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Abstract  23 

Mental illnesses affect more than 150 million people in Europe and lead to an increasing 24 

consumption of neuroactive drugs during the last twenty years. The antipsychotic compound, 25 

clozapine, is one of the most used psychotropic drugs worldwide, with potentially negative 26 

consequences for the aquatic environment. Hence, the objectives of the study presented here 27 

were the quantification of clozapine induced changes in swimming behavior of exposed Danio 28 

rerio embryos and the elucidation of the molecular effects on the serotonergic and 29 

dopaminergic systems. Yolk-sac larvae were exposed to different concentrations (0.2 mg/L, 30 

0.4 mg/L, 0.8 mg/L, 1.6 mg/L, 3.2 mg/L and 6.4 mg/L) of clozapine for 116 hours post-31 

fertilization, and changes in the swimming behavior of the larvae were assessed. Further, 32 

quantitative real-time PCR was performed to analyze the expression of selected genes. The 33 

qualitative evaluation of changes in the swimming behavior of Danio rerio larvae revealed a 34 

significant decrease of the average swimming distance and velocity in the light-dark transition 35 

test, with more than a 36 % reduction at the highest exposure concentration of 6.4 mg/L. 36 

Furthermore, the total larval body length was reduced at the highest concentration. An in-37 

depth analysis based on expression of selected target genes of the serotonin (slc6a4a) and 38 

dopamine (drd2a) system showed an upregulation at a concentration of 1.6 mg/L and above. 39 

In addition, a lower increase in expression was detected for biomarkers of general stress 40 

(adra1a and cyp1a2). Our data show that exposure to clozapine during development inhibits 41 

swimming activity of zebrafish larvae, which could, in part, be due to disruption of the 42 

serotonin- and dopamine system.  43 

 44 

 45 
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 46 

1. Introduction  47 

The production of neuroactive pharmaceuticals for medical treatment of psychosomatic 48 

disorders doubled in the last decade (Jaffrézic et al., 2017). Through a variety of pathways 49 

such as discharges of wastewater effluents, pharmaceuticals and their metabolites can enter 50 

aquatic systems exposing aquatic organisms (Gros et al., 2007). Indeed, the presence of these 51 

compounds has been determined in surface (Bean et al., 2018), ground (Fram and Belitz, 52 

2011), and drinking water (Benotti and Brownawell, 2007) at concentrations up to high μg / L  53 

(Patel et al., 2019). Several toxicological studies analyzed the neuromodulatory effects of 54 

pharmaceuticals at morphological, behavioral, and molecular levels of different aquatic 55 

organisms such as zebrafish (Danio rerio) and found out that clozapine has a concentration-56 

dependent effect on zebrafish larvae. It leads to a reduced swimming activity and a decreased 57 

gene expression of selected neurophysiological genes (Huerta et al., 2012; Massei et al., 2019; 58 

Sehonova et al., 2018; Zhou et al., 2019). Most behavioral experiments measured the 59 

residence times in different areas of the test vessel (Altenhofen et al., 2019; Boehmler et al., 60 

2007). The quantification of the swimming distance is in important physiological parameter 61 

which is used in different previous studies for pharmaceuticals and other micropollutants 62 

(Chen et al., 2017). The selected exposure concentrations represent worst-case scenarios. In 63 

particular, point source discharges such as hospital effluents, as well as improper disposal of 64 

psychotropic drugs, are entry paths that can lead to high local concentrations (Vieira et al., 65 

2021; Mackuľak et al., 2021).The investigation of neurotoxic effects using different behavioral 66 

test setups with Danio rerio embryos and early larvae are increasingly being used as part of 67 

bioassay batteries (Tang et al. 2021; Fitzgerald et al., 2020; Velki et al., 2017a). The 68 



4 
 

transparent, small eggs are produced in large numbers, and it is possible to observe multiple 69 

behavioral endpoints during the main developmental stages until 120 hours post fertilization 70 

(hpf) without an animal testing permit. Recent studies with aquatic non-target organisms like 71 

zebrafish embryos and daphnids have shown that behavioral effects of chemicals can be 72 

detected at much lower concentrations than morphological effects (Christou et al., 2020; 73 

Johann et al., 2020; Legradi et al., 2015; Thomas et al., 2019).  74 

Clozapine is a widely used neuromodulative pharmaceutical, which is categorized as an 75 

atypical antipsychotic drug. It has an elimination half-life time of 9.1 to 17.4 h in the body but 76 

could be measured in the environment also days after the entry date (Jann et al., 2012; Fatta-77 

