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ABSTRACT

The sensation of gravity anchors our perception of the environment and is crucial for navigation. However, the neural circuits
that transform gravity into commands for navigation are undefined. We first determined that larval zebrafish (Danio rerio)
navigate vertically by maintaining a consistent heading across a series of upward climb or downward dive bouts. Gravity-
blind mutant fish swim with more variable heading and excessive veering, leading to inefficient vertical navigation. After
targeted photoablation of ascending vestibular neurons and spinal projectingmidbrain neurons, but not vestibulospinal neu-
rons, vertical navigationwas impaired. These data define a sensorimotor circuit that uses evolutionarily-conserved brainstem
architecture to transform gravitational signals into persistent heading for vertical navigation. The work lays a foundation to
understand how vestibular inputs allow animals to move efficiently through their environment.

INTRODUCTION

Animals adopt navigational strategies tailored to their sensory ecology1,2 . Perception of the environment, particularly for species that
swim or fly3–6 , is anchored by the sense of gravity7,8 . Vertebrates use otolithic organs in the vestibular system of the inner ear to
transduce linear acceleration due to gravity9 . Vestibular information has long been thought to impact spatial navigation10 , shaping
behaviors such as stabilization of vision and posture, perception of self-motion and head direction, motor coordination, and path
integration8,11–13 , and canmodulate the activity of neurons responsible for navigation, such as headdirection cells of themammalian
limbic system14–16 . However, complete circuits that transform sensed gravity into motor signals for navigation remain undefined.
The larval zebrafish (Danio rerio), a small translucent vertebrate, is an ideal model to discover neural substrates for gravity-guided
navigation17–21 . Zebrafish larvae translate in short discrete bouts punctuated by periods of inactivity. The separable active andpassive
phases of locomotion facilitates dissection of the neural-derived commands for movement from their biomechanical consequences.
Zebrafishmaintain a dorsal-up orientation relative to gravity using postural reflexes22–26 and learned control of movement timing27 .
These vestibular behaviors rely entirely on otolithic organs28 , in particular the gravity-sensing utricle.29–31 . Anatomically, utricle-
recipient vestibular nuclei relay information to the spinal cord directly32–34 and indirectly24,25,30,35,36 through a highly-conserved
midbrain population called the interstitial nucleus of Cajal / nucleus of the medial longitudinal fasciculus (INC/nMLF)37,38 . Finally,
while zebrafish navigate in the horizontal plane39–41 it is unclear if they similarly maintain vertical heading to navigate in depth.
Here, we combined high-throughput behavioral analysis of vertical locomotion and loss-of-function assays to explore neural circuits
for gravity-guided navigation. We first established that larvae swim in a series of bouts with consistent heading to navigate in the
dark. Stable control of heading allowed larvae to efficiently change depth. Gravity sensation is essential for this navigation behavior,
asmutant fish without utricular otoliths navigate depth poorly, swimmingwithmore variable heading and excessive veering. Lesions
of ascending utricle-recipient neurons in the tangential vestibular nucleus recapitulated this phenotype, while lesions of descending
vestibulospinal neurons did not. The INC/nMLF receives ascending inputs; lesions there disrupted heading and navigation efficacy.
Taken together, our data reveals a conserved hindbrain-midbrain-spinal cord circuit that transformed sensed gravity to commands to
maintain heading for effective vertical navigation. More broadly, we reveal ancient architecture that leverages sensed gravity tomove
efficiently through the world.

RESULTS

Larval zebrafish navigate depth by maintaining a consistent heading over a series of swim bouts
We first examinedwhether larval zebrafishmaintain a consistent heading as they navigate in depth42 . Tomeasure behavior, we used
a high-throughput real time Scalable Apparatus to Measure Posture and Locomotion (SAMPL)43 . SAMPL records body position and
posture in the pitch axis (nose-up/nose-down) as larval zebrafish swim freely in depth (Figure 1A). We examined freely swimming
larvae from 7 to 9 days post-fertilization (dpf) in complete darkness. We measured the trajectory of swim directions relative to hori-
zontal and observed both upward and downward swim bouts (Figures 1B and 1C), indicating that larvae climb and dive in the water
column. To quantify the spread of swim directions, we defined variability as themedian absolute deviation of swim bouts (Figure 1D).
The depth change resulting from a single swim bout was small (0.34 mm, median of absolute depth displacement), so we hypoth-
esized that larval zebrafish integrate a series of swim bouts to adjust their depth efficiently. We quantified and parameterized the
statistics of short series of sequential bouts. Directions of consecutive bouts were highly correlated (Figure 1E), determined by the
coefficient of determination of direction (Figure 1F), and highly consistent, defined as the slope of the best-fit line between directions
of consecutive bout (Figure 1G, and Table 1 for parameter definitions and statistics). As the series continued, bout direction became
increasingly less correlated with the first bout (Figures 1F and 1G). To quantify the amount of direction change during consecutive
bouts, we defined veering as the mean of absolute direction differences between adjacent bouts (Figure 1H). Compared to shuffled
bouts, fish veered significantly less during observed consecutive bouts (Figure 1I, 6.08 deg vs. 23.90 deg, observed vs. shuffled,
Pmedian-test < .001), indicating that larval zebrafish maintain stable swim directions through a series. Consequentially, a bout series
results in cumulative changes in depth (Figure 1K). The cumulative depth change across a series of bouts is highly correlated with
the direction of the first swim bout in the series (Figure 1J). We therefore defined the efficacy of depth change as the slope of the best
fitted line between cumulative depth change and the direction of the first bout in the sequence (Figure 1L). Given the swim direction
of a bout, a higher efficacy represents a greater depth change achieved through following consecutive bouts in the sequence.
We conclude that larvae change depth efficiently by performing a series of swim bouts with consistent heading. The parameters of
consistency, veering, and efficacy define their ability to navigate in depth.

Loss of gravity sensation disrupts vertical navigation
To understand whether the sensation of gravity contributes to navigation in depth, we examined behavior of 7–9 dpf gravity-blind
larvae as they swam in complete darkness. The otogelin mutant fails to develop a utricular otolith (Figure 2A, arrowhead) until ~14
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dpf44 , leaving larvae unable to sense gravity.29,30,45 . Compared to heterozygous siblings, otog-/- larvae showed more variable swim
directions (Figure 2B. 20.44 deg vs. 21.36 deg, heterozygous controls vs mutants, Pbootstrap = .004, Table 2). In addition, series of
bouts bymutants exhibited lower direction consistency (Figure 2C), and veeredmore (Figure 2D, 5.33 deg vs. 6.21 deg, Pmedian-test =
.006). Consequentially, gravity-blind fish were dramatically less efficient at navigating in depth (Figure 2E, 0.14 deg vs. 9.05e-2 deg,
Pbootstrap < .001), in congruence with their high veering. We conclude that gravity sensation is crucial to stabilize heading for efficient
vertical navigation.

