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 24 

Abstract 25 

The present paper describes the Vibrational Startle Response Assay (VSRA), a 26 

new robust, simple and automated in vivo medium- to high-throughput 27 

procedure for assessment of the escape response and its habituation in 28 

zebrafish larvae. Such behaviors enable fish larvae to escape from predator 29 

strikes in aquatic ecosystems. The assay is based on measuring the distance 30 

moved by each larva during the startle response evoked by repetitive vibrational 31 

stimuli. The iterative reduction observed in the response to a series of tapping 32 

stimulus in VSRA met the main criteria of habituation. Subsequently, the 33 

analysis of concordance using a battery of neuroactive compounds modulating 34 

different neurotransmitter systems demonstrated that the results of VSRA are 35 

highly predictive of the effects on other vertebrates. Finally, as a proof of 36 

concept, VSRA was used to test two relevant environmental pollutants at 37 

different concentrations. The results demonstrated that VSRA is suitable for 38 

concentration-response analysis of environmental pollutants, opening the 39 

possibility to determine the potency and the associated hazard of impaired 40 

escape response for the different compounds. Therefore, we suggest that 41 

VSRA could be a valuable tool for screening of chemical compounds capable of 42 

compromising predator avoidance behavior. 43 

Keywords 44 
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 46 
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1. Introduction  47 

In natural conditions predation is one of the main causes of mortality in feral 48 

fish, especially during the larval stage (Houde and Hoyt, 1987). As a part of an 49 

innate behavioral repertoire enabling larvae to escape from predator strikes, 50 

they respond to abrupt acoustic/vibrational stimuli with a fast C-bend followed 51 

by a bout of high-amplitude and low frequency fast swimming (Fero et al., 52 

2011). Two modes of C-bend response have been identified according to 53 

latency. Whereas short latency C-bend (SLC) occurs within 15 ms of the 54 

stimulus, long latency C-bend (LLC) is initiated 20-60 ms after the stimulus 55 

(Fero et al., 2011). SLC response is regulated by a sensory motor axis that 56 

integrates auditory and vibrational information and transduces these stimuli into 57 

musculoskeletal activation via a bilateral pair of giant reticulospinal neurons in 58 

the hindbrain, the Mauthner cells(Painter et al., 2009). Because of their short 59 

latency and explosive speed of the movement, SLC responses are similar to the 60 

startle responses in higher vertebrates (Fero et al., 2011).  61 

Habituation is a primitive form of implicit learning. The animal first responds to a 62 

new stimulus and, if the stimulus is neither beneficial nor harmful, animal learns, 63 

after repeated exposure, to ignore it (Kandel, 1991). Habituation of the escape 64 

response results essential for aquatic organisms, as repeated unnecessary 65 

escape responses reduce foraging and result in an increase in the predation 66 

risk by at least two different ways (Fields and Yen, 1997). On one hand, escape 67 

response supposes a high energetic cost, and repeated escape responses will 68 

result in exhausted organisms, making them more susceptible to predation. 69 

Moreover, unnecessary escape responses attract the attention of both visual 70 

and mechanoreceptive predators (Batabyal et al., 2017; Fields and Yen, 1997; 71 
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Killen and Brown, 2006). Short-term habituation of C-startle response occurs 72 

when larvae is exposed to repeated stimulation at short interstimulus intervals 73 

(ISIs), with the corresponding Mauthner cell responding only to the few first 74 

stimuli, and failing then to elicit a Mauthner spike (Park et al., 2018). As a result, 75 

SLC responsiveness to the acoustic/vibrational stimuli diminishes extremely 76 

rapidly during short-term habituation.  77 

Currently, the available information about potential adverse effects of 78 

environmental pollutants present in aquatic ecosystems on the C-startle 79 

response and habituation in fish larvae is very scarce.  To our knowledge, only 80 

eight environmental pollutants have been tested to determine the effects on the 81 

C-startle in fish, and the results indicated that fish exposed to seven of these 82 

chemicals were more susceptible to predation (Carlson et al., 1998). Moreover, 83 

although it has been demonstrated that exposure to some drugs alters 84 

habituation of C-startle evoked by acoustic stimulus in fish larvae (Best et al., 85 

2008; Marsden and Granato, 2015; Roberts et al., 2016; Wolman et al., 2011), 86 

information about the potential effect of environmental pollutants of this form of 87 

implicit learning is still missing. Thus, the development of medium- and high-88 

throughput assays suitable for identifying environmental pollutants altering 89 

escape response and habituation in fish larvae is urgently needed. 90 

Zebrafish is a cyprinid increasingly used as a vertebrate model for the study of 91 

the molecular mechanisms of brain function (Babin et al., 2014; Faria et al., 92 

2017; Gómez-Canela et al., 2018), with the key advantage of being suitable for 93 

in vivo high-throughput screening of chemical libraries for pharmacological 94 

and/or toxicological effects. An assay to assess short-term habituation in 95 

zebrafish larvae, based on determining the motor activity of the larvae after the 96 
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delivery of repetitive acoustic stimuli, was recently developed (Best et al., 2008). 97 

