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A model-based quantification
of startle reflex habituation
in larval zebrafish

Carolina Beppi®%3**, Dominik Straumann%3*> & Stefan Yu Bagli*>*>

Zebrafish is an established animal model for the reproduction and study of neurobiological
pathogenesis of human neurological conditions. The ‘startle reflex’ in zebrafish larvae is an
evolutionarily preserved defence response, manifesting as a quick body-bend in reaction to

sudden sensory stimuli. Changes in startle reflex habituation characterise several neuropsychiatric
disorders and hence represent an informative index of neurophysiological health. This study aimed
at establishing a simple and reliable experimental protocol for the quantification of startle reflex
response and habituation. The fish were stimulated with 20 repeated pulses of specific vibratory
frequency, acoustic intensity/power, light-intensity and interstimulus-interval, in three separate
studies. The cumulative distance travelled, namely the sum of the distance travelled (mm) during
all 20 stimuli, was computed as a group-level description for all the experimental conditions in each
study. Additionally, by the use of bootstrapping, the data was fitted to a model of habituation with
a first-order exponential representing the decay of locomotor distance travelled over repeated
stimulation. Our results suggest that startle habituation is a stereotypic first-order process with

a decay constant ranging from 1 to 2 stimuli. Habituation memory lasts no more than 5 min, as
manifested by the locomotor activity recovering to baseline levels. We further observed significant
effects of vibratory frequency, acoustic intensity/power and interstimulus-interval on the amplitude,
offset, decay constant and cumulative distance travelled. Instead, the intensity of the flashed light
did not contribute to significant behavioural variations. The findings provide novel insights as to the
influence of different stimuli parameters on the startle reflex habituation and constitute a helpful
reference framework for further investigation.

Zebrafish has become an established animal model due to several advantages, including its small size, the prosper-
ous offspring, the rapid development through defined stages, the simple breeding and the easy maintenance of
large stocks'. The existence of established microscopic imaging approaches®® and the optical translucency until
larval stages"®” allow detailed non-invasive tracking of CNS changes following specific neural manipulations or
chemical interventions. Cell-manipulations (e.g., in Bhandiwad et al.”) and electrophysiological recordings can
assess the zebrafish sensory-processing functions fast and reliably'*-'?, although invasively. Behavioural screen-
ings are therefore becoming preferred assessment-methods of sensory-processing and attention'*.

Habituation of the startle reflex: a basic form of learning. Zebrafish at larval stage already exhibit
a vast behavioural repertoire that can be reliably tracked and consistently quantified'>-". First probed in the
1970s%, the startle reflex in zebrafish larvae is a fast body muscle contraction in response to abrupt sensory
stimuli**"*? and is an evolutionarily preserved mechanism of defence against threat. It is a ‘C-bend’ of the body*
largely mediated by the Mauthner cells (MC), a bilateral pair of large reticulospinal interneurons in the zebrafish
hindbrain**-%%. They receive input ipsilaterally, through their lateral dendrites, from sensory receptors of differ-
ent modalities**?’, although the mechanosensory hair cells are the main driver**?°.

Transient light stimuli evoke increased escape responses kinematically identical to acoustic startle reflex
(ASR) C-bends and proportional to the magnitude of change in lighting®’, but of a longer latency (M = ~ 183 ms)
compared to acoustic and touch-evoked (M ~ 15 ms) startle responses?'. The startle reflex can also be non-MC
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initiated, although it has a slower onset?. Startle responses are modulable by internal factors like social domi-
nance (in adult fish), arousal or stress®®~*!. Increase in the startle reflex can be induced by sensitisation, fear-
potentiation®?, and pharmacological compounds affecting the methyl-D-aspartic acid signalling***, while dec-
remented ASR can be caused by pre-pulse inhibition®>*¢ and by habituation®.

Habituation is a basic, non-associative, form of learning defined by the cessation of an innate response after
repeated or sustained exposure to a sensory stimulus®373%, It has been studied in several invertebrate species,
including Aplysia, Tritonia, Drosophila, as well as rodents, with a variety of stimuli*-*2 The habituation of
the startle reflex in larval zebrafish has been probed in the 1970s***. It is consistently elicitable and quantifi-
able, although non-stereotypic*-*!. The amount of stimulation the fish is exposed to determines the endur-
ance of habituation®. Specifically, three types of habituation persistence have been described: rapid habituation
(<15 min) is induced by low-frequency stimuli, while short-term habituation (<1 h) can be induced by a few
blocks of stimuli. If the blocks are repeated over several sessions, habituation can also endure for days (long-
term habituation).

Changes in startle reflex and habituation have been reported in neuropsychiatric disorders, including
schizophrenia*, traumatic brain injury and post-traumatic stress disorder*>. The startle reflex and habitu-
ation are thus becoming established neurophysiological indices for clinical and translational investigation in
neurology and psychiatry.

