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Abstract 

Animals move the same body parts in diverse ways. How the central nervous system 

executes one action over related ones is poorly understood. To investigate this, I 

assessed the behavioural manifestation and neural control of saccadic eye rotations 

made by larval zebrafish, since these movements are simple and easy to investigate at a 

circuit level.  

I first classified the larva’s saccadic repertoire into 5 types, of which hunting specific 

convergent saccades and exploratory conjugate saccades were the main types used to 

orient vision. Convergent and conjugate saccades shared a nasal eye rotation, which had 

kinematic differences and similarities that suggested the rotation was made by 

overlapping but distinct populations of neurons between saccade types. I investigated 

this further, using two-photon Ca2+ imaging and selective circuit interventions to 

identify a circuit from rhombomere 5/6 to abducens internuclear neurons to 

motoneurons that was crucial to nasal eye rotations. Motoneurons had distinct activity 

patterns for convergent and conjugate saccades that were consistent with my 

behavioural observations and were explained largely by motoneuron kinematic tuning 

preferences. Surprisingly, some motoneurons also modulated activity according to 

saccade type independent of movement kinematics. In contrast, pre-synaptic 

internuclear neuron activity profiles were almost entirely explained by movement 

kinematics, but not neurons in rhombomere 5/6, which had mixed saccade type and 

kinematic encoding, like motoneurons. Regions exerting descending control on this 

circuit from the optic tectum and anterior pretectal nucleus had few neurons tuned to 

saccade kinematics compared to neurons selective for convergent saccades.  

My results suggest a transformation from encoding action type to encoding movement 

kinematics at successive circuit levels. This transformation was not monotonic or 

complete, and suggests that control of even simple, highly comparable, movements 

cannot be entirely described by a shared kinematic encoding scheme at a motor or 

premotor level.   
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Impact Statement 

How distinct actions are executed by nervous systems is not well understood. In this 

PhD I have described how a vertebrate with a small brain of ~120,000 neurons (Svara 

et al., 2022) produces saccadic nasal eye rotations in two separate contexts, hunting 

versus exploring. These movements are highly similar and could feasibly be controlled 

by neural populations that modulate activity entirely according to a shared encoding 

scheme based on movement kinematics. Somewhat surprisingly, I have found that even 

at the level of premotor and motoneurons there were activity profiles that were specific 

to the contextual deployment of nasal eye rotations. This suggests that even for very 

simple movements made by simple nervous systems, premotor and motoneurons do 

not encode movement entirely based on kinematics. This reassesses assumptions made 

by investigation of reduced spinal preparations and recordings of muscle activation 

patterns, which suggest that movements are made by combining motor modules that 

provide an encoding scheme that is shared across similar actions (Bizzi et al., 2008).  My 

work sets up future investigations that may address to what degree shared kinematic 

encoding schemes describe more complex movements in higher vertebrate models 

more closely allied to humans.  

A better understanding of how motor systems control distinct actions could help 

develop treatments for some neurological disorders. Many neurological diseases affect 

motor function, such as Parkinson’s disease, multiple sclerosis or amyotrophic lateral 

sclerosis. Impairments can be contextually dependent. For instance, Parkinson’s patients 

who find it difficult to step when walking can fluently make similar movements when 

riding a bicycle (Snijders et al., 2011). Learning what forms these distinct but related 

motor patterns take neurally, may help clinicians devise treatments to activate them, 

allowing patients to move freely and at will. My work identifying context specific 

encoding of simple movements, suggest that muscular activation patterns impaired in 

one context can be accessed by enhancing pathways in unaffected contexts. Consistent 

with this, Parkinson’s patients who cycle regularly have improved walking abilities 

(Tiihonen et al., 2021). Understanding how such effects are determined at the circuit 

level may help develop such treatments further. 

Improving our understanding of motor control in biological systems may help improve 

how artificial systems control movement. Compared to the artificial neural networks 

that control advanced robotics, biological neural networks are highly adaptable, energy 
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efficient and precise at executing movement. An improved understanding how nervous 

systems execute movement can therefore provide significant advances in how machines 

are controlled. My work addressing how the small nervous system of the larva controls 

distinct actions may be useful in helping engineers understand where efficiencies can be 

made in the hardware and software of robotic systems.  
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Is it not curious, that so vast a being as the whale should see the world through so small 

an eye, and hear the thunder through an ear which is smaller than a hare’s? But if his 

eyes were broad as the lens of Herschel’s great telescope; and his ears capacious as the 

porches of cathedrals; would that make him any longer of sight, or sharper of hearing? 

Not at all. Why then do you try to ‘enlarge’ your mind? Subtilize it. 

Herman Melville, Moby Dick 

 

What do they think of themselves  

With their global brains –  

The tide-power voltage illumination 

Of those brains? Their X-ray all-dimension 

 

Grasp of this world’s structures, their brains budded 

Clone replicas of the electron world 

Lit and re-imagining the world, 

Perfectly tuned receivers and perceivers, 

 

Each one a whole tremulous world 

Feeling through the world? What  

Do they make of each other? 

 

Ted Hughes, Little Whale Song  
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Chapter 1 Introduction 
 

The brain primarily evolved to control movement (Cisek, 2019). Determining how the 

brain selects and executes movement is therefore vital to understand general principles 

about how nervous systems function and evolve. One key problem the brain must solve 

is the execution of behaviours precisely matched to specific contexts. Often these 

behaviours comprise movements with similar features involving the same body parts. 

Consider, for example, drinking coffee versus opening the door to your office. Reliably 

encoding these distinct motor patterns is not trivial, since activity converges from 

diverse brain areas onto a shared set of controlling motoneurons (Arber and Costa, 

2018). However, this problem is solved effortlessly by diverse taxa, enabling the variety 

of movements that underpin the richness of human and animal life.  

In this thesis I will explore how kinematically related but contextually distinct 

movements of the same body part are controlled. These are defined as movements 

elicited in different behavioural contexts in which the same body part moves in the 

same direction, velocity and temporal pattern (e.g. oscillatory movements), thus 

engaging the same muscle groups and motoneurons in similar ways. Behavioural 

context in this instance is defined by the purpose of a behaviour, meaning that 

contextually distinct movements must subserve different behavioural goals (e.g. 

drinking coffee or opening your office door). The purpose of movement may be closely 

linked to sensory stimuli but does not have to be, allowing for investigation of 

spontaneous movement. 

Specifically, this thesis will address how larval zebrafish execute their diverse repertoire 

of rapid eye movements, focussing on the control of nasal saccades made during 

hunting and exploratory contexts. I will first introduce the general organisation of 

motor systems and the sensorimotor transformation made by motor systems. I will then 

explain what kinematically related but contextually distinct movements of the same 

body part can tell us about how motor systems function. In so doing I will justify why 

saccadic eye movements of larval zebrafish are a good model to investigate motor 

control. I will then outline our current understanding of how rapid saccadic eye 

movements and eye vergence are controlled in mammals and teleosts. Combined this 

will set up the specific aims of this thesis.  
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1.1 Organisation of motor systems 
 

1.1.1 Hierarchical organisation of motor systems 

 

It is widely accepted that motor systems conform to a hierarchy, which approximately 

follows a rostral to caudal arrangement in vertebrates (Arber and Costa, 2018; Merel et 

al., 2019). According to this hierarchy, actions are selected by circuits in the forebrain 

and midbrain (higher brain areas). These in turn excite pattern generating circuits in the 

brainstem and spinal cord (lower brain areas), which contact motoneurons causing 

muscles to contract (Figure 1.1).  

 

Evidence for such a hierarchical arrangement first came from lesion studies in the 20th 

Century that isolated different components of the locomotor system (Merel et al., 2019). 

Progressive lesions from rostral to caudal positions had different impacts on the control 

of locomotion. For example, severing the cerebral cortices from the midbrain and 

hindbrain of cats had little effect on locomotion, while lesions caudal to the mammillary 

bodies abolished voluntary initiation of locomotion (Whelan, 1996). Thus, identifying 

 

Figure 1.1 Schematic of hierarchical motor control 

Actions are selected by forebrain and midbrain circuits. These activate pattern generating circuits in 
the brainstem and spinal cord, which contact motoneurons and cause muscular contraction. See 
Arber and Costa (2018) for a more detailed schematic. 
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an intermediate zone (sub thalamic locomotor region) as important for the initiation of 

locomotion. Further lesion studies combined with electrical and optogenetic 

stimulations have mapped out a descending circuit, in which higher brain areas (cortex, 

superior colliculus and basal ganglia) activate brainstem locomotor controlling centres 

(cuneiform nucleus and pedunculopontine nucleus), which in turn excite spinal central 

pattern generators (CPGs), leading to rhythmic contraction of flexor and extensor leg 

muscles (Leiras et al., 2022). 

Classic and modern studies investigating other movements in diverse animal taxa have 

found similar hierarchies (Arber and Costa, 2018). For example, there is a comparable 

descending circuit controlling skilled forelimb movements in rodents (Ruder and Arber, 

2019). Here, the red nucleus and ventral midbrain reticular formations of the brainstem 

receive input from higher brain areas such as cortex and superior colliculus and output 

to the cervical spinal cord, where they contact motoneurons and bifurcating 

interneurons that execute reach and grasp movements (Esposito et al., 2014; Ruder et 

al., 2021; Ruder and Arber, 2019). Similarly, in drosophila locomotion is controlled by a 

defined set of descending neurons that project to the ventral nerve cord activating 

CPGs (Namiki et al., 2022, 2018). These receive inputs from brain areas like the lobula 

(Dombrovski et al., 2023; Namiki et al., 2018), which encodes processed, salient, visual 

features like looming or small moving objects (Hindmarsh Sten et al., 2021; Wu et al., 

2016), and the central complex (Namiki et al., 2018; Rayshubskiy et al., 2020), which 

integrates information across multiple sensory modalities (Honkanen et al., 2019). 

The widespread implementation of hierarchical architectures for motor systems indicate 

that they have conserved evolutionary value. What value this is is perhaps best explored 

in robotics systems that also implement hierarchical architectures and where the 

benefits are easier to quantify (Merel et al., 2019). Here, the choice and general 

parameters of movement (direction, amplitude) are determined by high-level 

controllers. These in turn activate low-level controllers that control actuators, leading to 

movement. In a review article Merel et al. identified six features of hierarchical 

architectures that are advantageous in artificial systems: information factorisation, partial 

autonomy, amortised control, modular objectives, multi-joint coordination and 

temporal abstraction. In summary, the modular arrangement of hierarchical systems 

allows information to be processed differently at each level. This frees lower-level 

systems to act as semi-autonomous controllers that generalise across behaviours (e.g. 

the same low level controller is used for walking no matter the context) and can 
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respond rapidly to sensory inputs, improving moment-to-moment control of 

movement. It also frees high level controllers to specialise in controlling more abstract 

features of movement (direction, choice, vigour) which improves coordination across 

actuators and helps integrate sensory information across multiple sources and 

timescales. Combined, this arrangement allows high-level controllers to pass on 

processed information to low-level controllers enhancing the efficiency with which 

motor tasks are executed and learned. 

Whilst it is difficult to prove that all these advantages also hold for biological systems, 

features of how different components of the nervous system encode movement are 

consistent with this picture. Like artificial low-level controllers, pattern generating 

circuits are typically semi-autonomous units that can generate fictive motor patterns 

when stimulated in isolation (Marder and Bucher, 2007) and receive fast sensory 

feedback from mechanoreceptors that influence output on rapid timescales (Grillner 

and El Manira, 2020). Similarly, like higher levels of artificial systems, brain areas such 

as cortex integrate information from multiple sensory sources, elicit coordinated 

movements when stimulated (Ebbesen and Brecht, 2017), are necessary for motor 

planning (Inagaki et al., 2022) and are required for animals to adapt movements to the 

demands of new tasks (Kawai et al., 2015; Lopes et al., 2017). Combined, the similarity 

between artificial and neurobiological motor hierarchies point to shared computational 

features and division of labour that are important for execution of movement (Merel et 

al., 2019). 

This hierarchical picture of motor control is a simplification of how the motor system is 

organised (Arber and Costa, 2018; Merel et al., 2019). At almost every level there are 

feedback mechanisms that modulate higher brain regions. These are typically copies of 

motor commands (efference copies) and sensory information that inform the motor 

system of the current and predicted motor state (Straka et al., 2018). This helps the 

motor system modulate output over varied timescales to account for limb perturbations 

and stochastic fluctuations in neural activity. Brain structures like the cerebellum are 

thought to be crucial to feedback modulation of movement. The cerebellum receives 

rich sensory and efference copy signals and outputs to the thalamus and brainstem 

nuclei where it can influence descending motor commands (Thach et al., 1992). At a 

lower level, proprioceptive and somatosensory information drive spinal reflexes that 

modulate the moment-to-moment control of movement, allowing animals to rapidly 

adapt muscle forces to different loads (Nicholls, 2012). Despite having an overall flow 
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of information progressing towards motoneurons, the motor system is highly recurrent 

with feedback crucial to precise and reliable execution of movement. 

Similarly, higher brain regions often contact multiple lower brain regions and bypass 

sections of the hierarchy, meaning excitation progresses in parallel and converging 

streams towards motoneurons (Arber and Costa, 2018). For example, motor cortex 

sends projections to diverse downstream targets, distributing context-dependent and 

cognitive information (Arber and Costa, 2018). This includes projections to the spinal 

cord (the corticospinal tract), where axons synapse directly onto motoneurons (Lemon, 

2008).  The corticospinal tract is particularly expanded in humans and primates where it 

is vital to fine digit movements (Lemon, 2008), illustrating the importance of 

information from higher brain areas for certain, precise motor tasks.  

In short, motor systems contain complex interacting brain regions that are organised 

into approximate hierarchies. Along these hierarchies information is transformed to the 

firing pattern of motoneurons, leading to movement. This process is not linear or 

monotonic with multiple feedback and feedforward streams influencing action choice 

and execution. In the next section I will address what this information transformation is 

and how it may be implemented. 

1.1.2 Sensorimotor transformations by motor systems 

 

At the heart of motor control is a sensorimotor transformation of information (Wolpert 

and Ghahramani, 2000). Sensory information that sets the context and demands of a 

task (e.g. visual information about your coffee cup) and information about an animal’s 

internal state (e.g. thirst or caffeine need) is transformed to a choice of desired outcome 

and action (e.g. grasp coffee cup handle) and finally motor commands that cause the 

appropriate excitation of motoneurons and successful task completion. Systems that 

implement the transformation from desired action to motor commands have been 

termed ‘inverse models’ (Wolpert and Ghahramani, 2000). These complement ‘forward 

models’, which calculate the future state given the commands and kinematics of 

movement, providing an estimate of body position and feedback to motor systems. 

Hence, the main task of motor hierarchies is to make successful inverse models, but 

how? 

From a theoretical perspective, much attention has been given to how motor systems 

choose a particular action. This addresses a specific problem of inverse models, which is 
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that they are highly unconstrained. This is because there are often many ways in which 

the body can move to solve a task and extremely large combinations in which different 

muscles can be contracted; consider how varied your arm movements could be but still 

successfully reach your coffee cup. The motor system is also highly redundant, meaning 

that multiple muscular contraction patterns could elicit almost identical movements. 

This problem, termed by Bellman as the ‘curse of dimensionality’, is that the storage 

and number of calculations increases exponentially with the number of sensory and 

motor arrays (Bellman, 1957; Wolpert and Ghahramani, 2000), imposing an impossible 

computational load for many actions if all possibilities are explored. 

A popular way to model solutions to this problem is through optimal feedback control 

(Merel et al., 2019; Todorov and Jordan, 2002). Optimal feedback control chooses 

movements that solve a particular task subject to a cost function. Task performance is 

therefore measured by both the end result (e.g. how close your hand got to the coffee 

cup) and the overall cost of movement and the motor command (e.g. how fast and far 

your arm moved). Under these objectives, the range of movements considered for a 

given task are constrained, reducing the dimensionality of outputs to within a 

manageable and optimal set. Throughout movement execution, feedback is provided by 

sensory input and an internal model of motor state (made by forward models) to 

modulate movements towards the desired goal. The result are movements that 

efficiently achieve goals and can respond to fluctuations in sensory input and motor 

error.  

Optimal feedback control models describe movements well under varied task 

conditions and largely superseded models in which movements were controlled by 

planning and executing trajectories (Todorov and Jordan, 2002). Variations on optimal 

feedback control have been proposed that incorporate dynamical systems modelling 

(Schaal et al., 2007) to account for circular movements such as handwriting, or replace 

the cost function with prior beliefs about desired trajectories (Friston, 2011), thus 

including ideas from Bayesian inference and the free-energy principle of brain function 

(Friston, 2011). Nevertheless, optimal feedback control models and related models, all 

provide a logical framework by which the inverse modelling problem is solved by 

constraining task solutions to a smaller set of smooth accurate motor responses.  

It is unlikely that the nervous system explicitly implements all elements of optimal 

feedback control and related models. However, these models can identify 
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computational features that provide insight to motor system function. One emergent 

feature of motor systems modelled with optimal feedback control are synergies between 

actuators (Todorov and Jordan, 2002). These are stereotyped patterns of actuator 

activity that provide a low dimensional description of how the higher dimensional 

(actuator) space is used during movement. Different movements are made by 

appropriate combination of synergies, which have also been termed motor modules 

(Bizzi et al., 2008) or motor primitives (Flash and Hochner, 2005; Giszter, 2015; 

Wolpert and Ghahramani, 2000). Thus, the high dimensional space of possible 

movements is reduced to a smaller set of common associations between actuators that 

are combined to achieve diverse behaviours.  

Evidence from behavioural observations and the properties of low-level controllers 

such as spinal circuits, indicate that the motor hierarchy may work by transforming 

activity to appropriate recruitment of hardwired motor modules (Bizzi et al., 2008; Flash 

and Hochner, 2005; Giszter, 2015; Tresch and Jarc, 2009). For example, several studies 

have used dimensionality reduction algorithms to describe muscle activation patterns as 

combinations of a small set of ‘synergies’ (Bizzi et al., 2008). This can explain a large 

proportion variance in electromyography (EMG) recordings across relatively diverse 

behaviours such as walking, jumping and swimming (d’Avella and Bizzi, 2005). 

Similarly, stimulation of the spinal cord has identified topographic organisation of 

muscle contraction patterns that sum when the stimulation of two sites are paired (Bizzi 

et al., 1991); while recordings in zebrafish spinal cord have identified three modules of 

spinal interneurons that are progressively recruited as locomotor CPG output 

frequency, and hence swimming speed, increases (Ampatzis et al., 2014; Grillner and El 

Manira, 2020). Combined, these and other observations of behaviour (Bizzi et al., 2008) 

and properties of spinal circuits (Osseward and Pfaff, 2019), are consistent with 

movements being constructed by summing motor modules established by low-level 

controllers.  

