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Abstract

Coordinated eye-body movements are essential for many animal behaviors, yet the
influence of chemosensory inputs on these movements remains underexplored. Here, we
enhance the Fish-On-Chips optofluidic platform to reveal that larval zebrafish use coupled
saccade-tail flips for chemosensory avoidance, but not pursuit. Spontaneous saccades, which
alternate in direction, are closely synchronized with tail flips via anticipatory adjustments in
tail flip event rate, directionality, and kinematics. In response to ethologically representative
chemosensory cues, this coordination is differentially modulated based on valence. Aversive
chemical cues increase saccade frequency and the proportion of saccade-coupled tail flips,
while also enhancing the turning intent as the coupling strengthens. Conversely, appetitive
chemicals promote more sustained gliding movements without impacting saccades or their
tail flip coupling. Brain-wide neuronal activity imaging reveals that the pallium, a cortical
homolog in teleosts, strongly represents the sensorimotor transformation of aversive
cue-associated coupled saccade-tail flips. Our findings underscore the critical role of
chemosensory cues in regulating eye-body coordination in an early vertebrate species,
highlighting a deep evolutionary integration of sensory inputs to optimize locomotion.

Introduction

Eye-body coordination underpins a wide range of visuomotor behaviors across the
animal kingdom, from bird flight and octopus feeding to fish hunting and human calligraphy
1–4. Each species has evolved unique adaptations to optimize these behaviors within their
specific ecological contexts. In many animals including humans, quick and synchronous
movements of both eyes in the same direction, known as conjugate saccades (hereafter
referred to as saccades), aid gaze control during locomotion and body orientation changes 5–9.
This coordination allows us to track moving objects, maintain visual fixation, and navigate
our environments effectively. In Parkinson's disease patients, saccade dysfunction is
associated with turning difficulties 10. Naturally, visual and mechanosensory cues are the
principal regulators of visuomotor behaviors, providing the sensory feedback necessary for
adjusting movements in real-time 11–18. When exploring an environment, however, an animal
must perform multisensory integration to optimize decision making and motor program
selection 19–23.

In pursuit and avoidance behaviors, chemosensation plays a pivotal role by
modulating heading direction and locomotion based on innate and/or learnt valence values
24–37. This sensory modality provides critical information about the chemical makeup of the
environment, which can signal the presence of food 25, predators 26,27, or mates 27,28. For
example, a sudden surge of noxious chemical signals can trigger fleeing. Concurrently, both
independently and in coordination with body motions, eye movements continuously influence
visual input and locomotion 6,38. In addition, chemical cues may trigger arousal state changes,
leading to more frequent visual scanning and heightened alertness 39. Dynamic interactions
between sensory and motor systems ensure that multimodal cues are integrated seamlessly,
allowing for precise and timely responses. Unraveling the relationship between
chemosensation, eye movements, and locomotion has significant implications for our
understanding of behavioral control in animals.
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In this study, we investigated whether chemosensation modulates the coordination of
eye and body movements in larval zebrafish, which are optically transparent and lack a
flexible neck 40,41. These characteristics facilitate brainwide neuronal imaging 42 and simplify
the analysis of eye-body coordination, making them an ideal vertebrate model organism.
Recognizing the potential complexities of the interplay between chemosensation and motor
outputs, and that of the saccade-body movement relationship in visuomotor behaviors, we
hypothesized that chemosensory cues could trigger a coordinated behavioral response in
larval zebrafish. Specifically, we postulated that saccades and tail flips are jointly modulated
in response to chemical cue valence. To test this hypothesis, we advanced our Fish-on-Chips
system 24, enabling more efficient chemical valence screening and enhanced imaging in
behaving larvae. This integrated platform allowed us to simultaneously record body-wide
behavioral output and brain-wide neuronal activities in response to chemicals of different
valances, providing a unique opportunity to elucidate the neural mechanisms underlying
chemosensory control of eye-body movement coordination in larval zebrafish.

We revealed that temporally coupled saccade-body turns are characterized by a larger
tail flip directional bias, and exhibit directional alignment and temporal coordination with
both anticipatory and subsequent tail flips. In contrast, these characteristics are not observed
in saccade-independent forward swims. Upon exposure to chemosensory stimuli, saccade-tail
flip coordination is enhanced by aversive chemicals. This leads to more frequent saccades
and saccade-coupled tail flips, as well as a larger turn amplitude with stronger saccade
coupling. In comparison, appetitive chemicals drive longer forward swims and do not affect
the coordination between saccades and tail flips. Across the brain, we identified valence and
motor representations underlying chemosensory input-associated coupled saccade-tail flips,
pinpointing the telencephalic pallium as a potential key coordinator. Our findings indicate
that in larval zebrafish, chemosensory cues can influence eye-body coordination based on
innate perceived valence, serving as an integrated response to achieve locomotive goals.

Results

Assessing the valence of ecologically relevant chemicals across concentrations

The innate hedonic responses of zebrafish larvae and other teleosts to various
chemicals have remained largely unknown, owing in part to limited reports, as well as the
inherently high variability of such responses 43–46. To address this gap, we developed a
fluidics-based quadrant assay (Figure 1a, Supplementary Figure 1a), as part of the refined
Fish-on-Chips platform 24. Drawing from relevant literature, we first assayed various classes
of chemicals or odors that are ecologically significant to zebrafish adults and/or larvae, across
three successive orders of concentration for each (n = 313 larvae in 83 group-based assays for
9 chemicals, and included control assays with water in all quadrants) (Figure 1b). These
included two amino acids, namely valine (Val) and alanine (Ala) 29,30, the sex pheromone
prostaglandin F2α (PGF2α) 28, putrefaction-associated diamines including cadaverine (Cad)
and putrescine (Put) 24,26, bile acids 32,33 including chenodeoxycholic acid (CDCA) and
glycodeoxycholic acid (GDCA), adenosine (Ade) which is a food-associated cue 25, and
sodium chloride (NaCl) which determines salinity 31.
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By analyzing the difference of time spent of the larvae in each quadrant compared
with the control quadrant (see Methods), we were able to identify the particular chemicals
and the concentrations that either attract, repel, or have no discernible effect on larval
zebrafish (Figure 1c). In control conditions with all quadrants filled with water, the larval
zebrafish distribute their time evenly across the four quadrants, indicating no intrinsic bias in
the setup (Figure 1c). We observed that Val (at 100 μM or above) and Ala (at 10 μM and 1
mM) are attractive to the larvae, similar to the preference seen in adult zebrafish 29,30.
Interestingly, despite being a sex pheromone 28, PGF2α is already attractive to the larval
zebrafish at a concentration of 1 μM. We also confirmed that Cad and Put, at 10 μM or 100
μM and above, respectively, are repellent 24,26. CDCA (at 10 μM and above) and GDCA (at 1
μM and above), which are examples of bile acids typically considered as social cues 32,33,
were found to be repellant. For PGF2α and the bile acids, which require 0.5% DMSO for
dissolution, we obtained consistent results comparing data using either water or 0.5% DMSO
in the control quadrant (Supplementary Figures 1b, c), and therefore pooled the results for
analysis (Figure 1c).

Notably, larval zebrafish generally respond to attractive and aversive chemicals at the
highest concentration tested, with the exception of PGF2α. Adenosine, known to attract adult
zebrafish 25, did not exhibit any attractant or repellent effects on the larvae. Furthermore,
NaCl, a recently reported aversive olfactory stimulus 31, showed no impacts on the larvae in
our assays. Note that however, our assay predominantly presents absolute concentrations of
NaCl with minimal gradient, which could be a critical factor as zebrafish may rely on its
spatial gradient for navigation to avoid high salinity areas 31.

In summary, our assay has determined that at suitable concentrations, Val, Ala, and
PGF2α act as attractive chemicals to larval zebrafish, whereas Cad, Put, CDCA, as well as
GDCA serve as repellent chemicals.

An optimized optofluidic setup for recording saccade, tail flip and neuronal activity

Studying eye-body movement coordination under chemosensory cue influence and its
neural basis requires a method for precisely controlled chemical delivery. This also
necessitates simultaneous recordings of brain-wide neuronal activity and the movements of
the eyes and tail, unconfounded by vestibular activation and motions of other body parts. To
this end, we enhanced the integrated microfluidic-light sheet imaging setup of the
Fish-on-Chip platform 24 for concurrent imaging of both neuronal and behavioral events.

We developed a new setup featuring improved larval subject tethering, enhanced
capability for multiple chemical delivery, and optimized imaging of forebrain regions. The
design includes offset fluidic channels at the front for multiple chemical deliveries, allowing
unobstructed passage for a front light sheet which complements a conventional side light
sheet 47 (Figure 2a, Supplementary Figures 2a, b). We placed photomasks at both
illumination paths to prevent direct exposure to the eyes, thereby avoiding potential distress
or tissue damage (Supplementary Figure 2c). This microfluidic-dual light sheet
configuration enables cellular-resolution imaging of neurons expressing a neuronal activity
reporter (e.g., the nuclear-restricted H2B-GCaMP7f calcium indicator) throughout the entire
brains of behaving larvae, including the forebrain regions between the eyes (Supplementary
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Figure 2d). Additionally, the setup allows larval subjects, tethered at the head and waist, to
freely perform full-range tail flips in a specially designed tail chamber (Figure 2a,
Supplementary Figure 2a).

We performed behavioral and neuronal imaging experiments on larval subjects using
the enhanced platform, and obtained stable recordings from five larvae with sufficient
repetitions for the delivery of four chemicals (two aversive and two appetitive) (see
Methods). The experiments consisted of repeated trials of 50-second long imaging, which
allowed us to assay spontaneous behaviors from the blank control trials and pre-chemical
delivery periods of the stimulus trials (see Methods and later Figure 4a for details). In the
optofluidic system, all five of the larvae displayed robust spontaneous saccades and tail flips,
with tail flip frequency comparable to that of freely moving larvae 48 (Figures 2b, c).
Importantly, our microfluidic-based tethering method yielded more naturalistic behaviors (in
terms of saccade and tail flip frequencies) compared to that reported with agarose-based
tethering approaches 48,49. Notably, spontaneous saccades occurred less frequently than
spontaneous tail flips, as indicated by the longer median pre-event interval (PEI, defined as
difference in onset times between an event and the preceding one) for saccades (5.63 seconds;
n = 216 saccades from 5 larvae) vs. tail flips (0.90 seconds; n = 1018 tail flips from 5 larvae)
(Figure 2b). We integrated the data on saccadic eye movements and tail flip behaviors with
concurrent neuronal activity for downstream analysis (Figures 2d, e).

