Isnard P, Flammarion P, Roman G, Babut M, Bastien P, Bintein S, Esserméant L, 

Férard JF, Gallotti-Schmitt S, Saouter E, Saroli M, Thiébaud H, Tomassone R, 

Vindimian E. (2001). Statistical analysis of regulatory ecotoxicity tests. 

Chemosphere 45:659-669. 

Keene JI, Noakes DIG, Moccia RD, Soto CG. (1998). The efficacy of clove oil as an 

anaesthetic for rainbow trout, Oncorhynchus mykiss (Walbaum). Aquac. Res. 29: 

89-101. 

King WV, Hooper B, Hillsgrove S, Benton C, Berlinsky DL. (2005). The use  of clove 

oil, metomidate, tricaine, methanesulphonate and 2-phenoxyethanoll for inducing 

anaesthesia and their effect on the cortisol stress response in black sea bass 

(Centropristis striata L.). Aquac. Res. 36: 1442-1449. 



18 
 

Kulczykowska E, Popek W, Kapoor BG. (2010). Biological clock in fish. Science 

Publishers, CRC Press, USA, 280 pp. 

Lele Z, Krone PH. (1996). The zebrafish as a model system in developmental, 

toxicological and transgenic research. Biotechnol. Adv. 14: 57-72. 

Lemmer B. (1989). Chronopharmacology: Cellular and Biochemical Interactions. 

Marcel Dekker, Inc., New York.  

Lemmer B. (1996). The clinical relevance of chronopharmacology in therapeutics. 

Pharmacol. Res. 33:107-115. 

López-Olmeda JF, Madrid  JA, Sánchez-Vázquez FJ. (2006). Light and temperature 

cycles as zeitgebers of zebrafish (Danio rerio) circadian activity rhythms. 

Chronobiol. Int.: 23, 537-550. 

López-Olmeda JF, Sánchez-Vázquez FJ. (2009). Zebrafish temperature selection and 

synchronization of locomotor activity circadian rhythm to ahemeral cycles of light 

and temperature. Chronobiol. Int. 26, 200-218. 

Mácová S, Dolezelová P, Pisteková V, Svobodová Z, Bedánová I, Voslárová E. (2008). 

Comparasion of acute toxicity of 2-phenoxyethanol and clove oil to juvenile and 

embryonic stages of Danio rerio. Neuroendocrinol. Lett. 29:680-684. 

Meinelt T, Schultz C, Worth M, Kurzinger H, Steinberg C. (1999). Dietary fatty acid 

composition influences the fertilization rate of zebrafish (Danio rerio Hamilton-

Buchanon). J. Appl. Ichthyol. 15: 19-23. 

Mylonas CC, Cardinaletti G, Sigelaki I, Polzonetti-Magni A. (2005). Comparative 

efficacy of clove oil and 2-phenoxyethanol as anesthetics in the aquaculture of 

European sea bass (Dicentrarchus labrax) and gilthead sea bream (Sparus aurata) 

at different temperatures. Aquaculture 246: 467-481. 



19 
 

Myszkowski BL, Kaminski R, Wolnicki J. (2003). Response of juvenile tench Tinca 

tinca (L.) to the anaesthetic 2-phenoxyethanol. J. Appl. Ichthyol. 19: 142–145. 

Park MO, Hur WJ, Im SY, Seol DW, Lee J, Park In-S. (2008). Anaesthetic efficacy and 

physiological responses to clove oil-anaesthetized kelp grouper Epinephelus 

bruneus. Aquac. Res. 39: 877-884. 

Paschos GK, Baggs JE, Hogenesch JB, FitzGerald GA. (2010). The role of clock genes 

in pharmacology. Annu. Rev. Pharmacol. Toxicol. 50: 187-214. 

Pickering AD. (1993). Growth and stress in fish production. Aquaculture 111, 51-63. 

Portaluppi F, Touitou Y, Smolensky M. (2008). Ethical and methodological standards 

for laboratory and medical biological rhythm research. Chronobiol. Int. 25: 999-

1016. 

Rebuelto M, Albarellos G, Ambros L, Kreil V, Montoya L, Bonafine R, Otero P, Hallu 

R. (2002). Pharmacokinetics of ceftriaxone administered by the intravenous, 

intramuscular or subcutaneous routes to dogs. J. Vet. Pharmacol. Ther. 25: 73-76. 

Reddy PK, Leatherland JF. (2003). Influences of photoperiod and alternate days of 

feeding on plasma growth hormone and thyroid hormone levels in juvenile 

rainbow trout. J. Fish Biol. 63: 197-212. 

Reinberg AE. (1991). Concepts of circadian chronopharmacology. In: Hrushesky WJM, 

Langer R, Theeuwes F (eds.). Temporal control of drug delivery. Ann. NY Acad. 

