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Abstract 

Zebrafish (Danio rerio) holds a promise as a model vertebrate system for neurobiological 

investigations of learning and memory. Here, we sought to demonstrate two forms of 

nonassociative learning: first, short-term sensitization of tail movements and second, 

long-term sensitization of thigmotaxis, induced by application of allyl isothiocyanate, a 

chemical irritant, in both restrained and free-swimming larval zebrafish. We found that 

allyl isothiocyanate increased both tail movements and tail movements’ duration for 

several minutes after the chemical irritant was removed from the bath. Moreover, 

pharmacological manipulations were observed to alter the behavior. Experimental 

manipulations included exposure to methiothepin, an antagonist of serotonin (5-HT) 

receptors. Methiothepin application was observed to block MO-induced sensitization of 

thigmotaxis in larval zebrafish. Our results demonstrate that a noxious stimulus, allyl 

isothiocyanate, can reliably induced tail movements and thigmotaxis sensitization in both 

restrained and free-swimming larval zebrafish, and thus facilitate future investigations of 

in vivo neural circuits. 
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1. Short-Term Sensitization of Tail Movements in Restrained Larval 

Zebrafish (Danio rerio) 

1.1. Introduction 

Living organisms require memory to function in a changing environment. 

Animals utilize stored memories to form associations with their sensory information 

and formulate strategies to navigate their surroundings. Memories itself can vary in 

their persistence, lasting from seconds to minutes, minutes to hours, hours to days, 

days to weeks, and weeks to a lifetime, depending on the amount and pattern of 

training (Hammer and Menzel, 1995; Sutton et al., 2002). Over the years, researchers 

have relied on invertebrates like the mollusk Aplysia to elucidate the cellular 

manifestations of simple forms of learning. Aplysia can demonstrate long-term forms 

of nonassociative memory: long-term sensitization (Pinsker et al., 1973) and long-term 

habituation of gill-and siphon-withdrawal reflex (Bailey and Chen 1983). One 

significant advantage of utilizing Aplysia for learning and memory research is the rapid 

behavioral screening of these long-term memories, which are expressed through 

easily visible motor movements from the animal. However, a similar approach has 

been proven to be difficult in vertebrates due to the complex neuronal circuitries and 

relative difficulty in obtaining robust behavioral screen. One particular vertebrate 

organism, the zebrafish (Danio rerio), has become an important model for the learning 

and memory research.  

The use of zebrafish as an animal model has to do with its high degree of 

sequence similarity with mammals (around 82%), including humans (Brownlie et al., 

1998; Howe et al., 2013). Furthermore, they also possess a number of other 
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advantages including the ability to expose the zebrafish larvae to various 

pharmacological substances in a bath application, which allows for quick and efficient 

behavioral screenings (Goldsmith et al., 2004); and their translucent body during larval 

stage enables for robust optogenetic manipulations and in vivo recordings of neural 

activity (Aizenberg et al., 2011). Furthermore, zebrafish have the capacity for both 

nonassociative and associative learning in the larval form (Roberts et al., 2013). It has 

been demonstrated that zebrafish can undergo long-term habituation of reflex 

behaviors like the C-Start reflex (Roberts et al., 2016). However, additional research 

is required to determine the molecular mechanisms underlying the contrasting form of 

nonassociative learning, the long-term sensitization to noxious stimuli. Here, we utilize 

pharmacological agent, mustard oil (MO), or allyl isothiocyanate, to demonstrate 

sensitization of tail movements and thigmotaxis in restrained and free-swimming larval 

zebrafish respectively. 

