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Assessing Startle Responses and Their Habituation
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Abstract

Zebrafish is rapidly becoming a popular model species for neurobehavioral and psychopharmacological
research. The startle response represents the instinctive, evolutionarily conserved reaction of an organism
to novel unexpected and /or aversive stimuli. While startle testing is a well-established assay to study anxiety-
like behaviors in different species, screening of the startle response and its habituation in zebrafish is also
an important direction of translational biomedical research. Complementing rich literature on zebrafish
startle, this chapter outlines a brief and simple protocol to assess the tapping-induced startle response and
its inter- and intra-trial habituation in adult zebrafish.

Key words: Adult zebrafish, Startle response, Within-trial (intra-session) habituation, Between-trial
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1. Introduction

The startle response is an autonomous reflex evoked by a sudden
exposure to unexpected, most commonly aversive stimuli (1, 2).
It represents an evolutionarily conserved instinctive behavior which
is observed in multiple species including humans (3-10) and
enables an organism to quickly react to perceived threats, avoid
harm, and initiate adaptive fight-or-flight responses (11).
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26 The startle assays are commonly used in neurobehavioral and
27 psychopharmacological research. While anxiolytic drugs generally
28 reduce startle responses, anxiogenic agents typically increase startle
29 responses (3, 12, 13). Furthermore, startle response is based on
30 cognitive processing of sensory information, which is highly relevant
31 to modeling cognitive deficits, especially psychotic-like pathogen-
32 esis (12, 13). For example, antipsychotic drugs commonly diminish
33 and psychotogenic agents augment startle responses (9, 14-16).
34 Startle responses have previously been examined in fish species,
35 including adult (17-19) and larval zebrafish (Table 1) (20, 21). In
36 fish, startling stimuli evoke a typical stereotyped “fast start” behavior
37 consisting of a rapid turn and swimming with high velocity away
38 from the stimulus (22). This chapter describes a simple protocol
39 used in our laboratory to assess startle response in adult zebrafish.
40 Habituation of the startle response is another important brain
41 phenomenon manifested in the reduction of behavioral responses
42 to startling stimuli over time (2, 10, 23, 24). Like any other type
43 of habituation, startle habituation reflects cognitive functions and
44 can be assessed in zebrafish in conjunction with the present protocol
45 using both inter- and intra-trial paradigms (see a related chapter on
46 habituation to novelty in this book).
47 Importantly, there are some differences in behavioral endpoints
48 in startle studies between larval and adult zebrafish (e.g., (25)).
49 Table 1 summarizes some endpoints used for both types of models.
50 Note that the larval fish startle is generally shorter (starting <15 ms
51 after the stimulus and lasting less than 100 ms, depending on the
52 stimulus) compared to adult zebrafish (showing a longer latency
53 and duration of their startle response, Fig. 2; (25)). The larval fish
54 behavior is also more prominently expressed in turning endpoints
w1 Table1
n2  Example of startle assays in adult and larval zebrafish reported in the literature
1.3 Model Endpoints References
t1.4 Adult zebrafish
t1.5 Tapping-induced stimulation Distance traveled, swim velocity (m/s) (17)
t1.6 Tapping-induced stimulation % Animals showing avoidance (19)
t1.7 Larval zebrafish
t1.8 Acoustic stimulation Distance traveled (m) (37)
t1.9 Mild electrical stimulation Heart rate (bpm) (20)
t1.10  Vibrational stimulation Bend angle (°) and maximum angular (18)
t1.11 velocity (°/ms)
t1.12 Distance traveled (pixels) (28)
t1.13  Visual stimulation Swim speed (mm,/min) (27)
t1.14 Distance traveled (pixels) (28)

t1.15  The method of startle and endpoints measured vary in the experiments (see references listed for details),
t1.16  and the behavior of both adult and larval zebrafish can be assessed
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Fig. 1. Experimental set-up to assess tapping-induced startle responses in adult zebrafish. The novel tank set up with a
side-view camera, a pretreatment beaker to hold fish prior to testing, and the startle stimulus, separated from the tank
by a vertical plastic opaque divider.