Ablation of gravity-sensitive vestibular neurons disrupts vertical navigation and swim kinematics
Previous studies demonstrate that gravity-sensitive ascending neurons of the the tangential vestibular nucleus46 and descending
vestibulospinal neurons of the lateral vestibular nucleus47 encode body tilt and regulate postural behaviors30,33–36,48 . We adopted
a loss-of-function approach, using a pulsed infrared laser to ablate genetically-defined populations of ascending neurons in the tan-
gential nucleus (Figure S1A). In addition, we reanalyzed a dataset34 comprised of larvae with lesioned descending vestibulospinal
neurons (Figure S1B).
Loss of ascendingneurons in the tangential nucleus (Figures3Aand3B) recapitulateddisruption to vertical navigation seen ingravity-
blind fish. After lesions, fish hadmore variable swimdirections (Figure 3C; 20.87deg vs. 22.07deg, control vs. lesions,Pbootstrap < .001.
See also Table 2). Heading consistency was reduced (Figure 3D), and veering increased (Figure 3E, 6.79 deg vs. 7.23 deg, Pmedian-test
= .014), disrupting depth change efficiency (Figure 3F, 0.10 deg vs. 8.84e-2 deg, Pbootstrap < .001).
Similar to loss of ascending neurons, lesions of vestibulospinal neurons (Figures S2A and S2B) also increased swimdirection variability
(Figure S2C; 19.87 deg vs. 24.29 deg, Pbootstrap < .001). However, vestibulospinal-lesioned larvae adopted more consistent swim
directions through consecutive swim bouts (Figure S2D). They veered less (Figure S2E, 10.68 deg vs. 9.84 deg, Pmedian-test = .019)
and achieved greater depth changes through sequence of bouts compared to sibling controls (Figure S2F, 5.64e-2 deg vs. 0.10 deg,
Pbootstrap < .001).
We conclude that ascending neurons in the tangential nucleus, and not vestibulospinal neurons, are critical to maintain stable and
consistent heading required for effective navigation in depth.
Loss of vestibular function should disrupt posture and locomotor behaviors. We investigated kinematic features that determine swim
directions in the vertical axis (Figure S3A). During bouts, larval zebrafish utilize a three-step strategy that allows them to climb and
dive while maintaining their preferred horizontal posture22,43,49 (Figure S3A, Table 1): First, larvae steer by rotating their their body.
Next, they coordinate propulsive forces generated by undulatory thrust and pectoral-fin-based lift. Finally, they rotate back toward
their preferred posture. The strength of each of these behaviors can be parameterized as a gain, to indicate the how strongly fish steer
(Figure S3B), achieve vertical translocation through lift (Figure S3C), and restore posture (Figure S3D).
Compared to sibling controls, vestibular-impaired larvae exhibited higher steering gain (Figure S3E, Pt-test < .001, Pt-test < .001, Pt-test
= .002, Table 2) and lower lifting gain (Figure S3F, Pt-test < .001, Pt-test = .036, Pt-test = .005, for otogelin mutants, tangential, and
vestibulospinal lesions, respectively). otogelin mutants and vestibulospinal lesions resulted in significant decrease in the righting
gain (Figure S3G, Pt-test < .001, Pt-test = .180, Pt-test = .001, for otogelinmutants, tangential, and vestibulospinal lesions, respectively).
Taken together, these data confirm that, as expected, perturbations of vestibular sensation or vestibular neurons disrupt swim kine-
matics. Specifically, after lesions, larvae can still change depth but they do so with more eccentric posture and poorly coordinated
lift (Figure S3H). These results are consistent with the increased variability seen in otogelinmutants (Figure 2B), and after lesions of
either ascending tangential nucleus neurons (Figure 3C) or vestibulospinal neurons (Figure S2C).

Gravity-guided stabilization of swim directions for vertical navigation is mediated by the midbrain nucleus INC/nMLF
Ascending neurons of the tangential nucleus project to the INC/nMLF, which sends descending axons to the spinal cord to control
locomotion24,50–53 (Figure 4A). We reasoned that the INC/nMLF might be the final supraspinal node in a circuit for gravitational
control of heading during vertical navigation. We therefore lesioned large descending neurons in the INC/nMLF (Figures S1C, 4A
and 4B). Ablation slightly increased directional variability (Figure 4C, 14.29 deg vs. 14.60 deg, controls vs lesions, Pbootstrap = 0.075),
and reduced consistency of heading (Figure 4D, Table 2). Similar to effects seen in otogelinmutants and after ascending tangential
neuron lesions, larvae with INC/nMLF lesions showed increased veering (Figure 4E, 5.98 deg vs. 6.51 deg, Pmedian-test = .002), and
were less efficient at changing depth (Figure 4F, 0.14 vs. 0.11, Pbootstrap < .001).
Larvae with lesions of descending neurons in the INC/nMLF recapitulated phenotypes observed in otogelinmutants and after lesions
of ascending neurons in the tangential vestibular nucleus. Specifically, all three disrupt heading consistency across a series of bouts
and show increased veering. Together, these decrease the efficacy of changing depth. Taken together, our results reveal a circuit from
the inner ear to the spinal cord responsible for gravitational control of heading during vertical navigation.

DISCUSSION

We define a circuit that uses gravitational information to control heading for effective vertical navigation. Larvae use a series of swim
bouts with consistent heading to change depth in the dark. Loss of either the utricular otoliths, utricle-recipient ascending neurons
in the tangential vestibular nucleus, or spinal-projecting neurons in the INC/nMLF all caused fish to swimwithmore variable heading
and excessive veering, leading to inefficient vertical navigation. Taken together, this work reveals ancient brainstem architecture that
uses gravitational cues to move effectively through the world.

Circuit architecture and computations for vertical navigation
Our work argues that the INC/nMLF contributes to vertical navigation. In larval zebrafish, the INC/nMLF is best known for its role in
regulating swim posture and speed50–53 . Further, the tangential-INC/nMLF circuit controls a vestibular-induced body bend reflex
that allows fish tomaintain posture in the roll (barbecue) axis24 . Across mammals, INC/nMLF is perhaps best known as the site of the
neural integrator for vertical/torsional eye position54–56 , a computation that acts as a short-term memory for motor commands57 .
Saccades that move the eyes to a new position are instantiated with short bursts of neuronal activity. When integrated, these bursts
provide the signal necessary for extraocularmotor neurons tomaintainmuscle tension, stabilizing gaze at the new position. Similarly,
integration transforms vestibular representations of head velocity into eye position for a proper vestibulo-ocular reflex58 .
We propose that the utricle-tangential-INC/nMLF circuit stores and uses a short-term memory of gravity-derived signals for vertical
navigation. We observed that larval zebrafish maintain their heading across a series of bouts. The timescale of this phenomena
suggests the existence of a short-termmemory for commands to shape posture and kinematics. otogelinmutants show profoundly
disrupted vertical navigation indarkness. Therefore, while headingmaypersist partly due to inertia, a gravity-derivedneural command
must contribute as well. Intriguingly, the idea that oculomotor integrator circuitsmight serve a role in navigation has a recent parallel:



in larval zebrafish, the nucleus prepositus hypoglossi (NPH), best known as the neural integrator for horizontal eye movements, may
integrate self-motion signals in the yaw plane41 .
Unlike perturbations to the utricle-tangential-INC/nMLF circuit, larvae without vestibulospinal neurons veer less and navigate more
efficiently. While puzzling, this finding is important for two reasons. Firstit demonstrates that not all lesions to the utricle-recipient
neurons lead to disrupted navigation. Second, it shows that loss of gravity sensation and lesions of vestibular nuclei perturb swim
kinematics similarly, leading to increased variability in bout direction. Since we see both increases and decreases to navigation perfor-
mance after lesions, we infer that changes to gravity-guided heading can be dissociated from changes to swim kinematics. However,
we do not yet know why fish without vestibulospinal neurons veer less. To solve this problem, it will be crucial to define and compare
the spinal targets of vestibulospinal neurons59 to the targets of descending neurons in the INC/nMLF52,60 . These findings set the
stage to explore the integration of gravity-derived information from direct and indirect brainstem projections to the spinal cord.