Kassinos et al., 2010). It can be deduced that clozapine is not completely degraded by the 78 

human body does not occur before entering the environment (Yuan et al., 2013). It affects 79 

several transmitter systems in the brain of aquatic non-target organisms like zebrafish 80 

embryos, including the major serotonergic and dopaminergic systems (Boehmler et al., 2007; 81 

Pagano and Politis, 2018). The studies of Boemler (2007) measured a significant difference of 82 

the swimming behavior of 168 hpf zebrafish larvae that were exposed for 60 min to clozapine 83 

at a concentration threshold of 12.5 µM (Boehmler et al. 2007). Studies analyzing clozapine 84 

have previously shown a qualitative decrease in swimming activity (Boehmler et al., 2007). 85 

Individual studies have already been conducted to analyze changes in the gene expression, 86 

but a special focus on superordinate regulatory systems has not been performed yet (Di Paolo 87 

et al., 2015). Simultaneously, the lack of knowledge about all molecular modes of action of 88 

different pharmaceutical classes and the identification of the correct target places is one of 89 

the major challenges of many risk assessment studies (Maximino et al., 2013). 90 

An analysis of behavioral changes of zebrafish embryos and larvae can be conducted at various 91 

stages in the development process of fish using different tests and test endpoints. While 92 
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spontaneous movements of the embryo can be quantified during the first 48 to 72 hours after 93 

egg fertilization, measurement of the distance moved by the larvae can be performed after 94 

embryos hatch and during early swimming behavior development (Ogungbemi et al., 2019). 95 

Combining such behavioural studies with a more in-depth gene expression analysis can help 96 

to elucidate the molecular modes of action (Legradi et al., 2018). The regulatory processes 97 

that take place at the interface of gene regulation and behavioral effects are mainly controlled 98 

by the serotonergic and the dopaminergic systems (Brustein et al., 2003; Rink and Wullimann, 99 

2001; Wang et al., 2006). These systems are highly conserved and they are found both in 100 

humans and zebrafish with different functions at the interface of the visual stimulus and 101 

motor movement reaction (Lillesaar, 2011). The complex structures of both systems and the 102 

connection to general stress response biomarkers such as cytochrome P450 lead to different 103 

target points for pharmaceuticals with different modes of action (Maximino et al., 2013; 104 

Maxininio et al. 2012).  105 

From an ecological point of view, it can be seen that changes in species abundances are 106 

possible (Xin et al., 2021; Felis et al. 2020; Gerlai et al., 2009). Sehonova (2018) found with 107 

different studies that changes in species composition triggered by antidepressants are 108 

possible (Sehonova et al., 2018). First, this could be caused by a reduced reproduction rate, 109 

second there are also different assumptions that the contaminated individuals are more 110 

preyed by predators. These relationships are currently still part of various research projects, 111 

so that the complex relationships have not yet been investigated in detail.  112 

   113 

In our study, it is hypothesized, that exposed zebrafish larvae show a reduced swimming 114 

activity in comparison to the control group larvae. This assumption is based on the experience 115 
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known from clinical treatment in humans in terms of activity. The study of the selected genes 116 

was based on central interfaces of the serotonin and dopamine systems and to distinguish 117 

neurotoxic effects from general stress effects. The objectives of the current study were the 118 

assessment of the physiological effects of clozapine on fish larvae through the quantitative 119 

analysis of swimming behavior from Danio rerio early larvae, and the elucidation of possible 120 

causes of these reactions at the molecular level through the investigation of the modulation 121 

of genes of superordinate systems. The selected concentrations consider the knowledge 122 

about the environmental concentrations, which is not yet available for various areas and 123 

represent a worst-case scenario in parts. Ultimately, this study is expected to contribute to 124 

the evaluation of the risk potential of the pharmaceutical clozapine.  125 

 126 

 127 

2. Material and Methods  128 

 129 

2.1 Test pharmaceutical  130 

Clozapine (8-Chloro-11-(4-methyl-1-piperazinyl)-5H-dibenzo[b,e][1,4]-diazepine, C18H19CIN4, 131 

CAS Number: 5786-21-0) was supplied by Sigma-Aldrich (Deisenhofen, Germany) with a purity 132 