Allyl isothiocyanate or mustard oil (MO) is a chemical irritant proven to activate 

TRPA1 (transient receptor potential) receptors in zebrafish. Two zebrafish orthologs 

of mammalian TRPA1, TRPA1a and TRPA1b, have been identified. In contrast to cells 

transfected with vector alone, cells expressing TRPA1a or TRPA1b showed robust 

increases in Ca2+ concentration in the presence of mustard oil (MO) (Prober et al., 

2008). TRPA1a, which has expression restricted to the most posterior vagal sensory 

ganglion, is likely to only detect internal stimuli. On the other hand, TRPA1b, which is 

expressed in a subset of trigeminal and Rohon-Beard sensory neurons, is likely to 

detect both internal and external stimuli. Furthermore, zebrafish TRPA1b is also 

required for behavioral responses to mustard oil (MO) (Prober et al., 2008). Some 
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easily observable behavioral response to MO is tail movements (Egan et al., 2009). 

We hypothesized that the mustard oil (MO) exposure and transient activation of 

inflammatory markers and pain would induce sensitization of tail movements in 

restrained 5 days post-fertilization (DPF) larval zebrafish. 

Here, we demonstrate that a brief exposure to 10µM of mustard oil (MO) 

significantly activated the TRPA1 receptors, specifically TRPA1b, on larval zebrafish 

and induced sensitization of tail movements. 

 

1.2. Materials and Methods 

1.2.1. Behavioral Training Animal Model 

5 DPF wild type TL strain larval zebrafish (Danio rerio) were used for the 

behavioral training experiments. All adult wild type TL strain zebrafish were supplied 

by the UCLA Zebrafish Core Hatchery Facility using standard methods. The adults 

were bred, and their fertilized eggs were collected the next day. The eggs were 

placed in Petri dishes filled with embryo water or E3 (0.17mM of KCl, 0.33mM of 

MgCl2, 0.33mM of CaCl2, 5mM of NaCl, 10 = 5% methylene blue, pH 7.2) and 

placed in an incubator at 28.5°C for 5 days. The eggs were cleaned every day for 

5 days to remove sick and dead embryos and E3 was changed daily.  
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1.2.2. Rapid Sensitization of Tail Movements with E3 (Control) or 

MO (Experimental) 

Prior to training, 5 DPF larval zebrafish was set on 3.0% agarose (1.5g of 

agarose powder in 50 ml of distilled water) in a small Petri dish with its head and 

tail free (Figure 1). The Petri dish was then filled with 12 ml of E3. The larva was 

left to acclimate on a light box for an hour (Figure 2 and 3). The larva tail movements 

were then recorded for 5 minutes (pre-test recording). The larva was injected with 

either 100µL of E3 (control) or 100µL of 1.2 mM MO for a 10µM final concentration 

(experimental). The larva was exposed to either the E3 or 10µM MO for a total of 

30 seconds before a wash. The wash procedure involved pipetting the entire 

volume of the 12 ml well and replacing it with fresh E3 in 1 minute. Larval zebrafish 

was then left alone for 2 minutes. The larvae tail movements were then recorded 

again for 5 minutes (post-test recording). Video recording was performed using a 

high-speed camera with a frame rate setting of 240 frames per second. The first 30 

seconds (7200 frames) of tail movements of the pre- and post-test recording were 

then analyzed in ImageJ. 
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Figure 1. The Experimental Setup of 5 DPF Larval Zebrafish Agarose 

Restraining. Larval zebrafish is suspended in 3% agarose in a small plate with its 

head and tail freed. The plate is bathed in E3. 

 

 

Figure 2. The Schematic Shows Behavioral Recording Setup. The agarose-

restrained 5 DPF larval zebrafish is placed on top of a light box. The high-speed 

camera is placed overhead to capture any tail movement of the larval zebrafish. 
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Figure 3. Experimental Timeline for MO-Induced Sensitization of Tail Flicks. 

An hour acclimation period followed by 5 minutes of pre-test recording. Application 

of either E3 or 10µM MO for a total exposure time of 30 seconds. Washout of drug 

is performed for 1 minute. The post-test recording and analysis of tail movements 

are done 3 minutes after either E3 or 10µM MO exposure. 

