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Abstract  41 

Down Syndrome Cell Adhesion Molecules (dscam and dscaml1) are essential regulators of neural 42 

circuit assembly, but their roles in vertebrate neural circuit function are still mostly unexplored. We 43 

investigated the role of dscaml1 in the zebrafish oculomotor system, where behavior, circuit 44 

function, and neuronal activity can be precisely quantified. Loss of zebrafish dscaml1 resulted in 45 

deficits in retinal patterning and light adaptation, consistent with its known roles in mammals. 46 

Oculomotor analyses showed that mutants have abnormal gaze stabilization, impaired fixation, 47 

disconjugation, and faster fatigue. Notably, the saccade and fatigue phenotypes in dscaml1 mutants 48 

are reminiscent of human ocular motor apraxia, for which no animal model exists. Two-photon 49 

calcium imaging showed that loss of dscaml1 leads to impairment in the saccadic premotor pathway 50 

but not the pretectum-vestibular premotor pathway, indicating a subcircuit requirement for 51 

dscaml1. Together, we show that dscaml1 has both broad and specific roles in oculomotor circuit 52 

function, providing a new animal model to investigate the development of premotor pathways and 53 

their associated human ocular disorders. 54 

 55 

Introduction 56 

The Down Syndrome Cell Adhesion Molecule (DSCAM) family proteins are neuronal cell recognition 57 

molecules that are essential for neural circuit assembly and neural patterning across different phyla. 58 

In humans, loss of DSCAM and DSCAM-like 1 (DSCAML1) are linked to autism spectrum disorder 59 

and cortical abnormalities 1, 2. At the cellular level, DSCAMs promote avoidance between neurites of 60 

the same cell or between similar cell types. DSCAMs are also involved in the regulation of cell death, 61 

synaptic adhesion, axon outgrowth, axonal refinement, and dendritic growth 3, 4, 5, 6, 7, 8. However, it 62 

is still unclear how the sum of these cellular functions contribute to neural circuit activity, behavior, 63 

and human disorders.  64 

Here, we investigate the role of DSCAML1 on neural circuit function in the context of oculomotor 65 

behavior, a setting with a rich history and easy to quantify behaviors. Eye movement is an integral 66 

part of visual perception and survival in vertebrates, enabling shifts in visual attention and 67 
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preventing image blurring during object or head motion. We focus on saccade, fixation, and gaze 68 

stabilization movements, which are highly conserved among vertebrates. Saccades are fast ballistic 69 

eye movements that allow rapid gaze shifting and redirection of visual attention. After each saccade, 70 

gaze is maintained at a single location, termed fixation. Saccades also occur reflexively during gaze 71 

stabilization, e.g., the optokinetic reflex (OKR) and vestibular ocular reflex (VOR) 9. OKR is triggered 72 

by broad-field visual motion, during which the eyes counteract motion by velocity-matched eye 73 

movements. The periods of velocity matching, called ‘slow phase’, are interrupted by ‘fast phase’ 74 

saccadic movements to the opposite direction, which reset eye position. Slow and fast phases are 75 

also triggered by the vestibular system in the VOR to counteract head motion.  76 

In the oculomotor system, the neural circuitry is mapped in detail, and changes to eye movement 77 

kinematics can be attributed to specific subcircuit deficits. Sensory inputs and motor commands 78 

from higher brain centers converge onto the brainstem, where premotor neurons generate motor 79 

signals encoding eye position and velocity. The premotor pathways, in turn, activate the cranial 80 

motor neurons that innervate the extraocular muscles (Fig. 1A). Three subcircuits are the focus of 81 

this study. The saccadic premotor pathway, which goes through the excitatory burst neurons in the 82 

midbrain and hindbrain, initiates saccade and encodes the appropriate eye velocity. The vestibular 83 

premotor pathway, which receives input from the eye and ear, controls slower eye movement and 84 

velocity matching during gaze stabilization. Lastly, the neural integrator premotor pathway 85 

integrates information from the saccade and vestibular pathways to maintain stable eye position 86 

over time. Deficits in these subcircuits are associated with human diseases such as ocular motor 87 

apraxia (saccade deficit), optokinetic response abnormalities (vestibular deficit), and gaze-evoked 88 

nystagmus (neural integrator deficit) 9. Eye movement deficits are common in the general 89 

population and can lead to severely impaired visual function and difficulty in daily tasks such as 90 

reading or crossing the street. Saccade deficits are also highly prevalent in neuropsychiatric and 91 

neurodegenerative patient populations, serving as a diagnostic tool and a window into the 92 

underlying pathophysiology 10, 11. However, our understanding of the genetic contributors for 93 

oculomotor circuit development and neural mechanisms for eye movement disorders are still 94 

limited. 95 
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We take advantage of the zebrafish oculomotor system as a framework to probe the role of dscaml1, 96 

the zebrafish homolog of DSCAML1, in neural circuit development, neuronal activity, and behavior 97 
12. Zebrafish oculomotor behavior is robust at the larval stage; the small size and optically 98 

translucency of zebrafish larvae make it possible to use two-photon calcium imaging to record 99 

neuronal activity en masse while the animal is behaving 13. Additionally, the ontogeny and anatomy 100 

of the fish oculomotor system is well characterized and conserved with that of mammals 14, 15. We 101 

found that genetic deletion of zebrafish dscaml1 affected retinal patterning, light adaptation, and 102 

oculomotor behaviors. Our results suggest that for horizontal eye movements, the saccade and 103 

integrator subcircuits are affected in dscaml1 mutants, while the vestibular subcircuit is mostly 104 

spared. dscaml1 also affects the robustness of OKR against prolonged visual stimulation. The mutant 105 

phenotype mirrors several characteristic features of congenital ocular motor apraxia (COMA) 106 

(OMIM 257550) and provides insight into the potential neural mechanisms of COMA and other 107 

human oculomotor disorders 16, 17. 108 

Results 109 

To investigate the role of dscaml1 in visual circuit activity and function, we first examined its 110 

expression in zebrafish. Then we assessed how the loss of dscaml1 affected visual pathway 111 

development and locomotor behavior. Finally, we analyzed oculomotor behavior and neural activity 112 

to deduce the underlying neural circuit changes in dscaml1 mutants.  113 

Expression and gene targeting of zebrafish dscaml1 114 

We examined the expression of dscaml1 with whole-mount fluorescent in situ hybridization, from 115 

the embryonic stage to five days post-fertilization (dpf), during which visually guided eye 116 

movements begin to mature 18, 19. dscaml1 expression was enriched in the nervous system and 117 

present in most brain regions (Fig. 1B-E). In the retina, dscaml1 was expressed in the inner nuclear 118 

layer (INL, containing the amacrine, bipolar, and horizontal cells) and the ganglion cell layer (GCL, 119 

containing retinal ganglion cells and amacrine cells) at 3 dpf (Fig. 1F-G). At 5 dpf, dscaml1 120 

expression was seen predominantly in the INL and sparsely in the GCL. These early and late 121 
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expression patterns match the expression of mouse Dscaml1 in the retina at P6 and P12, 122 

respectively 12, 20.  123 

To test the function of dscaml1, we generated a mutant allele of dscaml1 by TAL-like effector 124 

nucleases (TALENs) mediated gene targeting 21. The mutant allele, dscaml1vt1, contains a seven base 125 

pair deletion (9 base pair deletion plus 2 base pair insertion) after the start codon (Fig. 1H). 126 

Incorporation of the TALEN-mediated deletion in the dscaml1 mRNA was confirmed by RT-PCR and 127 

sequencing. The deletion results in frame shift and a truncated open reading frame, which lacks the 128 

signal peptide and all functional domains. These results suggest dscaml1vt1 is likely a null allele.  129 

