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Abstract
Larval zebrafish possess a number of molecular and genetic advantages for rigorous biological analyses of
learning and memory. These advantages have motivated the search for novel forms of memory in these animals that can be exploited for understanding the cellular and molecular bases of vertebrate memory formation
and consolidation. Here, we report a new form of behavioral sensitization in zebrafish larvae that is elicited by
an aversive chemical stimulus [allyl isothiocyanate (AITC)] and that persists for 30 min. This form of sensitization is expressed as enhanced locomotion and thigmotaxis, as well as elevated heart rate. To characterize the
neural basis of this nonassociative memory, we used transgenic zebrafish expressing the fluorescent calcium
indicator GCaMP6 (Chen et al., 2013); because of the transparency of larval zebrafish, we could optically monitor neural activity in the brain of intact transgenic zebrafish before and after the induction of sensitization. We
found a distinct brain area, previously linked to locomotion, that exhibited persistently enhanced neural activity
following washout of AITC; this enhanced neural activity correlated with the behavioral sensitization. These

Significance Statement
We have discovered a form of short-term behavioral sensitization in zebrafish larvae. Because the larvae are
translucent, neural activity related to sensitization memory can be optically monitored in the intact and, in
some cases behaving, fish using a genetically encoded ratiometric calcium indicator, GCaMP6. Taking advantage of this capability, we succeeded in identifying a region in the hindbrain that may mediate, at least in
part, the memory for sensitization in the zebrafish larva. These findings initiate an understanding of how activity in this region mediates a simple form of nonassociative memory in a relatively simple vertebrate
animal.
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results establish a novel form of memory in larval zebrafish and begin to unravel the neural basis of this
memory.
Key words: behavioral plasticity; learning; memory; sensitization; zebrafish

Introduction
Sensitization, an enhanced behavioral response because of aversive or arousing stimuli, such as those resulting from a predatory attack, has been documented in
a phylogenetically diverse set of organisms (Thompson
and Spencer, 1966; Carew et al., 1971; Duerr and Quinn,
1982; Krasne and Glanzman, 1986; Rankin et al., 1990;
Fendt et al., 1994; Koch, 1999; Watkins et al., 2010; Cai et
al., 2012). Neurobiological investigations of sensitization
memory have progressed most successfully in invertebrate organisms possessing relatively simple nervous
systems (Davis, 2011; Byrne and Hawkins, 2015). A particularly important model system for cell biological analyses of sensitization has been the defensive reflex of the
marine snail Aplysia californica; researchers exploiting
this system have made significant progress toward understanding sensitization at the molecular, cellular, and systems levels (Glanzman et al., 1989, 1990; Sugita et al.,
1992; Cleary and Byrne, 1993; Kaang et al., 1993; White
et al., 1993; Xu et al., 1994; Hegde et al., 1997; Martin et
al., 1997; Rajasethupathy et al., 2012; Byrne and
Hawkins, 2015; Hu et al., 2015). The success of this invertebrate model argues that an understanding of the biological basis of sensitization in vertebrates could be more
readily achieved by initially investigating this form of learning in a vertebrate with a less complex nervous system
than that of mammals. Larval zebrafish appear particularly
well suited for neurobiological investigations of simple
forms of learning and memory. They possess only
;100,000 neurons at 5 d postfertilization (dpf); while still
large compared with the number of neurons in the central
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nervous systems of many invertebrates, this number is
significantly less than that in the mammalian brain. In addition to the relative simplicity of their nervous systems,
zebrafish larvae are highly amenable to genetic (Douglass
et al., 2008; Arrenberg et al., 2009; Del Bene and Wyart,
2012; Portugues et al., 2013) and pharmacological manipulation (Goldsmith, 2004; Best et al., 2008; Roberts et al.,
2011; Wolman et al., 2011). Furthermore, zebrafish larvae
are translucent, a property that facilitates optical investigations of learning-related changes in neuronal structure
and neuronal activity in the intact brain using genetically
encoded fluorescent molecules, including calcium indicators (Sagasti et al., 2005; Meyer and Smith, 2006; Ahrens
et al., 2013; Zada et al., 2014; Son et al., 2016). These advantages have made the larval zebrafish increasingly attractive to neurobiologists who wish to understand
memory formation (Amsterdam et al., 1999; Goldsmith,
2004; Kotani et al., 2006; Scott et al., 2007; Asakawa and
Kawakami, 2008; Baier and Scott, 2009; Rihel et al., 2010;
Bedell et al., 2012; Dahlem et al., 2012; Moore et al.,
2012; Hwang et al., 2013; Nelson et al., 2020).
However, the sophistication of the tools that can be harnessed to investigate memory formation in zebrafish larvae have far outpaced the discovery of memory-related
behavioral changes amenable to experimental analysis in
these animals (Roberts et al., 2013). This is partly because
the technologies commonly used to investigate neural
systems in zebrafish are most effective early in development, when the behavioral repertoire of these animals is
relatively limited. To fully exploit the advantages of zebrafish larvae as a model biological system for understanding
memory, it is critical to discover forms of memory that
they can express at ;5 dpf. Toward that end, we now report that zebrafish of this age are capable of behavioral
sensitization. Specifically, we have found that several behaviors in zebrafish at 5–6 dpf can be sensitized by exposure to an aversive agent [allyl isothiocyanate (AITC)].
Although sensitization elicited by AITC relies on transient
receptor potential (TRP) channels, it appears to be independent of inflammatory processes. The memory for this
sensitization persists for up to 30 min. In addition, we
have identified a specific neural correlate of this memory.

