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Within reflex circuits, specific anatomical projections allow
central neurons to relay sensations to effectors that gener-
ate compensatory movements. A major challenge is to relate
anatomical features of central neural populations — such as
asymmetric connectivity — to the computations the popu-
lations perform. To address this problem, we mapped the
anatomy, modeled the function, and discovered a new be-
havioral role for a genetically-defined population of central
vestibular neurons in larval zebrafish. First, we found that neu-
rons within this central population project preferentially to
motoneurons that move the eyes downward. Concordantly,
when the entire population of asymmetrically-projecting neu-
rons was stimulated collectively, only downward eye rotations
were observed, demonstrating a functional correlate of the
anatomical bias. When these neurons are ablated, fish failed
to display the eye rotations normally observed following nose-
up or nose-down body tilts. This asymmetrically-projecting
central population thus participates in both up and down-
ward gaze stabilization. In addition to projecting to motoneu-
rons, central vestibular neurons also receive direct sensory in-
put from peripheral afferents. To infer whether asymmetric
projections can facilitate sensory encoding or motor output,
we modeled differentially-projecting sets of central vestibular
neurons. Whereasmotor command strengthwas independent
of projection allocation, asymmetric projections enabledmore
accurate representation of nose-up stimuli. The model shows
how asymmetric connectivity could enhance the representa-
tion of imbalance during nose-up postures while preserving
gaze-stabilization performance. Finally, we found that central
vestibular neurons were necessary for a vital behavior requir-
ingmaintenance of a nose-up posture: swim bladder inflation.
These observations suggest that asymmetric connectivity in
the vestibular system facilitates representationof ethologically-
relevant stimuli without compromising reflexive behavior.

Significance Statement
Interneuron populations use specific anatomical projections
to transform sensations into reflexive actions. Here we exam-
ined how the anatomical composition of a genetically-defined
population of balance interneurons in the larval zebrafish re-

lates to the computations it performs. First, we found that the
population of interneurons that stabilize gaze preferentially
project to motoneurons that move the eyes downward. Next,
we discovered throughmodeling that such projection patterns
can enhance the encoding of nose-up sensations without com-
promising gaze stabilization. Finally we found that these in-
terneurons are also responsible for a vital behavior that relies
onmaintaining a nose-up posture. These observations suggest
that anatomical specialization permits neural circuits to repre-
sent relevant features of the environmentwithout compromis-
ing behavior.

Introduction
Neural circuits utilize populations of interneurons to relay sen-
sation to downstream effectors that in turn generate behav-
ior. The anatomical composition of interneuron populations
has provided insight into its function. For example, interneu-
ron populations are often organized into maps composed of
non-uniformly sized sets of neurons similarly sensitive to par-
ticular features (Kaas, 1997). Such visual topography in the
thalamus (Connolly and Essen, 1984) and cortex (Daniel and
Whitteridge, 1961) magnifies the input from the central vi-
sual field. This magnification is thought to underlie enhanced
perceptual acuity (Duncan and Boynton, 2003). Preferential
anatomical organization is thought to facilitate adaptive olfac-
tory (Hansson and Stensmyr, 2011), visual (Barlow, 1981; Xu
et al., 2006), somatosensory (Adrian, 1941; Catania and Rem-
ple, 2002), and auditory (Knudsen et al., 1987; Bendor and
Wang, 2006) computations. However, little is known about
how these anatomical asymmetries within populations of sen-
sory interneurons determine the activity of their target motor
effectors. Motor anatomy shares a similar uneven organiza-
tion (Kuypers, 2011), but the complex spatiotemporal encod-
ing of muscle synergies have made comparable dissection of
motor circuits more challenging (Levine et al., 2012; Shenoy
et al., 2013;Harrison andMurphy, 2014). Evenwheredescend-
ing cortical (Lemon, 2008) or brainstem (Esposito et al., 2014)
neurons synapse directly on motoneurons, the complexity of
most behaviors make it difficult to relate anatomy to function.
Data relating the anatomical projections of interneuron pop-
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ulations to their function is needed to address this problem.
By virtue of their defined connectivity, interneurons within
central reflex circuits offer the opportunity to explore the
relationship between population-level anatomical properties
and function in a simpler framework. Vestibular interneu-
rons, an ancient and highly conserved population, transform
body/head destabilization into commands for compensatory
behaviors such as posture and gaze stabilization (Szentágothai,
1964; Straka and Baker, 2013; Straka et al., 2014). Gaze-
stabilizing vestibular brainstem neurons receive innervation
from peripheral balance afferents (Uchino et al., 2001) and use
highly stereotyped axonal projections to particular extraocu-
lar motoneuron targets to produce directionally-specific com-
pensation (Iwamoto et al., 1990b; McCrea et al., 1987; Uchino
et al., 1982). One anatomical and physiological characteriza-
tion of up/down-sensitive vestibular neurons in the cat sug-
gested a potential 3:1 bias towards neurons responsible for
downward eye movements (Iwamoto et al., 1990a) However,
absent molecular-level control, it is difficult to avoid selection
bias in characterizing a population of neurons. Further, as se-
lective activation has been impossible, whether there are func-
tional correlates of putative anatomical specialization remains
unknown.
To study the relationship between the anatomical specializa-
tions of interneuron populations and their functions, we in-
vestigated a genetically-defined population of vestibular brain-
stem neurons in a model vertebrate, the larval zebrafish. Lar-
val zebrafish face well-defined challenges that necessitate con-
trol of body orientation in the vertical/pitch axis (i.e. nose-
up/nose-down). First, larval zebrafish rely on vestibular sen-
sation to guide upward swimming to the water’s surface to
gulp air and inflate their swim bladders, a vital organ neces-
sary to maintain buoyancy (Goolish and Okutake, 1999; Ri-
ley and Moorman, 2000). Further, young zebrafish are front-
heavy, and thus subject to near-constant head-down angular
acceleration. In response, fish actively maintain a nose-up pos-
ture, learning to sense and correct destabilizing downward ro-
tations by initiating nose-up swim bouts (Ehrlich and Schop-
pik, 2017). Larval zebrafish utilize vestibular brainstem neu-
rons to stabilize gaze by performing torsional and vertical eye
movements (Bianco et al., 2012). These same neurons project
to nuclei responsible for movement initiation and pitch tilts
(Pavlova and Deliagina, 2002; Severi et al., 2014; Thiele et al.,
2014; Wang andMcLean, 2014).
We leveraged known properties of the gaze-stabilization cir-
cuit to relate the anatomy of a genetically-defined popu-
lation of vestibular brainstem neurons and their function.
Our study reports three major findings. First, we discov-
ered that central vestibular neurons within the population
project preferentially to extraocular motoneurons that move
the eyes down. Ablation of these neurons eliminates counter-

rotation of the eyes following body tilts, establishing a role
in gaze-stabilization. Second, modeling revealed that asym-
metrically projecting neurons could enhance the capacity
to represent nose-up stimuli without compromising gaze-
stabilization. Third, we discovered that ablation of these in-
terneurons leaves fish unable to inflate their swim bladders.
Taken together, our data suggest that the anatomical special-
ization we observe permits sensory specialization while main-
taining reflexive capabilities.

Methods

Fish Care
All protocols and procedures involving zebrafish were approved by theHar-
vard University Faculty of Arts & Sciences Standing Committee on the Use
of Animals in Research and Teaching (IACUC). All larvae were raised at
28.5° C, on a standard 14/10 hour light/dark cycle at a density of no more
than 20-50 fish in 25-40mL of buffered E3 (1mM HEPES added). When
possible, experiments were done on the mitfa-/- background to remove
pigment; alternatively, 0.003% phenylthiourea was added to the medium
from 24hpf onwards and changed daily.

Behavior
Torsional eye movements were measured following step tilts delivered us-
ing an apparatus similar in design to (Bianco et al., 2012). All experiments
took place in the dark. Larval fishwere immobilized completely in 2% low-
melting temperature agar (ThermoFisher 16520), and the left eyewas freed.
The agar was then pinned (0.1mm stainless minutien pins, FST) to a 5mm2

piece of Sylgard 184 (Dow Corning) which was itself pinned to Sylgard 184
at the bottom of a 10mm2 optical glass cuvette (Azzota, via Amazon). The
cuvette was filled with 1mL of E3 and placed in a custom holder on a 5-
axis (X,Y,Z,pitch,roll) manipulator (ThorLabs MT3 and GN2). The fish
was aligned with the optical axes of two orthogonally placed cameras such
that both the left utricle and two eyes were level with the horizon (front
camera).

The eye-monitoring camera (Guppy Pro 2 F-031, Allied Vision Technolo-
gies) used a 5x objective (Olympus MPLN, 0.1 NA) and custom image-
forming optics to create a 100x100 pixel image of the left eye of the fish (6
μm/pixel), acquired at 200Hz. The imagewas processed on-line by custom
pattern matching software to derive an estimate of torsional angle (Lab-
View, National Instruments), and data were analyzed using custom MAT-
LAB scripts (Mathworks, Natick MA). A stepper motor (Oriental Motors
AR98MA-N5-3) was used to rotate the platform holding the cameras and
fish. The platform velocity and acceleration was measured using integrated
circuits (IDG500, Invensense andADXL335, AnalogDevices)mounted to-
gether on a breakout board (Sparkfun SEN-09268). Fish were rotated step-
wise for 10 cycles: from 0° to -60°, where positive values are nose-down,
then from -60° to 60°, and then back to 0° in 10° increments, with a peak
velocity of 35°/sec. The inter-step interval was 5 seconds, and the direction
of rotation was then reversed for the next sequence of steps.

The eye’s response across the experiment was first centered to remove any
offset introduced by the pattern-matching algorithm. Data were then in-
terpolated with a cubic spline interpolation to correct for occasional tran-
sient slowdowns (i.e. missed frames) introduced by the pattern-matching
algorithm. The eye’s velocity was estimated by differentiating the position
trace; high-frequency noise wasminimized using a 4-pole low-pass Butter-
worth filter (cutoff = 3Hz). Each step response was evaluated manually; tri-
als with rapid deviations in eye position indicative of horizontal saccades or
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gross failure of the pattern-matching algorithm were excluded from anal-
ysis. The response to each step for a given fishwas defined as themean across
all responses to that step across cycles. The gain was estimated bymeasuring
the peak eye velocity occurring over the period 375-1000 ms after the start
of the step. The steady-state response was estimated bymeasuring themean
eye position over the final 2 sec of the step; the range was the difference be-
tween the most eccentric nose-up and nose-down steady-state angles.

Gain was evaluated over the range from +30° to -30°, i.e. the first three
steps away from the horizontal meridian. We chose this interval for three
reasons: 1) Fish spend the overwhelmingmajority of their time with a body
orientation in this range (Ehrlich and Schoppik, 2017) 2) The responses
here were the strongest, allowing us confidence in the dynamic capacity
of the system without encountering the biophysical limits imposed by or-
bital structure 3) Because the utricle conveys information both about static
and dynamic changes in orientation, the eyes adopt an increasingly eccen-
tric rotation as the stimulus progresses, potentially constraining dynamic
range.

Transgenic Lines

Tg(-6.7FRhcrtR:gal4VP16):-6.7FRhcrtR was amplified the using a nested
PCR strategy. First, a 6775bp DNA fragment immediately up-
stream of the Fugu rubripes hcrtr2 start site was amplified from ge-
nomic DNA, using a high-fidelity polymerase (PfuUltra II Fusion,
Stratagene) with primers 5’-AATCCAAATTCCCAGTGACG-3’ and 5’-
CCAGATACTCGGCAAACAAA-3’ , 56° C annealing temperature, 1:45
elongation time. The PCR product was TOPO cloned into a TA vector
(Thermo Fisher). Using the resulting plasmid as a template, a 6732bp frag-
ment was amplified using primers 5’-AATCCAAATTCCCAGTGACG-
3’ and 5’-CCAGATACTCGGCAAACAAA-3’ 55° C annealing temper-
ature, 1:45 elongation and similarly TOPO cloned into a GATEWAY-
compatible vector (PCR8/GW, Thermo Fisher). The resulting entry vector
was recombined into a destination vector upstream of gal4-VP16, between
Tol2 integration arms (Urasaki et al., 2006). Tg(UAS-E1b:Kaede)s1999t
embryos were injected at the one-cell stage with 0.5nL of 50ng/uL plas-
mid and 35ng/uL Tol2 transposase mRNA in water, and their progeny
screened for fluorescence. One founder produced three fluorescent progeny;
one survived. To identify transgenic fish without using a UAS reporter,
potential carriers were genotyped using the following primers to gen-
erate a 592bp product spanning the upstream Tol2 arm and the start
of the Fugu sequence: 5’-CAATCCTGCAGTGCTGAAAA-3’ and 5’-
TGATTCATCGTGGCACAAAT-3’ 57° C annealing temperature, 0:30
elongation time. The complete expression pattern has been described else-
where (Lacoste et al., 2015) and is part of the Z-brain atlas (Randlett et al.,
2015)

Tg(14xUAS-E1b:hChR2(H134R)-EYFP):hChR2(H134R)-EYFP (Zhang
et al., 2007) was subcloned downstream of 14 copies of a UAS element
and an E1b minimal promoter in a vector containing an SV40 polyA
sequence and Tol2 recognition arms (Urasaki et al., 2006). This vector was
co-injected with tol2 transposase mRNA into TLAB embryos at the single
cell stage. Potential founders were screened by crossing to Tg(isl1:Gal4-
VP16,14xUAS:Kaede)(Pan et al., 2011) and monitoring tail movements
in response to blue light from an arc lamp on a stereomicroscope (Leica
MZ16) at 30hpf.