Under a strict interpretation of this scheme for encoding movement, all activity related 

to the task, context and action choice is transformed to the appropriate recruitment 

patterns of motor modules. These modules represent a simple basis set from which 

more complex movements are constructed. Thus, all activity at the level of pattern 

generating circuitry can be explained by movement kinematics encoded by these 

modules. The dimensionality problem of inverse models is therefore solved by 
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convergence of activity from multiple sources onto a restricted and stereotyped set of 

outputs of low-level controllers.  

Whilst this may be a computationally efficient way of encoding movement, it paints 

quite an inflexible picture of motor control. For skilled flexible behaviours, such as 

forelimb and digit movements of primates, there is good evidence that motor synergies 

either do not operate or are not hardwired. Studies have identified recruitment patterns 

of individual muscles (Valero-Cuevas et al., 2009) and motor units (muscle-motoneuron 

pairs) (Marshall et al., 2022) that vary considerably for a given task and are not explained 

by a common motor drive. This suggests a more flexible recruitment of motoneurons 

than would be expected for strict motor modules. Some of this variance can be 

explained by optimal feedback control models, which predict an unconstrained 

manifold in which motor output is allowed to vary in task irrelevant dimensions 

(Todorov and Jordan, 2002; Valero-Cuevas et al., 2009), but is constrained in 

dimensions relevant to the task. Under this framework, emergent ‘synergies’ may be 

flexible associations between muscle groups that reflect the demands of a task rather 

than hardwired motor modules.  

A more nuanced view may be that motor modules control movements that do not 

require a high degree of flexibility (e.g. locomotion) and are likely to be evolutionarily 

ancient and highly conserved across species (Giszter, 2015). In evidence of this, fine 

digit control is dependent upon the evolutionarily recent expansion of the cortico-spinal 

tract in primates (Lemon, 2008) and many of the best examples of modular control are 

found in the behaviour and reduced spinal preparations of lower vertebrates (Bizzi et 

al., 2008; Flash and Hochner, 2005). However, even for lower vertebrates and the 

simplest movements the invocation of motor modules is often assumed and the 

evidence correlative. The identification of correlations between muscle activation 

patterns provides little information about how they may arise neuronally and whether 

they simply reflect task demands rather than a hardwired set of activation patterns. 

Similarly, much of the evidence from spinal recordings and stimulations has been from 

reduced preparations where it is impossible to be certain of how circuits are activated in 

naturalistic conditions. Therefore, while motor modules are logical solutions to the 

dimensionality problem of inverse models, there is insufficient evidence to be certain of 

how they are activated by descending commands and for which behaviours.  
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It is feasible that encoding movement along motor modules determined purely by 

movement kinematics is disadvantageous. Dimensionality reduction algorithms that 

identify motor modules and muscle synergies do not take into account the ethology and 

evolutionary history of an animal, which may be important for identifying how motor 

circuits operate (Cisek, 2019). Movements may be encoded not by combinations of the 

simplest possible sets of muscle associations but by circuits that ensure reliable and 

efficient execution of actions given the context. This may mean that movements that 

are contextually different but kinematically similar are encoded by surprisingly divergent 

circuits by low-level controllers and vice versa. Evidence for such an organisation may 

be found in the brainstem control of skilled forelimb movements in rodents. Here 

distinct neural populations in the lateral rostral medulla were found that controlled 

kinematically related movements of reaching, reach-to-grasp, tapping, hand-to-mouth 

and grooming movements, each of which is associated with a different behavioural 

context (Ruder et al., 2021). Similarly, for certain behaviours of particularly high 

evolutionary importance, like escape from predators, it may be better to encode most of 

the sensorimotor transformation, including movement execution, via dedicated circuit 

architectures. Dedicated circuit architectures are specialised to the production of one 

type of behaviour (Morton and Chiel, 1994) and can ensure that a consistent motor 

output is reliably delivered. In keeping with this, amphibians, teleosts and many 

invertebrates have specialised giant neurons that project to the spinal cord and elicit 

kinematically stereotyped escapes when stimulated (Bacon and Strausfeld, 1986; Korn 

and Faber, 2005). These neurons are not incompatible with a modular encoding of 

movement, however in the case of the teleost Mauthner cell, its stimulation produces a 

stereotyped C-shaped tail bend that could feasibly be made by a module specialised to 

the ethological context of escape (Korn and Faber, 2005; Marques et al., 2018). In 

summary, given the evolutionary history of nervous systems it is quite possible that 

predicted motor modules drawn purely along movement kinematics or muscular 

contraction patterns may not be found, even with methods that allow detailed 

investigation of circuit function in intact freely behaving animals.   

These ambiguities in how movement diversity is enabled by low-level controllers must 

be resolved to determine how sensorimotor transformations are completed and inverse 

models solved by motor hierarchies. It is plain given the computational constraints of 

nervous systems that activity must converge on a limited set of motor responses. How 

these manifest and are activated in the intact behaving animal is not well understood. In 
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the next section I will outline how investigating the control of kinematically related but 

contextually distinct movements may provide insight to how low-level controllers 

encode movement. In so doing I will outline how saccadic eye movements of larval 

zebrafish could be used for such investigations.   

1.1.3 Kinematically related but contextually distinct movements as a lens for 

understanding motor control 

 

In this thesis kinematically related but contextually distinct movements are defined as 

movements in which the same body parts move in the same direction with similar 

velocities and amplitudes, but are elicited in different behavioural contexts. These 

movements form part of behaviours that achieve different and distinct behavioural 

goals, but are kinematically related such that the same muscle groups and hence 

motoneurons are activated in similar patterns. These behavioural goals may be linked to 

specific sets of sensory stimuli, but do not have to be, allowing for investigation of 

spontaneous behaviours that occur regardless of experimental conditions (e.g., 

locomotion, grooming etc).  

Comparing how at least two such movements are controlled by pattern generating 

circuits can identify whether movement is encoded by motor modules based on 

movement kinematics versus other encoding schemes. If movements are encoded by 

modules determined mainly by kinematics, kinematically related movements should be 

controlled by similar combinations of motor modules regardless of the context. Hence, 

two movements that are kinematically related but elicited in different contexts should be 

controlled by largely the same pattern generating circuits, with any variation in the 

activity of pattern generating circuits explained by the kinematic features of each 

movement and not by their context or identity. Conversely, activity that cannot be 

explained by a shared encoding scheme based on movement kinematics challenges this 

view. This scenario may have several explanations. These include redundancy and 

flexibility with which pattern generating circuits are recruited. It may also indicate that 

contextual information is preserved through to low-level control of movement, which 

may reflect encoding of movement along ethological lines or the evolutionary history of 

certain behaviours. In sum, by comparing how at least two kinematically related but 

contextually distinct movements are controlled in detail, one can ascertain how much 

inverse models of motor hierarchies converge on shared solutions and what form these 

take.  
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To make such a comparison successfully the experimental system must be carefully 

chosen. Most pattern generating circuits are in the spinal cord, which is difficult to 

access in intact behaving animals. Therefore, a movement that does not incorporate the 

spinal cord or is made in an animal that allows for detailed experiments in the spinal 

cord is crucial. Movements are also often complex and can be highly variable within 

tasks. Ideally, the movements studied are simple, involving body parts that move with 

few degrees of freedom, and are reliably evoked. Finally, the animal model must allow 

for detailed methods of interrogating circuit function. In this animal, it should be 

possible to characterise the activity profiles and connections of individual neurons in 

detail so they can be mapped onto pattern generating circuit architectures. 

Rapid eye movements of larval zebrafish fulfil most of these criteria. Firstly, eye 

movements are simple and easy to describe. The eye is rotated by only six muscles and 

is not subject to external forces like limbs making movements very consistent and 

predictable. Secondly, almost all neurons controlling eye movements including 

motoneurons are found within the central brain (Horn and Straka, 2021; Sparks, 2002). 

The pattern generating circuitry for rapid, saccadic, eye movements has been well 

mapped out across brainstem regions in mammals (Sparks, 2002), making assignment of 

circuit function to neurons relatively easy. Thirdly, larval zebrafish have numerous 

experimental advantages that allow detailed investigation of neural circuitry controlling 

saccadic eye movements. Larvae make diverse saccadic eye movements (Leyden et al., 

2021) and have small transparent brains that allow for all the saccade controlling 

circuitry to be accessed optically in vivo. This makes it relatively easy to both assess and 

manipulate the activity of neural circuits controlling saccades. 

Combined, the rapid eye movements of larval zebrafish offer an exciting system to 

investigate how kinematically related but contextually distinct movements are 

controlled. Hence, they provide an opportunity to comprehensively investigate how the 

inverse modelling problem is solved in an intact behaving animal.  

In the next sections I will describe how saccadic eye movements and eye vergence are 

controlled in mammals and teleosts. This should provide sufficient background 

information to understand the specific aims and experimental results of this thesis.  
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1.2 Overview of eye movements and oculomotor plant 

 

1.2.1 Overview of eye movements 

 

Almost all animals with good vision make eye movements (Land, 2011). Eye 

movements have evolved to augment and accommodate the function of animals’ visual 

systems. The most important driver of this evolution has been slow signal transduction 

in the retina, requiring the eye to be held still for reliable image formation (Land, 1999; 

Walls, 1962). As such, the majority of eye movements keep the eye still relative to the 

environment or move the eye between points where it is held still.  

Across vertebrates eye movements can be categorized according to this framework.  

The eyes are primarily kept still by two reflexes that are highly conserved across taxa: 

the vestibulo-ocular and optokinetic reflexes. These produce slow compensatory eye 

movements that counteract changes in head position (optokinetic reflex max velocity 

~180 os-1 in macaques (Mustari and Ono, 2009), vestibulo-ocular reflex max velocity 

~300 os-1 in humans (Crane and Demer, 1998)) . The vestibulo-ocular reflex is driven by 

head acceleration detected by the otolith organs and semi-circular canals. The 

optokinetic reflex counters shifts in the background visual scene and is driven by retinal 

image slip. Other less well conserved movements also hold the eyes still. These include 

rapid efference copy driven rotations that counter predictable head movements during 

locomotion that have been documented in tadpoles (Lambert et al., 2012) and mice 

(Barros et al., 2021), and smooth pursuit eye movements (max velocity ~20 os-1 in 

humans (Barnes, 2011)) that stabilize small targets on the fovea while allowing the 

background image to move (Land, 2015), which are made almost exclusively by 

primates.  

Animals move their eyes relative to the environment to fixate new targets, recentre eye 

position and prevent images from fading on the retina due to neural adaptation (Land, 

1999; Martinez-Conde et al., 2004). The best described are saccadic eye rotations that 

rapidly shift eye positions in vertical and horizontal directions (max ~900os-1 in humans 

(Sereno and Bolding, 2017)), minimizing the time the retina is moving between being 

held still (fixations). In most mammals these movements are conjugate, meaning that 

both eyes move in the same direction, and are paired with movements of the head and 

trunk. They are made spontaneously, to fixate targets and recentre eye position 
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following the optokinetic and vestibulo-ocular reflexes (Land, 2015). Disjunctive 

movements that increase or decrease vergence between eyes are made to fixate points at 

different depths and take two forms: slow symmetric vergence changes that are not 

paired  with a horizontal or vertical saccade (max vergence velocity ~40 os-1 in primates 

(Mays et al., 1986)) and faster saccadic vergence changes that are (max vergence velocity 

~300 os-1 in primates (Maxwell and King, 1992)). Small fixational movements (tremor, 

drifts in eye position and microsaccades) are also made to shift eye position slightly 

during fixations, limiting retinal adaptation without changing the object viewed 

(Martinez-Conde et al., 2004).  

In summary, animals make a range of fast and slow eye movements to reorient gaze and 

keep images still on the retina. In general, these are highly conserved across vertebrates, 

pointing to the shared constraints of the visual system.  

 

 

Figure 1.2 Extra-ocular muscles and motoneurons 

A. Anatomical position of extra-ocular muscles for the left eye.  
B. Organisation of extra-ocular motoneurons 
C. Multiply (MIF) and singly (SIF) innervated muscle fibres and projections from primate 
oculomotor nucleus. Modified from Straka and Horn (2021). 
Abbreviations: SO – superior oblique, SR – superior rectus, LR – lateral rectus, IO – inferior oblique, 
IR – inferior rectus, MR – medial rectus. 
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1.2.1 Oculomotor plant 

 

To produce these suite of eye movements, vertebrates use essentially the same set of 

extra-ocular muscles and motoneurons. From teleosts through to primates, the 

anatomical arrangement of muscles, and location and projection patterns of controlling 

motoneurons are conserved, with slight variation for earlier diverging elasmobranchs 

(Fritzsch, 1998) and jawless fish (Fritzsch et al., 1990). Eye movements are controlled 

by six extra-ocular muscles (Figure 1.2A). Four muscles, the lateral, medial, inferior and 

superior recti, move the eye in cardinal directions, while two, the superior and inferior 

oblique, produce torsional movements. Extra-ocular muscles are innervated by 

motoneurons with cell bodies in one of three cranial nuclei (Figure 1.2B): the 

oculomotor nucleus (nucleus III), trochlear nucleus (nucleus IV) and abducens nucleus 

(nucleus VI). Projections to inferior oblique and the medial, inferior and superior recti 

originate in the oculomotor nucleus. Projections to superior oblique originate in the 

trochlear nucleus. Projections to lateral rectus originate in abducens nucleus. All 

projections apart from those to superior rectus and superior oblique are uncrossed.  

Within the extra-ocular muscles, individual fibres are specialised to enable fast and slow 

eye movements (reviewed by (Horn and Straka, 2021)). Muscle fibres can be broadly 

categorised into two types: singly and multiply innervated. Singly innervated fibres are 

fast twitch, constitute the bulk of extra-ocular muscles (80-90%) and underpin rapid eye 

movements. They are innervated at single en plaque neuromuscular junctions embedded 

deep in the sarcolemma (Figure 1.2C). Multiply innervated fibres are non-twitch fibres 

that are contacted by multiple en grappe synapses with palisade endings (Figure 1.2C) 

and are thought to enable slow eye movements and tonic maintenance of eye position. 

There is heterogeneity within these two categories and can be further subdivided 

according to cellular and synaptic specialisations (Horn and Straka, 2021). Singly and 

multiply innervated fibres are contacted by separate often anatomically segregated 

motoneurons, that have different anatomical and physiological properties. Singly 

innervated fibre motoneurons are typically larger, have more complicated dendritic trees 

and are found closer to the centre of motor nuclei, compared to smaller multiply 

innervating fibre motoneurons.  

Extra-ocular muscle fibre and motoneuron specialisations are comparable to those of 

skeletal muscles governing locomotion (Ampatzis et al., 2013) and other body 
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movements (Stifani, 2014). For these movements motoneurons are progressively 

recruited as movement vigour, and muscle force, increases according to Henneman’s 

size principle (Henneman et al., 1974). This states that smaller, easier to excite, 

motoneurons that contact fatigue resistant muscles are recruited first. As actions 

increase in vigour larger, harder to excite, motoneurons are activated that control more 

easily fatigable muscles that exert larger forces. Recruitment order of extra-ocular 

muscle fibres approximately follows this logic. Fatigue resistant singly innervated fibres 

are recruited first, followed by multiply innervated fibres then fatigable singly innervated 

fibres (Horn and Straka, 2021). This picture is complicated by the fact that unlike 

somatic movements, extra-ocular muscle force scales sub-linearly with fibre recruitment 

because muscle fibres do not span the full length of muscles and are connected in series 

(Shall et al., 2003). This dampens the effect of progressive motor unit recruitment 

leading to smooth increases in muscle tension with higher excitatory drive (Scudder et 

al., 2002). This may impact the recruitment patterns of motoneurons at a more fine-

grained level, however the overall picture of motoneuron and muscle fibre 

specialisations is comparable to other movement plants.  

Combined, the physiology and biomechanics of the oculomotor plant allow the eyes to 

be moved in a smooth graded fashion across a large range of velocities. Thus, serving 

the set of slow and fast movements required to support optimum visual function.  

1.3 Neural control of saccadic eye movements 
 

Of all eye movements saccades have been the most studied. Intensive research over the 

latter half of the 20th century elucidated the main circuit mechanisms controlling 

saccades in mammalian model systems, synthesising experimental results with 

biophysics and control theory. In this section I will describe the current circuit 

mechanism for mammalian horizontal saccades. I will first explain the saccade pattern 

generation circuit, then discuss descending control of saccades and modelling efforts to 

understand how saccades are made. Following this, I will outline kinematic ‘rules’ that 

govern saccades and how saccades are coordinated with body movement. Throughout I 

will highlight what gaps remain in our knowledge and where modern neuroscience 

methods could help close them. For brevity’s sake I will focus only on horizontal 

saccades, which are the best studied.  
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1.3.1 Saccade pattern generation circuit 

 

Saccades are made by a stereotyped motoneuron firing rate that was largely predicted 

from biophysical models of the eye (Robinson, 1964). During a saccade the eye rapidly 

shifts to a new position at which it is held still. The motoneuron firing rate that controls 

this movement has a pulse-glide-step profile (Figure 1.3A)(Sparks, 2002). The pulse is a 

short period of high intensity spiking that produces strong contraction of extra-ocular 

muscles and accelerates the eye. This transitions (glide) to a lower sustained firing rate 

(step) that holds the eye in its new position against centripetal elastic forces. 

Motoneurons are progressively recruited with increasing saccade amplitude (Fuchs et al., 

1988), with both multiply innervated and singly innervated fibre motoneurons 

displaying the characteristic firing rate (G. Hernández et al., 2019). 

 

Figure 1.3 Saccadic motoneuron rate code and saccadic pattern generating circuitry 

A. Example firing rate profile of abducens motoneuron (bottom) for a given horizontal saccade 
(top). 
B. Anatomical positions of key saccade controlling regions in primate. 
C. Circuit schematic of saccade pattern generating circuitry. Firing rate profiles are shown in 
histograms beside neuron types. Long lead burst neurons excite excitatory burst neurons. Excitatory 
burst neurons activate motoneurons in abducens nucleus (VI) providing the pulse component of the 
rate code, and excite neurons in NPH and MVN that integrate bursting activity to provide the step 
component. Omnipause neurons provide tonic inhibition of bursting neurons and are inhibited by 
trigger and latch neurons. Inhibitory burst neurons inhibit the saccade pattern generating circuitry in 
the contralateral hemisphere. 
All panels modified from Sparks 2002. 
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A series of hindbrain premotor neurons with stereotyped firing patterns produce the 

pulse-glide-step firing rate (reviewed in (Scudder et al., 2002; Sparks, 2002)). The pulse 

is derived primarily from excitatory burst neurons in the paramedian pontine reticular 

formation (PPRF), which synapse onto motoneurons and fire with a brief burst of 

activity closely linked to saccade onset (Figure 1.3B&C). Upstream of excitatory burst 

neurons are long lead burst neurons, which ramp activity prior to a burst before saccade 

onset, and omnipause neurons, which tonically inhibit bursting neurons except at the 

time of saccade onset, sculpting the duration of the motoneuron pulse (Figure 1.3C). 