Materials and Methods
Animals
After collection, zebrafish eggs were put into E3 water
(5 mM NaCl, 0.33 mM MgSO4, 0.33 mM CaCl2, 0.17 mM
KCl, and 10 5% methylene blue; pH 7.2) and placed in an
incubator (28.5°C). Zebrafish were maintained in E3 (rearing medium) through development and this was the medium used for most experimental procedures. In some
experiments, 1 mM HEPES was added to the E3 medium
for increased buffering. Behavioral experiments were performed on the TL strain of zebrafish obtained from the
eNeuro.org
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UCLA core facility, whereas the imaging experiments used
transgenic fish expressing GCaMP6s pan neuronally, Tg
(elav3:GCaMP6s) (RRID: ZFIN ID: ZDB-TGCONSTRCT141023–2; Vladimirov et al., 2014).
Behavioral protocols
Measurements of tail movements in semi-restrained fish
Larval zebrafish, 3–12 dpf (mixed sex), were embedded
in 3% low melting point agarose and then positioned in a
cell culture dish. After the agarose had solidified, the tail
and a portion of the head were freed from the agarose to
permit tail movements and to allow the surface of the
head to be directly exposed to a chemical irritant (AITC),
respectively. The culture dishes containing the fish were
then placed on a light box (Gagne Inc.) to record tail
movements with a high-speed digital camera (Exilim
ExFH25: Casio America); the recording frame rate was
120 or 240 frames/s (fr/s). The fish were given 20 or
30 min to acclimate to the experimental arrangement before video recording. Zebrafish exhibit a variety of tail
movements (Budick and O’Malley, 2000). Here, however,
we did not differentiate among types of tail movements;
rather, we simply measured the duration of an animal’s
movement (swimming duration) and the number of times
its tail moved in either direction from the midline (tail
flicks). We measured tail movements in response to an
ejection of bath solution (100 ml) toward the head or spontaneous tail movements before, after, or during exposure
to AITC (30-s duration). In control experiments, the semirestrained fish were exposed to E3 instead of AITC. The
data were normalized by subtracting the pretest (baseline)
values from the posttest values.
Measurements of swimming activity in freely moving fish
For experiments investigating motor activity in freely
moving fish (5 dpf), animals were placed in small Petri
dishes (36 mm in diameter) containing 14 ml of E3 medium and allowed to acclimate for 30 min. Subsequently,
the level of activity to a pretest stimulus (ejection of 50 ml
of E3 from a hand-held micropipette directed toward the
fish’s head using moderate, albeit unquantified, force)
was measured. This was done by recording the total distance the fish swam using a high-speed camera (240 fr/s)
for a period of 30 or 60 s immediately after the ejection of
E3. The position of the fish was assessed every 10 fr.
Following the measurement of activity in response to the
pretest stimulus, each fish was exposed for 30 s to either
AITC or E3; the AITC/E3 was then rapidly washed out
using ;2 dish volumes of E3, after which the distance
traveled by the fish (sampled every 10 fr) was subsequently measured for a 30/60-s period at specified times.
Measurements of thigmotaxis in freely moving fish
To determine whether a brief exposure to AITC causes
a persistent increase in thigmotaxis, 20 fish were placed
in a Petri dish (50 mm in diameter) containing a 12-ml volume of E3 and allowed to acclimate for 1 h. After this period of acclimation, the fish were exposed to AITC (10 mM)
or E3 for 30 s. Then the irritant/E3 was washed out of the
dish (1-min wash with ;2–3 total volumes of fresh E3).
November/December 2020, 7(6) ENEURO.0336-19.2020
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Afterwards, the fish were transferred into a large Petri dish
(;138 mm in diameter) containing 100 ml of E3, and the
positions of the 20 fish were subsequently recorded at
various time points; this was done by taking a single photograph of all of the fish at each time point. The images
were then analyzed using Image J (RRID:SCR_003070;
Schneider et al., 2012), and the distance from the edge
was determined for each of the 20 fish. We calculated the
average distance from the dish’s edge for the 20 fish for
each time point, and this average served as the measurement of thigmotaxis. For statistical purposes, we considered a dish average to be n = 1.
Measurements of heart rate in restrained fish
Larval zebrafish, 5 dpf, were placed individually into a cell
culture dish containing liquid 3% low melting point agarose
and positioned to facilitate observation of heart rate. Once
the agarose gelled, a dorsal area of the fish’s head was
freed from the agarose to enable direct exposure of the skin
to the AITC. The fish was then placed under a dissecting microscope and allowed to acclimate for 30 min. A baseline
heart rate was determined by visual inspection for a period
of 30 s. Thirty seconds after this baseline observation, AITC
(10 mM) or E3 was added to the bath for 1 min. Another measurement of heart rate (30-s measurement period) was
made 30 s after the onset of exposure to AITC/E3. The second measurement of heart rate was followed by a 1-min
washout period in which the experimental solution was exchanged for fresh E3 using ;2–3 total volumes of E3. Later,
a final 30-s measurement of heart rate was made, or, in
some cases, several 30-s postwashout measurements of
heart rate were made. A similar protocol was followed for
the experiments involving ruthenium red (RR) except that
the RR-containing solution or E3 was washed into the bath
4 min before AITC application, or was washed into the bath
as the AITC/E3 was being washed out.
Experiments involving ibuprofen (IBU)
In the experiments using the anti-inflammatory drug IBU,
the drug was present throughout every experiment. The IBU
was dissolved in dimethylsulfoxide (DMSO) before dilution
in E3 to a final concentration of 50 mM in 0.1% DMSO; the
control solution was therefore E3 with 0.1% DMSO. All solutions used for AITC treatment or washout contained 50 mM
IBU (0.1% DMSO) or E3 (0.1% DMSO), depending on the
experimental condition. For example, when fish were treated
with AITC, the experimental solution, depending on the condition, contained, in addition to 10 mM AITC, either 50 mM
IBU (0.1% DMSO) or E3 (0.1% DMSO). Similarly, the solution used for washing out the AITC/E3 contained 50 mM IBU
(0.1% DMSO) or E3 (0.1% DMSO). In all other respects the
protocols used to assess the effect of IBU on AITC-induced
changes in locomotion, thigmotaxis, and heart rate were
identical to those described above.
Imaging
To image AITC-induced changes in neuronal activity in
the larval zebrafish brain, we used larvae (5–6 dpf) expressing GCAMP6s (Chen et al., 2013) under control of the
ELAV3 promoter (Vladimirov et al., 2014). A custom built,
eNeuro.org
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high-speed line scanning confocal microscope was initially
used to observe large portions of the zebrafish brain
(;2.8  106 mm3) to identify brain regions areas whose activity correlated with behavioral changes induced by AITC.
Initially, we focused on the hindbrain because previous
studies showed this area was strongly activated by AITC
(Randlett et al., 2015). Images of a volume (200  140  100
mm3; vol) of the hindbrain were recorded (5 vol/s 200 Hz)
1 min before, 1 min during, or 5 min after AITC/E3 application. Visual inspection of these recordings revealed an area
that was strongly activated during AITC application and, importantly, whose neural activity persisted after the AITC was
washed out (refer to Fig. 5B). This much smaller region
(1075 mm2) was further investigated via standard confocal
microscopy (488-nm excitation) using an LSM Pascal microscope (Zeiss) equipped with an inverter (LSM TECH). This
microscope, although unable to record more than a limited
region of the brain at one time, was configured for our experimental needs and was adequate to record neural activity
from the area identified by the more powerful microscope.
We restricted the region of interest to our identified area
(1075 mm2) to enhance the recording speed (1.55 Hz) of the
confocal microscope. After 30 min for acclimation, images
(1-min recording) were taken to measure baseline neural activity. Five minutes after the baseline recording, 10 mM AITC
or E3 was applied for 30 s and then washed out of the bath
with fresh E3 for 1 min, after which images (1-min recording
period) were again taken starting 3.5 min after the onset of
AITC/E3 application. There was an increase in neural activity
at the onset of the neural recording, which most likely reflected the animals’ response to the microscope’s laser;
therefore, we only analyzed the last 30 s of the 1-min recording for both pretest and posttest images. We measured the
mean fluorescence over this 30-s period and normalized
this value to the pretest response (DF posttest/F pretest).
Pharmacology
Sensitization was elicited with the chemical irritant AITC
for 30 s to 1 min. To block TRP channels, we used RR (10
mM). IBU (50 mM) was used to mitigate inflammatory processes. AITC, IBU, and RR were purchased from Sigma;
RR was also purchased from Tocris Bioscience.
Statistical analyses
Statistical comparisons were conducted using unpaired
t tests or ANOVAs. For experiments measuring behavior
or heart rate in the same fish over time, repeated measures, between groups ANOVAs were used. Tukey’s HSD
tests were used for all post hoc analyses.