Temporal, directional and kinematic coordination of saccade-coupled tail flips

We first examined spontaneous co-occurrences of saccades and tail flips, defining
temporally coupled saccade-tail flip events (hereafter referred to as S-T events) as those with
saccade and tail flip onset time difference of 0.5 seconds or less. This threshold is based on it
being approximately half the median PEI of the more frequent tail flips. We first examined
the relative timings of saccade and tail flip in an S-T event (Supplementary Figure 3a). The
tail flip typically occurred after the coupled saccade (Figure 3a), with their durations largely
overlapping (Figure 3b), and much shorter latency in offsets compared with onsets (Figures
3c, d), indicating that they represent coordinated eye-body movements. Overall, 52.1% of
saccades and 15.4% of tail flips occurred in S-T events (Supplementary Figure 3b). There is
evident temporal coordination in their PEIs compared with when saccades and tail flips occur
independently, for which these intervals remained relatively stable (Figures 3e, f). Following
an S-T event, the PEI for the subsequent saccade increased by about 20%, effectively
extending the time for gaze fixation (Figure 3e). For tail flips, their PEI around S-T events
significantly lengthened, more than doubling in magnitude from 6 prior tail flips to the peak
at S-T events, then decreasing back to the baseline over a few tail flips (Figure 3f). This
pattern indicates that temporal control in S-T events is based on anticipatory and dynamic
regulation extending beyond individual occurrence, similar to many other timed behaviors 50.

During S-T events, saccades and tail flips are predominantly ipsilateral (i.e., towards
the same body side) (Figure 3g), in line with previous reports 7,8. Considering the
anticipatory nature of S-T events, we investigated the directional synchronization of these
movements, by analyzing the directionality of both movements in independent and
coordinated events. Consecutive saccades mostly alternated in direction (Figure 3h), and
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such a pattern did not differ between independent saccades vs. those of S-T events (Figure
3j). In contrast, tail flips generally exhibited an ipsilateral tendency relative to each preceding
flip (Figure 3i) and maintained this pattern across a series of tail flips (Figure 3k, teal
curve). This aligns with previous findings that the directionality of tail flip is dependent on
history 51. Interestingly, when aligned to S-T events, the dominant direction of tail flip
gradually alternated from and to the contralateral side over ±5–6 tails flips (Figure 3k, coral
curve). As the median pre-saccade interval was also around 6 times that of pre-tail flip
interval (Figure 2b), this gradual modulation likely permits directional alignment of tail flips
with consecutive saccades.

We further analyzed the relationship between S-T events and putative locomotive
intent using kinematic parameters of each tail flip extracted from time-series tail angle data
(Supplementary Figure 3c). The pre-tail flip interval is associated positively with the
magnitude and directional bias (Figure 3l, Supplementary Figures 3d, e), and negatively
with the average undulation interval (Figure 3m), of tail flips. Directional bias gradually
increased before and peaked at S-T events, followed by a decrease over a few tail flips
(Figures 3n, o). This pattern appeared to recur approximately every 6–7 tail flips (Figures
3n, o). Changes in the average undulation interval exhibited an antiphasic pattern to that of
directional bias, peaking at around ±3rd tails flips relative to S-T events (Figures 3p, q).
Together, these indicated that S-T events are associated with a greater orientation towards
turning (see also similar/related findings in 7,8) rather than sustained forward gliding 52 , with
the kinematics of tail flips modulated in an anticipatory manner along with S-T event timing.

Apart from saccade-coupling, the above-mentioned findings implicated that
spontaneous swim bouts are dynamically organized around turns. Using data from our
previous study 24, we first verified the relationship between pre-bout interval and turn
magnitude in larvae freely swimming in water (Supplementary Figure 4a). We then
classified the swim bouts into non-turn and turn bouts (see Methods), analogous to the
independent and saccade-coupled tail flips, respectively. Upon comparative analysis, we
found similar temporal, directional and kinematic coordinations for the turn bouts, but not the
non-turn bouts (Supplementary Figures 4b–e). The behavioral manifestations of larval
zebrafish in a freely moving arena therefore further substantiated that observed in the
microfluidic device.

Collectively, we concluded that in larval zebrafish, spontaneous coupled eye-tail flip
movements involve highly organized motor coordination. This coordination, occurring
through a sequence of tail events, is characterized by simultaneous occurrence of temporal
synchronization, directional alignment, and kinematic modulation (Figure 3r), putatively for
mediating body turns during locomotion.

Differential impacts of chemical valence on saccade-tail flip coordination

We next aimed to test whether chemical stimuli may influence eye movements and
saccade-turn coordination. In response to aversive chemical stimuli, turns may be
co-modulated with saccades, and this could in theory manifest in several different yet
mutually non-exclusive ways. For example, as S-T events likely mediate turns, the proportion
of saccade-coupled tail flips can be increased. In addition, kinematic coordination during S-T
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events can be enhanced to make more pronounced turns. On the other hand, turns and
forward gliding can also be modulated independent of S-T coordination, by altering the
overall directional bias and undulation interval of tail flips. To test these possibilities, we used
potent and ethologically representative appetitive or aversive chemical stimuli determined by
the previous valence assays, including the death-associated diamines (Cad and Put) and the
food-related amino acids (Val and Ala), each at a concentration of 1 mM (Figure 1c). Each of
these chemicals and a blank control were precisely administered to larval zebrafish for a
duration of 10 seconds in a pseudorandomized order with resting intervals during
neural-behavioral imaging sessions (Figure 4a, seeMethods).

We first examined the effects of chemical stimuli on saccade, putative turn and
forward motion individually. Only the aversive chemicals led to a higher saccade frequency
and a lower tail flip frequency during their presentation (Figures 4b–d), both of which
returned to baseline levels shortly after the cessation of stimulation (Figures 4c, d).
Consistently, pre-tail flip intervals were the longest during aversive stimuli, and shortest in
the presence of appetitive chemicals (Figure 4e). During aversive stimuli, the proportion of
saccade-coupled tail flips increased (Figure 4f), along with an increase in directional bias of
tail flips (Figure 4g). In contrast, appetitive stimuli did not lead to any discernible change in
directional bias (Figure 4g). To examine whether larvae may intend to perform more forward
swims in response to any chemical stimulus, we analyzed tail flips with ≥ 4 undulation
cycles. We observed that only appetitive stimuli significantly increased the average
undulation duration of these tail flips (Figure 4h), presumably leading to more sustained
forward gliding movements 52. Overall, although the individual effects on saccades, tail flips,
and stimulus trials appeared modest (Figures 4b–h), the cumulative impact of these discrete
motor actions could effectively achieve the overarching behavioral goals of pursuit or
avoidance.

In the presence of chemical stimuli, the saccades and tail flips during S-T events
followed the same temporal and directional alignments (Supplementary Figure 5). Tail flips
of S-T events during chemical stimuli also exhibited kinematic characteristics distinct from
the flanking independent counterparts (Supplementary Figures 6a–c). These substantiate a
conserved relationship between saccade and body turn. Notably, during aversive
chemical-associated S-T events, we observed strong correlations between the magnitude of
directional bias and various temporal coupling parameters. Specifically, larger directional
biases were associated with shorter latencies between saccade and tail flip onsets and offsets
(Figures 4i, j), longer durations of overlap between saccades and tail flips (Figure 4k), and
longer durations of both individual saccades and tail flips (Figures 4l, m). Such correlations
were absent among S-T events that occurred during blank control or appetitive chemicals
(Figures 4i–m). These were also not observed when correlating average undulation intervals
with the temporal parameters for either appetitive or aversive chemical-associated S-T events
(Supplementary Figures 6d–h). Furthermore, directional bias, but not average undulation
interval, was larger when an aversive chemical-associated S-T event occurred closer to the
stimulus onset (Supplementary Figures 6i, j). These indicate a heightened coordination
between saccades and tail flips specifically in response to aversive stimuli, where tightly
synchronized saccade-tail flip events facilitate more intense turning actions.
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Taken together, the two opposite chemical valences elicit distinct coordinated
behavioral responses in larval zebrafish. Aversive chemicals lead to an increase in saccades
and a higher proportion of enhanced, temporally coordinated saccade-coupled tail flips
(Figure 4n), whereas appetitive chemicals result in more effective forward gliding
movements without changes in saccade patterns or tail flip coupling (Figure 4o). These
highlight the flexibility of the eye-body coordination system in zebrafish larvae, adapting to
different chemical cues.

Brain-wide representation and putative pallial involvement in coordinated eye-body
turns

By analyzing the concurrently recorded brain-wide neuronal activities, we aimed to
identify neuronal ensembles involved in the control of coupled saccade-tail flips. To this end,
we first designed motor regressors for each larva (see Methods). By calculating the mutual
information (M.I.) between neuronal activity and these regressors, we identified neurons
encoding spontaneous tail flips, and determined their preferential involvement in independent
vs. saccade-coupled tail flips (see Methods for definition of motor preference). This analysis
revealed that motor neurons across the brain generally exhibited a preference for independent
tail flips, with a notable concentration in key motor command centers, specifically the
brainstem mesencephalon and rhombencephalon 53,54 (Figures 5a, b). Interestingly, neurons
in the telencephalic pallium, a homolog of the cortex in more complex vertebrates 55,
displayed the weakest preference for independent tail flips and the strongest preference for
S-T events, compared to other brain regions (Figures 5a, b).

We then examined the spatial distributions of chemical valence-encoding neurons
(Supplementary Figure 7) (see Methods for definition of valence preference). Among the
primary projection target regions of the olfactory bulbs in the telencephalon 56,57, we observed
distinct activation patterns in response to aversive and appetitive chemicals (Figures 5c, d,
Supplementary Figures 7). Aversive chemical-elicited activities are channeled through both
the pallium and subpallium, whereas appetitive chemicals are well-represented in the
subpallium (Supplementary Figures 7a–d). This subpallial appetitive preference mirrors the
reported stronger response to mating water compared with skin extract in the juvenile
zebrafish subpallium 27. In most downstream regions, positive valence was represented by
larger numbers of neurons (Figures 5c, d, Supplementary Figures 7a–d). In parallel to its
preference for spontaneous S-T events in motor control, the pallium also exhibited a more
pronounced representation of negative valence compared with other brain regions (Figures
5c, d). Of note, although neurons involved in spontaneous S-T event and negative valence
representation were outnumbered, they exhibited significantly higher activation levels
compared with the counterparts encoding independent tail flips and positive valence,
respectively (Figures 5e, f).

Next, we analyzed the neuronal sensorimotor preferences to understand how
individual neurons encode both motor actions and chemical valence (Figures 5g–j,
Supplementary Figure 8a). For each neuron, we calculated a joint preference measure as the
L2 norm of a two-dimensional vector consisting of the two preference measures (i.e., [motor
preference, valence preference], used in Figures 5a, c) (see Methods for details). We used
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the measure to quantify a neuron’s preferential responsiveness to either S-T events combined
with aversive stimuli, or independent tail flips combined with appetitive stimuli. This analysis
further illustrated that the pallium exhibited the strongest overall preferential co-encoding of
spontaneous S-T events and negative valence (Figures 5g, h, Supplementary Figures 8b, c).
In contrast, more caudal brain regions better co-represent spontaneous independent tail flips
and positive valence (Figures 5i, j).