Omnipause neurons gate saccade occurrence regardless of direction (including 

vertically) and are hypothesised to be inhibited by as yet undiscovered trigger and latch 

neurons (Figure 1.3C). Inhibitory burst neurons project to the contralateral hemisphere 

to inhibit motoneurons in the antagonistic direction, enhancing rotational speed by 

suppressing conflicting eye movements (Figure 1.3C). The tonic step of the 

 

Figure 1.4 Perturbations of saccade pattern generating circuitry 

A. Example of PPRF stimulation in a head fixed primate. 
B. Example raphe interposed nucleus stimulation in a head free primate. Control gaze shifts indicated 
by dashed lines. Gaze shifts during stimulation indicated by solid lines. Stimulation durations 
indicated by vertical dashed lines.  
C. Example eye movements from pharmacological inhibition of NPH in primate. Animals were kept 
in the dark to prevent the optokinetic reflex stabilising eye position.  
Data sources indicated for each panel. 
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motoneuron rate code is derived from neurons in the nucleus prepositus hypoglossi 

(NPH) and medial vestibular nucleus (MVN) that have activity correlated with eye 

position (Figure 1.3B&C). These neurons are thought to integrate bursting activity, 

which is correlated with eye velocity, to derive an estimate of eye position. Thus, the 

pulse-glide-step motoneuron firing rate is produced by the combined activity of a small 

premotor network, derived from input to bursting neurons.  

 

Causal evidence for this circuit architecture comes from chronic and acute interventions 

in the corresponding brainstem regions. Inactivation of PPRF produces deficits in 

ipsiversive saccades (Cohen et al., 1968) and electrical stimulation produces ipsiversive 

eye movements (Figure 1.4A) that shift eyes to new maintained positions (Cohen and 

Komatsuzaki, 1972). This is consistent with excitatory burst neurons providing 

excitatory input to motoneurons and eye position estimation circuits. Electrical 

stimulation of the raphe interposed nucleus, which houses omnipause neurons, reduces 

saccade amplitude (Figure 1.4B) (Sparks et al., 2002). Inactivation of NPH and MVN 

causes the eye to drift centripetally after ipsiversive saccades (Figure 1.4C), supporting 

the role of NPH and MVN neurons integrating the saccadic burst signal (Cannon and 

Robinson, 1987).  

 

The circuit interventions and neural recordings that provide evidence for this 

architecture have largely not been repeated with more modern neuroscience methods 

(e.g. optogenetics, silicon probe recordings, ablation of genetically defined neural 

populations) which could identify more nuanced roles of neural populations. The 

neuronal firing rates outlined above are stereotypes and often neurons have hybrid 

bursting and tonic profiles. For example, the PPRF contains many burst-tonic cells with 

firing rates similar to motoneurons (Hepp and Henn, 1983). This suggests that the 

formulation of the pulse and step is a more integrative process between brain regions 

rather than a serial calculation. More selective interventions that eliminated neurons 

with stereotyped bursting, tonic or burst-tonic firing rates rather than whole brain 

regions could test how serial the calculation of the saccadic firing rate is. Also, models 

of the saccade generating circuitry (see Section 1.2.3) that accounted for graded 

differences between neurons may better identify the mechanisms by which it is formed. 
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Nevertheless, results from these now classic studies confirm the overall architecture of 

saccade pattern generating circuitry.  

1.3.2 Descending control of saccades 

 

The saccade pattern generating circuitry receives descending and modulatory input from 

several sources. The best studied is descending control from superior colliculus (optic 

tectum). Superior colliculus controls coordinated orienting behaviours across 

vertebrates (Isa et al., 2021), and stimulation elicits gaze shifts comprising saccades and 

head rotations (Gandhi and Katnani, 2011). The amplitude and direction of the gaze 

shift is encoded topographically. Deep collicular neurons have broad movement 

receptive fields, and many cells are active for a given movement, with the locus of the 

activity ‘bump’ encoding gaze shift direction and amplitude, while neuron firing rate is 

correlated with saccade velocity (Gandhi and Katnani, 2011). Colliculus has projections 

to pontine areas containing excitatory and inhibitory burst neurons (Moschovakis et al., 

1996) and synapses directly onto excitatory burst neurons (Raybourn and Keller, 1977). 

As activity spreads from colliculus to motoneurons, the topographic space code is 

converted to a rate code. There is some evidence this may be achieved by modulating 

synapse number across topographic axes (Moschovakis et al., 1998), although the 

mechanism is likely to be more complex, not least because saccade amplitude is 

modulated to accommodate head movements.  How saccades and head movements are 

coordinated during gaze shifts is poorly understood and discussed in Section 1.4.  

Additional descending inputs to the saccade pattern generating circuitry come from 

cortex (Schall, 2002) and basal ganglia (Hikosaka et al., 2000). In primates the frontal 

eye field of cortex is thought to be the primary source of voluntary gaze control and 

initiates saccades through activation of the basal ganglia, superior colliculus, thalamus 

and saccade pattern generating circuitry directly (Schall, 2002; Scudder et al., 2002). 

Both cortex and basal ganglia are thought to control saccades primarily but not 

exclusively through superior colliculus, with acute inactivation of colliculus impairing 

saccades evoked by cortical stimulation (Hanes and Wurtz, 2001). 

Across mammalian models, the cerebellum is thought to have a modulatory role on 

saccade production (Scudder et al., 2002). The cerebellum receives information from 

colliculus and frontal eye fields via the nucleus reticularis tegmenti pons (NRTP) to 

lobules VII and VIc and outputs via the fastigial nucleus to PPRF to active the saccadic 
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apparatus. Lesions of the cerebellum do not eliminate saccades, but reduce saccade 

accuracy and lead to deviant saccade trajectories (Robinson et al., 1993; Sato and Noda, 

1992), consistent with a modulatory role (Scudder et al., 2002). Neurons in the fastigial 

nucleus also project to superior colliculus (May et al., 1990), allowing feedback to 

saccade initiation centres, however the role of these projections is not well understood. 

To summarise, there are multiple sources of descending control for saccades, of which 

cortex and superior colliculus are the most prominent, while the cerebellum provides 

modulatory input.  

 

1.3.3 Models of saccade control 

 

In conjunction with neural recordings and interventions into the saccadic apparatus, 

there has been concerted effort to explain experimental results by making 

computational models. Early models of saccade production were ballistic (Sparks, 2002) 

with motoneuron firing rates determined prior to movement onset and not altered as 

the movement progressed. These were replaced by dynamic feedback models that 

borrowed heavily from control theory and engineering. The shift was prompted by 

observations that experimental and clinical subjects could flexibly scale saccade 

parameters to fixate targets after chronic and acute disruptions to saccade generating 

circuitry (Sparks et al., 2002). Current models are therefore skewed to explaining 

saccades in mammalian systems that display dynamic control and not lower vertebrates 

for which visual orientations are more likely to be ballistic (Borghuis and Leonardo, 

2015).  

 

Figure 1.5 Schematic of saccade control model 

The difference between eye position and target displacement is inputted into a comparator. This 
outputs to burst generators that in turn output to motoneurons and velocity to position integrator 
circuits. Feedback is provided via a resettable integrator to give a new eye position estimate that feeds 
into the comparator circuit. 
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Most dynamic feedback models follow similar architectures outlined in Figure 1.5. At 

the heart of these models is a comparison between desired and actual eye position or 

displacement (Scudder et al., 2002; Sparks, 2002). An initial signal proportional to the 

difference between desired and actual eye position/displacement (movement error) is 

sent to burst neurons, which in turn pass the signal to motoneurons and neural 

integrators to provide the pulse and step. Current eye position/displacement estimates 

are updated via corollary discharge to inform the comparator and update input to burst 

neurons. The saccade is complete when the eye reaches the desired 

position/displacement and movement error is zero.  

 

Dynamic feedback models can describe saccades well under a variety of stimulus 

conditions and simulated experimental perturbations. However, they consist of 

interacting boxes which may poorly represent actual neural control. Indicative of this is 

the fact that the locus of the comparison circuit and feedback is not known (Scudder et 

al., 2002). It has been hypothesised that superior colliculus could have this function, by 

encoding movement error as a declining neuronal firing rate (Waitzman et al., 1991) or 

by topographic progression of activity across colliculus (the moving hill hypothesis) 

(Munoz and Wurtz, 1995). However, there is no concrete evidence that either is correct 

(Scudder et al., 2002). Similarly there are several potential sources of feedback to 

colliculus, that include the central midbrain reticular formation, NPH and the 

cerebellum, but none alone carry information that fulfil model requirements (Scudder et 

al., 2002). It is possible that these control theory approaches obscure more complex 

circuit dynamics that could lead to a better understanding of how different neural 

populations control saccadic eye movements.  

Since the 1990s there has been little fundamental change in modelling the saccadic 

circuit despite considerable development in modelling efforts to describe other 

stereotyped movements (Merel et al., 2019) such as reaching (e.g. (Churchland et al., 

2012; Gallego et al., 2020)).  Application of more modern dynamical systems or 

machine learning based approaches could reveal circuit interactions that better explain 

how comparison and feedback circuits manifest. 

1.3.4 Saccade kinematic rules 
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Due to the regular biophysical properties of the oculomotor plant and stereotyped 

controlling motoneuron activity, there is a close link between eye trajectories and 

underlying motoneuron patterns (Bahill and Troost, 1979). These trajectories scale 

predictably with saccade amplitude, with the scaling relationship summarised by the 

simple main sequence ‘rule’ (Bahill et al., 1975). The main sequence states that the 

amplitude of a saccade is proportional to saccade duration and peak velocity of the eye 

(Figure 1.6). In practice this relationship holds for saccades of low to intermediate 

amplitude. For larger saccades eye velocity saturates and duration increases 

supralinearly.  

Why saccades explicitly follow this relationship is not known. One study has explained 

the main sequence according to optimal feedback control, by suggesting it is the result 

of a speed accuracy trade-off (Harris and Wolpert, 2006), whereby the eye is moved as 

fast as possible to a target while minimising signal noise correlated with excitatory drive 

to the saccade pattern generating circuitry. However, the authors draw heavily on 

 

Figure 1.6 Human main sequence relationships 

A. Duration main sequence. Saccade duration scales almost linearly with saccade amplitude. 
B. Velocity main sequence. Saccade velocity scales linearly then saturates with saccade amplitude. 
From Bahill et al. (1975) 
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primate literature and the main sequence has been observed in non-mammalian animal 

models making spontaneous and undirected saccades (e.g. goldfish (Mensh et al., 

2004)). A different explanation is probably required for these animals.  

Despite its unknowns and limitations, changes in the main sequence can highlight 

differences in the pulse and step components of the saccadic rate code that are 

indicative of alterations in motoneuron activity (Bahill and Troost, 1979). Thus it is a 

useful non-invasive tool to infer the activity of the saccadic apparatus and quantify 

deficits in patients and experimental subjects (Leigh and Kennard, 2004). For example, 

patients with Niemann-Pick type C disease have slow velocity main sequence slopes for 

vertical but not horizontal saccades, indicating a deficit in bursting neurons from the 

rostral interstitial nucleus of the medial longitudinal fasciculus, which has the equivalent 

function of PPRF for vertical eye movements (Rottach et al., 1997).  

1.4 Saccade body coordination 
 

Eye movements evolved alongside movements of other body parts, and both somatic 

and eye movements are used to stabilise and shift gaze. In most animals gaze changes 

are made by combined rotations of the head and eyes. Typically both saccades and head 

movements are initiated by the same descending commands and occur at short (<40 ms 

(Scudder et al., 2002)) latencies. In primates, saccades mostly lead head rotations, but 

this is largely because of the increased inertia of the head, with EMGs of neck muscles 

leading those of extraocular muscles by ~20 ms (Freedman, 2008). Saccades complete 

and fixate targets while the head continues to move, meaning that the eyes display 

stereotyped counter rotations driven by optokinetic and vestibulo-ocular reflexes 

(Figure 1.4B), with the overall gaze change having the step-like appearance of saccades 

in head fixed animals.  

The contribution of eye and head movements to coordinated saccade-head gaze 

changes varies considerably between animal species and individuals. For example, mice 

perform saccades solely with head rotations (Meyer et al., 2020), while primates and 

teleosts can make relatively large amplitude saccades while keeping the head stationary 

(Land, 2015). In general, the contribution of head movements increases for larger gaze 

changes and when the eyes are pointed in the direction of that gaze change. This is 

logical because the eyes have a limited range (±45o in macaques), which is rarely fully 

exploited. Therefore, to move gaze to positions outside of this range head movements 
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must be deployed. In primates, the relative proportion of eye and head movements to a 

gaze shift follows relatively regular relationships for an individual animal and can be well 

predicted if starting eye position is known (Freedman, 2008).  

Coordinated saccade-head gaze shifts are most likely initiated by shared descending 

commands that activate largely separate pattern generating circuits controlling eye and 

head movements. As stated in Section 1.3.2, stimulation of superior colliculus leads to 

coordinated eye and head movements, with stimulation site encoding gaze shift 

amplitude and direction (Gandhi and Katnani, 2011). The relative onset timing of eye 

and head movement is variable and can change according to the demands of visual 

orienting tasks (Zangemeister and Stark, 1982) and gaze change amplitude (Guitton and 

Volle, 1987), suggesting that pattern generating circuits are separate. Consistent with 

this, stimulation of the omnipause neuron region (raphe interposed nucleus) selectively 

impairs saccade onset but not head movements (Gandhi and Sparks, 2007). In some 

animals such as cats, there are tecto-reticulospinal neurons that project from superior 

colliculus to eye and neck muscle controlling centres (Moschovakis et al., 1996; Nudo 

and Masterton, 1989). However, their importance in controlling head and eye 

movements is not well understood. It is likely that intermediate neural populations 

coordinate eye and head movements for many animals.  

How eye and head movement size is calibrated to give a particular gaze shift is not well 

understood, but several models have been proposed to account for it. Models 

describing saccade-head gaze shifts are typically extensions of models describing 

saccades in isolation as in Figure 1.5. They can be split into two types. The first assumes 

that there is an overall gaze error signal that the system tries to minimise (Haji-

Abolhassani et al., 2016). The second assumes that head and eye movements are 

controlled independently, with gaze shifts achieved through calibration of the vestibulo-

ocular reflex (Phillips et al., 1995) or accurate decomposition of movement amplitudes 

with separate control circuits (Freedman, 2001). Evidence for both model types is 

limited. Gaze error models assume there is a gaze burst generator for which there is no 

concrete evidence (Freedman, 2008). Models with separate eye and head controllers do 

not account for the fact that burst neurons often modulate spiking with head 

movements as well as saccades (Cullen and Guitton, 1997; Walton and Freedman, 

2014). Both suffer from the same limitations of purely saccadic models, namely the 

circuit mechanism and locus of the comparator and feedback is unknown. They also 

suffer from the two main animal models for saccades, cats and primates, having 
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different eye-head coordination patterns, making it difficult for single models to explain 

results across species. 

In summary, there are significant gaps in our understanding of how saccades and body 

movements are controlled. Differences in how movements are coordinated between 

species may limit how applicable insights are across vertebrates. However, the highly 

conserved role of superior colliculus indicates a common evolutionary origin for 

descending influence on coordinated gaze shifts.  

1.5 Neural control of eye vergence 
 

To shift gaze to points at different depths animals will rotate their eyes inwards and 

outwards. These are disjunctive movements that change the vergence angle (left eye -

right eye angle) between the eyes. In primates they are combined with lens 

accommodation as part of coordinated near or far responses to fixate points at different 

depths (Mays, 2003). Disjunctive movements differ from conjunctive or versional 

movements in which the eyes move in the same direction. Conjunctive movements are 

typical of saccades and compensatory reflexes discussed above. Here I will outline how 

primates control eye vergence in two contexts. Firstly how they make slow vergence 

changes when there is no conjunctive component. Secondly how they make saccadic 

vergence changes when vergence changes are combined with versional saccades. Again, 

I will outline where there are unknowns and what can be done to shed light on them. 

1.5.1 Slow vergence changes 

 

Slow vergence changes can be viewed as a separate eye movement class from saccades 

both behaviourally and neurally (Land, 2011). In these movements the eyes diverge or 

converge smoothly and symmetrically at velocities an order of magnitude slower than 

saccades (<40 os-1 (Mays et al., 1986)) to align points at different depths with little 

horizontal or vertical displacement from the original fixation point. Slow vergence 

changes are accompanied by lens accommodation and form part of a coordinated near 

or far response (Mays, 2003).  

Neurally, the control of slow convergent movements (inwards rotations) is better 

understood than divergences (outwards rotations). Slow convergent movements are 

thought to be controlled by a specialised population of midbrain neurons that project 

directly and ipsilaterally to medial rectus motoneurons in oculomotor nucleus (Figure 
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1.7A) (Mays, 2003; Zhang et al., 1992). These neurons consist of a mixed population 

that scale activity with eye vergence and lens accommodation to varying degrees (Zhang 

et al., 1992) and are thought to coordinate both movements as part of the near response 

(Mays, 2003). Activity profiles of putative medial rectus motoneurons in oculomotor 

nucleus are consistent with input from these specialised neurons. For a given change in 

eye position putative medial rectus motoneurons often have different firing rates 

depending upon whether there was a vergence or versional movement (Gamlin and 

Mays, 1992; Mays and Porter, 1984). Specialised neurons that control eye divergence 

through projections to abducens nucleus have not been found. However, abducens 

 

Figure 1.7 Primate vergence control  

A. Midbrain vergence controlling neurons activate medial rectus motoneurons directly to cause slow 
eye convergence. 
B. Hering circuitry controlling saccadic vergence changes. For simplicity monocular vergence 
changes are shown. These are elicited by keeping a target aligned to one eye and changing its depth. 
Rapid vergence changes are achieved by separate control of nasal and temporal eye movements 
through selective activation of abducens motoneurons and inter-nuclear neurons. Slow tonic 
vergence neurons help maintain eye vergence in a similar way to A. 
C. von Helmholtz circuitry controlling saccadic vergence changes. An identical saccadic signal is 
passed to abducens motoneurons and internuclear neurons. Vergence burst and tonic neurons 
modify the conjugate saccade to achieve rapid changes in eye vergence. 
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motoneurons have variable responses to eye divergence, consistent with some 

specialised input (G. Hernández et al., 2019). The causative role of midbrain 

convergence correlated neurons has not been tested. 