≥ 99 % (HPLC). The stock solution (10.0 mg/ml) was prepared in 100 % dimethyl sulfoxide 133 

(DMSO). The solubility of clozapine in DMSO is 15.0 mg/mL and less than 1.0 mg/mL in H2O. 134 

DMSO is used as a carrier in different bioassays with zebrafish embryos especially for 135 

substances with a low solubility in water (Di Paolo et al., 2015) 136 
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 137 

2.2 Zebrafish maintenance and embryo exposure  138 

Different breeding groups of wild-type zebrafish (West Aquarium GmbH, Bad Lauterbach) 139 

were held in 120 L glass aquaria according to predefined culture conditions (26.0 ± 0.5 °C; pH 140 

= 7.8 ± 0.2; 213 mg/l CaCO3, ≤ 48 mg/l NO3
-, < 0.01 mg/l NH3 and NO2

-) (Braunbeck et al., 2005; 141 

Hollert et al., 2003). Zebrafish eggs were collected on hour (h) post-fertilization (pf). Exposures 142 

were initiated at 3 hpf using fertilized and viable eggs at the 16 – 32 cell-status (Chen et al., 143 

2017). Static exposures were performed in pre-cleaned glass vessels (VWR, Darmstadt) in 144 

groups of 15 embryos and 50 mL of exposure medium per vessel. Experiments were 145 

terminated at 116 hpf, in order to not use protected life stages in this study (Strähle et al., 146 

2012). At 24 h intervals, lethality, apical endpoints (coagulation, cardiovascular functions (e.g. 147 

heartbeat rate) and morphological malformations (e.g. edemas)) were recorded in accordance 148 

with OECD guideline 236 fish embryo acute toxicity (FET) test (OECD, 2013). 15 Embryos in 149 

three replicates were exposed to six clozapine nominal concentrations in artificial freshwater 150 

(consisting of a defined concentration of different salts) to the following nominal 151 

concentrations: 0.2 mg/L, 0.4 mg/L, 0.8 mg/L, 1.6 mg/L, 3.2 mg/L and 6.4 mg/L, all containing 152 

0.05 % of DMSO. The selected exposure groups reflect in parts clozapine concentrations in 153 

wastewater as measured in previous studies (Sheng et al., 2014; Yuan et al., 2013). A solvent 154 

control group (SC) with 0.05 % DMSO and a control group (NC) were tested parallel to the 155 

exposure groups. To avoid evaporation effects, all glass vessels were covered with a gas-156 

permeable film (Parafilm, BEMIS Co, Germany) and incubated for 116 h at  157 

26 ± 0.5 °C. After 116 h the larvae were tested in a locomotor light-dark routine behavior 158 

assay, euthanized with  0.4 g/L benzocaine ethanol solution, and flash frozen in liquid nitrogen 159 

in groups of 15 individuals per tube followed by storage at -80°C. Each replicate of 15 larvae 160 
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were subsequently analyzed for gene expression. Exposure experiments were repeated 3 161 

times for assessment of behavioral endpoints, and 3 times for gene expression analysis. 162 

 163 

2.3 Locomotor light-dark routine behavior assay  164 

The locomotor assay was carried out with 96 hpf and 116 hpf old larvae in a temperature-165 

controlled environment at 26 ± 0.5 °C in 96 well-plates using the DanioVision video-track 166 

system (Noldus, Netherlands) following the protocol described by Chen 2017 (Chen et al., 167 

2017). The embryos were separated with 300 ul of liquid and left in the dark for 10 min to 168 

avoid stress-induced effects. The distance traveled in the well was then recorded and 169 

evaluated. The experiments were all started at 08:00 a.m. and were completed by 10:00 a.m. 170 

Negative control embryos were randomly distributed to avoid plate effects. The total 171 

swimming distance was monitored in response to 5 min light-to-dark transitions in 3 cycles 172 

and a total measuring time of 30 min (Nüßer et al., 2016). The experiment was repeated three 173 

times with 15 independent individuals per exposure.  174 

 175 

2.4 Zebrafish body length  176 

Zebrafish body length was measured from cranial to caudal with a Cytation 5 Multi-Mode 177 

Reader (BioTek, USA) without use of anesthetic. The pictures were taken with the software 178 

Gen5 3.08 at a magnification of 1.25 x. For this purpose, the larvae were separated in a  179 