Aims and hypotheses. A number of studies report that the number, duration and intensity of the stimuli,
as well as the inter-stimuli interval and the number of blocks or sessions can affect the profile of the startle reflex
habituation'®?**>%~% However, the considerable variability in the experimental design and analytical approach
of existing studies do not allow a direct comparison between the findings, preventing the possibility to draw
conclusions about the optimal experimental parameters. The acquisition of complex data is one of the factors
that may hinder the replicability and reproducibility of the findings, which is a recurrent issue in behavioural
(neuroscience) research in zebrafish®. This investigation aimed at defining a novel experimental protocol for
the study and assessment of startle reflex and its habituation. Specifically, we aimed at designing a simple behav-
ioural paradigm that could be more easily reproducible and adaptable for testing different experimental ques-
tions, thus allowing to understand the influence of specific experimental parameters on the profile of the startle
reflex and its habituation. We investigated startle reflex habituation in three separate studies, each manipulating
and assessing the isolated effect of different stimulus features on the profile of the startle reflex (acoustic or
visual) habituation.

A first study (1) investigated the time necessary for the zebrafish to extinguish the habituation, quantifying
the ASR habituation at different re-test times relative to the baseline test. Based on Roberts et al.?, we hypoth-
esised that startle extinction of ASR habituation memory, quantified as the mean of all fish’s cumulative distance
travelled (CDT) during all 20 stimuli, would be significantly different from baseline, at the different re-test times
(1, 5 or 15 min). The second study (2) investigated the main effect of vibratory power (a), vibratory frequency
(b), interstimulus interval (ISI) duration (c) on the profile of the ASR habituation. The third study (3) assessed
the effect of light-flash illuminance on the profile of the visual startle reflex (VSR) habituation. Based on previ-
ous findings'****547*°, we further hypothesised that startle reflex habituation would differ significantly between
vibratory frequency conditions, acoustic power, ISI duration and illuminance.

Results
Study 1—Extinction of ASR habituation memory. This study was conducted to determine the decay
of habituation memory, namely the time necessary for the fish to ‘lose memory’ of the stimulus, as manifested by
the locomotor responses to the stimulus returning up to baseline levels. It was hypothesised that in each re-test
time group, there would be a statistically significant difference in average CDT at re-test compared to baseline.
Wilcoxon signed-rank t-tests (N =48) indicated that the median CDT rank at baseline was significantly higher
compared to at 1 min re-test (Z=202, p<0.001), but not at 5 min re-test (Z=469, p=0.58) or at 15 min re-test
(Z=468,p=0.31), as shown in Fig. 1G-1. The mean distance travelled at each stimulus, by each group, is depicted
in Fig. 1A-F. Descriptive statistics for the mean CDT values of all groups are reported in Table 1 (study 1).
The response probability was: 85% and 75% for the 1 min baseline and re-test conditions respectively, 77%
and 67% for the 5 min baseline and re-test conditions respectively, 87% and 77% for the 15 min baseline and
re-test conditions respectively.

Study 2—Effect of vibratory frequency (a), power (b) and 1SI duration (c) on the ASR habitu-
ation. 2a. The next study was conducted to assess the main effect of vibratory frequency on the ASR ha-
bituation. It was first hypothesised that there would be a statistically significant difference in average CDT be-
tween the groups. A Friedman’s test (N =90) indicated an overall statistically significant difference in mean CDT
rank between the frequency conditions (x*(4)=90.187, p<0.001), as shown in Fig. 2C. Significant differenc-
es at the pairwise level are reported in Table 2. Descriptive statistics for the mean CDT values of all groups are
instead reported in Table 1.

It was secondly hypothesised that the discrete and continuous measures in all the frequency conditions
would show a statistically significant association. The designed continuous measure (distance travelled, mm)
and discrete measure (count of responses) reliably quantified the ASR habituation, showing a strong positive
Spearman correlation (see Fig. 3F), statistically significant in all the experimental conditions (200 Hz: r=0.94,
p<0.001; 400 Hz: r=0.71, p<0.001; 600 Hz: r=0.89, p <0.001; 800 Hz: r=0.74, p <0.001), but not in the control
(r=0.35,p=0.13).
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Figure 1. Plots of the distance travelled (M £ 1 SE) at each stimulus, and cumulatively over successive stimuli at
baseline and re-test, for the 1 min (A, D), 5 min (B, E) and 15 min (C, F) re-test groups. Boxplots for the CDT

(M1 SE) between the baseline and re-test conditions of the 1 min (G), 5 min (H) and 15 min (I) re-test group.

Baseline

Re-test

Control 696 [125 | 94 |1.02 | 803 |078 |1347 |1.17
Condi- | 1965 | 196 | 1044 | 123 |3364 |268 |23.13 | 186
tion 1
Condi-
- 1541 |1.69 |11.95 |1.29 |3453 |253 |21.63 |1.76
tion 2
Condi- | 1075 | 144 | 1628 |16 |411 312 |214 |197
tion 3
Condi- | g59 1131 |2691 |216 |5196 |331 |- -
tion 4

Table 1. Descriptive statistics for the mean [M] and standard error [SE] of the CDT (mm) of all the groups in
all the studies.
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Figure 2. Plots of the distance travelled (M £ 1 SE) at each stimulus (A), cumulative distance travelled over
successive stimuli (B), and mean CDT boxplots (C) for all the frequency conditions and the control group.
Boxplots for the amplitude (D), offset (E) and decay constant (F) of 250 bootstraps (M and SE), for all frequency
conditions.