Upstream, there is evidence that cerebellum, cortex and superior colliculus control eye 

vergence. Neurons with activity related to vergence have been found in the posterior 

interposed nucleus (Zhang and Gamlin, 1998) and nucleus reticularis tementi pons of 

the cerebellum (Gamlin and Clarke, 1995), and cerebellectomy produces transient 

vergence deficits in primates (Westheimer and Blair, 1973). The nucleus reticularis 

tementi pons has reciprocal connections with the midbrain region containing vergence 

correlated neurons and receives cortical inputs, identifying a putative cortico-cerebellar 

control pathway (Mays, 2003). The frontal eye fields and lateral intra-parietal sulcus 

contain neurons with vergence correlated activity and may exert some control on eye 

vergence (Mays, 2003). Superior colliculus has a more subtle association with vergence 

control in primates. Stimulation of the rostral pole can partially inhibit vergence 

movements (Chaturvedi and Van Gisbergen, 2000) and some collicular neurons 

discharge less strongly for saccades that also change eye vergence (Walton and Mays, 

2003). Overall, descending control of eye vergence remains poorly mapped out.   

1.5.2 Saccadic vergence changes 

 

Primates make rapid saccadic vergence changes when fixating horizontally or vertically 

displaced points at different depths. The neural mechanism of this movement is 

disputed despite decades of research and saccades with vergence changes being the 

most common saccade type performed in naturalistic settings (King, 2011). The debate 

between neural mechanisms touches a wider one over how left and right eye 

movements are coordinated. Two opposing hypotheses named after 19th Century 

scientists have been proposed to explain left-right eye coordination. One (von 

Helmholtz) states that each eye is under independent control and that coordination 

between left and right eyes is to some degree a learned behaviour (Helmholtz, 2008). 

The other (Hering) states that there are separate controllers for conjugate and vergence 

gaze shifts and that each eye receives an identical signal (Hering, 1977). Saccadic 

vergence changes offer an experimental system to test the validity of these two 

hypotheses, however neither describes all aspects of how saccadic vergence changes are 

achieved. Below I will summarise the evidence for Hering versus Helmholtz based 
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control of saccadic vergence changes and outline possible experiments that may resolve 

the debate.  

For most of the 20th Century the Hering hypothesis was thought to describe saccadic 

vergence changes best (King, 2011). Under this hypothesis saccadic vergence and 

versional movements sum on top of one another. Saccadic vergence changes are 

produced by the action of specialised bursting and tonic vergence neurons that impinge 

directly upon motoneurons (Figure 1.7B). These are applied on top of a saccadic 

command. In the case of horizontal saccades this is supplied to abducens motoneurons 

and internuclear neurons, which pass an identical signal to medial rectus motoneurons 

to produce a conjugate saccade. Figure 1.7B shows an example of how these 

movements can be evoked experimentally by moving a fixation point in depth but 

maintaining alignment with one eye so that rapid vergence is produced by a monocular 

movement. The von Helmholtz hypothesis by contrast assumes that the saccadic 

component of vergence changes is achieved by independent control of each eye, 

mediated through separate signals. In Figure 1.7C these distinct signals are passed to 

abducens internuclear neurons and abducens motoneurons.  

Several key experimental observations support the Hering hypothesis. First, bursting 

and tonic vergence neurons have been recorded from the midbrains of primates (Mays, 

1984; Mays et al., 1986; Quinet et al., 2020), the tonic neurons being the same as the 

slow vergence controlling neurons outlined above. Second, most abducens internuclear 

neurons decrease their firing rates during convergences and therefore do not carry an 

appropriate signal for saccadic vergence changes (Gamlin et al., 1989a). Third, 

pharmacological disruption or mechanical severance of the medial longitudinal 

fasciculus, which carries abducens internuclear neuron axons, spares vergence but not 

versional eye movements (Evinger et al., 1977; Gamlin et al., 1989b). Fourth, horizontal 

saccadic vergence changes occur during vertical saccades, where there should be little 

interaction with horizontal versional movements (Mays, 2003), indicating that a 

specialised saccadic vergence system is activated. Finally, abducens motoneurons and 

internuclear neurons do not decrease their firing rates as much for adduction during 

vergence compared to versional movements, indicating that an additional convergence 

command is overlayed at the level of medial rectus motoneurons (Mays, 2003).  

Taken together, these five experimental observations provide relatively conclusive 

evidence for the Hering hypothesis. However, most can be undermined by important 
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ambiguities surrounding the results or contradictory experimental evidence. Firstly, the 

causative role of midbrain tonic and bursting neurons has not been tested by lesions or 

pharmacological interventions. Secondly, experiments where the medial longitudinal 

fasciculus has been disrupted only tested for slow vergence not saccadic vergence, 

therefore it is still not clear how important internuclear neurons are for rapid changes in 

eye vergence. Thirdly, saccadic vergence during vertical saccades does not preclude 

independent control of each eye. Finally, EMG recordings of medial and lateral rectus 

muscles of the same eye report no co-contraction of muscles as would be expected for 

overlaying a vergence on top of a versional signal (Miller et al., 2002). Thus, other 

mechanisms could feasibly control saccadic vergence changes.  

Evidence for the von Helmholtz hypothesis rests mainly on recordings from PPRF and 

NPH, which provide the saccadic bursting and tonic signals to abducens motoneurons 

and internuclear neurons. Under the Hering hypothesis, bursting and tonic neurons 

should carry a conjugate eye velocity/position signal rather than have spike rates 

correlated with the position or velocity of each eye. However, recordings from neurons 

in PPRF and NPH have found that most neurons have activity profiles that are closely 

correlated to one eye (Sylvestre et al., 2003; Van Horn et al., 2008; Zhou and King, 

1998), indicating independent control. During sleep primates make independent 

saccadic eye movements, showing that such control is possible (Zhou and King, 1997). 

However, it is not clear how independent signals can influence vergence if internuclear 

neuron activity does not reflect this level of monocular control (Gamlin et al., 1989a). 

Another, as yet undiscovered pathway, must therefore carry these saccadic signals to 

medial rectus motoneurons.  

Modelling studies have attempted to explain saccadic vergence changes according to 

Hering or von Helmholtz architectures and make predictions of neural activity that may 

add weight to either hypothesis if discovered. Modelling attempts borrow heavily from 

orthodox models of horizontal saccades outlined in Section 1.3.3. For Hering models a 

vergence motor error signal is transformed into saccadic and slow vergence signals, 

which are passed onto motoneurons and a vergence integrator circuit to maintain tonic 

vergence activity (Busettini and Mays, 2005; Quinet et al., 2020; Zee et al., 1992). 

Interaction with versional saccades is dictated either by the activity of omnipause 

neurons (Zee et al., 1992), which gate the vergence burst neurons, or through a 

multiplication between saccadic burst neurons and the vergence error signal (Busettini 

and Mays, 2005). These models therefore predict a vergence integration circuit, a role 
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for omnipause neurons or multiplication between versional and vergence signals. A 

more von Helmholtz-like model was proposed by King and Zhou (King and Zhou, 

2002). Here saccadic burst and tonic signals are produced independently for each eye in 

each direction. These neurons pass on a conjugate signal to abducens motoneurons and 

internuclear neurons, while a vergence signal is derived from the difference between 

monocular controlling circuits and transferred to midbrain vergence neurons. This 

model therefore predicts separate bursting and integration circuits for each eye and a 

novel pathway by which saccadic signals are passed to the midbrain.  

For all models there is insufficient evidence to prove their validity. However there are 

some experiments that can be conducted to do so. The role of omnipause neurons can 

be tested by stimulation of the raphe interposed nucleus as in (Sparks et al., 2002). The 

role of a distinct vergence integrator can be tested by inactivation of NPH/MVN, 

which should spare the tonic vergence signal under Hering models but disrupt it under 

von Helmholtz. To my knowledge these experiments have not been conducted but 

could help settle the debate in primates.  

Experiments on other animals that also display saccadic vergence changes (Bianco et al., 

2011; Wallman and Pettigrew, 1985) may provide insight. These animals may be more 

amenable to detailed circuit interventions that disrupt vergence or monocular correlated 

neurons selectively. For example, larval zebrafish produce convergent saccades in 

response to prey-like visual stimuli to increase binocular overlap of their visual field for 

prey tracking (see Section1.6.2) (Bianco et al., 2011). There is some evidence that they 

modulate vergence angle with prey distance (Patterson et al., 2013) in a way that could 

be comparable to how primates fixate points at different depths. The highly 

experimentally tractable zebrafish system offers the opportunity to investigate this 

circuit mechanism in detail. Thus, acting as a comparable system. 

1.6 Saccades and vergence control in teleosts 
 

Alongside mammals, teleosts have been used to investigate oculomotor control because 

they make conspicuous eye movements and their comparatively simple nervous systems 

hold promise for understanding the controlling circuitry in detail. Most older studies 

were conducted on goldfish, with larval zebrafish becoming a more common model 

with the advent of advanced imaging and genetic technologies. In this section I will 

summarise our current understanding of how saccades and vergence changes are 
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controlled in goldfish and zebrafish larvae, referencing other less well studied fish 

species where appropriate. 

1.6.1 Teleost saccades 

 

Teleost’s make a diverse range of saccadic eye movements, with some species capable 

of independent rotations of each eye (Pettigrew et al., 1999). The best studied type has 

been conjugate saccades, which are ostensibly similar to saccades made by mammals. In 

these movements both eyes make conjunctive nasal and temporal rotations that rotate 

each eye in the same direction.  

The role of conjugate saccades for fish differs from classic mammalian models, such as 

primates. Primates are foveate animals with frontal eye positions and conjugate saccades 

are primarily used to redirect their foveas at new targets. Goldfish and zebrafish larvae 

are lateral eyed and do not have a fovea, although larvae have some retinal 

specialisations (see Section 1.6.2). Conjugate saccades in these fish are likely to be 

compensatory and exploratory, allowing animals to reset eye position during turns and 

scan their environment for potential predator or prey items.  

The compensatory role of conjugate saccades can be seen most clearly from 

experiments on goldfish. Goldfish initiate saccades prior to swims, shifting gaze in the 

direction of the swim (Easter et al., 1974). During the turn the eyes counter-rotate with 

different gains for the inside and outside eye. This stabilises gaze at proximal points for 

the inside eye and distant points for the outside (Easter et al., 1974). The saccade 

therefore brings the eyes to an advanced position from which counterrotations can 

occur, allowing gaze to be stabilised during turns. Similar saccadic strategies are 

deployed by mice to stabilise gaze (Meyer et al., 2020; Michaiel et al., 2020). Whether 

larvae use conjugate saccades in a similar compensatory manner is not known, however 

they are used to recentre eye position during the optokinetic reflex (Huang and 

Neuhauss, 2008), but not horizontal vestibulo-ocular reflex, which is not fully 

developed in larvae (Bianco et al., 2012). 

The exploratory role of conjugate saccades is understood best from experiments on 

zebrafish larvae. Spontaneous conjugate saccades (Wolf et al., 2017) and swims (Dunn 

et al., 2016b) are biased to the left or the right, with direction fluctuating over slow (~10 

s) timescales. This left-right alternation produces slaloming swimming (and gaze) 

trajectories that are thought to be part of an efficient exploration strategy controlled by 
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intrinsically oscillating activity in the anterior rhombencephalic turning region (ARTR) 

(Ahrens et al., 2013; Dunn et al., 2016b). Conjugate saccades have not been studied in 

free-swimming larvae and as a result it is not known whether they play a more nuanced 

role in the animal’s exploration strategy by, for example, directing gaze towards a goal.  

Teleost conjugate saccades are thought to be controlled in a similar way to mammals, 

although the circuit components are not as well known. Motoneurons have the same 

pulse-glide-step rate code (Pastor et al., 1991). Recordings from Area I of the goldfish 

hindbrain has identified cells with bursting and eye position correlated firing rates, 

similar to neurons in PPRF and NPH respectively (Pastor et al., 1994). Inactivation of 

Area I produces similar post-saccadic eye position deficits to NPH lesions in mammals 

(Aksay et al., 2007) and is thought to have a similar role integrating eye velocity signals 

to produce an estimate of eye position. Functional calcium imaging experiments in 

larvae have identified hindbrain cells with activity correlated to eye position and 

velocity, which have been hypothesised as integrating and bursting neurons respectively 

(Brysch et al., 2019; Daie et al., 2015; Lee et al., 2015; Leyden et al., 2021; Miri et al., 

2011; Wolf et al., 2017). There has been some causative exploration of these cells. 

Optogenetic stimulation in the putative saccade burst generator neuron region in 

rhombomere 5 can elicit saccades (Wolf et al., 2017), while inhibition of caudal 

hindbrain has indicated that rhombomere 7/8 is an important component of the 

integration circuit (Miri et al., 2011). However, these interventions were relatively 

widespread and additional, more selective, interventions are necessary to identify all 

circuit components. 

Of the teleost saccadic apparatus, the eye velocity to position integrator (VPNI) circuit 

has received the most attention. Integration is a fundamental property of many neural 

circuits and is thought to underpin a variety of brain functions including working 

memory and evidence accumulation (Joshua and Lisberger, 2015). The experimental 

amenability of the teleost VPNI circuit has produced several advances in understanding 

how this wider neuronal function is achieved. For example, intracellular recordings and 

pharmacological interventions in Area I identified independent integrator activity in the 

hindbrain that is not sustained by mutual inhibition (Aksay et al., 2007) and imaging of 

activity in rhombomere 7/8 of the larval hindbrain identified time varying activity 

profiles that supported a simple circuit architecture with strong feedforward and weak 

feedback connectivity (Miri et al., 2011). Recent efforts have tried to identify the VPNI 

mechanism in more detail by using electron micrography to map the connections of 
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relevant hindbrain regions (Vishwanathan et al., 2020, 2017), identifying some 

consistency with models of neural integration (Seung, 1996). Together these studies 

highlight the power of teleost models to understand both the oculomotor system and 

wider neural function at high resolution. 

Like mammals and other vertebrates, major descending control of saccades is provided 

by the optic tectum. Saccade amplitude and direction is encoded along similar 

topographic axes to mammals (Herrero et al., 1998; Salas et al., 1997; Antinucci et al. in 

prep). Stimulation of goldfish tectum elicits progressively larger contraversive saccades 

from anterior to posterior locations (Herrero et al., 1998; Salas et al., 1997). In anterior 

tectum, encoding of saccades diverges from that of mammals somewhat. Stimulation of 

anterior medial tectum produces goal directed saccades to the contralateral side, made 

to stereotyped positions regardless of initial eye position (Salas et al., 1997). This 

contrasts with mammals, where posterior locations can yield these saccades (Salas et al., 

1997). In extreme anterior medial tectum convergent saccades are elicited (Herrero et 

al., 1998; Salas et al., 1997), which are associated with hunting behaviours (see Section 

1.6.2). Thus, tectum can also be considered as encoding movement along ethological 

axes as has been shown for lamprey (Saitoh et al., 2007), with posterior tectum 

controlling escape behaviours, requiring large orientation changes, while more anterior 

portions control approach behaviours, which are more likely to be goal directed 

(Herrero et al., 1998). How tectum outputs to oculomotor and locomotor circuits is not 

well understood. Axon bundles from projection neurons have been shown to have a 

retinotopic organisation in larvae (Helmbrecht et al., 2018). How this matches onto 

motor responses has yet to be established. 

Other brain regions also have a descending influence on saccade production. Best 

studied are the roles of the pretectum and anterior hindbrain. Stimulation of the 

anterior pretectal nucleus (APN) in larvae can elicit convergent saccades and hunting 

behaviours (Antinucci et al., 2019) and is discussed in the next section. Stimulation at 

the ARTR produces ipsiversive conjugate saccades (Wolf et al., 2017) and swims (Dunn 

et al., 2016b). The medial ARTR nucleus expresses glutamate and projects to ventral 

hindbrain where it could directly excite locomotor and oculomotor circuits (Dunn et al., 

2016b).  

Additional hindbrain and tegmental regions may also influence saccade production. 

Neurons in diverse hindbrain regions that ramp activity prior to saccade onset influence 



46 
 

how frequently animals make conjugate saccades (Ramirez and Aksay, 2021). 

Oculomotor related signals have been found in cerebellar Purkinje and granule cells 

(Knogler et al., 2019) and neurons anterior to the ARTR (Wolf et al., 2017) that are 

thought to integrate optic flow signals (Bahl and Engert, 2020; Dragomir et al., 2020), 

however their role (if any) in saccade production is not known. 

As with mammals, there may be several parallel and interconnected routes to activating 

saccade generating circuitry in larval zebrafish and teleosts more widely. Crucial to 

establishing how they operate is identifying the locus of saccade generating apparatus 

and characterising the firing rate profiles of neurons in the same detail as mammalian 

studies.  

1.6.2 Teleost vergence control 

 

Goldfish and zebrafish larvae selectively increase eye vergence by making convergent 

saccades (Bianco et al., 2011; Herrero et al., 1998; Salas et al., 1997). Convergent 

saccades are rapid disjunctive nasal eye rotations that allow fish and other animals 

(Wallman and Pettigrew, 1985) to direct vision to frontally directed positions from 

laterally directed positions. This enables a rapid switch from large anterior and posterior 

visual fields that have panoramic views useful for predator or prey detection, to smaller 

frontally directed visual fields useful for target approach and goal directed behaviours 

guided by binocular vision (Wallman and Pettigrew, 1985). These movements differ 

from mammalian saccadic vergence changes because they can be symmetric and do not 

have to be made to laterally or vertically displaced points.  

Convergent saccades form a crucial component of hunting behaviours in larval 

zebrafish. In response to prey-like visual stimuli larvae will perform convergent saccades 

(Bianco et al., 2011; Trivedi and Bollmann, 2013). These typically form part of 

coordinated visual orientations to prey and are made with specialised orienting turns 

called J-turns (Bianco et al., 2011; Marques et al., 2018; McElligott and O’Malley, 2005; 

Mearns et al., 2020). The convergent saccade increases the size of the frontal visual field 

and binocular overlap (~36% of visual space during hunting (Bianco et al., 2011)), and 

bring specialised regions of ventro-temporal retina (area temporalis) that have high 

densities of photoreceptors (especially UV sensitive cones) (Zimmermann et al., 2018) 

and retinal ganglion cells (Zhou et al., 2020) into closer alignment with prey 

(Yoshimatsu et al., 2020). Following this initial orientation larvae make successive 
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approach swims and turns while keeping the eyes converged until prey are in a 

stereotyped location in front and above the larva (Mearns et al., 2020; Patterson et al., 

2013), consistent with area temporalis alignment. Once aligned, larvae will attempt a 

capture strike or suction (Henriques et al., 2019; McElligott and O’Malley, 2005; Mearns 

et al., 2020), after which the eyes diverge signalling the end of the hunting epoch. 