(e.g., characteristics of body curvature (18, 25, 26)) for which the
top-view position of the video-camera, traditionally used in larval
studies, seems to be appropriate (see (18, 22, 25) for detailed
review of larval zebrafish startle).

However, the focus of this chapter is on behavioral character-
ization of adult zebrafish startle responses. Although they can also
be recorded using the top-view camera (e.g., (17)), we developed
a sensitive method based on video-recording of startle in the novel
tank test using the side-view camera (Fig. 1) and examining multiple
sensitive locomotory endpoints (Table 1, Fig. 2). Furthermore, using
shallow arenas (e.g., Petri dishes) may be ideal for testing startle in
small organisms, such as larval fish (whose behavior is less complex
when compared and occurs in lateral dimensions (25, 27, 28)).
Behavioral responses to startle stimuli in adult zebrafish are more
complex in terms of their dimensionality, occurring in both hori-
zontal and vertical planes. Therefore, deeper tanks (such as the
novel tank test used here, Fig. 1) may be more useful, to enable a
better focus on adult zebrafish locomotion and their sensitive vertical
behavior. Utilizing a side-view camera and deeper testing tanks, as
described in this protocol, provides a valid and reliable method to
assess startle response and its habituation in adult zebrafish.

2. Materials
and Methods

2.1. Animal Housing

Adult zebrafish (e.g., 3-5 months old; ~50:50 male:female ratio)
can be raised in-house or obtained from a commercial distributor.
The animals should be given sufficient time (e.g., 14 days) to
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Fig. 2. Examples of intra-session habituation of startle responses in adult zebrafish exposed to a single startle stimulus (trial 1).
Startle was applied at second 5, and is denoted by the arrows. Horizontal axis represents time (s). *P<0.05, #P=0.05-0.1,
paired U-test with Bonferroni correction for each poststartle second vs. prestartle baseline activity (at second 4).

acclimate to the laboratory environment, and can be housed in
groups of 20-30 fish per 40-L tank. The tanks can be filled with
filtered facility water maintained at 25-27°C and a pH of 7.0-8.0.
Illumination (e.g., 1,000-1,100 lux) can be provided by ceiling
mounted fluorescent light tubes on a 12:12-h (or 14:10-h) cycle
according to the standards of zebrafish care protocols (e.g., (2)).

2.2. Apparatus While the exact apparatuses to assess zebrafish startle can vary, the
standard small novel tank (24) described in several chapters of this
book will suffice for capturing phenotypically robust startle
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responses. In this experimental setup, the 1.5-L trapezoidal novel
tank (15 cm heightx7 cm widthx28 c¢cm topx23 cm bottom
length; Aquatic Habitats, Apopka, FL) faces the video-analysis
web-camera and is filled with room temperature filtered facility

water (Fig. 1).

Setup and Materials ing approximately 180 g (locally purchased).

2.4. GComputer-Aided

Analysis of Data

e Opaque plastic screen (e.g., 50 x50 cm, 0.5 cm thick, positioned
(as in Fig. 1)) between the tank and the startle stimulus.

e 1.5-L novel tank (Aquatic Habitats, Apopka, FL) as described

above.

e Video-tracking software (e.g., Ethovision XT7, Noldus IT,

Wageningen, The Netherlands).

* Digital timing device (e.g., Fisher Scientific, Pittsburgh, PA).

The stimulus used in our laboratory to evoke a startle response
from adult zebrafish is produced with a roll of Scotch masking tape
described above. The object is raised to the height of the tank
(15 cm) and released by hand onto a hard, flat surface on which
the novel tanks rested, creating both an acoustic and vibrational
stimulus that evoked an overt startle response in fish (Fig. 1). Note
that other standardized stimuli to evoke a startle may include
releasing a rubber hammer from a standard height onto a flat surface,
or utilizing any other vibrational “tapping” stimulus that could

adequately alert the zebrafish.

occurring mostly in a vertical plane.