 

1.2.3. Data Analysis and Statistics 

To assess sensitization behavior, the number of tail movements and the 

duration of the tail movements were recorded. Using the QuickTime Player 7, frame 

numbers for which the tail movements start, and stop were recorded. The first 30 

seconds (7200 frames) of tail movements, upon touch until the tail flicks stop, after 

touch was then analyzed. The subtraction of the stop frame and the start frame 

indicates the duration of the tail movements while the movement of the tail from 

center to left to center or center to right to center indicates 1 tail flick. The number 

of tail movements were then calculated. To normalize the data, the average of the 

ratio of post-touch for post-test and post-touch for pre-test were calculated.  
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1.3. Results  

1.3.1. Rapid Sensitization of Tail Movements and the Duration of 

Tail Movements 

To develop a simple and robust protocol for eliciting tail movements 

behavior, we utilized mustard oil (MO) as a sensitizing stimulus for larvae zebrafish. 

Mustard oil (MO) has been shown to activate the TRPA1 receptors, which serve a 

chemosensory function in zebrafish (Prober 2008). The TRP1A receptors mediate 

a sensory pathway for environmental irritants and proalgesic agents to initiate an 

inflammatory response and activate nociceptors (Bautista 2006). Therefore, we 

proposed that the inflammation response and chemically-induced pain from short-

term exposure to mustard oil (MO) would sensitize larvae zebrafish and increase 

their propensity for anxiety-like behavior, such as tail movements, both the number 

and the duration of. Indeed, after a short 30 seconds exposure to mustard oil, larvae 

zebrafish demonstrated increased sensitization of tail movements (Figure 4) and 

the duration of tail movements (Figure 5). 
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Figure 4. Change in Total Tail Flicks in 5 DPF Larval Zebrafish After E3 

(Control) or MO (Experimental) Application. Values were normalized by 

subtracting all post-test values by the pre-test values. A negative value designates 

a higher baseline (pre-test) activity, while a positive value designates a greater 

number of tail movements after either E3 or MO ejection and wash. A highly 

significant increase in tail movements was observed for the Experimental (MO) 

group (N=12, 876.5 + 304.82 flicks) compared to Control (E3) group (N=12, 12.33 

+ 8.88 flicks), (unpaired t-test, *p = 0.0097). 
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Figure 5. Change in Total Duration of Tail Flicks in 5 DPF Larval Zebrafish 

After E3 (Control) or MO (Experimental) Application. Values were normalized 

by subtracting all post-test values by the pre-test values. A negative value 

designates a higher baseline (pre-test) activity, while a positive value designates 

increased duration of tail movements after either E3 or MO ejection and wash. A 

highly significant increase in tail movements duration was observed for the 

Experimental (MO) group (N=12, 20.225 + 6.795159525 seconds) compared to 

Control (E3) group (N=12, 0.246527778 + 0.176063114 seconds), (unpaired t-test, 

*p = 0.0076). 

 

1.4. Discussion  

Tail movements or tail flicks behavior had been reported previously in larval 

zebrafish in response to anxiety-inducing stimuli (Egan et al., 2009). However, 

researchers had not yet fully explored other avenues of triggering the sensitization, 

such as through noxious stimuli. Using mustard oil, a known chemical irritant for 

zebrafish, we demonstrated rapid sensitization of tail movements. We observed that 
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brief 30 seconds exposure to 10µM MO significantly increased the number and 

duration of tail movements in zebrafish larvae three minutes after exposure. These 

results demonstrate that a noxious stimulus, allyl isothiocyanate, can reliably induced 

short-term sensitization of the number and the duration of the tail movements in 

restrained larval zebrafish.  

Overall, our results established a simple, robust protocol and a stable 

foundation to explore the molecular underpinnings of tail movements. The 

establishment of such a simple protocol will allow for further investigations into the 

mechanisms underlying short-term and long-term sensitization.  