The following transgenic lines were used: Tg(UAS-E1b:Kaede)s1999t (Scott
et al., 2007), Tg(isl1:GFP) (Higashijima et al., 2000), Tg(UAS:KillerRed)
(Bene et al., 2010), Tg(UAS-E1b:Eco.NfsB-mCherry) (Pisharath et al.,
2007), atoh7th241/th241 (Kay et al., 2001); Tg(atoh7:gap43-RFP) (Zo-
lessi et al., 2006), Tg(5xUAS:sypb-GCaMP3) (Nikolaou et al., 2012) and
Et(E1b:Gal4-VP16)s1101t (Scott et al., 2007).

Anatomy
To generate mosaically-labeled fish, 0.5nL of 30ng/μL plasmid DNA
(14xUAS-E1b:hChR2(H134R)-EYFP (Douglass et al., 2008) or UAS-
Zebrabow (Pan et al., 2013)) was injected in water at the one-cell stage into
Tg(-6.7FRhcrtR:gal4VP16); Tg(isl1:GFP) fish. Embryos were screened at
24-48hpf. The majority (80%) of injected fish were excluded due to de-
formities or developmental arrest. The remaining fish were screened at
72hpf under a fluorescent stereoscope (Leica MZ16) with a high-pass GFP
emission filter for YFP fluorescence or a Cy3 emission filter for dTomato.
As Tg(-6.7FRhcrtR:gal4VP16) will label the skin and notochord early (36-
48hpf) and fluorescence in either structure is relatively easy to visual-
ize, embryos with mosaic labeling (usually 1-10 cells) in these structures
were selected. On average, 1-2% of injected embryos were retained for
high-resolution screening. Larvae were anesthetized (0.016% w/v tricaine
methane sulfonate, Sigma A5040) mounted dorsally at 5-7dpf and imaged
on a confocalmicroscope (Zeiss 510, 710, or 780, using either a 20x 1.0N.A.,
a 40x 1.1 N.A. or a 63x 1.0 N.A. objective with Zen 2010, 8-bit acquisition)
with excitation of 488nm (GFP) and 514nm (EYFP), and emission for the
two channels was either separated at 550nm by a glass dichroic filters or a
tunable filter. The two channels could reliably be separated provided the
level of EYFP was strong relative to GFP.
Most of the fish selected for confocal imaging had some neurons labeled
in the brain, but on average, only 0.5%-2% (i.e. 5-20 for every 1000) of in-
jected embryoswouldhave vestibular nucleus neurons thatwere bothbright
and sufficiently isolated enough to trace. Neurons were only included in the
study if their axon could be traced unambiguously throughout its entirety
to a distinct cell body; qualitatively, the asymmetry persisted among ex-
cluded fish. Neuronswere tracedmanually with the assistance of the ImageJ
plugin Simple Neurite Tracer (Longair et al., 2011). Cell bodies of the ocu-
lomotor and trochlear nuclei were localizedmanually using the Fiji/ImageJ
ROI functionality (Schindelin et al., 2012). Superior oblique motoneurons
were found in nIV and superior rectus motoneurons were the most ven-
tral somata in nIII (Greaney et al., 2016). All images were adjusted lin-
early, using the Brightness & Contrast functionality in Fiji/ImageJ (Schin-
delin et al., 2012). For display purposes, a non-linear histogram adjustment
(gamma = 0.5) was applied to the maximum intensity projection in Figure
1b and 2a to increase the relative brightness of thin axonal arbors, and, for
Figure 2a, to make clear the sparse nature of the label.
Retrograde labeling of the ocular motor nuclei was done as previously
described (Ma et al., 2010; Greaney et al., 2016). In brief, crystals of
fluorescently-conjugated dextrans (10,000MW, Thermo Fisher D-1824 or
D-22914) were placed in the left orbit of anesthetized 5-7dpf fish. In fish,
the superior eye muscles receive projections from the contralateral motor
nuclei, making the relevant neurons in nIV (superior oblique) and nIII (su-
perior rectus) easy to discriminate, as they were exclusively labeled on the
contralateral (right) side.
Focal electroporations were done as detailed previously (Bianco et al., 2012;
Tawk et al., 2009). Briefly, anesthetized larvae (2 dpf) were immobilized in
low-melting temperature agarose. Micropipettes (tip diameter of 1-2 mm)
were filled with a solution containing 1 mg/ml gap43-EGFP plasmid DNA
in distilled water. To target the vestibular nucleus neurons, the pipette was
placed at the lateral limit of rhombomere 5, using the decussation of the
Mauthner axon midline crossing as a landmark. A Grass SD9 stimulator
(Grass Technologies) was used to deliver three trains of voltage pulses in suc-
cession, with 1 s interval between trains. Each train was delivered at 200Hz
for 250ms, 2ms on time, with an amplitude of 30V. Larvae were imaged at
5dpf on a custommulti-photon microscope at 790 nm.

Lesions
Single-cell ablations were performed using a pulsed infrared laser (Spect-
raPhysics MaiTai HP) at 820nm (80MHz repetition rate, 80 fs pulse du-
ration) at full power: 200mW (2.5nJ) measured at the specimen with a
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power meter (ThorLabs S130C). Fish were mounted dorsally in 2% low-
melt agarose in E3 under a 20x 0.95 NA objective (Olympus) and anes-
thetized as described above. Cell bodies were targeted for ablation based
on anatomical location, starting with the most ventro-lateral neurons in
the tangential nucleus and then moving dorso-medially through the tan-
gential and medial vestibular nucleus. Each cell was exposed to the pulsed
infrared laser light for a brief period of time (35-50ms) while the result-
ing fluorescent emissions were measured; usually, there was a brief pulse
of light that saturated the detection optics which was used to shutter the
laser. 5-10 neurons/plane were targeted bilaterally, resulting in either loss
of fluorescence (Tg(UAS-E1b:Kaede)s1999t and Tg(isl1:GFP)) or increased
diffuse fluorescence at the cell body (Tg(UAS-ChR2-E134R-EYFP)). Fish
were imaged immediately and 24 hours after ablation to confirm the ex-
tent of the lesion. 15% of lesioned fish were excluded because they did not
survive a full 24hrs after the lesion. Fish for lesions were 4-5 dpf, as pre-
liminary experiments showed that plasma formation was more effective in
younger fish, and were selected to be the brightest in the clutch (likely dou-
bly homozygous for UAS-E1b:Kaede and 6.7FRhcrtR:gal4VP16). As previ-
ously described (Bianco et al., 2012), the eye movements in younger fish are
of lower gain, and 3/17 fish were excluded from analysis because their total
range was < 10°. Behavior was alwaysmeasured at least 4 hours and nomore
than 8 hours after lesions. The decrease in gain was reported as a percent-
age of pre-lesion gain, defined as the difference between the median pre-
lesion gain and median post-lesion gain normalized by the median pre-
lesion gain. Range was defined as the difference between themost and least
eccentric steady-state eye rotation reached across all steps, and the decrease
reported as a percentage of pre-lesion range. To activate KillerRed, green
light (Zeiss set 43, 545nm/25) from an arc lamp was focused through a 63x
1.0NAobjective stoppeddown tofill a 200μmdiameter region for 15min-
utes. Fish were mounted dorsally and anesthetized as described above. The
focal plane was at the level of the decussation of the Mauthner axons, mea-
sured under brightfield illumination. Due to equipment replacement the
precise power of the arc lamp could not be measured, but 20minutes of ex-
posure under identical conditions was fatal to the fish. Post-lesion behavior
was measured at least 4 hours after the light exposure. To induce apoptosis
with nitroreductase, fish were placed in E3 with 7.5mM of metrodinazole
(Sigma M1547) in 0.2% v/v DMSO and behavior was measured 24hrs later
(Curado et al., 2007). The presence of mCherry fluorescence was assayed
after behavior to determine genotype.

Optical Activation and Analysis
Channelrhodopsin-induced eye movements were monitored using the
same apparatus used for measuring tilt-induced behavior, with the addi-
tion of a fiber-coupled laser on an independent micromanipulator (Arren-
berg et al., 2009; Schoonheim et al., 2010). Fish were immobilized and
mounted as before, and agar was removed above the head as well as the
left eye. Stimulus was generated by a 100mW 473nm diode laser (Shang-
hai DreamLasers SDL-473-100MFL) coupled by the manufacturer to a 50
μm inner diameter 0.22NAmultimode fiber (ThorLabsAFS50/125Y) that
itself was butt-coupled to a 10mm cannula made from the same diameter
fiber (ThorLabs AFS50/125YCANNULA). Power at the cannula tip was 30-
60mW, measured with a power meter (ThorLabs S130C). The fiber tip was
placed above the ear, evenly-centered between the eyes, and 1mmabove the
skin of the fish. Stimuli ranged in duration from 1 μsec to 100 msec, and
were presented every 5 seconds. Eye movements were tracked and processed
as before, including manual analysis; only fish with at least 25 analyzable
responses to a given stimulus were included in the analysis. The response to
a given stimulus was quantified by taking the peak angular rotation reached
over the first 2 sec.

Model
Our model estimated the collective activity of 80 post-synaptic neurons
generated by integrating activity from a set of pre-synaptic neurons. We

evaluated two free parameters: the number of pre-synaptic neurons in the
set (30, 42, 70, 105, 140, 168, 180) and the number of inputs on to a given
post-synaptic neuron (2-30). Pre-synaptic activity was generated by trans-
lating a rate function, derived from the velocity profile of the steps used in
the behavioral experiment, into a Poisson train of activity. Step velocity was
scaled to match the reported velocity sensitivity (2 spikes/°/sec) of second-
order vestibular neurons (Iwamoto et al., 1990a) to generate a rate function
for Poisson spikes. The velocity reached a peak of 35 °/sec and lasted 1sec;
the model was run at 1kHz. Poisson trains were subjected to an imposed
2msec refractory period. The spikes were then convolved with a decaying
exponential with τ = 1.5sec to represent an excitatory post-synaptic po-
tential. A random subset of pre-synaptic neurons were selected from the set
and summed together to create an input to a post-synaptic neuron. Post-
synaptic activity was determined by thresholding the input, subject to a
2msec refractory period. The threshold for the post-synaptic neuron was
defined as the minimum of an input of 1.8 or 95% of the cumulative dis-
tribution of pre-synaptic input strength. One input spike had a value of 1;
after convolution, a threshold of 1.8 was reached if at least four spikes were
present across all inputs over a 4ms period. Changing the threshold en-
sured that the post-synaptic response would not saturate as the number of
inputs increased; the specific threshold did not change the relationships we
observed and is expected from the basic properties of extraocular motoneu-
rons (Torres-Torrelo et al., 2012). We generated 80 distinct spike trains,
reflecting the number of motoneurons in a given motoneuron pool (Gre-
aney et al., 2016). The total post-synaptic response was defined as the aver-
age activity, evaluated where the rate function was positive. The strength
of the relationship between the pre-synaptic rate function and the summed
post-synaptic response was defined as the coefficient of determination.

Statistics
As data were not normally distributed, expected values are reported as the
median, variability as the median absolute deviation (MAD), and non-
parametric tests of significance were used. Potential differences between
groups (e.g. up tilts vs. down) were evaluated using theWilcoxon rank sum
test, and theWilcoxon signed rank test was used to test whether a distribu-
tion had a median different from zero (e.g. change in performance post-
lesion). Significance was determined at p < 0.05.

Results
A genetically-defined population of brainstem neurons
projects preferentially to extraocular motoneurons that
move the eyes downward
To characterize the projection patterns of vestibular brainstem
neurons in the larval zebrafish, we analyzed the transgenic
line, Tg(-6.7FRhcrtR:gal4VP16), (Lacoste et al., 2015; Ran-
dlett et al., 2015), on a background that labeled extraocular
motoneurons, Tg(isl1:GFP). We observed expression in ~200
neurons that, in aggregate, comprise a subset of two bilateral
vestibular nuclei, the previously characterized utricle-recipient
tangential nucleus (Bianco et al., 2012) and themedial vestibu-
lar nucleus (Highstein andHolstein, 2006). Figure 1a-1c show
the gross morphology of these neurons and their axonal pro-
jections to the extraocular motor nuclei. As in other verte-
brates, the axon bundle from these vestibular neurons crosses
themidline, ascends rostrally along themedial longitudinal fas-
ciculus (MLF), and projects to extraocular motor nuclei nIII
and nIV (Figure 1d-1f). One projection terminates near the
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ventral-most extraocular motoneurons in nIII (wide view in
Figure 1g, close up Figure 1h-1i). The second prominent pro-
jection from vestibular neurons goes to extraocular motoneu-
rons in nIV that innervate the superior oblique muscle (SO)
responsible for generating downward eye movements follow-
ing nose-up tilts (wide view in Figure 1j, close-up Figure 1k-1l).
We thus identified a genetically-defined population of candi-
date vestibular neurons poised to respond to body tilts in the
pitch axis with both upwards and downwards eyemovements.