Sci. 618: 102-115. 

Rombough PJ. (2007). Ontogenetic changes in the toxicity and efficacy of the 

anaesthetic MS222 (tricaine methanesulfonate) in zebrafish (Danio rerio) larvae. 

Comp. Biochem. Physiol., Part A Mol. Integr. Physiol. 148:463-469. 

Ross LG, Ross B. (1999). Anaesthetic and sedative techniques for aquatic animals. 

Blackwell Science, Oxford. 



20 
 

Roubach R, Gomes L, Val A. (2001). Safest level of tricaine methanesulfonate (MS 

222) to induce anesthesia in juveniles of matrinxã Brycon cephalus. Acta Amaz.  

31: 159-163.      

Rubinstein AL. (2003). Zebrafish: from disease modelling to drug discovery. Curr. 

Opin. Drug Discov. Devel. 6: 218-223. 

Rubinstein AL. (2006). Zebrafish assays for drug toxicity screening. Expert Opin. Drug 

Metab. Toxicol. 2: 231-240. 

Sánchez JA, López-Olmeda JF, Blanco-Vives B, Sánchez-Vázquez FJ. (2009). Effects 

of feeding schedule on locomotor activity rhythms and stress response in sea 

bream. Physiol. Behav. 98: 125-129.  

Sánchez JA, Sánchez-Vázquez FJ. (2009). Feeding entrainment of daily rhythms of 

locomotor activity and clock gene expression in zebrafish brain. Chronobiol. Int. 

26: 1120-1135. 

Sánchez GR, García-Mateos G, Vera LM, Sánchez-Vázquez FJ. (2010) A new 

taxonomy and graphical representation for visual fish analysis with a case study. 

ICPR2010 Workshop on Visual Observation and Analysis of Animal and Insect 

Behavior (VAIB 2010), Istanbul. 

Sato Y, Norimasa S, Kobahashi, E. (2005). The dosing-time dependent effects of 

intravenous hypnotic in mice. Anesth. Analg. 101: 1706-1708. 

Scalzo FM, Levin ED. (2004). The use of zebrafish (Danio rerio) as a model system in 

neurobehavioral toxicology. Neurotoxicol. Teratol. 26: 707-708.  

Shin JT, Fishman MC. (2002). From zebrafish to human: modular medical models. 

Annu. Rev. Genomics Hum. Genet. 3: 311-40. 



21 
 

Sladky KK, Swanson CR, Stoskopf MK, Loomis MR, Lewbart GA. (2001). 

Comparative efficacy of tricaine methanesulfonate and clove oil for use as 

anesthetics in red pacu (Piaractus brachypomus). Amer. J Vet. Res. 62: 337-342. 

Smolensky MH, Peppas NA. (2007). Chronobiology, drug-delivery, and 

chronotherapeutics. Adv. Drug Deliv. Rev. 59:823-824. 

Soto CG, Burhanuddin G. (1995). Clove oil as a fish anaesthetic for measuring length 

and weight of rabbitfish (Siganus lineatus). Aquac. Res. 136: 149-152.  

Skubitz KM, Wick AHM, Skubitz A. Langevin T, Olshefsi R, Von Rommeling R, 

Sothern B, Hruskesky W. (1986) Timing of amphotericin B therapy is a critical 

determinant of toxicity, Ann. Rev. Chronopharmacol. 3: 183–186. 

Summerfelt RC, Smith LS. (1990). Anesthesia, surgery, and related techniques. In: 

Methods for Fish Biology. Schreck CB, Moyle PB (eds). American Fisheries 

Society, Bethesda, MD, USA, pp. 213-272. 

Svobodova Z, Kolarova J, Navratil S, Vesely T, Chloupek P, Tesarcik J. (2007). 

Diseases of freshwater and aquarium fish. Informatorium Praha (In Czech). 

Velisek J, Svobodova Z, Piakova V.  (2005a). Effects of clove oil anaesthesia on 

rainbow trout (Oncorhynchus mykiss). Acta Vet. Brno 74: 139-146 

Velisek J, Svobodova Z, Piakova V, Groch L, Nepejchalova L. (2005b). Effects of 

clove oil anaesthesia on common carp (Cyprinus carpio). Vet. Med. 50: 269-275 

Velisek J, Stejskal V, Kouril J, Svobodova  Z. (2009). Comparison of the effects of four 

anaesthetics on biochemical blood profiles of perch. Aquac. Res. 40: 354-361. 

Velisek J, Wlasow T, Gomulka P, Svobodova Z, Novotny L, Ziomek E. (2006). Effects 

of clove oil anaesthesia on European catfish (Silurus glanis L.). Acta Vet. Brno 

75: 99-106. 