Homozygous mutant animals showed behavioral and morphological changes associated with the 130 

visual system. At 5 dpf, homozygous mutant animals (dscaml1-/-) appeared to develop normally, 131 

with normal head size, normal eye size, and inflated swim bladders. Compared with heterozygous 132 

and wild-type siblings, however, mutant animals had darker pigmentation when placed on a light 133 

background (Fig. 1I). This deficit in background adaptation, a camouflage response that requires 134 

light detection, suggests that dscaml1-/- animals may be visually impaired 22. At later stages, 135 

lethality was observed in mutant animals at 8 dpf, and none survived past 11 dpf (Fig. 1J). 136 

Heterozygous animals (dscaml1+/-) are viable and fertile as adults. Despite the late larval stage 137 

lethality, dscaml1 mutant brain showed no gross abnormalities. Major longitudinal and 138 

commissural axon tracts, motor axon terminals, and peripheral ganglia are formed normally in 139 

mutants (Supplementary Fig. S1). The only observed morphometric difference was in the optic 140 

tectum neuropil region, a major retinorecipient area important for sensory processing. The optic 141 

tectum neuropil was 23% larger in dscaml1 mutants (44,121±1,017 µm2) versus wild type 142 

(35,816±656.5 µm2) or heterozygotes (36,715±549 µm2) (p<0.0001, one-way ANOVA) 143 

(Supplementary Fig. S1D).  144 

dscaml1 is required for planar and laminar patterning in the retina 145 

Genetic studies in mice and chick demonstrated that Dscaml1 is required for planar patterning of 146 

retinal amacrine cells and laminar specific neurite termination in the inner plexiform layer (IPL) 6, 147 
20, 23. We found that dscaml1 has conserved functions in retinal patterning in zebrafish (Fig. 2). With 148 
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H&E staining, we did not see visible perturbation of retina structure, with the exception that the IPL 149 

is thicker in the heterozygotes and mutants, compared to wild types (Fig 2A-B). Increased IPL 150 

thickness was also seen in Dscam and Dscaml1 mutant mice, and may be caused by decreased 151 

developmental cell death 20, 23. To test dscaml1’s role in planar patterning, we labeled the serotonin 152 

(5-HT) expressing amacrine cells. 5-HT cells represent a single amacrine cell type (S1) that is 153 

sparsely distributed in the retina, with very few contacts between cell bodies (Fig. 2C) 24. In dscaml1 154 

mutants, however, frequent clustering of 5-HT amacrine cells was observed. We calculated the 155 

probability of one cell being immediately adjacent to another, termed aggregation index (density 156 

recovery profile analysis was not possible due to the sparsity of this cell type in the larvae). 157 

Compared to wild-type animals, the aggregation index in mutants was significantly increased (Fig. 158 

2D). The increased aggregation seen in the mutants was not due to an increase in the number of 5-159 

HT amacrine cells, which was not significantly different between wild-type, heterozygote, and 160 

mutant animals (Fig. 2E).  161 

We also found that loss of dscaml1 impacted laminar specific neurite termination in the IPL, 162 

specifically of the ON-bipolar cell axon terminals (visualized with anti-PKCα) 25. ON-bipolar cells 163 

transduce electrical activity in response to light increments (e.g., lights turning on) and have 164 

dendrites that extend toward the OPL (where they synapse with photoreceptor cells) and axons 165 

that form three discrete layers in the inner half of the IPL (the ON sublamina) (Fig. 2F)26. This 166 

distribution was quantified by measuring the fluorescent intensity of PKCα immunolabeling across 167 

the thickness of the IPL, as defined by SV2 immunolabeling27. In all wild-type and heterozygote 168 

animals, three distinct peaks at stereotypical positions can be discerned. In contrast, PKCα 169 

distribution in the mutants was more diffuse and did not form three discrete sublaminae (Fig. 2G). 170 

Cone photoreceptors and Müller glia appear morphologically normal in the dscaml1 mutant retina 171 

(Fig. 3A-F). 172 

Loss of dscaml1 did not appreciably affect the afferent projections of the retina. We utilized the 173 

Tg(atoh7:GAP-RFP) transgenic line, which expresses membrane-tagged red fluorescent protein in 174 

retinal ganglion cells 28. In dscaml1 mutants, the optic nerve crossed the chiasm normally, and the 175 

axon terminals (arborization fields) of the optic tract were mostly indistinguishable from wild-type 176 
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and heterozygous animals (Fig. 3G-I) 29. This suggests that the expression of dscaml1 in the GCL is 177 

not required for outgrowth of retinal ganglion cell axons. It remains possible, however, that the 178 

projections of a subset of retinal ganglion cells may be affected by the loss of dscaml1. Overall, the 179 

expression and mutant phenotypes of zebrafish dscaml1 demonstrate that it is functionally 180 

conserved with other vertebrates and required for both planar and laminar patterning in the retina. 181 

Abnormal locomotor behavior in dscaml1 mutants 182 

Given the retinal patterning deficits and background adaptation abnormality seen in the mutants, 183 

we asked whether light-induced locomotor activity is also affected. We monitored locomotor 184 

activity of individual 5 dpf larvae over 24 hours, under normal circadian cycle (14 h day/10 h night) 185 

(Fig. 4A) 30, 31. Consistent with previous studies, wild-type fish were more active during the day, less 186 

active at night, and responded robustly during day/night and night/day transitions 30. This diurnal 187 

rhythm was preserved in dscaml1 mutants. Loss of dscaml1 did not affect the duration of active 188 

periods, during either day or night (Fig. 4B, C). The amount of movement, however, was reduced in 189 

mutants during the day as well as the response to lights turning on, compared to wild-type and 190 

heterozygous animals (Fig. 4D-F).  Interestingly, the response in mutants to lights off was as robust 191 

as for wild-type and heterozygous siblings (Fig. 4G). These results show that dscaml1 mutants can 192 

detect light and move in response to a light offset, but are deficient in responding to light onset. 193 

These behavioral deficits are consistent with a partial deficit in the retinal ON pathway, potentially 194 

contributed by imprecise sublamina-specific ON-bipolar cell axon targeting. 195 

Abnormal OKR and eye lock up in dscaml1 mutants 196 

To further test the role of dscaml1 in neural circuit function and sensorimotor integration, we 197 

examined the mutants’ performance in OKR. OKR consists of visual motion (i.e., optic flow)-198 

triggered tracking eye movements (slow phases) and intervening resetting saccades (fast phases) 199 

(Fig. 5A). The quality of OKR is measured by slow-phase gain, which is the ratio of eye velocity to 200 

the velocity of the visual motion. In zebrafish, OKR develops early and is robust by 3-4 dpf 18. We 201 

tested 5-6 dpf larvae inside a circular arena where black and white moving gratings were projected 202 

onto the arena, and eye position was video-recorded simultaneously (Fig. 5A, Movie 1).  Grating 203 
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directions alternated between clockwise and counter-clockwise at 3 or 40 seconds (Fig. 5B, E). 204 

Under short time scale (3 s), fast phase has little effect on OKR performance, and gain is directly 205 

related to the processing of optic flow via the vestibular premotor pathway (Fig. 1A) 32, 33. Under 206 

long time scale (40 s), saccades are necessary to reset eye position periodically, and the oculomotor 207 

system needs to be robust against eye position drifts and fatigue in optic flow response 19, 34, 35, 36.  208 

We found that visuomotor processing for optic flow is intact in dscaml1 mutants. Under short time 209 

scale, both control (wild type and heterozygote) and mutant animals exhibited qualitatively normal 210 

optokinetic responses (Fig. 5B-D). Slow-phase gain increased linearly with the logarithm of stimulus 211 

contrast in both groups, and there was no difference in gain at lower contrast levels (contrast≤0.2) 212 

(Fig. 5H). Mutants do have lower slow-phase gain than the controls at higher contrast levels 213 

(contrast=0.5 or 1), though the deficit is mild. These findings suggest that dscaml1 is likely not 214 

required for the assembly or function of the vestibular premotor pathway, but affects OKR 215 

performance at conditions that elicit higher eye velocity 32. 216 

Under long time scale, dscaml1 mutants showed deficits in saccadic eye movements and exhibited 217 

more pronounced behavioral fatigue. In control animals, fast phase (resetting saccade) and slow 218 

phase alternated regularly, and saccades had consistent frequency and amplitude (Fig. 5F). In 219 

mutants, resetting saccades were irregular and reduced in amplitude (Fig. 5G, I). Interestingly, 220 

mutant eye movements would frequently pause, similar to the “lock up” phenotype seen in human 221 

with saccade deficits 16. Lock-up periods tended to occur towards the end of the stimulus period, 222 

and the probability of lock up increased linearly over time, both in controls and mutants (Fig. 5J). 223 