Results
AITC, a chemical irritant, elicits a strong behavioral
response in larval zebrafish
AITC has previously been shown to elicit strong enhancement of locomotion in zebrafish larvae (Prober et
al., 2008) and to substantially increase neural activity, particularly in the hindbrain (Randlett et al., 2015). We therefore investigated whether this substance might induce
behavioral sensitization in larval zebrafish. To determine
November/December 2020, 7(6) ENEURO.0336-19.2020
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what concentrations of AITC might be effective in altering
the behavior of larval zebrafish, we measured locomotor
activity in semi-restrained larvae (Materials and Methods)
in response to manually adding either E3 (control medium,
100 ml) or various concentrations of the irritant (100 ml of
solution). We exposed semi-restrained larvae (5–6 dpf) to
AITC or E3 and measured the subsequent change in duration of time spent making swimming-like tail movements
(flicks) and in the number of tail flicks (Fig. 1A). Fish were
initially stimulated with a head-directed ejection of E3
(100 ml) from a hand-held pipette (pretest); 1.5 min later
the fish received a 30-s treatment with either AITC (1–100
mM final concentration in the bath) or fresh E3 (posttest).
As previously shown by others (Prober et al., 2008;
Randlett et al., 2015), we observed that concentrations of
AITC 10 mM increased movement in the larvae as indicated by significant changes in both duration of swimming-like tail movements and number of tail flicks (Table
1).
To determine the age of onset of responsiveness to
AITC in zebrafish, we exposed semi-restrained larvae between 3 and 12 dpf to AITC or E3 and measured the subsequent changes in tail movements (Fig. 1B). As before,
larvae were first stimulated with E3 (100 ml) using a handheld pipette (pretest) followed 1.5 min later by a 30-s
treatment with either AITC (10 mM) or fresh E3 (posttest). A
two-way ANOVA probing the developmental age of the
fish and exposure to AITC revealed a significant interaction for change in duration of swimming-like movements
(p = 0.04), but not for the change in number of tail flicks
(p = 0.55). A Tukey’s HSD post hoc analysis revealed that
older fish (12 dpf) exhibited a more prolonged period of
tail movements in response to AITC than did younger fish
(3 dpf; p , 0.05). The main effect for exposure to AITC
was significant (p , 0.001) for both change in duration of
tail movements and change in number of tail flicks (Table
2). Thus, fish of all developmental ages tested were responsive to AITC.
To confirm that locomotion in freely moving fish is similarly affected by AITC, we measured the distance moved
by 5-dpf fish unrestrained in agarose during an initial
30-s period with the fish in E3 (pretest) and during a
subsequent 30-s exposure to 10 mM AITC or fresh E3
(posttest; Fig. 1C). Freely moving larvae moved a greater distance in the presence of the irritant (AITCUR
group = 79.88 6 37.84 mm) than in the control solution
(E3UR group = 6.09 6 9.75 mm; p , 0.05). AITC therefore increased movement in both semi-restrained and
freely moving larvae.
Exposure to AITC appears to sensitize locomotion
Exposure to aversive stimuli such as electrical shocks,
strong tactile stimulation, and odorants causes sensitization of behavioral responses, a nonassociative form of
learning and memory, in a range of organisms (Thompson
and Spencer, 1966; Carew et al., 1971; Hebb et al., 2003).
To determine whether the alterations of the behavioral responses induced by AITC (Fig. 1) persisted after removal of
this aversive agent, thereby indicating sensitization of the responses, we measured locomotor activity after AITC was
eNeuro.org
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Figure 1. Locomotor activity in zebrafish larvae is enhanced in the presence of AITC. A1, Protocol for the experiments presented in A2, A3.
The duration of time of swimming-like tail movements and the number of tail flicks were measured in semi-restrained zebrafish (5–6 dpf) in
the presence of AITC (30-s duration) or control solution (E3). During the pretest, given 1.5 min before application of AITC/E3, the response of
the larva to application of E3 alone was measured. A2, Change in the duration of tail movements in response to AITC/E3. A one-way ANOVA
indicated that AITC significantly enhanced locomotion as measured by the duration of movements (F(3,40) = 27.11; p , 0.001). Tukey’s HSD
post hoc tests indicated that fish treated with 10 mM (n = 11) or 100 mM (n = 11) AITC showed significantly more activity compared with fish
that received either 0 mM (n = 11) or 1 mM (n = 11) AITC (p , 0.05 for each comparison). A3, Change in the number of tail flicks in response to
AITC/E3. A one-way ANOVA indicated that AITC significantly increased the number of tail flicks produced by larvae (F(3,40) = 7.85; p = 0.0003).
Tukey’s HSD post hoc tests indicated that fish treated with 10 mM AITC exhibited significantly more tail flicks than fish treated with either 0 or
1 mM AITC. Note that the results presented in A2, A3 are based on the same data. B1, Experimental protocol for assessing the effect of development on AITC-induced alterations in locomotion. B2, Change in duration of tail movements in response to AITC (10 mM, 30-s duration)
in larvae of different ages. A two-way ANOVA examining the effect of developmental age and exposure to AITC revealed a significant interaction (F(2,44) = 3.54; p = 0.04) for change in duration of tail movements. For zebrafish at all developmental ages (AITCRESTRAINED (R): 3 dpf, n = 8;
5 dpf, n = 7; 12 dpf, n = 9; E3R: 3 dpf, n = 9; 5 dpf, n = 9; 12 dpf n = 8) there was a main effect of enhanced locomotor response in response
to 10 mM AITC (F(1,44) = 77.82; p , 0.001). In addition, Tukey’s HSD post hoc tests indicated that the 12-dpf group exhibited tail movements
for significantly longer after exposure to AITC than did the 3-dpf group (p , 0.05). B3, Effect of AITC (10 mM) on tail flicks in zebrafish larvae of
different ages. There was a significant main effect of exposure to the chemical irritant (F(1,44) = 46.09; p , 0.001). The interaction between
AITC treatment and larval age was not significant (F(2,44) = 0.60; p = 0.55). (The results presented in B2, B3 are based on the same data.) C1,
Protocol for measuring the effect of AITC on locomotion in freely moving zebrafish larvae (5 dpf). C2, AITC (10 mM, 30-s duration) produced
an increase in distance moved (AITCUNRESTRAINED (UR) group, n = 12) compared with larvae exposed to control solution (E3UR group, n = 12),
as indicated by an unpaired t test (t(22) = 2.20; p = 0.04). This figure shows means 6 SEM; in addition, p indicates a significant (p , 0.05) difference between groups and # indicates a significant (p , 0.05) main effect.
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Table 1: Normalized duration and number of tail flicks in 0–100 lM AITC in zebrafish larvae
AITC
0 mM
1 mM
10 mM
100 mM

Sample size (n)
11
11
11
11

Duration swimming; mean and SEM
0.08 6 0.22 s
0.05 6 0.31 s
3.14 6 0.30 s
1.57 6 0.32 s

washed out from the bathing solution. Using semi-restrained
larval zebrafish, we measured spontaneous swimming-like
tail movements during a 5-min recording period (pretest)
during which a larva was bathed in E3. Immediately after the
pretest the larva was given a 30-s exposure to either 10 mM
AITC or E3, after which the AITC/E3 was washed out with
fresh E3 for 1 min; after a 2-min wait period movements of
the fish were recorded for the next 5 min (posttest; Fig. 2A1).
Both the duration of tail movements (AITCR group =
20.23 6 6.80 s) and the number of tail flicks (AITCR
group = 876.50 6 304.82) were significantly greater in zebrafish larvae following exposure to AITC than after exposure to
E3 (E3R group, duration of swimming = 0.25 6 0.18 s; and
number of tail flicks = 12.33 6 8.88; Fig. 2A2).
Next, we tested whether AITC exposure sensitizes locomotion in unrestrained, freely moving fish. Accordingly,
we measured the distance the fish moved during a 1-min
period with the fish in E3 (pretest; Fig. 2B1). Immediately
afterward the fish were exposed for 30 s to AITC (10 mM)
or E3. The AITC/E3 was replaced with fresh E3 (30-s
wash) and then 5.5 min after the onset of exposure to
AITC/E3 the distance moved by the fish during a 1-min
observation period was measured (posttest). The distance
moved was significantly enhanced in the AITC-treated
fish (AITCUR group, difference in distance moved from
pretest to posttest = 174.67 6 35.36 mm) compared with
the E3-treated group (E3UR group, difference in distance
moved from pretest to posttest = 50.98 6 39.46 mm;
p , 0.05; Fig. 2B2). Thus, AITC appears to sensitize freely
moving, as well as restrained, larvae.
To determine the length of the sensitization memory for
locomotion, we used methods like those in the experiments presented in Figure 2B. After recording distance
moved during a 1-min pretest period, we exposed the fish
to AITC (10 mM) or E3 for 30 s and washed out these solutions for a 30-s period of time. We measured the distance
moved for 1-min periods 1 min after the onset of exposure
to AITC/E3 and at 6, 11, 16, 31, 46, and 61 min (Fig. 2C). A
repeated-measures, two-way ANOVA was used to define
the period of time that AITC enhanced locomotion. The interaction between exposure condition and time of testing
was not significant (p = 0.18); however, the main effect for
the presence or absence of AITC was significant (p ,
0.05). Therefore, locomotion in the AITC-treated group

Number of tail flicks; mean and SEM
3.18 6 8.99
0.27 6 14.69
68.45 6 13.92
29.82 6 8.51

was enhanced compared with the E3-treated group for up
to 60 min after washout of AITC/E3 (Table 3). The lack of a
significant interaction did not permit a more fine-grain
temporal resolution of the duration of the effect of sensitization on locomotion; however, we repeated the analysis
using the non-normalized (raw) data. A repeated-measures two-way ANOVA performed on the raw data did reveal a significant interaction (p , 0.05). We probed this
interaction with one-way ANOVAs across all time points.
We observed significant differences at the 6-, 11-, and
16-min time points (p , 0.05); all other time points, including the pretest, failed to reach significance (Table 4). This
analysis suggests that the sensitization of locomotion persisted for at least 16 min, but ,31 min, consistent with the
effect of AITC exposure on other behaviors/physiological
processes (Tables 5, 6; Figs. 3, 4).
AITC exposure increases thigmotaxis in larval
zebrafish
Thigmotaxis, the propensity of an organism to move
away from the center of an open area, is considered a
measure of anxiety in animals and humans (Christmas
and Maxwell, 1970; Prut and Belzung, 2003; Schnörr et
al., 2012; Ahmad and Richardson, 2013; Walz et al.,
2016). To assess the effect of AITC on thigmotaxis in larval
zebrafish, unrestrained larvae (5 dpf) in a small Petri dish
were exposed to either 10 mM AITC or E3 for 30 s, after
which the AITC/E3 was washed out with fresh E3 for 1 min.
Then the fish were rapidly transferred to a larger Petri dish
(20 fish per dish), and each fish’s distance from the edge of
the dish was measured at 1.5, 6.5, 11.5, 16.5, 31.5, 46.5,
and 61.5 min after the onset of the exposure to AITC/E3
(Fig. 3A1). From these data, a group mean position of the 20
larvae was calculated for each time (Fig. 3A2). A repeatedmeasures, two-way ANOVA revealed a significant interaction (p , 0.05). A one-way ANOVA indicated that AITC
increased thigmotactic behavior at the 30-min test (AITC,
mean distance from edge = 10.96 6 0.87 mm; E3, mean distance from edge = 17.05 6 1.85 mm, p , 0.05). No significant differences were observed between AITC-treated fish
and E3-treated fish at any other time point (Table 5). Thus,
AITC causes a short-lived (,45 min) increase in thigmotaxis
the onset of which requires ;30 min.