Throughout hunts high eye vergence is maintained and small convergent saccades are 

performed to modulate eye vergence and position (Henriques et al., 2019). Thus, 

convergent saccades form part of coordinated visual orientations that allow larvae to 

gather sufficient visual information to approach and capture of their quarry.  

It is not fully understood how larvae modulate convergent saccades to aid prey capture. 

Eye vergence increases with prey proximity (Patterson et al., 2013), in keeping with 

binocular visualisation of targets. However, it is not clear whether this is achieved by 

saccades or smooth scaling of eye vergence. Larvae direct eye position towards prey 

targets (Trivedi and Bollmann, 2013), but there has been little investigation of how well 

oculomotor parameters scale with prey location and swims to produce coordinated 

orientations. There is evidence that larvae modulate swims with prey velocity, 

suggesting orientations are made to the predicted location of prey targets (Bolton et al., 

2019). However, it is not known whether larval convergent saccades are also modulated 

in a similar fashion, as is the case for archer fish, who direct torsional saccades to the 

predicted position of moving targets (Ben-Simon et al., 2012).   

Neural control of convergent saccades is poorly understood. Most is known about the 

control of hunting behaviours by the pretectum and optic tectum (the equivalent 

structure to superior colliculus in lower vertebrates).  

Neurons of the anterior pretectal nucleus (APN) are well poised to gate and coordinate 

hunting behaviour. APN contains neurons that are highly selective for convergent 

saccades (Antinucci et al., 2019). Many of these neurons scale activity with swim 

direction to the contralateral side, and stimulation of APN elicits convergent saccades 

and swims directed to the contralateral side, suggesting that APN directs as well as 

initiates hunting behaviour (Antinucci et al., 2019). Remarkably, stimulation of single 

APN neurons are sufficient to elicit coordinated hunting responses and have been 

termed command neurons (Antinucci et al., 2019). The anatomy of these command 

neurons is compatible with gating and directing hunting behaviour. These cells send 

dendrites into retinal ganglion cell arborisation field 7 (AF7) (Antinucci et al., 2019), 
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which receives input from the temporal retina (Robles et al., 2014) and are therefore 

well positioned to integrate visual information about prey targets. They also send long 

axonal projections to the contralateral hindbrain where they could feasibly elicit 

locomotor and oculomotor behaviours.  

The optic tectum is crucial to hunting behaviour (Gahtan et al., 2005) and thought to 

direct orientations to prey. Stimulation of the anterior-medial optic tectum can elicit 

contralaterally directed convergent saccades and swims (Fajardo et al., 2013; Antinucci 

et al. in prep). The optic tectum receives extensive visual input from the retina (Robles 

et al., 2014) and encodes the direction and size of prey-like visual stimuli through 

neurons with mixed selectivity preferences (Bianco and Engert, 2015). Tectal activity is 

highly dynamic. Assemblies of neural activity precede convergent saccade initiation 

(Bianco and Engert, 2015) and are predictive of responses to visual stimuli (Zylbertal 

and Bianco, 2022). Tectal neurons project widely throughout the hindbrain where they 

may directly affect locomotor and oculomotor circuits (Helmbrecht et al., 2018; Kunst 

et al., 2019). The anterior tectum is reciprocally connected to the APN (Antinucci et al. 

in prep), meaning both structures likely act in concert to gate and coordinate hunting 

behaviours. However, how either optic tectum and APN activate oculomotor circuits 

for convergent saccades is unknown. 

Activity in APN and optic tectum is thought to be modulated by the nucleus isthmi 

(Henriques et al., 2019), which has an evolutionarily conserved role in controlling visual 

attention (Gruberg et al., 2006). Cholinergic neurons of the nucleus isthmi project to 

the optic tectum and AF7 of the pretectum and their ablation increases the likelihood 

larvae abort hunts (Henriques et al., 2019). 
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How convergent saccades are controlled by pattern generating circuitry is unknown. 

Activity in discrete regions of the midbrain and hindbrain has been recorded from free 

swimming fish making convergent saccades (Marques et al., 2019) (Figure 1.8) that may 

overlap with areas active for conjugate saccades as well as brain regions controlling 

other aspects of hunting behaviour (locomotion, visual perception). However, the role 

of these neural populations in convergent saccade production has not been tested. 

Imaging studies have identified hindbrain neurons correlated with monocular nasal eye 

position (Brysch et al., 2019) and a small number of neurons selective for convergent 

saccades and eye vergence (Leyden et al., 2021). However, it is not clear whether these 

neurons contribute to convergent saccade production. Brysch et al. did not measure 

convergent saccades and Leyden et al. recorded a small number spontaneous 

convergent saccades made in the presence of wholefield motion stimuli designed to 

elicit the optokinetic reflex, not prey-like spot stimuli. Therefore, there is insufficient 

information to attribute populations from either study to convergent saccades typical of 

visual orientations to prey. 

In summary, convergent saccades are the main way larvae control eye vergence. They 

are deployed as part of coordinated orientations to prey. How they are controlled 

neuronally is largely unknown.  

 

Figure 1.8 Example saccade related activity in zebrafish larvae 

A. Activity correlated with eye position (red/blue) and velocity (yellow/green) for conjugate saccades, from 
tethered fish imaged using light sheet microscopy.  
B. Regions with high densities of neurons active at convergent saccade onset from free swimming fish imaged 
using HiLo microscopy. 
Attributions shown in panels. 
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1.7 Thesis Aims 
 

The wider question of this thesis is to understand how kinematically related but 

contextually distinct movements are executed. These movements allow unique 

interrogation of how sensorimotor transformations are made by motor hierarchies, 

since activity from divergent higher brain areas converges on similar activation profiles 

of motoneurons. By understanding how these movements are executed by pattern 

generating circuits (low-level controllers) it is possible to determine whether movement 

is encoded along kinematic dimensions shared between actions, or whether motor 

hierarchies retain information specific to behavioural contexts through to the activation 

of motoneurons. As discussed in section 1.1.3 of this Chapter the results of such an 

investigation allow deeper insight to how the encoding of diverse behaviours is 

organised and evolved.  

To compare the control of kinematically related but contextually distinct movements, at 

least two, ideally simple, movements must be studied. The convergent and conjugate 

saccades of larval zebrafish are such movements. Both involve rapid nasal rotations of 

at least one eye but serve different behavioural purposes. Convergent saccades subserve 

hunting behaviours, as outlined in section 1.6.2. While conjugate saccades are 

exploratory and compensatory, as outlined in section 1.6.1. The experimental 

advantages of the larval zebrafish for circuit mapping and extensive literature on 

saccadic eye movements of mammals, mean the pattern generating circuits controlling 

these movements can be investigated in detail. The aim of this thesis is therefore to 

compare the activity of pattern generating circuits controlling convergent and conjugate 

saccades and ascertain whether their activity can be explained by a shared kinematic 

encoding of movement. 

I attempt to achieve this in two main parts: 

First, I will establish how kinematically similar and contextually distinct convergent and 

conjugate saccades are. By comprehensively categorising the larval saccadic repertoire I 

define both eye movements. From these definitions I investigate their kinematic 

properties, the stimuli that evoke them and how they are they deployed in the context 

of swims to orient gaze. From these investigations I establish convergent and conjugate 
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saccades as model movements from which detailed investigation of their controlling 

circuitry can be conducted. This work will comprise Chapter 2. 

Second, I will compare the activity of saccade pattern generating circuitry and 

motoneurons for convergent and conjugate saccades. By imaging the activity of neurons 

in the larval hindbrain I identify populations that may control convergent and conjugate 

saccades. Through selective circuit interventions and neuronal tracing, I map out two 

key premotor populations controlling convergent and conjugate saccades. By assessing 

the activity profiles of motoneurons and premotor neurons in these regions in detail, I 

describe the degree to which convergent and conjugate saccades are executed by a 

shared kinematic encoding scheme or activity specific to each saccade type. This work 

will comprise Chapters 3 and 4.  
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Chapter 2  Characterising larval zebrafish saccades 
 

2.1 Introduction 
 

In this Chapter I aim to provide a comprehensive behavioural characterisation of 

convergent and conjugate saccades. This is done to define the two movements, 

establish how comparable these movements are kinematically, and describe the 

behavioural contexts of their deployment. The work outlined in this chapter will inform 

later work investigating the neuronal circuitry controlling both movements, by allowing 

me to make rough inferences about the underlying neuronal circuitry from behavioural 

observations.  

To conduct this analysis convergent and conjugate saccades must first be defined. A 

powerful and relatively unbiased way to do this is via unsupervised categorisation of 

behaviour (Anderson and Perona, 2014). This allows for movement ‘types’ to be 

defined in a data driven way without their features being specified by the experimenter, 

thus allowing categories to follow the natural distributions of movement statistics. 

These methods have been used successfully to characterise the swimming repertoire of 

larvae (Marques et al., 2018; Mearns et al., 2020), and will be used here to rationalise the 

larval saccadic repertoire into types. 

Once defined, I will then compare kinematic features of convergent and conjugate 

saccades and how they are deployed with swims to reorient gaze. This will encompass 

four types of analysis: 

First, I will assess how larvae modulate oculomotor with locomotor features during 

saccades to gain a better understanding of how they are used to make coordinated gaze 

reorientations. Little is known about how saccades and swims are coordinated by larvae. 

The aim is to identify any differences or similarities between how the eyes and tail are 

coordinated that may indicate how they are deployed to subserve exploratory and 

hunting behaviours, and whether there may be underlying differences in the circuitry 

coordinating eye and tail movements across types. 

Second, I will assess the relative timings of eye and tail movements for convergent and 

conjugate saccade types. The aim is to identify time limits for circuitry coordinating the 

eyes with one another and with the tail that can provide insight to how the circuitry 

coordinating these movements is organised. For example, the short (<50 ms) latencies 
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often observed between eye and head movements of mammals is thought to indicate 

control by shared descending commands (Freedman, 2008; Freedman et al., 1996). 

These timings can vary across different contexts (Bizzi et al., 1972; Corneil, 2011; 

Freedman, 2008; Scudder et al., 2002; Zangemeister and Stark, 1982) and have been 

associated with variations in descending commands (Freedman, 2008). By assessing the 

timings of larval eye and tail movements I hope to provide similar insight. 

Third, I will compare the kinematics of convergent and conjugate saccades in detail. 

Because of the highly regular pulse-glide-step saccadic motoneuron firing rate and 

regular resistance forces impinging upon the eye, kinematic trends can be mapped to 

motoneuron firing rates relatively reliably (Bahill et al., 1975; Bahill and Troost, 1979). 

Thus, decent predictions of the underlying motoneuron firing rates can be made from 

assessment of the kinematics of convergent and conjugate saccades, which can inform 

experiments investigating the circuit architectures underpinning the two saccade types. 

Fourth, I will investigate how convergent saccades are used by free swimming larvae to 

hunt live prey. These investigations will describe the contextual deployment of 

convergent saccades in detail, identifying their importance in visualising prey targets. 

This study aims to rationalise any circuit differences underpinning convergent and 

conjugate saccades within the behavioural context of hunting. Thus, helping to 

understand why pattern generating circuit architectures may differ.  

2.2 Results 
 

2.2.1 Saccade classification 

 

To investigate saccade deployment in a diverse range of contexts, I analysed recordings 

of eye positions from 152 tethered (Figure 2.1A) and 8 free swimming fish. 60 tethered 

fish were taken from experiments conducted by J.Y.N Lau for her thesis (Lau, 2019). 

Tethered fish were shown an array of visual and tactile stimuli. These included small 

moving spots to evoke fictive hunting routines and convergent saccades, and wholefield 

motion to elicit slow phase eye movements and conjugate saccades as part of the 

optokinetic reflex (Figure 2.1B&C). Free swimming fish were shown optomotor 

gratings to promote turns and were given live paramecia to hunt. Combined, these 

datasets allowed me to measure oculomotor responses in diverse sensory and 

naturalistic conditions.  
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Figure 2.1 Classifying larval zebrafish saccades 

A. Eye and tail tracking of tethered larvae. 
B. Stimuli shown to larvae. 
C. Example eye position traces for an experiment. Detected rapid eye movements and optokinetic 
wholefield motion stimuli shown. Clockwise eye movements are upwards. 
D. Example saccade (shown in grey in C) with key saccade metrics. 
E. Rapid eye movements (213,462 from 152 fish) in UMAP space and coloured by cluster identity. 
F. Histograms of eye velocity for the different clusters. 
G. Variation of metrics used in clustering across UMAP embedding space (see Methods 6.3 for 
definitions) 
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I defined saccade types using an unsupervised clustering approach on data from 

tethered animals. Rapid eye movements were automatically detected as peaks in the 

convolution of eye position with a step function (Figure 2.1C). For each rapid eye 

movement I extracted 9 metrics (Methods 6.3) that were derived from eye position and 

velocity estimates (Figure 2.1D). Saccades were defined on a subset of these data where 

eye movements did not initiate during swims to avoid possible artefacts from head yaw. 

These eye movements (N=213,462; 152 fish) were embedded into 2 dimensions by 

UMAP (McInnes et al., 2020) and clustered using DBSCAN (Ester et al., 1996). Rapid 

eye movements that initiated during swims (121,980 events) were assigned to the 

nearest cluster. There were 7 saccadic eye movement clusters (Figure 2.1E) and 1 cluster 

of slower non-saccadic eye movements (Figure 2.1F). The saccadic clusters followed 

enrichment patterns of kinematic features across UMAP space (Figure 2.1G) validating 

my embedding and clustering method.  

Rapid eye movements in free swimming fish (N = 7,726) were detected in the same 

way, embedded into the same UMAP space and matched to the nearest cluster from the 

tethered dataset. This was done to ensure that the same types were defined across free 

swimming and tethered fish, and because recordings of eye position from free 

swimming fish were relatively noisy and therefore excluded from clustering.  

Saccadic clusters were categorised into 5 types. The most common type were conjugate 

saccades (Conj; Figure 2.2A) comprising 2 clusters: conjugate saccades to the left and 

right (Figure 2.2B&C; LConj, RConj). These saccades resulted in sustained shifts in eye 

position (Figure 2.2B&C), with most saccades having relatively small amplitudes (Figure 

2.2D). Convergent saccades comprised two types: regular convergent saccades (Conv) 

and biphasic convergent saccades (BConvL and BConvR) (Bianco et al., 2011). Both 

resulted in high post-saccadic eye vergence and more extreme nasal eye positions than 

other saccades (Figure 2.2E). BConvs had a transient temporal eye rotation (Figure 

2.2C) making them appear as a composite between a convergent and conjugate saccade. 

Two further saccade types were identified. One was a small eye convergence that rapidly 

decayed post-saccade (ConvMini; Figure 2.2B) and occurred frequently across fish 

(Figure 2.2A). The other was rare divergent saccades (Div; Figure 2.2A&B). To 

summarise, the five saccade types included conjugate (Conj), regular convergent 

saccades (Conv), biphasic convergent (BConv), miniature convergent (ConvMini) and 

divergent (Div) saccades.  
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Figure 2.2 Saccade cluster properties 

A. Proportion of saccades in each cluster (152 tethered fish). 
B. Random 500 examples of saccades from each cluster (median in bold) 
C. Example individual saccades and tail movements from tethered and free-swimming fish 
D. Distribution of saccades by Δ eye position across all saccades (top left) and clusters, indicated by 
coloured squares. (152 tethered fish). 
E. Histograms of post-saccadic eye vergence (top) and post-saccadic nasal-temporal eye position 
(bottom) for saccadic clusters. Vergence = left eye position – right eye position. 
Clockwise movements are upwards in B&C. Positive values are clockwise in D. 
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The five saccade types had different enrichments during visual stimuli and free-

swimming contexts. Conjs were common across all visual stimuli (Figure 2.3A), but 

were enriched for optokinetic stimuli, optomotor gratings and dark flashes only (Figure 

2.3B). They were commonly made by free-swimming larvae in all contexts apart from 

 

Figure 2.3 Contextual deployment of saccade types 

A. Proportion of saccade types made in different tethered stimulus conditions. 
B. Enrichment of saccade types in stimulus conditions compared to when no stimulus was presented. 
P values <0.05  indicated. Mann-Whitney U test 
C. Proportion of saccade types made in different free-swimming hunting conditions (8 fish) 
D. Left: prey position for regular convergent saccades (Conv) and biphasic convergent saccades. 
Right: mean prey eccentricity for biphasic and regular convergent saccades. Mann-Whitney U. 
E. Probability of a swim occurring within 200 ms of a saccade for each saccade type in tethered (left) 
and free-swimming set ups (right). 
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hunting initiation (Figure 2.3C; see Methods 6.5.1 for free swimming context 

definitions). Convs were enriched during moving spot stimuli (Figure 2.3B), and they 

were the most common saccade used to initiate hunts (Figure 2.3C). BConvs were made 

in response to prey at lateral positions (Figure 2.3D). This may explain why they were 

not enriched for moving spot stimuli (Figure 2.3B), which typically elicit a convergent 

saccade at more central positions (Antinucci et al., 2019). ConvMinis were enriched for 

the same stimulus conditions as Conjs (Figure 2.3B) and were relatively common during 

and outside hunts (Figure 2.3C). Divs were enriched for all stimuli apart from moving 

spots (Figure 2.3B) and were common at the end of hunts (Figure 2.3C).  

All five saccade types were associated with swims. Saccades from both tethered and 

free-swimming fish had a coincident swim (within 200 ms of saccade onset) more than 

50% of the time on average (Figure 2.3E). For tethered larvae, swim co-occurrence 

appeared to vary more for Conj and Div saccades, compared to Conv, BConv and 

ConvMinis (Figure 2.3E). Saccades and swims were tightly coupled for free-swimming 

larvae (94.1±6.0% of saccades had swims; mean ± standard deviation unless otherwise 

stated) across all types (Figure 2.3E).  

Overall, my saccade classification procedure identified five kinematically distinct 

saccade types that were differentially enriched for visual stimuli and free-swimming 

contexts. Convergent saccades constituted two types regular (Conv) and biphasic 

(BConv) convergent saccades. 