Are larval zebrafish truly navigating depth?
Environmental cues such as light, food, or behavioral state can guide vertical aquatic navigation. Many species of aquatic animalsmi-
grate up/down61 , following the 24-hour cycle of the zooplankton diel vertical migration62 . Ocean sunfish will perform deep dives
during the day to feed in the mesopelagic zone, returning to the surface to warm up63–65 . Elephant seals dive during sleep to
avoid predators66 . Most pertinently, larval zebrafish can dive/surface following changes to illumination67–69 and anxiogenic/anxiolytic
drugs70 , and tend to occupy the top third of the water column in a tall (36 cm) tank71 .
All behavior in the current study was measured in complete darkness without a defined goal, raising questions of terminology. One
proposal would classify the behavior we observe as “gravity-guided orientation,” because larvae seek to arrive at a more preferable
depth, rather than navigating to a specific location like a nest72,73 . However, “orientation” may refer to both a stationary/perceptual
response and a locomotor activity in its definition74 . To avoid ambiguity, we refer to thebehaviorwe see as “gravity-guidednavigation,”
consistent with a broader view of what comprises navigation42 . By studying unconstrained vertical navigation, our work sets the
foundation for exploration of more complex behavior paradigms. Future work will introduce perturbations, enable goal-directed
tasks, and deliver additional stimuli to understand gravity’s influence on navigation.

Limitations
A potential caveat of our loss-of-function approach is that the lesions were done at different ages. We did not observe regrowth
of neuronal cell bodies at any of the lesion sites by the time of behavior assays among the fish we examined, so we do not expect
differential regeneration to affect our results. Larvaemight exhibit different levels of adaptation to the impairments before behavioral
assessment. Given the consistency in effects across constitutive loss (mutants), 4 dpf (tangential) and 5 dpf (INC/nMLF) lesions, we
think this explanation is unlikely. Future work with longitudinal behavioral assays will permit investigation of the mechanisms of
adaptation and rehabilitation after circuit disruption.

Conclusion
We define a sensorimotor circuit that uses evolutionarily-conserved brainstem architecture to transform gravitational signals into
stable heading for effective vertical navigation. The work lays a circuit-level foundation to understand persistent signals that guide
locomotion, and how vestibular inputs allow animals to move efficiently through their environment.

MATERIALS AND METHODS

Fish husbandry
All procedures involving larval zebrafish (Danio rerio) were approved by the New York University Langone Health Institutional Animal
Care & Use Committee (IACUC). Zebrafish embryos and larvae were raised at 28.5°C on a standard 14:10 h light:dark cycle. Larvae
were raised at a density of 20-50 in 25-40 ml of E3 medium in 10 cm petri dishes before 5 days post-fertilization (dpf). After 5 dpf,
larvae were maintained at densities under 30 larvae per 10 cm petri dish and were fed cultured rotifers (Reed Mariculture) daily.

Fish lines
Experiments were done using wild type fish with amixed background of AB, TU, WIK, and SAT. Larvae for lesion experiments were on
the mitfa-/- background to remove pigment. Photoablations of ascending neurons in the tangential nucleus were performed in Tg(-
6.7Tru.Hcrtr2:GAL4-VP16,Tg(UAS:EGFP)35 . Photoablations of vestibulospinal neurons and neurons of the INC/nMLFwere performed
on the Is(nefma:hsp70l-LOXP-GAL4FF),Tg(UAS:EGFP)background, derived fromstl601Tg75 , henceforth called Tg(nefma::EGFP).oto-
gelinmutants were rksvo66/vo66 44 .

Vestibular manipulations and photoablations
otogelinmutants were screened at 2 dpf for bilateral loss of utricular otoliths. Photoablations of ascending neurons of the tangential
nucleus were performed in Tg(-6.7Tru.Hcrtr2:GAL4-VP16; UAS:EGFP) larvae at 4 dpf. Lesions of the vestibulospinal neurons and the
nMLF were performed in Tg(nefma::EGFP) on day 6-7 and 5 dpf, respectively.
All lesionsweredoneusing a2-photon laser as previously described34 . Briefly, larvaewere anesthetized in0.2mg/mlMESABand then
mounted in 2% low-melting point agarose. Neurons of interest were identified and imaged using an upright microscope (ThorLabs
Bergamo) with an 80 MHz Ti:Sapphire oscillator-based laser at 920 nm (SpectraPhysics MaiTai HP). A separate high-power pulsed
infrared laser (SpectraPhysics Spirit 8W) was used for photoablation (1040 nm, 200 kHz repetition rate, 400 fs pulse duration, 1-4
pulses per neuronover 10msat 25-75nJper pulse). Lesion controlswere sibling fish andwere anesthetized for comparable durations
to lesioned larvae. Lesioned and control sibling larvae were allowed to recover at 28.5°C until behavioral measurements.

Behavioral measurements
Methods to measure behavior, including apparatus design, hardware, software and procedures, have been extensively detailed43 .
Briefly, larvae at 7 dpf were transferred from petri dishes to behavior chambers. An experimental repeat consisted of a single clutch of
larvae run in at least 3behavioral apparatus. Eachapparatus contains5-8 larvaeper standard chamber or 2-3 fishper narrowchamber
filled with with 25-30/10-15ml of E3, respectively. Behavior recordings were started in themorning or around noon on day 7, which
is equivalent to circadian time1-3 or zeitgeber time1-3, and lasted for approximately 48 hours. After 24 hours of recording, programs
were paused for 30 minutes for feeding where 1-2 ml of rotifer culture was added to each chamber. Larvae were removed from the
apparatus approximately 48 hours after the start of the experiment. Data during circadian/zeitgeber day were used for all analyses.

Behavioral analysis
Data was analyzed using our previously published pipeline43 . In brief, the location of a fish and its pitch axis posture were extracted
and saved in real time when a single fish was present in the field of view with its body plane perpendicular to the light path. Data



from each experimental repeat were concatenated and swim bouts (defined as a duration where fish swam faster than 5mm/s) were
detected. Swim bouts were aligned at the time of the peak speed for subsequent analysis. Durations between swim bouts where
speed was lower than 5 mm/s were considered inter-bout intervals. Bout and fish numbers for each condition are reported in figure
legends. Table 1 defines each analysis parameter.
Only consecutive swim bouts were used for autocorrelation analysis, which examined the relationship between bouts with different
lags. The lag between two bouts in the same bout series was determined by the number of inter-bout intervals that elapsed in-
between. A lag of 1 defines adjacent swim bouts. Bout pairs with different lags were extracted from sequential bouts in a series. For
example, a series of 4 consecutive bouts yields 3 pairs of adjacent bouts, 2 pairs of lag-2 bouts, and 1 pair of lag-3 bouts.

Statistics
All measurements and statistics have been reported in Tables 1 and 2, including expected value, variance, and confidence intervals
of parameters. Sample sizes (e.g. number of fish and bout numbers) are included in figure legends. Below we describe the statistical
analyses used to compare parameters between conditions.
Median absolute deviationwas used to quantify swim direction variability. For variability and consistency, we calculated bootstrapped
means for each condition (control and experiment) and took their differences for statistical analysis. Mean and the standard deviation
of differences were used to determine the two-tailed P value. For veering, one measurement was calculated from each set of 6-
bout sequences. Because veering values are non-parametric, the median test was used to determine significance between two
conditions. For depth change efficacy, one fitted slope was calculated from each bootstrapped sample. Difference between two
conditions (control and experiment) were calculated andwere used for two-tailed significance test. For steering gain, lifting gain, and
righting gain, one value was calculated from each experimental repeat for unpaired two-tailed t-test.

Data Availability
All raw data are available at the Open Science Framework DOI: 10.17605/OSF.IO/AER9F

Code Availability
All analysis code is available at the Open Science Framework DOI: 10.17605/OSF.IO/AER9F

ACKNOWLEDGMENTS

Research was supported by the National Institute on Deafness and Communication Disorders of the National Institutes of Health
under award numbers R01DC017489 (DS), and F31DC019554 (KRH), and the National Institute of Neurological Disorders and
Stroke under award numbers, T32NS086750 (KRH) and R61NS125280 (DS), by the Leon Levy Foundation (YZ), and the Rainwater
Charitable Foundation (YZ). The authors thank Christina May and other members of the Schoppik and Nagel laboratories for their
valuable feedback and discussions.