The mean distance travelled of all groups is presented in Fig. 2A,B. The response probability for the respec-
tive conditions were 21% (controls), 80% (200 Hz), 62.2% (400 Hz), 60% (600 Hz), 45.5% (800 Hz). The mean
amplitude (A), offset (O) and decay constant (D) for the bootstrapped (N =250) distance travelled of all fish in
each group is illustrated in Fig. 2D-F.

Histograms highlighting the distribution of the sample’s amplitude are shown in Fig. 3A-E.

2b. 'The next study was conducted to assess the main effect of acoustic power on the ASR habituation. It
was hypothesised that there would be a statistically significant difference in average CDT between the power
groups. A Friedman’s test (N=120) revealed a significant difference in mean CDT rank between the groups
(x*(4)=30.89, p<0.001), as shown in Fig. 4C. Significant differences at the pairwise level are reported in Table 2.
Descriptive statistics for the mean CDT value of all groups are provided in Table 1.

The mean distance travelled of all groups is presented in Fig. 4A,B. The response probability for the respective
conditions were 28.3% (controls), 34.2% (100 dB), 44.2% (108 dB), 53.3% (118 dB), 65% (126 dB). The mean
amplitude, offset and decay constant for the bootstrapped (N =250) distance travelled of all fish in each group
is illustrated in Fig. 4D-F.

2c.  The next study was conducted to assess the main effect of ISI duration on the ASR habituation. It was
hypothesised that there would be a statistically significant difference in average CDT between the ISI groups. A
Friedman’s test (N = 120) revealed a significant difference in mean CDT rank between the groups (y*(4) =113.497,
p<0.001), as shown in Fig. 5C. Significant differences at the pairwise level are reported in Table 2. Descrip-
tive statistics for the mean CDT values of all groups are provided in Table 1.

The mean distance travelled of all groups is presented in Fig. 5A,B. The response probability for the respec-
tive conditions were 30% (controls), 90.8% (500 ms), 87.5% (1 s), 83.3% (3 s), 86.7% (5 s). The mean amplitude,
offset and decay constant for the bootstrapped (N =250) distance travelled of all fish in each group is illustrated
in Fig. 5D-F.

Study 3—llluminance of light-flash in the VSR. This third study was conducted to assess the main
effect of illuminance of white light-flashes on the VSR habituation. It was hypothesised that there would be a
statistically significant difference in average CDT between the illuminance groups. A Friedman’s test (N =96)
revealed a significant difference in mean CDT ranks between the groups (*(3)=48.754, p<0.001), as shown
in Fig. 6C. Significant differences at the pairwise level are reported in Table 2. Descriptive statistics for the
mean CDT values of all groups are provided in Table 1.
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Study 2a Study 2b Study 2¢ Study 3
Adj. Sig.
Control Vs Condt. 1 | <0.001
Control Vs Condt.2 | <0.001
Control Vs Condt. 3 | <0.001
Control Vs Condt. 4 | <0.001
Condt. 4 Vs Condt. 1 0.002

Condt. 4 Vs Condt. 2 0.009

Adj. Sig.
Control Vs Condt. 1 | <0.001
Control Vs Condt. 2 | <0.001
Control Vs Condt. 3 0.015
Condt. 4 Vs Condt. 1| <0.001
Condt. 4 Vs Condt. 2 0.002
Condt. 3 Vs Condt. 1 | <0.001

Adj. Sig.
Condt. 4 Vs Control | <0.001
Condt. 4 Vs Condt. 1 | <0.001
Condt. 4 Vs Condt. 2 | <0.001
Condt. 4 Vs Condt. 3 0.02

Adj. Sig.
Control Vs Condt. 1 | <0.001
Control Vs Condt.2 | <0.001
Control Vs Condt. 3 | <0.001

Table 2. Statistics with Bonferroni adjustments for the significant differences at pairwise level of studies 2 and
3.
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Figure 3. (A-E) Histograms of the percentage (%) amplitude (M [black line] + 1 SE [dotted line]) in each of the
experimental conditions. (F) Relationship, with line of best fit, between the fish mean count of responses and
mean distance travelled, at each stimulus, for all frequency conditions.

The mean distance travelled of all groups is presented in Fig. 6A,B. The response probability for the respective
conditions were 56.3% (controls), 68.8% (135 1x), 65.6% (180 Ix), 63.5% (240 1x). The mean amplitude, offset and
decay constant for the bootstrapped (N =250) distance travelled of all fish in each group is illustrated in Fig. 6D-F

Discussion

Changes in startle response and habituation are reported in several neuropsychiatric disorders and thus consti-
tute a relevant neurophysiological index for clinical and translational research. The startle reflex habituation is
a consistently elicitable response, although non-stereotypic, that can be reliably quantified in larval zebrafish.
A number of different stimuli properties have been shown to influence its profile, including the number, dura-
tion, intensity of stimuli and inter-stimuli intervals as well as the numbers of blocks and sessions. However, the
inconsistency between the experimental designs insofar have prevented a direct comparison between the findings
and the extrapolation of systematic conclusions.