The probability of lock up (time bins where velocity <1°/s) was significantly higher in mutants, 224 

compared to controls (comparison of linear regression intercepts, p<0.0001) 35, 36. Lock-up events 225 

could occur throughout the eye position range in the mutants, suggesting that lock up is not due to 226 

a failure to initiate faste phase at more eccentric positions (Supplementary Figure S2). Concurrently, 227 

relative to controls, mutants had more pronounced decay of slow-phase gain over time, even when 228 

lock-up periods were excluded (Fig. 5K, L) 19, 37 . In both control and mutant data sets, the decay of 229 

slow-phase gain was well fit with a double exponential. Loss of dscaml1 resulted in a drop in the 230 

contribution by the longer (later) component, and faster decay in the shorter (earlier) component 231 
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(Table I., decay constant for short component shown in Fig. 5K, L). These results suggest that 232 

dscaml1 has important roles in saccade generation and velocity maintenance. 233 

dscaml1 is required for torsional eye movements during VOR  234 

Our OKR assays tested the capacity for horizontal gaze stabilization, which requires the lateral and 235 

medial recti. To test the functionality of the other four extraocular motoneuron populations, we 236 

measured the gravito-inertial VOR in the torsional plane (Fig. 5M, N). In response to nose-up pitch 237 

tilts, larvae will use their superior oblique and inferior rectus muscles to counter-rotate the eyes. 238 

Similarly, following nose-down pitch tilts, larvae stabilize their gaze using the superior rectus and 239 

inferior oblique muscles38. As expected, wild-type larvae at 5dpf showed strong VOR in response to 240 

15° steps up or down away from horizontal, with a slightly stronger response to nose-up tilts. 241 

dscaml1 mutants were able to initiate VOR in a directionally appropriate manner but had lower gain 242 

(max eye velocity/max table velocity, 35°/s) to both stimuli. As fish develop VOR in the absence of 243 

light, this deficit is likely not due to any visual impairment18. We conclude that dscaml1 is involved 244 

in the performance of both the OKR and VOR, and in both the horizontal and torsional planes. 245 

dscaml1 is required for saccade and fixation 246 

Given the pronounced reduction in fast-phase response and faster decay of slow-phase response 247 

during OKR, we next examined spontaneous eye movements in the absence of structured visual or 248 

vestibular stimulus to assess specific deficits in saccade generation and neural integrator function. 249 

Spontaneous eye movements in zebrafish consist of intermittent saccades, followed by periods of 250 

fixation, similar to mammalian scanning saccades 19, 34. This behavior is used to direct visual 251 

attention to the temporal retina, where photoreceptor density is highest 39, 40. Spontaneous saccades 252 

are conjugated and usually alternate in direction, with typical angular velocity (sampled at 5 Hz) 253 

greater than 100°/s (Fig. 6A). In control animals, spontaneous saccades with velocity greater than 254 

100°/s were the predominant type of eye movement (59%) (Fig. 6C, D). In mutant animals, high-255 

velocity saccades were nearly absent (Fig. 6B-D). Instead of alternating in directions, sequential 256 

saccades often moved in the same direction, suggesting that these eye movements may be short of 257 
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their intended target (hypometric). Saccades in mutants were also significantly more disconjugated, 258 

indicating that saccade initiation was bilaterally desynchronized  (Fig. 6B, E).  259 

The reduced saccade velocity in mutants may reflect slower eye movements caused by dysfunction 260 

in the oculomotor periphery. Alternatively, reduced saccade velocity may be coincidental to smaller 261 

saccade amplitudes, which generally have lower velocity. We tested the correlation of peak velocity 262 

and saccade amplitude, a linear relationship known as main sequence 19, 41. Main sequence is a 263 

clinically relevant diagnostic metric for saccade: patients with COMA have smaller saccade but 264 

normal velocity (normal main sequence), whereas patients with saccade deficits associated with 265 

neurodegenerative disorders have both smaller saccade and lower velocity (lower main sequence) 266 
17, 42. We tested the spontaneous saccade main sequence (sampled at 30 Hz) and found that there 267 

was no significant difference between mutants and controls (p=0.468, ANCOVA) (Fig. 6F). In other 268 

words, saccades in dscaml1 had smaller amplitude, but velocity was normal for the given amplitude. 269 

The normal main sequence in mutants also suggests that the ocular periphery is not significantly 270 

affected by the loss of dscaml1. Consistent with this finding, we did not see any gross abnormality 271 

in the abducens motor neuron projection to the lateral rectus muscle in the mutants (Fig. 6G, H).  272 

In addition to saccade deficits, post-saccade fixation was significantly perturbed in dscaml1 273 

mutants, indicating a deficit in the neural integrator pathway. The integrator pathway provides 274 

tonic activation of motor neurons to maintain fixation, counteracting spring forces in the eye plant 275 

that would cause a drift back to the null position (arrows in Fig. 6A, B); during sustained OKR in a 276 

given direction, this pathway is also necessary for converting tonic eye velocity commands to ramp-277 

like eye position commands. We modeled this drift rate using an exponential decay function and 278 

found that eye position in mutant animals drifted towards baseline more rapidly than in controls 279 

(median τ = 24 and 7 seconds for control and mutant animals, respectively, Fig. 6I). Together, these 280 

results suggest that dscaml1 is involved in the function of the saccadic and integrator pathways, but 281 

does not affect the function of the oculomotor periphery 43. 282 

Loss of dscaml1 leads to neural activity deficits during OKR fast phase 283 
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To understand the neurophysiological basis of the oculomotor phenotypes, we focused on the 284 

activity of the abducens motor complex (ABD), which controls the extraocular muscles for 285 

horizontal eye movements and serves as the convergence point for different premotor inputs (Fig. 286 

1A)44, 45. We performed two-photon calcium imaging in control (dscaml1+/-) and mutant (dscaml1-287 

/-) fish in elavl3:H2B-GCaMP6f transgenic background while they performed OKR 46. Eye positions 288 

were recorded simultaneously with an infrared video camera and oculomotor behavior-encoding 289 

ABD neurons (motor or internuclear) were then identified based on anatomical location and 290 

calcium activity (Fig. 7A-B)13. To induce a mixture of  optokinetic and spontaneous responses we 291 

projected a grating stimulus in front of the animal and then moved that stimulus in a repeating 292 

temporal pattern (Fig. 7C-D). We measured mean fluorescence following the onset of stimulus 293 

movement in either the ipsilateral (e.g., clockwise for right ABD) or contralateral (e.g., 294 

counterclockwise for right ABD) direction. Slow phase ABD activity (a proxy for vestibular pathway 295 

activity) was calculated with deconvolved calcium signal for the first three seconds of the ipsilateral 296 

or contralateral phases. Fast-phase ABD activity (a proxy for saccadic pathway activity) was 297 

calculated with deconvolved average fluorescence following saccadic eye movements in both 298 

directions. Since ABD neuron responses are direction selective, we could excite neurons in both 299 

hemispheres by alternating the direction of stimulus movement. 300 

Loss of dscaml1 did not affect ABD activity during slow phase (n=86 cells from 3 control animals; 301 

n=424 cells from 6 mutant animals). Population-average activity in the ABD was comparable in 302 

mutant and control animals following the onset of stimulus movement in the ipsilateral direction 303 

(Fig. 7E, F).  In the contralateral direction, ABD population-average activity reached similar steady-304 

state levels in mutant and controls. This result is consistent with dscaml1’s relatively mild effect on 305 

slow phase at short time scale and suggests that the vestibular pathway is unaffected. 306 