Table 2: Normalized duration and number of tail flicks in AITC or E3 from 3–12 dpf in zebrafish larvae

AITCR
3 dpf
5 dpf
12 dpf

Sample
size (n)
8
7
9

Duration swimming;
mean and SEM
1.19 6 0.18 s
2.26 6 0.53 s
2.67 6 0.47 s

Number of tail
flicks; mean and
SEM
41.38 6 10.13
67.43 6 22.36
56.78 6 11.39
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E3R
3 dpf
5 dpf
12 dpf

Sample
size (n)
9
9
8

Duration swimming;
mean and SEM
0.06 6 0.06 s
0.03 6 0.06 s
0.07 6 0.13 s

Number of tail
flicks; mean
and SEM
3.56 6 3.56
0.00 6 1.83
0.63 6 3.40

eNeuro.org

Research Article: New Research

7 of 18

Figure 2. AITC elicits persistently enhanced locomotion in zebrafish larvae. A1, Experimental protocol for tests of sensitization-like
enhancement of locomotor activity in semi-restrained larvae. The movement of the larvae, either swimming-like behavior or tail
flicks, was sampled during the 5-min period immediately before the onset of AITC/E3 exposure (30 s), as well as during the period
2–7 min after a 1-min washout of the drug/E3. A2, AITC caused an increase in swimming-like tail movements that persisted
for 5 min. An unpaired t test indicated that fish treated with AITC (AITCR group, n = 12) moved for a longer time after the AITC was
washed out than did fish treated with E3 alone (E3R group, n = 12; t(22) = 2.94, p = 0.008). A3, AITC also caused a persistent increase
in the number of spontaneous tail flicks. AITC-exposed fish exhibited significantly more tail flicks following washout of the irritant
than fish exposed to E3 alone (t(22) = 2.83, p = 0.01). Note that the results presented in A2, A3 are based on the same data. B1,
Experimental protocol for testing whether AITC had a persistent effect on locomotion in freely swimming larvae. B2, Distance
moved by unrestrained larvae in response to AITC/E3. The total distance moved was measured for the 60 s immediately preceding
the onset of a 30-s treatment with AITC/E3 and during the period 4.5–5.5 min after washout (30 s long) of the drug/E3. The change
in distance moved by larvae in response to AITC (AITCUR group, n = 10) was significantly greater than that by larvae exposed simply
to E3 (E3UR group, n = 10; t(18) = 2.33; p = 0.03). C1, Experimental protocol for determining the persistence of AITC’s enhancement
of locomotion in freely swimming larvae. C2, Change in distance moved by larvae in response to AITC/E3 over a 60-min time period.
For this purpose, the total distance moved was measured for the 60 s immediately preceding the onset of AITC/E3 treatment (30-s
duration) and periodically over 60 min after washout (30 s) of AITC/E3. A repeated-measures, two-way ANOVA failed to find a significant interaction (F(6,108) = 1.50; p = 0.19). However, the main effect for exposure to AITC or E3 was significant (F(1,18) = 7.47;
p = 0.01), indicating that the change in distance moved by larvae following delivery of AITC (AITCUR group, n = 10) was significantly
greater than that by larvae after exposure to E3 alone (E3UR group, n = 10). A repeated-measures, two-way ANOVA using non-normalized data found a significant interaction (F(7,126) = 2.12; p , 0.05). Probes of this interaction using one-way ANOVAs indicated
significant differences at the 6-min (F(1,18) = 8.60, p = 0.009), 11-min (F(1,18) = 9.10, p = 0.007), and 16-min (F(1,18) = 15.09, p = 0.001)
tests between the AITCTHIGMO (n = 10) and E3THIGMO (n = 10) groups. This figure shows means 6 SEM, with p indicating a significant
(p , 0.05) difference between groups and # indicating a significant (p , 0.05) main effect.
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Table 3: Time course of the AITC-induced sensitization of locomotion in zebrafish larvae (normalized data)
AITCUR group (n = 10)
1 min
6 min
11 min
16 min
31 min
46 min
61 min

Mean and SEM
75.00 6 43.90 mm
196.30. 6 51.79 mm
196.24 6 48.53 mm
225.57 6 47.94 mm
58.87 6 32.95 mm
144.25 6 50.83 mm
142.31 6 63.21 mm

To confirm the finding of significant thigmotaxis at
30 min after exposure to AITC, we replicated this experiment, measuring thigmotaxis only at 30 min postwashout;
otherwise, the protocol was identical to that in the experiments presented in Figure 3A. As shown in Figure 3B,
there was a significant increase in thigmotaxis in the
AITC-treated group (AITCTHIGMO group = 7.97 6 1.34 mm)
compared with the group treated only with E3 (E3THIGMO
group = 13.96 6 1.15 mm; p , 0.05) at the planned 30-min
test.
AITC-induced behavioral sensitization involves
activation of the autonomic nervous system and
depends on TRP channels
Induction of behavioral sensitization often involves activation of the autonomic nervous system (KrontirisLitowitz, 1999; Bouwknecht et al., 2000). Accordingly, we
investigated whether AITC exposure activates the sympathetic nervous system in larval zebrafish; we used heart
rate as an indicator of autonomic nervous system activation. Heart rate was measured in larvae fully restrained in
agarose before, during a 1-min treatment with either AITC
(10 mM) or E3, and after the AITC/E3 was washed out of
the holding dish. The normalized heart rate of larvae was
significantly enhanced in the presence of AITC [AITCHR
group = 1.164 6 0.031 beats per minute (BPM)], as well as
at the 4-min test (;2 min after the irritant was washed out
of the bath; AITCHR group = 1.219 6 0.021 BPM) compared with a group of larvae exposed only to E3 (E3HR
group, initial measurement = 1.009 6 0.003 BPM; measurement at the 4-min test = 1.016 6 0.009 BPM; Fig.
4A2). As these data indicate, the 1-min exposure to AITC
induced short-term sensitization of heart rate in zebrafish
larvae. To determine how long heart rate remained elevated following AITC exposure, we used methods like
those in the experiments presented in Figure 4A.
Restrained fish were exposed to 10 mM AITC or E3 for

E3UR group (n = 10)
1 min
6 min
11 min
16 min
31 min
46 min
61 min

Mean and SEM
18.54 6 21.81 mm
21.25 6 38.85 mm
31.97 6 47.35 mm
28.87 6 40.93 mm
22.91 6 41.01 mm
74.56 6 35.78 mm
41.61 6 44.19 mm