 

2. Molecular Analysis of Short-Term Sensitization of Tail Movements in 

Restrained and Thigmotaxis in Free-Swimming Larval Zebrafish by 

Methiothepin Application 

2.1. Introduction 

Serotonin (5-HT) has long been implicated in the control of fear, anxiety, and 

stress (Herculano and Maximino, 2014). The 5-HT system itself is detected as early 

as the prehatching embryonic stage (before day 2) to larval stage (up to day 5), the 

period when spontaneous swimming emerges and matures (Brustein et al., 2003). In 

larval zebrafish, the 5-HT immunoreactivity is detected to a limited extent at 1 DPF 

that include only a few cell bodies in the rostral hindbrain (Bruinstein et al., 2003). By 

2 DPF, the 5-HT immunoreactivity populations are detected in the hindbrain and spinal 

cord. However, the functional role of 5-HT is not observed until 4 DPF. By 4 DPF, two 

bilateral populations of 5-HT immunolabelled cells are located in the hindbrain; a large 
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rostral cell population located just below the cerebellum and a smaller population 

located dorsolaterally in the caudal hindbrain. Axons extending from the rostral 5-HT 

hindbrain cluster are not detected at this stage while the descending axonal processes 

are detected from the dorsolateral hindbrain 5-HT clusters and tapered off after a short 

distance in the caudal hindbrain. The ventral spinal cord also contained a population 

of bilateral 5-HT neurons that are segmentally distributed all the way down the trunk. 

Therefore, during the period in which the swimming pattern emerges in the zebrafish 

larvae (5 DPF), 5-HT neural populations and plexi are present in both the hindbrain 

and in the spinal cord. 

To determine whether serotonergic interneurons are required for short-term 

sensitization of tail movements and/or thigmotaxis, we applied methiothepin (MET), a 

class of neuroleptics that is shown to be an antagonist of 5-HT receptors in the CNS 

(Monachon et al., 1972), in the bath. Just like tail movements, thigmotaxis is also an 

easily observable anxiety-like behavior response (Schnörr et al., 2012). In this study 

we found that a bath application of MET, at a concentration of 10 µM, reduced the 

number of MO-induced sensitization of tail movements and its duration. Moreover, the 

same concentration of MET in a bath, significantly decreased the MO-induced 

sensitization of thigmotaxis.   

 

2.2. Materials and Methods 

2.2.1. Animal Model 

5 DPF wild type TL strain larval zebrafish (Danio rerio) were used for the 

behavioral training experiments. All adult wild type TL strain zebrafish were supplied 
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by the UCLA Zebrafish Core Hatchery Facility using standard methods. The adults 

were bred, and their fertilized eggs were collected the next day. The eggs were 

placed in Petri dishes filled with embryo water or E3 (0.17mM of KCl, 0.33mM of 

MgCl2, 0.33mM of CaCl2, 5mM of NaCl, 10 = 5% methylene blue, pH 7.2) and 

placed in an incubator at 28.5°C for 5 days. The eggs were cleaned every day for 

5 days to remove sick and dead embryos and E3 was changed daily.  

 

2.2.2. Rapid Sensitization of Tail Movements with Methiothepin 

Prior to training, 5 DPF larval zebrafish was set on 3.0% agarose (1.5g of 

agarose powder in 50 ml of distilled water) in a small Petri dish with its head and 

tail free (Figure 1). The Petri dish was then filled with 12 ml of E3. The larva was 

left to acclimate on a light box for an hour in either E3 (control) or 10µM 

Methiothepin (drug) (Figure 2 and 6). The larva tail movements were then recorded 

for 5 minutes (pre-test recording). The larva was injected with either 100µL of E3 

(control) or 100µL of 1.2 mM MO for a 10µM final concentration (experimental) 5 

minutes after the waiting period. The larva was exposed to either the E3 or 10µM 

MO for a total of 30 seconds before a wash. The wash procedure involved pipetting 

the entire volume of the 12 ml well and replacing it with fresh E3 in 1 minute. Larval 

zebrafish was then left alone for 6.5 minutes. The larvae tail movements were then 

recorded again for 5 minutes (post-test recording). Video recording was performed 

using a high-speed camera with a frame rate setting of 240 frames per second. The 

first 30 seconds (7200 frames) of tail movements of the pre- and post-test recording 

were then analyzed in ImageJ. 
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Figure 6. Experimental Timeline for MO-Induced Sensitization of Tail Flicks in 