In contrast, ABD activity was substantially reduced in mutants during fast phase, relative to 307 

controls. The saccade-triggered average activity (STA) of ABD cells in the control animals were 308 

characterized by a rapid increase or decrease in deconvolved fluorescence following an ipsilateral 309 

or contralateral saccade, respectively (Fig. 7G, H). The STA of mutant ABD cells following fast-phase 310 

events in either direction was reduced in both directions, compared to controls. Comparing the 311 

distribution of trial-averaged STA amplitudes, dscaml1 mutants had significantly lower amplitudes 312 
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than controls (p<0.05, two-sample K-S test, n=110 cells from 3 control animals, n=253 cells from 7 313 

mutant animals).  314 

Together, our results show that oculomotor deficits originate centrally and that dscaml1 affects ABD 315 

response selectively during the fast phase. The population-level calcium response in ABD suggests 316 

that mutant ABD neurons have normal ramping during the slow phase but lack the saccade-317 

associate burst activity seen in controls. These findings support the idea that dscaml1 plays a 318 

specific role in the function of the saccadic pathway. 319 

Discussion 320 

We investigated the cellular and behavioral roles of dscaml1 in zebrafish and took advantage of the 321 

oculomotor system to deduce dscaml1’s function within a defined neural circuit. Our results 322 

underscore the importance of DSCAM proteins in retinal patterning and visuomotor function. Our 323 

neurophysiological findings further showed that loss of dscaml1 leads to impairment in the saccadic 324 

but not the pretectum-vestibular premotor pathway, indicating a subcircuit requirement for 325 

dscaml1.  The collection of oculomotor deficits in dscaml1 mutants bears a striking resemblance to 326 

human COMA, for which no animal models exist. 327 

dscaml1 and retinal development 328 

Our results show that zebrafish dscaml1, like its mammalian ortholog, is required for maintaining 329 

cellular spacing and refining neurites into discrete synaptic laminae in the retina. In the retina, 330 

distinct cell types are organized in a mosaic pattern horizontally, and neurites stratify vertically in 331 

precise layers in the inner and outer plexiform layers 47. Both aspects of spatial patterning require 332 

the function of DSCAMs. We show that in zebrafish, loss of dscaml1 causes serotonergic amacrine 333 

cells to aggregate. In the IPL, axon terminals of PKCα-positive ON-bipolar cells are more diffuse in 334 

dscaml1 mutants, which likely affects laminar specific synaptogenesis. As ON-bipolar cell axon 335 

maturation is activity independent, this diffuse terminal morphology reflects a delay or failure in 336 

axon terminal development 26, 27. Interestingly, Dscam rather than Dscaml1 is involved in ON-337 

bipolar cell axon stratification in mice. Nevertheless, Dscaml1 is involved in the refinement of 338 

neurite stratification in both mice (VGLUT3+ amacrine cells) and chicken (retinal ganglion cells) 6, 339 
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23. These results demonstrate the remarkable functional conservation of Dscaml1 across vertebrate 340 

species. 341 

How the retinal patterning deficits observed in dscaml1 mutants affect visual function in dscaml1 342 

still remains to be tested, but the collection of behavioral phenotypes provides some clues. The 343 

reduced light-on locomotor response and darker pigmentation in dscaml1 mutants are suggestive 344 

of a reduction in ON pathway function. Consistent with this, the sluggish locomotor response to 345 

light-on observed in the dscaml1 mutant animals resembles the no optokinetic response c (nrc) 346 

mutant, which completely lacks retinal ON-responses 48. The more diffuse targeting of ON-bipolar 347 

cell axons in dscaml1 mutants may lead to reduced strength or specificity of light-on responses. 348 

However, in contrast to nrc animals, which cannot perform OKR, dscaml1 animals can still perform 349 

OKR. Therefore, it is most likely that ON-response is reduced but not completely abolished in 350 

dscaml1 mutants.  351 

Oculomotor behavior and neural circuit function 352 

The combination of behavioral assays and functional imaging showed that dscaml1 was necessary 353 

for the function of the oculomotor circuit. We focused our analysis to three subcircuits for horizontal 354 

eye movements: the saccadic, vestibular, and integrator premotor pathways.  355 

Loss of dscaml1 strongly affected the saccadic pathway, as deficits were observed in mutants during 356 

both reflexive saccades (OKR) and spontaneous scanning saccades. This is consistent with 357 

physiological observations showing that saccade-related activity in the abducens was significantly 358 

decreased in mutants compared to controls. Retinal defects may contribute to the saccade deficits 359 

observed in mutants, at least during reflexive saccades, but would not account for the full extent of 360 

the phenotype. Instead, our results favor the hypothesis that abnormal function of the saccadic 361 

premotor pathway is the primary cause of the saccade phenotype in dscaml1 mutants. It is 362 

hypothesized that the saccade generator circuit relies on strong local recurrent feedback to 363 

generate large and coordinated pulses 49. This feedback may be easily disrupted through the 364 

expected connectivity deficits induced by dscaml1 mutation. Another factor contributing to  the 365 

saccadic deficit could be attenuated connectivity at the EBN-ABD synapse.  However, the 366 
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disconjugation of saccades observed in dscaml1 mutants suggests that the pulse signal from the 367 

saccade generators is already fragmented or weakened before being projected to the ABD.   368 

We saw relatively mild deficits in the vestibular pathway. OKR slow phase performance at short 369 

time scale was mostly normal in mutants, consistent with the normal ABD calcium dynamics during 370 

slow phase. dcaml1 mutant animal’s performance dropped off at higher speeds, but the effects were 371 

relatively mild. Given the essential role of the retinal ON pathway in OKR48 and the diminished 372 

behavioral responses to light onset (locomotor and background adaptation), the normal slow phase 373 

performance may be due to compensatory mechanisms that overcome reduced retinal sensory 374 

input. It is also worth noting that torsional VOR was affected more strongly than horizontal OKR, 375 

indicating that dscaml1’s effect on different subcircuits of the oculomotor system is not uniform. 376 

Loss of dscaml1 resulted in a notable deficit in the function of the integrator pathway. This is most 377 

clearly seen in the fast decay of eye fixation after spontaneous saccade in dscaml1 mutants, relative 378 

to controls. Additionally, slow phase deficits in mutants may partly arise from the integrator 379 

pathway, which is necessary to integrate the velocity signal from the vestibular nuclei to encode a 380 

smooth ramp of eye position 50. The behavioral dysfunction observed in the mutant could arise from 381 

a deficit in the circuit connectivity within the integrator for supporting and coordinating persistent 382 

firing 45, 51. 383 

Lastly, the pronounced time-dependent fatigue and lock up phenotypes in dscaml1 mutants are 384 

likely contributed by a combination of different pathways and broader effects beyond the 385 

oculomotor circuit. Decreased neurotransmitter release from optic nerve terminals and habituation 386 

of retinorecipient neurons have previously been shown to degrade visual response under 387 

prolonged stimulation; these mechanisms may underlie the reduced robustness in dscaml1 mutants 388 
35, 36. Similarly, lock up may result from changes in neuronal excitability and seizure-like episodes, 389 

analogous to what was seen in the zebrafish didy mutants (see next section) 34. 390 

Comparison with didy (Nav1.1b) mutants 391 

Some aspects of the dscaml1 phenotype are similar to a previously described zebrafish mutant, didy, 392 

which encodes the voltage-gated sodium channel Scn1lab (Nav1.1b) 34. didy mutants have 393 
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spontaneous seizure-like brain activity and very infrequent spontaneous saccades. After 15 seconds 394 

of continuous OKR stimulation, didy mutants cease to initiate resetting saccades, resulting in lock 395 

up of the eyes. Another similarity between didy and dscaml1 is defective light adaptation (darker 396 

pigmentation, slow response to light stimulus). didy and dscaml1 may both affect the saccadic 397 

pathway, which progressively loses excitability in didy mutants. It is important to note, however, 398 

that the saccade phenotypes are distinct between didy and dscaml1. In didy animals, saccades have 399 

normal speed and amplitude34, whereas saccades in dscaml1 animals are slow and small. 400 