1 min. We measured heart rate 1 min before the onset of
the AITC/E3 treatment and washout procedures (1 min),
as well as at 2, 7, 12, 17, 32, 47, and 62 min after the
onset of the AITC/E3 (30-s observation period throughout;
Fig. 4B). A repeated-measures, two-way ANOVA revealed
a significant interaction (p , 0.05), and this interaction
was therefore probed with one-way ANOVAs at each time
point. Heart rate was significantly increased (p , 0.05) in
AITC-treated animals compared with E3-treated animals
during the 2- through 32-min observation periods (Table
6). There were no significant (p . 0.05) differences between the AITC- and E3-treated groups during the 47and 62-min observation periods. Thus, heart rate remained sensitized in larvae after AITC exposure for at
least 32 min but not longer than 47 min.
Previous work found that AITC activates TRP channels
expressed on the trigeminal and Rohon Beard sensory
neurons in larval zebrafish (Prober et al., 2008). To confirm
that AITC-induced behavioral sensitization was because
of activation of TRP channels, we used RR, which antagonizes these receptors in zebrafish (Prober et al., 2008; Fig.
5). Bath application of RR (10 mM) for 4 min before AITC
exposure blocked the increase in the normalized heart
rate in the presence of the irritant (AITCRR group =
1.011 6 0.010 BPM; AITCE3 group = 1.143 6 0.009 BPM),
as well as the persistent elevation of heart rate observed
after washout of AITC (4-min test: RR-AITC group =
1.014 6 0.018 BPM; E3-AITC group = 1.160 6 0.011 BPM;
Fig. 5A2).
Possibly, the apparent sensitization of heart rate because of treatment with AITC was because of incomplete
washout; alternatively, TRP channel activation might have
caused a persistent sensory response in the absence of
AITC (but see Hinman et al., 2006). To rule out these potential explanations for the apparent sensitization shown
in Figure 5A,B, we performed another experiment in
which RR was added to the holding dish after exposure to
AITC (Fig. 5B1). Because RR antagonizes AITC-induced

Table 4: Time course of the AITC-induced sensitization of locomotion in zebrafish larvae (raw/non-normalized data)
AITCUR group (n = 10)
Pretest
1 min
6 min
11 min
16 min
31 min
46 min
61 min

Mean and SEM
114.03 6 39.27 mm
189.03 6 50.28 mm
310.33 6 52.55 mm
310.27 6 40.40 mm
339.60 6 32.91 mm
172.90 6 42.95 mm
258.28 6 49.34 mm
256.34 6 60.48 mm
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E3UR group (n = 10)
Pretest
1 min
6 min
11 min
16 min
31 min
46 min
61 min

Mean and SEM
105.95 6 30.17 mm
87.41 6 32.92 mm
127.21 6 33.72 mm
137.92 6 40.41 mm
134.82 6 41.18 mm
128.86 6 40.53 mm
180.51 6 42.60 mm
147.56 6 42.24 mm
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Table 5: Time course of the AITC-induced sensitization of thigmotaxis in zebrafish larvae
AITCTHIGMO group (n = 10)
1.5 min
6.5 min
11.5 min
16.5 min
31.5 min
46.5 min
61.5 min

Mean and SEM
18.55 6 1.90 mm
17.60 6 1.30 mm
17.11 6 1.81 mm
13.97 6 1.21 mm
10.96 6 0.87 mm
14.87 6 1.38 mm
14.95 6 1.70 mm

activation of TRP channels even when the irritant is applied before the onset of RR treatment (Prober et al.,
2008), this protocol should prevent any prolonged sensory response to AITC after its ostensible washout.
Application of RR following the ostensible washout of
AITC did not block the increase in heart rate produced
by the irritant (AITC-E3 group: heart rate during AITC
treatment = 1.183 6 0.015 BPM; 4-min test = 1.192 6
0.019 BPM vs AITC-RR group: heart rate during AITC
treatment = 1.175 6 0.016 BPM; 4-min test = 1.176 6
0.021 BPM). Thus, the persistent elevation of heart rate
following exposure to AITC cannot be attributed to either
incomplete washout of this aversive agent or to sustained activity of sensory neurons resulting from prolonged TRP channel activation.
The anti-inflammatory drug IBU failed to reduce the
behavioral sensitization caused by AITC exposure
AITC and other TRPA1 agonists have been shown to induce pain and activate inflammatory processes (Bautista
et al., 2006; Prober et al., 2008; Moilanen et al., 2012;
Curtright et al., 2015; Esancy et al., 2018); these findings
suggest an alternative explanation for the behavioral enhancements we observed. Some inflammatory responses
and behavioral changes induced by TRP1 agonists are
sensitive to anti-inflammatory agents (Moilanen et al.,
2012; Ellis et al., 2018); others, however, are unaffected
by IBU, indicating that they are independent of IBU-sensitive anti-inflammatory processes (Curtright et al., 2015).
We asked whether the persistent AITC-induced behavioral changes we observed result from inflammation or, instead, represent nonassociative memory induced by
learning-related neuroplastic changes (Walters et al.,
1991; Walters and Ambron, 1995). IBU has been shown to
effectively block inflammatory processes (Bancos et al.,
2009; Moilanen et al., 2012) and is effective in zebrafish
larvae (Ellis et al., 2018); we therefore tested whether IBU
could ameliorate or block any of the AITC-induced

E3THIGMO group (n = 10)
1.5 min
6.5 min
11.5 min
16.5 min
31.5 min
46.5 min
61.5 min

Mean and SEM
23.33 6 1.97 mm
14.41 6 1.04 mm
14.35 6 1.90 mm
17.66 6 1.90 mm
17.05 6 1.85 mm
16.83 6 1.48 mm
14.59 6 1.71 mm

behavioral or physiological changes we observed (Figs.
2-4) by exposing zebrafish to either 50 mM IBU, twice the
concentration used by Ellis et al. (2018) to minimize IBUsensitive inflammation, or the vehicle solution alone (0.1%
DMSO in E3) for 30 or 60 min before, and during, experimental manipulations. The drug or vehicle control was
maintained in the bath throughout the experiment.
First, we examined whether IBU reduced the prolonged
locomotion we observed after treatment with AITC. We
measured the distance the unrestrained fish moved during a 1-min period (pretest) that began 1 min before the
onset of a 30-s exposure to AITC (10 mM)/E3 in the presence or absence of IBU (Fig. 6A1). (The AITC/E3 was
washed out for 30 s following the treatment with the irritant/control vehicle. During washout, IBU or DMSO alone
was washed back into the bath.) The distance moved by
the fish during a 1-min posttest beginning 5.5 min
after the onset of the AITC treatment was also measured. As shown in Figure 6A2, the distance moved after
AITC exposure was not significantly different between
the group exposed to IBU (IBU-AITCUR group, difference
in distance moved from pretest to posttest = 200.15 6
36.11 mm) and the DMSO-treated group (DMSO-AITCUR
group, difference in distance moved from pretest to
posttest = 225.01 6 53.46 mm; p = 0.70). Furthermore,
IBU did not appear to induce nonspecific changes in locomotion: the group not exposed to AITC but treated
with IBU (IBU-E3UR group, difference in distance moved
from pretest to posttest = 5.92 6 35.13 mm) was not
significantly different from the AITC-untreated group exposed to 0.1% DMSO (DMSO-E3UR group, difference in
distance moved from pretest to posttest = 30.93 6 30.26
mm, p = 0.44; Fig. 6A3). Taken together, these data indicate that the observed behavioral enhancement in locomotion was unlikely to have resulted from inflammatory
processes.
Similarly, we tested whether the persistent thigmotaxis
observed after exposure to AITC could be reduced by
IBU. Larvae were exposed to either 50 mM IBU or 0.1%

Table 6: Time course of the AITC-induced sensitization of heart rate in zebrafish larvae
AITCHR group (n = 8)
2 min
7 min
12 min
17 min
32 min
47 min
62 min

Mean and SEM
1.160 6 0.022 BPM
1.113 6 0.017 BPM
1.097 6 0.016 BPM
1.081 6 0.012 BPM
1.058 6 0.009 BPM
1.027 6 0.010 BPM
1.005 6 0.007 BPM
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E3HR group (n = 8)
2 min
7 min
12 min
17 min
32 min
47 min
62 min

Mean and SEM
1.030 6 0.010 BPM
1.024 6 0.006 BPM
1.016 6 0.009 BPM
1.026 6 0.011 BPM
1.008 6 0.014 BPM
1.005 6 0.010 BPM
1.005 6 0.011 BPM
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Figure 3. Thigmotaxis is enhanced by AITC in larval zebrafish. A1, Experimental protocol. The larvae, 20 at a time, were placed into a
Petri dish and allowed to acclimate to the dish for 60 min, after which they were exposed to AITC/E3 for 30 s. Following 1 min of washout
of the AITC/E3, the larvae were transferred to a larger Petri dish and their positions measured over time. A2, Postexposure effect of AITC
on thigmotaxis. A repeated-measures, two-way ANOVA (F(6,108) = 3.30; p = 0.01) found an interaction between exposure to AITC/E3 and
the time of test. Probes of this interaction using one-way ANOVAs indicated that only for 31.5-min test was there a significant difference
between the AITCTHIGMO (n = 10) and E3THIGMO (n = 10) fish (F(1,18) = 8.91, p = 0.008). B1, Experimental protocol for planned 31.5-min test
of AITC-induced increase in thigmotaxis. B2, Effect of AITC/E3 on thigmotaxis at 31.5 min posttreatment. Following exposure to AITC,
fish (AITCTHIGMO group, n = 8) were significantly closer to the edge of the dish than were fish after exposure to E3 alone (E3THIGMO group,
n = 8; t(14) = 3.40, p = 0.004). This figure shows means 6 SEM; p indicates a significant (p , 0.05) difference between groups.