Either E3 (Control) or Methiothepin (Drug). An hour acclimation period in either 

E3 or Methiothepin followed by 5 minutes of pre-test recording. Application of either 

E3 or 10µM MO for a total exposure time of 30 seconds after 5 minutes waiting 

period. Washout of drug is performed for 1 minute. The post-test recording and 

analysis of tail movements are done 8 minutes after either E3 or 10µM MO 

exposure. 

 

2.2.3. Rapid Sensitization of Thigmotaxis with Methiothepin 

Eighty 5 DPF zebrafish larvae were randomly selected and plated in four 

small Petri dishes (20 per dish) filled with 12 ml of E3. The small plates were then 

left to acclimate for an hour either in E3 (control) or 10µM Methiothepin (drug) side 

by side (Figure 7). After acclimation, larvae were injected with either 100µL of E3 

(control) or 100µL of 1.2 mM MO for a 10µM final concentration (experimental). The 

larva was exposed to either the E3 or 10µM MO for a total of 30 seconds before a 

wash. The wash procedure involved pipetting the entire volume of the 12 ml well 

and replacing it with fresh E3 in 1 minute. After a washout, the larvae were 

transferred to a larger plate filled with 88 ml of E3, resulting in a final volume of 100 

ml. 20 seconds video recording was performed using a high-speed camera at time 

points t= 30 minutes. 
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Figure 7. Experimental Timeline for MO-Induced Sensitization of Thigmotaxis 

in Either E3 (Control) or Methiothepin (Drug). An hour acclimation period in 

either E3 or Methiothepin followed by an application of either E3 or 10µM MO for a 

total exposure time of 30 seconds. Washout of drug is performed for 1 minute. The 

analysis of thigmotaxis is done 30 minutes after washout. 

 

2.2.4. Data Analysis and Statistics 

2.2.4.1. Tail Movements 

To assess sensitization behavior, the number of tail movements and 

the duration of the tail movements were recorded. Using the QuickTime Player 

7, frame numbers for which the tail movements start, and stop were recorded. 

The first 30 seconds (7200 frames) of tail movements, upon touch until the tail 

flicks stop, after touch was then analyzed. The subtraction of the stop frame and 

the start frame indicates the duration of the tail movements while the movement 

of the tail from center to left to center or center to right to center indicates 1 tail 

flick. The number of tail movements were then calculated. To normalize the 

data, the average of the ratio of post-touch for post-test and post-touch for pre-

test were calculated. 
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2.2.4.2. Thigmotaxis 

For analysis, a single frame from each 20 seconds interval was 

selected. The locations of the zebrafish larvae were registered for E3-E3, E3-

MO, MET-E3, and MET-MO groups using Image J Analysis software. The 

distance from the place center in pixel was calculated for each fish based on xy-

coordinates and distance formula. The distance was then converted to 

millimeter (mm) by multiplying the distance in pixel by diameter of the plate (D 

= 138 mm) divided by diameter of the plate in pixel. The distance of all 20 larvae 

from the edge of the plate in millimeters (mm) was averaged for one n, or data 

point (Figure 8). 

 

      Distance from Edge of the Plate = 69 - √(𝑋$ − 𝑋&)$ + (𝑌$ − 𝑌&)$ 

Figure 8. Quantification of Thigmotaxis. The distance formula is used to 

identify distance of each individual larva from the edge of the plate in millimeter 
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(mm). The distance is averaged across 20 zebrafish larvae to obtain one n, or 

data point, per plate. 