2.2.2 Covariance of saccade and swim features 

 

Across types, saccade and swim laterality followed a similar pattern that explained how 

they were used to augment or counter swim induced gaze changes. This pattern of 

saccade and swim laterality could be explained by a simple trend: post-saccadic eye 

position matched swim and turn direction. This is best illustrated for conjugate 

saccades. Most conjugate saccades were made in the same direction as swims (Figure 

2.4A) augmenting swim induced gaze shifts. A substantial minority (33.4%±13.8%, 152 

tethered fish) were made in the opposite direction, counteracting swim induced gaze 

changes. Most often these counteracting saccades were small and of similar amplitude 

to orientation changes (Figure 2.4B) acting as stabilising movements. Some also 

countered swim induced gaze changes with diverse amplitudes (Figure 2.4B), which has 

the effect of flexibly recentring gaze. Saccades counteracting swim induced gaze shifts  
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Figure 2.4 Coordination of saccade and swim laterality 

A. Histogram of swim laterality for conjugate saccades to the left (LConj) and right (RConj). Median 
± inter-quartile range. 152 fish. 
B. Left: Sum of Δ eye position against Δ orientation for conjugate saccades from free swimming fish. 
Right: expanded from dashed box in Left. Dashed line is y = -x. 
C. Variation of swim laterality (top) and orientation change (bottom) with sum of post-saccadic eye 
positions and sum of Δ eye positions. 
D. Schematic of eye-tail coordination. 
E. Density of saccades in C. 
F-G. As in C for miniature convergent (F:top), divergent (F:bottom) and convergent saccades (G). 
H: Δ orientation against sum of post-saccadic eye position for conjugate saccades (top) and 
convergent saccades (bottom). 
Positive values indicate movement to the right. 
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occurred more often when post-saccadic eye position was in the opposite direction to 

swims (Figure 2.4C). This meant that rightward saccades that terminated in leftward 

positions were accompanied by leftward swims (Figure 2.4C), while rightward saccades 

that terminated in rightward positions were accompanied by rightward swims (Figure 

2.4C). Thus, stabilising or recentring saccades were made if saccade direction and post-

saccadic eye position were in conflict (Figure 2.4D), and saccades that enhanced gaze 

shifts were made if they were in agreement (Figure 2.4D). This trend was not absolute, 

with counteracting saccades frequently made to central post-saccadic eye positions the 

same laterality as swims (Figure 2.4E). However, it succinctly explains how larvae varied 

saccade and swim direction to subserve gaze shifting and stabilising behaviours. This 

pattern was conserved for other saccade types (Figure 2.4F), including convergent 

saccades (Figure 2.4G), which had a highly consistent relationship between post-

saccadic eye position and turn direction (Figure 2.4H). Thus, a similar saccade-swim 

direction rule explains how all saccades were co-deployed to flexibly control gaze.  

Saccades were not always paired with swims (Figure 2.3E) and larvae used saccades in 

isolation to shift gaze. For conjugate and convergent saccades the probability of an 

accompanying swim varied with saccade amplitude. This was most pronounced for 

conjugate saccades where probability declined for larger amplitude movements (Figure 

2.5A). This trend was mirrored by a decrease in swim vigour (Figure 2.5B) and an 

increase in latency between saccade and swim onset (Figure 2.5C), indicating a general 

reduction in swimming propensity with increasing saccade amplitude. Swim probability 

varied more subtly for convergent saccades with a slight decrease for small changes in 

eye vergence (Figure 2.5A). Conjugate saccades without swims were less common in 

free-swimming larvae but followed a similar pattern (Figure 2.5D). These saccade type 

differences may reflect their ethological functions, with large conjugate saccades 

enabling animals to maintain visual exploration without locomoting. Consistent with 

this, stationary conjugates could achieve comparable gaze shifts (sum of eye position 

and orientation changes) to saccades paired with swims (Figure 2.5E). 

In summary, a simple rule can explain coordination of saccade and swim laterality 

across convergent and conjugate types, whereby swim laterality varies with post-

saccadic eye position. This rule summarises how both saccade types can augment swim 

induced gaze changes and recentre/stabilise gaze. Variation in swimming propensity 

was more saccade type specific and may reflect differences in ethological roles. 
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2.2.3 Movement timings 

 

The timings of individual movements can provide information about the underlying 

neurobiology since it imposes temporal limits on circuitry that control and coordinate 

them. I therefore investigated the relative timings of eye and tail movements to identify 

possible variation in controlling circuitry across the saccade types. All measurements 

were taken relative to the first nasal eye movement (Figure 2.6A) to be consistent across 

convergent and conjugate saccades, which both share a nasal rotation. This was done 

 

Figure 2.5 Variation of swimming propensity with saccade amplitude 

A-C: median swim probability (A), swim vigour and (B) and swim laterality (C) across Δ eye positions 
for convergent and conjugate saccades. 152 tethered fish. 
D: as in A for conjugate saccades made by free-swimming larvae. 8 fish. 
E: histogram of gaze changes for conjugate saccades with and without swims. 
Positive values indicate movement to the right. 
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for 58 tethered fish whose eye positions were tracked at 300 Hz to get high precision 

estimates of movement onset timings.  

The latency between saccade and swim onset was consistent with coordinated gaze 

reorientations of other vertebrates. On average the tail lagged the eye for both 

convergent and conjugate saccades at a short (<25 ms) latency (Figure 2.6B), similar to 

eye-head movements observed in mammalian models (see Chapter 1.4). Thus, 

indicating initiation by shared descending commands as is the case for mammals. The 

eye-tail latencies differed between the saccade types, with the greatest time lag for 

convergent, followed by biphasic convergent and conjugate saccades (Figure 2.6B), 

suggesting some variation in circuitry coordinating eye and tail movements between 

types.  

 

Figure 2.6 Eye and tail movement timings differ across saccade types 

A. Illustration of how different latency calculations were made for a right conjugate saccade and a 
biphasic convergent saccade 
B. Left: histograms (median ± inter-quartile range) of latency measurements for conjugate, regular 
convergent and biphasic convergent saccades. Middle and right: median eye-tail latencies and inter-
eye latencies for saccade types. Stats: Kruskal-Wallis with Dunn-Sidak post-hoc. 58 fish. 
Positive values indicate a movement lags nasal rotation onset. 
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The intermediate eye-tail latency of biphasic convergent saccades suggested that they 

may have properties consistent with both regular convergent and conjugate saccades. I 

investigated this further by assessing the relative timings of individual eye movements 

(Figure 2.6A). The latency between the first nasal eye movement and temporal eye 

movement was equivalent for biphasic convergent and conjugates (Figure 2.6B), 

indicative of similar controlling circuitry. The latency between nasal eye movements was 

longer for biphasic than regular convergent saccades (Figure 2.6B). This is perhaps 

unsurprising since one eye must reverse direction for biphasic saccades, therefore 

imposing an inherent delay. Given this, a considerable proportion of nasal-nasal 

latencies for regular convergent saccades (44.9±3.2% mean ± standard error, 58 fish) 

overlapped with the distribution of nasal-nasal latencies of biphasic saccades measured 

between the 5th and 95th percentiles, indicating that similar circuits may coordinate nasal 

eye movements across convergent saccade types. Taken together, the relative timing of 

eye movements for biphasic convergent saccades is compatible with controlling 

circuitry that has properties associated with convergent and conjugate saccades.    

2.2.4 Intrinsic differences in kinematics between convergent and conjugate 

saccades 

 

I further inferred properties of the underlying circuitry by investigating the kinematics 

of saccades in detail. Because of the regular motoneuron rate code controlling saccades 

and predictable resistance forces on the eye, there is a good correspondence between 

motoneuron firing rate and saccade kinematics (Bahill and Troost, 1979). The pulse 

component of the saccadic rate code is correlated with eye velocity and the step eye 

position. I therefore assessed how eye position and velocity varied for different 

amplitudes to identify any differences that could result from variation in motoneuron 

firing rate. 

Convergent and conjugate saccade kinematics diverged in a manner consistent with 

variation in the motoneuron pulse. As saccade amplitude increased conjugates became 

more hypometric relative to convergent saccades (Figure 2.7A), taking longer to reach 

their final positions, with lower peak velocities (Figure 2.7B&C) that decayed more 

slowly (Figure 2.7B&D). These differences are consistent with the motoneuron pulse 

saturating for larger amplitude conjugate saccades and continuing to scale for 

convergent saccades.  
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Figure 2.7 Velocity main sequence differs for convergent and conjugate saccades 

A-B. Median (± inter-quartile range) eye position (A) and velocity (B) of increasing convergent and 
conjugate saccade amplitude.  
C. Median (± inter-quartile range) eye velocity at different Δ eye positions for convergent and 
conjugate saccades. 

D. Variation of velocity decay time constant (τ off) with saccade amplitude for convergent and 

conjugate saccades. Median ± inter-quartile range. Linear regression fits shown Stats: ANCOVA.  
E. Example velocity main sequence plots for convergent and conjugate saccades from one fish. 
F-G. Median slope (F) and R2 (G) of velocity main sequence fits. Stats: Kruskal-Wallis with Dunn-
Sidak post-hoc 
Data from 58 tethered larvae 
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To assess this effect in more detail, I examined the velocity main sequence relationships 

of the two saccade types. The velocity main sequence is an approximately linear 

relationship between change in eye position and peak eye velocity that often saturates as 

saccade amplitude increases (Bahill et al., 1975). Consistent with my results above, I 

found that conjugate saccades had good linear fits with high slopes for smaller saccades 

(<15o Δ eye position), that transitioned to poorer fits with lower slopes for larger eye 

movements (Figure 2.7E; >15o Δ eye position). By contrast, highly regular linear fits 

were maintained across the full range of convergent saccades (Figure 2.7E). This 

relationship was consistent across fish (Figure 2.7F&G), highlighting an intrinsic 

difference between how convergent and conjugate saccades were made.  

 

 

Figure 2.8 Velocity main sequence for biphasic convergent saccades is similar to regular 
convergent saccades 

A. Schematic of component movements of biphasic convergent saccades (left) and example biphasic 
convergent saccade (right). 
B. Velocity main sequence fits for biphasic and regular convergent saccades from a single fish. 
C-D. Slope (C) and R2 (D) for biphasic and regular convergent saccades across 58 tethered fish. 
Median ± interquartile ranges are shown in black. Stats: Kruskal-Wallis with Dunn-Sidak post-hoc. 
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The velocity main sequence relationships for biphasic convergent saccades indicated 

they were made by motoneuron activity typical of both regular convergent and 

conjugate saccades. Biphasic eye movements were split into three components, 1st nasal 

(non-reversing eye) and 2nd nasal (reversing eye) and temporal eye movements (Figure 

2.7A). 1st and 2nd nasal eye movements had good linear fits across the range of saccade 

amplitudes (Figure 2.7B). Across fish, the slopes of 1st and 2nd nasal eye movements 

were similar to regular convergent saccades. The 1st nasal movement had an equivalent 

slope, whilst the 2nd nasal movement had a slightly lower slope (Figure 2.7C), which 

may be expected given the eye reversed direction. The temporal rotation had a very high 

slope (Figure 2.7C) and excellent fit quality (Figure 2.7D) consistent with transient, high 

frequency, motoneuron spiking. Taken together, the main sequence relationships 

suggest biphasic convergent saccades are made by the same activity governing regular 

convergent saccades overlayed with a transient and intense conjugate command.  

2.2.5 Convergent saccades improve precision and gain of visual orientations to 

prey 

 

The consistent kinematic properties of convergent saccades suggest they could be 

reliably scaled to aid positioning of prey on the retina. To investigate this further, I 

decomposed orientations of free-swimming larvae to prey into their component parts to 

understand how they contributed to the overall gaze shift. These were: Δ yaw, Δ 

translation and Δ Conv (Figure 2.8A). Δ yaw was the rotational change in body 

orientation of the larva. Δ translation was the translational change in prey angle relative 

to the bodyline at the centre of the head. Δ Conv was the shift in the estimated nearest 

point of binocular overlap. 

Larvae scaled all three transformations with prey angle (Figure 2.8B-D), with most 

having good linear fits (Figure 2.8E). To understand how each transformation 

contributed to the reorientation, I sequentially summed the transformations and made 

linear fits to pre-saccadic prey angle (Figure 2.8F). With each successive addition the 

slope (gain) of the combined transformation increased (Figure 2.8G), to 0.89±0.06 (6 

fish, mean ± standard error) for the full transformation. The addition of Δ Conv 

consistently increased the gain (Figure 2.8G) and R2 of fits (Figure 2.8H), compared to 

adding symmetric eye vergence of 65o (mean post-saccadic vergence: 64.5o ± 1.4o, ± 

standard error, 6 fish). This improvement was mainly made for body orientations that 

undershot targets, with saccades made in the same direction as Δ yaw improving target  
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Figure 2.9 Convergent saccades improve the gain and precision of visual orientations to prey 

A. Schematic of orientation components 
B-D. Linear fits of Δ yaw (B), Δ translation (C) and Δ conv (D) against pre-saccadic prey angle for an 
example fish. 
E. Slope and R2 of linear fits for component movements, example in B-D shown in bold. 
F. Combined orientation components against pre-saccadic prey angle from example fish. Arrows 
indicate difference between Δ yaw and the sum of all orientation components. 
G. Left: slope of linear fits to sum of orientation components. Right: change in slope for successive 
linear fits running from left to right.  
H. As in G for R2. 
I&J. Estimated nasal-temporal position of prey items on the retinas of larvae pre (I) and post (J) 
convergent saccades.  
K. Comparison of prey in the estimated binocular zone for orientations with 65o symmertric eye 
vergence versus observed saccades. Stats: Mann-Whitney U. 
Data from 239 orientations, from 6 fish. 
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positioning by 2.2o (p=0.011, signed rank test) whilst saccades made in the opposite 

direction (26.1 ±12.4% of convergent saccades, 6 fish) made a small but not significant 

improvement (0.8o, p=0.054). Together these results indicate that convergent saccades 

were flexibly scaled to improve both the gain and the precision of visual orientations to 

prey. 

To understand how this may impact target visualisation, I estimated prey position on 

the retina pre and post coordinated orientations. Before orientations, prey were 

positioned widely across the retina with some bias to more temporal locations (Figure 

2.8I). Post reorientation prey were positioned in a stereotyped area of temporal retina 

(Figure 2.8J), with most prey visualised binocularly (Figure 2.8J). Observed convergent 

saccades resulted in more prey visualised binocularly compared to 65o symmetric 

vergence (Figure 3.6K), showing that modulating convergent saccade laterality 

significantly improved prey positioning on the retina.  

Combined, these results highlight the close coordination between convergent saccades 

and swims, and the capacity of larvae to vary eye position to visualise prey targets. This 

nuanced role for convergent saccades may demand certain circuit specialisations to 

ensure consistent motor output, as evidenced by kinematic differences with conjugate 

saccades. 

2.3 Discussion 
 

2.3.1 Saccade types 

 

I classified the saccadic repertoire of larval zebrafish using an unsupervised clustering 

procedure. This identified 5 types that had differential enrichment for visual stimuli 

consistent with deployment in distinct behavioural contexts. The two convergent 

saccade types (regular and biphasic convergent saccades), were made in response to live 

paramecia prey targets as part of hunting routines. Regular convergent saccades were 

enriched for moving spot stimuli as previously shown (Bianco et al., 2011; Trivedi and 

Bollmann, 2013). Combined this verifies the hunting specific role of convergent 

saccades. Similarly, conjugate saccades were made with high frequency spontaneously in 

both tethered and free swimming settings, consistent with their role in visual 

exploration. They were also enriched for optokinetic and optomotor wholefield motion 

stimuli, in keeping with a compensatory role of recentring eye position during the 
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optokinetic (Huang and Neuhauss, 2008) and optomotor reflexes. Together, the suite of 

stimuli and free-swimming contexts in which convergent and conjugate saccade clusters 

were elicited, support them being contextually distinct movements, as outlined in the 

Introduction (1.6.1 & 1.6.2).  

In addition to convergent and conjugate saccades, I also identified miniature convergent 

saccades and divergent saccade types. These movements have been relatively poorly 

studied. Divergent saccades have been associated with stimulation of the posterior 

tectum in lamprey (Saitoh et al., 2007) and larva (Antinucci et al. in prep), which elicits 

escape like behaviours in teleosts (Helmbrecht et al., 2018; Herrero et al., 1998). 

Consistent with this, divergent saccades were enriched for looming stimuli, which elicit 

escapes and activity in posterior tectum (Dunn et al., 2016a). Divergent saccades were 

also commonly made at the end of hunts to diverge the eyes. This suggests that there 

are at least two distinct roles for these movements: to shift eye position to the rear to 

identify approaching predators and to shift the eyes to more central positions following 

hunts. The temporal eye movements of divergent saccades could make a good 

comparison to temporal eye movements of conjugate saccades, since they encompassed 

a similar range of saccade amplitudes. However, divergent saccades were quite rare in 

tethered animals, making their control relatively difficult to study in functional imaging 

experiments.  

To my knowledge miniature convergent saccades have not been described before. 

These were commonly made spontaneously and were enriched for similar stimuli to 

conjugate saccades, indicating a similar compensatory and exploratory role in 

controlling gaze to conjugate saccades. As a compensatory movement, small eye 

convergences may help visualise approaching or translating objects during forward 

swims. This may be similar to convergent eye movements made by frogs during forward 

locomotion. In frogs these are elicited by a combination of efference copy from the 

spinal cord timed to bilateral leg extensor muscle contraction (Uckermann et al., 2016, 

2013) and input from the vestibulo-ocular reflex (Rohregger and Dieringer, 2002). I 

observed miniature convergent saccades in tethered larvae suggesting that they could be 

made by efference copy signals or sensory feedback, rather than vestibular inputs which 

are likely to be minimal. Consistent with this, miniature convergent saccades occurred 

almost exclusively with swims and were accompanied by a rapid decay in eye position, 

indicating that neural integrator circuits were not engaged as would be expected for 

conventional saccades. Further work is required to ascertain the origin and role of 
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miniature convergent saccades, however based on their contextual deployment and 

kinematics it is clear that they are distinct from hunting related convergent saccades. 

2.3.2 Saccade classification procedure 

 

Using unsupervised clustering methods to classify biological data is common (Greener 

et al., 2022). It is worth noting here briefly the advantages and disadvantages of these 

methods and what impact they have on my own saccade classification. 

Unsupervised clustering methods, by definition, classify data into types without 

specifying the properties that define the types. This allows experimenters to rationalise 

complex datasets into groups that may be biologically relevant and identify associations 

that may not be obvious from inspecting the data. For my data, the clustering method 

successfully fulfilled both these advantages. It identified miniature convergent saccades, 

which were not an obvious type from manual inspection of the data, and it identified 

types that had biologically relevant stimulus enrichments (see Section 2.3.1). 

There are multiple drawbacks to using unsupervised clustering. These are that the 

methods impose types onto data that may be inherently continuous, types may under or 

overcomplicate interpretation of data by being too large or small, it is difficult to verify 

whether clusters are ‘good’ or ‘poor’ descriptions of the data and clustering methods are 

often sensitive to the hyperparameters used. Overall, this can mean that unsupervised 

clustering leads to an unrepresentative and subjective description of data.  

For my data the distinct kinematic features of saccade types and their unique contextual 

enrichments verifies the use of clustering. However, general criticisms of unsupervised 

clustering are valid to my data. As with any method that imposes borders on data, edge 

cases will be present and suggest some continuous variation between types. This is 

perhaps most relevant for smaller amplitude movements, where small changes in eye 

position may make a saccade appear more conjugate, convergent or divergent. Similarly, 

there is likely to be a continuous gradation between biphasic and regular convergent 

saccades. Within types it is possible that there could be biologically relevant 

subdivisions. The strongest case for this is between large and small conjugate saccades. 