96-well plate with 250 μL exposure medium, measured in the light-dark transition test, used 180 

for the length measurement, and then transferred back into the exposure vessels. 181 

Measurements were done after 96 hpf and larvae were then returned to respective glass 182 
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vessels containing exposure solutions and incubated for another 24 hours. Finally, the same 183 

individuals were used for the light-dark transition test at 116 hpf.  184 

 185 

2.5 RNA isolation and qRT-PCR  186 

Total RNA of larvae were isolated using the NucleoSpin RNA isolation kit (Macherey & Nagel, 187 

Germany) as described before (Bräunig et al., 2015; Velki et al., 2017b). Finally, four exposure 188 

groups at low (0.2 mg/L and 0.8 mg/L), medium (1.6 mg/L) and high (6.4 mg/L) concentration 189 

were tested to provide an overview of potential effects. All individuals of the tested exposure 190 

group were pooled after thawing, homogenized, and lysed for analysis. The total amount of 191 

RNA was then measured photometrically using a BioDrop (Thermo Fisher Scientific, USA) and 192 

adjusted to a concentration of 200 ng/μL and a purity factor of 2. Subsequently, the RNA was 193 

transcribed into cDNA using a random primer mix and M-MLV Reverse Transcriptase 194 

(InvitrogenTM, USA). The sample was incubated for 5 min at 70 °C, followed by a program of 195 

60 min at 37 °C, 10 min at 70 °C and finally freezing at – 20°C. Relative gene transcription levels 196 

were calculated using ß-actin and tubb2 as reference genes. While ß-actin codes for one of 197 

two non-muscle cytoskeletal actins, tubulin codes for a major component of the eukaryotic 198 

cytoskeleton. They are expressed in all cells of an organism. The target primers were designed 199 

with information from the gene bank of the National Center for Biotechnology Information 200 

(NCBI) and then ordered from Eurofins genomics (Ebersberg, Germany). Primer sequences are 201 

shown in Table S1. drd2a, slc6a4a, adra1a, and cyp1a2 were selected as target genes because 202 

they were related to the serotonin and dopamine systems as well as general stress response 203 

genes. The primers were adapted to 58 °C with a programme that consisted an initial step with 204 

95 °C for 3 minutes, followed by an cycle step with 58 °C for 30 seconds and a final step at 60 205 
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°C for 15 seconds. The total amount of cycles was 40. The qRT-PCR PowerUP SYBR Green 206 

Master Mix (Thermo Fischer Scientific, USA) was selected as a nucleic acid stain. Finally, 207 

calculations of the relative gene expression followed the protocol of Schmittgen and Livak 208 

2008 (Schmittgen and Livak, 2008). 209 

 210 

2.6 Statistical analysis  211 

Behavioral data were verified for normality and homoscedasticity and later used for an  212 

one-way analysis of variance (ANOVA). The Kolmogorov-Smirnov test was used to test for 213 

normality, and the Levene&apos;s test was used for testing homoscedasticity. The data were further 214 

analyzed by Tukey´s test (α = 0.05) using the SPSS software package (version 26.0, IBM, USA). 215 

The dimensionality of the behavioural data was simplified by a principal component analysis 216 

(PCA) and then analysed using multiple linear regression (MLR). In this study, the F-value was 217 

2,10 and the p value was 0.05. The length measurement data of the exposure groups were 218 

analyzed by t-test for deviations from the control group. Graphs were plotted using GraphPad 219 

Prism (Version 8, GraphPad Software, USA). The standard protocol for qPCR data analysis 220 

(Schmittgen and Livak, 2008) was used for the calculation of relative changes in the gene 221 

expression. Statistical analysis was again performed by ANOVA after checking the 222 

preconditions of data normality and homoscedasticity.  223 

 224 

 225 

3. Results 226 
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Changes in standard FET test endpoints for morphological effects were not detected for any 227 

of the exposure groups.  228 

 229 

3.1 Swimming behavior and locomotor activity measurement   230 

No significant changes (p < 0.05) of the swimming activity were observed at 96 hpf (Fig. 1A) 231 

when comparing solvent controls and larvae exposed to clozapine. 232 

Results of the swimming behavior assessment at 116 hpf are shown in Fig. 1B as total distance 233 

moved (mm) in 5 min intervals. Larvae exposed to the highest concentration of 6.4 mg/L 234 

presented a decreased of the swimming activity (between 23 % and 36 %) during the dark 235 