Furthermore, lock-up events in dscaml1 mutants occur more sporadically and across the position 401 

range, whereas lock up only occurs at the most eccentric position at the end of a slow phase in didy 402 

mutants. These distinctions suggest that didy and dscaml1 likely affect saccade generation through 403 

independent mechanisms 404 

Relevance to human oculomotor disorder 405 

dscaml1 mutant fish share several features of COMA: failure to initiate saccadic eye movements, 406 

hypometric saccades, normal main sequence, and intermittent lock up during horizontal OKR. 407 

COMA is an infantile-onset condition involving failure of both voluntary and reflexive saccadic eye 408 

movements 16, 17, 52. As it is not a true apraxia (where only voluntary movements are affected), the 409 

condition is also known as intermittent saccade initiation failure or infantile-onset saccade 410 

initiation delay. The etiology of COMA is still poorly understood. Genomic regions surrounding the 411 

causative gene for juvenile nephronophthisis (NPHP1) have been suggested to contribute to COMA, 412 

but mutations in NPHP1 itself do not consistently cause COMA  53. NPHP1 has been linked to primary 413 

cilia function, which is crucial for the development of the cerebellum, a key region involved in 414 

saccade control54, 55, 56. Although there is currently no genetic association between human DSCAML1 415 

and COMA (DSCAML1 resides on a separate chromosome from NPHP1), further analysis of the 416 

dscaml1 mutants (e.g., cerebellum and extraocular motor neurons) may provide insights to the 417 

pathogenesis of COMA and the development of neural circuitry for saccades in general.  418 

Conclusions 419 

Our investigations on zebrafish dscaml1 revealed essential roles for a DSCAM family gene in 420 

visuomotor behavior and subcircuit activity. Given the structural conservation of subcortical 421 
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circuits and the functional conservation of dscaml1’s roles in retinal patterning, it is plausible that 422 

the mammalian DSCAML1 will also contribute to visuomotor processing. By taking advantage of the 423 

translucent larval zebrafish system, we recorded oculomotor circuit output dynamics in behaving 424 

animals and uncovered a specific dependence of the saccade pathway on dscaml1. Our physiological 425 

findings in both control and mutant contexts provide a neural basis for the saccade deficits seen in 426 

dscaml1 mutants and potentially for human saccade palsy (COMA). In addition to saccade deficits, 427 

our broad examination of oculomotor behaviors also revealed dscaml1’s function in VOR, neural 428 

integration, and behavioral robustness. These behavioral characterizations provide links between 429 

dscaml1 and diverse aspects of sensorimotor function and will facilitate future studies on the 430 

development and disorders of sensorimotor circuits. 431 

 432 

Materials and Methods 433 

Zebrafish husbandry 434 

Zebrafish (all ages) were raised under 14h light/10h dark cycle at 28.5°C. Embryos and larvae were 435 

raised in water containing 0.1% Methylene Blue hydrate (Sigma-Aldrich). At 24 hours post-436 

fertilization, embryos used for histological analyses were transferred to E3 buffer containing 437 

0.003% 1-phenyl-2-thiourea (PTU; Sigma-Aldrich) to prevent pigment formation. Developmental 438 

stages are as described by Kimmel et al. 57. All experimental procedures are performed in 439 

accordance with Institutional Animal Care and Use Committee guidelines at Augusta University, 440 

Virginia Tech, and Weill Cornell Medical College. 441 

Mutant and Transgenic Zebrafish lines 442 

dscaml1 (ZFIN gene name: Down syndrome cell adhesion molecule like 1) mutant was generated in 443 

TL/AB mixed background using TAL effector nucleases (TALENs) as previously described 21, 58. Two 444 

alleles were identified, one harbored a 6 base pair insertion (in frame) and the other harbored a 7 445 

base pair deletion (frame shift). The 7 base deletion mutant (dscaml1vt1) was used for further 446 

analysis. The dscaml1vt1 allele generates a HaeIII (New England Biolabs) restriction site, which was 447 

used to distinguish between wild-type and dscaml1vt1 alleles. DNA prep and PCR were performed as 448 
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described previously59, followed by HaeIII digestion for 2 hours at 37°C (primer sequences: 449 

aaatactgcacggtgcacacgtc and atgcagatcctacagcctcataatc). After HaeIII digestion, wild-type band was 450 

395 base pairs (uncut) whereas mutant bands were 315 and 75 base pairs. Sequencing of dscaml1 451 

transcript confirmed incorporation of the 7-base deletion into the open reading frame. 452 

Tg(atoh7:GAP-RFP) animals were provided by Owen Randlett (Harvard University, Cambridge, MA, 453 

USA)28. Tg(elavl3:H2B-GCaMP6f) and casper (nac-/-;roy-/-) animals were provided by Misha Ahrens 454 

(HHMI Janelia Farm Research Campus, Ashburn, VA, USA)46. 455 

Image acquisition and processing 456 

Imaging procedures were as previously described 60. Fluorescent images were acquired using an 457 

Olympus FV1000 laser-scanning confocal system with a 20x XLUMPlanFl water-immersion 458 

objective or a Nikon A1R MP+ laser scanning confocal system with a CFI75 Apochromat LWD 25x 459 

water-immersion objective. Larvae were immobilized with 0.01% tricaine methanesulfonate (MS-460 

222, Sigma-Aldrich), embedded in molten 1.5% low-melt agarose (Fisher Scientific) in a glass-461 

bottomed Petri dish (P50G-1.5-14-F, MatTek). Fish were mounted so that the surface to be imaged 462 

was facing the glass bottom.  463 

Images were processed with Fiji 61 and Photoshop (Adobe Systems) software. To measure the extent 464 

of serotonergic amacrine cell aggregation, we acquired confocal stacks and determined the center 465 

of mass for each 5-HT positive cell in (x, y, z) coordinates. Intercellular distance between two cells 466 

was calculated by the distance formula: 𝑑𝑑 = �(𝑥𝑥2 − 𝑥𝑥1)2 + (𝑦𝑦2 − 𝑦𝑦1)2 + (𝑧𝑧2 − 𝑧𝑧1)2 . For each cell, 467 

intercellular distance to all other cells in the same retina were calculated. Cells with neighboring 468 

cells within 3 cell diameter (≤10 microns) were categorized as aggregated. For each eye, the number 469 

of aggregating cells was divided by the total number of cells to calculate aggregation ratio.  470 

Quantification of the distribution of PKCα immunolabeling was performed as described by Nevin et 471 

al.27 Using Fiji, a rectangle was drawn across a relatively flat section of the IPL so that the top and 472 

bottom of the rectangle abut the boundaries of the IPL, as defined by SV2 immunolabeling. Next, the 473 

Plot Profile function was used to measure the average fluorescence intensity across the thickness 474 

of the IPL. After exporting numerical data to Excel (Microsoft Inc.), data were normalized to maximal 475 
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fluorescence intensity and relative position within the IPL. The number of serotonergic neurons 476 

were estimated by manually counting 5HT+ cells from 7 optical sections (10µm apart, at horizontal 477 

levels adjacent to the lens) in each fish.  478 

For 3D rendering of retinal afferents, Tg(atoh7:GAP-RFP) transgenic fish were fixed with 4% PFA 479 

and mounted laterally. The eye on the imaged side was removed to allow visualization of the optic 480 

tract. 3D rendering was created using Nikon NIS-Elements software. Measurements of images were 481 

analyzed using the Prism 6 statistic software (GraphPad).  482 

Fluorescent in situ hybridization and immunohistochemistry 483 

dscaml1 probe was generated by 5’RACE (Smart RACE cDNA Amplification Kit, Clonetech) using 3’ 484 

primers designed from Ensembl exon predictions. Amplified DNA was cloned into the pCRII-TOPO 485 

vector by TA cloning (Invitrogen). Probe sequence includes 127 base pairs of 5’ untranslated region 486 

and 545 base pairs of coding sequence. DIG-labeled dscaml1 probe synthesis and whole mount in 487 

situ hybridization were performed as previously described 60. For 3 and 5 days post-fertilization 488 