Large conjugate saccades were typically made without swims and could therefore be 

classified as being made in a different context. Throughout this Chapter I have assessed 

how multiple kinematic properties covary, allowing for continuous variations of features 

to be assessed for each type. However, future investigations may identify behavioural 
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contexts or neural activity patterns that justify further subdivisions or merging of 

saccade types.  

2.3.2 Saccade swim coordination 

 

Coordination of eye-tail laterality across all saccade types followed a similar and striking 

pattern. Swim direction was modulated with post-saccadic eye position rather than 

saccade direction. This result complements findings from a previous study, which found 

that swims induced by stimulation of the anterior tectum were biased towards the 

orientation of eye positions prior to stimulation (Helmbrecht et al., 2018). Helmbrecht 

et al. suggest that this is evidence that the zebrafish motor map in tectum steers animals 

according to eye-centric coordinates. Biasing swims towards the direction of post-

saccadic eye position is somewhat consistent with this view, however further work is 

required to assess whether the patterns of eye-swim coordination I observed are due to 

the same neural mechanisms underpinning their results. 

A behavioural explanation for the saccade-swim coordination pattern I observed is that 

saccades that countered swim induced gaze changes were mostly centripetal (moved the 

eyes towards central positions), whilst saccades that enhanced gaze changes were mainly 

centrifugal (moving eyes away from central positions) or laterality switching. This 

pattern could represent two distinct ways in which saccades are used by larvae: to 

stabilise gaze whilst maintaining an approximately central eye position or change point 

of view.  

Across other vertebrates, using saccades to change point of view is common and well 

described (Land, 2015), however deployment to stabilise gaze is relatively rare. This is 

because gaze is typically stabilised against head movements by the vestibulo-ocular and 

optokinetic reflexes rather than saccades. For larvae these reflexes are inadequate for 

stabilising gaze during swims because body orientation changes are fast (>1000 os-1 for 

routine turns (Marques et al., 2018)) and unlikely to drive either reflex strongly enough: 

optokinetic gain is ~0.5  for gratings moving at 50 os-1 (Huang and Neuhauss, 2008) and 

the horizontal vestibular-ocular reflex is not functional at physiological accelerations for 

6-7 day old larvae (Bianco et al., 2012). Therefore, appropriately sized saccadic eye 

movements in the opposite direction to swims may the best means of stabilising eye 

position against shifts in head position during swims. This may be why saccades made 
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in the opposite direction to orientation changes in free swimming larvae were typically 

of similar amplitude to orientation changes.  

Not all saccades made in the opposite direction to turns were similar amplitude to 

orientation changes. These may represent more flexible associations between eye and 

tail that can be used to modulate gaze during goal directed behaviours. I found a small 

but not significant improvement in the gain of orientations to prey when convergent 

saccades were made in the opposite direction to swims. This suggests that they might 

compensate for overshoots in body orientations to targets. These were relatively rare 

occurrences, and it is possible that a larger sample size may reveal a significant effect. 

Alternatively, saccades made in the opposite direction to swims may represent inherent 

stochasticity by which eye and tail movements are coordinated in larvae. Further 

investigation is required to determine how larvae deploy saccades in these contexts.  

Whilst there was a similar pattern coordinating the laterality of swims and saccades 

across the different saccade types, the modulation of swim occurrence with saccade 

amplitudes differed between convergent and conjugate saccades. The probability of a 

coincident swim declined markedly for larger conjugate saccades, whilst the probability 

varied subtly with change in eye vergence for convergent saccades. This highlights 

potential differences in the contextual deployment of the two saccade types. Large 

amplitude conjugate saccades allow larvae to make sizable shifts in the direction of gaze 

without swimming. This may enable larvae to continue to visually explore their 

environment when swims are energetically costly or ineffective. Consistent with this, 

conjugate saccades without swims were more common in tethered than free swimming 

larvae, and fish that ‘give up’ swimming to optomotor gratings will alternate activity 

between left and right abducens nucleus (Mu et al., 2019), in keeping with large 

scanning conjugate saccades that maintain visual exploration when swimming is 

ineffective. Further research is required to test the validity of this hypothesis. 

Nevertheless, the pattern of saccade-swim co-occurrence further highlights contextual 

differences in how convergent and conjugate saccades are made. 

2.3.3 Orientations to prey 

 

The deployment of convergent saccades to prey shared features with visual 

reorientations of foveate mammals. Foveate mammals like primates direct high acuity 

areas of the retina at targets with saccade-head turn combinations (Land, 2015). Larvae 
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have fovea-like specialised regions of their ventro-temporal retinas with high densities 

of photoreceptors (Zimmermann et al., 2018) (especially UV sensitive cones) and retinal 

ganglion cells (Zhou et al., 2020). I found that convergent saccades improved the 

alignment of prey onto a similar region of temporal retina by increasing the gain and 

reducing the variability of orientations to prey. This result is in agreement with previous 

reports of temporal retina positioning prior to capture attempts (Bianco et al., 2011; 

Mearns et al., 2020; Patterson et al., 2013) and targeting eye movements of adult teleosts 

with similar retinal specialisations (Ben-Simon et al., 2012). By contrast, afoveate mice 

do not make targeted eye movements during hunting (Michaiel et al., 2020) and other 

target directed behaviours (Meyer et al., 2020), although they may direct saccades to 

tactile stimuli when head fixed (Zahler et al., 2021) and have some retinal specialisations 

important for hunting (Johnson et al., 2021). Instead, mice keep the eyes in a 

stereotyped position as they approach prey items (Michaiel et al., 2020). Larval 

orientations to targets were not equivalent to foveate model animals. The larval area 

temporalis spans far larger visual angles (30o-60o diameter in azimuth (Dehmelt et al., 

2021)) than the foveas of primates (1o in humans (Land, 2015)) and area centralis of cats 

(4-5o diameter (Pasternak et al., 1983)). As a result, visual orientations do not need to be 

as precise to align targets on the retina. Nevertheless, the conserved role of the optic 

tectum (superior colliculus) in controlling orienting behaviours, experimental tractability 

and dynamic scaling of convergent saccades, may make larval zebrafish a better 

comparative model to foveate mammals than mice, and hence to understand how 

coordinated orientations to targets are made.  

2.3.4 Circuit inferences 

 

By assessing the kinematics and timings of movements in detail it was possible to infer 

properties of the controlling circuitry. Differences between the timings of eye and tail 

movements provided limited but useful insight. The short delay between eye and tail 

movement onset strongly indicated that saccades and swims were initiated by the same 

descending command, as is the case for mammalian saccades evoked by superior 

colliculus (optic tectum)  (Freedman et al., 1996). The differences in timings between 

convergent and conjugate saccades could have many sources, which may include 

variation in circuitry that coordinate or execute movements. Hunting specialised J-turns 

that often accompany convergent saccades result in selective contraction at the tip of 

the tail (McElligott and O’Malley, 2005) and may be produced by a quite different 
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motor pattern to exploratory turns accompanying conjugate saccades (Lau, 2019). 

Further work identifying the neural basis of the component movements and descending 

control is required to isolate the sources of delay. This work could be relatively 

manageable given that descending input to the spinal cord is controlled by relatively few 

(~300) reticulospinal neurons (Kimmel et al., 1982; Lau, 2019) and stereotyped 

projections from the pretectum (Antinucci et al., 2019) and tectum (Helmbrecht et al., 

2018; Kunst et al., 2019) to potential locomotor or oculomotor controlling centres have 

been identified. The pretectal input may be of particular use since stimulation of single 

neurons can elicit convergent saccades and associated swims (Antinucci et al., 2019). 

Understanding what the post-synaptic partners are to these descending populations is 

the first step to addressing the neural basis of these timing differences.  

Circuit inferences from saccade kinematics were more constrained and precise. The 

uniquely regular eye position to velocity relationship for convergent saccades was 

consistent with a pulse component of the pulse-glide-step saccadic firing rate that scaled 

consistently with saccade amplitude (Bahill and Troost, 1979). This compares to 

conjugate saccades that had more varied profiles, suggesting more variable pulse sizes or 

motoneuron recruitment patterns. The more extreme nasal eye positions accessed by 

convergent saccades, also indicate that more motoneurons may be recruited with higher 

firing rates for some convergent saccades. 

What upstream circuitry may give rise to these kinematics is more difficult to infer. The 

properties of biphasic convergent saccades may provide some insight. Biphasic 

convergent saccades had kinematic properties and movement timings shared with both 

regular convergent and conjugate saccades. This suggests that the nasal eye movements 

of convergent saccades are made by circuitry that is largely shared with conjugate 

saccades. It also suggests that selective recruitment of this circuitry is leaky, leading to 

transient temporal eye movements. Together, this indicates that convergent saccades are 

primarily made by a specialised input to shared, saccade pattern generating circuitry, 

which implies that nasal eye movements are encoded primarily along kinematic lines. 

These inferences are summarised in a circuit logic outlined in Figure 2.10 for a 

convergent saccade directed to the right. Under this logic, nasal eye movements of 

convergent saccades are primarily made by recruitment of nasal controlling circuitry 

shared with conjugate saccades (blue and pink boxes). This recruitment is leaky and may 

also activate circuits controlling temporal eye movements leading to biphasic 
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convergent saccades (pink dashed line). Additional populations that have activity 

specialised to convergent saccades (electric blue) may also be recruited to enhance nasal 

rotations or coordinate nasal movements of both eyes. However, their role in 

determining saccade kinematics is relatively minor.  

In Chapters 3 and 4 I will investigate the circuitry controlling saccadic nasal eye 

movements in detail and see whether such a circuit logic is borne out.  

 

  

 

Figure 2.10 Putative convergent saccade mechanism 

Left: Right conjugate saccade made by input to rightward nasal and temporal controlling circuits 

(pink box). Right: Convergent saccade directed to the right made by selective input to rightward 

(pink) and leftward (blue) nasal controlling circuits shared with conjugate saccades. There is leaky 

recruitment of rightward temporal controlling circuits, which can lead to biphasic convergent 

saccades (pink dashed arrow). Convergent saccade specific neural populations (electric blue) may also 

contribute to augment nasal eye rotations and help coordinate movements across both eyes. 
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Chapter 3 Identification and characterisation of oculomotor 

tuned neurons in larval zebrafish midbrain and hindbrain 
 

3.1 Introduction 
 

In the previous Chapter I identified kinematic features of convergent and conjugate 

saccades that indicate how they may be controlled neuronally. Convergent saccades 

differed kinematically from conjugate saccades suggesting that they were not made by 

identical motoneuron activation patterns. These divergent patterns could be produced 

by circuitry that encodes movement according to saccade kinematics or by circuitry with 

activity specialised to saccade type. To identify the degree to which encoding scheme 

best describes the control of saccadic nasal eye rotations, it is necessary to investigate 

circuit activity.  

As outlined in the Introduction, the circuitry controlling convergent saccades is largely 

unknown. In this Chapter I will outline how I used functional calcium imaging, 

encoding models and detailed assessment of neural activity to identify and characterise 

oculomotor tuned neurons in the midbrain and hindbrain that could form part of the 

pattern generating circuit architecture for convergent and conjugate saccades. This work 

will guide detailed investigation of the circuit architectures controlling saccadic nasal eye 

movements outlined in Chapter 4. It will also provide an overview of how oculomotor 

variables and saccade type are encoded in the zebrafish brain more generally.  

3.2 Results 
 

3.2.1 Experimental design 

 

To investigate which neural populations control saccadic eye movements, I imaged the 

midbrain and hindbrain of tethered larvae using 2-photon microscopy whilst they 

moved their eyes and tails (Figure 3.1A). Larvae were shown moving spot stimuli to 

promote convergent saccades and hunting routines, and wholefield motion stimuli to 

evoke slow phase eye movements and conjugate saccades as part of the optokinetic 

reflex (Figure 3.1B). Larvae expressed nuclear localised calcium indicator GCaMP6s pan 

neuronally (elavl3:H2B-GCaMP6s) to allow for unbiased survey of neural populations, 
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easy image segmentation and fluorescence timeseries extraction (Figure 3.1C). I 

conducted the experiment on 76 fish, recording from 1,124,129 ROIs.  

 

3.2.2 Identification of oculomotor tuned cells 

 

ROIs tuned to saccades and other oculomotor variables were identified using a two-step 

analysis process (Figure 3.2A).  

First, I identified cells that were active during convergent and conjugate saccades. This 

was done by calculating three sensitivity scores (d’) for each ROI: one for each of 

convergent and conjugate saccades to the left and right (Figure 3.2A&B). These were 

then compared to a null distribution of d’ scores for each ROI, calculated by shuffling 

the onset times of saccades 1000-fold. ROIs with any of the three scores above the 95th 

percentile were selected for further analysis (516,736 ROIs; per fish 46.2±6.7%, mean ± 

standard deviation unless otherwise stated).  

Second, to identify ROIs that were best explained by oculomotor variables I performed 

a multinomial regression analysis step on saccade active ROIs. This was done because it 

 

Figure 3.1 Functional calcium imaging experiment 

A. Two-photon imaging and behaviour tracking.  
B. Visual stimuli (top), example behavioural responses (bottom). Rightwards movements are up. 
C. Zebrafish brain browser (ZBB) reference brain (Marquart et al. 2015) volume indicating selected 
anatomical masks (coloured shading) and total extent of imaged volumes (left), example imaging 
plane (middle), fluorescence timeseries from ROIs in example plane aligned to stimuli and behaviour 
(right). Positive values are rightwards 
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was likely that a large proportion of saccade active ROIs were better correlated with 

variables that often coincided with saccades (e.g. swimming, visual stimuli) rather than 

oculomotor variables. Briefly, using ridge regression fluorescence timeseries were 

predicted for each ROI from an array of oculomotor, locomotor and stimulus 

predictors convolved with a calcium response function (Figure 3.2C; Methods). For 

ROIs that I could predict at least 5% of fluorescence variation (cross validated R2 > 

0.05), the contribution of each predictor to the regression model was tested by circularly 

permuting the predictor in time and measuring the percentage change in cross validated 

R2 relative to the full model (Δ cvR2) (Figure 3.2C) (Musall et al., 2019). Predictors that 

provide a unique contribution to the model give a negative Δ cvR2. Increases of Δ cvR2 

represent random improvements in fit quality caused by permuting the predictor and 

can approximate a null distribution for each predictor when sign inverted and pooled 

over ROIs. Saccade active ROIs were classified as oculomotor tuned if they fulfilled 

three criteria: i) at least one oculomotor predictor had a Δ cvR2 more negative than the 

95th percentile of the null ii) an oculomotor predictor had the most negative Δ cvR2 

 

Figure 3.2 Pipeline for identifying oculomotor tuned ROIs 

A. Pipeline overview. 
B. ROIs active for a given saccade type were determined by calculating sensitivity scores (d’) for each 
saccade type. d’ values were compared to a null distribution calculated from shuffled saccade onset 
times. 
C. Oculomotor tuning was assessed for ROIs that were active for at least one saccade type. This was 
done by predicting continuous variation in fluorescence using ridge regression on behavioural and 
stimulus predictors. The unique contribution of each regressor to fluorescence predictions was 
determined by circularly permuting each regressor in time and calculating changes in cross validated 

R2 (ΔcvR2). This leaves a vector of ΔcvR2 for each ROI. ROIs with ΔcvR2 values that fulfilled three 
criteria (upper right) were assessed as ‘oculomotor tuned’. These ROIs were then assigned a saccade 
tuning preference (Conv, LConj, RConj, Both) from d’ analysis in B. 
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compared to all other predictors iii) Δ cvR2 for motion error predictors were less 

negative than the 95th percentile of the null distribution, to ensure ROIs did not have 

large motion artefacts.  

After these two selection steps, 44,332 ROIs (3.8±1.3% of ROIs per fish) were classed 

as ‘oculomotor tuned’. Saccade preference was assigned to these ROIs from the initial 

d’ analysis step. ROIs with d’ values above the 95th percentile for one saccade type were 

classed as convergent (Conv; 22.8±12.2% per fish of oculomotor tuned ROIs) or 

conjugate (LConj; 22.8±9.8%; RConj; 22.1±8.1%) preferring (Figure 3.3). While ROIs 

with d’ values above the 95th percentile for convergent and conjugate saccades were 

classed as active for both movements (Both; 23.9±10.9%). A relatively small proportion 

of ROIs were active for both left and right conjugate saccades (8.4±5.1%).  

3.2.3 Distribution of oculomotor tuned ROIs 

 

All 76 fish were registered onto a common brain atlas (ZBB) (Marquart et al., 2015). 

When plotted onto this coordinate space, Conv, Conj and Both tuned groups were 

enriched in discrete regions in the midbrain and hindbrain (Figure 3.4). These regions 

included known or hypothesised oculomotor controlling regions (white), known 

hunting controlling regions (green) and some regions that have been poorly described 

(red).  

The known or hypothesised oculomotor controlling regions included: 

Oculomotor nucleus: Oculomotor nucleus contains the majority of the extra-ocular 

motoneurons, including medial rectus motoneurons, which control nasal eye 

movements (Figure 1.2) . Oculomotor nucleus contained ROIs from Conv, Conj and 

Both groups (Figure 3.4, 180-200 µm depth ZBB coordinates). The position of ROIs 

 

Figure 3.3 Proportions of saccade type activity preference across oculomotor tuned ROIs 
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overlapped with the expression patterns of cholinergic marker chata (Hong et al., 2013) 

and motoneuron marker isl1:GFP (Higashijima et al., 2000) (Figure 3.5A), consistent 

with a motoneuron identity of functionally identified ROIs. Conj ROIs had a preference 

for saccades to the contralateral side (Figure 3.4) consistent with medial rectus 

motoneuron control of ipsilateral nasal eye movements. 

Abducens nucleus: Abducens nucleus contains lateral rectus motoneurons, which 

control temporal eye movements, and internuclear neurons, which synapse onto medial 

rectus motoneurons to control nasal eye movements. Abducens nucleus had ROIs 

mostly from Conj and Both groups (Figure 3.4, 230 µm depth). Chata was expressed in 

some but not all of abducens nucleus (Figure 3.5 A), consistent with it containing both 

lateral rectus motoneurons and internuclear neurons. Conj ROIs were active for 

saccades to the ipsilateral side, as expected for lateral rectus motoneurons, which 

control ipsilateral temporal eye movements.  