We further examined the temporal dynamics of pallial activity in relation to chemical
cue-associated S-T events. Specifically during aversive cues, pallial motor-encoding neurons
exhibited early activation preceding tail flip onset in S-T events, but not during appetitive
chemicals presentation (Figure 5k, upper, Supplementary Figure 9). This was also noted in
rhombomeres 4 and 6 (Supplementary Figure 9), but not in the other brain regions (Figure
5k, upper, Supplementary Figure 9).

In the telencephalon, pallial motor activations were more prominent for aversive
chemical-associated S-T events with a higher temporal proximity of saccade and tail flip
onsets (Figure 5k, lower, Supplementary Figure 10a), or aversive chemical stimulus and
tail flip onsets (Supplementary Figure 10b). This neural activity pattern aligns with the
behavioral observations that tail flip directional bias inversely correlated with saccade-tail
flip onset delay (Figure 4i), as well as aversive chemical-associated S-T event onset delay
from stimulus onset (Supplementary Figure 6i). Interestingly, these were not observed for
rhombomeres 4 or 6, where the early motor activations appeared independent of these event
proximities (Supplementary Figures 10a, b). These observations indicate a sensorimotor
role for pallial motor-encoding neurons, potentially mediating the increase in tail flip
directional bias and strengthening of saccade-tail flip coupling by aversive cues. In contrast,
the activation patterns in rhombomeres 4 and 6 suggest a premotor role for subsets of neurons
in these hindbrain regions, possibly driving S-T events independently of their temporal
proximity to the initiation of aversive chemical stimulus.

In contrast to S-T events, independent tail flips exhibited distinct associated neuronal
activity patterns. These were characterized by a lack of early pallial activation relative to tail
flip onset during aversive cues presentation (Figure 5l, Supplementary Figure 11). Instead,
independent tail flips were associated with early neuronal activations in the preoptic area,
pretectum, tectum, rhombomere 7, and caudal hindbrain, particularly during appetitive
stimuli (Supplementary Figure 11). This differential activation pattern further underscores
the unique role of pallium in coordinating S-T events, especially in response to aversive
stimuli.

Collectively, these findings align with and provide a neural basis for the aversive
chemical-specific enhancement of saccade-tail flip coordination observed behaviorally
(Figures 4i–m, Supplementary Figure 6i). They also highlight the larval zebrafish pallium
as a key sensorimotor hub in integrating sensory information and motor outputs.

Discussion

Chemosensation, one of the most ancient and conserved sensory mechanisms, has
guided body movement and locomotion from the earliest life forms on Earth to the complex
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organisms of the Ediacaran and Cambrian periods 58. It predates both vision and the
development of movable body parts such as simple lens eyes and appendages (e.g., tails or
limbs) in animals 59. While the influence of sensory cues other than vision and
mechanosensation on eye-body coordination had not been well-understood, we provide
behavioral evidence and neuronal correlates demonstrating its modulation by chemosensory
cues in developing larval zebrafish. These highlight the integrated roles of chemosensation
and vision in animal locomotion, a synergy that likely emerged over 450 million years ago 60.

Larval zebrafish swim and make body turns in discrete bouts. This pattern of discrete
movements, common in many developing animal species, plays a foundational role for
locomotive behaviors during development 61. The control of the more frequently occurring
tail flips lays the groundwork for eye-body coordination, which requires precise temporal
modulation and mechanical tuning. While saccades typically align with peak body turns,
forward gliding primarily occurs during periods of gaze fixation, accompanied by continuous
timing and kinematic adjustments across consecutive tail flips. The anticipatory nature, along
with the fine time scale of body turn magnitude, indicate a highly sophisticated control
mechanism underlying locomotion and navigation.

Our findings also reveal that in larval zebrafish, eye-body coordination is highly
adaptable to external stimuli. In tail flips, these adaptations manifest as kinematic changes
tied to temporal coupling with saccades, aligning with collective behavioral strategies for
avoidance or pursuit based on perceived chemical cues. Specifically, the detection of negative
chemical valences triggers enhanced saccades and more pronounced body turns, whereas
positive valences are associated with more efficient gliding movements during independent
tail flips. In response to chemosensory inputs, larval zebrafish thus demonstrate a more active
selection of motor programs consisting of coordinated eye-body movements. This should
allow them to optimize their locomotion, ensuring appropriate responses to chemical cues of
varying valence.

Regarding neuronal correlates, our findings revealed that negative chemical valence is
strongly represented in dedicated olfactory and downstream relay circuits that likely enhances
the initiation of chemosensory-driven, saccade-coupled turns. We showed that the process is
associated with sensorimotor activity in the higher-order cortical homolog pallium 55. The
integration of chemosensory processing with motor program execution underscores its critical
role in orchestrating adaptive behaviors in larval zebrafish. Recent studies have highlighted
the pallium's multifaceted functions, including sleep regulation 62, place encoding 63 and
spatial representations 64. Altogether, these findings suggest that even at this early
developmental stage, zebrafish possess a remarkable ability to process environmental
information and translate it into precisely coordinated motor outputs, with the pallium
playing important roles.

This work opens avenues for further studies on sensory input-mediated eye-body
control. While coordinated eye and body movements are common across many species, their
patterns exhibit significant variations depending on species 5, developmental stages, and
environmental conditions. Unlike teleosts, which lack necks 40,41, other vertebrates likely rely
more on head and neck movements for sensorimotor coordination. Future research should
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extend these investigations to diverse species, and explore both a wider range of
chemosensory stimuli and additional sensory modalities 65.
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Methods

Animals

All experimental procedures received prior approval from the Animal Research
Ethical Committee of the Chinese University of Hong Kong (CUHK) and complied with the
Guide for the Care and Use of Laboratory Animals. For this study, nacre-mutant larvae, aged
5–8 days post-fertilization (d.p.f.), were raised and maintained under a 14-hour light/10-hour
dark cycle at a constant temperature of 28°C. Larvae used for experiments were not fed, as
per common practice and this does not compromise their health at this developmental stage
66. The larvae used in the valence determination assay (n = 313) were bred from adult
zebrafish pairs with at least one heterozygous Tg(elavl3:GCaMP6f) parent and were not
screened for GCaMP6f expression. The larvae used in the behavioral and neuronal imaging
assays (n = 5) were bred from Tg(elavl3:H2B-GCaMP7f) adults and were screened for the
presence of GCaMP7f expression. The sex of larvae was not determined at this stage of
development.

Fluidics-based swimming arena for chemical valence determination

The device was designed using AutoCAD 2020 (Autodesk, USA) and comprised five
1.5 mm-thick layers of laser-engraved poly(methyl methacrylate) (PMMA). The layers were
meticulously aligned vertically and fused by applying a chloroform solution along the contact
edges, which yielded a durable, sealed structure. This process formed a closed square arena
with dimensions of 40 mm in length and 1.5 mm in height (Figure 1a). An additional inlet
was used for loading larvae and sealed prior to assays. The inlets and outlets are 200 µm
wide, prohibiting larvae from exiting the arena through these channels. Fluidic connections
were established by securing syringe needles (Terumo, USA) to the topmost PMMA layer
with an epoxy adhesive paste (Devcon, USA). These needles were linked to the inlet and
outlet channels, which in turn connected to syringes containing the fluid stimuli and to a
waste collection bottle, respectively. The connections were facilitated using
poly(tetrafluoroethylene) (PTFE) tubing (Cole-Parmer, USA). After construction, the device
was left to air-dry for 24 hours, allowing for the complete evaporation of residual chloroform
and epoxy adhesive paste. To ensure the device was contaminant-free, it was washed
thoroughly with water twice, thus removing any potential contaminants prior to its use in
behavioral assays.

Defined chemical zones within the arena were created using four fluid streams, each
channeled through inlet channels located at the corners of the arena and propelled at a
constant flow rate of 100 µL/min by precision syringe pumps (LSP02-2A, Longerpump,
Beijing). The background solvent of these fluid streams was either water or a 0.5% DMSO
solution, depending on the tested chemical species. Chemicals with limited water solubility,
including prostaglandin F2α (PGF2α), chenodeoxycholic acid (CDCA), and
glycodeoxycholic acid (GDCA), were dissolved in 0.5% DMSO solution to ensure complete
dissolution. This concentration of DMSO has been determined to be safe for the larvae and
does not affect their baseline behaviors 67. Other chemicals were dissolved in water.
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The top right control quadrant (quadrant I) contains no chemicals, while the
remaining quadrants contain chemical species at varied concentrations (Figures 1a, b). For
the three chemical species with limited solubility, both water and 0.5% DMSO were used as
controls in separate assays (Supplementary Figures 1b, c). The outlet of the arena was
connected to an open waste collection bottle to allow for the efficient disposal of the outflow
fluids.

The Reynolds number (Re) of fluid flow in the arena is given by Re = ⍴vDH/μ, where
⍴ is the fluid density, v is the fluid flow velocity, DH is the hydraulic diameter of the device,
and μ is the fluid dynamic viscosity. Given the average cross-sectional dimensions at each
quadrant of the arena (i.e., 1.5 mm × mm), the corresponding average flow rate was10 2
100 μL min-1 or 1.67 mm3 s-1. Hence the average flow velocity = 1.67 mm3 s-1/(1.5 mm ×

mm) = 7.86 × 10-5 m s-1. DH for the rectangular channel is given by 2ab/(a+b) = 2.71 ×10 2
10-3 m, where a and b are the average dimensions of the rectangular cross-sections (i.e., 1.5
mm and mm). Substituting the DH found, and the density (996 kg m-3) and the dynamic10 2
viscosity (8.32 × 10-4 Pa.s) of water at 28 °C, the Reynolds number was found to be Re =
0.255 << 2000. As Re << 2000, the streams were laminar with negligible mixing 68 and static
fluid zone borders were formed. The Péclet number (Pe) of fluid flow in the arena is given by
Pe = vDH/D, where D is the diffusion coefficient of the molecule. Since all the investigated
small molecules have diffusion coefficients of the 10-9 m2s-1 range order, Pe ≈ 2.13 × 102 >>
1, the molecules thus have minimal diffusivity across the streams. The Re and Pe values
suggest that the chemicals delivered using the system would be minimally crossing via
advection and diffusion, respectively, and therefore stay highly localized within individual
fluid streams. As the geometry and flow profile of the four quadrants are identical, four
identical static chemical zones are established. The chemical zones were visualized by
infusing an IR dye (IR 806, Sigma, USA) into the quadrant II and IV of the device (Figure
1a, lower).