(dpf) samples, Dextran sulfate (Sigma-Aldrich) and 4-iodophenol (Fluka) were added to the 489 

hybridization and tyramide solution to increase signal intensity 62. Whole-mount 490 

immunohistochemistry was performed as described by Randlett et al. 63. Primary antibodies used 491 

were: Znp-1 (anti-synaptotagmin2, Developmental Studies Hybridoma Bank), anti-acetylated-492 

tubulin (Sigma), anti-SV2 (Developmental Studies Hybridoma Bank), anti-HuC/D (Invitrogen), anti-493 

HNK-1 (zn-12, Developmental Studies Hybridoma Bank), anti-5-HT (Sigma), anti-PKCα (Santa Cruz 494 

Biotechnologies), zpr-1 (Zebrafish International Resource Center), and anti-Blbp (Abcam). Alexa 495 

fluor-conjugated secondary antibodies were used after primary antibody incubation. 496 

Locomotor assay 497 

Individual 5 dpf larvae were placed into each well of a 24-well tissue culture plate (Fisher Scientific) 498 

and transferred into a Zebrabox imaging chamber (Viewpoint). Locomotor activity of each larva was 499 

tracked over 24 hours, with white LED illumination turned off at 10 pm and on at 8 am. Total 500 

displacement over time was integrated every 10 minutes, measured as previously described 31. 501 
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OKR and saccade assays 502 

VisioTracker 302060 (New Behavior TSE) was used for OKR and saccade assays. Eye movements of 503 

individual fish were recorded by an overhead CCD camera. Zebrafish larvae were placed in the 504 

center of a 50mm glass bottom petri dish (MatTek) and immobilized in 1.5-2% low melting agarose 505 

(Fisher Scientific) in E3 buffer. Agarose around the eye was removed to allow free eye movement. 506 

The dish was then filled with E3. To test slow phase performance under short periodicity, the 507 

direction of black and white grating switched every 3 seconds with grating velocity at 7.5°/s. Each 508 

experimental run (trial) was 108 seconds long and included twelve 9-second phases at varying 509 

contrast levels (0.99, 1.0, 0.5, 0.2, 0.1, 0.05, 0.02, 0.05, 0.1, 0.2, 0.5, 1.0). For each animal, 5-6 trials 510 

were tested and OKR response typically initiated during the first three trials (initiation trials).  511 

Contrast sensitivity was calculated using trials recorded after the initiation trials. To exclude the 512 

effect of response latency and the initial ramping up of eye velocity at stimulus onset, the first 1 513 

second of each 3-second half period was excluded from analysis 33. Spontaneous saccades and OKR 514 

performance under long periodicity were tested using a trial that contains four phases: (1) uniform 515 

illumination (1-160s), (2) square wave grating with direction switching every 40s, contrast=1, 516 

spatial frequency=0.05 cycles/°, and velocity=10°/s (161-400s), (3) uniform illumination (401-517 

480s), (4) square wave grating with direction switching every 8s, contrast=1, spatial 518 

frequency=0.05cycles/°, and velocity=10°/s (481-560s).  519 

A saccadic event was defined as sample periods where the instantaneous absolute eye velocity is 520 

greater than 50°/s. Slow-phase eye velocity was measured as the mean, saccade-removed, 521 

instantaneous velocity averaged across time within 1-second bins. Instantaneous velocity was 522 

measured as the difference in smoothed eye position divided by the sample period (200ms, 5 Hz). 523 

Eye position was smoothed using a median filter (Matlab medfilt1) of 5 sample periods (1s). We 524 

excluded sample periods that fell between 0.5 seconds before and 2 seconds after each saccade to 525 

remove the effects of saccade filtering and post-saccade plant relaxation64. To analyze lock-up 526 

probability and saccade conjugacy we measured eye velocity independently for each eye since lock-527 

up could occur independently on a given eye. Lock up periods are defined as 1-second bins where 528 

average velocity is  <1°/s. Lock up probability was defined as the average number of lock up periods 529 

across trials and both eyes. We defined a disconjugacy index as the ratio of left and right 530 
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instantaneous eye velocity magnitude at each time bin where a saccadic event occurs. The index is 531 

defined so that the larger saccade velocity is in the numerator which means the index is always 532 

greater than or equal to 1. For all other plots, instantaneous velocity was averaged across both eyes 533 

before binning.   534 

To calculate the main sequence of saccade, eye positions were recorded at 30 Hz (33 ms sample 535 

period). Saccade peak velocity and amplitude were measured as described by Chen et al.41 The main 536 

sequence was calculated as the slope of the linear regression for peak velocity and amplitude, using 537 

the Prism6 software (Graphpad) 19. 538 

To measure the drift rate in eye position following spontaneous saccades during the uniform 539 

illumination period of the stimulus, we used a quasi-Newton unconstrained optimization (Matlab 540 

fminunc with Algorithm set to quasi-Newton) to minimize the squared error between eye position 541 

and the function  542 

 𝐴𝐴𝑒𝑒−𝑡𝑡/τ +  𝐸𝐸0,  543 

with variable parameters A and τ. 𝐸𝐸0  was fixed to the mean position for the eye being fit. The 544 

algorithm was initialized with tau set to 10 seconds and A set to the first eye position value in the 545 

sample. We excluded positions that occurred between 0-1 seconds after each saccade, to avoid 546 

fitting post-saccadic relaxation related to plant mechanics. Since the duration of spontaneous 547 

fixations was variable, the fixation window analyzed was variable with typical values between 5-20 548 

seconds. We only analyzed exponential fits that passed the following goodness-of-fit criteria: sum-549 

of-squared errors was less than (30°)2 or one minus the ratio of  mean squared-error to the sample 550 

variance  was greater than 0.4 and the sum-of-squared errors was less than (200°)2. These criteria 551 

were chosen based on visual inspection of fit qualities.  552 

VOR assay 553 

Torsional eye movements were measured in 5 days post-fertilization fish in response to step tilts 554 

delivered using an apparatus similar in design to Schoppik et al. 2017 38. All experiments took place 555 

in the dark. Larval fish were immobilized completely in 2% low-melting-temperature agar (Thermo 556 
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Fisher), and the left eye freed. The agar was then pinned (0.1mm stainless minutien pins, FST) to a 557 

~5mm2 piece of Sylgard 184 (Dow Corning) which was itself pinned to Sylgard 184 at the bottom 558 

of a 10 mm2 optical glass cuvette (Azzota). The cuvette was filled with 1ml of E3 media and placed 559 

in a custom holder on a 5-axis (X, Y, Z, pitch, roll) manipulator (ThorLabs MT3 and GN2). The fish 560 

was aligned with the optical axes of two orthogonally placed cameras such that both the left utricle 561 

and two eyes were level with the horizon (front camera). The experimenter running behavior was 562 

blind as to the genotype of the fish. 563 

The eye-monitoring camera (Guppy Pro 2 F-031, Allied Vision Technologies) used a 5x objective 564 

(Olympus MPLN, 0.1 NA) and custom image-forming optics to create a 100x100 pixel image of the 565 

left eye of the fish (6µm/pixel), acquired at 200Hz. The image was processed on-line by custom 566 

pattern matching software to derive an estimate of torsional angle (LabView, National Instruments), 567 

and data were analyzed using custom MATLAB scripts. A stepper motor (Oriental Motors AR98MA-568 

N5-3) was used to rotate the platform holding the cameras and fish. The platform velocity and 569 

acceleration were measured using integrated circuits (IDG500, Invensense and ADXL335, Analog 570 

Devices) mounted together on a breakout board (Sparkfun SEN-09268). Fish were rotated stepwise 571 

for 4 cycles: from 0° to -15°, where positive values are nose-down, then from -15° to 0°, from 0° to 572 

15°, then back to 0°. Steps had a peak velocity at 35°/sec. The inter-step interval was 7.5 seconds. 573 