Analysis of recorded trials can be performed on- or oft-line using
commercially available video-tracking software (e.g., Ethovision
XT7, Noldus IT (29-32)). Simultaneously recording two or more
tanks can reduce experiment duration without changing the stimu-
lus, as long as it is administered uniformly to all zebrafish tested.
Video-recording and its settings can be similar to those used in
other zebrafish swimming behavioral tracking protocols (33, 34).
Note that the location of the camera (side or top) could influence
the results of the experiment. For example, many zebrafish startle
studies use open—field-like tanks and top-view cameras (17, 27),
especially common in high-throughput larval assays (17, 21).
However, our own experiments in adult zebrafish showed that
startled zebrafish swim very actively in a vertical direction immedi-
ately after the tapping stimulation. While a camera oriented on the
top of the tank would also record the startle response (similar to
startle assays in larval zebrafish), a side-view camera used here
(Fig. 1) may be best able to capture adult animal movements
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As already mentioned, due to the broad nature of a startle response,
various procedures can elicit a startle response in adult zebrafish,
including electrical, visual, or tapping-induced stimuli (Table 1).
An easy, inexpensive, and practical stimulus to use in startle studies
in zebrafish is tapping, such as tapping on the novel tank or the
table on which the tank rests. The following protocol can be used
to produce a standardized physical stimulus to evoke a startle
response in the zebrafish.

1. Collect naive zebrafish with a net (12-15 fish per group may
usually suffice, but animal numbers can be increased depend-
ing on the experimental task) and place them in a preexperi-
ment container filled with room temperature facility water for
acclimation for 1-2 h. Keep this container far away (e.g., in a
separate room) from the startle response testing area, so that
acoustic and vibrational stimuli do not interfere with the naive
animals (see troubleshooting notes further). If using a pretreat-
ment exposure to various drugs in the experiment, use a pre-
treatment container (e.g., 3-L plastic square opaque beaker) to
expose fish individually to drugs for a desired amount of time
prior to testing.

2. Following acclimation (and, if necessary, pretreatment), transfer
the zebrafish individually into the testing tank, and allow a
3-min acclimation period prior to the first startle session. At
the end of this acclimation period, begin recording the video.
Note that the acclimation period can be longer, if necessary,
depending on experimental design and baseline anxiety levels
of the specific zebrafish strain tested.

3. After the first 5 s of baseline video-recording, produce the
stimulus (tapping as described above) and continue video-
recording of fish activity for 1 min.

4. If assessing habituation of startle response, repeat this stimulus
once every minute for 10 min with continuous video-recording,
and stop recording after all trials are completed.

Habituation is the attenuation of responses after repeated expo-
sures to the same stimulus and can be tested in zebrafish to assess
their ability to adapt to a novel environment (24). Analyzing
zebrafish habituation to a startle stimulus is highly relevant to
studying anxiety-related and cognitive phenotypes. The initial
reaction to the startle stimulus represents various anxiety-like
avoidance behaviors, such as increased distance traveled, higher
velocity, and a characteristic “fast start” behavior involving a rapid
turn away from the startle source (22). In the period following the
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3.3. Data Analysis

initial startle reaction, these anxiety-like behaviors gradually
decrease (as the fish demonstrates intra-session habituation to the
startle stimulus, and the behavioral endpoints return to normal
prestartle levels; Fig. 2).

Repeated presentation of the startle stimulus (e.g., a series of
10 startles) targets another aspect of habituation in zebrafish—
inter-session habituation. This type of habituation represents a
more gradual decrease in anxiety-like behaviors each time the
startle is evoked. Note that both intra-session and inter-session
habituation only occur for certain endpoints, and that some end-
points show no habituation at all. For example, distance traveled or
velocity may habituate consistently after one startle production or
across many stimuli, while turn bias or meander is likely to show no
habituation (Figs. 2 and 3).