DMSO for 1 h; they were then treated with 10 mM AITC/E3
in 50 mM IBU/0.1% DMSO for 30 s, after which the AITC
was washed out and IBU or DMSO was washed in for
1 min. Then the larvae were rapidly transferred to a larger
Petri dish (20 fish per dish) containing IBU or DMSO, and
each fish’s distance from the edge of the dish was measured (Fig. 6B1). The mean position of the 20 larvae at
31.5 min after the start of AITC treatment (30-s period)
was calculated (Fig. 6B2). The position of the fish after
AITC treatment in the presence of IBU (IBU-AITCTHIGMO
group = 7.02 6 0.60 mm) was not significantly different
from that of the group exposed to DMSO (DMSOAITCTHIGMO group = 7.84 6 0.52 mm; p . 0.05). Interestingly,
IBU by itself appeared to enhance thigmotaxis in the larvae:
the average position of the group treated with IBU, but not
exposed to AITC (IBU-E3THIGMO group = 8.22 6 0.39 mm),
was closer to the dish’s edge than that of the group treated
with DMSO also without prior exposure to AITC (DMSOE3THIGMO group = 10.03 6 0.64 mm; p , 0.05; Fig. 6B3). Our
data indicate that AITC-induced enhancement in thigmotaxis
is unlikely to result from inflammatory processes; in addition,
IBU alone appears to induce some AITC-independent enhancement of thigmotaxis in the larvae.
Finally, we tested the effect of IBU on the AITC-elicited
increase in heart rate. Fish were initially exposed to 50 mM
IBU or 0.1% DMSO for 30 min (Fig. 6C1). After this initial
November/December 2020, 7(6) ENEURO.0336-19.2020

period of exposure to the compounds, fish were restrained in agarose as described above. Then the fish
were given 30 min to acclimate to being restrained in agarose during which they remained in 50 mM IBU/0.1%
DMSO. At the end of this period of acclimation, both
groups were exposed to 10 mM AITC/E3 (Fig. 6C2). After
1 min, the AITC/E3 was washed out of the holding dish for
1 min with fresh E3 while the respective concentrations
of IBU or DMSO were maintained. The heart rate of the
larvae was measured during three 30-s periods that
began 1 min before the start of exposure to AITC/E3, 30 s
after the start of AITC/E3 exposure, and after washout
procedures (4 min after the start of the exposure to AITC/
E3). The normalized heart rate of fish during treatment
with AITC in the presence of the anti-inflammatory drug
(IBU-AITCHR group) was significantly (p , 0.05) enhanced
(1.191 6 0.013 BPM) compared with that of fish during
treatment with AITC in the presence of DMSO (DMSOAITCHR group = 1.159 6 0.009 BPM); moreover, this difference persisted for the 4-min test (AITC-IBUHR
group = 1.176 6 0.010 BPM; DMSO-AITCHR group = 1.137 6
0.006 BPM; p , 0.05). To assess the effect of IBU alone on
heart rate, we treated fish with either IBU (50 mM) or
DMSO (0.1%) without AITC exposure (Fig. 6C3). The
heart rate of fish that received IBU alone was not significantly different from that of fish that received
eNeuro.org
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Figure 4. Heart rate in larval zebrafish is persistently increased by AITC. A1, Experimental protocol for examining the effect of AITC/E3
on heart rate. The experiments were performed on larvae fully restrained in agar. Heart rate was measured by visual inspection during
30-s periods that began at: 1 min before the onset of treatment (for 1 min) with AITC/E3; 30 s after the onset of AITC/E3 treatment; and
2 min after the end of the 1-min washout period. A2, Effect of AITC/E3 on larval heart rate. A repeated-measures, two-way ANOVA revealed a significant overall effect of AITC exposure (F(1,14) = 78.68, p , 0.001). The AITC-exposed fish (AITCHR group, n = 8) showed an increase in normalized heart rate in the presence of the chemical irritant as well as at 2 min after washout compared with fish (E3HR group,
n = 8) exposed only to E3. B1, Experimental protocol to determine the persistence of the increase in heart rate caused by AITC. B2,
Postexposure effect of AITC on heart rate. A repeated-measures, two-way ANOVA (F(6,84) = 14.44; p = 0.001) found an interaction between exposure to AITC/E3 and the time of test. Probes of this interaction using one-way ANOVAs indicated that the differences between
the AITC-treated (n = 8) and the E3-treated (n = 8) groups were significant (p , 0.05) on the tests from immediately after washout of AITC/
E3 up to and including the 32-min test. This figure shows means 6 SEM, with p indicating a significant (p , 0.05) difference between
groups and # indicating a significant (p , 0.05) main effect.

DMSO alone, either during the time of treatment (IBUE3HR group = 1.016 6 0.009 BPM; DMSO-E3 HR group =
1.022 6 0.006 BPM) or at the 4-min posttest after
washout. Thus, by itself IBU had no effect on the heart
rate of the larvae. In summary, IBU did not block the
persistent increase in heart rate caused by AITC, producing, rather, a minor increase in the irritant-induced
heart rate. From these data, we conclude that the apparent sensitization of heart rate in larvae that we observed following treatment with AITC cannot be
explained by an inflammatory action of this chemical
irritant.
A summary of the statistical analyses of the data presented in Figures 1-6 is presented in Table 7.

Neural activity in a hindbrain region correlates with
behavioral sensitization
To identify candidate neural circuits that might mediate
AITC-induced behavioral sensitization, we used fish that
express GCaMP6s under the ELAV3 pan-neuronal promoter (Vladimirov et al., 2014) together with high-speed
confocal microscopy. We imaged neural activity in the
hindbrain and rostral portions of the spinal cord in
November/December 2020, 7(6) ENEURO.0336-19.2020

GCaMP6s-expressing larvae (5 dpf) fully restrained in
agarose before, during, and after exposure to AITC (10
mM). Based on these imaging experiments, we identified a
small region at the border between the hindbrain and spinal cord that showed a strong change in fluorescence
when the larval fish were exposed to AITC (Fig. 7A).
Neural activity persisted in this region for 5 min after the
washout of AITC (Fig. 7B); this persistent activity potentially represents a correlate of short-term behavioral sensitization. Interestingly, this region, which was located in
the caudal-most part of the reticular formation, has previously been linked by Arrenberg et al. (2009) to the initiation of swimming, a behavior we found to be enhanced by
AITC (Figs. 1, 2). To quantify the sensitization-related neural activity in this region, we treated larvae with AITC (10
mM, 30 s) and optically recorded (1.55-Hz sampling rate)
from a small area (1075 mM2) just caudal to the commissura infima Halleri, which represents the border between
the spinal cord and hindbrain (Fig. 7C1). The area from
which we recorded contained ;20 neurons (Fig. 7C2). We
observed a significant increase in overall normalized fluorescence (DF/F) ;3 min after AITC had been washed from the
bath (AITC-Fluo group = 1.14 6 0.04) compared with the
change in fluorescence in this area in a control group exposed only to E3 (E3-Fluo group = 0.92 6 0.03; Fig. 7C3).
eNeuro.org
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Figure 5. An antagonist of TRP channels blocks the increase in larval heart rate observed during the presence of AITC, but not that
observed after washout of the irritant. A1, Experimental protocol for the test of the effect of RR (10 mM) on AITC-elicited change in
heart rate. RR was present in the bath for 4 min before the onset of a 1 min-long exposure to AITC/E3. After treatment with AITC/E3,
the RR was washed out of the holding dish together with the chemical irritant/E3, and the bathing solution was replaced with fresh
E3. The heart rate of the larva was measured for 30-s periods beginning: 1 min before the onset of AITC/E3; 30 s after the onset of
AITC/E3; and 2 min after the end of washout (1 min in duration). A2, Effect of RR on the prolonged AITC-induced increase in heart
rate. A repeated-measures, two-way ANOVA indicated that fish exposed to RR before and during AITC application (AITCRR group,
n = 8) exhibited a significantly lower heart rate than did fish (AITCE3 group, n = 8) not exposed to RR, both when AITC was present in
the bath and for 3 min after washout of the irritant (F (1,14) = 67.06, p = 0.001). B1, Experimental protocol for the test of RR’s effect on the AITC-induced heart rate increase when the TRP receptor antagonist was applied following washout of AITC. The
RR was applied to the bath for a 3.5-min period beginning at the start of washout of AITC/E3. The heart rate was measured
during three 30-s periods that began: 1 min before the onset of AITC/E3; 30 s after the onset of AITC/E3; and 2 min after the
end of washout. B2, Effect of RR on the enhancement of larval heart rate elicited by AITC if RR was only present in the bath
after washout of AITC. A repeated-measures, two-way ANVOA indicated that the heart rate of larvae when RR was applied
after AITC treatment (AITC-RR, n = 8) did not differ significantly from that of AITC-treated larvae not exposed to RR (AITC-E3,
n = 8; F (1,14) = 0.35, p = 0.56). This figure shows means 6 SEM; # indicates a significant (p , 0.05) main effect.