The eye's response across the experiment was first centered to remove any offset introduced by the 574 

pattern-matching algorithm. Data were then interpolated with a cubic spline interpolation to 575 

correct for occasional transient slowdowns (i.e., missed frames) introduced by the pattern-576 

matching algorithm. The eye's velocity was estimated by differentiating the position trace; high-577 

frequency noise was minimized using a 4-pole low-pass Butterworth filter (cutoff = 3Hz). Each step 578 

response was evaluated manually; trials with rapid deviations in eye position indicative of 579 

horizontal saccades or gross failure of the pattern-matching algorithm were excluded from analysis. 580 

Across all fish and all steps used to measure the behavior, the median number of usable responses 581 

was 7/10. The response to each step for a given fish was defined as the mean across all responses 582 

to that step across cycles. The gain was estimated by measuring the peak eye velocity occurring over 583 

the period 375-1000ms after the start of the step. Only steps away from the horizon were analyzed. 584 
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Of 9 fish, one was excluded because it had fewer than ten steps for analysis, all others had at least 585 

ten. The median number of steps ± interquartile range was 18/15±13.75/10.5 for nose-down/nose-586 

up steps respectively. 587 

Two-Photon Calcium Imaging during Behavior  588 

Embryos from crosses of dscaml1 heterozygous mutants, (dscaml1+/-;casper+/- X dscaml1+/-589 

;nac+/-; elavl3:H2B-GCaMP6f) were used. At 5-7 dpf, pigmentless (nac-/-) dscaml1 heterozygous and 590 

homozygous mutant siblings were immobilized in a gel of 1.8% low-melting temperature agarose 591 

(Sigma-Aldrich) in preparation for imaging. Agarose was removed from the eyes to allow them to 592 

move freely during imaging. Each fish was genotyped following imaging. Simultaneous eye tracking 593 

and two-photon calcium imaging were performed using a custom-built system as previously 594 

described13. Each image was acquired by raster scanning a mode-locked excitation laser 595 

(wavelength set to 930 nanometers) through a 40x water immersion lens to a horizontal plane at 596 

the abducens motor neurons. The laser power at the sample varied between 15-25 mW. For each 597 

animal, we recorded 3-10 planes at a rate of 1.95Hz and duration of 5 minutes per plane. Each plane 598 

was recorded while vertical stripes were projected onto a screen of diffusion film placed 1-3 cm in 599 

front of the animal providing an optokinetic stimulus 13. The stripes moved at a constant velocity 600 

whose magnitude and direction changed in a repeating pattern that consisted of equal durations of 601 

positive, negative, and zero velocity, with each phase lasting 3.14 (2 heterozygotes and 6 mutants) 602 

or 31.26 seconds (1 heterozygotes and 1 mutant). Eye position was measured using a sub-stage, 603 

infrared camera (Allied Vision Technologies, Guppy FireWire camera) that acquired frames at 13 604 

Hz13. 605 

Identification of putative abducens neurons  606 

Putative abducens neurons were identified based on cell location and fluorescence activity. 607 

Abducens motor neurons are clustered in rhombomeres (rh) 5-6 and are arranged in dorsal-ventral 608 

columns. The imaging window (185 µm2) was positioned over rh 5-6 using the posterior otolith as 609 

guides to image the abducens population65. We only examined cells whose fluorescence responses 610 

were correlated with direction-rectified eye-position and/or eye-velocity traces with an absolute 611 
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Pearson correlation coefficient greater than or equal to 0.3 13, 44, 51. Before correlation calculation, 612 

we convolved eye-position and eye-velocity variables with a 2 second exponentially decaying 613 

calcium impulse response function to account for the calcium buffering associated with a cell’s 614 

action potential 44, 66. Single neurons that contained at least one pixel with an absolute correlation 615 

value above 0.3 were manually selected for further analysis. To correct for animal motion artifacts, 616 

fluorescence movies were first pre-processed using a procedure that relies on cross-correlation of 617 

individual frames with a time-averaged reference frame 51. Frames that undergo large shifts from 618 

the reference frame (greater than the median plus 5 times the median absolute deviation) were 619 

excluded from analysis. To compute delta F over F time series (dF/F), we subtracted and then 620 

divided the time-averaged fluorescence within each ROI. 621 

Saccade and Stimulus-Triggered Average Calculation  622 

For each cell, we computed the average dF/F response relative to saccadic (fast-phase) eye 623 

movements and relative to the start of optokinetic stimulus movements. A fast-phase event is 624 

defined as described above (50 °/s). Eye velocity is computed as the instantaneous difference in 625 

smoothed eye position divided by instantaneous eye sampling time (77 ms). Eye position was 626 

smoothed using a median filter (Matlab medfilt1) of order equivalent to 500 ms. In order to combine 627 

dF/F traces across saccadic  events and the start of stimuli, we linearly interpolated saccade or 628 

stimulus-aligned responses to a grid of evenly spaced time bins 333 ms in width before averaging. 629 

We excluded planes from analysis if there are less than 5 saccades events available for computing 630 

the STA. When averaging stimulus-aligned responses we only used traces where a fast-phase event 631 

did not occur within the first 3 seconds following stimulus onset (n=3 hets, n=6 mutants).  632 
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Figures and Movie 649 

Movie 1. OKR response. Control (left) and dscaml1-/- (right) animals performing OKR.  650 

Figure 1. The Oculomotor circuit, and the expression and gene targeting of dscaml1. A, 651 

Diagram of the oculomotor circuit for horizontal eye movement. Visual motion activates directional 652 

selective retinal ganglion cells, which innervate the optic tectum (OT) and pretectum (PT). PT 653 

provides input to the vestibular nucleus (VN). OT (along with other areas), activates the excitatory 654 

burst neurons (EBN). EBN and VN provide premotor input to the abducens nucleus (ABD), which 655 

innervates the extraocular muscles. EBN and VN also innervate the velocity-position neural 656 

integrator (NI), which provides an eye position signal to the ABD. The saccadic, vestibular, and 657 

integrator pathways are labeled light brown, dark brown, and blue, respectively. B-G, dscaml1 658 

mRNA (white) labeled by fluorescent in situ hybridization, with neuropil counterstained with an 659 

antibody against synaptotagmin 2 (Znp-1, magenta). Developmental staging as indicated. H, 660 

Alignment of wild-type and TALEN targeted dscaml1 genomic sequence. The start codon is boxed, 661 

and the region containing insertions and deletions is highlighted in red. I, Pigmentation pattern of 662 

different genotypes. dscaml1 mutant animals show darker overall pigmentation. J, Survival curve, 663 

sorted by genotype. GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer. Scale 664 

bar is 100µm in panel A-F, 1mm in H. 665 
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Figure 2. dscaml1 is required for planar and laminar patterning of the retina. A, H&E staining 666 

of 5 dpf retina. B, Quantification of IPL thickness, performed in confocal imaged 5 dpf larvae 667 

immunostained with Znp-1 antibody. Mutants have significantly thicker IPL compared to wild-type 668 

animals. Heterozygotes have an intermediate phenotype. C, Serotonergic amacrine cells, stained 669 

with an antibody against 5-hydroxytryptamine (5-HT). Cell bodies are indicated by yellow 670 

arrowheads. D, Percentage of cells that are immediately adjacent to another cell (within 10µm, 671 

approximately 3 cell diameter) is significantly higher in dscaml1-/- animals (**p<0.01, one-way 672 

ANOVA). E, The number of 5-HT positive amacrine cells was not significantly different. F, 673 

Immunostaining of ON-bipolar cell (PKCα, green), retinal ganglion cell [Tg(atoh7:GAP-RFP), red], 674 

and synapses (SV2, blue). Boxed areas are enlarged two-fold and shown in the inset. Both mutants 675 

and morphants show loss of discrete stratification and mature terminal boutons in the ON (lower) 676 

sublamina of the IPL. G, PKCα immunolabeling intensity (vertical axis) was plotted across the depth 677 

of the IPL (horizontal axis), normalized for maximal intensity and IPL thickness. Three prominent 678 

peaks can be discerned in wild-type and heterozygote animals (red arrowheads). The number and 679 

location of peaks are more variable in mutants and morphants. GCL: ganglion cell layer; INL: inner 680 

nuclear layer; IPL: inner plexiform layer; ONL: outer nuclear layer; OPL: outer plexiform layer. Scale 681 

bars are 25µm. One-way ANOVA was used for statistical comparisons in D and E (****p<0.0001, 682 