Use the Mann—Whitney U-test (with or without Bonferroni correc-
tion, where appropriate) for comparing two groups (Student’s
t-test can also be used for normally distributed data). For more
than two groups, use analysis of variance (ANOVA), followed by
an appropriate post hoc test (e.g., Tukey, Dunn, Newman—Keuls,
or Dunnet test). A general n-way ANOVA can be used, with common
factors being treatment, dose, sex, strain, time, trial, or age (34).
To assess startle habituation, use post-hoc tests to compare baseline
and startle-evoked activity (e.g., prestartle second 4 vs. each indi-
vidual poststartle second of the test for intra-session habituation,
Fig. 2; or Trial 1 with each individual subsequent trial for inter-
session habituation, Fig. 3).

4. Typical Results

4.1. Startle Response
and Its Dynamics

The results for the startle experiment using our protocol are generally
robust and highly reproducible (see Fig. 2 for typical results for the
startle response assay and its intra-session habituation, and Fig. 3
for its inter-session habituation). Based on our experience, the
startle response can be observed in the critical 10-15-s window
following the startle stimulus (Fig. 2). Per-second distribution of
startle-related endpoints over the period of 60 s post-stimulus
reflects inter-session habituation (Fig. 2), while inter-trial habitua-
tion can be assessed by measuring startle behaviors during the 15-s
window and comparing their change across all ten 15-s post-startle
windows (Fig. 3).

Our protocol yields phenotypically robust startle behaviors that
can be recorded from the side view capturing numerous sensitive
endpoints (Table 2) using video-tracking software (Fig. 1).
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Fig. 3. Representative examples of inter-session habituation of some startle responses observed in adult zebrafish exposed
to tapping-induced startle stimulus every 60 s for a period of 10 min (total 10 trials). Horizontal axis represents consecutive
trials (each bar represents cumulative scores generated for the 15-s post-startle window for each ftrial). *P<0.01,
**P<0.005, ***P<0.0005, paired U-test (trial 10 vs. trial 1) with Bonferroni correction.

Data analysis revealed that distance traveled, velocity, and highly
mobile frequency all display high sensitivity to the startle behavior.
As shown in Fig. 2, within the 10-15-s period after the startle
stimulus, these endpoints show a marked change followed by its
gradual return to normal. When the aversive stimulus is encountered
by zebrafish, the animal attempts to escape or avoid it, leading to
rapid swimming away from the source of the startle. This behavior
is logically reflected in altered distance traveled, highly mobile
frequency, and velocity, which all show marked increase upon
presentation of a startle stimulus followed by a relatively fast return
to normal levels (Fig. 2).
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Table 2 2.1