Persistent neural activity in this region may therefore mediate, at least in part, AITC-elicited sensitization of locomotion
in zebrafish larvae.

Discussion
In recent years, substantial progress has been made toward the localization of the engram, the physical memory
trace (Semon, 1921; Lashley, 1929), for various types of
learning and memory (Poo et al., 2016; Asok et al., 2019;
Josselyn and Tonegawa, 2020). Nonetheless, we still lack a
complete biological understanding of any form of memory,
regardless of how simple, in any organism (Glanzman, 2009;
Rankin et al., 2009). Given this situation, it is important to develop novel forms of learning in model systems, such as the
larval zebrafish, amenable to the use of new cellular tools for
investigations of the biological substrates of learning and
memory (Aizenberg and Schuman, 2011; Roberts et al.,
2011, 2013, 2016, 2019; Wolman et al., 2011, 2014, 2015;
Ahrens et al., 2012; Marsden and Granato, 2015). Here, we
November/December 2020, 7(6) ENEURO.0336-19.2020

have demonstrated, for the first time, a form of nonassociative learning in zebrafish larvae, sensitization (Groves et al.,
1969) of locomotor behavior and heart rate. In addition,
using transgenic fish that pan-neuronally express a calcium
indicator, we identified a neural correlate of sensitization,
specifically, a persistent increase in neuronal activity in a region of the zebrafish brain just caudal to the hindbrain-spinal
cord border; this region was previously shown to initiate
swimming in the larval zebrafish (Arrenberg et al., 2009). The
persistent increase in activity induced by AITC in this region
may represent a component of the engram for short-term
sensitization in zebrafish larvae. It is also possible, however,
that the postwashout enhancement of activity in this hindbrain region is merely downstream of another, more central,
brain region where the memory for sensitization actually resides (see below).
Increased thigmotaxis in larval zebrafish can be triggered
by stressful stimuli (Schnörr et al., 2012) or exposure to
anxiogenic drugs (Richendrfer et al., 2012; Schnörr et al.,
eNeuro.org
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Figure 6. IBU does not block the enhancement of locomotion, thigmotaxis, and heart rate caused by AITC in larval zebrafish. A1,
Experimental protocol to test the effects of IBU on locomotion in freely moving larvae. A2, The groups exposed to AITC (10 mM, 30-s duration; IBU-AITCUR group, n = 10; DMSO-AITCUR group, n = 10) did not differ significantly in the distance moved, regardless of whether
or not IBU was present in the bath, as indicated by an unpaired t test (t(18) = 0.39; p = 0.70). A3, The presence of IBU did not change the
distance of movement in the groups (IBU-E3UR group, n = 10; DMSO-E3UR group, n = 10) that were treated with E3 for 30 s rather than
the irritant. The difference between the two groups was nonsignificant (unpaired t test: t(18) = 0.79, p = 0.44). B1, Experimental protocol
used to test the effects of IBU on thigmotaxis. B2, Effect of IBU/DMSO on thigmotaxis at 31.5 min after the onset of treatment with
AITC/E3 (30-s duration). Thigmotaxis in fish placed into IBU and AITC (IBU-AITCTHIGMO group, n = 18) was indistinguishable from that of
fish placed in DMSO and AITC (DMSO-AITCTHIGMO group, n = 20; t(36) = 1.04, p = 0.31). B3, Effect of IBU/DMSO on thigmotaxis at
30 min after treatment with E3. Fish placed in IBU and then exposed for 30 s to (fresh) E3 (IBU-E3THIGMO, n = 20) exhibited greater thigmotaxis than did fish treated identically except for being placed in DMSO before E3 exposure (DMSO-E3THIGMO group, n = 20;
t(38) = 2.42, p = 0.02). C1, Experimental protocol used to examine the effect of IBU on the increase in larval heart rate caused by AITC.
C2, Effect of IBU/DMSO on the AITC-induced alteration in heart rate. A repeated-measures, two-way ANOVA revealed a significant
overall effect of drug exposure (F(1,10) = 6.89, p = 0.03). The fish placed in IBU before AITC exposure (IBU-AITCHR group, n = 6) exhibited
a faster normalized heart rate while the chemical irritant was present in the bath, as well as at 2 min after washout of AITC, than did fish
placed in DMSO before being treated with AITC (DMSO-AITCHR group, n = 6). C3, Effect of IBU/DMSO on baseline larval heart rate. A
repeated-measures, two-way ANOVA revealed no significant effect of drug exposure (F(1,8) = 0.19, p = 0.67). Neither the fish initially immersed in IBU-containing solution (IBU-E3HR group, n = 5) nor the fish initially immersed in the vehicle (DMSO-E3HR group, n = 5)
showed any alterations in normalized heart in response to treatment with E3. This figure shows means 6 SEM, with p indicating a significant (p , 0.05) difference between groups and # indicating a significant (p , 0.05) main effect.

2012). Conversely, anxiolytic drugs, such as ethanol and
Diazepam, decrease thigmotaxis (Richendrfer et al., 2012;
Schnörr et al., 2012; Johnson and Hamilton, 2017). We observed that exposure to an aversive stimulus, the chemical
November/December 2020, 7(6) ENEURO.0336-19.2020

irritant AITC, enhanced thigmotaxis in zebrafish larvae; this
effect had an onset latency of 30 min. A possible explanation for the delay is that the onset of enhanced thigmotaxis
was masked by AITC-induced sensitization of locomotion.
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Table 7: Statistical analyses
a(Fig. 1A2)
b(Fig. 1A3)
c(Fig. 1B2)
d(Fig. 1B2)
e(Fig. 1B3)
f(Fig. 1B3)
g(Fig. 1C2)
h(Fig. 2A2)
i(Fig. 2A3)
j(Fig. 2B2)
k(Fig. 2C2)
l(Fig. 2C2)
m(Fig. 2C2)
n(Fig. 3A)
o(Fig. 3B)
p(Fig. 4A)
q(Fig. 4B)
r(Fig. 5A)
s(Fig. 5B)
t(Fig. 6A2)
u(Fig. 6A3)
v(Fig. 6B2)
w(Fig. 6B3)
x(Fig. 6C2)
y(Fig. 6C3)

Data structure
Normally distributed
Normally distributed
Non-normally distributed
Non-normally distributed
Non-normally distributed
Non-normally distributed
Non-normally distributed
Non-normally distributed
Non-normally distributed
Non-normally distributed
Normally distributed
Normally distributed
Normally distributed
Normally distributed
Normally distributed
Non-normally distributed
Non-normally distributed
Normally distributed
Normally distributed
Normally distributed
Normally distributed
Normally distributed
Non-normally distributed
Normally distributed
Normally distributed

Type of test
One-way ANOVA test
One-way ANOVA test
Two-way ANOVA test (Interaction)
Two-way ANOVA test (main effect)
Two-way ANOVA test (interaction)
Two-way ANOVA test (main effect)
Unpaired t test
Unpaired t test
Unpaired t test
Unpaired t test
Repeated-measures ANOVA test (interaction) normalized data
Repeated-measures ANOVA test (main effect) normalized data
Repeated-measures ANOVA test (interaction) raw data
Repeated-measures ANOVA test (interaction)
Unpaired t test
Repeated-measures ANOVA test (main effect)
Repeated-measures ANOVA test (interaction)
Repeated-measures ANOVA test (main effect)
Repeated-measures ANOVA test (main effect)
Unpaired t test
Unpaired t test
Unpaired t test
Unpaired t test
Repeated-measures ANOVA test (main effect)
Repeated-measures ANOVA test (main effect)