periods when compared with the solvent control group (p < 0.05). There was no significant 236 

suppression of swimming activity on exposure to other concentrations.  237 

Furthermore, no differences in the swimming behavior of zebrafish larvae were measurable 238 

during light periods when compared to solvent controls.  239 

 240 

   241 

 242 

 243 

  244 

 245 

Fig. 1 A and B.: Locomotor activity of 96 hpf  (left) and 116 hpf (right) zebrafish larvae during 3 cycles of light-dark 246 

photoperiod stimulation after exposure to six different clozapine concentrations. Each bar represents average 247 

values of 3 experiments (each replicate per experiment contained 15 larvae). The standard deviation is presented 248 

as the error bars. Asterisks indicate significant differences between exposure and respective solvent control group 249 

(p < 0.05). The black bars represent the dark phases, while light phases are represented by a white bar. 250 
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 251 

3.2 Zebrafish larvae body length  252 

A reduction in the total body length by 8.0 % (p < 0.05) for the larvae exposed to  253 

6.4 mg/L was detected when compared to the solvent control group (Figure S1) at 96 hpf. The 254 

average body length was 3818 ± 73 μm for the SC group, and 3535 ± 128 μm for larvae exposed 255 

to 6.4 mg/L clozapine. For the exposure group with 200 μg / L clozapine the average body 256 

length value was 3654 ± 128 μm and for 800 μg / L it was 3586 ± 116 μm. 257 

 258 

3.3 Gene expression analysis  259 

In general, the selected genes involved in the functions of the dopaminergic system responded 260 

to clozapine exposure at much lower concentrations than those where behavioural effects 261 

were observed.  262 
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 264 

Fig. 2 A – D: Gene transcript profiles in 116 hpf old zebrafish larvae exposure to solvent control group (SC), 0.2 265 

mg / L (C1), 0.8 mg / L (C2), 1.6 mg/L (C3) and 6.4 mg/L (C4) clozapine.  (A) drd2a; (B) slc6a4a (C) adra1a and (D) 266 

cyp1a2. Each bar represents average values for 3 experiments with at least 15 larvae per experiment. The 267 

standard deviation is included as error bars and significant differences between control and exposure groups are 268 

marked with an asterisk (p < 0.05).   269 

As shown in Fig. 2A, the gene expression Fold change of drd2a was significantly increased after 270 

an exposure to 1.6 mg/L and 6.4 mg/L clozapine with a Fold Change of 6 and more than 271 

20..Compared to the results of the behavioural tests, only an exposure of 6.4 mg/L showed a 272 

significant reduction of swimming distance.  273 

Fig. 2B shows that the gene expression of slc6a4a significantly (p < 0.05) was increased after 274 

an exposure to 0.8 mg/L, 1.8 mg/L and 6.4 mg/L. The relative gene expression ranged from an 275 

average Fold change of 2 after an exposure to 0.8 mg/L  to more than 60 after an exposure to 276 

6.4 mg/L clozapine.  277 

The fold change rate of adra1a was higher than 8 after an exposure concentration of 1.6 mg/L, 278 

marking the only significant (α < 0.05) value compared to the other tested concentrations. The 279 

Fold change rates of the other tested exposure groups were below this value with fold change 280 

values of 3.7 after exposure to 0.8 mg/L and 4.2 after exposure to 6.4 mg/L clozapine.Gene 281 

expression of cyp1a2 was significantly (p < 0.05) upregulated for 0.8 mg/L, 1.6 mg/L and 6.4 282 

mg/L (Fig. 2D). The relative gene expression of adra1a showed an average fold change of 8 for 283 
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the test concentration of 0.2 mg/L. Comparable fold change were measured for the second 284 

marker gene for general stress response reactions, cyp1a2, while exposure groups 0.8 mg/L 285 

to 6.4 mg/L showed an average fold change value of 15.  286 

The regression analysis of all four tested genes gave R2 values between 0.68 (Fig. 2C) to 0.81 287 

(Fig. B).  288 

 289 

4. Discussion 290 

4.1 Environmental relevance and recovery  291 

Clozapine enters the aquatic environment as already described through different routes 292 

including an inadequate purification of wastewater in sewage treatment plants (Nikolaou et 293 

al., 2007), and remains in our environment for extended periods of time (Harb et al., 2019; 294 