 

2.3. Results 

2.3.1. Methiothepin Application Decreased the Number and 

Duration of Rapid Sensitization of Tail Movements 

Following MO Exposure 

To investigate the molecular mechanisms for the sensitization of tail 

movements and its duration by MO exposure, we utilized the selective 5-HT 

receptors antagonist, methiothepin. An hour acclimation of the larval zebrafish in 

10µM MET bath application increased the number of tail flicks upon exposure to E3 

(MET-E3, Figure 9). On the other hand, the same concentration of MET decreased 

the number of MO-induced sensitization of tail flicks (MET-MO group, Figure 9). 

The same results were observed for the duration of tail flicks. The application of 

10µM MET in the bath also increased the duration of tail flicks upon E3 exposure 

(MET-E3, Figure 10) but decreased the duration of tail flicks upon MO exposure 

(MET-MO, Figure 10). Acclimation in E3, just like the results above (Figure 4 and 

5), increased sensitization of tail movements and the duration of tail movements 

after a short 30 seconds exposure to MO. 
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Figure 9. Methiothepin Decreased Total Tail Flicks in 5 DPF Larval Zebrafish. 

Values were normalized by subtracting all post-test values by the pre-test values. 

A negative value designates a higher baseline (pre-test) activity, while a positive 

value designates a greater number of tail movements after either E3 or MO ejection 

and wash. A highly significant increase in tail movements was observed after 

exposure to 10µM MO in E3 bath solution (unpaired t-test, *p=0.0124, N=12). 
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Figure 10. Methiothepin Decreased Duration of Tail Flicks in 5 DPF Larval 

Zebrafish. Values were normalized by subtracting all post-test values by the pre-

test values. A negative value designates a higher baseline (pre-test) activity, while 

a positive value designates increased duration of tail movements after either E3 or 

MO ejection and wash. A highly significant increase in tail movements duration was 

observed after 10µM MO in E3 bath solution (unpaired t-test, *p=0.008, N=12). 

 

2.3.2. Methiothepin Application Blocked Rapid Sensitization of 

Thigmotaxis Following MO Exposure 

To investigate the molecular mechanisms for the sensitization of 

thigmotaxis by MO exposure, we again utilized the selective 5-HT receptors 

antagonist, methiothepin. Larval zebrafish exposed to a bath application of 10µM 

MET did not demonstrate sensitization of thigmotaxis by either the E3 or MO 
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exposure (MET-E3 and MET-MO, Figure 14). However, a significant increase of 

sensitization of thigmotaxis upon exposure of MO was observed in larval zebrafish 

acclimated in E3 (E3-MO, Figure 14). 

 

 

Figure 11. Methiothepin Blockade of Rapid Sensitization of Thigmotaxis in 5 

DPF Larval Zebrafish. A smaller value designates higher thigmotaxis, while a 

larger value designates lower thigmotaxis in either E3 (control) or methiothepin 

(drug) (MET). The concentrations of both MO and MET used were 10µM. Two-

tailed unpaired t-tests revealed a significant increase in thigmotaxis after exposure 

to a final concentration of 10µM MO for E3 bath solutions (**p<0.0001, N=12). 

Methiothepin bath application significantly decreased thigmotaxis after exposure to 

either E3 or 10µM MO (E3: *p=0.0206, N=12; MO: **p<0.0001, N=12).  
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2.4. Discussion 

In the present study, larval zebrafish behavior was observed and quantified in 

the MO-induced sensitization of both tail movements and thigmotaxis. Just like tail 

movements (Egan et al., 2009), thigmotaxis, in which larval zebrafish moving towards 

the edge of the well as a measure of anxiety.  

In general, our results demonstrated that methiothepin, a selective 5-HT 

receptors antagonist, was able to significantly block MO-induce sensitization of 

thigmotaxis, evidenced by larger distance from the edge of the plate. However, the 

same observation could not be made with MO-induced sensitization of tail movements 

in 5 DPF larval zebrafish. MET application in 5 DPF larval zebrafish decreased the 

number and duration of MO-induced tail movements but the decreased was not 

significant in comparison to control (E3-MO group). There are four possible 

explanations for these results. First, tail flicks and thigmotaxis might be mediated by 

different neural circuits. Second, MET might have a non-specific affect and thus, 

affecting the baseline respond. Third, an hour incubation might not be enough time for 

the larvae to get the same amount of methiothepin into their system. Lastly, MET might 

paralyze the larvae.  