A brief summary of behavioral endpoints used in startle analysis and their 2.2

habituation 23

Habituation

Endpoint Explanation Startle Intra-session Inter-session 24

Distance Total distance the zebrafish traveled + + + t2.5

traveled, m within the novel tank t2.6

Velocity, m/s  Distance traveled by the subject per unit + + + 2.7

time (s) t2.8

Turn angle, ©  Total turning angle between consecutive - - + t2.9
frames (recorded at 30 fps) t2.10
Turn rate Absolute change in direction of movement — - + t2.11
(absolute between consecutive frames (recorded t2.12
angular at 30 fps) calculated per unit time (s) t2.13
velocity) t2.14
Turn bias Relative change in direction of body - - + t2.15
(relative between two consecutive frames t2.16
angular calculated between consecutive frames t2.17
velocity) (recorded at 30 fps) per unit time (s) t2.18
Meander, °/m  The absolute change in direction of - - + t2.19
movement of a subject relative to the t2.20
distance traveled t2.21
Highly mobile Number of times the subject’s body area + + + t2.22
frequency is displaced by >80% between frames t2.23
Highly mobile  Total time spent highly mobile + + + t2.24
duration, s locomotion t2.25
Mobile Number of times the subject’s body area + + + t2.26
frequency is displaced by 20-80% between frames t2.27
Mobile Total time spent mobile + + + t2.28
duration, s t2.29
Immobile Number of times the subject’s body area = = + t2.30
frequency is displaced by <20% between frames t2.31
Immobile Total time spent immobile + + + t2.32
duration, s t2.33
Transitions to  The number of crosses from the defined - - t2.34
upper half bottom portion to the top of the t2.35
novel tank t2.36
Time in upper  Total time spent in top portion - - t2.37
half, s of the novel tank t2.38
Plus sign indicates presence of startle behavior or its habituation, and minus sign denotes their absence. t2.39
A brief definition for each endpoint outlines the behavior assessed, based on (33, 38). Note that some end-  t2.40
points show good inter-session, but not intra-session, habituation. This difference merits further studies, t2.41
but may reflect differential roles that long-term and short-term memory (as well as their modulation by  t2.42
anxiety-related mechanisms) plays in adult zebrafish startle responses t2.43
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226  4.2. Habituation
227 (Intra-/Inter-Session)
228  of the Startle
229  Responses
230

231

232

233

234

235

236

237

238

239

240

241

In addition to startle, our protocol generates prominent results for
the intra-session habituation of the startle response in zebrafish
(Fig. 2), using an approach conceptually similar to screening habit-
uation in novel arenas (described in detail in a separate chapter by
Raymond et al. in this book). Furthermore, by measuring the data
for various endpoints within the 10-15-s window, and comparing
them across all 10 startle stimuli (1 startle every 60 s), zebrafish
inter-session habituation to aversive stimuli can also be evaluated
(Fig. 3). Our findings indicate that zebrafish display overt habitua-
tion of several startle-related behavioral endpoints, including distance
traveled and velocity, as well as highly mobile frequency and duration
(also see Table 2 for details). While all of these endpoints show a
marked increase within the 10-15-s window (intra-session habitu-
ation; Fig. 2), their gradual decrease over the course of 10 repeated
startle sessions demonstrates robust inter-session (between-trial)
habituation (Fig. 3).

242 5. Notes
(Troubleshooting)

243 5.1, Standardization
244 of the Stimulus
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263

264 5.2, Avoiding
265  Preexposure

266  to Stimulus
267
268

An important and common methodological problem with startle
research is standardization of the stimulus used to evoke startle
responses. Based on our experience, releasing a roll of masking
tape onto a flat surface or striking a rubber hammer against a flat
surface both represent adequate stimuli to evoke startle responses.
However, their standardization may prove somewhat difficult,
since experimenters may handle the hammer or tape differently,
resulting in varying stimuli. If using the roll of tape, it is important
to release it from a fixed height with the flat side facing down, to
produce the most consistent stimulus. The best way to standardize
the vibrational startle stimuli is to utilize a machine or computer to
perform a consistent and reproducible “tapping” action (e.g., (17)).
The automated production of the “tapping” stimulus reduces
human error due to a more standardized stimulus and less chance
of visual or acoustic interference, because the experimenters need
not be in the immediate testing area during the experiment (see
further). Nevertheless, the automated method may be more expen-
sive, and therefore the simple mechanical method described here
(Fig. 1) may suffice to evoke sufficient startle responses in zebrafish
(Figs. 2 and 3). Alternatively, consider using other types of stimuli
(see Table 1 for details) to evoke zebrafish startle.

Prior to the experiment, the fish must be netted and placed in a
holding container (similar to the startle observation tank described
earlier) filled with room temperature filtered facility water for an
acclimation period of 1-2 h. Due to the nature of the startle stimulus,
this holding container should be kept in a separate room for the
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5.3. Minimizing
Testing Arena
Interference

5.4. Selecting Correct

Endpoints

5.5. Optimizing
Animal Detection

duration of the experiment. Note that placing the holding container
in the vicinity of the testing tanks (where the experiment is being
performed) risks prematurely exposing the naive fish to the stimulus.
This may lead to the situation when untested fish may begin to habit-
uate to the stimulus, thus invalidating their naivety upon testing.