By using this assay, the modulation of the C-startle and habituation by different 98 

cognitive enhancers has been demonstrated. However, the fact that the above 99 

mentioned assay used a homemade setup for video-recording and the delivery 100 

of the acoustic stimuli, makes it difficult to implement in other labs and to 101 

compare results among different labs.  102 

In this study, a new high-throughput assay for identifying compounds able to 103 

impair the vibrational C-startle response and the short-term habituation has 104 

been developed in zebrafish larvae. The vibrational startle response assay 105 

(VSRA) is based on measuring the distance moved by each larva in response 106 

to repetitive vibrational stimuli generated by a tapping device on a 48-wells 107 

microplate. Although VSRA has been developed using a commercial platform 108 

for automatizing the stimuli delivery, videotracking and further data analysis, it 109 

can be easily adapted to other existing zebrafish platforms. The first step after 110 

developing VSRA was to determine if the progressive reduction observed in the 111 

motor response after repeated stimulation met the main criteria established for 112 

habituation (Best et al., 2008; Brown, 1998; Thompson and Spencer, 1966). 113 

Then, VSRA was used to determine startle and habituation in a battery of 10 114 

neuroactive compounds modulating cholinergic, serotonergic and glutamatergic 115 

systems, in order to analyze the concordance of VSRA with the existing data in 116 

fish and rodents (Table S1) (Leussis and Bolivar, 2006). Finally, the developed 117 

assay was used to analyze the effect of chlorpyrifos-oxon and imidacloprid, as a 118 

proof of concept of the applicability of this assay to test environmental pollutants 119 

(Table S1). 120 

 121 



 6 

2. Methods 122 

2.1. Fish husbandry and larvae production 123 

Adult wild-type zebrafish, purchased from Piscicultura Superior SL, Parets del 124 

Vallès, Barcelona, were maintained in fish water [reverse-osmosis purified 125 

water containing 90 µg/mL of Instant Ocean (Aquarium Systems, Sarrebourg, 126 

France) and 0.58 mM CaSO4 . 2H2O] at 28 ± 1 °C in the Research and 127 

Development Centre of the Spanish Research Council (CID-CSIC) facilities 128 

under standard conditions. Embryos were obtained by natural mating and 129 

maintained in fish water at 28.5 °C on a 12 light:12 dark photoperiod. Larvae 130 

were not fed during the experimental period. All procedures were approved by 131 

the Institutional Animal Care and Use Committees at the CID-CSIC and 132 

conducted in accordance with the institutional guidelines under a license from 133 

the local government (agreement number 9027). 134 

2.2. Experimental procedure  135 

The chemicals used for this study were of certified laboratory high quality grade 136 

and can be found enlisted in the supplementary material document under 137 

section S1.1 of Supplementary Methods. Stock solutions of nicotine, 138 

pilocarpine, buspirone, chloro-DL-phenylalanine (PCPA), deprenyl donezepil, 139 

imidacloprid, chlorpyrifos-oxon (CPO) and Methyllycaconitine (MLA) were 140 

prepared in DMSO on the day of the experiment. Whereas experimental 141 

solutions for these compounds were prepared in fish water from the stock 142 

solutions, those for memantine, fluoxetine and scopolamine were directly 143 

prepared in fish water. The final concentration of DMSO in all the exposure 144 

solutions was 0.1%, except for scopolamine. As this compound exhibits very 145 
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low permeability in zebrafish larvae, DMSO concentration 1% in order to 146 

increase the permeability. Solvent controls containing 0.1% or 1% DMSO were 147 

used. 148 

Zebrafish larvae were treated with selected compounds for 24 hours (from 7-8 149 

dpf (days post fertilization). Experiments were conducted in 48 well plates with 1 150 

larva per well and 1 mL of medium. Plates were placed in a POL-EKO 151 

APARATURA Climatic chamber KK350 (Poland) at 28.5ºC and 12L:12D 152 

photoperiod. Larvae were never fed throughout the experimental period.  153 

At least two independent experiments were preformed where groups of 48 154 

larvae underwent behavioral testing. Compounds were initially evaluated for 155 

toxicity before habituation testing. Briefly, toxicity was ascertained in 8 dpf 156 

zebrafish larvae after 24 hours of exposure and was established either by 157 

death, gross morphology and/or swimming impairment or clear decrease in the 158 

escape response evoked by the tapping on the plate. The highest 159 

concentration, which did not induce toxicity, was used in the subsequent VSR 160 

assay.   161 

2.3. Vibrational startle response assay (VSRA) 162 

The vibrational startle response assay (VSRA) was based in the automatized 163 

delivery of the vibrational stimuli using the DanioVision Tapping Device DVTD-164 