In mammals, one report suggested that vestibular neurons
over-represent nose-up body tilts in a 3:1 ratio (Iwamoto et al.,
1990a), but this may reflect sampling biases. To differenti-
ate nose-up from nose-down neurons, we manually traced
the axons of vestibular neurons and used the labeled cra-
nial motor nuclei to categorize their projections, based on
the presence/absence of a collateral projection to nIV. We
labeled stochastic subsets of vestibular neurons by injecting
a plasmid encoding a fluorescent protein into one-cell em-
bryos, Tg(-6.7FRhcrtR:gal4VP16); Tg(isl1:GFP). Excitatory
gaze-stabilizing neurons sensitive to pitch/roll all cross the
midline with projections that fall into one of two categories:
those that arborize exclusively in nIII and innervate the two ex-
traocular muscles involved in the response to nose-down tilts
(the superior rectus (SR) and inferior oblique) or those with
arbors in both nIII and nIV innervating the two extraocular
muscles responsible for the response to nose-up tilts (the SO
and inferior rectus) (Uchino et al., 1982). Electromyography
demonstrates that the SR (nIII) and SO (nIV) muscles are ex-
clusively active during either the nose-down or nose-up phase
of pitch-tilts; thus, themotoneurons that innervate thesemus-
cles are veridical markers of either up/down sensitivity (Fav-
illa et al., 1983). Since nIV is comprised only of extraocular
motoneurons that innervate SO, a collateral projection to nIV
unambiguously defined the sensitivity of those neurons (nose-
up).

We found that the overwhelming majority (23/27) of labeled
vestibular neuron axons had a dorsal collateral projecting to
nIV (i.e. nose-up/eyes-down vestibular neurons). One exam-
ple neuron from the majority population is shown project-
ing to nIV in Figure 2a-2b and reconstructed as a schematic
in Movie M1. In contrast, one example neuron from the mi-
nority population, projecting exclusively to nIII with a col-
lateral to the superior rectus motoneurons, is shown in Fig-
ure 2e-2g, and reconstructed in Movie M2. Somata of neu-
rons projecting exclusively to nIII were intermingled with
those with projections to nIV. To complement our genetically-
based stochastic labeling technique with an unbiased sam-
ple, we examined the projections of vestibular neurons that
had been electroporated with a membrane-targeted fluores-
cent protein in wild-type animals. Of 20 electroporated an-
imals with singly-labeled neurons in the vestibular nuclei, 15

neurons had an ascending branch along the medial longitu-
dinal fasciculus. 12 of these (80%) had a prominent projec-
tion to nIV. Somatic organization of nIII and nIV is stable af-
ter 5 days post-fertilization (Greaney et al., 2016). Similarly,
the characteristic projection from a traced vestibular neuron
to nIV remained stationary (Figure 3). Retro-orbital back-
fill in Tg(-6.7FRhcrtR:gal4VP16); Tg(5xUAS:sypb-GCaMP3)
confirmed the presence of puncta proximal to the soma and
dendrites of SO and SR motoneurons (Figure 4). The
axon terminal arbors from vestibular neurons likely com-
prise axo-dendritic and axo-somatic synapses onto target mo-
toneurons, as in mammals (Demêmes and Raymond, 1980).
These results reveal that vestibular neurons labeled in Tg(-
6.7FRhcrtR:gal4VP16) project preferentially towards extraoc-
ular motoneurons in nIV.

Labeled vestibular neurons are collectively necessary for
gaze stabilization followingbothnose-up andnose-down
body rotations

To determine whether the transgenically-labeled vestibular
neurons constitute a complete set necessary for both upwards
and downwards eye movements following body tilts, we mea-
sured gaze stabilization (the vestibulo-ocular reflex) before and
after their removal. We targeted vestibular neurons bilaterally
with a pulsed infrared laser in Tg(-6.7FRhcrtR:gal4VP16);
Tg(UAS-E1b:Kaede)s1999t; Tg(isl1:GFP) fish (Figure 5a).
Post-ablation fish were generally healthy, with normal hori-
zontal eye saccades and spontaneous jaw movements. Abla-
tions eliminated nearly the entire response to body tilts (both
nose-up and nose-down): the median decrease in vestibulo-
ocular reflex gain was 94.5% ± 3.5% (n = 14, p = 1.2 ∗ 10−4
Figure 5b) and the decrease in range was 82% ± 5% (p =
1.2 ∗ 10−4, Figure 5c). We saw no difference (p = 0.77) in the
post-lesion gain for nose-up (0.0165± 0.0135) and nose-down
(0.02 ± 0.0135) body rotations. In contrast, control lesions
of somata in the adjacent facial nucleus (nVII) produced no
systematic change in the gain (n = 5, 38.5%±24.5%, p = 0.41)
or the range (31% ± 52%, p = 0.44) of the vestibulo-ocular
reflex. We confirmed our finding of necessity by inducing
death in labeled neurons either chemogenetically (fish express-
ing (Tg(-6.7FRhcrtR:gal4VP16); Tg(UAS-E1b:Eco.NfsB-
mCherry)(Pisharath et al., 2007), n=5, p = 0.03) or optogenet-
ically (fish expressing (Tg(-6.7FRhcrtR:gal4VP16); Tg(UAS-
KillerRed)(Bene et al., 2010) n=5, p = 0.008). We conclude
that vestibular neurons labeled in Tg(-6.7FRhcrtR:gal4VP16)
are necessary for compensatory eye movements following ei-
ther nose-up or nose-down body pitch tilts.
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Labeled vestibular neurons, collectively activated, rotate
the eyes down

To determine whether the asymmetry among the population
of neurons we observed is functional, we measured eye rota-
tions following collective activation. The circuit that enables
correct gaze stabilization following pitch and roll body tilts
(Figure 6) permits a specific prediction about the eye move-
ments that might follow collective activation. Three key fea-
tures of this circuit enable this prediction: 1. two distinct chan-
nels selectively sensitive to nose-up and nose-down rotations,
2. excitatory central neurons that all cross the midline, and
3. superior extraocular motoneurons that cross back. Figure
6c-6d show the torsional response to nose-up and nose-down
body tilts. There, utricular hair cells in both the left and right
ear sense the same pitch tilts. The projection patterns ensure
that inputs from a given ear contracts the correct superior eye
muscle on the ipsilateral side, and the correct inferior eye mus-
cle on the contralateral side. In contrast, when the fish rolls,
both nose-up andnose-down channels ipsilateral to the roll are
activated. The two superior muscles are then activated ipsilat-
erally, while the two inferior muscles are activated contralater-
ally. In this way, a single circuit can respond appropriately to
the two cardinal directions of body rotation sensed by the utri-
cle, the sole source of vestibular sensation in young zebrafish
(Beck et al., 2004; Mo et al., 2010; Bianco et al., 2012; Roberts
et al., 2017).

Collectively activating all utricle-recipient vestibular neurons
is therefore equivalent to the fish rolling both leftward and
rightward simultaneously. Consequentially, all four eye mus-
cles on both sides would be expected to contract together. If
no eye movement were to result, we would conclude that de-
spite the anatomical asymmetry, the nose-up and nose-down
vestibular neuron pools were functionally equivalent. In con-
trast, a net downward rotation reflects stronger activation of
the SO/IR motoneurons (nose-up, Figure 6c) and weaker ac-
tivation of the SR/IO motoneurons (nose-down, Figure 6d).
A net upward rotation reflects the opposite. Any vertical com-
ponent (SO/SR vs IO/IR) to the eye movement would re-
flect uneven activation of neurons in the left vs. right hemi-
sphere (Figure 6b), and would be dissociable from the tor-
sional component. Wehypothesized that the gaze-stabilization
circuit predicts that any systematic eye movement observed
along the nose-up/nose-down axis following collective activa-
tion of vestibular brainstem neurons must reflect a functional
bias in the set of activated neurons.

We measured the eye movements that followed collective acti-
vation of gaze-stabilizing vestibular brainstemneurons. We ex-
pressed the light-sensitive cation channel, channelrhodopsin-
2 (ChR2) and used a fiber-optic cannula (Arrenberg et al.,
2009) to target blue light to labeled vestibular neurons in

Tg(-6.7FRhcrtR:gal4VP16); Tg(UAS:ChR2(H134R)-EYFP)
fish. Since blue light evoked eye movements in wild-type fish
(Movie M3), we performed all activation experiments using
a blind mutant lacking retinal ganglion cells: atoh7th241/th241;
Tg(atoh7:gap43-RFP) (Kay et al., 2001). Vestibulo-ocular re-
flex gain and range in blind fish were comparable to wild-
type siblings (n=13 atoh7th241/th241 and n=3 siblings, p = 0.19).
Strikingly, in every transgenic fish tested, the eyes rotated
downward in response to blue light flashes, as if the nose of the
fish hadmoved up. We observed no systematic vertical compo-
nent to the eye’s rotation. Across fish (n = 10) the amplitude
of eye rotation (Figure 7a, black line) scaled with the duration
of the light flash, with a peak response of 45°/sec. Crucially,
control siblings (n = 3) not expressing ChR2 did not respond
to light flashes (Figure 7a, gray line). Laser-mediated ablation
of vestibular neurons abolished the light-evoked eye rotation
(n=10, Figure 7b). Activation of the population of vestibu-
lar neurons is therefore sufficient to rotate the eyes down-
ward, consistent with the asymmetric distribution of anatom-
ical projections.

We extended our test of sufficiency by activating all of the
neurons in the region of the vestibular nucleus using a
line reported (Scott et al., 2007) to express in all neurons,
Et(E1b:Gal4-VP16)s1101t. In all fish tested (n=6), we evoked
downward eye rotations in the torsional plane correspond-
ing to nose-up tilts (Figure 7c, Movie M4, note the cor-
ruptive horizontal component present in one trace). The
smaller magnitude of eye movement we observed is consistent
with either activation of inhibitory inputs excluded from Tg(-
6.7FRhcrtR:gal4VP16) or co-activation of horizontal extraoc-
ular motoneurons that could constrain torsional rotations.
Both genetically restricted and unbiased activation of vestibu-
lar neurons produced net downward eye rotations, and thus
the gaze-stabilizing population of vestibular neurons is func-
tionally asymmetric.

Asimplemodel showshowbiased vestibular populations
can better represent nose-up sensationswithout compro-
mising motor performance

Our data support the hypothesis that labeled premotor
vestibular neurons are asymmetrically distributed, over-
representing nose-up body tilts, and capable of producing
downward eye rotations. To infer whether such an asym-
metry might impact motor output and/or sensory encoding,
we built a simple model of the synapse between vestibular
and extraocular motoneurons. We simulated the ability of
differently-sized populations to relay a step in body tilt (en-
coded by vestibular neuron activity) across a single synapse to
produce an eye movement command (encoded by extraocular
motoneuron activity). We constrained model parameters and
assumptions to reflect known anatomical and electrophysi-
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ological properties (Methods). We systematically varied two
free parameters: the size of the vestibular population, and the
number of vestibular neurons that contact a single extraocular
motoneuron. As nose-up and nose-down neurons function
during distinct phases of pitch tilts (Figure 6) we simulated a
single generic population. We evaluated two features of sim-
ulated motoneuron activity. First, as a measure of output
strength, we report the average activity (reflecting the strength
of ocularmuscular contraction). Next, as asmeasure of encod-
ing fidelity, we report the correlation between vestibular input
and motoneuron output.
We observed that themagnitude ofmotoneuron activity could
be independent of the number of vestibular neurons upstream
(vertical axis in Figure 8c). This dissociation derives from the
fact that vestibular neurons encoding nose-up and nose-down
body rotations converge on to distinct pools of motoneurons.
Consequentially, the key variable that determines the magni-
tude of motoneuron activity is the number of inputs per mo-
toneuron, not the size of the vestibular population fromwhich
it is derived. As expected, increasing the number of vestibu-
lar inputs onto a single motoneuron increased its firing rate
asymptotically (horizontal axis in Figure 8c). We conclude that
when downstream effectors are distinct, as for eyemovements,
a larger pool of premotor neurons does not necessarily pre-
dict differences in the magnitude of motoneuron output. For
our system, an asymmetric vestibular circuit could maintain
comparable behavioral responses along the eyes-up/eyes-down
axis.
In contrast, we observed that the size of the vestibular neu-
ron pool could impact the ability ofmotoneurons to represent
the dynamics of a step in body position. Temporal structure
emerges in the activity patterns of post-synaptic neurons de-
rived from small population sizes (Figure 8b). This similarity
across motoneuron activity patterns reflected the coincidence
of a limited set of inputs sufficient for a motoneuron spike at
a particular time. To test if this limitation constrains the abil-
ity of motoneurons to represent the input function, we mea-
sured the variance in the input rate function explained by the
summed motoneuron activity (R2). Larger populations were
indeed better than smaller populations, and performance var-
iedwith the precise number of pre-synaptic inputs (Figure 8d).
We infer from our model that the anatomical asymmetry we
observe could permit better encoding of nose-up sensations
without compromising gaze-stabilization. If sensory statistics
were similarly biased, asymmetric projections from vestibular
neurons might therefore be adaptive.