Reichert et al., 2019). There is very little information on how this substance can affect the 295 

nervous system of non-target organisms like fish but behavioural studies are a suitable linkage 296 

between physiological reaction and molecular effect causes (Atzei et al., 2021). Our study 297 

aimed at filling this gap from a neurological point of view by focusing on effects at two 298 

different biological levels, swimming behaviour and expression of neuromodulatory marker 299 

genes of early life stages of the model organism Danio rerio. The results represent an 300 

important step in the elucidation of basic processes in the central nervous system and 301 

ecologically important behavioural endpoints of zebrafish larvae after exposure to an atypical 302 

antipsychotic.  303 

 304 

4.2 Behavioural and morphological alterations  305 
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In comparison to the reported alterations by a study from Akanda et al. who analyzed the toxic 306 

effects on the cardiovascular system of Danio rerio embryos after exposure to clozapine at a 307 

concentration of 1 µg/L (Akande et al., 2010) we focused more on a physiological endpoint. 308 

That allows in comparison to the reaction seen in humans also if comparable molecular target 309 

places also exist in the zebrafish brain (Wagstaff et al., 1995). Previous studies have shown 310 

that zebrafish behaviour can be influenced by changes in the locomotor system development 311 

(Ali et al., 2011). The results of this swimming behaviour tests after 120 hpf showed a decrease 312 

total distance moved with increasing exposure concentration of clozapine. This was one 313 

interesting outcome which helped us in test designing with a special focus on the 314 

quantification of the total swimming distance. Even with the lack of chemical residue analysis, 315 

based on previous studies of mirtazapine as well as literature data on clozapine, it can be 316 

assumed that exposures have also impacted organisms (Boehmler et al., 2007).  317 

Therefore we decided to use the light-dark transition locomotor assay which is a standard test 318 

for behavioural studies with Danio rerio larvae and has already been used and established for 319 

the effect analysis of pharmaceuticals, pesticides, and endocrine disrupters (Basnet et al., 320 

2019; Leuthold et al., 2018; Ogungbemi et al., 2019). In comparison to OECD validated test 321 

methods like the observation of morphological changes this type of biotests help to identify 322 

effects on much lower concentration levels (Legradi et al., 2015). This help to focus on the 323 

effects that are predicted from the clinical use in humans. The bioassay measures different 324 

parameters such as swimming distance of each tested individual, and thus allows an 325 

evaluation of measurable physiological reactions of the aquatic non-target organisms. 326 

Changes in swimming distance, velocity and fright reactions can be used in studying 327 

neurotoxic substances (Colón-Cruz et al., 2018). 328 
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The results of this study showed a decreased swimming distance in zebrafish embryos, which 329 

correspond on previous studies that reported a qualitative decrease in swimming activity after 330 

a  clozapine exposure (Boehmler et al., 2007). Futhermore, this is comparable to the decreased 331 

activity in human after a treatment with clozapine. In clinical treatment, it is given to persons 332 

with a behavioural disorder like hyperactivity, where the drug show an activity-reducing effect 333 

(Nucifora et al., 2017; Thorn et al., 2018). The similar mechanistic control of simple behaviour 334 

patterns in humans and zebrafish suggests that it is also possible to find comparable molecular 335 

target places for the pharmaceutical in both species (Basnet et al., 2019; McCammon et al., 336 

2015). However, a quantitative analysis across species is not possible becauseclozapine has a 337 

much broader control range in humans than in zebrafish embryos (Kane, 2018). Nevertheless, 338 

changes in the locomotor behaviour of non-target organisms such as fish indicate that 339 

clozapine might have potential adverse effects on the composition and stability of fish 340 

populations (Sehonova et al., 2018). Further analysis may include both the investigation of 341 

effects at higher biological levels such as the effects of altered behaviour on mating success 342 

and the elucidation of changes in the molecular pathways. This behavioural reaction analysis 343 

has been chosen for the follow-up study to contribute to the environmental sciences as well 344 

as basic research for a better understanding of the effect analysis at the interface between 345 

behaviour and gene expression. In addition, the reduced body length shows again the 346 

morphological changes that can be caused by the pharmaceutical on different life stages 347 