0010, installed in a DanioVision Observation Chamber (DVOC-0040). 165 

Videotracking and the escape response were analyzed using the  EthoVision 166 

XT 9 software (Noldus, Wageningen, The Netherlands) (Fig. S1 – 167 

Supplementary material). A DanioVision Temperature Control Unit (DVTCU-168 

0011) guaranteed that all trials were performed at 28ºC. All, tapping stimulus 169 

was selected at the highest intensity (intensity level: 8), and then, sequences of 170 
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the vibrational stimuli were delivered during fixed time periods referred to as 171 

interstimulus interval (ISI). Trails were conducted in 48 well plates, with one 8 172 

dpf zebrafish larvae in each well containing 1 mL of exposure medium. Before 173 

delivering the first stimulus, larvae were left in the DVOC for 30 min to 174 

acclimate. Videos were recorded at 30 frames per second and the VSR was 175 

analysed for each individual larva by measuring the distance moved (cm) over 176 

the 1s period after stimulus.  177 

 178 

2.4. Assessment of habituation criteria 179 

In order to determine if a sequence of vibrational stimulus is able to induce a 180 

true habituation, different criteria were evaluated. Briefly, 8 dpf zebrafish larvae 181 

were placed individually in 48 well plates containing 1mL of fish water medium. 182 

For induction of habituation, tapping stimulus was delivered at 1s, 5s or 20s ISI 183 

at sessions that lasted up to 100 taps. Subsequently, the recovery of tapping 184 

startle was elicited by submitting 48 larvae to two series of tapping sessions (1s 185 

ISI) separated by 15 min. Finally, to confirm that the VSR attenuation was 186 

indeed habituation and not the result of sensory adaptation or motor fatigue, the 187 

effect of a cross-modal stimulation was tested. Thus, larvae were subjected to a 188 

5s ISI regime and a 2s white light pulse, at a white light intensity of 200 lux (5% 189 

intensity level in DanioVision settings) was delivered after the 80th tapping, 190 

recording larvae movement for the remaining 20 tapings. To confirm 191 

dishabituation, larvae were subjected to a 5s ISI regime and a 2s white light 192 

pulse was introduced after the 80th tapping (400s), recording larvae movement 193 

for the remaining 100s (time interval equivalent to 81-100th tapping) with no 194 

further vibrational or visual stimuli.   195 
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 196 

2.5. Concordance analysis 197 

For the concordance analysis, 7 dpf larvae were exposed for 24 hours to a 198 

battery of pharmacologically active compounds added to fish water medium 199 

after which were then placed in the DVOC system for tracking and analysis. 200 

Startle responses were evoked in 8 dpf control (DMSO) and treated larvae 201 

(n=96-240 larvae per condition from two independent experiments) by 202 

producing a series of vibrating stimulus at 1s ISI, for a total of 50 stimuli, 203 

synchronized by EthoVision software.  204 

2.6. Data analysis 205 

Data were analyzed with IBM SPSS 19.0 (Statistical Package 2010, Chicago, 206 

IL), using Student’s t-test or one-way ANOVA followed by Tukey’s multiple 207 

comparison test. The statistical test used for each set of results can be found in 208 

the text or in the figure caption.  For further clarification, Student’s t-test analysis 209 

comparing mean distance moved of treated with that of the paired control 210 

larvae, was used for each point of plots of larvae movement during stimuli 211 

delivery trials. Data are presented as the mean ± SEM of 2 independent 212 

experiments, unless otherwise stated. Significance was set at P < 0.05. The 213 

area under the curve (AUC) was calculated using Y=0. To simplify data 214 

representation, responses (distance moved) from the first 20 stimuli are 215 

represented in graphs plotting the VSR of each neurotransmitter modulator, 216 

while the results representing the AUC were calculated for all 50 stimulus.  217 

 218 
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 219 

3. Results and discussion 220 

3.1. Escape response and habituation can be determined in the VSR 221 

assay 222 

The VSRA uses zebrafish larvae instead of embryos. Although zebrafish is 223 

used at unlicensed stages for developmental neurotoxicity studies, we decided 224 

to select 7-8 dpf larvae for the development of the assay because, while they 225 

are still suitable for high-throughput screening of chemical libraries, the potential 226 

confounding factor of neurodevelopmental processes is strongly reduced at this 227 

developmental stage. In fact, by 7-8 dpf neuronal proliferation is limited to only 228 

a few particular regions, with most regions of the brain comprised of post-mitotic 229 

neurons with well-elaborated neuronal arbors (Fero et al., 2011). Moreover, 230 

complex behaviors such as responses to visual and acoustic/vibrational stimuli 231 

are only apparent in larvae (Fleming, 2007). 232 

 233 

Response decrements resulting from repeated stimulation can be produced not 234 

only by habituation, but also by other mechanisms including receptor adaptation 235 

and effector fatigue (Thompson, 2009). Thus, any method proposed for 236 

habituation analysis needs to meet a number of hallmark criteria (Best et al., 237 

2008; Thompson and Spencer, 1966) including: (1) the more rapid the 238 

frequency of stimulation the more rapid and/or more pronounced is habituation; 239 