Premotor vestibular neurons are necessary for a vital and
asymmetric postural behavior
We have leveraged gaze-stabilization to dissect vestibular neu-
ron anatomy and function. However, since blind and dark-

reared larvae are viable, the need for stable gaze early in de-
velopment is unlikely to be subject to selective pressure. We
therefore hypothesized that the vestibular neurons necessary
for gaze stabilization might also be responsible for another be-
havior: the vital and asymmetric postural challenge of swim-
bladder inflation. To maintain buoyancy, larval zebrafish,
whose gills do not yet function (Rombough, 2007), must
swim to and maintain a nose-up posture at the water’s sur-
face, where they gulp air, inflating their swimbladder (Goolish
and Okutake, 1999). Vestibular sensation is necessary: larval
zebrafish without functional utricles fail to inflate their swim
bladder and die (Riley and Moorman, 2000). In contrast, vi-
sion is not required for this behavior, as blind fish (Figure 7) de-
velop normal swim bladders. Gaze-stabilizing vestibular neu-
rons send a secondprojection to a spinal premotor nucleus, the
nucleus of the MLF (nucMLF) (Figure 1), indicating a poten-
tial postural role (Bianco et al., 2012).
To test if vestibular neurons are necessary for swim-
bladder inflation, we focally ablated vestibular neurons
at 72hpf, before fish had inflated their swim bladder, in Tg(-
6.7FRhcrtR:gal4VP16);Tg(14xUAS-E1b:hChR2(H134R)-
EYFP) fish. We evaluated the fish at 144hpf (Figure 9).
Only 1/9 lesioned fish (example in Movie M6) had an
inflated swim bladder, compared with 40/42 control sib-
lings (example in Movie M7). To confirm these results, we
chemogenetically ablated vestibular neurons at 72 hpf in Tg(-
6.7FRhcrtR:gal4VP16);Tg(UAS-E1b:Eco.NfsB-mCherry)
fish. As with the targeted lesions, only 1/36 double-transgenic
fish inflated their swim bladder and survived, while 36/36 of
their non-expressing siblings did. Consistent with the known
role of autonomic neurons in controlling swim bladder
volume (Smith and Croll, 2011), fish with post-inflation
loss of vestibular neurons (Figure 5) maintain normal swim
bladders. These results define a novel role for an anatomically
biased population of vestibular neurons in the vital task of
developing stable posture.

Discussion
We investigated how the anatomical composition of a
genetically-defined population of vestibular interneurons in
the larval zebrafish could constrain its function. We first dis-
covered that genetically-labeled neurons project preferentially
to motoneurons that move the eyes downward. Ablation of
these neurons eliminated the eye movements normally ob-
served following nose-up/nose-down body tilts, establishing
their necessity for gaze stabilization. Next, we found that acti-
vation produced downward eye rotations, establishing a func-
tional correlate of the anatomical asymmetry. We modeled
similar populations with asymmetric projections, and inferred
that such architecture could permit better representation of
nose-up stimuli while maintaining gaze stabilization perfor-

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 18, 2017. ; https://doi.org/10.1101/151548doi: bioRxiv preprint 

https://doi.org/10.1101/151548
http://creativecommons.org/licenses/by/4.0/


mance. Finally, we discovered a new behavioral role for these
neurons: they are necessary for swim bladder inflation, a vital
postural task requiring nose-up stabilization. Taken together,
we propose that preferential allocation of vestibular resources
may improve sensory encoding, potentially enabling larval ze-
brafish tomeet ethologically-relevant challenges without com-
promising behavior.
Our neurogenetic approach to dissect the gaze stabilization
circuit extends earlier anatomical (Uchino et al., 2001), lesion
(Ferraro et al., 1940; Uemura and Cohen, 1974) and micros-
timulation work (Yokota et al., 1992). Specifically, a previ-
ous single-unit recording study in mammals suggested that
the vestibular brainstem may over-represent nose-up tilts, but
could not rule out sampling bias, or collectively probe the
function of sets of neurons (Iwamoto et al., 1990a). Our
data show that a molecularly-defined population of vestibular
brainstem neurons is indeed biased in its projections, collec-
tively necessary for both directions of gaze-stabilization, and
sufficient to produce biased eye rotations. Given the striking
conservation of vestibular circuitry across vertebrates (Straka
and Baker, 2013), we propose that previous work suggesting
biased circuitry in mammals likely reflects a true asymmetry
among vestibular interneurons.
Our model dissociates interneuron population size from ex-
pected behavioral output: more vestibular neurons need not
necessarily lead to a stronger ocular response. Themuscles that
generate torsional eye movements in fish are responsible for
vertical eye movements in front-facing animals (Simpson and
Graf, 1981). The behavioral literature is unclear with respect
to whether nose-up/nose down gaze-stabilization is asymmet-
ric. Cats may produce stronger downward eye rotations (Dar-
lot et al., 1981; Maruyama et al., 2004; Tomko et al., 1988), but
the literature is conflicted as to whether or not such an asym-
metry exists in primates: downward (Baloh et al., 1983; Ben-
son and Guedry, 1971; Matsuo and Cohen, 1984) or no biases
(Baloh et al., 1986; Demer, 1992; Marti et al., 2006) have both
been reported. In foveates, the vestibular brainstem contains
the final premotor nuclei for smooth pursuit eye movements.
Despite similar abilities to perceive both directions of vertical
motion (Churchland et al., 2003), both juvenile and mature
monkeys (Akao et al., 2007; Grasse and Lisberger, 1992) and
humans (Ke et al., 2013) show a stronger downward response.
Our model points a way forward: while the magnitude of the
response to comparable stimuli may be comparable, an asym-
metric population should better encode dynamic variability,
such as experienced innatural settings (Carriot et al., 2014). We
propose that characterizing the variation in response to more
complex body rotations and target tracking paradigms could
uncover behavioral signatures of an anatomically biased cir-
cuit.
After early ablation of vestibular neurons, larval zebrafish do

not inflate their swim bladders. Swim bladder inflation pro-
ceeds in darkness, and is normal in blind fish. This unex-
pected postural role for neurons involved in gaze-stabilization
suggests an anatomical means to coordinate eye and body fol-
lowing postural disturbances. Ascending vestibular neurons
project to both extraocular motoneurons and to the nucleus
of the medial longitudinal fasciculus (nMLF) (Bianco et al.,
2012). Recent work has established the necessity and suffi-
ciency of spinal-projecting neurons in the nMLF for postural
control and swim initiation (Severi et al., 2014; Thiele et al.,
2014; Wang and McLean, 2014). In lamprey, nMLF neu-
rons encode pitch tilts, with a 3.5:1 bias in the nose-up di-
rection (Pavlova and Deliagina, 2002), presumably preserving
the enhanced coding capacity for nose-up sensation suggested
by our model. Differential contraction of dorsal and ventral
musculature allows fish to generate torqued axial swimming;
the torques pitch fish nose-up/nose-down (Alexander, 1967;
Aleyev, 1977). Intriguingly, nMLF neurons can selectively ac-
tivate specific channels within the spinal cord comprised of
dorsal/ventral spinal musculature (Zelenin et al., 2001). To
enable simultaneous stabilization of body and gaze, we pro-
pose that pitch-sensitive neurons might selectively project so
as to bias the axial muscle contractions and generate corrective
pitch torques. Our work thus lays the groundwork for explo-
rations into the neural mechanisms coordinating postural and
gaze stabilization.

Our results reveal that an asymmetric population of vestibular
neurons is necessary for swim-bladder inflation. The demands
of swimming to the water’s surface could be met by nose-up
neural specialization, but it is unclear whether the asymmet-
ric composition of the vestibular population is necessary for
the behavior. Similarly, our model predicts that the relative
ratio of nose-up to nose-down vestibular neurons defines en-
coding capacity, but it is unknown if the anatomical asym-
metry in the vestibular system improves the accurate repre-
sentation of nose-up stimuli in vivo. Addressing these ques-
tions will require the development of novel tools to vary the
makeup and activity of the vestibular interneuron population.
Optical or molecular perturbations of vestibular interneuron
pool composition or activity are currently intractable. For ex-
ample, the proximity of nose-up and nose-down axons and
intermingled somata prevent targeted optical approaches to
manipulate vestibular neuron populations. Similarly, in the
vestibular system there are no known molecular or genetic
manipulations that eliminate or invert asymmetry, as success-
fully used in the functional analyses of left-right brain asym-
metry (Concha et al., 2012; Facchin et al., 2015). Though
initial molecular characterization of the functionally distinct
vestibular brainstem populations has begun (Kodama et al.,
2012), the molecular cues that determine the fate of vestibu-
lar brainstem neurons remain unknown. Interestingly, the ab-

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 18, 2017. ; https://doi.org/10.1101/151548doi: bioRxiv preprint 

https://doi.org/10.1101/151548
http://creativecommons.org/licenses/by/4.0/


sence of topographic organization and the ~6:1 ratio among
nose-up and nose-down vestibular neurons is reminiscent of
Notch-mediated mutual inhibition among post-mitotic neu-
rons in the Drosophila melanogaster central nervous system
(Langen et al., 2013). Our discovery that vestibular interneu-
rons project asymmetrically lays the foundation to identify un-
derlying molecular determinants, which in turn will provide
tools to explore the functional consequences of this asymme-
try.
Asymmetrically organized populations of interneurons are
common throughout nervous systems. Asymmetric organiza-
tion within sensory areas is thought to reflect afferent adapta-
tions (Adrian, 1941; Barlow, 1981; Knudsen et al., 1987; Cata-
nia and Remple, 2002; Simoncelli, 2003; Bendor and Wang,
2006; Xu et al., 2006; Hansson and Stensmyr, 2011) but the
complexity of most neural circuits makes it challenging to link
encoding capacity to adaptive behavior. For asymmetric mo-
tor populations, links to behavior are more direct (Pasqualetti
et al., 2007; Lemon, 2008; Rathelot and Strick, 2009; Esposito
et al., 2014) but the natural sensations that drive these areas are
often difficult to define. Our study of vestibular interneurons
that play both sensory and premotor roles illustrates how the
asymmetry anatomy could better encode nose-up sensations,
while maintaining the ability to stabilize gaze. As asymmet-
ric populations of interneurons are common, we propose that
other circuits may use similar strategies to meet ethological de-
mands without compromising motor control.

Author Contributions
Author contributions: DS conceived the study in discussions with IHB, FE
and AFS. DS generated the Tg(-6.7FRhcrtR:gal4VP16) line, designed and
built the behavioral apparatus/software, collected, analyzed and modeled
data and discussed them with IHB, FE and AFS. IHB performed the focal
electroporation and imaging used in Figure 1a. DP andADDgenerated the
14xUAS-E1b:hChR2(H134R)-EYFP construct and line. JG and ES helped
design, prototype, assemble, troubleshoot and optimize all hardware. DR
and JL designed, built, andmaintained the 2-photonmicroscope and con-
trol software; DS and DR developed and optimized the lesion protocol. JL
and DRmade the gal4-VP16 destination vector. DS and AFS wrote the pa-
per.

Acknowledgements
We thank: Robert Baker for inspiration and extensive insights, Omi Ma
for discussions and help with retro-orbital fills, Ian Woods for help with
transgenesis, Bill Harris for generously providing the atoh7th241/th241;
Tg(atoh7:gap43-RFP) line, Clemens Riegler for maintaining the
Tg(5xUAS:sypb-GCaMP3) line, Albert Pan for maintaining the Tg(UAS-
E1b:Kaede)s1999t line, the Zebrafish International Resource Center for
the Et(E1b:Gal4-VP16)s1101t line, Minoru Koyama for insights into fo-
cal lesions, Steve Zimmerman, Karen Hurley, and Jessica Miller for fish
care, Bernhard Goetze, Doug Richardson, and Casey Kraft for help with
microscopy, Dorothy Barr for library services, Bassem Hassan, Katherine
Nagel and the members of the Engert, Schier and Schoppik labs, partic-
ularly David Ehrlich, Marie Greaney (who provided the fish schematic in
Figure 1), Katherine Harmon, Alix Lacoste, Owen Randlett, and Mar-
tin Haesemeyer for helpful discussions. DS was supported by a Helen Hay

Whitney Postdoctoral Fellowship and by the National Institute on Deaf-
ness and Communication Disorders of the National Institutes of Health
under award number K99DC012775 and 5R00DC012775, IHB by a Sir
Henry Wellcome Postdoctoral Fellowship from the Wellcome Trust. Re-
search was supported by NIH grants 1R01DA030304 and 1RC2NS069407
awarded to F.E., and R01HL109525 awarded to A.F.S.

Author Information
Author Information: All raw data, analysis, and figure generation code
can be downloaded at http://www.schoppiklab.com/ . The authors de-
clare no competing financial interests. Correspondence and requests
for reagents or fish lines should be addressed to schoppik@gmail.com ,
schier@fas.harvard.edu or florian@mcb.harvard.edu .

Bibliography
E. D. Adrian. Afferent discharges to the cerebral cortex from periph-

eral sense organs. The Journal of Physiology, 100(2):159–191, sep 1941.
doi: 10.1113/jphysiol.1941.sp003932. URL https://doi.org/10.
1113/jphysiol.1941.sp003932.