Nonetheless, we showed modulation of MO-induced thigmotaxis achieved by 

pharmacological agent. We administered MET for an hour in a bath to block the 5-HT 

receptor to see whether serotonergic system has a role in short-term MO-induced 

sensitization of thigmotaxis. Our results demonstrated the role serotonergic system in 

short-term MO-induced sensitization of thigmotaxis, evidenced by the longer distance 

of the larval zebrafish from the edge of the plate when treated with MET bath.  
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Our results also prove significant for future investigations in the neural basis 

of pain and anxiety disorders. The behavioral sensitization observed in this study will 

provide importance in the study of persistent of pain which often associated with 

memory (Woolf et al., 2011).  Finally, our future direction should also include 

investigation of the modulation of short-term sensitization to achieve long-term 

sensitization. Moreover, the investigation of the molecular mechanisms underlying the 

maintenance of MO-induced sensitization of thigmotaxis and the sites of synaptic 

plasticity that contributes to memory and pain will have enormous ramifications for 

understanding anxiety-related disorders and stress responses in humans. We will 

soon be able to understand the mechanistic pathways underlying risk assessment 

behaviors, which are still relatively unexplored compared to fear and immediate threat 

behaviors. 

 

 

 

 

 

 

 

 

 

 

 



 
 

22 

3. References 

Aizenberg M and Schuman EM. 2011. Cerebellar-dependent learning in larval 
zebrafish. The Journal of Neuroscience: The Official Journal of the Society for 
Neuroscience 31(24):8708–8712.  

 
 
Arrenberg AB, Del Bene F, and Baier H. 2009. Optical control of zebrafish behavior 

with halorhodopsin. PNAS 106(42):17968-73. 
 
 
Bailey CH and Chen M. 1983. Morphological basis of long-term habituation and 

sensitization in Aplysia. Science (New York, N.Y.) 220(4592):91–3.  
 
 
Brownlie A, Donovan A, Pratt SJ, Paw BH, Oates AC, Brugnara C, Witkowska HE, 

Sassa S, and Zon LI. 1998. Positional cloning of the zebrafish sauternes gene: A 
model for congenital sideroblastic anaemia. Nat. Genet 20:244–250.  

 
 
Brunelli M, Castellucci V, and Kandel ER. 1976. Synaptic facilitation and behavioral 

sensitization in Aplysia: Possible role of serotonin and cyclic AMP. Science 194: 
1178-1181. 

 
 
Brustein E, Chong M, Holmqvist B, and Drepau P. 2003. Serotonin Patterns 

Locomotor Network Activity in Developing Zebrafish by Modulating Quiescent 
Periods. J. Neurosci 57(3):303-322. 

 
 
Cai D, Pearce K, Chen S, and Glanzman DL. 2011. Protein Kinase M Maintains Long-

Term Sensitization and Long-Term Facilitation in Aplysia. J. Neuroscience 
31(17):6421-6431. 

 
 
Cleary LJ, Lee WL, and Byrne JH. 1998. Cellular correlates of long-term sensitization 

in Aplysia. J. Neurosci 18:5988-5998. 
 
 
Dong Y, Shi HL, Shi JR, and Wu DZ. 2010. Transient receptor potential A1 is involved 

in cold-induced contraction in the isolated rat colon smooth muscle. Sheng Li Xue 
Bao: [Acta Physiologica Sinica] 62(4):349-356. 

 
 



 
 

23 

Douglass AD, Kraves S, Deisseroth K, Schier AF, and Engert, F. 2008. Escape 
behavior elicited by single, channelrhodopsin-2-evoked spikes in zebrafish 
somatosensory neurons. Current Biology 18(15):1133-7. 