(2) habituated responses exhibit spontaneous recovery and (3) instant recovery 240 

from habituation by delivery of a second stimulus, also called dishabituation. To 241 

test the first criteria of habituation, VSR was analyzed in 8 dpf zebrafish larvae 242 
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using different ISIs (1s, 5s and 20s), for a total of 50 tapping stimulus (Fig. 1A). 243 

In all groups, the presentation of the first tapping stimulus dramatically evoked 244 

escape response (see Video 1 – supplementary material), determined here as 245 

the distance moved during 1 s after stimulus (Student’s t-test: P<0.001). 246 

Although the distance moved during the first startle response was similar across 247 

the different ISIs, ranging around 0.7 cm (one-way ANOVA: F(2,128)=1.443; 248 

P>0.05), AUC increased significantly with the interval of the stimulus (one-way 249 

ANOVA: F(2,149)=129.742; P<0.001). Thus, AUCs reached for 1s, 5s and 20s 250 

ISIs were 6.16 ± 0.86, 15.42 ± 1.50 and 20.25 ± 1.76, respectively. At the 251 

shortest interval of stimuli used (ISI: 1s) larvae responses decreased to 252 

baseline levels (pre-trial phase) by the 14th tap. For the 5s ISI regime, larvae 253 

responses reached a steady state by the 8th tap, although this new established 254 

baseline was 4 fold higher than the 1s ISI routine. On the other hand, during the 255 

20s ISI regime, larvae movement following the 1st tap remained relatively high 256 

and varied between 0.5 and 0.22 cm, throughout the rest of the trial. For testing 257 

the second criteria for habituation, spontaneous recovery, larvae were tested 258 

with two series of 20 tapping stimulus delivered at 1s ISI rate separated by a 259 

period of 15 min (Fig. 1B). Whereas an iterative reduction in startle response 260 

was found across the first series of tapping stimulus, reaching the steady state 261 

by the 19th tap (P=0.237), the startle response was fully recovered in the 262 

second series of tapping stimulation. The increase in the larvae movement after 263 

the first tap was similar in both series (0.640 ± 0.036 cm vs 0.570 ± 0.031 cm 264 

for the first and second series of tapping stimulation, respectively), and the 265 

magnitude of the movement across both series was within the same range 266 

(Student’s t-test: P>0.05). Finally, in order to assure that the iterative decrease 267 
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in the response observed in VSRA corresponds to true habituation and not to 268 

fatigue nor sensory adaptation (Thompson and Spencer, 1966), dishabituation 269 

of the larvae was analyzed. For inducing dishabituation, a different type of 270 

stimulus, a 2s white-light pulse, was used. A series of 100 tapping stimulus 271 

delivered at 5s ISI was used to cause habituation. Four trial setup combinations 272 

(Fig. 1C-F) of tapping and white-light pulse were used to establish 273 

dishabituation of habituated larvae. As previously demonstrated for 5s ISI 274 

routine, larvae movement increased significantly in response to the first tap and 275 

then, an iterative reduction in the responses was observed until the 8-9th tap, 276 

when motor activity reached a steady state (Fig. 1C). However, when a 2s 277 

white-light pulse was introduced after the 80th tap, the 81st tap evoked an 278 

escape response with a similar magnitude to that of the first tap (P>0.05). 279 

Interestingly, escape response remained elevated for the rest of the trial 280 

following the startle restart (Fig. 1D). On the other hand, the white-light pulse by 281 

itself did not evoke an escape response. In fact, when no more tapping stimuli 282 

were delivered after the 2s light pulse, larvae movement significantly decreased 283 

(P<0.001) at the time corresponding to the 81st tapping stimulus and then, 284 

locomotor activity increased gradually, returning to pre-light pulse levels at the 285 

time corresponding to the 90th tapping stimulus (Fig. 1F). The results presented 286 

above demonstrate that the proposed assay not only allows quantifying the 287 

distance moved for each larva during the VSR, but also meets the criteria 288 

proposed for habituation analysis. 289 

3.2. Concordance analysis of VSR assay 290 
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An important criterion for the validation of VSRA is that whereas the assay is 291 

performed on zebrafish larvae, results should be predictive of the responses in 292 

other vertebrate species, including other fish species and mammals. In order to 293 

assess the VSRA predictivity, the concordance of the results obtained with this 294 

assay with preexisting data in fish and mammals has been analyzed. For this 295 

study of concordance analysis, a group of neuroactive compounds modulating 296 

three different neurotransmitter systems have been selected (Best et al., 2008; 297 

Roberts et al., 2013; Roberts et al., 2011; Wolman et al., 2011). 298 

3.2.1. Cholinergic system 299 

The cholinergic system plays a pivotal role in learning and memory (Robinson 300 

et al., 2011), with cholinergic agonists improving memory (Mattson, 2004). In 301 

the present study, the effects of 25 µM nicotine, 20 µM MLA, 80 µM pilocarpine, 302 