AUTHOR CONTRIBUTIONS

Conceptualization: YZ and DS. Methodology: YZ. Investigation: YZ, HG, FA, KRH, DEE. Formal Analysis: YZ. Visualization: YZ. Writing:
YZ and DS. Editing: YZ and DS. Supervision: DS. Funding Acquisition: YZ, KRH, and DS.

AUTHOR COMPETING INTERESTS

The authors declare no competing interests.

REFERENCES
[1] Stanley Heinze. Unraveling the neural basis of insect navigation. Current Opinion in Insect Science, 24:5867, December 2017.
[2] Cody A. Freas and Ken Cheng. The basis of navigation across species. Annual Review of Psychology, 73(1):217241, January 2022.
[3] Douglas G. Wallace, Dustin J. Hines, Sergio M. Pellis, and Ian Q. Whishaw. Vestibular information is required for dead reckoning in the rat. The Journal of Neuroscience,

22(22):1000910017, November 2002.
[4] Adelaide Sibeaux, Cait Newport, Jonathan Green, Jacob Engelmann, and Theresa Burt de Perera. Taking a shortcut: evidence of path integration in fish. Research Square,

August 2023.
[5] Yossi Yovel and Nachum Ulanovsky. Bat Navigation, page 333345. Elsevier, 2017.
[6] Robert I. Holbrook and Theresa Burt de Perera. Three-dimensional spatial cognition: information in the vertical dimension overrides information from the horizontal. Animal

Cognition, 14(4):613619, March 2011.
[7] Christopher J. Dakin and Ari Rosenberg. Gravity estimation and verticality perception, page 4359. Elsevier, 2018.
[8] Kathleen E Cullen and Jeffrey S Taube. Our sense of direction: progress, controversies and challenges. Nature Neuroscience, 20(11):14651473, November 2017.
[9] Kacey Mackowetzky, Kevin H. Yoon, Emily J. Mackowetzky, and Andrew J. Waskiewicz. Development and evolution of the vestibular apparatuses of the inner ear. Journal of

Anatomy, 239(4):801828, May 2021.
[10] S. Exner. Negative versuchsergebnisse über das orientierungsvermögen der brieftauben. Sitzungsberichte der Kaiserlichen Akademie derWissenschaften. Mathematisch-

Naturwissenschaftliche Klasse Abt. 3, 1893.
[11] Andreas Zwergal, Denis Grabova, and Florian Schöberl. Vestibular contribution to spatial orientation and navigation. Current Opinion in Neurology, 37(1):5258, November

2023.
[12] Dora E. Angelaki and Kathleen E. Cullen. Vestibular system: The many facets of a multimodal sense. Annual Review of Neuroscience, 31(1):125150, July 2008.
[13] Ryan M. Yoder and Jeffrey S. Taube. The vestibular contribution to the head direction signal and navigation. Frontiers in Integrative Neuroscience, 8, April 2014.
[14] Benjamin J. Clark and Jeffrey S. Taube. Vestibular and attractor network basis of the head direction cell signal in subcortical circuits. Frontiers in Neural Circuits, 6, 2012.
[15] Jean Laurens, Byounghoon Kim, J David Dickman, and Dora E Angelaki. Gravity orientation tuning inmacaque anterior thalamus. Nature Neuroscience, 19(12):15661568,

October 2016.
[16] Dora E. Angelaki, Julia Ng, Amada M. Abrego, Henry X. Cham, Eftihia K. Asprodini, J. David Dickman, and Jean Laurens. A gravity-based three-dimensional compass in the

mouse brain. Nature Communications, 11(1), April 2020.
[17] Gilles C .Vanwalleghem, Misha B Ahrens, and Ethan K Scott. Integrative whole-brain neuroscience in larval zebrafish. Current Opinion in Neurobiology, 50:136145, June

2018.
[18] Itia A. Favre-Bulle, Gilles Vanwalleghem, Michael A. Taylor, Halina Rubinsztein-Dunlop, and Ethan K. Scott. Cellular-resolution imaging of vestibular processing across the

larval zebrafish brain. Current Biology, 28(23):3711–3722.e3, December 2018.
[19] Geoffrey Migault, Thijs L. van der Plas, Hugo Trentesaux, Thomas Panier, Raphaël Candelier, Rémi Proville, Bernhard Englitz, Georges Debrégeas, and Volker Bormuth.

Whole-brain calcium imaging during physiological vestibular stimulation in larval zebrafish. Current Biology, 28(23):3723–3735.e6, December 2018.
[20] Bruce B. Riley and Stephen J. Moorman. Development of utricular otoliths, but not saccular otoliths, is necessary for vestibular function and survival in zebrafish. Journal of

Neurobiology, 43(4):329337, 2000.
[21] Yunlu Zhu, Kyla R. Hamling, and David Schoppik. Vestibulospinal Circuits and the Development of Balance in Fish, page 326333. Elsevier, 2020.
[22] David E Ehrlich and David Schoppik. A primal role for the vestibular sense in the development of coordinated locomotion. eLife, 8, October 2019.
[23] Martha W Bagnall and David Schoppik. Development of vestibular behaviors in zebrafish. Current Opinion in Neurobiology, 53:83–89, 2018.
[24] Takumi Sugioka, Masashi Tanimoto, and Shin ichi Higashijima. Biomechanics and neural circuits for vestibular-induced fine postural control in larval zebrafish. Nature

Communications, 14(1), March 2023.
[25] Masashi Tanimoto, Ikuko Watakabe, and Shin ichi Higashijima. Tiltable objective microscope visualizes discrimination of static and dynamic head movement originates at

hair cells. Research Square, July 2022.
[26] Ming-Yue Wu, Martin Carbo-Tano, Olivier Mirat, Francois-Xavier Lejeune, Julian Roussel, Feng B. Quan, Kevin Fidelin, and Claire Wyart. Spinal sensory neurons project onto

the hindbrain to stabilize posture and enhance locomotor speed. Current Biology, 31(15):3315–3329.e5, August 2021.



[27] David E. Ehrlich and David Schoppik. Control of movement initiation underlies the development of balance. Current Biology, 27(3):334344, February 2017.
[28] Zhikai Liu, David G. C. Hildebrand, Joshua L. Morgan, Yizhen Jia, Nicholas Slimmon, and Martha W. Bagnall. Organization of the gravity-sensing system in zebrafish. Nature

Communications, 13(1), August 2022.
[29] WeikeMo, Fangyi Chen, AlexNechiporuk, and TeresaNicolson. Quantification of vestibular-induced eyemovements in zebrafish larvae. BMCNeuroscience, 11(1), September

2010.
[30] Isaac H. Bianco, Leung-Hang Ma, David Schoppik, Drew N. Robson, Michael B. Orger, James C. Beck, Jennifer M. Li, Alexander F. Schier, Florian Engert, and Robert Baker.

The tangential nucleus controls a gravito-inertial vestibulo-ocular reflex. Current Biology, 22(14):12851295, July 2012.
[31] Natalia Beiza-Canelo, Hippolyte Moulle, Thomas Pujol, Thomas Panier, Geoffrey Migault, Guillaume Le Goc, Pierre Tapie, Nicolas Desprat, Hans Straka, Georges Debrégeas,

and Volker Bormuth. Magnetic actuation of otoliths allows behavioral and brain-wide neuronal exploration of vestibulo-motor processing in larval zebrafish. Current Biology,
33(12):2438–2448.e6, June 2023.

[32] Martha W. Bagnall and David L. McLean. Modular organization of axial microcircuits in zebrafish. Science, 343(6167):197200, January 2014.
[33] Kyla R. Hamling, Katherine Harmon, and David Schoppik. The nature and origin of synaptic inputs to vestibulospinal neurons in the larval zebrafish. eneuro,

10(6):ENEURO.0090–23.2023, June 2023.
[34] Kyla R. Hamling, Katherine Harmon, Yukiko Kimura, Shin-ichi Higashijima, and David Schoppik. The vestibulospinal nucleus is a locus of balance development. bioRxiv,

December 2023.
[35] David Schoppik, Isaac H. Bianco, David A. Prober, Adam D. Douglass, Drew N. Robson, Jennifer M.B. Li, Joel S.F. Greenwood, Edward Soucy, Florian Engert, and Alexander F.