Chemical valence determination assay

During a chemosensory valence determination assay, three to six zebrafish larvae
aged 5–8 days post fertilization (d.p.f.) were placed in a swimming arena and allowed to
acclimate for 15 minutes before the introduction of chemical stimuli. To minimize potential
visual cues across different assays, the arena was horizontally rotated to a single angle of 0°,
90°, 180°, or 270° in a pseudo-randomized manner for each assay. To further reduce these
cues, the recording was conducted under 850-nm IR illumination (ANGX-1000-CH1-24V,
TMS, Maalysis) in the absence of visible light. Time-lapse video was recorded by a CCD
camera (Mako G-040B PoE, Allied Vision, Germany) at 20 frames per second, with image
acquisition managed by Streampix 7 (Norpix, Canada). The recording lasted for 30 minutes,
with four fluid streams flowing at the same speed. The fluid temperature was maintained at
~28°C throughout the assay. This assay enables precise behavioral monitoring of the larvae,
ensuring that the specific chemical exposure was exactly known, thereby minimizing
potential biases in hedonic measurements.
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Microfluidic device for multichannel precise chemical simulation, saccade, tail flip and
brain-wide cellular-resolution imaging

Capturing the behaviors and neural activity elicited by chemosensory cues presents a
significant challenge in the field. In our previous development of Fish-On-Chips 24, we
enhanced the precision of a single chemical cue delivery to larval zebrafish, enabling stable
recordings of neuronal responses to chemosensory inputs. In this work, we further developed
the platform with the objective of systematically exploring the impact of multiple
ecologically pertinent, valence-inducing chemicals on the natural behaviors of larval
zebrafish and uncovering the associated neural circuitry.

Compared with our previous device, we further optimized the channel design in order
to achieve multiple chemical delivery, compatibility with dual-scanning light sheet imaging
and maximize the behavioral readout to include both saccade and tail flip. The PDMS-based
microfluidic device was designed in AutoCAD 2020 (Autodesk, USA). It was then fabricated
by customized photolithography techniques like the previous ones to incorporate flat
transparent sidewalls at the front and the right side with respect to the head chamber to
accommodate for the entry of two scanning excitation light sheets, and a thin glass ceiling for
the emitted fluorescence detection path. Briefly, a 2D design was printed on a soda lime mask
(Supermask, Shenzhen). Negative photoresist SU-8 2150 (Microchem, USA) was spin-coated
on a 4-inch silicon wafer (Semiconductor Wafer, Taiwan) to 500-μm thick. The device pattern
was then transferred to the photoresist with UV exposure (OAI, USA), followed by
post-exposure bake and etching to produce a master mold. Mixed PDMS (Dow Corning,
USA) and curing agent (at 10:1 w/w) were poured into the salinized mold to a thickness of 5
mm, with perpendicular glass slides held upright on the mold to produce the front and the
right side flat vertical surfaces upon curing. After solidification at either 65°C for 240
minutes or 100 °C for 60 minutes, it was detached from the mold, bonded and sealed onto a
microscopic cover slide (as thin glass ceiling) by plasma treatment. All devices were rinsed
with water twice before use in experiments.

The fluidic stream control solution was similar to our previous design. In brief,
bilateral three-layered, sandwiched fluid streams are directed to the larval zebrafish from the
sides and converge at the middle, and then leave the device. The middle stream was switched
to different solutions to allow selections of chemicals in different trials. Each fluid stream
was carried by PTFE tubes, controlled by a solenoid valve (LHDA 0533115H, Lee Company,
USA), and driven by a syringe pump. A side channel connecting the chemical delivery
microchannels and the tail chamber was incorporated to buffer pressure changes in the fluidic
environment, and minimize mechanical disturbances to the larval subject. The flow rate was
uniformly adjusted at 80 µL/min, which yields the same order magnitude of Re and Pe
numbers, and thus allows for highly controlled fluid delivery. The details of the valve control
and chemical delivery are described in the following sections.

Through iterative experimentation, we determined the necessity for bilaterally
independent channels to achieve symmetrical stimulus rise and fall times. One challenge we
noted was the natural formation of micro-sized air bubbles during fluid coalescence, which
can interfere with the accuracy of fluid delivery. The likelihood of bubble formation scales
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with the number of fluid inlets. We optimized the design to include a total of 7 channels on
each side, using the first and last channels for water streams (sandwiching the chemical
streams), and 5 channels dedicated to different chemical streams (Figure 2a).

These significant enhancements, together with other minor ones, enabled us to
systematically deliver 4 different water-soluble chemicals plus 1 blank water control for 4–6
repeated trials each. We ensured a 10-second exposure duration for each stimulus trial to
allow sufficient time for the larval subjects to exhibit saccadic and tail flipping responses,
which differed greatly in event frequency. Additionally, we also ensured a 10-second imaging
time after each stimulus was removed. This setup was optimal for multi-trial simultaneous
behavioral-neuroimaging experiments, allowing for approximately one hour total assay time
per larval subject. We anticipate incorporating additional channels and an even more
streamlined experiment paradigm with further developments.

Dual-scanning light sheet fluorescence microscope for whole-brain calcium imaging

We custom-built a light sheet fluorescence microscope with two light sheet excitation
paths from the front and right side of the larval subject for optimized cellular-resolution
whole-brain imaging. For each of the excitation paths, a 486 nm-centered blue gaussian laser
(DL-488-050-0, Crystalaser, USA) was used as the excitation light source. The laser beam
was resized to 0.6 mm in diameter (1/e2) by a pair of telescopic lenses (LB1757-A,
LB1596-A, Thorlabs, USA), which then passed through a scanning system, followed by a
cylindrical lens (LJ1695RM-A, Thorlabs, USA) that focused the horizontal dimension of the
parallel beam onto the back focal plane of an air excitation objective (Nikon Plan Fluorite,
×10, N.A. 0.3, 16 mm WD). This expanded the laser horizontally to form a light sheet. The
scanning system consisting of a galvanometric mirror (GVS211/M, Thorlabs, USA), a F-theta
lens (S4LFT0061/065, Sill Optics, Germany) and a tube lens (TTL200-A and TTL200-B,
Thorlabs, USA) was used to scan the light sheet vertically and linearly over a range of 276
µm. The F-theta and tube lenses also expanded the beam 3.31 times, resulting in a beam
diameter of 2 mm (1/9th of the objective back aperture) and effective excitation N.A. of
0.0332. A photomask with a 250 µm aperture and a photomask with an open-ended aperture
(Supplementary Figure 2c) were placed and aligned at the front and at the right side of the
device respectively to avoid directly shining the eyes of the larval subject with either light
sheet at either side.

Along the detection path, a bandpass green filter (525 ± 25 nm) was placed after an
air detection objective (TL10X-2P, Thorlabs, USA; ×10, N.A. 0.5, 7.77 mm WD) to block the
blue excitation light. An electrically tunable lens (EL-16-40-TC-VIS-20D-1-C, Optotune,
Switzerland) was linearly driven by a lens controller (TR-CL-180, Gardasoft, UK) and
synchronized with the light sheet scanner to achieve rapid focusing of different image planes
onto the sensor of a sCMOS camera (Panda 4.2, PCO, Germany). During an experiment, to
correct for axial drift, a reference plane was calibrated with respect to the initial measurement
at the beginning of each trial. All control units were synchronized using a multifunctional I/O
device (PCIe-6323, National Instruments, USA) and custom-written codes in MATLAB
(R2018b, MathWorks, USA).

Simultaneous whole-brain calcium imaging and behavioral recording
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To obtain the most naturalistic data, we only included larvae that were nearly
perfectly leveled in the device (evidenced by the two eyes at the same level) for further
experimentation and analysis. A total of five larvae aged 5–6 days post fertilization (d.p.f.)
from three batches of breedings were included. Each of the five robustly behaving zebrafish
larvae underwent simultaneous behavioral and whole-brain neuronal calcium imaging
experiments in an upright orientation as permitted by the improved imaging set-up.

In an imaging experiment, a larva was loaded (via the larva inlet) and fitted into the
trapping chamber of the PDMS-based microfluidic device using a syringe pump and
monitored under a surgical microscope. Then, the larva was allowed to acclimate for 15
minutes. Introduction of bubbles to the microfluidic system was carefully minimized during
system setup to avoid unwanted fluid flow pattern changes or mechanical instability of the
larval subject. Prior to functional imaging, a detailed anatomical stack of the larval zebrafish
brain spanning 138 imaging planes at 2-µm intervals was taken. In this intact upright imaging
configuration, the majority of the brain except the topmost (e.g., habenula) and bottommost
regions (e.g., caudal hypothalamus) which are directly under the cover glass slide and furthest
from the detection objective lens, was consistently imaged across larvae.

During functional imaging, whole-body saccadic and tail flipping behaviors
(single-plane, at 200 Hz) and volumetric whole-brain calcium fluorescence signals (28 planes
with 7-µm intervals, at 2 Hz) were simultaneously imaged under chemosensory cue (or blank
control) delivery. Behavioral images were acquired under IR illumination by a CCD camera
(Mako G-040B PoE, Pike, Germany) and the Streampix 7 (Norpix, Canada) image
acquisition software, while calcium images were acquired with the abovementioned custom
dual-light sheet scanning microscope. Each larva underwent 23–30 experimental trials with a
total of five types of stimuli. These stimuli include amino acids (valine and alanine), diamines
(cadaverine and putrescine), all at one millimolar concentration, and a blank control. Each
stimulus was delivered bilaterally to both nostrils for 4–6 repetitions. Each trial lasted for 50
seconds with 30-second baseline, 10-second stimulus presentation, and 10-second
post-stimulus recording periods, followed by ~90-second inter-trial resting intervals. Axial
drift corrections were then performed in between trials.

During each 30-second baseline recording period, in the three-layer sandwiched fluid
streams, the middle stimulus stream carried a chemical cue (or water for blank control trials).
The first (water) and the second (stimulus) stream in front of the nostrils were then switched
off sequentially by the respective controlling valves at the two sides, with 10-second gap to
allow the second (stimulus) and the third stream (water) to contact the nostrils. This resulted
in the initiation and termination of chemical stimulation. Recording continued for 10 seconds
after stimulus cessation.

Valence determination analysis (swimming arena)

Individual frames of the navigation behavioral tracking videos were first registered
for translation, background-subtracted, and contrast-adjusted. The xy-coordinates of the heads
of larvae in each frame were extracted using our previously established semi-automated
template matching-based tracking program 24 custom-written in MATLAB (R2018b,
MathWorks, US). All tracking results were manually verified on a frame-by-frame basis and
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corrected when necessary. The coordinates were then used to calculate the proportions of
time spent in each of the same-area quadrants over the 30-minute recording time.
Additionally, since there is minimal mixing across streams under laminar flows, interactions
between quadrants containing the same chemical at different concentrations were negligible.
The population standard deviation of the time spent difference in chemical quadrants
(compared with the control quadrant) of the setup was estimated from the sample standard
deviation of the time spent difference in the control group with Bessel’s correction.