Our investigation therefore aimed at probing a novel analytical approach for the study and assessment of
sample’s startle habituation through average CDT quantifications, by using a simpler behavioural paradigm (a few
stimuli, single block), for a matter of more simplicity, clarity and better control. Simple paradigms have the advan-
tage of being more adaptable for testing different experimental hypotheses and of being more easily and reliably
replicable by other researchers, in turn generating more reproducible findings. Average locomotion distances
over the 20 stimuli have been fitted with a first-order exponential decay function, to extract three measures:
amplitude, offset and decay constant. The standard error of the three measures was computed by 250 bootstraps
of each study’s data, separately for each experimental condition. So far, mathematical models of behavioural
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Figure 4. Plots of the distance travelled (M £ 1 SE) at each stimulus (A), cumulative distance travelled over
successive stimuli (B), and mean CDT boxplots (C) for all the acoustic power groups and the control group.
Boxplots for the amplitude (D), offset (E) and decay constant (F) of 250 bootstraps (M and SE), for all acoustic
power conditions.
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Figure 5. Plots of the distance travelled (M £ 1 SE) at each stimulus (A), cumulative distance travelled over
successive stimuli (B), and mean CDT boxplots (C) for all the ISI duration groups and the control group.

Boxplots for the amplitude (D), offset (E) and decay constant (F) of 250 bootstraps (M and SE), for all ISI
duration conditions.
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Figure 6. Plots of the distance travelled (M £ 1 SE) at each stimulus (A), cumulative distance travelled over
successive stimuli (B), and mean CDT boxplots (C) for all the illuminance groups and the control group.
Boxplots for the amplitude (D), offset (E) and decay constant (F) of 250 bootstraps (M and SE), for all the
illuminance conditions.

quantification in larval zebrafish have only been applied in the ocular motor control fields (e.g., Ulrich et al.**).
To our knowledge, no existing study has applied exponential fitting for describing the startle reflex habituation.

Using a simple experimental protocol and descriptive model of behaviour, this study has for the first time
systematically assessed the effect of different stimuli properties on the profile of the ASR and VSR habituation.
We specifically tested the influence of vibratory frequency and power, the ISI duration and light-flash illuminance
on the ASR and VSR habituation, as well as the extinction of ASR habituation memory, in four separate studies.
It was hypothesised that the average CDT would be significantly different among re-test times (1, 5, 15 min),
relative to baseline. It was additionally hypothesised that the CDT would be statistically significantly different
between vibratory frequency and power, ISI duration, as well as light-flash illuminance conditions.

The results of the study 1 highlight a significantly lower CDT at 1 min re-test, compared to baseline. This sug-
gests that the fish withhold memory of the startle habituation one minute after exposure, and that the memory
markedly affects the vigorousness of the responses to the first few stimulations. The responsivity seems instead
to be mostly unaffected, evidenced by a weak reduction in response probability at re-test, relative to baseline. No
differences in the habituation profile have been found between baseline and re-test after 5 and 15 min, suggest-
ing that habituation memory relapses within 5 min. The findings demonstrate that 20 stimuli of high frequency
(400 Hz) can give rise to a form of rapid habituation (< 15 min) that is similar to that achieved by Roberts et al.?®
with several (< 100) low-frequency stimuli (0.5-2 Hz).

One might notice that the three groups had differing baseline motility levels. In this regard, we expected that
different samples (groups) of fish might show differing baseline behaviour due to individual differences in the
intrinsic vigorousness of motor responses (see Portugues and Engert®?), which might bias the average measures
of certain samples, relative to the population. In addition, developmental differences between fish of 4-5 days
are also plausible and may affect a specific sample’s baseline behaviour. It follows that the most reliable types
of comparisons are within-group analyses (repeated-measures t-tests comparing baseline with re-test, for each
group), which we have conducted. In order to make intergroup comparisons (e.g., in average CDT), one would
need to run an analysis of “deltas’, considering the change in CDT at re-test relative to baseline, and testing it for
differences between the three groups, by mean of an independent-measures ANOVA. This would exclude/discard
eventual differences in baseline motility levels of the different groups. By running such independent-measures
analysis, we would expect similar findings, with the change (reduction) in motility at re-test relative to the
respective baseline level, being significantly higher at 1 min re-test compared to when at 5 min or 15 min re-rest.

The results of study (2a) revealed that vibratory frequency has a significant effect over the ASR habituation.
A significantly lower CDT was found when the fish were tested with 800 or 600 Hz stimuli, compared to when
exposed to 200 or 400 Hz stimuli. When tested with 200 Hz in particular, the fish responded more vigorously to
the first few stimulations, relatively to the other conditions. Our findings support Bhandiwad et al.**, suggesting
that ~ 200 Hz is the frequency inducing the most robust ASR. Interestingly, a general trend of linear decrease
in distance travelled from lower to higher frequencies can be observed. In line with this, response probability
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diminished with higher frequencies, reducing from 80% (200 Hz) to 45.5% (800 Hz). This is further highlighted
by the truncated distribution of the sample’s amplitude, with an increasing amount of failed (0) responses from
lower to higher frequencies (see Fig. 3). A statistically significant markedly positive correlation between the dis-
tance travelled and the count of responses provided support on the reliability of the quantitative measures of CDT.