Schier. Gaze-stabilizing central vestibular neurons project asymmetrically to extraocular motoneuron pools. The Journal of Neuroscience, 37(47):1135311365, September
2017.

[36] Dena Goldblatt, Stephanie Huang, Marie R. Greaney, Kyla R. Hamling, Venkatakaushik Voleti, Citlali Perez-Campos, Kripa B. Patel, Wenze Li, ElizabethM.C. Hillman, MarthaW.
Bagnall, andDavid Schoppik. Neuronal birthdate reveals topography in a vestibular brainstemcircuit for gaze stabilization. Current Biology, 33(7):1265–1281.e7, April 2023.

[37] K. Fukushima, B.W. Peterson, and V.J. Wilson. Vestibulospinal, Reticulospinal and Interstitiospinal Pathways in the Cat, page 121136. Elsevier, 1979.
[38] Martin Carbo-Tano, Mathilde Lapoix, Xinyu Jia, Olivier Thouvenin, Marco Pascucci, François Auclair, Feng B. Quan, Shahad Albadri, Vernie Aguda, Younes Farouj, Elizabeth

M. C. Hillman, Ruben Portugues, Filippo Del Bene, Tod R. Thiele, Réjean Dubuc, and Claire Wyart. The mesencephalic locomotor region recruits v2a reticulospinal neurons
to drive forward locomotion in larval zebrafish. Nature Neuroscience, 26(10):17751790, September 2023.

[39] Xiuye Chen and Florian Engert. Navigational strategies underlying phototaxis in larval zebrafish. Frontiers in Systems Neuroscience, 8, March 2014.
[40] Sophia Karpenko, Sebastien Wolf, Julie Lafaye, Guillaume Le Goc, Thomas Panier, Volker Bormuth, Raphaël Candelier, and Georges Debrégeas. From behavior to circuit

modeling of light-seeking navigation in zebrafish larvae. eLife, 9, January 2020.
[41] En Yang, Maarten F. Zwart, Ben James, Mikail Rubinov, ZiqiangWei, SujathaNarayan, Nikita Vladimirov, Brett D.Mensh, James E. Fitzgerald, andMishaB. Ahrens. A brainstem

integrator for self-location memory and positional homeostasis in zebrafish. Cell, 185(26):5011–5027.e20, December 2022.
[42] GiulioMariaMenti, NicolaMeda,MauroA. Zordan, andAramMegighian. Towards aunified visiononanimal navigation. EuropeanJournal ofNeuroscience, 57(12):19801997,

December 2022.
[43] Yunlu Zhu, Franziska Auer, Hannah Gelnaw, Samantha N. Davis, Kyla R. Hamling, Christina E. May, Hassan Ahamed, Niels Ringstad, Katherine I. Nagel, and David Schoppik.

Sampl is a high-throughput solution to study unconstrained vertical behavior in small animals. Cell Reports, 42(6):112573, June 2023.
[44] Tanya T. Whitfield, Michael Granato, Fredericus J. M. van Eeden, Ursula Schach, Michael Brand, Makoto Furutani-Seiki, Pascal Haffter, Matthias Hammerschmidt, Carl-Philipp

Heisenberg, Yun-Jin Jiang, Donald A. Kane, Robert N. Kelsh, Mary C. Mullins, Jörg Odenthal, and Christiane Nüsslein-Volhard. Mutations affecting development of the
zebrafish inner ear and lateral line. Development, 123(1):241254, December 1996.

[45] Richard Roberts, Jeffrey Elsner, and MarthaW. Bagnall. Delayed otolith development does not impair vestibular circuit formation in zebrafish. Journal of the Association for
Research in Otolaryngology, 18(3):415425, March 2017.

[46] S Ramón y Cajal. Sur un noyau special du nerf vestibulaire des poissons et des oiseaux. Trab. Lab. Invest. Biol. Univ. Madr, 6:1–20, 1908.
[47] Otto Deiters. Untersuchungen über die Lamina spiralis membranacea. Henry et Cohen, 1860.
[48] Takumi Sugioka, Masashi Tanimoto, and Shin-ichi Higashijima. Biomechanics and neural circuits for vestibular-induced fine postural control in larval zebrafish. Nature

Communications, 14(1), March 2023.
[49] David E. Ehrlich and David Schoppik. A novel mechanism for volitional locomotion in larval zebrafish. bioRxiv, September 2017.
[50] Kristen E. Severi, Ruben Portugues, João C. Marques, Donald M. O’Malley, Michael B. Orger, and Florian Engert. Neural control and modulation of swimming speed in the

larval zebrafish. Neuron, 83(3):692–707, August 2014.
[51] Tod R. Thiele, Joseph C. Donovan, and Herwig Baier. Descending control of swim posture by a midbrain nucleus in zebrafish. Neuron, 83(3):679–691, August 2014.
[52] Wei-Chun Wang and David L. McLean. Selective responses to tonic descending commands by temporal summation in a spinal motor pool. Neuron, 83(3):708–721, aug

2014.
[53] Eva M. Berg, Leander Mrowka, Maria Bertuzzi, David Madrid, Laurence D. Picton, and Abdeljabbar El Manira. Brainstem circuits encoding start, speed, and duration of

swimming in adult zebrafish. Neuron, 111(3):372–386.e4, February 2023.
[54] J. D. Crawford, W. Cadera, and T. Vilis. Generation of torsional and vertical eye position signals by the interstitial nucleus of cajal. Science, 252(5012):15511553, June 1991.
[55] C. Helmchen, H. Rambold, L. Fuhry, and U. Büttner. Deficits in vertical and torsional eye movements after uni- and bilateral muscimol inactivation of the interstitial nucleus

of cajal of the alert monkey. Experimental Brain Research, 119(4):436452, April 1998.
[56] K Fukushima. The interstitial nucleus of cajal and its role in the control of movements of head and eyes. Progress in Neurobiology, 29(2):107192, 1987.
[57] Dimitry Fisher, Itsaso Olasagasti, David W. Tank, Emre R.F. Aksay, and Mark S. Goldman. A modeling framework for deriving the structural and functional architecture of a

short-termmemory microcircuit. Neuron, 79(5):9871000, September 2013.
[58] M. Joshua and S.G. Lisberger. A tale of two species: Neural integration in zebrafish and monkeys. Neuroscience, 296:8091, June 2015.
[59] Nedim Kasumacic, François M. Lambert, Patrice Coulon, Helene Bras, Laurent Vinay, Marie-Claude Perreault, and Joel C. Glover. Segmental organization of vestibulospinal

inputs to spinal interneurons mediating crossed activation of thoracolumbar motoneurons in the neonatal mouse. The Journal of Neuroscience, 35(21):81588169, May
2015.