 
 
Egan RJ, Bergner CL, Hart PC, Cachat JM, Canavello PR, Elegante MF, Elkhayat SI, 

Bartels BK, Tien AK, Tien DH, Mohnot S, Beeson E, Glasgow E, Amri H, Zukowska 
Z, and Kalueff AV. 2009. Understanding behavioral and physiological phenotypes 
of stress and anxiety in zebrafish. Behav Brain Res 205(1):38–44. 

 
 
Glanzman DL, Mackey SL, Hawkins RD, Dyke AM, Lloyd PE, and Kandel ER. 1989. 

Depletion of serotonin in the nervous system of Aplysia reduces the behavioral 
enhancement of gill withdrawal as well as the heterosynaptic facilitation produced 
by tail shock. J Neurosci 9:4200-4213. 

 
 
Goldsmith P. 2004. Zebrafish as a pharmacological tool: The how, why and when. 

Current Opinion in Pharmacology.  
 
 
Hammer M, and Menzel R. 1995. Learning and memory in the honeybee. J. Neurosci 

15:1617-1630. 
 
 
Herculano AM and Maximino C. 2014. Serotonergic modulation of zebrafish behavior: 

towards a paradox. Progress in Neuro-Psychopharmacology and Biological 
Psychiatry 55:50-66. 

 
 
Howe K, Clark MD, Torroja CF, Torrance J, Berthelot C, Muffato M, Collins JE, 

Humphray S, McLaren K, et al. 2013. The zebrafish reference genome sequence 
and its relationship to the human genome. Nature 496:498-503. 

 
 
Maximino C, Benzecry R, Oliveira KRM, Batista E de JO, Herculano AM, Rosemberg 

DB, et al. 2012. A comparison of the light/dark and novel tank tests in zebrafish. 
Behaviour 149:1099-123. 

 
 
Monachon MA, Burkard WP, Jalfre M, and Haefely W. 1972. Blockade of Central 5-

Hydroxytryptamine Receptors by Methiothepin. Naunyn-Schmiedeberg’s Arch. 
Pharmacol. 274:192-197. 

 
 



 
 

24 

Montarolo PG, Goelet P, Castellucci VF, Morgan J, Kandel ER, and Schacher S. 1986. 
A critical period for macromolecular synthesis in long-term heterosynaptic 
facilitation in Aplysia. Science 234(4781):1249-1254. 

 
 
Pinsker HM, Hening WA, Carew TJ, and Kandel ER. 1973. Long-Term Sensitization 

of a Defensive Withdrawal Reflex in Aplysia. Science 182(4116):1039-1042. 
 
 
Prober DA, Zimmerman S, Myers BR, McDermott BM, Kim SH, Caron S, Schier AF. 

2008. Zebrafish TRPA1 Channels Are Required for Chemosensation But Not for 
Thermosensation or Mechanosensory Hair Cell Function. Journal of Neuroscience 
28(40):10102–10110.  

 
 
Roberts AC, Bill BR, and Glanzman DL. 2013. Learning and memory in zebrafish 

larvae. Frontiers in Neural Circuits 7:126. 
 
 
Roberts AC, Pearce KC, Choe RC, Alzagatiti JB, Yeung AK, Bill BR, and Glanzman 

DL. 2016. Long-term habituation of the C-start escape response in zebrafish 
larvae. Neurobiology of Learning and Memory 134:360–368.  

 
 
Schnörr SJ, Steenbergen PJ, Richardson MK, and Champagne DL. 2012. Measuring 

thigmotaxis in larval zebrafish. Behavioural Brain Research 228:367-374. 
 
 
Sutton MA, Ide J, Masters SE, and Carew TJ. 2002. Interaction between amount and 

pattern of training in the induction of intermediate- and long-term memory for 
sensitization in Aplysia. Learn. Mem 9:29-40. 

 
 
Wise CD, Berger BD, Stein L. 1972. Benzodiazepines: anxiety-reducing activity by 

reduction of serotonin turnover in the brain. Science 177:180-3. 
 