Study (2b) investigated the effect of acoustic power on the ASR habituation. The results revealed an overall
significantly higher average CDT for the 126 dB group compared to all the lower power conditions and the con-
trol group. A trend of increased CDT along with higher acoustic power was observable. The response probability
computations support these observations indicating an increase in reactivity as a function of higher acoustic
power. The population-level graphs further highlight that stimuli of higher acoustic intensity affect the amplitude
and the offset, which were clearly the highest for the 126 dB group, but not the decay constant of habituation
memory, which instead is (arguably) constant across groups. This study has for the first time reported a significant
isolated effect of varying acoustic power on the startle reflex habituation, showing that higher vibratory/acoustic
intensity is preferable for inducing a robust startle reflex.

Study (2¢) explored the effect of varying ISI duration on the ASR habituation. The largely equal response
probability across experimental conditions seem to suggest that the responsivity of the fish to acoustic stimula-
tion is unaffected by the ISI duration. However, the statistical results highlight that the lower CDT of the control
group relative to all the experimental conditions increases in size and statistical power as a function of longer
ISI. Consistently, the 5 s ISI group, followed by the 3 s ISI group, had a significantly higher CDT compared to
the 500 ms and 1 s ISI groups. However, a close inspection of the plots in Fig. 5A reveals that the 500 ms- and 1 s
IST groups distance travelled decreased comparably to control levels by the 8th stimulus; a point from which the
slope of the cumulative distance-travelled line flattens out in parallel with the control group, suggesting effective
habituation. In contrast, the 3 s ISI group, and 5 s ISI group particularly, showed a poor habituation, highlighted
by the continued steepness and ‘non-flattening’ cumulative distance travelled line, which explains the higher
CDT in the 3 s ISI group, and in the 5 s ISI group, especially.

The population-level graphs confirm that for shorter ISI groups, the amplitude is higher, the offset is smaller
and decay constant is larger. An interpretation of the findings would require a conceptual definition between
two similar processes: sensory adaptation and habituation. The two terms have often been used interchangeably
(e.g., Quon et al.**) in that they both cause reduced responses to sensory stimuli, despite the neurobiological
substrates are different. Sensory adaptation occurs when a salient sensory stimulus, after repeated or continued
exposure, eventually saturates the sensitivity of transducing cells (i.e., adjusted sensory threshold), annulling their
firing®*->3. This would cause a sensory stimulus to be no longer noticeable. As opposed to adaptation, habituation
occurs ‘centrally, namely downstream from the primary sensory transduction®, such as in the spinal cord®!
or brainstem for reflex arcs®. This means, the behavioural response to the stimulus ceases/reduces, despite it
being still processed at primary level. Sensory adaptation and habituation have been studied in several organ-
isms through different sensory triggers. Pulsed or continued pheromone exposure can cause both short-term
sensory adaptation and long-term central nervous system (CNS) habituation in grape berry moths® and cabbage
loopers® as measured by electroantennogram (EAG) amplitudes. Reiterative visual threat/danger stimuli can
reduce escape responses in crabs® and mosquito larvae®. Salient olfactory stimuli in humans cause distributed
processes at both peripheral and central level in both drosophilae®” and humans®. Evidence on a functional
dissociation between these two processes is still elusive.

The results of study (2c) suggest that a component of sensory adaptation may be contributing to the satura-
tion/flattening of responses observable in the 500 ms and 1 s ISI groups plots. If the stimulations are interleaved
by an excessively long ISI, the sensory memory would have already decayed by the onset of the successive
stimulus, preventing sensory adaptation; this would justify the steady/continued responsivity of the fish in the
in the 3 s and 5 s ISI groups beyond the second half of the stimulations, as highlighted in the distance travelled
plots. This hypothesis is supported by the population-level bootstrap analysis, which highlights an increasing
offset over longer ISI durations groups. Strikingly, the population-level D seems to be longer for the 3 s and
5 s ISI groups, compared to the 500 ms and 1 s ISI groups. This observation supports the assumption that a
component of sensory adaptation, which may contribute to the faster decay constant in the 500 ms and 1 s ISI
groups, is lost if the ISIs are longer than 1 s (i.e., the 3 s and 5 s ISI groups) where only central mechanisms of
habituation may contribute to the reduction in responsivity. Sensory cell-recording would be a valuable tool for
testing this assumption experimentally. A decreased cell-activity in the 500 ms and 1 s ISI groups, but not in the
3 sand 5 s ISI groups, would confirm the hypotheses. This would be a research question of interest for further
study of ASR habituation.

Overall, studies (2) and (3) show that varying the vibratory parameters of the stimuli (e.g., frequency and
power/intensity) results in visible changes in amplitude, and null-to-minor effects on the offset, which globally
affect the CDT. In contrast, the population-level decay constant seems to be largely unaffected, suggesting that
startle habituation with short ISIs (up to 1 s) is a stereotypic first-order process with decay constant ranging from
of 1 to 2 stimuli that is consistent regardless of stimulatory parameters.