22 
 

Vera LM, Ros-Sánchez G, García-Mateos G, Sánchez-Vázquez FJ. (2010). MS-222 

toxicity in juvenile seabream correlates with diurnal activity, as measured by a 

novel video-tracking method. Aquaculture 307: 29-34. 

Wagner E, Arndt R, Hilton B. (2002). Physiological stress responses, egg survival and 

sperm motility for rainbow trout broodstock anaesthetized with clove oil, tricaine 

methanesulfonate or carbon dioxide. Aquaculture 211: 353-366.  

Walsh CT, Pease BC. (2002). The use of clove oil as an anaesthetic for the longfinned 

eel, Anguilla reinhardtii (Steindachner). Aquac. Res. 33: 627-635. 

Weber RA, Peleteiro JB, Gacía Martin LO, Aldegunde M. (2009). The efficacy of 2-

phenoxyethanol, metomidate, clove oil and MS-222 as anaesthetic agents in the 

Senegaleses sole (Solea senegalensis Kaup 1858). Aquaculture 288: 147-150. 

Weyl O, Kaiser H, Hecht T. (1996). On the efficacy and mode of action of 2-

phenoxyethanol as an anaesthetic for goldfish, Carassius auratus (L), at different 

temperatures and concentration. Aquac. Res. 27: 757-764. 

Zhang RW, Lu ZH, Diasio CR, Liu TP, Soong SJ. (1993). The time of administration of 

3’-azido-3’-deoxythymidine (AZT) dertermines its host toxicity with possible 

relevance to AZT chemotherapy. Antimicrob. Agents Chemother. 37: 1771-1776. 

 

 

 

 

 

 

 

 



23 
 

FIGURE LEGENDS 

Figure 1. Chemical structure of MS-222 and eugenol. 

Figure 2. Representative actogram of locomotor activity from one aquarium (A) and 

average diel profile (B) from three independent replicates, each one containing 25 

zebrafish reared under a 12:12 h LD cycle and showing a diurnal pattern. The white and 

black bars at the top of each graph indicate the light and dark periods, respectively. The 

actogram is double-plotted for better visualization. Data in (B) represent the mean 

(continuous line) + SEM (vertical lines) during a sixteen day period.  

Figure 3. Zebrafish mortality at different MS-222 (A) and eugenol (B) concentrations 

after 15 min of exposure at ML (white circles) or MD (black circles). The continuous 

and dotted lines indicate the best fit to the logistic function at ML and MD, respectively. 

Each point represents the mean mortality rate in 6 independent replicates (8 

zebrafish/replicate). Asterisks above the white circles indicate statistical differences 

between the mortality rate at ML and MD for a given concentration (t-test, p<0.05). 

Figure 4. Zebrafish mean position (cm) (A, B) and swimming activity (cm/s) (C, D) in 

the water column prior, during and after a 15 min MS-222 exposure (n=7 fish). Video-

recording were performed at ML and MD. MS-222 exposure period is indicated by a 

grey rectangle. Black lines represent fish activity every second whereas the white line 

represents the mobile average of fish activity every 15 seconds. The blank gaps 

correspond to the few minutes needed to remove the anaesthetic from the aquarium and 

provide clean water.  

Figure 5. Zebrafish position (cm) (A, B) and swimming activity (cm/s) (C, D) in the 

water column prior, during and after a 15 min eugenol exposure at ML and MD (n=7 

fish). Eugenol exposure period is indicated by a grey rectangle. Graph definitions as 

given for figure 4. 
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Table I. Adjr2 and parameter estimates ± SEM of the three parameter logistic model for % mortality of zebrafish exposed to MS-222 and eugenol 
at ML and MD. 

 

 

 

 

 

 

 

 

 

 

 

 Adjr2 a b X0 

 ML MD ML MD ML MD ML MD 
MS-222 0.9591 0.9416 99.82±6.16 211.68±246.81 -14.40±3.61 -10.64±4.50 0.65±0.01 0.94±0.19 
Eugenol 0.9683 0.9704 98.60±4.96 106.72±8.50 -5.39±0.87 -4.45±0.72 0.42±0.02 0.66±0.03 
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Table II. MS-222 concentrations (mM) corresponding to the LC50, NOEC and LOEC 
for zebrafish exposed to MS-222 and eugenol at ML and MD. LC50 was calculated by 
the trimmed Spearman-Karber method, the NOEC and LOEC with ANOVA I followed 
by a Dunnett test (p<0.05).  

 

 

 LC50 (95% CL) NOEC LOEC 
 ML MD ML MD ML MD 

MS-222 0.653±0.03 0.825±0.01 0.612 0.765 0.650 0.842 
Eugenol 0.426±0.02 0.639±0.03 0.305 0.365 0.365 0.426 
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Figure 5 

 