Teppei Akao, Yousuke Kumakura, Sergei Kurkin, Junko Fukushima, and
Kikuro Fukushima. Directional asymmetry in vertical smooth-pursuit
and cancellation of the vertical vestibulo-ocular reflex in juvenile
monkeys. Experimental Brain Research, 182(4):469–478, jul 2007.
doi: 10.1007/s00221-007-1005-1. URLhttps://doi.org/10.1007/
s00221-007-1005-1.

R. McN. Alexander. Functional Design in Fishes. The Anchor Press, 1967.
Yuri Glebovich Aleyev. Nekton. Dr. W. Junk, 1977. ISBN 9789401013260.
A. B. Arrenberg, F. Del Bene, and H. Baier. Optical control of zebrafish be-

havior with halorhodopsin. Proceedings of the National Academy of Sci-
ences, 106(42):17968–17973, oct 2009. doi: 10.1073/pnas.0906252106.
URL https://doi.org/10.1073/pnas.0906252106.

R.-W. Baloh, L. Richman, R. D. Yee, and V. Honrubia. The dynamics of
vertical eyemovements in normal human subjects. Aviation, Space, and
Environmental Medicine, 1983.

R. W. Baloh, V. Honrubia, R. D. Yee, and K. Jacobson. Vertical visual-
vestibular interaction in normal human subjects. Experimental Brain
Research, 64(3):400–406, nov 1986. doi: 10.1007/bf00340476. URL
https://doi.org/10.1007/bf00340476.

Horace B. Barlow. The Ferrier lecture, 1980: Critical limiting factors in the
design of the eye and visual cortex. Proceedings of the Royal Society B: Bi-
ological Sciences, 212(1186):1–34, may 1981. doi: 10.1098/rspb.1981.0022.
URL https://doi.org/10.1098/rspb.1981.0022.

James C. Beck, EdwinGilland, DavidW. Tank, and Robert Baker. Quanti-
fying the ontogeny of optokinetic and vestibuloocular behaviors in ze-
brafish, medaka, and goldfish. Journal of Neurophysiology, 92(6):3546–
3561, aug 2004. doi: 10.1152/jn.00311.2004. URL https://doi.org/
10.1152/jn.00311.2004.

Daniel Bendor and Xiaoqin Wang. Cortical representations of pitch in
monkeys and humans. Current Opinion in Neurobiology, 16(4):391–399,
aug 2006. doi: 10.1016/j.conb.2006.07.001. URL https://doi.org/
10.1016/j.conb.2006.07.001.

F. Del Bene, C. Wyart, E. Robles, A. Tran, L. Looger, E. K. Scott, E. Y.
Isacoff, andH. Baier. Filtering of visual information in the tectumby an
identified neural circuit. Science, 330(6004):669–673, oct 2010. doi: 10.
1126/science.1192949. URL https://doi.org/10.1126/science.
1192949.

A J Benson and F E Guedry. Comparison of tracking-task performance
and nystagmus during sinusoidal oscillation in yaw and pitch. Aerospace
Medicine, 1971.

Isaac H. Bianco, Leung-Hang Ma, David Schoppik, Drew N. Robson,
Michael B. Orger, James C. Beck, Jennifer M. Li, Alexander F. Schier,

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 18, 2017. ; https://doi.org/10.1101/151548doi: bioRxiv preprint 

https://doi.org/10.1113/jphysiol.1941.sp003932
https://doi.org/10.1113/jphysiol.1941.sp003932
https://doi.org/10.1007/s00221-007-1005-1
https://doi.org/10.1007/s00221-007-1005-1
https://doi.org/10.1073/pnas.0906252106
https://doi.org/10.1007/bf00340476
https://doi.org/10.1098/rspb.1981.0022
https://doi.org/10.1152/jn.00311.2004
https://doi.org/10.1152/jn.00311.2004
https://doi.org/10.1016/j.conb.2006.07.001
https://doi.org/10.1016/j.conb.2006.07.001
https://doi.org/10.1126/science.1192949
https://doi.org/10.1126/science.1192949
https://doi.org/10.1101/151548
http://creativecommons.org/licenses/by/4.0/


Florian Engert, and Robert Baker. The tangential nucleus controls a
gravito-inertial vestibulo-ocular reflex. Current Biology, 22(14):1285–
1295, jul 2012. doi: 10.1016/j.cub.2012.05.026. URL https://doi.
org/10.1016/j.cub.2012.05.026.

J. Carriot, M. Jamali, M. J. Chacron, and K. E. Cullen. Statistics of the
vestibular input experienced during natural self-motion: Implications
for neural processing. Journal of Neuroscience, 34(24):8347–8357, jun
2014. doi: 10.1523/jneurosci.0692-14.2014. URL https://doi.org/
10.1523/jneurosci.0692-14.2014.

K. C. Catania and M. S. Remple. Somatosensory cortex dominated by
the representation of teeth in the naked mole-rat brain. Proceedings
of the National Academy of Sciences, 99(8):5692–5697, apr 2002. doi:
10.1073/pnas.072097999. URL https://doi.org/10.1073/pnas.
072097999.

Anne K. Churchland, Justin L. Gardner, I han Chou, Nicholas J. Priebe,
and Stephen G. Lisberger. Directional anisotropies reveal a functional
segregation of visual motion processing for perception and action. Neu-
ron, 37(6):1001–1011, mar 2003. doi: 10.1016/s0896-6273(03)00145-4.
URL https://doi.org/10.1016/s0896-6273(03)00145-4.

Miguel L. Concha, Isaac H. Bianco, and Stephen W. Wilson. Encoding
asymmetry within neural circuits. Nature Reviews Neuroscience, 13(12):
832–843, nov 2012. doi: 10.1038/nrn3371. URL https://doi.org/
10.1038/nrn3371.

Michael Connolly and David Van Essen. The representation of the visual
field in parvicellular and magnocellular layers of the lateral geniculate
nucleus in the macaque monkey. The Journal of Comparative Neu-
rology, 226(4):544–564, jul 1984. doi: 10.1002/cne.902260408. URL
https://doi.org/10.1002/cne.902260408.

Silvia Curado, Ryan M. Anderson, Benno Jungblut, Jeff Mumm, Eric
Schroeter, and Didier Y.R. Stainier. Conditional targeted cell ablation
in zebrafish: A new tool for regeneration studies. Developmental Dy-
namics, 236(4):1025–1035, apr 2007. doi: 10.1002/dvdy.21100. URL
https://doi.org/10.1002/dvdy.21100.

P. M. Daniel and D. Whitteridge. The representation of the visual field on
the cerebral cortex in monkeys. J. Physiol. (Lond.), 159:203–221, dec
1961.

C.Darlot, J. L�pez-Barneo, andD. Tracey. Asymmetries of vertical vestibu-
lar nystagmus in the cat. Experimental Brain Research, 41-41(3-4), feb
1981. doi: 10.1007/bf00238901. URL https://doi.org/10.1007/
bf00238901.

Danielle Demêmes and Jacqueline Raymond. Identification des termi-
naisons vestibulaires dans les noyaux oculomoteurs communs chez le
chat par radioautographie enmicroscopie electronique. Brain Research,
196(2):331–345, sep 1980. doi: 10.1016/0006-8993(80)90399-6. URL
https://doi.org/10.1016/0006-8993(80)90399-6.

J. L. Demer. Mechanisms of human vertical visual-vestibular interaction.
Journal of Neurophysiology, 68(6):2128–2146, 1992.

Adam D. Douglass, Sebastian Kraves, Karl Deisseroth, Alexander F.
Schier, and Florian Engert. Escape behavior elicited by single,
channelrhodopsin-2-evoked spikes in zebrafish somatosensoryneurons.
Current Biology, 18(15):1133–1137, aug 2008. doi: 10.1016/j.cub.2008.06.
077. URL https://doi.org/10.1016/j.cub.2008.06.077.

Robert O. Duncan and Geoffrey M. Boynton. Cortical magnifi-
cation within human primary visual cortex correlates with acu-
ity thresholds. Neuron, 38(4):659–671, may 2003. doi: 10.
1016/s0896-6273(03)00265-4. URL https://doi.org/10.1016/
s0896-6273(03)00265-4.

David E. Ehrlich and David Schoppik. Control of movement initiation
underlies the development of balance. Current Biology, 27(3):334–344,
feb 2017. doi: 10.1016/j.cub.2016.12.003. URL https://doi.org/
10.1016/j.cub.2016.12.003.

Maria Soledad Esposito, Paolo Capelli, and Silvia Arber. Brainstem nucleus
MdV mediates skilled forelimb motor tasks. Nature, 508(7496):351–

356, feb 2014. doi: 10.1038/nature13023. URL https://doi.org/
10.1038/nature13023.

L. Facchin, E. R. Duboue, and M. E. Halpern. Disruption of epithalamic
left-right asymmetry increases anxiety in zebrafish. Journal of Neuro-
science, 35(48):15847–15859, dec 2015. doi: 10.1523/jneurosci.2593-15.
2015. URL https://doi.org/10.1523/jneurosci.2593-15.
2015.

Marco Favilla, Brunello Ghelarducci, Anna LaNoce, and Antonina Starita.
EMG responses of the vertical eye muscles to dynamic and static natural
vestibular stimulation about different axes in alert rabbits. Brain Re-
search, 280(2):277–286, dec 1983. doi: 10.1016/0006-8993(83)90057-4.
URL https://doi.org/10.1016/0006-8993(83)90057-4.

A. Ferraro, B. L. Pacella, and S. E. Barrera. Effects of lesions of the me-
dial vestibular nucleus. an anatomical physiological study in macacus
rhesus monkeys. The Journal of Comparative Neurology, 73(1):7–36,
aug 1940. doi: 10.1002/cne.900730103. URL https://doi.org/10.
1002/cne.900730103.

E.M.Goolish andK.Okutake. Lack of gas bladder inflation by the larvae of
zebrafish in the absence of an air-water interface. Journal of Fish Biology,
55(5):1054–1063, nov 1999. doi: 10.1111/j.1095-8649.1999.tb00740.x.
URL https://doi.org/10.1111/j.1095-8649.1999.tb00740.x.

K. L. Grasse and S. G. Lisberger. Analysis of a naturally occurring asymme-
try in vertical smooth pursuit eye movements in a monkey. Journal of
Neurophysiology, 67(1):164–79, jan 1992.

MarieR.Greaney, AnnE. Privorotskiy, KristenP.D’Elia, andDavid Schop-
pik. Extraocular motoneuron pools develop along a dorsoventral axis in
zebrafish, Danio rerio. Journal of Comparative Neurology, 525(1):65–
78, jun 2016. doi: 10.1002/cne.24042. URL https://doi.org/10.
1002/cne.24042.

Bill S. Hansson andMarcusC. Stensmyr. Evolution of insect olfaction. Neu-
ron, 72(5):698–711, dec 2011. doi: 10.1016/j.neuron.2011.11.003. URL
https://doi.org/10.1016/j.neuron.2011.11.003.

ThomasC.Harrison andTimothyH.Murphy. Motormaps and the cortical
control of movement. Current Opinion in Neurobiology, 24:88–94, feb
2014. doi: 10.1016/j.conb.2013.08.018. URL https://doi.org/10.
1016/j.conb.2013.08.018.

Shin-ichi Higashijima, Yoshiki Hotta, and Hitoshi Okamoto. Visual-
ization of cranial motor neurons in live transgenic zebrafish express-
ing green fluorescent protein under the control of the islet-1 pro-
moter/enhancer. Journal of Neuroscience, 20(1):206–218, jan 2000.

Stephen M. Highstein and Gay R. Holstein. The anatomy of the vestibular
nuclei. InProgress in Brain Research, pages 157–203. Elsevier, 2006. doi:
10.1016/s0079-6123(05)51006-9. URL https://doi.org/10.1016/
s0079-6123(05)51006-9.

Yoshiki Iwamoto, Toshihiro Kitama, and Kaoru Yoshida. Vertical eye
movement-related secondary vestibular neurons ascending in medial
longitudinal fasciculus in cat i. firing properties and projection path-
ways. Journal of Neurophysiology, 63(4):902–917, apr 1990a.

Yoshiki Iwamoto, Toshihiro Kitama, and Kaoru Yoshida. Vertical eye
movement-related secondary vestibular neurons ascending in medial
longitudinal fasciculus in cat. ii. direct connections with extraocular
motoneurons. Journal of Neurophysiology, 63(4):918–935, apr 1990b.

Jon H Kaas. Topographic maps are fundamental to sensory process-
ing. Brain Research Bulletin, 44(2):107–112, 1997. doi: 10.
1016/s0361-9230(97)00094-4. URL https://doi.org/10.1016/
s0361-9230(97)00094-4.

Jeremy N. Kay, Karin C. Finger-Baier, Tobias Roeser, Wendy Staub, and
Herwig Baier. Retinal ganglion cell genesis requires lakritz, a ze-
brafish atonal homolog. Neuron, 30(3):725–736, may 2001. doi:
10.1016/s0896-6273(01)00312-9. URL https://doi.org/10.1016/
s0896-6273(01)00312-9.