Behavioral image processing and analysis (microfluidic device)

Eye and tail movements were extracted from behavioral images by a custom
MATLAB program (R2018b, MathWorks). The first ten seconds of the behavioral recordings
of each trial were excluded from analysis to avoid confounding behaviors evoked by the
onset of light sheet illumination. In addition, a total of six trials, three trials each from two
subjects, were found to have bubbles present, which disrupted the laminar flows necessary
for precise chemical delivery. These trials were also discarded. For eye movements, the video
was down-sampled by a factor of 25 times (resultant frame rate: 8 fps) to achieve a higher
signal-to-noise ratio. The turn direction and duration of the saccades were manually identified
using rotational visual flows in each region-of-interest of the two eyes. Only two events (out
of 595 events recorded from 5 larvae) of bilateral eye movements from one larva were
recorded with incoherent eye movement directions, and these were excluded from analysis.
Pre-saccade interval was defined as the time between the onset of a saccade and that of its
preceding one, if both were recorded.

For tail movements, episodes of tail flips were identified based on changes in tail
tip-waist angle using several criteria. An episode was isolated when tip-waist angle changes
occurred in at least two consecutive frames (frame rate: 200 fps), and were temporally
situated before and after at least three frames of stationary angle changes. The start and end
frames were determined as the last frame of the last idle period and the first frame of the next
idle period, respectively. Positive and negative peaks in the undulating cycles of angle
changes were identified using the built-in findpeaks function in MATLAB (R2018b,
MathWorks, USA). The undulation cycle was determined by averaging the number of
positive and negative peaks.

Pre-tail flip interval was defined as the time between the onset of a tail flip and that of
its preceding one, if both were recorded. Tail flip duration was calculated as the time
difference between the end and start frame of an episode. The average undulation interval
was calculated by dividing the duration by the undulation cycle. Magnitude and directional
bias were calculated using the sum and difference of the average net positive and average net
negative peaks, respectively, with the zero reference being the average of the start and end
angles (Supplementary Figure 3c). A small non-zero average directional bias to the right
side was consistently observed in the spontaneous tail flips of the five subjects (2.6° ± 1.2°
(mean ± S.D.)), which was due to the asymmetrical illumination from the right side.
Directional bias calculation was adjusted by subtracting each subject’s average directional
bias.
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Tail flips were classified based on directional bias. A tail flip with a bias of ≥ 1.5°
(one-half of the median bias of all spontaneous tail flips) was considered a turn event. If the
bias was < 1.5°, it was classified as a non-turn event. In the laterality analysis of tail flips
(Figures 3g, i, k, Supplementary Figures 5e, g, l, n, s, u), only turn events were included
for comparisons. Non-turn events, indicating forward movement, were excluded from this
analysis.

A tail flip was defined as saccade-coupled (S-T events) if the onset occurred within
0.5 seconds of a saccade’s onset (i.e., |T-ON - S-ON| ≤ 0.5 seconds). For each saccade, only
the tail flip with the closest onset was considered saccade-coupled. S-T events with saccade
onset certainly later than the tail flip onset, defined as those with T-ON - S-ON < -0.0625
seconds with the temporal error of saccade time determination considered, represented a
small subset (11 out of 172) of all spontaneous S-T events (Figure 3a). This pattern was
largely conserved for chemical-associated S-T events (appetitive: 4 out of 33, aversive: 3 out
of 32, Supplementary Figures 5h, o). These were not included for the regression analysis of
S-T coordination (Figures 4i–m, Supplementary Figures 6d–j).

Events recorded during blank trials were classified as spontaneous. During chemical
stimulation trials, events were considered spontaneous if the onset was recorded before the
stimulus onset, and the offset was recorded before or coincided with the stimulus onset.
Events were considered to be stimulus-evoked if the onset occurred later than stimulus onset,
and the offset occurred before or coincided with the stimulus offset. Onset and offset of S-T
events were defined as that of the saccade. Events during the resting intervals between trials
were not recorded or analyzed.

Pre-event interval was defined as the time difference between the onset of a saccade, a
tail flip, or a bout and that of the respective preceding one (Figures 2b, c, 3e, f, l, m, 4e,
Supplementary Figures 3d, 4a, 6c). For comparison with flanking events (Figures 3e, f, j,
k, n–q, Supplementary Figures 4b, d, e), saccades and tail flips were first categorized into
either S-T or independent groups and set as the 0th next event. For each 0th next event, the
sequence and quantity of other events (nth next event) were shown. An event could be the 1st

next event for one sequence and the 2nd next event for another, causing overlaps.

Comparative analysis based on previously acquired data of freely swimming larvae

A dataset from our previous study was used 24. In that study, 11 larvae in 3 assays
were allowed to swim in the absence of visible light for 2 hours in a 2D rectangular arena (60
mm × 30 mm × 1.5 mm) completely filled with still water, and imaged under IR illumination.
The heading orientation (10° resolution) of every larva in each frame was extracted using a
semi-automated template matching-based tracking program custom-written in MATLAB
(R2018b, MathWorks, US). All bouts subsequent to the first bout in the rightmost virtual
chemical zone of the arena were extracted for analysis. Pre-bout interval was defined as the
time difference between the onset of a swim bout and that of its preceding bout. Turn angle
was defined as the orientation change in either direction. A swim bout was defined as a turn
bout based on the turn angle ≥ 70°, and non-turn bout otherwise. Only swim bouts with an
orientation change were used to compare the proportion of consecutive ipsilateral turns
(Supplementary Figures 4c, d).
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Calcium image processing and signal extraction

We adopted an analysis pipeline similar to our previous work 24. Detailed larval
zebrafish brain anatomical stacks were registered to the Z-Brain Atlas 69 using affine
transformation followed by non-rigid image registration using custom scripts written in
MATLAB (R2018b, MathWorks, USA). Functional imaging planes were matched to the
corresponding anatomical stack by maximization of pixel intensity cross-correlation and
manually verified. Stripe artifacts in the anatomical stacks and functional imaging frames
were removed using the Variational Stationary Noise Remover (VSNR) algorithm 70.
Functional imaging frames were motion-corrected using discrete Fourier transform and
NoRMCorrE algorithms 71. Trials with blurred frames due to in-frame drifts were discarded.
Region of interest (ROIs) corresponding to individual neurons were then extracted using the
CaImAn package 72. Anatomical landmarks and the regional identity of each ROI were
verified by manual inspection (by S.K.H.S.). Note that this only included neurons that had
fired at least once during all imaging sessions and with a sufficiently high signal-to-noise
ratio determined by the CaImAn-based analysis pipeline.

Trials with unsatisfactory image registration were excluded from further analysis. For
one larva with more jitters in the functional images, the images stack were initially
downsampled to 1 Hz by averaging every two consecutive frames. For trials with
plane-specific jitters, a small proportion of frames with jitters were replaced with the
immediate preceding frame (or the next frame if the preceding frame also had jitter) for the
data from all larvae. Trials with more than two consecutive jittering frames were excluded
from further analysis. In total, we retained whole-brain neuronal imaging data from 88 out of
139 trials from the five larvae that passed all quality control criteria.

Identification of motor- and sensory-coding neurons

The first 10.5 or 11 seconds (21 or 11 imaging frames) of the imaging data of each
trial were excluded from analysis to avoid the inclusion of transient activity evoked by the
onset of light sheet illumination. The minimum fluorescence intensity in the subsequent 4.5
or 4 seconds (9 or 4 imaging frames) of each ROI was used as the baseline fluorescence (F).
The ΔF/F signals of the remaining imaging frames were calculated as the calcium response of
each ROI.

Motor and sensory regressors were designed to identify motor- and sensory-encoding
ROIs. Motor output was defined to be the proportion of frames with active tail flip in each
0.5-s or 1-s imaging time bin, and a motor output regressor was created to represent this
(motor regressor 1). A second motor regressor for independent tail flips was created by
excluding all tail flips of S-T events (motor regressor 2). A third regressor was designed by
randomly removing tail flip events from motor regressor 1 at a probability that corresponded
to each larva’s S-T event proportion (motor regressor 3). Utilizing these three regressors
allowed us to directly identify both the saccade-coupled and independent tail flip-encoding
neurons but avoided saccade-encoding neurons 7,49. Chemical stimulus regressors were
created with a step function during the stimulus window of each chemical. All regressors are
normalized to the [0, 1] range. We calculated the mutual information (I) between the calcium
responses of each ROI and the regressors by a method based on kernel density estimation of
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the probability density functions of variables 73. For motor mutual information, only all the
imaging frames in the entire blank trials and before stimulus onsets in stimulus trials were
used for calculation. For sensory mutual information , all imaging frames were used. With the
three motor (Table 1) and five chemical stimulus regressors, each ROI had eight mutual
information values, namely Itail_flip_all (based on motor regressor 1), Itail_flip_independent (based on
motor regressor 2), Itail_flip_randomRemove (based on motor regressor 3), as well as Ivaline, Ialanine,
Icadaverine, Iputrescine, and Iblank (for which the suffix denotes the chemical or blank control). These
values were used to determine significant motor and/or sensory information encoding, and
calculate the motor and valence preferences (see the next sections).

Table 1. List of motor regressors and mutual information measures.

Regressor Motor regressor 1,
includes all tail flips

Motor regressor 2,
excludes S-T events,
i.e., all independent

tail flips only

Motor regressor 3,
excludes random tail
flip events matching
S-T proportion

Mutual information Itail_flip_all Itail_flip_independent Itail_flip_randomRemove

To estimate the distributions of the mutual information values expected under
randomness, we shuffled the ΔF/F signals of each ROI (i.e., disrupting their temporal
structures) and calculated another set of shuffled values. We defined the motor- and
sensory-encoding neurons to be those that most significantly encode behavior variables or
chemical stimuli. Motor-encoding neurons were defined as ROIs with either Itail_flip_all or
Itail_flip_independent > 1.3 times 99th percentile of the shuffled Itail_flip_all or Itail_flip_independent,
respectively. Sensory-encoding neurons were defined as those with at least one Ichemical > 1.3
times the 99th percentile of the shuffled Ichemical (where the suffix refers to one of the four
chemicals). ROIs with Iblank > 1.3 times the 99th percentile of the shuffled Iblank, representing
neurons that putatively responded to valve and/or fluid velocity changes, were excluded.
ROIs with both significant Ivaline and Ialanine were defined as appetitive chemical-encoding
neurons, and ROIs with both significant Icadaverine and Iputrescine were defined as aversive
chemical-encoding neurons. Valence-encoding neurons were defined as the union of
appetitive and aversive chemical-encoding neurons.