(Kimmel et al., 1974). 348 

 349 

4.3 Gene expression analysis  350 
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In this study, the genes were prioritized based on their functions in the major regulatory 351 

systems of the central nervous system. The results of mRNA abundance for general stress 352 

response genes showed, that there are significant and measurable effects for the cellular 353 

response against free radicals and xenobiotic stimuli. Nevertheless they do not mask the 354 

neurotoxic effects at the highest exposure concentrations.  355 

 356 

4.4 Genes related to the serotonergic system  357 

The analysis of gene expression can be performed for serotonin transporters (e.g., slc6a4a) as 358 

well as for serotonin receptors  359 

(e.g., htr1aa). Due to regulatory functions of the serotonin transporter, which can act both as 360 

a sym- and as antiporter at the presynaptic membrane, a special focus was placed on this 361 

system component in the selection of genes (Deneris and Gaspar, 2018; Lillesaar and Gaspar, 362 

2019; Rosner et al., 2019).  363 

After 120 hpf like in our studies the serotonergic neurotransmitter system of zebrafish larvae 364 

has developed (Wang et al., 2006). Two important transporter genes with a cardinal role in 365 

this neurotransmitter system are slc6a3a and slc6a4a (Hao et al., 2013). They code for integral 366 

protein components of membrane and are part of the solute carrier family 6. These genes are 367 

expressed in the CNS of juvenile and adult zebrafish during different developmental stages 368 

(Horzmann et al., 2016). They can be considered as biomarkers for neurotoxicity (Tricklebank 369 

and Daly, 2019). From the pharmacological point of view, both genes are important linkages 370 

between drug binding in the CNS and the following behavioural reactions (Bachour et al., 371 

2020; Theodoridi et al., 2017). 372 
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In our studies, a significant upregulation of gene related to the serotonergic system was 373 

observed for the 0.8 μg/L and 6.4 mg/L exposure groups. The results show, that the 374 

serotonergic system is a major system that is affected by the pharmaceutical (Marquez and 375 

Chacron, 2018; Prasad et al., 2015). In addition to upregulation of transporter genes of the 376 

serotonergic system, feedback via autoreceptors also occurs much more frequently due to the 377 

increased concentration of serotonin (Riad et al., 2017). These additionally influence the 378 

reaction of the organism to external stimuli. The results show that there is functional 379 

impairment of the serotonin system as a result of clozapine exposure. The pharmacone causes 380 

an altered conduction of the stimulus, which is additionally enhanced by various side effects 381 

(Yuen et al., 2021; Viana et al., 2020). In view of the clinical responses, the described side 382 

effects in humans can also be seen in parts in the tested zebrafish embryos (Viana et al., 2020). 383 

If this is an overload of the neurotransmitter systems or a stressed induced reaction needs to 384 

be investigated in follow-up studies with a detailed focus on the molecular effect causes. 385 

The observed modulation of different genes in the 116 hpf old zebrafish is a molecular level 386 

effect that can be related to the observed behavioural changes. Exposure of zebrafish to other 387 

psychotropic drugs such as fluoxetine has previously been shown to have molecular effects 388 

on this channel type (Theodoridi et al., 2017). The high complexity of the serotonin system 389 

and the different interactions of the various system components make it difficult to trace the 390 

effect back to a specific brain area or even to a specific serotonin receptor (Norton et al., 2008; 391 

Wang et al., 2006). Nevertheless, a holistic approach including diverse adverse effects such as 392 

behavioural and growth impairment plus gene modulation strengthens the hypothesis that 393 

this is an actual neurotoxicological effect that can be distinguished from general stress 394 

(Tierney, 2011; Ton et al., 2006). 395 

 396 
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 397 

4.5 Genes related to the dopaminergic system  398 

The dopaminergic system is a G-coupled neurotransmitter system, primary acting by 399 

activating the adenylate cyclase (Gaudet et al., 2011; Mi et al., 2015). Dopamine, as a 400 

neurotransmitter, is important for nearly all neuronal processes in vertebrates (Shams et al., 401 

2018; Wei et al., 2018). The regulation of the dopamine concentration in the synaptic cleft is 402 

an important task for the dopamine transporter (Brooks, 2016; Cunha et al., 2018; Kacprzak 403 

et al., 2017).   404 

After 120 hpf,  the dopaminergic system of zebrafish larvae has developed and is important 405 

for the regulation of motor control, executive brain functions, and neuromodulatory 406 

processes (Panigrahi et al., 2015). The dopamine receptor gene D2a (drd2a) regulates the 407 

dopamine neurotransmitter receptor activity in combination with a G-protein coupled 408 

receptor activity pathway, and it is a central gene that influences different signaling pathways 409 

in the CNS (Boehmler et al., 2004; Horie et al., 2018).  410 

In comparison to the target receptor of this pharmaceutical in human (e.g. 5-HT1A and D4), 411 

the present results suggest that it is also an important gene for respective modulation and 412 

impairment analysis in zebrafish (Boehmler et al., 2004; Newman-Tancredi et al., 1996; Van 413 