25 µM scopolamine and 10 µM donepezil on the distance moved during the 303 

escape response and the habituation to VSR have been analyzed using the 304 

VSRA (Fig. 2). Nicotine and pilocarpine, agonists of nicotinic and muscarinic 305 

acetylcholine receptors (AChR), respectively, significantly reduced habituation 306 

of VSR, as indicated by the significant increase in the AUC values found in 307 

treated larvae respect to the control (Fig. 2A,B). A detailed analysis of the 308 

responses across the assay showed that the nicotine effect was restricted to the 309 

responses elicited by the 2nd to 6th tapping stimuli (P<0.05; Fig. 3A). Pilocarpine 310 

increased significantly the magnitude of the first startle response (P=0.005; Fig. 311 

2B) as well as the responses elicited from the 15th tapping stimulus onwards. In 312 

contrast to the effect of cholinergic agonists, no clear effects of MLA and 313 

scopolamine, antagonists of nicotinic and muscarinic AChRs, respectively, on 314 
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the VSR magnitude and habituation were found (Fig. 2C,D), as indicated by the 315 

similar values of the AUC between treated larvae respect to the control (Fig. 316 

2C,D; P>0.05). Finally, the effect of donepezil, an acetylcholinesterase (AChE) 317 

inhibitor used as cognitive enhancer in Alzheimer’s disease patients, was 318 

consistent with its AChRs agonist role (Fig. 2E,E). On one hand, donepezil 319 

induced a significant increase in the magnitude of the first startle response 320 

(P<0.001). Moreover, donepezil significantly reduced habituation to VSR, as 321 

indicated by the significant increase observed in the AUC values (Fig. 2E) as 322 

well as in the higher response found after all the vibrational stimuli delivered in 323 

the assay (Fig. 2E).  324 

 These results with the modulators of the cholinergic system obtained by using 325 

the developed VSR assay are consistent with those reported in the literature. 326 

Thus, a significant increase of magnitude of the startle response evoked by 327 

acoustic/vibrational stimulus has been reported in rodents and zebrafish 328 

exposed to nicotine and pilocarpine (Acri et al., 1991; Acri et al., 1994; Eddins 329 

et al., 2010; Kumari et al., 2001; Schreiber et al., 2002). Moreover, the effect of 330 

10 µM donepezil on the startle response evoked by acoustic stimulation on 7 331 

dpf zebrafish larvae has been recently characterized (Best et al., 2008). 332 

Consistent with the results obtained in this study using vibrational stimuli, 333 

donepezil enhanced acoustic startle response and significantly reduced 334 

habituation. In the same study, authors did not find any effect on habituation 335 

using MLA and atropine (muscarinic AChR antagonist), a result also consistent 336 

with that obtained using the VSRA. Finally, scopolamine failed to induce any 337 

significant effect on the VSR magnitude and habituation in adult zebrafish 338 
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(Levin and Cerutti, 2009), a result also consistent with the results presented in 339 

this study using VSRA.  340 

 341 

 342 

3.2.2. Serotonergic system  343 

Serotonin (5-HT) is a monoamine neurotransmitter involved in the control of 344 

mood, cognition and memory. Serotonergic neurons are known to modulate 345 

responses of the organism to environmental stimulation (Conner et al., 1970; 346 

Pittman and Lott, 2014; Quednow et al., 2004). To determine the effect of well-347 

known modulators of the serotonergic system on the VSR magnitude and 348 

habituation, larvae were incubated for 24h with 2.5 mM PCPA (tryptophan-5-349 

hydroxylase inhibitor), 0.5 µM fluoxetine (selective serotonin reuptake inhibitor), 350 

5 µM deprenyl (monoamine oxidase inhibitor) and 2.5 µM buspirone (5-HT1A 351 

receptor agonist; Fig. 3). Changes in the escape response of the larvae were 352 

evaluated during 50 consecutive tapping stimulus delivered at 1s ISI rate. 353 

Decreasing serotonin synthesis with PCPA significantly reduced habituation of 354 

VSR, as indicated for the significant increase in the AUC values found in the 355 

treated larvae respect to the control (P<0.001; Fig. 3A). Interestingly, the 356 

modulatory effect of PCPA on habituation was restricted to the responses 357 

elicited between the 4nd and 14th tapping stimulus (P<0.001; Fig. 3A). The effect 358 

of PCPA in the VSRA is consistent with the reduced habituation of ASR found 359 

in rats exposed to PCPA (Carlton and Advokat, 1973; Conner et al., 1970; File, 360 

1977). In contrast to the effects of the tryptophan hydroxylase inhibitor PCPA, 361 

increasing of serotonin levels at the serotonergic synapses with fluoxetine and 362 

deprenyl significantly increased habituation to VSR, specially reducing the 363 
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escape responses to the first 8-10 tapping stimulus (Fig. 3B,C). This increase in 364 

habituation found after treatment with fluoxetine and deprenyl was confirmed by 365 

the significant decrease found in the AUCs when compared to control (P<0.001; 366 