Calculation of motor and valence preference for each neuron

Each of the mutual information values were normalized by dividing by the 99th

percentile of the corresponding shuffled values (for simplicity of notation, hereafter referred
to using the original symbols). Motor preference was defined for each motor-encoding
neuron by the equation:

A higher value (> 0) of this quantity indicates stronger S-T event encoding, as mutual
information kept after random tail flip removal (note the above-mentioned matching to S-T
event proportion) is more than that with complete S-T removal. Conversely, a lower value (<
0) of such indicates stronger independent tail flip encoding, as more mutual information is
kept with complete independent tail flip preservation than random removal that reduced

20

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 28, 2024. ; https://doi.org/10.1101/2024.10.27.620486doi: bioRxiv preprint 

https://sciwheel.com/work/citation?ids=717360&pre=&suf=&sa=0
https://www.codecogs.com/eqnedit.php?latex=%5Cmathrm%7BMotor%5C%2Cpreference%7D%20%3D%20I_%5Cmathrm%7Btail%5C_flip%5C_randomRemove%7D%20-%20I_%5Cmathrm%7Btail%5C_flip%5C_independent%7D.%20%5Cquad%20(1)#0
https://doi.org/10.1101/2024.10.27.620486
http://creativecommons.org/licenses/by/4.0/


independent tail flips while keeping some S-T events. Valence preference was defined for
each sensory-encoding neuron by:

The norm of sensorimotor preferences was calculated for each unit of the union set of motor-
and valence-encoding neurons that were S-T- and aversive valence-preferring (i.e.,
Itail_flip_randomRemove - Itail_flip_independent > 0 and Iaversive - Iappetitive > 0), or independent tail flip- and
appetitive valance-preferring (i.e., Itail_flip_randomRemove - Itail_flip_independent < 0 and Iaversive - Iappetitive <
0) by the equation:

Data visualization

All smoothing was performed using the built-in smooth function in MATLAB
(R2018b, MathWorks, USA), with span of moving average = 3 (Figures 3f, k, n–q, 4d,
Supplementary Figures 4b, d, e). In the time-series stimulus-evoked plots (Figures 4c, d, f),
time bins were chosen as 5, 0.83, and 2 seconds, according to the event rates of saccade
(Figure 4c), tail flip (Figure 4d) and S-T events (Figure 4f), respectively. Each bin includes
the trailing but not the leading edge. Quantities were normalized by subtracting the average
binned values in the 10-second pre-stimulus windows. Tail flip frequency was normalized to
and expressed as the number of standard deviations of the binned pre-stimulus frequency
(Figure 4d).

For the mean response of motor-encoding and valence-encoding ROI (Figures 5e, f),
each range includes the trailing but not the leading delimiter. For the motor response trace
shown (Figures 5e, k, l, Supplementary Figures 9–11), the linear trend of ΔF/F before the
tail flip event (t = -5s to -1s, 8 or 4 imaging frames) and the ΔF/F of the first time point (at t
= -5s) were subtracted from all data points for the visualization of motor-triggered responses.

For brain regional average analysis, regions were included only if there were data
from at least 3 larvae. As habenula and caudal hypothalamus were not consistently sampled
(see above anatomical imaging section), these two regions were not included in any regional
average plots (Figures 5b, d, h, j, Supplementary Figures 7b, d, f, h, j, l, 9, 11). Other
regions without neurons from sufficient larvae that passed the sensory and/or motor function
identification criteria (see above neuronal function identification sections) were also not
included in some of these plots.

Statistics

In all plots, significance levels are set at P < 0.05. Significant P-values are shown in
black font, while near-significant values are shown in gray font. In the imaging experiments,
robust statistical power was achieved with data from 5 larvae. This was supported by the
substantial number of events recorded, including 593 conjugate saccades and 1747 tail flips.
Additionally, the total number of blank, appetitive and aversive trials used in statistical
analyses were 28, 52 and 53 respectively.
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For comparisons of time spent in the different quadrants in the valence determination
assay (Figure 1c, Supplementary Figures 1b, c), two-sided Z-test with population standard
deviation estimated from the sample standard deviation in the control group (i.e., water only
in all quadrants) was used, followed by Benjamini-Hochberg procedure to control the false
discovery rate across multiple comparisons. The comparisons were made across 7 cases,
including mean of individual, any 2, or all 3 chemical quadrants vs. mean of quadrant I. The
most significant or near-significant P-values for each chemical are shown. In behavioral
analysis, a two-sided Wilcoxon signed-rank test was used to assess whether the population
median is zero (Figures 3a-d, Supplementary Figures 5a–d, h–k, o–r). Two-sided
Wilcoxon rank-sum test was used to compare two sample sets (Figures 2b, c, 3e, f, n–q,
Supplementary Figures 4b, e). For assessing expected proportions, two-sided binomial test
was used (Figures 3g–i, Supplementary Figures 4c, 5e–g, l–n, s–u). One-sided Chi-squared
test was used in comparing proportions between two groups (Figure 3k, Supplementary
Figure 4d). For multiple group comparisons, Kruskal-Wallis test with Dunn-Sidak post hoc
test was used (Figures 4b–h, Supplementary Figures 6a–c). Eta squared (η2) is provided as
a measure of effect size. For correlation analysis, either Spearman’s rank correlation (Figures
3l, m, Supplementary Figures 3d, e) or Pearson’s correlation (Figures 4i–m,
Supplementary Figures 6d–j) was used.

For comparisons in motor and valence preference, as well as the norm of motor and
valence mutual information difference between the pallium and other brain regions, one-sided
t-test was used (Figures 5b, d, h, j). Two-sided t-test was used to compare the mean positive
valence mutual information between the pallium and the subpallium (Supplementary Figure
7b). To assess neuronal activation onset relative to motor event (Figures 5k, l
Supplementary Figures 9–11), right-sided Z-tests comparing pre-chemical cue-associated
event neuronal activity at the two time points preceding the motor event to zero were
performed. Significance was set at 2.5 standard deviations (S.D.), with S.D. estimated from
spontaneous event baseline activity variability. Adjustment for multiple comparisons across
time points and brain regions was made using the Benjamini-Hochberg procedure.
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Data availability

Preprocessed data necessary to replicate these results will be made available upon
acceptance of the manuscript.

Code availability

The custom code for data analysis is available on GitHub
(https://github.com/khsamuelsy/ChemoEyeTailMvmnts/).
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Figure 1

Figure 1. A fluidics-based chemical valence determination assay. (a) Upper panel:
Schematic of the assay. Zebrafish larvae swimming in a two-dimensional arena (40 mm × 40
mm × 1.5 mm) are imaged at 20 fps under infrared (IR) illumination in the absence of visible
light (see Supplementary Figure 1a for a more detailed schematic for the setup). Four
quadrants with equal area are created and maintained by a constant, slow inflow of fluid at
each corner (marked by arrows), with outflow occurring at a shared central outlet. The
laminar flow maintains static borders between the zones. Lower panel: Visualization of the
well-defined quadrants by infusing IR dyes into quadrant II and IV, and water into quadrant I
and III. Scale bar: 5 mm. (b) Assayed chemicals and tested concentrations (varied across 3
consecutive orders of magnitude for each), including valine (Val), alanine (Ala),
prostaglandin F2α (PGF2α), cadaverine (Cad), putrescine (Put), chenodeoxycholic acid
(CDCA), glycodeoxycholic acid (GDCA), adenosine (Ade), and sodium chloride (NaCl).
These were dissolved either in water or 0.5% DMSO and infused into quadrant II (lowest
concentration) to IV (highest concentration). (c) Differences in time spent in the chemical
quadrants (i.e., II–IV, with different and increasing concentrations for each of the tested
chemicals as indicated in (b) compared with the control quadrant (i.e., I), showing the values
of individual assays (gray) and the medians (black). Below each chemical name, the first
number indicates the total number of larvae assayed, and the second number specifies the
total number of assays performed. P-values: Multiple Z-tests comparing different quadrant
combinations’ means to zero, with population standard deviation (S.D.) estimated from the
sample S.D. of the control group (see Methods). Statistical significance after
Benjamini-Hochberg adjustment: Black, significant; gray, near-significant.
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Figure 2