Consistent with this idea, we observed that the AITC-elicited increase in locomotion was substantially reduced
30 min after removal of AITC from the bath (Fig. 2). In other
words, an increase in the frequency of movement may
have disrupted any thigmotactic tendency on the part of
the fish, which only became apparent once locomotion returned to near baseline levels. The absence of significant
thigmotaxis at times later than 30 min reflects the shortterm nature of this memory.
The enhancement in heart rate produced by AITC (Fig.
4) indicates activation of the autonomic nervous system,
which is functional early in zebrafish development (Mann
et al., 2010). Although it is reasonable to attribute the persistence of increased heart rate in the larvae following
washout of AITC to sensitization-related prolongation of
autonomic nervous system activity, other interpretations
of this effect are also possible. For example, given the
lipid solubility of AITC, it is difficult to be certain that the
chemical agent was entirely removed during washout of
the AITC-containing solution. Previously, however, Prober
et al. (2008) reported that RR can effectively block AITCdriven responses even if the RR is added to a bath already
containing AITC. If residual AITC were mediating the increase in heart rate following the putative washout of the
irritant in our experiments (Fig. 5B), one would have expected to observe a substantial reduction in normalized
heart rate, which we did not. This result strongly argues
against the idea that the prolonged enhancement of heart
rate we observed was because of the residual presence
of AITC in the bath. We believe that the sensitization-like
effects of the irritant on locomotion and thigmotaxis in zebrafish larvae (Figs. 2–4) are similarly unlikely to have
been because of residual AITC.
November/December 2020, 7(6) ENEURO.0336-19.2020

Power (a = 0.05)
1.00
0.98
0.63
1.00
0.14
1.00
0.60
0.74
0.77
0.60
0.56
0.73
0.79
0.99
0.88
1.00
1.00
1.00
0.09
0.07
0.12
0.17
0.65
0.66
0.07

Because AITC can elicit inflammatory processes, such
processes are potential causes of the behavioral changes
elicited by AITC in the present study. The failure of the
anti-inflammatory agent IBU to block any of the AITC-induced changes in behavior (Fig. 6), however, argues that
the brief exposure to a relatively low dose of AITC used in
our experiments either did not elicit substantial levels of
inflammation in zebrafish larvae, or, if it did, that inflammation-related processes did not contribute significantly
to the observed behavioral changes. However, IBU likely
does not prevent isothiocyanate reactivity as isothiocyanates are highly reactive with sulfide groups (Hinman et
al., 2006; Karlsson et al., 2016), leaving the possibility that
non-IBU-sensitive inflammatory processes may have
contributed to the behavioral results. Indeed, much longer
exposures than used in the present study (hours-to-days)
to AITC can deplete glutathione or other antioxidants
(Overby et al., 2015). A reduction in antioxidants and
other processes elicited by AITC exposure can have serious adverse effects on development, including malformations of the body in embryos (Williams et al., 2015).
Another possible explanation for the behavioral and
physiological changes we observed following treatment
with AITC is that they were because of minor injury caused
by the chemical irritant. Evaluating this possibility is complicated by the fact that sensitization and the response of
the nervous system to injury/irritation can involve similar, or
even identical, neurobiological mechanisms. In Aplysia,
where this issue has been examined in detail by Walters
and colleagues, it has been shown that behavioral sensitization, because of electrical tail shocks that do not cause
tissue damage, and frank damage of the nervous system,
because of crush of the peripheral nerves that contain the
eNeuro.org
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Figure 7. AITC causes an increase in neuronal activity that persists after washout in a hindbrain region of the larval brain. A, Optical
recordings of the hindbrain in a GCaMP6 transgenic larva made with a high-speed line scanning confocal fluorescence microscope.
3D reconstructions of a volume of the hindbrain (200  140  100 mm3) are shown in a larva before and during exposure to AITC.
Images were recorded at 5 vols/s at 200 Hz. The images were collected at 1 min before (“E3”) during, and after AITC application.
AITC induced strong activation of neurons throughout this brain region. B, Sections from the volume recordings in A. The region of
interest (ROI; red circle) was just caudal to the commissura infima Halleri (CI; see Arrenberg et al., 2009). Scale bar, 25 mm. C1,
Protocol for examining potential sensitization-related activity in the ROI. Here, activity within the ROI shown in B was imaged for
1 min starting at 6 min before a 30-s exposure to AITC/E3 and at 2.5 min after washout (1 min long) of the AITC. C2, Sample images
taken of the ROI before (pretest) and after (posttest) exposure to E3 (images at left) or AITC (images at right). Scale bar, 10 mm. C3,
Persistent, postwashout effect of AITC on neuronal activity in the ROI. The normalized fluorescence was significantly greater following exposure to the chemical irritant (AITC-Fluo group, n = 8) than following exposure to E3 (E3-Fluo, n = 8; t(14) = 4.80, p = 0.0003).
This figure shows means 6 SEM; p indicates a significant (p , 0.05) difference between groups.

axons of mechanosensory neurons, result in similar longterm cellular changes in mechanosensory neurons (Walters
et al., 1991; Walters and Ambron, 1995); these changes include hyperexcitability, attributable to a decrease in the
“S”-type potassium current (IK,S) in the sensory neurons
(Ungless et al., 2002), and facilitation of transmitter release
from the sensory presynaptic terminals. The available evidence indicates that the molecular pathways activated by
injury and those activated by noxious stimuli that induce
sensitization overlap to a significant extent. This has led to
the speculation that some of the mechanisms underlying
some simple forms of memory may have evolved from
processes that originally subserved adaptation to neural injury (Walters et al., 1991). Nevertheless, we believe that the
results of the tests of the effects of RR, as well as of IBU
(Figs. 5, 6), on the alterations in behavior and heart rate in
zebrafish larvae permit us to conclude that these changes
resulted from learning rather than minor injury.
Behavioral sensitization in murine systems has been associated with the central nucleus of the amygdala, a forebrain structure (Koch and Ebert, 1993), as well as with the
midbrain central gray (Fendt et al., 1994). A homolog of
the mammalian amygdala has been identified in the pallium of the zebrafish (Perathoner et al., 2016), and there is
experimental evidence linking this structure to regulation
of thigmotaxis in larval zebrafish (Best et al., 2008).
Furthermore, activity in the left dorsal habenuloNovember/December 2020, 7(6) ENEURO.0336-19.2020

interpeduncular pathway attenuates fear-related freezing
to an electrical shock in zebrafish larvae (Duboué et al.,
2017). This suggests that central brain structures are likely
to play roles in behavioral sensitization in the larval zebrafish, an idea that we plan to investigate in the future. It
would be interesting to know in this regard whether the
hindbrain region implicated in behavioral sensitization
here (Fig. 7) is neurally connected to the pallium and/or
the left habenula in the larval brain.
In addition, we will use cellular electrophysiological
methods to determine how AITC increases the firing of
neurons in the region shown in Figure 7. Possible mechanisms of locomotor sensitization in zebrafish, suggested
by studies of the marine invertebrate Aplysia, include synaptic facilitation of the afferent input to, and enhanced excitability of, the excitatory neurons in the region (Byrne
and Hawkins, 2015). In Aplysia, sensitization-related neuronal changes are mediated by the monoaminergic transmitter serotonin (Brunelli et al., 1976; Hochner et al.,
1986a,b; Glanzman et al., 1989; Marinesco and Carew,
2002). In general accordance with this mechanistic
scheme, we have recently found that dopamine receptors
D4 and D1/D5 play critical roles in AITC-induced sensitization of locomotion in zebrafish larvae (our unpublished
data).
In summary, we have discovered that a noxious stimulus, the irritant AITC, causes a form of behavioral
eNeuro.org
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sensitization in zebrafish larvae that is reflected in increases in locomotion, heart rate, and thigmotaxis, and
that persists for 30 min. In addition, we have identified a
specific neural correlate of this short-term learning: persistently increased activity in a brain region previously
linked to locomotion in the larvae (Arrenberg et al., 2009).
These results set the stage for a systems-level analysis of
the formation and maintenance of a simple, nonassociative form of learning and memory in an experimentally
tractable vertebrate model system.
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