Fig.s 3B,C). Interestingly, only fluoxetine was able to reduce VSR magnitude 367 

after the first tapping stimulus (P<0.001). Results of fluoxetine and deprenyl in 368 

the VSRA are also consistent with the reported role of serotonin promoting 369 

habituation of the startle response by enhancing glycinergic inhibition of the 370 

Mauthner cells(Fero et al., 2011; Mintz et al., 1989). No clear effects were found 371 

in the VSR magnitude or habituation with the 5-HT1A receptor agonist 372 

buspirone. This absence of modulatory effect of buspirone might be related to 373 

the fact that 5-HT5 and 5HT6, but not 5-HT1, are expressed in Mauthner cells 374 

(Whitaker et al., 2011).  375 

 376 

3.2.3. Glutamatergic system  377 

Glutamatergic system also plays an important role in learning and memory in 378 

vertebrates. When larvae were incubated for 24 hours with 40 µM memantine, 379 

an NMDA receptor antagonist, and recorded during 50 consecutive tapping 380 

stimulus delivered at 1s ISI rate, a significant reduction in the habituation of 381 

VSR was found (P<0.05), as indicated by a significant increase of the AUC of 382 

treated larvae (P<0.001; Fig. 4). Additionally, response to the first tap in 383 

memantine-treated larvae was higher than in controls, and the response 384 

remained higher during the following 3 stimulus (Fig. 4). Consistent with the 385 

results obtained with VSRA in this study, previous reports on the effect of the 386 

NMDA receptor antagonists on the ASR in mice and zebrafish showed also 387 
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reduced habituation compared to controls (Best et al., 2008; Klamer et al., 388 

2004). Three different NMDA receptor antagonists also reduced short-term 389 

habituation in response to vibrational stimuli in zebrafish larvae (Wolman et al., 390 

2011). Moreover, the higher magnitude of the escape response after the first 391 

tap found with the VSRA is also consistent with the reported effects on the ASR 392 

in larval zebrafish exposed to 30 µM memantine (Best et al., 2008). 393 

3.2.4. Environmentally relevant compounds 394 

The last part of this work was to assess the suitability of VSRA for dealing with 395 

environmental relevant compounds. Imidacloprid and chlorpyrifos-oxon (CPO), 396 

two neurotoxic pesticides disrupting normal cholinergic signaling, were selected 397 

as a proof of concept. Imidacloprid belongs to the group of nicotine-related 398 

insecticides referred to as neonicotinoids, which act as agonists of the insect 399 

postsynaptic nicotinic acetylcholine receptors (nAChRs) (Matsuda et al., 2001) 400 

resulting in the impairment of normal nerve function. CPO, the active metabolite 401 

of chlorpyrifos, is a prototypic organophosphate (OP) with a toxic underlying 402 

mechanism that involves the irreversible inhibition of acetylcholinesterase 403 

(AChE) and overstimulation of both AChRs (Faria et al., 2015). To test the 404 

suitability of VSRA to assess quantitative concentration-response relationship, 405 

zebrafish larvae were exposed to three concentrations of each pesticide for 24 406 

hours. We found that both contaminants disrupted normal VSR magnitude and 407 

habituation in a dose dependent matter (Fig.s 5 and 6). Likewise, 25 and 50 µM 408 

of imidacloprid decreased the VSR magnitude and increased habituation (Fig. 409 

5B-D) to similar levels (P<0.05), and no effect was observed at 5  µM (P=0.174; 410 

Fig. 5A,D). Despite this, analysis of AUC reported significant effects across 411 
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concentrations (one-way ANOVA: F(3,186)=14.280; P<0.001, (Fig. 5D), which 412 

indicates that concentration of imidacloprid had a significant effect over VSR 413 

response. Interestingly, these results are not within the same line as that 414 

observed for nicotine, another nAChR agonist. Although the effects of 415 

imidacloprid on habituation have been well-established in honeybee (Decourtye 416 

et al., 2004; Goñalons and Farina, 2018), the effects of this compound in fish 417 

have not been well characterized. 418 

In the only available report addressing the effect of imidacloprid on startle 419 

response and habituation in fish, an increase in the VSR magnitude and a 420 

decrease in habituation was found in adolescent zebrafish exposed to 45-60 µM 421 

imidacloprid during the first 5 days of development (Crosby et al., 2015). The 422 

differences found between that study and our results using VSRA could be 423 

related with the different experimental design used, including different exposure 424 

time, developmental stage at the time of exposure and time between the end of 425 

exposure to the behavioral testing.  426 

Chlorpyrifos-oxon evoked a dramatic dose dependent impairment of the VSR in 427 

larvae after 24h of exposure (one-way ANOVA: F(3,182)=35.163, P<0.001). VSR 428 

magnitude and habituation were respectively higher and lower than control (Fig. 429 

6A-D). After the first tap, VSR magnitude in larvae treated with 25 and 50 nM 430 