Figure 2. An optimized optofluidic imaging device for recording of brain-wide
chemosensory cue-elicited neural activity, saccadic eye and tail flip movements. (a)
Upper panel: A drawing of the enhanced polydimethylsiloxane (PDMS)-based microfluidic
device, featuring multiple chemical delivery channels on both sides of the larval head
chamber. These channels are offset from the front to accommodate front excitation light sheet
scanning, in addition to the right side light sheet. Lower panel: A close-up illustration of the
neural-behavioral imaging capabilities in a larval subject during precisely controlled chemical
stimulus presentation. (b) & (c) Pre-event intervals (PEIs) of spontaneous saccade and tail
flip, showing values for (b) all recorded events and (c) the median of each larva. Horizontal
lines show the median, 25th and 75th percentiles for each plot. n = 5 larvae with 216
spontaneous saccades and 1018 spontaneous tail flips, each with a recorded preceding
reference event. In (b), shaded areas scale according to the probability density function of
values. P-values: Two-sided Wilcoxon rank-sum test. (d) An example showing spontaneous
saccades and tail flips of a larval subject, with a zoom-in example tail flip shown below.
Temporally coupled saccades and tail flips (≤ 0.5s onset time difference) are indicated with
coral blocks. Other saccades and tail flips are highlighted with blue and teal blocks,
respectively. (e) Heatmap of brain-wide spontaneous neuronal activities simultaneously
acquired with motor outputs shown in (d).
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Figure 3
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Figure 3. Properties of spontaneous coordinated saccade-tail flips. (a)–(d) Histograms
showing (a) onset delay, (b) overlapping time interval, (c) offset delay and (d) difference in
onset-offset delay of coupled saccade-tail flip (S-T) events (also see Supplementary Figure
3a for illustration of these temporal parameters). Note that the precision of measurements for
the onset and offset for saccade and tail flip were 0.0625s and 0.0025s due to the respective
sampling rates. Black and gray dashed lines indicate median and zero respectively. P-values:
Two-sided Wilcoxon signed-rank test. (e) & (f) Pre-event intervals of self and flanking (e)
saccades and (f) tail flips with respect to independent (S, saccade; T, tail flip) or S-T events.
(g)–(i) Pie charts showing the proportions of contra- and ipsilateral turns, comparing the
directionality of (g) saccades (S) and tail flips (T; only turns considered, seeMethods) in S-T
events, (h) saccades and their preceding events, and (i) tail flips and their preceding events.
P-values: Two-sided binomial test. (j) & (k) Proportions of ipsilateral turns in flanking (j)
saccades and (k) turn tail flips (directional bias ≥ 1.5°) with respect to independent (S, T) or
S-T events. In (k), the raw proportions (thin lines) and corresponding moving-average curves
(thick lines) are shown. P-value: One-sided Chi-squared test. (l) & (m) Medians and 95%
confidence intervals (based on bootstrapping with 1000 resamples) of the (l) directional bias
and (m) average undulation interval of all tail flips vs. their pre-tail flip interval (binned).
Gray dots are individual data points. Spearman’s rank correlation coefficients (r) and
associated P-values are shown. (n) & (o) Directional bias of self and flanking [(n) all and (o)
turn] tail flips with respect to independent tail flips (T) or S-T events. (p) & (q) Average
undulation interval of self and flanking [(p) all and (q) non-turn] tail flips with respect to
independent tail flips (T) or S-T events. (r) Illustration of the temporal, directional and
kinematic coordination of spontaneous saccades and tail flips. Abbreviations in (a)–(d), ON,
onset; OFF, offset. In (e), (f), (n)–(q), the thin curves represent the medians, 75th and 25th
percentiles of all events. The raw median values (thin lines) and corresponding
moving-average curves (thick lines) are shown in all these plots except (e). P-values:
Two-sided Wilcoxon rank-sum test. For all plots, data were collected from n = 5 larvae, with
330 spontaneous saccades and 1116 spontaneous tail flips.
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Figure 4
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Figure 4. Behavioral effects of chemosensory cues on saccade and tail flip. (a) Illustration
of chemical stimulation paradigm. During each trial, one appetitive or aversive chemical was
administered to a tethered larval subject under neural-behavioral imaging. (b) Histograms
showing the distributions of difference in saccade count between the 10-second stimulus
window and the 10-second pre-stimulus period, across trials for each chemical and blank
control. Each dot represents a trial-averaged saccade count change from a larva (dispersed
vertically for visualization). (c) & (d) Stimulus-evoked changes in (c) saccade frequency and
(d) normalized tail flip frequency (see Methods), compared with the pre-stimulus average.
(e) Pre-tail flip interval of chemical stimuli-associated tail flips. (f) Stimulus-associated
changes in the relative frequency of coupled saccade-tail flip (S-T) events vs. all tail flips
(i.e., Δ[S-T event frequency - independent tail flip frequency]) across time. (g) & (h)
Kinematic parameters of chemical stimuli-associated tail flips including (g) directional bias
(all tail flips) and (h) average undulation interval (for tail flips with ≥ 4 undulation cycles).
(i)–(m) Scatter plots of directional bias vs. various temporal parameters for S-T events,
including saccade-tail flip (i) onset delay, (j) offset delay, (k) overlapping time interval, (l)
saccade duration, and (m) tail flip duration. Individual data points are shown in squares,
diamonds and circles for the blank, appetitive and aversive groups respectively. (n) & (o)
Illustrations of larval zebrafish behavioral changes upon (n) aversive and (o) appetitive
chemicals presentations. In (c), (d), and (f), quantities are binned and normalized to the
average values in the 10-second pre-stimulus windows (see Methods). Lines and shadows
show mean ± SEM (across trials). In (d), the raw means (thin lines) and corresponding
moving-average curves (thick lines) are shown. Dashed rectangles mark the stimulus
window. In (e), (g) and (h), horizontal lines indicate medians, 75th and 25th percentiles.
Shadows of the violin plots scale according to the probability density function. In (b)–(h),
P-values: Kruskal–Wallis test with Dunn-Sidak post hoc test. Eta squared (η2) is provided as
a measure of effect size. In (i)–(m), lines show best linear fits of each data group and
shadows show 95% prediction confidence intervals of the aversive chemical data group (the
only that exhibited significant associations). Pearson’s correlation coefficients (r) and
associated P-values are shown for the aversive chemical data points. Only data points with
saccade onset certainly earlier than the tail flip onset were included in the regression analysis
(see Methods). In (l), saccade duration values (sampled at a temporal resolution of 0.125s)
are slightly horizontally dispersed for visualization. Abbreviations: S, saccade; T, tail flip;
ON, onset; OFF, offset; Ap, appetitive; Av, aversive. For all plots, data were collected from n
= 5 larvae, and the total numbers of blank control, appetitive and aversive chemical trials
used in statistical analyses are 28, 52 and 53, respectively. In (d), the numbers of blank,
appetitive and aversive trials with non-zero pre-stimulus tail flip frequency used in statistical
analyses are 19, 34 and 27, respectively. In (e), the total numbers of blank, appetitive and
aversive events used in statistical analyses are 69, 130 and 89, respectively. In (g), the total
numbers of blank, appetitive and aversive events used in statistical analyses are 89, 167 and
124, respectively. In (h), the total numbers of blank, appetitive and aversive events used in
statistical analyses are 76, 156 and 111, respectively.
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Figure 5
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Figure 5. Neuronal basis underlying chemosensory-driven eye-body coordination. (a)
Mean intensity projections (to transverse and sagittal planes) of motor preference of
motor-encoding regions-of-interest (ROIs) (see Methods). (b) Regional mean ± S.E.M.
(across larvae) of motor preference. (c) Mean intensity projects (to transverse and sagittal
planes) of valence preference for all valence-encoding ROIs (see Methods). (d) Regional
mean ± S.E.M. (across larvae) of valence preference. (e) Upper panel: Pie charts showing
median regional distributions of ROIs (across larvae) with motor preference in different
ranges. Lower panel: Mean ± S.E.M. (across larvae) responses of motor-encoding ROIs with
motor preference in different ranges. Dotted vertical lines indicate the times of tail flip onsets
(in a corresponding neuronal imaging frame). (f) Upper panel: Pie charts showing median
regional distributions of ROIs (across larvae) with valence preference in different ranges.
Lower panel: Mean ± S.E.M. (across larvae) responses of valence-encoding ROIs with
valence preference in different ranges. Dotted vertical lines indicate the time points of
stimulus onsets (between two neuronal imaging frames). (g) Mean intensity projections (to
transverse and sagittal planes) of norm of sensorimotor preference (see Methods), for all
ROIs preferring S-T event and aversive valence (quadrant I in Supplementary Figure 8a,
also see Supplementary Figure 8b for zoom-in of the forebrain area). (h) Regional mean ±
S.E.M. (across larvae) of norm of sensorimotor preference for all ROIs preferring S-T event
and aversive valence. (i) Mean intensity projections (to transverse and sagittal planes) of
norm of sensorimotor preference for all ROIs preferring independent tail flip and appetitive
valence (quadrant III in Supplementary Figure 8a, also see Supplementary Figure 8c for
zoom-in of the forebrain area). (j) Regional mean ± S.E.M. (across larvae) of norm of
sensorimotor preference, for all ROIs preferring independent tail flip and appetitive valence.
(k) Upper panel: Mean ± S.E.M. (across larvae) responses of motor-encoding ROIs in the
pallium (left) and non-pallial brain regions (right) to chemical cue-associated
saccade-coupled tail flips. Lower panel: Mean ± S.E.M. (across larvae) responses of
motor-encoding ROIs in the pallium to chemosensory cue-associated saccade-coupled tail
flips with saccade-tail flip onset delay < 0.1 seconds (left) or ≥ 0.1 seconds (right). (l)Mean ±
S.E.M. (across larvae) responses of motor-encoding ROIs in the pallium (left) and non-pallial
brain regions (right) to chemical cue-associated independent tail flips. In (k) & (l), dotted
traces show the corresponding neuronal responses of spontaneous events. Dotted vertical
lines indicate the time points of tail flip onsets (in a corresponding neuronal imaging frame).
Scale bars in (a): 50 μm in the Z-Brain Atlas space. In (b), (d), and (h), P-values: Right-sided
t-test comparing the pallium and non-pallial brain regions. In (j), P-value: Left-sided t-test
comparing the pallium and non-pallial brain regions. In (k) & (l), P-values: Right-sided
Z-tests comparing pre-chemical cue-associated event neuronal activity at each time point to
zero. Significance was set at 2.5 standard deviations (S.D.), with S.D. estimated from
spontaneous event baseline activity variability. Adjustment for multiple comparisons across
time points and brain regions was made using the Benjamini-Hochberg procedure (see
Methods). In (a)–(j), the major brain regions (telencephalon, diencephalon, mesencephalon
and rhombencephalon) are color-coded. Abbreviations of brain regions: OB olfactory bulb,
Pa pallium, sPa subpallium, PO preoptic area, PT posterior tuberculum, dTh dorsal thalamus,
vTh ventral thalamus, rHT rostral hypothalamus, iHT intermediate hypothalamus, pTec
pretectum, Teg tegmentum, Rh1 rhombomere 1, Rh2 rhombomere 2, Rh3 rhombomere 3,
Rh4 rhombomere 4, Rh5 rhombomere 5, Rh6 rhombomere 6, Rh7 rhombomere 7, cHb
caudal hindbrain. Other abbreviations: S-T, coupled saccade-tail flip; T, independent tail flip:
Ap, appetitive; Av, aversive. For all plots, the neural activity data correspond to the
behavioral data reported in Figures 3 & 4, collected from n = 5 larvae.
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Supplementary Figure 1

Supplementary Figure 1. Schematic of setup and comparisons of valence determination
assays results using 0.5% DMSO vs. water as control. (a) Schematic of the valence
determination assay. Zebrafish larvae swimming in a two-dimensional arena
(40 mm × 40 mm × 1.5 mm) are imaged at 20 fps under infrared (IR) illumination in the
absence of visible light. Four quadrants with equal area are created and maintained by a
constant, slow inflow of fluid at each corner, with outflow at a shared central outlet. The
laminar flow maintains static borders between the zones. (b) & (c) Differences in time spent
in the chemical quadrants (i.e., II–IV, with different and increasing concentrations for each of
the tested chemicals as indicated in Figure 1b) compared with the water quadrant (i.e., I),
showing the values of individual assays (gray) and the medians (black). The experiments
were performed with either (b) 0.5% DMSO or (c) water in quadrant I. Below each chemical
name, the first number indicates the total number of larvae assayed, and the second number
specifies the total number of assays performed. P-values: multiple Z-tests across different
quadrant combinations’ means to zero, with population standard deviation (S.D.) estimated
from the sample S.D. of the control group (see Methods). Statistical significance after
Benjamini-Hochberg adjustment: Black, significant; gray, near-significant.
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Supplementary Figure 2
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Supplementary Figure 2. Additional data on the improved imaging device for recording
of brain-wide chemosensory cue-associated neural activity, saccade and tail movements.
(a) A photograph of a tethered larval zebrafish loaded into a PDMS-based microfluidic
device (scale bar: 1 mm). Its eyes and tail are free to move while the head is fixed in place for
fluorescence imaging. (b) Optical layout of the light sheet microscope, including two light
sheet scanning modules which scan the larval brain from the side and the front respectively, a
fluorescence detection module, and an infrared (IR) imaging module for saccade and tail
movement recordings. (c) Upper panel: A fluorescence image showing sodium fluorescein in
the microfluidic device excited by the front and side scanning light sheets (LS, illustrated by
overlaid blue shadows), with photomasks placed to avoid the light sheets from directly
reaching the larval eye positions (marked with white dashed ovals). A 250-µm window in the
front photomask allows for the passage of the front excitation light to scan the brain regions
between the eyes. Scale bar: 100 µm. Lower panel: A photograph showing the microfluidic
device, objectives, and the associated tubings. (d) Upper panel: Six example planes of
imaging a larval zebrafish brain expressing H2B-GCaMP7f in neurons (scale bar: 100 µm).
Lower panel: Zoom-in images of the corresponding planes which show population of
individual neurons (scale bar: 10 µm). Images are contrast-adjusted for display.
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Supplementary Figure 3