Sally R. Ke, Jessica Lam, Dinesh K. Pai, and Miriam Spering. Directional
asymmetries in human smooth pursuit eye movements. Investigative

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 18, 2017. ; https://doi.org/10.1101/151548doi: bioRxiv preprint 

https://doi.org/10.1016/j.cub.2012.05.026
https://doi.org/10.1016/j.cub.2012.05.026
https://doi.org/10.1523/jneurosci.0692-14.2014
https://doi.org/10.1523/jneurosci.0692-14.2014
https://doi.org/10.1073/pnas.072097999
https://doi.org/10.1073/pnas.072097999
https://doi.org/10.1016/s0896-6273(03)00145-4
https://doi.org/10.1038/nrn3371
https://doi.org/10.1038/nrn3371
https://doi.org/10.1002/cne.902260408
https://doi.org/10.1002/dvdy.21100
https://doi.org/10.1007/bf00238901
https://doi.org/10.1007/bf00238901
https://doi.org/10.1016/0006-8993(80)90399-6
https://doi.org/10.1016/j.cub.2008.06.077
https://doi.org/10.1016/s0896-6273(03)00265-4
https://doi.org/10.1016/s0896-6273(03)00265-4
https://doi.org/10.1016/j.cub.2016.12.003
https://doi.org/10.1016/j.cub.2016.12.003
https://doi.org/10.1038/nature13023
https://doi.org/10.1038/nature13023
https://doi.org/10.1523/jneurosci.2593-15.2015
https://doi.org/10.1523/jneurosci.2593-15.2015
https://doi.org/10.1016/0006-8993(83)90057-4
https://doi.org/10.1002/cne.900730103
https://doi.org/10.1002/cne.900730103
https://doi.org/10.1111/j.1095-8649.1999.tb00740.x
https://doi.org/10.1002/cne.24042
https://doi.org/10.1002/cne.24042
https://doi.org/10.1016/j.neuron.2011.11.003
https://doi.org/10.1016/j.conb.2013.08.018
https://doi.org/10.1016/j.conb.2013.08.018
https://doi.org/10.1016/s0079-6123(05)51006-9
https://doi.org/10.1016/s0079-6123(05)51006-9
https://doi.org/10.1016/s0361-9230(97)00094-4
https://doi.org/10.1016/s0361-9230(97)00094-4
https://doi.org/10.1016/s0896-6273(01)00312-9
https://doi.org/10.1016/s0896-6273(01)00312-9
https://doi.org/10.1101/151548
http://creativecommons.org/licenses/by/4.0/


Opthalmology & Visual Science, 54(6):4409, jun 2013. doi: 10.1167/iovs.
12-11369. URL https://doi.org/10.1167/iovs.12-11369.

E. I. Knudsen, S. Lac, and S. D. Esterly. Computational maps in the
brain. Annual Review of Neuroscience, 10(1):41–65, mar 1987. doi:
10.1146/annurev.ne.10.030187.000353. URL https://doi.org/10.
1146/annurev.ne.10.030187.000353.

T. Kodama, S.Guerrero,M. Shin, S.Moghadam,M. Faulstich, and S. duLac.
Neuronal classification and marker gene identification via single-cell
expression profiling of brainstem vestibular neurons subserving cerebel-
lar learning. Journal of Neuroscience, 32(23):7819–7831, jun 2012. doi:
10.1523/jneurosci.0543-12.2012. URL https://doi.org/10.1523/
jneurosci.0543-12.2012.

H. G. J. M. Kuypers. Anatomy of the descending pathways. In Compre-
hensive Physiology, pages 597–666. Wiley-Blackwell, 2011. doi: 10.1002/
cphy.cp010213. URL https://doi.org/10.1002/cphy.cp010213.

Alix M.B. Lacoste, David Schoppik, Drew N. Robson, Martin Haesemeyer,
RubenPortugues, JenniferM. Li, OwenRandlett, CarolineL.Wee, Flo-
rian Engert, and Alexander F. Schier. A convergent and essential in-
terneuron pathway for mauthner-cell-mediated escapes. Current Biol-
ogy, 25(11):1526–1534, jun 2015. doi: 10.1016/j.cub.2015.04.025. URL
https://doi.org/10.1016/j.cub.2015.04.025.

Marion Langen, Marta Koch, Jiekun Yan, Natalie De Geest, Maria-Luise
Erfurth, Barret D Pfeiffer, Dietmar Schmucker, Yves Moreau, and
Bassem A Hassan. Mutual inhibition among postmitotic neurons reg-
ulates robustness of brain wiring inDrosophila. eLife, 2, mar 2013.
doi: 10.7554/elife.00337. URL https://doi.org/10.7554/elife.
00337.

Roger N. Lemon. Descending pathways in motor control. Annual Review
of Neuroscience, 31(1):195–218, jul 2008. doi: 10.1146/annurev.neuro.
31.060407.125547. URL https://doi.org/10.1146/annurev.
neuro.31.060407.125547.

Ariel J. Levine, KathrynA. Lewallen, and Samuel L. Pfaff. Spatial organiza-
tion of cortical and spinal neurons controllingmotor behavior. Current
Opinion in Neurobiology, 22(5):812–821, oct 2012. doi: 10.1016/j.conb.
2012.07.002. URL https://doi.org/10.1016/j.conb.2012.07.
002.

M. H. Longair, D. A. Baker, and J. D. Armstrong. Simple neurite tracer:
open source software for reconstruction, visualization and analysis of
neuronal processes. Bioinformatics, 27(17):2453–2454, jul 2011. doi:
10.1093/bioinformatics/btr390. URL https://doi.org/10.1093/
bioinformatics/btr390.

Leung-Hang Ma, Edwin Gilland, Andrew H. Bass, and Robert Baker. An-
cestry of motor innervation to pectoral fin and forelimb. Nature Com-
munications, 1(4):1–8, jul 2010. doi: 10.1038/ncomms1045. URL
https://doi.org/10.1038/ncomms1045.

Sarah Marti, Christopher J. Bockisch, and Dominik Straumann. Asym-
metric short-term adaptation of the vertical vestibulo-ocular reflex in
humans. Experimental Brain Research, 172(3):343–350, jan 2006. doi:
10.1007/s00221-005-0341-2. URL https://doi.org/10.1007/
s00221-005-0341-2.

Motoyoshi Maruyama, Hiroaki Fushiki, Keiko Yasuda, and Yukio Watan-
abe. Asymmetric adaptive gain changes of the vertical vestibulo-ocular
reflex in cats. Brain Research, 1023(2):302–308, oct 2004. doi: 10.
1016/j.brainres.2004.07.049. URL https://doi.org/10.1016/j.
brainres.2004.07.049.

V. Matsuo and B. Cohen. Vertical optokinetic nystagmus and vestibular
nystagmus in the monkey: Up-down asymmetry and effects of gravity.
Experimental Brain Research, 53(2), jan 1984. doi: 10.1007/bf00238150.
URL https://doi.org/10.1007/bf00238150.

R. A. McCrea, A. Strassman, E. May, and S. M. Highstein. Anatomical and
physiological characteristics of vestibular neurons mediating the hori-
zontal vestibulo-ocular reflex of the squirrel monkey. The Journal of

Comparative Neurology, 264(4):547–570, oct 1987. doi: 10.1002/cne.
902640408. URL https://doi.org/10.1002/cne.902640408.

WeikeMo, Fangyi Chen, AlexNechiporuk, and Teresa Nicolson. Quantifi-
cation of vestibular-induced eye movements in zebrafish larvae. BMC
Neuroscience, 11(1):110, 2010. doi: 10.1186/1471-2202-11-110. URL
https://doi.org/10.1186/1471-2202-11-110.

Nikolas Nikolaou, Andrew S. Lowe, Alison S. Walker, Fatima Abbas,
Paul R. Hunter, Ian D. Thompson, and Martin P. Meyer. Paramet-
ric functional maps of visual inputs to the tectum. Neuron, 76(2):
317–324, oct 2012. doi: 10.1016/j.neuron.2012.08.040. URL https:
//doi.org/10.1016/j.neuron.2012.08.040.

Y. Albert Pan, Margaret Choy, David A. Prober, and Alexander F. Schier.
Robo2 determines subtype-specific axonal projections of trigeminal
sensory neurons. Development, 139(3):591–600, dec 2011. doi: 10.1242/
dev.076588. URL https://doi.org/10.1242/dev.076588.

Y. Albert Pan, Tom Freundlich, Tamily A. Weissman, David Schoppik,
X. Cindy Wang, Steve Zimmerman, Brian Ciruna, Joshua R. Sanes,
Jeff W. Lichtman, and Alexander F. Schier. Zebrabow: multispectral
cell labeling for cell tracing and lineage analysis in zebrafish. Devel-
opment, 140(13):2835–2846, jun 2013. doi: 10.1242/dev.094631. URL
https://doi.org/10.1242/dev.094631.

M. Pasqualetti, C. Diaz, J.S. Renaud, F.M. Rijli, and J.C. Glover. Fate-
mapping the mammalian hindbrain: Segmental origins of vestibular
projection neurons assessed using rhombomere-specific hoxa2 enhancer
elements in the mouse embryo. Journal of Neuroscience, 27(36):9670–
9681, sep 2007. doi: 10.1523/jneurosci.2189-07.2007. URL https:
//doi.org/10.1523/jneurosci.2189-07.2007.

E.L. Pavlova and T.G. Deliagina. Responses of reticulospinal neurons in in-
tact lamprey to pitch tilt. Journal of Neurophysiology, 88(3):1136–1146,
sep 2002.

Harshan Pisharath, Jerry M. Rhee, Michelle A. Swanson, Steven D. Leach,
andMichael J. Parsons. Targeted ablation of beta cells in the embryonic
zebrafish pancreas using e. coli nitroreductase. Mechanisms of Develop-
ment, 124(3):218–229, mar 2007. doi: 10.1016/j.mod.2006.11.005. URL
https://doi.org/10.1016/j.mod.2006.11.005.

Owen Randlett, Caroline L. Wee, Eva A. Naumann, Onyeka Nnaemeka,
David Schoppik, James E. Fitzgerald, Ruben Portugues, Alix M. B.
Lacoste, Clemens Riegler, Florian Engert, and Alexander F. Schier.
Whole-brain activity mapping onto a zebrafish brain atlas. Nature
Methods, 12(11):1039–1046, sep 2015. doi: 10.1038/nmeth.3581. URL
https://doi.org/10.1038/nmeth.3581.

J. A. Rathelot and P. L. Strick. Subdivisions of primary motor cortex based
on cortico-motoneuronal cells. Proceedings of the National Academy of
Sciences, 106(3):918–923, jan 2009. doi: 10.1073/pnas.0808362106. URL
https://doi.org/10.1073/pnas.0808362106.

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):329–337,
2000. doi: 10.1002/1097-4695(20000615)43:4<329::aid-neu2>3.0.co;
2-h. URL https://doi.org/10.1002/1097-4695(20000615)43:
4<329::aid-neu2>3.0.co;2-h.

Richard Roberts, Jeffrey Elsner, and Martha W. Bagnall. Delayed otolith
development does not impair vestibular circuit formation in zebrafish.
Journal of the Association for Research in Otolaryngology, 18(3):415–425,
mar 2017. doi: 10.1007/s10162-017-0617-9. URLhttps://doi.org/
10.1007/s10162-017-0617-9.

Peter Rombough. The functional ontogeny of the teleost gill: Which
comes first, gas or ion exchange? Comparative Biochemistry and Physi-
ology Part A: Molecular & Integrative Physiology, 148(4):732–742, dec
2007. doi: 10.1016/j.cbpa.2007.03.007. URL https://doi.org/10.
1016/j.cbpa.2007.03.007.

Johannes Schindelin, Ignacio Arganda-Carreras, Erwin Frise, Verena
Kaynig, Mark Longair, Tobias Pietzsch, Stephan Preibisch, Cur-

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 18, 2017. ; https://doi.org/10.1101/151548doi: bioRxiv preprint 

https://doi.org/10.1167/iovs.12-11369
https://doi.org/10.1146/annurev.ne.10.030187.000353
https://doi.org/10.1146/annurev.ne.10.030187.000353
https://doi.org/10.1523/jneurosci.0543-12.2012
https://doi.org/10.1523/jneurosci.0543-12.2012
https://doi.org/10.1002/cphy.cp010213
https://doi.org/10.1016/j.cub.2015.04.025
https://doi.org/10.7554/elife.00337
https://doi.org/10.7554/elife.00337
https://doi.org/10.1146/annurev.neuro.31.060407.125547
https://doi.org/10.1146/annurev.neuro.31.060407.125547
https://doi.org/10.1016/j.conb.2012.07.002
https://doi.org/10.1016/j.conb.2012.07.002
https://doi.org/10.1093/bioinformatics/btr390
https://doi.org/10.1093/bioinformatics/btr390
https://doi.org/10.1038/ncomms1045
https://doi.org/10.1007/s00221-005-0341-2
https://doi.org/10.1007/s00221-005-0341-2
https://doi.org/10.1016/j.brainres.2004.07.049
https://doi.org/10.1016/j.brainres.2004.07.049
https://doi.org/10.1007/bf00238150
https://doi.org/10.1002/cne.902640408
https://doi.org/10.1186/1471-2202-11-110
https://doi.org/10.1016/j.neuron.2012.08.040
https://doi.org/10.1016/j.neuron.2012.08.040
https://doi.org/10.1242/dev.076588
https://doi.org/10.1242/dev.094631
https://doi.org/10.1523/jneurosci.2189-07.2007
https://doi.org/10.1523/jneurosci.2189-07.2007
https://doi.org/10.1016/j.mod.2006.11.005
https://doi.org/10.1038/nmeth.3581
https://doi.org/10.1073/pnas.0808362106
https://doi.org/10.1002/1097-4695(20000615)43:4<329::aid-neu2>3.0.co;2-h
https://doi.org/10.1002/1097-4695(20000615)43:4<329::aid-neu2>3.0.co;2-h
https://doi.org/10.1007/s10162-017-0617-9
https://doi.org/10.1007/s10162-017-0617-9
https://doi.org/10.1016/j.cbpa.2007.03.007
https://doi.org/10.1016/j.cbpa.2007.03.007
https://doi.org/10.1101/151548
http://creativecommons.org/licenses/by/4.0/


tis Rueden, Stephan Saalfeld, Benjamin Schmid, Jean-Yves Tinevez,
Daniel James White, Volker Hartenstein, Kevin Eliceiri, Pavel Toman-
cak, and Albert Cardona. Fiji: an open-source platform for biological-
image analysis. Nature Methods, 9(7):676–682, jun 2012. doi: 10.1038/
nmeth.2019. URL https://doi.org/10.1038/nmeth.2019.