The 4th and last study investigated the effect of light-flash illuminance on the VSR habituation. As a first
consideration for the VSR study, video recordings highlighted a ~ 100 ms slower response onset compared to
the ASR studies, in accordance with the past literature?'. The analyses indicated an overall statistically significant
difference in CDT between the conditions, although no pairwise differences between the illuminance condi-
tions were observed. Consistently, despite a visibly smaller CDT of the control group relative to all the experi-
mental groups, an almost equal CDT across the illuminance conditions was observed. Even at population-level,
no clear trends are observable for different illuminance conditions. The startle habituation did not vary between
illuminance conditions tested.

The absence of differences the VSR habituation across illuminance conditions seems to contradict previous
findings*', where the frequency of responses of larval zebrafish to a single white-light-flash stimulus of the same
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length (500 ms) depended on the magnitude-change in lighting. However, differently from their response meas-
ure, our amplitude value constitutes a normalised measure, subtracted of the fish-specific offset. Therefore, the
normalisation may have cancelled out any differences in absolute reactivity to stimulus 1. This however seems
a weak argument, in light of no observable differences in distance travelled at stimulus 1 between illuminance
conditions. Other methodological differences which may account for the discrepancy in the findings can how-
ever be considered. First, the authors defined their response measures by mean of a movement-decomposition
protocol applying precise kinematic criteria, distinguishing ‘scoot’ and ‘R-turn’ initiations, defined as changes
in the heading direction by <30°-40° and >30°-40°, respectively®*’®. They observed that while turn initiations
increased with the intensity of the light-flash (up to 200), scoot initiations were not significantly altered by the
light-flash?!. As distance travelled in study 1 consisted of a compound measure comprising any movements
>2 mm, including both scoot and R-turn initiations, the global effect size might, in turn, have been deflated.
We thus recommend for further research purposes that the visually evoked startle reflex should be quantified
separating scoot and R-turn responses.

Second, and perhaps more importantly, in Burgess and Granato’s?' study, the fish were pre-adapted at
20 uW cm™2 (~ 135 Ix) and tested with pulses approaching 200 uW cm™ (~ 1366 1x), corresponding to a final step
increase in illuminance of 90%. Instead, in our study, the fish were habituated to a ~ 330 Ix baseline-illuminance
level and were exposed during the experiment to a step-increase in illuminance of either 35%, 49%, 64%. This
means, that the differences between this study and Burgess and Granato’s®' study in terms of absolute illuminance
(i-e., ~1366 1x VS [377+240=617 Ix]) and in terms of baseline-relative step-increase in illuminance (i.e., 90%
VS 35%, 49%, 64%) could both account for the discrepancy in the respective study’s findings. Future research
might therefore consider re-applying this study’s protocol by using a stronger absolute illuminance or/and a
higher baseline-relative step-increase in illuminance, testing whether this results in different findings. Finally,
one might argue that the younger age of the larvae in our study (4-5 dpf) relative to Burgess and Granato’s!
study (6-7 dpf) could account for a lower acuity and lower discriminatory ability for light-flashes of different
illuminance. Nonetheless, this explanation seems unlikely, considering that the zebrafish visual system develops
by the 4 dpf”* and that no differences in visual behaviour have been found between larvae of 4, 5 and 6 dpf’>.

Several suggestions for further investigation can be made in relation to the findings of the present study. One
might consider varying the parameters used in study 1 and investigate whether high-frequency stimuli other
than 400 Hz, different acoustic power levels and shorter/longer ISIs might affect the habituation memory. In light
of our findings that 200/400 Hz frequency, 500/1000 ms ISI duration, 126 dB power were the stimuli properties
inducing the most robust ASR habituation profile, one might particularly be interested in testing whether this
combination of properties would produce a more persistent habituation memory. Interestingly, study 1 showed
that habituation memory persisted for at least 1 min and decayed by 5 min, when using ISIs of 1 s. One might
thus consider replicating the study using ISIs of 3 s and 5 s, to test whether habituation memory would be less
persistent in the 3 s ISI and 5 s ISI conditions (where no sensory adaptation can be achieved) compared to 1 s.
Should this hypothesis be confirmed, one could conclude that sensory adaptation contributes to habituation.

Furthermore, one might consider replicating studies (2a) and (2b) exploring higher/lower ranges of vibratory
frequency and power. In this regard, we acknowledge the limitation of study (2a) in that the effect of varying
acoustic power, demonstrated in study (2b), was not accounted for. Based on study (2b) findings, we suggest
that further investigations, wishing to test the effect of different vibratory-frequency ranges, should normalise
the frequency conditions for their differences in power.

We finally consider some methodological limitations in this study and discuss aspects that can be improved
for further investigation purposes. Startle movements were tracked through an automated detection protocol
written in Viewpoint application manager (Viewpoint Life Sciences, Lyon, France), accounting all movements
>2 mm occurring within a 500 ms window. No further processing was performed to discriminate faster (M-cell
mediated) by slower (non-M-cell-mediated) C-turns, or to separate C-turns from other types of initiations,
including J-turns, O-turns, scoots, burst swims etc.?"”?, The purpose of such choice was to prioritise and preserve
the simplicity of the experimental protocol, thus providing more easily interpretable and reproducible findings.
Simpler behavioural paradigms and quantitative methods are, arguably, more versatile and adaptable for testing
different experimental questions. Among the experimental protocols used so far for the quantification of rapid
habituation, we consider ours to be one of the most parsimonious, in that it is extremely simple, yet effective
and reliable.