[60] B W Peterson. Reticulospinal projections to spinal motor nuclei. Annual Review of Physiology, 41(1):127140, October 1979.
[61] J.D. Neilson and R.I. Perry. Fish Migration, Vertical, page 955961. Elsevier, 2001.
[62] L.D. Meester. Diel Vertical Migration, page 651658. Elsevier, 2009.
[63] Y. Watanabe, Q. Wei, D. Yang, X. Chen, H. Du, J. Yang, K. Sato, Y. Naito, and N. Miyazaki. Swimming behavior in relation to buoyancy in an open swimbladder fish, the chinese

sturgeon. Journal of Zoology, 275(4):381390, July 2008.
[64] David W. Sims, Nuno Queiroz, Thomas K. Doyle, Jonathan D.R. Houghton, and Graeme C. Hays. Satellite tracking of the worlds largest bony fish, the ocean sunfish (mola

mola l.) in the north east atlantic. Journal of Experimental Marine Biology and Ecology, 370(12):127133, March 2009.
[65] H. Dewar, T. Thys, S.L.H. Teo, C. Farwell, J. OSullivan, T. Tobayama, M. Soichi, T. Nakatsubo, Y. Kondo, Y. Okada, D.J. Lindsay, G.C. Hays, A. Walli, K. Weng, J.T. Streelman, and

S.A. Karl. Satellite tracking the worlds largest jelly predator, the ocean sunfish, mola mola, in the western pacific. Journal of Experimental Marine Biology and Ecology,
393(12):3242, September 2010.

[66] JessicaM. Kendall-Bar, TerrieM.Williams, RitikaMukherji, Daniel A. Lozano, Julie K. Pitman, Rachel R. Holser, TheresaKeates, Roxanne S. Beltran, PatrickW. Robinson, Daniel E.
Crocker, Taiki Adachi, Oleg I. Lyamin, Alexei L. Vyssotski, and Daniel P. Costa. Brain activity of diving seals reveals short sleep cycles at depth. Science, 380(6642):260265,
April 2023.

[67] António M. Fernandes, Kandice Fero, Aristides B. Arrenberg, Sadie A. Bergeron, Wolfgang Driever, and Harold A. Burgess. Deep brain photoreceptors control light-seeking
behavior in zebrafish larvae. Current Biology, 22(21):20422047, November 2012.

[68] Benjamin H. Bishop, Nathan Spence-Chorman, and Ethan Gahtan. Three-dimensional motion tracking reveals a diving component to visual and auditory escape swims in
zebrafish larvae. Journal of Experimental Biology, January 2016.

[69] Qian Lin and Suresh Jesuthasan. Masking of a circadian behavior in larval zebrafish involves the thalamo-habenula pathway. Scientific Reports, 7(1), June 2017.
[70] Barbara D. Fontana and Matthew O. Parker. The larval diving response (ldr): Validation of an automated, high-throughput, ecologically relevant measure of anxiety-related

behavior in larval zebrafish (danio rerio). Journal of Neuroscience Methods, 381:109706, November 2022.
[71] Gokul Rajan, Julie Lafaye, Giulia Faini, Martin Carbo-Tano, KarineDuroure, Dimitrii Tanese, Thomas Panier, Raphaël Candelier, JörgHenninger, Ralf Britz, Benjamin Judkewitz,

Christoph Gebhardt, Valentina Emiliani, Georges Debregeas, Claire Wyart, and Filippo Del Bene. Evolutionary divergence of locomotion in two related vertebrate species.
Cell Reports, 38(13):110585, March 2022.

[72] KenCheng. Oscillators and servomechanisms in orientation andnavigation, and sometimes in cognition. Proceedings of theRoyal SocietyB: Biological Sciences, 289(1974),
May 2022.

[73] Ken Cheng. Oscillators and servomechanisms in navigation and orientation. Communicative & Integrative Biology, 17(1), December 2023.
[74] HERMANN SCHÖNE and CAMILLA STRAUSFELD. Spatial Orientation: The Spatial Control of Behavior in Animals and Man. Princeton University Press, 1984.
[75] Zhikai Liu, Yukiko Kimura, Shin-ichi Higashijima, David G.C. Hildebrand, Joshua L. Morgan, and Martha W. Bagnall. Central vestibular tuning arises from patterned conver-

gence of otolith afferents. Neuron, 108(4):748–762.e4, November 2020.



Table 1: Parameters definitions and statistics. Refer to Figure 1. Definitions of navigation parameters and values of wild-type 7-day larvae. Values that
can be calculatedwithout regression analysis are reported asmedian across all swim bouts (n = 121957 bouts) or across 6 consecutive bouts (n = 4047).
Regression coefficients such as efficacy and consistency are reported as mean fitted slope across all experimental repeats (N = 27). Bout kinematics are
shown as mean across experimental repeats (N = 27).

Parameter Definition Format Value Unit

Swim bout An epoch during which fish swims faster than 5mm/s – – –
Swim direction Swim direction at the time of peak speed Median [IQR] 9.01 [33.76] deg
Direction variability Median absolute deviation (MAD) of all swim bout di-

rections
MAD 16.77 deg

Veering Absolute differences of directions between adjacent
bouts averaged across a series of 6 consecutive bouts

Median [IQR] 6.08 [6.79] deg

Depth change Displacement on the vertical axis during a swim bout Median [IQR] 0.14 [0.75] mm
Absolute depth change Distance on the vertical axis during a swim bout Median [IQR] 0.34 [0.56] mm
Cumulative depth change Cumulative displacement in depth through 6 consec-

utive bouts
Median [IQR] 0.46 [1.64] mm

Depth change efficacy Slope of the best fit line of cumulative depth change vs
direction of the first bout in the sequence

Mean [SD] 9.91e-2
[1.76e-2] mm/deg

Direction consistency
(lag = 1)

Slope of the best fit line of direction of bout(n+lag) vs
that of bout(n)

Mean [SD] 0.84 [3.07e-2] –

Direction consistency
(lag = 2)

– Mean [SD] 0.75 [4.78e-2] –

Direction consistency
(lag = 3)

– Mean [SD] 0.68 [7.04e-2] –

Direction consistency
(lag = 4)

– Mean [SD] 0.60 [9.51e-2] –

Direction consistency
(lag = 5)

– Mean [SD] 0.54 [0.14] –

Direction consistency
(lag = 6)

– Mean [SD] 0.49 [0.18] –

Direction consistency
(lag = 7)

– Mean [SD] 0.44 [0.22] –

Steering gain Slope of the best fit line of direction vs posture at time
of the peak speed

Mean [SD] 0.68 [3.20e-2] –

Lifting gain Slope of the best fit line of estimated lift vs bout depth
change

Mean [SD] 0.36 [3.80e-2] –

Righting gain Absolute value of the slope of the best fit line of rotation
during deceleration vs initial posture

Mean [SD] 0.18 [1.79e-2] –



Table 2: Effects of vestibular impairments on locomotion parameters. Refer to Figure 2-4 & S2-S3. Methods of statistical analysis are reported with P
values. All P values are two-tailed.

Parameter Format Control value Condition value P value Notes

otogmutation 99/136 fish for hets/mutants

Variability (deg) Mean [SD] 20.44 [0.18] 21.36 [0.26] Pbootstrap = 4.20e-3
Bootstrapped
mean and SD

Veering (deg) Median [95CI] 5.33 [4.90-5.80] 6.21 [5.90-6.57] Pmedian-test = 6.41e-3 –

Efficacy (mm/deg) Mean [SD] 0.14 [3.80e-3] 9.05e-2 [1.93e-3] Pbootstrap = 1.12e-27
Bootstrapped
mean and SD

Steering Gain Mean [SEM] 0.69 [1.01e-2] 0.85 [1.52e-2] Pt-test =2.33e-5 Unpaired t-test
Lifting Gain Mean [SEM] 0.32 [1.45e-2] 0.15 [2.95e-2] Pt-test = 7.09e-4 Unpaired t-test
Righting Gain Mean [SEM] 0.17 [1.08e-2] 0.09 [1.03e-2] Pt-test = 6.76e-4 Unpaired t-test

Consistency (lag = 1) Mean [SD] 0.87 [6.90e-3] 0.87 [5.39e-3] Pbootstrap = .930
Bootstrapped
mean and SD