P. J. Schoonheim, A. B. Arrenberg, F. Del Bene, and H. Baier. Optogenetic
localization and genetic perturbation of saccade-generating neurons in
zebrafish. Journal of Neuroscience, 30(20):7111–7120, may 2010. doi:
10.1523/jneurosci.5193-09.2010. URL https://doi.org/10.1523/
jneurosci.5193-09.2010.

Ethan K. Scott, Lindsay Mason, Aristides B. Arrenberg, Limor Ziv,
Nathan J Gosse, Tong Xiao, Neil C. Chi, Kazuhide Asakawa, Koichi
Kawakami, and Herwig Baier. Targeting neural circuitry in zebrafish
using GAL4 enhancer trapping. Nature Methods, mar 2007. doi:
10.1038/nmeth1033. URL https://doi.org/10.1038/nmeth1033.

Kristen E. Severi, Ruben Portugues, João C. Marques, DonaldM. O’Malley,
Michael B. Orger, and Florian Engert. Neural control and modulation
of swimming speed in the larval zebrafish. Neuron, 83(3):692–707, aug
2014. doi: 10.1016/j.neuron.2014.06.032. URL https://doi.org/
10.1016/j.neuron.2014.06.032.

Krishna V. Shenoy, Maneesh Sahani, and Mark M. Churchland. Corti-
cal control of arm movements: A dynamical systems perspective. An-
nual Review of Neuroscience, 36(1):337–359, jul 2013. doi: 10.1146/
annurev-neuro-062111-150509. URL https://doi.org/10.1146/
annurev-neuro-062111-150509.

Eero P Simoncelli. Vision and the statistics of the visual environment.
Current Opinion in Neurobiology, 13(2):144–149, apr 2003. doi: 10.
1016/s0959-4388(03)00047-3. URL https://doi.org/10.1016/
s0959-4388(03)00047-3.

John I. Simpson and Werner Graf. Eye-muscle geometry and compen-
satory eye movements in lateral-eyed and frontal-eyed animals. An-
nals of the New York Academy of Sciences, 374(1 Vestibular an):20–
30, nov 1981. doi: 10.1111/j.1749-6632.1981.tb30856.x. URL https:
//doi.org/10.1111/j.1749-6632.1981.tb30856.x.

Frank M. Smith and Roger P. Croll. Autonomic control of the swimblad-
der. Autonomic Neuroscience, 165(1):140–148, nov 2011. doi: 10.1016/j.
autneu.2010.08.002. URL https://doi.org/10.1016/j.autneu.
2010.08.002.

Hans Straka and Robert Baker. Vestibular blueprint in early vertebrates.
Frontiers in Neural Circuits, 7, 2013. doi: 10.3389/fncir.2013.00182.
URL https://doi.org/10.3389/fncir.2013.00182.

Hans Straka, Bernd Fritzsch, and Joel C. Glover. Connecting ears to eye
muscles: Evolution of a ‘simple’ reflex arc. Brain, Behavior and Evo-
lution, 83(2):162–175, 2014. doi: 10.1159/000357833. URL https:
//doi.org/10.1159/000357833.

J. Szentágothai. Pathways and synaptic articulation patterns connecting
vestibular receptors and oculomotor nuclei. In The Oculomotor System,
pages 205–223. Hoeber Medical Division, Harper and Row, 1964.

Marcel Tawk, IsaacH. Bianco, and JonathanD.W.Clarke. Focal electropo-
ration in zebrafish embryos and larvae. InMethods inMolecular Biology,
pages 145–151. Humana Press, 2009. doi: 10.1007/978-1-60327-977-2_
10. URL https://doi.org/10.1007/978-1-60327-977-2_10.

Tod R. Thiele, Joseph C. Donovan, and Herwig Baier. Descending con-
trol of swim posture by a midbrain nucleus in zebrafish. Neuron, 83(3):
679–691, aug 2014. doi: 10.1016/j.neuron.2014.04.018. URL https:
//doi.org/10.1016/j.neuron.2014.04.018.

D.L. Tomko, C. Wall, F.R. Robinson, and J.P. Staab. Influence of gravity
on cat vertical vestibulo-ocular reflex. Experimental Brain Research, 69
(2), jan 1988. doi: 10.1007/bf00247576. URL https://doi.org/10.
1007/bf00247576.

Julio Torres-Torrelo, David Rodríguez-Rosell, Pedro Nunez-Abades, Livia
Carrascal, and Blas Torres. Glutamate modulates the firing rate in ocu-
lomotor nucleus motoneurons as a function of the recruitment thresh-

old current. The Journal of Physiology, 590(13):3113–3127, jun 2012.
doi: 10.1113/jphysiol.2011.226985. URL https://doi.org/10.1113/
jphysiol.2011.226985.

Yoshio Uchino, Naoki Hirai, and Shuji Suzuki. Branching pattern and
properties of vertical- and horizontal-related excitatory vestibuloocu-
lar neurons in the cat. Journal of Neurophysiology, 48(4):891–903, oct
1982.

Yoshio Uchino, H. Sato, M. Zakir, K. Kushiro, M. Imagawa, Y. Ogawa,
S. Ono, H. Meng, X. Zhang, M. Katsuta, N. Isu, and V.J. Wilson. Com-
missural effects in the otolith system. Experimental Brain Research,
136(4):421–430, feb 2001. doi: 10.1007/s002210000611. URL https:
//doi.org/10.1007/s002210000611.

Takuya Uemura and Bernard Cohen. Effects of vestibular nu-
clei lesions on vestibulo-ocular reflexes and posture in mon-
keys. Acta Oto-Laryngologica, 77(sup315):1–71, jan 1974. doi:
10.3109/00016487409129565. URL https://doi.org/10.3109/
00016487409129565.

A. Urasaki, G.Morvan, and K. Kawakami. Functional dissection of the tol2
transposable element identified the minimal cis-sequence and a highly
repetitive sequence in the subterminal region essential for transposition.
Genetics, 174(2):639–649, sep 2006. doi: 10.1534/genetics.106.060244.
URL https://doi.org/10.1534/genetics.106.060244.

Wei-Chun Wang and David L. McLean. Selective responses to tonic de-
scending commands by temporal summation in a spinal motor pool.
Neuron, 83(3):708–721, aug 2014. doi: 10.1016/j.neuron.2014.06.021.
URL https://doi.org/10.1016/j.neuron.2014.06.021.

X. Xu, C. E. Collins, I. Khaytin, J. H. Kaas, and V. A. Casagrande. Un-
equal representation of cardinal vs. oblique orientations in the middle
temporal visual area. Proceedings of the National Academy of Sciences,
103(46):17490–17495, nov 2006. doi: 10.1073/pnas.0608502103. URL
https://doi.org/10.1073/pnas.0608502103.

Jun-Ichi Yokota, Harvey Reisine, and Bernard Cohen. Nystagmus induced
by electrical stimulation of the vestibular and prepositus hypoglossi nu-
clei in the monkey: evidence for site of induction of velocity storage.
Experimental Brain Research, 92(1), dec 1992. doi: 10.1007/bf00230389.
URL https://doi.org/10.1007/bf00230389.

Pavel V. Zelenin, Sten Grillner, Grigori N. Orlovsky, and Tatiana G.
Deliagina. Heterogeneity of the population of command neurons in
the lamprey. Journal of Neuroscience, 21(19):7793–7803, oct 2001.

Feng Zhang, Li-Ping Wang, Martin Brauner, Jana F. Liewald, Kenneth
Kay, Natalie Watzke, Phillip G. Wood, Ernst Bamberg, Georg Nagel,
Alexander Gottschalk, and Karl Deisseroth. Multimodal fast opti-
cal interrogation of neural circuitry. Nature, 446(7136):633–639, apr
2007. doi: 10.1038/nature05744. URL https://doi.org/10.1038/
nature05744.

Flavio R Zolessi, Lucia Poggi, Christopher J Wilkinson, Chi-Bin Chien,
and William A Harris. Polarization and orientation of retinal gan-
glion cells in vivo. Neural Development, 1(1):2, 2006. doi: 10.1186/
1749-8104-1-2. URL https://doi.org/10.1186/1749-8104-1-2.

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 18, 2017. ; https://doi.org/10.1101/151548doi: bioRxiv preprint 

https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1523/jneurosci.5193-09.2010
https://doi.org/10.1523/jneurosci.5193-09.2010
https://doi.org/10.1038/nmeth1033
https://doi.org/10.1016/j.neuron.2014.06.032
https://doi.org/10.1016/j.neuron.2014.06.032
https://doi.org/10.1146/annurev-neuro-062111-150509
https://doi.org/10.1146/annurev-neuro-062111-150509
https://doi.org/10.1016/s0959-4388(03)00047-3
https://doi.org/10.1016/s0959-4388(03)00047-3
https://doi.org/10.1111/j.1749-6632.1981.tb30856.x
https://doi.org/10.1111/j.1749-6632.1981.tb30856.x
https://doi.org/10.1016/j.autneu.2010.08.002
https://doi.org/10.1016/j.autneu.2010.08.002
https://doi.org/10.3389/fncir.2013.00182
https://doi.org/10.1159/000357833
https://doi.org/10.1159/000357833
https://doi.org/10.1007/978-1-60327-977-2_10
https://doi.org/10.1016/j.neuron.2014.04.018
https://doi.org/10.1016/j.neuron.2014.04.018
https://doi.org/10.1007/bf00247576
https://doi.org/10.1007/bf00247576
https://doi.org/10.1113/jphysiol.2011.226985
https://doi.org/10.1113/jphysiol.2011.226985
https://doi.org/10.1007/s002210000611
https://doi.org/10.1007/s002210000611
https://doi.org/10.3109/00016487409129565
https://doi.org/10.3109/00016487409129565
https://doi.org/10.1534/genetics.106.060244
https://doi.org/10.1016/j.neuron.2014.06.021
https://doi.org/10.1073/pnas.0608502103
https://doi.org/10.1007/bf00230389
https://doi.org/10.1038/nature05744
https://doi.org/10.1038/nature05744
https://doi.org/10.1186/1749-8104-1-2
https://doi.org/10.1101/151548
http://creativecommons.org/licenses/by/4.0/


Movie Legends
Movie M1: Reconstruction of an nIV-projecting neuron.

Data is taken from the same confocal stack shown in Figure 2a-2d. The neuron in shown in black, colored spheres represent
the center locus of cell bodies of nIV (magenta) and nIII (cyan) cranial motoneurons. The movie begins with the neuron in
a coronal orientation, rotates 90° along the x axis until it is sagittal, and then rotates 90° along the y axis such that the viewer
looks caudally down the long axis of the fish towards the tail. The large projection to nIV is clearly visible. Scale bar is 25 μm
for all three axes.

Movie M2: Reconstruction of an nIII-projecting neuron.

Data is taken from the same confocal stack shown in Figure 2e-2g. The neuron in shown in black, colored spheres represent
the center locus of cell bodies of nIV (magenta) and nIII (cyan) cranial motoneurons. The movie begins with the neuron in
a coronal orientation, rotates 90° along the x axis until it is sagittal, and then rotates 90° along the y axis such that the viewer
looks caudally down the long axis of the fish towards the tail. The terminal arbors of this neuron are considerably more re-
stricted than the neuron inM2, and bypass nIV, terminating in nIII. Scale bar is 25 μm for all three axes.

Movie M3: A sample eye movement evoked by a blue light flash in wild-type fish.

The left eye of a wild-type fish responding to a flash of blue light. Green box reflects the realtime estimate of the eye’s rotation.
Movie is 4 sec, with a 100msec flash after 2 sec. For clarity, the original video was enlarged 4x and slowed down 4-fold (200Hz
acquisition, 50Hz playback).

Movie M4: A sample eye movement evoked by a blue light flash in fish expressing channelrhodopsin in vestibular neu-
rons.

The left eye of a Tg(-6.7FRhcrtR:gal4VP16); Tg(14xUAS-E1b:hChR2(H134R)-EYFP); atoh7th241/th241; Tg(atoh7:gap43-
RFP) fish responding to a flash of blue light. Gray box reflects the realtime estimate of the eye’s rotation. Movie is 3.6sec long,
with a 100msec flash at 1.2sec indicated by a cyan circle.