Integrating our findings into a larger perspective, we hope that this study can represent a step forward towards
reaching a better replicability and reproducibility of behavioural neuroscience research in zebrafish®. We do not
discourage future investigations from applying more sophisticated methods of motor-response quantification
and decomposition (e.g., Burgess and Granato®!), which may be able to capture and reveal more fine-grained
behavioural aspects in relation to the same experimental manipulations. However, one should consider that this
choice may come at the expenses of making the replicability and reproducibility of the findings more difficult.
Finally, should one be interested in studying longer-lasting kinds of habituation (short-term habituation, long-
term habituation), more complex paradigms (for a review, refer to Lopez-Schier®) would be required.

This paper has provided a novel methodological protocol for a systematic quantification and assessment of
acoustic and visually induced startle reflex habituation. Through a simple behavioural paradigm and a math-
ematical description of response decay, the studies provide novel insights as to the influence of different stimuli
properties on the startle responses profile over time. The results have been integrated into a wider context of
related findings in the literature, highlighting common grounds and aspects that still require elucidation. We
therefore hope that the methodological approach and the conclusions of the current study can provide a frame-
work of reference for research questions and approaches for further investigation in the field.
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Methods

Ethical approval. All experiments were performed in accordance with the animal welfare guidelines of
the Federal Veterinary Office of Switzerland. The animal experiments performed in this study did not require
institutional Ethics Committee approval as zebrafish in early larval stages (4-5 dpf) are not protected by Swiss
law (TSchV Art. 112).

Fish maintenance, mating and egg production. Wild-type Tubingen (TU) and Wild Indian Karyo-
type (WIK) Danio rerio adult zebrafish lines were maintained and bred according with standard protocols. Their
embryos were raised under a 14-h light, 10-h dark cycle in 28 °C E3 medium (in mM: 5 NaCl, 0.17 KCl, 0.33
CaCl,, and 0.33 MgSO,; Sigma-Aldrich Corp., St. Louis, MO, USA) and staged according to developmental stage
in days post fertilization (dpf). At 3—4 dpf they were transferred to 24-wells plates with E3 solution and main-
tained there until the experiment occurring the following day.

Behavioural paradigm. Our novel experimental paradigm consisted of a series of 20 repeated side-wise
vibratory stimulations (studies 1 and 2) or light-flashes (study 3) of 500 ms, with instantaneous rise and fall times
(square wave). This paradigm was used in all studies and was slightly adapted for testing the different experimen-
tal hypotheses. The specific stimuli parameters (i.e., vibratory frequency [Hz], power [dB], ISI duration [ms] and
illuminance [Ix] chosen or manipulated in each study are detailed in the following sections.

Study 1—Extinction of ASR habituation memory. Repeated pulses of 400 Hz had been previously shown to
induce a robust ASR". On this basis, 20 vibratory/acoustic stimuli of 400 Hz frequency (126 dB, 500 ms) were
chosen for the paradigm. Stimuli were interleaved by ISI of 1 s.

Study 2a—Effect of vibratory frequency on the ASR habituation. 'The paradigm consisted of a series of 20 vibra-
tory/acoustic stimuli of 500 ms length of fixed frequency, varying between conditions: 1 (200 Hz, 124 dB), 2
(400 Hz, 126 dB), 3 (600 Hz, 117 dB), 4 (800 Hz, 111 dB). Stimuli were interleaved by ISIs of a fixed duration of
Is.

Study 2b—Effect of the acoustic power on the ASR habituation. 'The paradigm consisted of a series of 20 vibra-
tory stimuli of 500 ms length of varying amount of power in the 400 Hz frequency: 1 (100 dB), 2 (108 dB), 3
(118 dB), 4 (126 dB). Stimuli were again interleaved by ISIs of a fixed duration of 1 s.

Study 2c—Effect of ISI duration on the ASR habituation. The paradigm consisted of a series of 20 vibratory
stimuli of 500 ms length of varying amount of fixed frequency (400 Hz) and power (126 dB), interleaved by ISIs
whose duration differed between conditions: 1 (500 ms), 2 (1s), 3 (35),4 (5).

Study 3—Effect of light-flash illuminance level on the VSR habituation. The paradigm consisted of a series of 20
white light-flashes of 500 ms length, of fixed illuminance, different in three experimental conditions: 1 (+135 Ix),
2 (+180 Ix), 3 (+240 Ix). Stimuli were interleaved by ISIs of a fixed duration of 1 s, where illuminance decreased
to baseline (environmental) levels (~ 330 Ix).

Experimental procedure. Zebrafish larvae of 4-5 dpf were used for all the experiments. Light exposure
of the fish in the ZebraBox during all testings was maintained at environmental levels (M =330 Ix) in order to
unalter the normal light cycle of the fish and prevent behavioural changes in arousal and motility resulting from
sudden changes in illuminance.