CPO were already 1.4- and 3-fold higher than the corresponding controls, 431 

respectively, and remained significantly elevated throughout most of the first 20 432 

stimuli. On the other hand, 5 nM CPO seemed to have a delayed effect over 433 

VSR magnitude, presenting significant differences from the 6-14th tapping 434 

stimuli. Eventually, habituation of the VSR was reached for all treatments before 435 
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the 20th tapping stimulus. AUC values were already notably significant at 5 nM 436 

(P=0.014) (Fig. 6D). Impairment of the startle response by chlorpyrifos has 437 

been reported in different fish species and rodents (Carlson et al., 1998; Eddins 438 

et al., 2010; Levin et al., 2002; Sledge et al., 2011). Additionally, these 439 

responses, though much more potent, resemble those reported for the two 440 

AChR agonists and for the cholinergic drug tested in this study, which 441 

emphasizes the robustness of the proposed method and reinforces this 442 

approach as a promising behavioral monitoring tool for screening and 443 

differentiating chemicals present in the environment.  444 

Zebrafish larvae are ideally suited for large-scale analysis of vertebrate 445 

behavior, including learning and memory (Colwill Ruth and Creton, 2011; Levin 446 

and Chen, 2004). For medium- to high-throughput analyses of behavior, it is 447 

crucial to use robust assays that can be automated. Indeed, easy to use 448 

automated systems, designed as a plug and play system, including both 449 

software and equipment, have been recently developed and are currently 450 

commercially available for imaging and analyzing zebrafish larvae behavior in 451 

multi-well plates. However, to our knowledge, implicit learning evaluation 452 

methods have not yet been validated for any commercially available platform. In 453 

this study we have demonstrated that an automated system using vibrational 454 

stimulation was able to fulfill a number of criteria that have been established to 455 

determine true habituation (Brown, 1998; Thompson, 2009; Thompson and 456 

Spencer, 1966). In this study, zebrafish larvae demonstrated the basic 457 

response of habituation, an iterative reduction of the distance moved in 458 

response to repetitive vibrational stimuli, fulfilling the main criteria proposed for 459 

habituation. Aiming to analyze the predictivity of the results of this assay 460 
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performed with zebrafish larvae to other vertebrate species inhabiting aquatic 461 

ecosystems, a group of modulators of the cholinergic, serotonergic and 462 

glutamatergic systems was tested, and the results were in agreement with the 463 

data available in the bibliography for fish and rodents. This concordance of the 464 

results in the developed assay with others developed in the same and different 465 

vertebrate species demonstrate the results from this assay can be easily 466 

extrapolated to other aquatic vertebrates. The results regarding CPO and 467 

imidacloprid also demonstrated that the developed assay is suitable for the 468 

analysis of the concentration-response relationship of environmental pollutants 469 

that impair the escape response elicited by vibrational stimuli. This result is 470 

highly relevant, since the concentration-response relationships obtained in this 471 

assay might provide an estimation of the potency (EC50 or EC10) of the 472 

disrupting effect of each tested pollutant on the predator avoidance behavior. 473 

Moreover,  the combination of concentration-response data from VSRA with 474 

data about lethality should allow to determine the associated hazard 475 

(LC50/EC50) to any tested compound (Thienpont et al., 2011). Additional 476 

efforts should be done to assess the suitability of this new assay to determine 477 

the potency and hazard of environmental pollutants. 478 

4. Conclusion 479 

We have developed a new simple and automated assay in zebrafish 480 

larvae, for in vivo medium to high-throughput assessment of the escape 481 

response and its habituation. We were able to demonstrate the assay’s 482 

predictive and feasible qualities for the potential development of a 483 

systematic approach able to screen chemical compounds present in the 484 
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environment with specific effects over fish escape behavior, as well as, 485 

establish fish species more sensitive or resistant to such chemicals.  486 

 487 

 488 

 489 
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Figure captions 

Figure 1. Vibrational Startle Response Assay (VSRA) meets the main 

habituation criteria. Plots of results of mean distance moved ± SE (n=48) 

against tapping stimulus in zebrafish larvae 8 dpf. Black arrow indicates the 

beginning of tapping stimuli. (A) Results of 50 tapping stimulus delivered at 

three different interstimulus interval (ISI): 1s (red triangle), 5s (blue squares) 

and 20s (green circles); (B) Larvae show a spontaneous recovery of startle 

response from a first session of 20 tapping stimulus at 1s ISI (solid black line, 

black dots) after 15 minute period (straight brackets). The spontaneous 

recovery is observed when larvae undergo a second session of 20 tapping 

stimulus of 1s ISI (dashed black line, black dots); (C-F) Cross-modal 

stimulation. Plotted results of mean distance moved ± SE (n=48) against 

tapping stimulus under a 5s ISI regime with a total of 100 stimuli. Black arrow 

indicates the beginning of tapping stimulus. White arrow indicates 2s light pulse 

(5% intensity, according to DanioVision equipment). (C) 100 tapping stimulus; 

(D) 100 tapping stimulus with two seconds light pulse interposed between the 

80th and 81st tapping; (E) no stimuli given for an equivalent time to 80 tapping 

stimulus (5s ISI, total time of 400 seconds) followed by a two seconds light 

pulse, followed by the first (corresponding to tapping stimulus 81th) of 19 

consecutive tapping stimulus; (F) 80 tapping stimulus with followed by two 

seconds light pulse and no further tapping stimulus. 