Consistency (lag = 2) Mean [SD] 0.79 [1.27e-2] 0.76 [8.02e-3] Pbootstrap = 4.76e-2 –
Consistency (lag = 3) Mean [SD] 0.73 [1.79e-2] 0.67 [1.11e-2] Pbootstrap = 8.56e-3 –
Consistency (lag = 4) Mean [SD] 0.66 [2.52e-2] 0.57 [1.86e-2] Pbootstrap = 7.74e-3 –
Consistency (lag = 5) Mean [SD] 0.60 [2.99e-2] 0.50 [1.90e-2] Pbootstrap = 2.01e-2 –

Tangential lesions 40/25 fish for controls/lesions

Variability (deg) Mean [SD] 20.87 [0.15] 22.07 [0.23] Pbootstrap = 8.62e-6
Bootstrapped
mean and SD

Veering (deg) Median [95CI] 6.79 [6.48-7.06] 7.23 [7.02-7.61] Pmedian-test = 1.44e-2 –

Efficacy (mm/deg) Mean [SD] 0.10 [2.09e-3] 8.84e-2 [2.22e-3] Pbootstrap = 1.87e-4
Bootstrapped
mean and SD

Steering Gain Mean [SEM] 0.70 [1.98e-2] 0.80 [2.23e-2] Pt-test = 7.41e-3 Unpaired t-test
Lifting Gain Mean [SEM] 0.31 [2.88e-2] 0.20 [4.02e-1] Pt-test = 3.57e-2 Unpaired t-test
Righting Gain Mean [SEM] 0.14 [6.59e-3] 0.13 [9.73e-3] Pt-test = .180 Unpaired t-test

Consistency (lag = 1) Mean [SD] 0.88 [5.75e-3] 0.86 [6.23e-3] Pbootstrap = 9.08e-2
Bootstrapped
mean and SD

Consistency (lag = 2) Mean [SD] 0.82 [9.10e-3] 0.78 [8.16e-3] Pbootstrap = 1.31e-2 –
Consistency (lag = 3) Mean [SD] 0.78 [1.26e-2] 0.72 [1.62] Pbootstrap = 4.53e-3 –
Consistency (lag = 4) Mean [SD] 0.76 [1.00e-2] 0.69 [1.87] Pbootstrap = 3.61e-2 –
Consistency (lag = 5) Mean [SD] 0.76 [2.05e-2] 0.66 [2.37] Pbootstrap = 7.82e-3 –

Vestibulospinal lesions 79/97 fish for controls/lesions

Variability (deg) Mean [SD] 19.87 [0.16] 24.29 [0.20] Pbootstrap = 3.87e-70
Bootstrapped
mean and SD

Veering (deg) Median [95CI] 10.68 [10.22-11.28] 9.84 [9.39-10.31] Pmedian-test = 1.88e-2 –

Efficacy (mm/deg) Mean [SD] 5.64e-2 [3.18e-3] 0.10 [2.41e-3] Pbootstrap = 1.17e-27
Bootstrapped
mean and SD

Steering Gain Mean [SEM] 0.60 [2.27e-2] 0.75 [3.40e-2] Pt-test = 2.32e-3 Unpaired t-test
Lifting Gain Mean [SEM] 0.41 [2.74e-2] 0.27 [3.16e-2] Pt-test = 5.90e-3 Unpaired t-test
Righting Gain Mean [SEM] 0.17 [5.38e-3] 0.11 [1.22e-2] Pt-test = 1.00e-3 Unpaired t-test

Consistency (lag = 1) Mean [SD] 0.70 [4.70e-3] 0.82 [4.73e-3] Pbootstrap = 2.83e-26
Bootstrapped
mean and SD

Consistency (lag = 2) Mean [SD] 0.60 [1.23e-2] 0.74 [8.95e-3] Pbootstrap = 2.02e-20 –
Consistency (lag = 3) Mean [SD] 0.54 [1.86e-2] 0.70 [1.26e-2] Pbootstrap = 2.89e-14 –
Consistency (lag = 4) Mean [SD] 0.49 [2.39e-2] 0.66 [2.49e-2] Pbootstrap = 1.02e-6 –
Consistency (lag = 5) Mean [SD] 0.45 [2.40e-2] 0.64 [2.85e-2] Pbootstrap = 1.25e-7 –

INC/nMLF lesions 37/36 fish for controls/lesions

Variability (deg) Mean [SD] 14.29 [0.12] 14.60 [0.12] Pbootstrap = 7.53e-2
Bootstrapped
mean and SD

Veering (deg) Median [95CI] 5.98 [5.74-6.18] 6.51 [6.27-6.87] Pmedian-test = 2.13e-3 –

Efficacy (mm/deg) Mean [SD] 0.14 [3.46e-3] 0.11 [2.66e-3] Pbootstrap = 3.00e-13
Bootstrapped
mean and SD

Steering Gain Mean [SEM] 0.68 [1.37e-2] 0.70 [1.89e-2] Pt-test = .357 Unpaired t-test
Lifting Gain Mean [SEM] 0.34 [2.00e-2] 0.33 [1.43e-2] Pt-test = .761 Unpaired t-test
Righting Gain Mean [SEM] 0.21 [4.28e-3] 0.18 [1.01e-2] Pt-test = 2.95e-2 Unpaired t-test

Consistency (lag = 1) Mean [SD] 0.84 [6.11e-3] 0.82 [5.30e-3] Pbootstrap = 3.31e-3
Bootstrapped
mean and SD

Consistency (lag = 2) Mean [SD] 0.75 [6.55e-3] 0.72 [7.30e-3] Pbootstrap = 8.52e-2 –
Consistency (lag = 3) Mean [SD] 0.69 [9.48e-3] 0.63 [1.31e-2] Pbootstrap = 5.40e-3 –
Consistency (lag = 4) Mean [SD] 0.60 [2.69e-2] 0.55 [2.53e-2] Pbootstrap = 8.01e-2 –
Consistency (lag = 5) Mean [SD] 0.58 [3.03e-2] 0.52 [2.41e-2] Pbootstrap = .122 –



Figure 1: Larvae navigate depth in series of consecutive bouts with consistent heading.
(A) Sample swim trajectories of 7 dpf larvae in the x/z axes. All trajectories begin from the left. Dots represent fish locations 48ms apart (down-sampled
from 166 Hz data for visualization). Arrows mark swim directions of individual bouts in the blue trajectory. Scale bar: 1 mm. (B) Time series data of the
blue trajectory in A. Horizontal dashed line in the upper panel indicates the 5 mm/s threshold for bout detection. Vertical lines label the time of peak
speed for each bout. Lower panel plots directions of movement (black) and body posture in the pitch axis (orange). (C) Polarized histograms (frequency
polygons) of bout directions of three WT zebrafish strains. n = 121,979 bouts from 537 fish. (D) Schematic illustrations of bout direction variability. A
wide distribution of bout directions indicates high variability. (E) Directions of the following bout plotted as a function of the current plot. Correlation
coefficient is plotted in (F). Slope of the best fitted line is plotted in (G). n = 61,990 bout pairs from537 fish. (F) Serial correlation (autocorrelation) of swim
directions across observed consecutive bouts and shuffled bouts. 95% correlation confidence intervals are shown as shaded error bands. (G) Slope of the
best fit line of swimdirections of bout(n+lag) vs. bout(n) is defined as the swimdirection consistency. 95% confidence intervals of the estimated slope are
shown as shaded bands. (H) Veering is quantified as the absolute change of swim directions between adjacent bouts, averaged through a bout series.
A course of trajectory with greater direction changes results in higher veering. (I) Veering across 6 consecutive bouts (observed) and shuffled bouts are
plotted as histograms. Median values are shown as dashed lines. n = 4,048 sets of 6 bouts. Pmedian-test < 1e-16. (J)Distribution of depth changes, defined
as the displacement on the z axis, of a single swim bout. n = 121,979 bouts from 537 fish. (K) Cumulative depth change through 6 consecutive bouts,
separated by the swim direction of the first bout. (L) Depth change efficacy through 6 bouts, defined as the slope of best fit line of total depth change
during the bout series vs. swim direction of the first bout. n = 4,048 sets of 6 bouts. See also Table 1 for parameter definitions and statistics.