Supplementary Figure 3. Additional analysis of spontaneous saccade-tail flip
coordination. (a) Schematic illustrating the various temporal parameters of a coupled
saccade-tail flip (S-T) event from Figure 2d. (b) Venn diagram showing all counts of
spontaneous saccades, tail flips and S-T events (n = 5 larvae). (c) Illustration of the
underlying calculation for the various kinematic parameters of an example tail flip. Dashed
lines indicate the right peak mean angle, start-end point mean angle, and left peak mean
angle. (d) Medians and the 95% confidence intervals (based on bootstrapping with 1000
resamples) of the magnitude of all tail flips vs. their pre-tail flip intervals (binned). (e)
Medians and the 95% confidence intervals (based on bootstrapping with 1000 resamples) of
the directional bias of all tail flips vs. their magnitudes (binned). In (d) & (e), gray dots are
individual data points. Spearman’s rank correlation coefficients (r) and associated P-values
are shown.
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Supplementary Figure 4

Supplementary Figure 4. Kinematic analysis based on data from zebrafish larvae freely
swimming in water. (a) Medians and the 95% confidence intervals (based on bootstrapping
with 1000 resamples) of the turn angle of all swim bouts vs. their pre-bout intervals (binned).
Gray dots are individual data points. Turn angle values (sampled at an angular resolution of
10°) are slightly vertically dispersed for visualization. Spearman’s rank correlation
coefficients (r) and associated P-values are shown. (b) Pre-event intervals of self and
flanking swim bouts with respect to non-turn (teal) or turn (coral) swim bouts (seeMethods).
Thin curves represent the raw median values, 75th and 25th percentiles. Thick curves are the
moving-average of medians. (c) Pie chart showing the proportions of contra- and ipsilateral
consecutive turns (i.e., comparing each swim bout to its preceding event). P-value: Two-sided
binomial test. (d) Proportion of ipsilateral turn in flanking swim bouts with respect to
non-turn (teal) or turn (coral) events. The raw median values (thin lines) and corresponding
moving-average curves (thick lines) are shown. P-values: One-sided Chi-squared test. (e)
Turn angle of self and flanking tail flips with respect to non-turn (teal) or turn (coral) swim
bouts. The thin curves represent mean ± S.E.M. across time. The raw (thin lines) and
corresponding moving-average curves (thick lines) for the mean are shown. In (b) & (e),
P-values: Two-sided Wilcoxon rank-sum test. Note that in (e), the centered bout (i.e., 0th next
bout) is by definition different and therefore only flanking bouts are compared. For all plots,
data were collected from n = 11 larvae, with 1,529 spontaneous swim bouts.
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Supplementary Figure 5
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Supplementary Figure 5. Temporal and directional characteristics of coupled
saccade-tail flip (S-T) events under chemical stimulus presentation. (a)–(d) Histograms
of saccade-tail flip (a) onset delay, (b) overlapping time interval, (c) offset delay and (d)
difference in onset-offset delay of S-T events during blank stimuli. Note that the precision of
measurements for the onset and offset for saccade and tail flip were 0.0625s and 0.0025s due
to the respective sampling rates. Black and gray dashed lines indicate median and zero
respectively. P-values: Two-sided Wilcoxon signed-rank test. (e)–(g) Pie charts showing the
proportions of contra- and ipsilateral turns, comparing the directionality of (e) saccades and
turns in S-T events, (f) saccades and their preceding events, and (g) tail flips and their
preceding events. P-values: Two-sided binomial test. (h)–(n) and (o)–(u) are similar to
(a)–(g) but showing results during appetitive and aversive chemical presentations,
respectively. Abbreviations: S, saccade; T, tail flip; ON, onset; OFF, offset.
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Supplementary Figure 6
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Supplementary Figure 6. Additional kinematic and temporal analysis of spontaneous
coupled saccade-tail flip (S-T) coordination during chemical presentation. (a)–(c)
Kinematic parameters of tail flips subgrouped into chemical stimulus-associated pre-S-T
(independent), S-T and post-S-T (independent) tail flips including (a) directional bias, (b)
average undulation interval, and (c) pre-tail flip interval. Horizontal lines indicate the
medians, 75th and 25th percentiles. Shadows of the violin plots scale according to the
probability density function. P-values: Kruskal–Wallis test with Dunn-Sidak post hoc test.
Eta squared (η2) is provided as a measure of effect size. Abbreviations: Ap, appetitive; Av,
aversive. (d)–(h) Scatter plots of average undulation interval vs. various temporal parameters
for S-T events, including saccade-tail flip (d) onset delay, (e) offset delay, (f) overlapping
time interval, (g) saccade duration, and (h) tail flip duration. (i) & (j) Scatter plots showing
(i) directional bias and (j) average undulation interval vs. stimulus delay for S-T events. In
(d)–(j) Individual data points are shown in squares, diamonds and circles for the blank
control, appetitive and aversive chemical groups respectively. Lines show best linear fits of
each data group and shadows show 95% prediction confidence intervals of the blank control
data group in (d) & (f) (the only that exhibited significant associations) and aversive chemical
data group in (i) (the only that exhibited significant association). Pearson’s correlation
coefficient (r) and associated P-value are shown for the (d) & (f) blank control and (i)
aversive chemical data points.
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Supplementary Figure 7

Supplementary Figure 7. Brain-wide chemical representation. (a) Mean intensity (to
transverse and sagittal planes) of mean mutual information (M.I.) between the calcium
signals of appetitive valence-encoding regions-of-interest (ROIs) and the appetitive stimulus
regressors ((Ivaline + Ialanine)/2, see Methods). (b) Regional mean ± S.E.M. (across larvae) of
mean appetitive M.I. ((Ivaline + Ialanine)/2). P-value: Two-sided t-test comparing the pallium and
the subpallium. (c) & (d) Similar to (a) & (b) but for mean aversive chemical M.I. ((Icadaverine +
Iputrescine)/2) and aversive valence-encoding ROIs. (e)Mean intensity projections (to transverse
and sagittal planes) of M.I. between the calcium signals of 1 mM valine-encoding ROIs and
the stimulus regressor (Ivaline, see Methods). (f) Regional mean ± S.E.M. (across larvae) of
sensory M.I. (g)–(l) Similar to (e) & (f) but for (g) & (h) alanine (Ialanine), (i) & (j) cadaverine
(Icadaverine) and (k) & (l) putrescine (Iputrescine), all at 1 mM. The major brain regions
(telencephalon, diencephalon, mesencephalon and rhombencephalon) are color-coded.
Abbreviations of brain regions: Same as in Figure 5b. In all plots, data are pooled from n = 5
larvae. Scale bars: 50 µm in the Z-Brain Atlas space.
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Supplementary Figure 8

Supplementary Figure 8. Additional analysis on sensorimotor representations. (a)
Scatter plot of valence preference vs. motor preference of the union set of motor- and
valence-encoding neurons. The four quadrants classify neurons into different sensorimotor
tuning properties. The neuron sets in Q1 and Q3 are those shown in Figures 5g, h and
Figures 5i, j, respectively. (b) & (c) Zoom-in maps showing the forebrain regions olfactory
bulb, pallium and subpallium regions-of-interest (ROIs) preferring (b) S-T event and aversive
valence in Figure 5g, and (c) independent tail flip and appetitive valence in Figure 5i. Scale
bars: 50 μm in the Z-Brain Atlas space.
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Supplementary Figure 9
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Supplementary Figure 9. Neuronal activity associated with chemosensory-driven
coupled saccade-tail flip (S-T) events across different brain regions. Mean ± S.E.M.
(across n = 5 larvae) responses of motor-encoding regions-of-interest (ROIs) in the different
brain regions, aligned to the onset of chemosensory cue-associated S-T events. Dotted traces
show the corresponding neuronal responses of spontaneous S-T events. Dotted vertical lines
indicate tail flip onsets (in a corresponding neuronal imaging frame). P-values: Right-sided
Z-tests comparing pre-chemical cue-associated event neuronal activity at each time point to
zero. Significance was set at 2.5 standard deviations (S.D.), with S.D. estimated from
spontaneous event baseline activity variability. Adjustment for multiple comparisons across
time points and brain regions was made using the Benjamini-Hochberg procedure.
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Supplementary Figure 10

Supplementary Figure 10. Additional analysis on neural activity underlying
chemosensory-driven coupled saccade-tail flip (S-T) events. Mean ± S.E.M. (across n = 5
larvae) responses of motor-encoding regions-of-interest (ROIs) in the pallium, rhombomere 4
and rhombomere 6, classified according to (a) saccade-tail flip onset delay [< 0.1 seconds
(upper) or ≥ 0.1 seconds (lower)] and (b) stimulus-tail flip delay [< 5 seconds (upper) or ≥ 5
seconds (lower)], and aligned to the onset of chemosensory cue-associated S-T events. Dotted
traces show the corresponding neuronal responses of spontaneous S-T events (note that in
(b), spontaneous S-T events were not classified according to stimulus-tail flip delay). Dotted
vertical lines indicate tail flip onsets (in a corresponding neuronal imaging frame). P-values:
Right-sided Z-tests comparing pre-chemical cue-associated event neuronal activity at each
time point to zero. Significance was set at 2.5 standard deviations (S.D.), with S.D. estimated
from spontaneous event baseline activity variability. Adjustment for multiple comparisons
across time points and brain regions was made using the Benjamini-Hochberg procedure.
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Supplementary Figure 11
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Supplementary Figure 11. Neuronal activity associated with chemosensory-driven
independent tail flips (T events) across brain regions.Mean ± S.E.M. (across n = 5 larvae)
responses of motor-encoding regions-of-interest (ROIs) in the different brain regions, aligned
to the onset of independent tail flips during chemical cue presentation. Dotted traces show the
corresponding neuronal responses of spontaneous independent tail flips. Dotted vertical lines
indicate tail flip onsets (in a corresponding neuronal imaging frame). P-values: Right-sided
Z-tests comparing pre-chemical cue-associated event neuronal activity at each time point to
zero. Significance was set at 2.5 standard deviations (S.D.), with S.D. estimated from
spontaneous event baseline activity variability. Adjustment for multiple comparisons across
time points and brain regions was made using the Benjamini-Hochberg procedure.
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