Figure 2.  Effect of cholinergic modulators on the visual startle response 

and habituation. Plots of average distance moved ± SE against 20 tapping 

stimulus and corresponding bar graphs of calculated AUC (mean ± SE) of 50 

Figures plus captions
Click here to download Figure: Figure caption_R_.docx

http://ees.elsevier.com/stoten/download.aspx?id=1944339&guid=c9f48cee-9418-4714-8b3d-b45dd23078ee&scheme=1


tapping stimuli at 1s ISI.  The results presented refer to control larvae (blue 

squares/bar) and larvae exposed to compounds that modulate the cholinergic 

system: (A) – 25 µM nicotine (red triangles/bar) (n=89/point); (B) – 80 µM 

pilocarpine (Pilo; olive green triangles/bar) (n=88/point); (C) – 20 µM 

methyllcaconitine (MLA; light blue triangles/bar) (n=86/point) (D) – 25 µM 

scopolamine (Scop; orange triangles/bar) (n=86/point); and (E) 10 µM of 

donepezil (green triangles/bar) (n=48/point). Each point of control DMSO 0.1 

and 1%(*) corresponds to n=328 and n=91 respectively. Black arrow indicates 

the beginning of tapping stimulus trial.***P<0.001; **P<0.01 and *P<0.05 vs 

corresponding control value (Student’s t-test) of plots and bar graphs.  

Figure 3. Effect of serotonergic modulators on the visual startle response 

and habituation. Plots of average distance moved ± SE against 20 tapping 

stimulus and corresponding bar graphs of calculated AUC (mean ± SE) of 50 

tapping stimuli at 1s ISI.  The results presented refer to control larvae (blue 

squares/bar, n=328) and larvae exposed to compounds that modulate the 

serotonergic system: (A) 2.5 mM PCPA (dark purple triangles/bar, n=94); (B) 

0.5 µM fluoxetine (black triangles/bar, n=93); (C) 5 µM deprenyl (grey 

triangles/bar, n=94) and (D) 2.5 µM buspirone (green triangles/bar, n=91). Black 

arrow indicates the beginning of tapping stimuli trial. ***P<0.001; **P<0.01 and 

*P<0.05 vs corresponding control value (Student t-test) of plots and bar graphs.  

Figure 4. Effect of memantine, a NMDA receptor antagonist, on the 

vibrational startle response and habituation.  Plot of average distance 

moved ± SE against 20 tapping stimulus at 1s ISI for control larvae (blue 

squares; n=328) and larvae exposed to 40 µM memantine (dark yellow 



triangles; n=91/point). Black arrow indicates the beginning of tapping stimulus 

trial. Inset: AUC (mean ± SE) corresponding to 50 tapping stimulus at 1s ISI of 

40µM of memantine and control. ***P<0.001; **P<0.01 and *P<0.05 vs 

corresponding control value (Student t-test) of the plots and bar graphs.   

Figure 5. Effects of imidacloprid on the vibrational startle response and 

habituation. (A-C) Plots of average distance moved ± SE against 20 tapping 

stimulus at 1s ISI for control larvae (blue squares; n=96) and larvae exposed to 

increasing concentrations of imidacloprid (circles with different shades of marine 

blue): 5 µM (A; n=47/point), 25 µM (B; n=94/point) and 50 µM (C; n=89/point). 

Black arrow indicates the beginning of tapping stimuli trial; (D) AUC (mean ± 

SE) corresponding to 50 tapping stimulus at 1s ISI of control and 5, 25 and 50 

µM imidacloprid. The following symbols represent static differences for plots:  

***P<0.001; **P<0.01 and *P<0.05 vs corresponding control value, Student’s t-

test. For the bar graph, different letters indicate significant (P<0.05) differences 

following one-way ANOVA and Tukey’s multiple-comparison test. 

Figure 6. Effects of chlorpyrifos-oxon (CPO) on the vibrational startle 

response and habituation. (A-C)  Plots of average distance moved ± SE 

against 20 tapping stimulus at 1s ISI for control larvae (blue squares; n=96) and 

larvae exposed to increasing concentrations of CPO (triangles with different 

shades of pink): 5 nM (A; n=88/point), 25 nM (B; n=86/point) and 50 nM (C; 

n=88/point). Black arrow indicates the beginning of tapping stimulus; (D) AUC 

(mean ± SE) corresponding to 50 tapping stimulus at 1s ISI of control and 5, 25 

and 50 nM CPO. The following symbols represent statistic differences for plots:  

***P<0.001; **P<0.01 and *P<0.05 vs corresponding control value, Student’s t-



test. For the bar graph, different letters indicate significant (p<0.05) differences 

following one-way ANOVA and Tukey’s multiple-comparison test.  
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