Movie M5: A sample eye movement evoked in a fish with pan-neuronal channelrhodopsin.

The left eye of a Tg(s1101t:gal4); Tg(14xUAS-E1b:hChR2(H134R)-EYFP); atoh7th241/th241; Tg(atoh7:gap43-RFP) fish re-
sponding to a flash of blue light. Green box reflects the realtime estimate of the eye’s rotation. Movie is 4 sec, with a 100ms
flash after 2 sec. For clarity, the original video was enlarged 4x and slowed down 4-fold (200Hz acquisition, 50Hz playback).
Note the rapid and transient change in the angle of the green square at the initiation of the evoked eye movement. This re-
flects the tracker failing due to the nasal-ward component of the eye’s contraction. After the brief failure of the tracker, it re-
covers, and the downward torsional component of the eye movement becomes visible.

Movie M6: Fish without vestibular neurons swimming in a cuvette.

Tg(-6.7FRhcrtR:gal4VP16); Tg(14xUAS-E1b:hChR2(H134R)-EYFP); mitfa -/- fish swimming in a cuvette. Vestibular neu-
rons in these fish were photoablated at 72hpf, before swim bladder inflation. Note the absence of a swim bladder, evaluated
here at 144hpf. These fish are siblings of the fish in Movie M7.

Movie M7: Fish swimming in a cuvette.

Tg(-6.7FRhcrtR:gal4VP16); Tg(14xUAS-E1b:hChR2(H134R)-EYFP); mitfa -/- fish filmed at 144hpf. Note the presence of a
swim bladder. These fish are siblings of the fish in Movie M6.
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Figure 1: Vestibular nucleus neurons labeled in Tg(-6.7FRhcrtR:gal4VP16). a, Morphology of a single filled vestibular neuron
(white) and all vestibular neurons (purple). Arrows point to the cells that belong to two sub-populations of the vestibular nu-
clei: the tangential (TVN) and medial vestibular (MVN) and the path their axons take along the medial longitudinal fasciculus
(MLF). The expression pattern of Tg(-6.7FRhcrtR:gal4VP16); Tg(UAS-E1b:Kaede)s1999t (purple) is shown as a coronal max-
imum intensity projection (MIP), with one vestibular neuron, co-labeled by focal electroporation of gap43-EGFP (white). In-
set schematic of a dorsal view of a larval zebrafish, with a magenta rectangle indicating the location of the image. Scale 50 μm b-
c, Labeled vestibular nucleus neurons (purple) project to ocular motoneurons (green). Coronal (b) and sagittal (c) MIP of Tg(-
6.7FRhcrtR:gal4VP16);Tg(UAS-KillerRed) (purple);Tg(isl1:GFP) (green, image gamma = 0.5) showing cranial motoneurons
from nIII/nIV, nV, and nVII (green text). Arrows highlight the cell bodies and axons of labeled neurons in the two populations of
vestibular neurons projecting along the MLF. Scale 50 μm. d-f, Close-up of ocular motoneuron region (white boxed region in 1a),
showing major branch patterns of vestibular neuron axon fascicle (purple) relative to motoneurons (green). 1d shows motoneurons
from Tg(isl1:GFP) (green) in nIV (magenta arrow), superior rectus motoneurons of nIII (cyan arrow) and the midbrain/hindbrain
boundary (white dotted line). 1e shows branches of the vestibular neuron axon fascicle (purple), as they emerge from theMLF
(white arrow) in Tg(-6.7FRhcrtR:gal4VP16);Tg(UAS-KillerRed). First projection is to nIV (magenta arrow), second projection
to nIII (cyan arrow). f) merge of 1d-1e. Scale 20 μm. g-i, Broad and close-up views of vestibular neuron axonal projection (purple) to
nIII cell bodies (green), taken at the coronal plane delineated by the cyan dotted line in 1f, superior rectus (SR) motoneurons (nIII)
encircled in cyan. Cyan arrows in 1g localize close-ups in 1h and 1i. Scale 10 μm j-l, Broad and close-up view of vestibular neuron ax-
onal projection (purple) to nIV cell bodies (green), taken at the coronal plane delineated by the magenta dotted line in 1f, superior
oblique (SO) motoneurons (nIV, green) encircled in magenta. Arrows in 1j point to close-up in 1k and 1l. Scale 10 μm.
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Figure 2: Projections from singly labeled vestibular nucleus neurons. a, Example vestibular neuron (purple) that projects to nIV
(nose-up) motoneurons (green), 23/27 neurons projected to nIV. Coronal MIP of a single vestibular neuron labeled with UAS-
ChR2(H134R)-EYFP (purple) in Tg(-6.7FRhcrtR:gal4VP16);Tg(isl:GFP) (green). Gamma = 0.5 to highlight the sparse label. Scale
100 μm. b, Sagittal MIP of the neuron in Figure 2a highlighting nIII (cyan arrow), nIV (magenta arrow), and projection to nIV
(white arrow). Scale 20 μm. c, Coronal MIP of nIV (green cell bodies in dotted magenta outline) from 2a, Vestibular neuron pro-
jection (purple axon, white arrow) Scale 10 μm. d, Coronal MIP of nIII (green cell bodies in dotted cyan outline) with no proximal
vestibular neuron (purple) projection. e, Example vestibular neuron (purple) that projects to nIII SR (nose-down) motoneurons
(green), 4/27 neurons projected exclusively to nIII. Sagittal MIP of a single axon expressing 14xUAS-E1b:hChR2(H134R)-EYFP
(purple) in Tg(-6.7FRhcrtR:gal4VP16);Tg(isl1:GFP) (green); Tg(atoh7:gap43-RFP)(cyan) fish. Expression of bright EGFP bleeds
into the purple channel, making the cell bodies white. nIV (magenta arrow) nIII (cyan arrow) and the vestibular neuron projec-
tion to SRmotoneurons in nIII (white arrow). Scale 20 μm. f, Coronal MIP of nIII (cells in blue outline) from 2e, purple projec-
tions from vestibular neuron (white arrow). Scale 10 μm g, Coronal MIP of nIV (cells in magenta outline) from 2e with no purple
vestibular neuron projection. Scale 10 μm.
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Figure 3: Tracings of two vestibular nucleus neurons from a single fish at two timepoints during development. a) Dorsal (top) and
sagittal (bottom) projections of two traced neurons taken from the same fish imaged at 5 days post-fertilization. The magenta trace
shows the characteristic projection to the nIV motoneuron pool (magenta arrows) while the green neuron does not. b) Same two
neurons traced in the same fish, at 11 days post-fertilization. The same projection to nIV is visible in the magenta tracing (magenta
arrow). Scale bars are 100 μm.
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Figure 4: Vestibular nucleus neurons show putative synaptic puncta on their motoneuron targets. a, Sagittal MIP of a labeled SO
motoneuron (magenta arrow) in green and the purple synaptic puncta labeled in Tg(-6.7FRhcrtR:gal4VP16); Tg(5xUAS:sypb-
GCaMP3). Dotted lines indicate the planes in 4b-4c, scale 20 μm. b,c Close-up slice of the motoneuron somata in 4a with puncta
(magenta arrow), scale 10 μm. d, Close-up of a retrogradely labeled SRmotoneuron soma (green) with visible purple puncta (cyan
arrow), Scale 10 μm. e, Close-up of the dendrites of SRmotoneurons (green) with visible purple puncta (cyan arrow). Scale 10 μm.
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Figure 5: Vestibular nucleus neurons labeled in Tg(-6.7FRhcrtR:gal4VP16) are necessary for both nose-up and nose-down gaze sta-
bilization. a, Coronal MIP of vestibular and control neurons (nVII) in rhombomeres 4-8 in Tg(-6.7FRhcrtR:gal4VP16); Tg(UAS-
E1b:Kaede)s1999t; Tg(isl1:GFP) fish before and after photo-ablation of vestibular neuron cell bodies. Red arrows point to the gen-
eral region of the vestibular nucleus, remaining cells correspond to nVII. For anatomical localization compare to the right side of
Figure 1b. b, The median gain of the gaze stabilization is profoundly impaired after lesion. Gain is defined as the median response
across six step types, (3 nose-up and 3 nose-down from the horizontal meridian). c, The range of eye movements in response to pitch
tilts in individual fish is profoundly impaired after lesion. Range is defined as the difference between the most eccentric eye positions
across all steps. Dots are individual fish, green dot corresponds to the fish in Figure 5a, gray dotted line is unity.
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Figure 6: The simplified neural circuit underlying the ocular response to pitch and roll tilts. Cyan = nose down, magenta = nose
up channels. a) Wiring diagram of excitatory connections that comprise one hemisphere of the vestibulo-ocular circuit in the larval
zebrafish. Directionally-responsive utricular hair cells (cyan/magenta) transduce body rotation and activate afferent peripheral neu-
rons in the stato-acoustic ganglion (SAG) that relay signals to excitatory central vestibular neurons (VN, cyan and magenta). These
in turn cross the midline and connect to specific cranial motor nuclei nIII and nIV (magenta). Each cranial nucleus is exclusively re-
sponsible for activating one of the diagrammed contralateral superior eye muscles: superior oblique/rectus (SO/SR). In addition,
nIII contains two other motoneuron pools: the inferior rectus, which co-contracts with the SO during nose-up rotations, and the
inferior oblique, which co-contracts with the SR during nose-down. b) Gaze-stabilization reflex during a roll tilt to the fish’s left.
All hair cells in the fish’s left utricle are activated, causing co-contraction of superior (SO/SR) eye muscles ipsilateral to the activated
utricle, and inferior (IO/IR) muscles contralateral to the activated utricle. The eyes then rotate so as to compensate for the tilt. c)
Gaze stabilization during nose-down pitch tilts. Hair cells (magenta) are selectively activated that are sensitive to the particular di-
rection of tilt, ultimately activating vestibular neurons that project to both nIII and nIV. There, they activate the SO (contralateral)
and IR (ipsilateral). Because both left and right utricles are activated by pitch tilts, both SO and IR are activated for each eye. d. Gaze
stabilization during nose-up pitch tilts. Hair cells (cyan) are selectively activated that are sensitive to the particular direction of tilt,
ultimately activating vestibular neurons that project to exclusively to nIII. There, they activate the SR (contralateral) and IO (ipsilat-
eral). Because both left and right utricles are activated by pitch tilts, both SR and IO are activated for each eye.
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Figure 7: Activating vestibular nucleus neurons generates downward eye rotations. a, ChR2+ fish (black) respond with increas-
ingly large eye movements as the duration of blue light flashes increases. Positive values for eye rotation indicate the direction the
eyes would rotate if the nose had been pitched up (magenta arrow), negative values are nose-down (cyan arrow). ChR2- siblings
do not rotate their eyes in response to blue light (gray line). Points are median ±median absolute deviation. b, Vestibular neurons
are necessary for the evoked eye movements. gray lines are individual fish, black lines the median of pre-lesion data, red lines are the
same fish post lesion. Blue bar is the duration of the stimulus (100 ms). c, Activation of vestibular neurons in a pan-neuronal fish
produces systematic torsional eye rotations in the nose-up direction. Gray lines are the average responses from individual fish with
pan-neuronal expression: the Et(E1b:Gal4-VP16)s1101t; Tg(14xUAS-E1b:hChR2(H134R)-EYFP); atoh7th241/th241 line. Black is
the median across fish, blue bar is the duration of the stimulus (100 ms). The single trace with a downward lobe is not due to a tor-
sional movement, but a failure of the eye tracking algorithm to adjust to non-torsional components; video of this fish showing the
dominant torsional movement and tracker failure is shown as Movie M4.
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Figure 8: A model of vestibular to extraocular motoneuron transmission. a) A schematic of the model. There are four stages: Input,
Encoding, Integration, and Output. They reflect the sensory afferent input, vestibular neuron spiking, synaptic integration and
spike generation by ocular motoneurons, and eye movements, respectively. Two channels, nose-up (cyan) and nose-down (magenta)
are schematized here as a feed-forward model. We begin with equal inputs to two populations of vestibular neurons, in a 6:1 nose-
up to nose-down ratio. Integration consists of convolution, summation, and thresholding. b) One simulation of the model for two
different population sizes, 180 neurons (magenta) and 30 neurons (cyan). The first column shows the vestibular neuron activity as
a spike raster plot, aligned to the input function in black. The second column shows the motoneuron spikes. For display, half the
generated spikes are shown in each raster. c) The “Output strength” (average firing rate) of the post-synaptic neurons as a function
of the population size (rows) and number of inputs per motoneuron (columns). d) The “Encoding fidelity” (variance explained, R2)
in the input rate function by the summed post-synaptic output.
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Figure 9: Early ablations of vestibular neurons leave fish unable to inflate their swim bladders. a) Tg(-6.7FRhcrtR:gal4VP16);
Tg(14xUAS-E1b:hChR2(H134R)-EYFP); mitfa -/- fish swimming in a cuvette in the dark at 144hpf. Red arrows point to swim
bladders. b) Sibling fish where the vestibular neurons in these fish were photoablated at 72hpf, before swim bladder inflation. Note
the absence of a swim bladder, evaluated here at 144hpf. Images are taken fromMovies M6-M7.
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