Another possible problem in the startle testing procedure is visual
and acoustic interference in the arena of the experiment. The best
way to avoid this problem is to program a machine or computer for
a consistent “tapping” (17, 26), so that the experimenters may be
absent from the vicinity of the testing tank. The presence of the
investigators in the testing area may startle the fish due to sudden
movements, approaching the novel tank during stimulus produc-
tion, or due to acoustic disturbances in the vicinity. Another practical
way to reduce interference (especially if testing multiple zebrafish
simultaneously in the same area) is to place white or opaque screens
(see Fig. 1) around the novel tank to prevent the fish from being
visually startled by other fish being tested or by movements of the
experimenters in the testing vicinity (17). Additionally, since water
temperature interferes with zebrafish startle response (25), ensure
that the temperature of the water in the preexposure beaker and
the novel tank is maintained at 25-27°C.

While distance traveled or velocity after startle (Table 1) are consid-
ered to be reliable startle endpoints (17, 35, 36), our data show
that other computer-generated parameters may be useful to assess
startle in adult zebrafish, including mobile and highly mobile
frequencies and durations (Table 2). Upon receiving a startle stim-
ulus, zebrafish show marked increase in all of these behaviors,
whereas several less sensitive endpoints (e.g., turn bias or meander)
would usually remain unaltered (Fig. 2).

Assessing zebrafish startle endpoints is performed by video-tracking
software, which can be prone to misdetection of animals. This
problem is common for novel tank and similar paradigms, and various
ways to optimize the detection settings have been comprehensively
described in the literature (34). Furthermore, the amount of data
collected per trial can vary depending on the nature of the study.
For example, we typically use 10-30 frames per second (fps) video-
recording and analyze data using 1-s time bins (Fig. 2). However,
using high-frame videography and /or shorter time bins may gen-
erate more data points and represent fish startle phenotypes more
accurately. In the published literature, various fps ranges and
shorter time bins (e.g., (22, 25)) have been successfully applied to
zebrafish startle research. While such a degree of detail may not be
necessary for strong startle responses (e.g., as in (22) and our
studies presented in Figs. 2 and 3), less clear-cut and more subtle
startle phenotypes (e.g., if impaired under certain experimental
conditions) may require in-depth characterization using more
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315
316

317 5.6. Additional
318 Endpoints

319

320

321

sensitive high-fps and /or shorter time bins, which can be optimized
and adjusted to specific research needs.

It is also possible to expect that some additional endpoints, such as
the “amplitude” of startle responses (e.g., difference between pre-
and startle-induced behaviors, as a measure of startle magnitude)
can be used to characterize startle responses. This possibility merits
further studies and validation in adult zebrafish models.

22 6. Summary

323
324
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327
328
329
330
331
332
333
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336
337
338

This chapter provides a brief and simple protocol for assessing the
startle response and its habituation in adult zebrafish. The methods
described here are fast, simple, easily reproducible, and require
inexpensive materials. The endpoints measured are based on
computer analysis (rather than manual human recording), thereby
further standardizing the procedure, increasing its throughput and
making it less prone to bias. The specific endpoints selected here
are highly sensitive to startle stimuli and can be used in parallel to
characterize the startle response behavior in the adult zebrafish.
Another advantage of this protocol is that it tests both startle and
habituation in one experiment, adding an additional (cognitive)
domain to affective phenotypes traditionally assessed using startle
paradigms. Collectively, this increases the translational value of
adult zebrafish startle responses (17), with multiple applications
from screening genetic mutations and novel pharmacological
agents to modeling complex affective or psychotic disorders.
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