***p<0.001, **p<0.01). 683 

Figure 3. Normal development of Müller glia, outer retina, and optic tract in the dscaml1 684 

mutant. A-F, No abnormalities were seen in cone photoreceptor cells (stained with zpr-1 antibody) 685 

and Müller glia (anti-Blbp). G-I, Retinal afferent projection in dscaml1 mutants. The panel above G 686 

shows an illustration of retinal afferents (red) in the Tg(atoh7:GAP-RFP) transgenic. Images show 687 

the 3D reconstruction of retinal afferents viewed from the side (left images) and front (right 688 

images). Retinal arborization fields (AFs) in the thalamus (AF4), pretectum (AF7, 9), and optic 689 

tectum (AF10) are identified as described previously 29. No differences were observed among 690 

different genotypes. OT: optic tract. Panels A-F are shown at the same scale, scale bar in A is 25 µm. 691 

Panels G-I are shown at the same scale, scale bar in G is 100 µm. 692 
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Figure 4. Locomotor activity in response to light. A, Locomotor activity over 24 hours. Solid lines 693 

are mean movement (n=8 for each group), and dotted lines indicate the range of standard error. 694 

Lighting conditions are indicated on the X-axis, with each tick marking one hour. B-C, Percentage 695 

time active during the day (B) and night (C). D-E, Average movement during the day (D) and night 696 

(E). F-G, Total amount of movement 30 minutes after lights switch on (F) and off (G). *p<0.05 for 697 

pairwise comparisons using one-way ANOVA. 698 

Figure 5. OKR and VOR performance in dscaml1 mutants. A, larvae were immobilized in the 699 

center of a circular arena, where black and white vertical bars are projected. Diagram of eye position 700 

is shown on the right, with fast phases (red segments) and slow phases (blue segments). B-E, short 701 

time-scale OKR. Eye position traces are shown for control (C) and dscaml1-/- (D) animals, at the 702 

same time scale as the square wave stimulus (B). Right and left eye traces are in black and fuchsia, 703 

respectively. E-G, long time-scale OKR. Eye velocity and position traces are shown for control (C) 704 

and dscaml1-/- (D), at the same time scale as the stimulus (E). In mutants, the eyes intermittently 705 

became locked up (red arrowheads). H, slow-phase velocity across a range of contrast levels. 706 

(*p<0.05, two-way ANOVA with Bonferroni correction). I, saccade amplitude is lower in mutants 707 

(****p<0.0001, two-sample t-test). J-K, the temporal dependency of lock-up probability (J), slow-708 

phase gain (K), and slow-phase gain excluding lock-up periods (L). Positive gains in H, J-K are 709 

defined as eye movement in the same direction as the stimulus. Regression lines, means, and 710 

standard error (shaded areas) are shown. Linear regression model was used in J and control group 711 

in K. Two phase exponential decay regression model with plateau constrained to zero was used for 712 

dscaml1-/- group in K and both groups in L. M, eye velocity in response to a 35°/s tilt stimulus (black 713 

dotted line) in wild-type (top panel, solid black line) and dscaml1 mutant (bottom panel, solid red 714 

line). Shaded areas indicate interquartile range. Torsional velocity was slower in mutants, 715 

compared to wild type.  N, velocity gain of upward and downward tilts, both of which are lower in 716 

mutants. Mean values are marked by open circles. *p<0.05, Mann–Whitney U test. 717 

Figure 6. Spontaneous saccade and fixation are abnormal in dscaml1 mutants. A-B, 718 

spontaneous saccades in control (A) and dscaml1-/- (B) were recorded during uniform illumination 719 

(no gratings). Right and left eye traces are in black and fuchsia, respectively. Red arrowheads 720 

indicate disconjugated saccades. C, the frequency of eye movements divided into angular velocity 721 
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bins. Controls had significantly more eye movements greater than 100°/s compared to mutants, 722 

whereas mutants had more eye movements in the slowest bin compared to control (*p<0.05, 723 

****p<0.0001, two-way ANOVA). D, the relative frequency distribution of eye movements based on 724 

angular velocity. Control animals perform significantly more fast eye movements than mutants 725 

(p<0.0001, two-sample K-S test). E, cumulative distribution of saccade disconjugacy index for 726 

controls and mutants (higher equals more disconjugated, see methods).  Control index has a median 727 

value of 1.56 across the population while the mutant index has a higher median value of 2.33. 728 

Distribution is significantly different between control and mutant (p<0.001, two-sample K-S test). 729 

F, peak velocity and amplitude for each saccade event was plotted, along with linear regression 730 

(solid line). The slope is not significantly different between control and mutant (p=0.46). G-H, an 731 

example of TagRFP-T expressing abducens motor neurons [from Tg(mnx1:TagRFP-T)] in wild-type 732 

(G) and mutant (H) animal. Dorsal view, rostral to the left. Labeled structures: motor axons (VIth 733 

nerve, white arrows), rostral abducens complex (green arrowheads), and caudal abducens complex 734 

(magenta arrowheads). Scale bar is 100 µm. I, eye position decay (arrows in A, B) calculated as 1/τ. 735 

****: p<0.0001, Mann-Whitney U test.  736 

Figure 7. Two-photon calcium imaging in Abducens and Inferior Olive neural populations. A-737 

D, two-photon calcium imaging and simultaneous eye position recording during OKR. Circles in 738 

time-averaged images show the locations of cells (A, B) with corresponding indices whose 739 

fluorescence activity is shown (C, D). Circles in the abducens motor complex (ABD) are marked. E, 740 

average fluorescence traces of individual cells (Y-axis) aligned to stimulus onset during slow-phase 741 

activity (X-axis) in the ABD. F, Population average of fluorescence traces in E. G, average 742 

fluorescence traces aligned to fast-phase eye movements for cells in the ABD. H, activity in G 743 

averaged across the population. Error bars in F and H show the median absolute deviation of single-744 

cell activities from the population average divided by the square root of the number of cells, 745 

normalized so that population responses are between -1 and 1. 746 

Supplementary Figure S1. Brain morphogenesis is grossly normal in dscaml1 mutants. A-B, 747 

Lateral view of axon tracts (Ac-tub, green) and synapses (znp-1, magenta) at 1 and 5 dpf. In 1 dpf 748 

embryos (A), no differences were seen in the formation of the major commissures and longitudinal 749 
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tracts 67. In 5 dpf larvae, no apparent abnormalities were seen in the morphology of sensory nerves, 750 

motor nerves, or distribution of synapses in the brain and retina 68, 69. C, Lateral view of the 751 

neuromuscular junction of the trunk, stained with a marker for presynaptic terminals (SV2). D. 752 

Dorsal view of 5 dpf larvae stained for mature neurons (Hu, magenta) and axon tracts (HNK-1, 753 

green). Areas outlined in yellow are the optic tectum neuropil region. Images show maximal 754 

intensity projection of confocal image stacks. Scale bars are 100µm. 755 

Supplementary Figure S2. Eye Position during lock-up in dscaml1 mutants. Histogram of left 756 

and right eye positions averaged during 1 second bins where lock-up occurs. Bin size is 2 degrees.  757 

Tables 758 

Table I. Double exponential decay fit for slow phase gain.  759 
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With lock up Control dscaml1-/-

Y0 0.86 0.99
Contribution of long 
component 47.31 25.87
Tau (short) 7.25 2.31
Tau (long) 305.00 72.01

Without lock up Control dscaml1-/-

Y0 0.9461 1.297
Contribution of long 
component 52.66 23.65
Tau (short) 6.749 2.385
Tau (long) 2.89E+08 472.4

Table I. Double exponential decay fit for slow phase gain.
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