Tol et al., 1991). Previous studies in humans have shown that the formation of functionally 414 

similar molecules occurs primarily at the protein level, which is not immediately apparent at 415 

the gene level due to the redundancy of the genetic code (Phillips et al., 2001). The importance 416 

of the dopamine gene D2 for behavioural development and the physiological response to an 417 

external stimulus has already been studied in rodents and humans (Grandy et al., 1989; 418 

Thörnqvist et al., 2019). 419 
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As a system closely linked to the serotonin system, analysis of the dopamine system can 420 

provide information on how strongly clozapine influences the formation of an intended 421 

physiological reaction. The sedative effect of Clozapine on behaviour can therefore be 422 

assumed to prevent or significantly reduce the release of the neurotransmitter in the nervous 423 

system in zebrafish (Barreto-Valer et al., 2012; Gardner et al., 1998; Pirmohamed et al., 1995).      424 

 425 

4.6 General stress response genes  426 

Neurotoxicological effects could be masked by general stress response reactions if the 427 

reaction intensity at the gene expression level is very low (Fonseka et al., 2016; Pavlidis et al., 428 

2015; Waldron et al., 2018). Cyp1a (cytochrome P450, family 1, subfamily A) is a major gene 429 

involved in the stress response to chemicals and it is important for general stress response 430 

reactions like iron-binding, oxidoreductase activity, and monooxygenase activity (Burkina et 431 

al., 2018; Roy et al., 2019; Shaya et al., 2019). Another marker for cardiotoxic effects is the 432 

adrenoceptor,adra1a (Sampurna et al., 2019). It is part of a G-protein coupled receptor 433 

signaling pathway and it is an important gene for the regulation of the heart rate (Steele et 434 

al., 2011). This receptor is also involved in a close network of different regulatory pathways 435 

with a strong concentration-dependent relationship (Klee at al., 2012). The regulatory 436 

background whether it is a reaction to an oxidative stress or a cross-reaction to a 437 

neurotoxicological effect is part of current research. General stress response reactions to 438 

neuroactive pharmaceuticals have been already reported in zebrafish and sea-worms 439 

(Maranho et al., 2014). It is part of the metabolization processes of the pharmaceutical 440 

because different target sites also affect different subunits like more specific regulation and 441 

hormone systems (Yin et al., 2008). The upregulation of adra1a observed in the exposure 442 
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groups from 0.8 mg/L to 6.4 mg/L was different from the control group. It is an indicator that 443 

negative side effects are more detectable for general stress response and not for the 444 

cardiovascular system. The results imply differences between humans and zebrafish because 445 

changes in the heart rate are often detected for atypical antipsychotic medications like 446 

clozapine (Ignjatović Ristić et al., 2018; Takeuchi et al., 2016).  447 

 448 

5. Conclusions  449 

In conclusion, the present study has demonstrated that clozapine negatively affected the 450 

swimming locomotor behaviour in zebrafish larvae at environmentally relevant 451 

concentrations. A significant upregulation of gene expression of the serotonergic and the 452 

dopaminergic system was observed at all clozapine exposure concentrations. The hypothesis 453 

that clozapine could lead to a reduction in behavioural activity in aquatic non-target organisms 454 

was confirmed by this study. Further effects on fish growth and general stress response 455 

reactions and physiological responses were quantified demonstrated in this study. Finally, it 456 

can be assumed that effects at higher levels of organization pose a risk to aquatic vertebrates. 457 

The current study shows that exposure to the neuroactive pharmaceutical, clozapine, leads to 458 

behavioural effects in zebrafish. Future research projects should focus on the analysis of more 459 

complex environmental samples containing mixtures of different psychopharmaceuticals, and 460 

on the prospective analysis of new antidepressants for their neurotoxic effects in non-target 461 

species to better assess the risk potential for aquatic organisms in the future. In addition, at 462 

the gene regulatory level, other central nodes should be included. This includes the study of 463 

heat-shock coding genes to examine oxidative stress versus neurotoxicological changes. 464 

 465 
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