Study 1—Extinction of ASR habituation memory. Zebrafish larvae (WIK, N =144) randomly subdivided in six
sub-groups of 24-wells plates were tested. All six sub-groups performed the paradigm twice: the first (baseline)
and second (re-test). The ‘re-test time’ was manipulated, and two sub-groups received the second test 1 min after
the end of the baseline test, other two sub-groups 5 min after and the last two were re-tested 15 min after, for a
total of N=48 in each ‘re-test condition’

Study 2—Effects of vibratory frequency (a), power (b) and ISI duration (c) on the ASR habituation. Zebrafish
larvae were randomly distributed in five groups of 24-wells plates (study a: TU, N=90, 18 wells per plate; stud-
ies b and ¢: WIK, N=120, 24 wells per plate). Four groups were assigned to one experimental condition, while
one performed as control group. The latter was exposed to the same environmental setting as the experimental
groups, for the duration of all the experiments, but received no stimulation. Each group commenced the first
run of the experiment with one of the four different experimental conditions or control. On each successive run,
the group-assignment of a given experimental condition rotated, until all the five groups had performed all the
experimental conditions once (total runs=>5). Such counterbalancing the conditions allowed to account for the
effect of eventual between-groups differences in age/development and time of testing. For a schematic summary
of the experimental design specific of each study. Based on the results of study 1, showing extinction of ASR
habituation memory by % h, it was assumed that an inter-run time of % h would ensure the full recovery of the
fish to baseline-level behaviour. Each run was thus separated by the following run by a pause of 30 min, where
the fish would rest in the incubator. Because of the differences in ISIs, the duration of each of the five runs in
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Figure 7. First-order exponential-fitting model used to describe the decay constant of startle habituation.

study 2c differed between conditions, and lasted 50 s, 60 s, 1 min 40 s, 2 min 20 s for the 500 ms, 1's,3's, 5 s ISI
duration conditions, respectively.

Study 3—Effect of light-flash illuminance level on the VSR habituation. Zebrafish larvae (WIK, N=96) were
randomly distributed in four 24-well plates. The plates/groups were randomly assigned to either an illuminance-
condition (three experimental) or to the control condition. Each experimental condition was performed once at
each run (tot runs=4), with the order of start being counterbalanced, in the same way as for study 4.

Behavioural tracking and quantitative modelling. The fish movements were tracked by mean of the
Zebralab software and Zebrabox apparatus, two technologies for behavioural monitoring analysis by Viewpoint
Life Sciences (Lyon, France). The Zebrabox speaker, designed and assembled by Viewpoint, was placed at a
distance of 11 cm relative to the centre of the well and it was used, together with a commercial amplifier (CS-
PA 1 MK, Dynavox), to produce side-wise vibratory stimuli of given power [dB] and frequency [Hz]. The light
source in the VSR experiment (study 4) was a rectangular LED, which emitted white whole-field light flashes
from beneath the wells.

Startle responses were usually quantified in terms of total distance travelled (continuous measure [mm]) and
count of responses >2 mm (discrete measure), occurring within the duration of each single stimulus (500 ms).
This means, the movements occurring during the ISIs were not quantified. The CDT was quantified as the
mean total cumulative distance travelled at each stimulus (tot=20) and the average CDT ranks were statistically
assessed for differences between the experimental conditions in all studies. The probability of response, defined
as the percentage of total fish that reacted to the first stimulus, was calculated for each experimental condition,
in each study. For all the studies, all fish that performed the experiments were included in the analysis (i.e., no
exclusion criteria).

Data bootstrapping (N =250) was performed on the distance travelled at each stimulus, by each individual
fish. Such bootstrapping analysis, describing the behaviour at population level, was applied for every experimental
condition in all three studies. A first-order exponential was fitted into the bootstrapped data to characterise the
startle reflex habituation. The model is exposed in Fig. 7. Three different parameters were extracted from the
fitted data.

- Offset (O) The long-term steady-state response value, namely the responsivity-level of a fish after habituation
has occurred. It is obtained as the average distance travelled in response to the last stimuli and corresponds
to the steady-state responsivity level.

- Amplitude (A) Measure of individual-fish ‘vigorousness’ or magnitude of startle reflex, defined as distance
travelled in response to the first stimulus.

- Decay constant (D) Time required for the amplitude to fall to 1/e (~ 36.8%) of its initial value.

Statistical analyses. Statistical analyses were conducted using MATLAB R2019b (The MathWorks Inc.,
Natick, Massachusetts, USA) and SPSS Statistics version 25.0 (IBM Corp., Armonk, New York, USA). As the
startle responses (mean CDT values) had a non-Gaussian distribution, as verified in previous zebrafish’ and
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human’® startle research, non-parametric tests were chosen to assess between-groups differences in average CDT
ranks during all 20 stimuli for each study. Wilcoxon signed-rank tests were performed to assess eventual signifi-
cant differences between the baseline and re-test median CDT ranks for each of the three experimental groups
(1, 5, 15 min re-test). Friedman’s tests were run for assessing statistical differences in the mean CDT ranks
between the experimental conditions in each study. Finally, Spearman’s rank correlation tests were run to assess

the
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association between two measures: mean count of responses and mean distance travelled, for each frequency
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