Figure 2: Gravity-blind mutant fish have impaired vertical naviga-
tion. (A) Homozygous otog mutants have intact saccular otoliths (ar-
rows) while lack the utricular otoliths (arrowheads) at 7 dpf. Scale bar:
100 µm. (B) Swim direction variability, quantified as the median ab-
solute deviation (MAD) of swim directions of all bouts, compared be-
tween otog mutants and heterozygous controls. Bootstrapped MAD
are plotted as data points with error bars showing standard devia-
tions. n = 14590/10645 bouts from 99/136 fish for controls/mutants.
Pbootstrap = 4.20e-3. (C) Swim direction consistency, as defined in Fig-
ure 1G, plotted as a function of the number of bouts in the sequence.
Shaded bands indicate standard deviations of the slope estimated us-
ing bootstrapping. (D) Veering through 6 consecutive bouts, as de-
fined in Figure 1H, compared between otog mutants and heterozy-
gous controls. Median with 95% confidence intervals are plotted. n
= 443/1339 6-bout series for controls/mutants. Pmedian-test = 6.41e-3.
(E)Depth change efficacy, as defined in Figure 1L. Bootstrapped slopes
are plotted as data points with error bars showing standard deviations.
Pbootstrap = 1.12e-27. See also Table 2 for statistics.



Figure 3: Ascending neurons in the tangential nucleus are indis-
pensable for vertical navigation. (A) Schematic view of the inner-ear
utricular otolith and the vestibular pathways in the hindbrain of ze-
brafish. Utricle: utricular otoliths (yellow); TAN: the tangential vestibular
nucleus (magenta). (B) Diagrams of experimental procedures for le-
sions of the tangential nucleus and behavioral assays. See Figure S1A
for examples of lesions. (C) Swim direction variability compared be-
tween tangential-lesioned larvae and controls. BootstrappedMAD are
plotted as data points with error bars indicating standard deviations.
n = 17797/11417 bouts from 40/25 fish for controls/lesions. Pbootstrap
= 8.62e-6. (D) Swim direction consistency plotted as a function of the
number of bouts in the sequence. Shaded bands indicate standard
deviations of the slope estimated using bootstrapping. (E) Veering
through 6 consecutive bouts plotted in median with 95% confidence
intervals. n = 1384/892 6-bout series for controls/lesions. Pmedian-test =
1.44e-2. (F) Depth change efficacy plotted with bootstrapped slopes
plotted as data points and error bars showing standard deviations.
Pbootstrap = 1.87e-4. See also Table 2 for statistics.



Figure 4: Descending neurons in the INC/nMLF are indispensable
for vertical navigation. (A) Schematic diagram of the hindbrain-
midbrain circuit. Descending neurons in the INC/nMLF (green) receive
contralateral vestibular inputs from the tangential nucleus (magenta).
(B) Experimental diagram of INC/nMLF lesions and behavior assays.
Refer to Figure S1C for INC/nMLF lesions. (C) Swimdirection variability
compared between INC/nMLF-lesioned larvae and controls with Boot-
strapped standard deviations shown as error bars. n = 18940/22363
bouts from 37/36 fish for controls/lesions. Pbootstrap = 7.53e-2. (D)
Swim direction consistency plotted as a function of the number of
bouts in the sequence. Shaded bands indicate standard deviations
of the slope estimated by bootstrapping. (E) Veering through 6 con-
secutive bouts plotted in median with 95% confidence intervals. n =
1215/1340 6-bout series for controls/lesions. Pmedian-test = 2.13e-3.
(F)Depth change efficacy plotted with bootstrapped slopes plotted as
data points and error bars showing standard deviations. Pbootstrap =
3.00e-13. Abbreviations: TAN, the tangential nucleus; INC, interstitial
nucleus of Cajal; nMLF, nucleus of the medial longitudinal fasciculus.
See also Table 2 for statistics.



Figure S1: Example larvae before and after photoablation. (A) Before and after lesions of the tangential vestibular nucleus (circled) in a 4 dpf larvae.
Scale bar: 50 µm. (B) Before and after lesions of the vestibulospinal nucleus (circled) in a 6 dpf larvae. Scale bar: 50 µm. (C) Before and after lesions of
large neurons in the interstitial nucleus of Cajal/the nucleus of the medial longitudinal fasciculus (INC/nMLF, circled) in a 5 dpf larvae. Scale bar: 50 µm.



Figure S2: Lesions of vestibulospinal neurons increase postural
variability but stabilize veering, improving vertical navigation. (A)
Schematic view of the inner-ear utricular otolith and the vestibular
pathways in the hindbrain of zebrafish. Utricle: utricular otoliths (yel-
low); VS: vestibulospinal neurons (cyan). (B) Diagrams of experimen-
tal procedures for lesions of the vestibulospinal nucleus and behav-
ioral assays. See Figure S1B for examples of lesions. (C) Swim direc-
tion variability compared between vestibulospinal-lesioned larvae and
controls. Bootstrapped MAD are plotted as data points with error bars
showing standarddeviations. n =18106/17758bouts from79/97 fish
for controls/lesions. Pbootstrap = 3.87e-70. (D) Swim direction consis-
tency plotted as a function of the number of bouts in the sequence.
Shaded bands indicate standard deviations of the slope estimated us-
ing bootstrapping. (E) Veering through 6 consecutive bouts plotted in
median with 95% confidence intervals. n = 1471/1076 6-bout series
for controls/lesions. Pmedian-test = 1.88e-2. (F) Depth change efficacy
plotted with bootstrapped slopes plotted as data points and error bars
showing standard deviations. Pbootstrap = 1.17e-27. See also Table 2
for statistics.



Figure S3: Vestibular contribution to swimkinematics. (A) Schematic diagramshowing steering, lifting, and rightingduring a swimbout. Larvae steer
toward targeted direction during acceleration (red arrow), use pectoral fins to assist in depth changes (blue), and restore posture to horizontal during
deceleration (green arrow). Z displacement generated by lifting (blue) is estimated by subtracting theoretical displacement in depth, calculated from the
head direction and x distance, from the total depth change. (B) Steering gain is defined as the slope of the best fit line of posture at the time of the peak
speed vs. swim direction. n = 121,979 bouts from 537 fish. (C) Lift gain is defined as the slope of the best fit line of estimated lift vs. depth change of the
swim bout. Pectoral-fin amputation reduces lift (dashed line). n = 33,491/28,604 bouts from 74/78 fish for control/fin-amputated. (D) Righting gain is
defined as the numeric inversion of the slope of the best fit line of rotation during deceleration vs. initial posture. n = 121,979 bouts from 537 fish. (E)
Steering gain of vestibular-impaired larvae vs. controls. otogmutation: Pt-test =2.33e-5; tangential lesions: Pt-test = 7.41e-3; vestibulospinal lesions: Pt-test
= 2.32e-3. N = 5/8/8 experimental repeats for otog/tangential lesions/ vestibulospinal lesions. Same as follows. (F) Lifting gain of vestibular-impaired
larvae vs. controls. otog mutation: Pt-test = 7.09e-4; tangential lesions: Pt-test = 3.57e-2; vestibulospinal lesions: Pt-test = 5.90e-3. (G) Righting gain of
vestibular-impaired larvae vs. controls. otogmutation: Pt-test = 6.76e-4; tangential lesions: Pt-test = .180; vestibulospinal lesions: Pt-test = 1.00e-3.
(H) Summary of effects of vestibular perturbations on bout kinematics. Vestibular-impaired fish swim with more eccentric posture and less fin-based
lift. Abbreviation: TAN, tangential. See also Table 1 for parameter definitions and Table 2 for statistics.
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