Dorsal saccadic region: Previous studies have identified activity correlated to 

ipsilateral eye velocity in the dorsal hindbrain of larvae, which has been hypothesised to 

be from saccade generator burst neurons (Leyden et al., 2021; Wolf et al., 2017). A very 

similar region in my data contained Conj ROIs tuned to the ipsilateral side but very few 

Conv or Both ROIs (Figure 3.4, 130 µm depth). This dorsal saccadic region had a mix 

of glutamatergic, glycinergic and GABAergic cells as determined by in situ hybridisation 

for marker genes (Figure 3.5B, in situ hybridisations conducted by Josh Donnelly).  

Medial Rhombomere 5/6 (m-Rh5/6): Previous studies identified a region of medial 

rhombomere 5/6  that was active for conjugate saccades to the ipsilateral side (Wolf et 

al., 2017) and contained neurons that were tuned to ipsiversive monocular and 

binocular eye position (Brysch et al., 2019). A similar region of medial rhombomere 5/6 

had ROIs from Conv, Conj and Both groups (Figure 3.4, 150-200 µm depth), with Conj 

ROIs tuned to ipsiversive movements. m-Rh5/6 had cells with glutamatergic, 

GABAergic, glycinergic and cholinergic expression profiles (Figure 3.5), with 

cholinergic areas corresponding to the facial motor nucleus (Higashijima et al., 2000). 

Immediately rostral to m-Rh5/6 were neurons selective to ipsiversive Conj direction 

(Figure 3.5). 

 



 

81 
 

 

 

Figure 3.4 Oculomotor tuned ROIs occupy discrete hindbrain and midbrain nuclei 

Locations of oculomotor tuned ROIs preferentially active for convergent (Conv), conjugate (LConj/RConj) and both 
saccades (Both) registered onto a reference brain in ZBB coordinates. Known/hypothesised oculomotor controlling 
regions (white) and known hunting controlling regions (green) are marked. Poorly described regions with largely 
unknown function are in red. Doro-ventral locations of anatomical slices are shown in bottom right.  
Abbreviations: m-Rh5/6 – medial rhombomere 5/6, m-Rh7/8 – medial rhombomere 7/8, Rh6/7 stripe – rhombomere 
6/7 stripe, vm-Rh2/3 – ventro-medial rhombomere 2/3, ARTR – anterior rhombencephalic turning region. 
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Figure 3.5 Neurotransmitter and cell-type marker gene expression across oculomotor tuned regions 
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Rhombomere 6/7 stripe (Rh 6/7 stripe): Adjacent to m-Rh5/6 was a stripe enriched 

with ROIs active for both saccade types (Figure 3.4, 150 µm depth). ROIs in this region 

may correspond to GABAergic (Figure 3.5B) neural populations that are thought to 

interact with the eye velocity to position neural integration (VPNI) circuits and have 

activity correlated with eye position (Lee et al., 2015).  

Anterior rhombencephalic turning region (ARTR): The ARTR oscillates activity 

between left and right hemispheres over long (~10 s) timescales (Ahrens et al., 2013), 

biasing turns and saccades to the ipsilateral side (Dunn et al., 2016b; Wolf et al., 2017). 

This activity is thought to produce slaloming swimming trajectories that help animals 

explore their environment (Dunn et al., 2016b). The ARTR contained Conj ROIs tuned 

to ipsiversive movements and very few Conv or Both ROIs (Figure 3.4, 150 µm depth), 

consistent with a role in controlling saccade direction during exploratory but not 

hunting behaviours. The ARTR expressed GABA in lateral nuclei and glutamate in 

medial nuclei (Figure 3.5B) as previously determined (Dunn et al., 2016b), confirming 

its identity. Anterior to the ARTR were large hindbrain regions with ROIs active for 

conjugate saccades to the contralateral side (Figure 3.4, 150 µm depth) that had mainly 

GABAergic neurons (Figure 3.5B) as previously shown (Bahl and Engert, 2020; 

Dragomir et al., 2020; Wolf et al., 2017).  

Known hunting controlling regions included: 

Anterior pretectal nucleus (APN): APN contains neurons that initiate hunting 

routines when stimulated and has been shown previously to have neurons that are 

selective for convergent saccades (Antinucci et al., 2019). Consistent with this, the APN 

had high densities of Conv ROIs (Figure 3.4, 150 µm depth). The APN also had Conj 

and Both ROIs indicating roles in other behaviours. The main neurotransmitter 

expressed in APN was glutamate with some GABA expressing cells (Figure 3.5B).  

Nucleus isthmi: There was a high density of Conv ROIs in nucleus isthmi, which 

influences hunt duration (Figure 3.4, 180 µm depth) (Henriques et al., 2019). This 

region contained cholinergic neurons (Figure 3.5A) as previously shown (Henriques et 

al., 2019).  

A. Expression pattern of motoneuron marker isl1:GFP, cholinergic neuron marker chata and 
reticulospinal neurons. Data taken from ZBB database (Marquart et al., 2015).  
B. Expression patterns of glutamatergic (yellow), GABAergic (cyan) and glycinergic (magenta) 
marker genes as determined by RNA in situ hybridisations.  
Oculomotor (white), hunting (green) and poorly described (red) regions from Figure 3.4 are marked. 
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Optic tectum: There were also Conv, Conj and Both ROIs detected in the optic 

tectum (Figure 3.4), consistent with its role controlling hunting and orienting 

behaviours (Avitan et al., 2017; Bianco and Engert, 2015; Gahtan et al., 2005; 

Helmbrecht et al., 2018; Isa et al., 2021; Zylbertal and Bianco, 2022).  

Regions that have been less well described mainly had high densities of Conv ROIs 

(Figure 3.4, red boxes) and correspond to areas previously shown to be active for 

convergent saccades in free swimming larvae (Marques et al., 2019). These Conv ROI 

dense regions are named and described below: 

Cerebellar cashew: This cashew nut shaped region of Conv ROIs sits in ventral 

cerebellum adjacent to a large axon bundle (Figure 3.4, 130-150 µm depth) and overlaps 

with expression of glutamatergic marker genes (Figure 3.5B). These anatomical features 

suggest these ROIs could be eurydendroid cells (Heap et al., 2013), which are the teleost 

equivalent of projection neurons of deep cerebellar nuclei. 

Juxta-trigeminal nuclei: This consists of two small nuclei immediately adjacent to the 

trigeminal motor nuclei (Higashijima et al., 2000) (Figure 3.4 & 3.5A, 180-200 µm 

depth). 

Sub-tectal zone: A relatively large midbrain region immediately ventral to the optic 

tectum (Figure 3.4, 160-230 µm depth) containing a mix of glutamatergic and 

GABAergic cells (Figure 3.5B). 

Medial rhombomere 7/8 (m-Rh7/8):  A region in medial rhombomere 7/8 

containing GABAergic, glycinergic and glutamatergic cells (Figure 3.4, 3.5B, 180 µm 

depth). A similar region identified in free swimming fish had activity lateralised to the 

direction of J-turns (Marques et al., 2019). M-Rh7/8 has a similar anatomical location to 

medial stripes of hypothesised VPNI neurons (Lee et al., 2015; Miri et al., 2011).  

In addition to Conv enriched regions, there were also poorly described nuclei in ventral 

rhombomere 2/3 active for conjugate saccades to the ipsilateral side (Figure 3.4, 230 

µm depth). These ROIs sat in the same ventral plane and adjacent to reticulospinal 

neurons (Figure 3.5A). 

Overall, the spatial distribution of oculomotor tuned ROIs overlapped with previously 

identified oculomotor, exploration or hunting controlling regions, verifying my method 

for identifying ROIs. These regions were associated with different neurotransmitter 

expression patterns and enrichments for Conv, Conj or Both ROIs. This analysis 



 

85 
 

reduces the number of regions to consider controlling the nasal eye movements of 

convergent and conjugate saccades. However, further analysis, outlined in the 

subsequent sections of this chapter, is required to identify activity profiles consistent 

with saccade pattern generating circuits.  

3.2.4 Eye position and velocity ramping 

 

The above analysis identified ROIs active for saccades whose fluorescence was best 

explained by oculomotor variables (eye position and saccade initiation). These ROIs 

were assigned a saccade tuning preference, which provides limited information about 

what role hindbrain and midbrain neurons have in controlling convergent and conjugate 

saccades. For example, a neuron that has a Conv identity may encode hunting state, J-

turns or a unique features of convergent saccades. Only one of these roles has a direct 

relation to oculomotor control, however since convergent saccades are the most reliable 

identifier of hunting behaviour, a neuron with any of these roles is likely to be identified 

as ‘oculomotor tuned’ and active only for convergent saccades. To identify putative 

saccade pattern generating circuitry, it is therefore necessary to determine which ROIs 

scale activity in a manner consistent with known profiles of saccade pattern generating 

neurons (e.g. bursting, burst-tonic, tonic integrator neurons) (Sparks, 2002). 

A conserved feature of bursting, tonic and burst-tonic neurons of saccade generating 

circuitry is that the spike rate of bursting and tonic activity scales with eye velocity and 

eye velocity/position respectively (Scudder et al., 2002; Sparks, 2002). The range of eye 

velocities or positions a neuron is active for varies, meaning that neurons begin spiking 

only when eye velocity or position breaches a threshold. When plotted across different 

saccade amplitudes or velocities, the spike rates of these neurons typically increase 

linearly above a certain threshold giving neurons ramping activity profiles (for an 

example see (Fuchs et al., 1988)). 

To assess whether oculomotor tuned ROIs had these profiles I fitted ramping functions 

to explain how normalised fluorescence varied with post-saccadic eye position in nasal 

(Figure 3.6A) and temporal directions (Figure 3.6C) for each eye. By taking the 

difference in R2 for fits to each eye (nasal ramp score, temporal ramp score) I assessed 

both the fidelity of ramping and the preferred eye/direction (Figure 3.6A&C). Few fits 

had high R2 values for both eyes (7.6 % of nasal and 3.8 % temporal fits with R2>0.2).  
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Figure 3.6 Determination and distribution of nasal and temporal ramp scores among oculomotor tuned ROIs 

A&C. Example nasal (A) and temporal (C) ramp scores for a single ROI. 
B&D. ROIs plotted on atlas brain in ZBB coordinates and colour coded according to nasal (B) and temporal (D) ramp 
scores. Select regions with high densities of saccade active ROIs are shown. 
Abbreviations: m-Rh5/6 – medial rhombomere 5/6, m-Rh7/8 – medial rhombomere 7/8, vm-Rh2/3 – ventro-medial 
rhombomere 2/3. 
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ROIs with high ramp scores were mostly found in known or hypothesised oculomotor 

controlling regions. In oculomotor nucleus, ROIs had strong nasal ramp scores to the 

contralateral side as expected for medial rectus motoneurons (Figure 3.6B). In abducens 

nucleus ROIs had strong nasal (Figure 3.6B) and temporal (Figure 3.6D) ramp scores 

with a preference for movements to the ipsilateral side, compatible with internuclear 

neurons and lateral rectus projecting motoneurons. M-Rh5/6 had ROIs with strong 

nasal ramp scores, with more dorsal ROIs lateralised for movements to the ipsilateral 

side (Figure 3.6D, 130-180 μm depth), while more ventral ROIs had varied direction 

preferences (Figure 3.6D, 200 μm depth). M-Rh5/6 also had ROIs with temporal ramps 

for movements to the ipsilateral side (Figure 3.6D).  

Regions with high densities of Conv or Conj ROIs had populations with strong nasal 

and temporal ramp scores respectively, albeit in smaller proportion to known 

oculomotor controlling regions (Figure 3.7) 

Ramp fits to peak eye velocity were typically worse than fits to eye position (not 

shown), with no region having high ramp fits to velocity versus eye position. This may 

reflect temporal integration of velocity signals by the Ca2+ indicator (GCaMP6s τ half 

~1.7s (Chen et al., 2013)) and is not considered further. 

 

Figure 3.7 Ramp scores within key regions 

Histograms of absolute values of nasal ramp (left) and temporal (right) ramp scores for regions with 
high density of oculomotor tuned ROIs. Regions have been ordered according to saccade type 
selectivity. Median of ramp scores shown by black dots. 
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3.2.5 Eye position encoding range 

 

Ramp scores only provided information about the fidelity and direction of ramping. It is 

vital also to determine the range of eye positions encoded by neurons since convergent 

and conjugate saccades result in different but overlapping nasal eye position ranges 

(Figure 2.1E). This means that a neuron encoding extreme nasal eye positions may 

appear to be highly specific to convergent saccades, providing a false impression of 

saccade type versus kinematic encoding. I therefore derived two metrics of eye position 

encoding range for each ROI. 

The first metric was the threshold at which ramping fits with R2 >0.2 began increasing 

(nasal and temporal ramp thresholds, Figure 3.8A&C). Low ramp thresholds indicate a 

large range of encoded eye positions. Regions with a high proportion of ROIs active for 

convergent and conjugate saccades (mostly known/hypothesised oculomotor 

controlling regions) had diverse ramp thresholds (Figure 3.8B, 3.9), indicating they 

encoded a large range of eye positions as a population. By contrast, regions with a high 

density of Conv ROIs had consistently high nasal ramp thresholds (Figure 3.9), 

indicating they encoded either extreme nasal eye position or convergent saccades, which 

often result in more nasalward eye positions than conjugates (Figure 2.2E). Conjugate 

saccade selective regions had diverse temporal ramp thresholds (Figure 3.8D, 3.9). 

The second metric (OKR power) measured the fidelity of each ROI’s fluorescence 

modulation to wholefield motion. For oculomotor controlling neurons OKR power is a 

proxy for the range of eye positions encoded by a ROI, since neurons active for a large 

range of eye positions should be active across a large proportion of the optokinetic 

reflex (Figure 3.10A). OKR power was defined as the expected peak in the Fourier 

spectrum of average fluorescence responses to wholefield motion (Figure 3.10A). OKR 

power was significantly inversely correlated with ramp threshold as expected 

(Spearman’s rho: -0.26, p<1x10-6). Regions with high proportions of ROIs active for 

both saccade types had varied OKR powers (Figure 3.10B, 3.11) whilst areas with high 

densities of Conv ROIs had low OKR powers (Figure 3.10B, 3.11). Regions with high 

densities of Conj ROIs such as the ARTR and dorsal saccadic region also had relatively 

high OKR powers (Figure 3.10B, 3.11).  
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Figure 3.8 Distribution of nasal and temporal ramp threshold among oculomotor tuned ROIs 

A&C. Illustration of ramp threshold determination 
B&D. ROIs plotted in ZBB coordinates and colour coded by ramp threshold. Only ROIs with ramp fit R2>0.2 are 
considered. 
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Figure 3.9 Ramp thresholds within key regions 

Histograms of nasal (left) and temporal (right) ramp threshold for regions with high density of 
oculomotor tuned ROIs. Regions have been ordered according to dominant saccade type selectivity. 
Median of ramp fits shown by black dots. Positive values indicate nasal eye positions. 
 

 

Figure 3.10 Determination and distribution of OKR power among oculomotor tuned ROIs 

A. Determination of OKR power for example ROI. Top: median fluorescence response to wholefield motion 
stimuli (black) and median left (blue) and right (red) eye position responses across OKR stimulus presentations. 
Bottom: Fourier spectrum of median fluorescence response with expected peak from stimulus direction alternation 
frequency shown. 
B. ROIs plotted onto ZBB atlas and colour coded by OKR power. 
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Overall, both OKR power and ramp threshold provided a similar description of eye 

position encoding range. Known/hypothesised oculomotor controlling regions had 

ROIs with diverse eye position encoding ranges. Regions with high density of 

convergent saccade selective ROIs were active for more extreme nasal eye positions. 

 

3.2.6 Saccade type modulation index (STMI) 

 

Ramp score, ramp threshold and OKR power provided a description of eye position 

encoding for each ROI. To address whether ROIs modulated fluorescence with saccade 

type independently of oculomotor features I derived a saccade type modulation index 

(STMI). STMI was the median fluorescence difference between conjugate saccades and 

kinematically matched convergent saccades (Figure 3.12A-C). ROIs with positive 

STMIs have elevated activity for convergent saccades that could not be easily explained 

by movement kinematics. Similarly, ROIs with negative STMIs had elevated activity for 

conjugate saccades largely independent of eye kinematics. Highly positive or negative 

STMI scores are therefore a good indication that an ROI modulates its activity with 

saccade type rather than or in addition to oculomotor kinematic features.  

Perhaps unsurprisingly, regions with high densities of Conv ROIs had many ROIs with 

positive STMI (Figure 3.12D, 3.13). Likewise, regions with high densities of Conj ROIs 

had many with negative STMI (Figure 3.12F, 3.13). Interestingly, oculomotor nucleus 

 

Figure 3.11 OKR powers within key regions 

Histograms of OKR powers for regions with high density of oculomotor tuned ROIs. Regions have 
been ordered according to dominant saccade type selectivity. Median of ramp fits shown by black 
dots. 
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and m-Rh5/6 had relatively high numbers of ROIs with positive STMI (Figure 3.12D, 

3.13), indicating that activity of motor and premotor neurons may be modulated by 

saccade type as well as kinematic variables. 

Together these four metrics of ramp score, ramp threshold, OKR power and STMI 

provide a detailed description of how ROIs modulate fluorescence with oculomotor 

variables and saccade type. By comparing the relative scores of these metrics and the 

saccade type activity preferences (Conv, Conj and Both identities), it is possible to 

determine putative saccade pattern generating regions to investigate further. Below I 

will discuss what these regions are and what role they may have in saccade production.  

 

Figure 3.12 Determination and distribution of STMI among oculomotor tuned ROIs 

A. Normalised fluorescence changes for an example ROI against post-saccadic eye position. 
B. Saccade matching process for ROI in A. Right panel is expanded region of left. Matched saccades are shown in bold. 
C. Left: normalised fluorescence of matched saccades. Right: difference in fluorescence between matched saccades, with the 
median value (STMI) shown in bold. 
D. ROIs plotted in ZBB coordinates and colour coded according to STMI scores 
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3.3 Discussion 
 

3.3.1 Putative saccade pattern generating circuitry 

 

The aim of these experiments was to provide an unbiased survey of activity in the 

midbrain and hindbrain of larvae to identify putative components of saccade pattern 

generating circuitry. Most neurons of saccade pattern generating circuitry scale their 

firing rates with eye position or velocity above a threshold unique to that neuron 

(Scudder et al., 2002; Sparks, 2002). Components of the saccade pattern generating 

circuitry can therefore be found by identifying neurons that scaled activity in a way 

consistent with these patterns. I identified these neurons by first finding neurons that 

were active during saccades and whose fluorescence was best explained by oculomotor 

variables, then by fitting ramping functions to changes in fluorescence for given post-

saccadic eye positions for each neuron. Some regions were particularly enriched with 

neurons whose fluorescence was well described by ramping functions. This included 

oculomotor and abducens nuclei, which contain motoneurons that scale their firing rate 

 

Figure 3.13 STMI values within key regions 

Histograms of STMI values for regions with high density of oculomotor tuned ROIs. Regions have 
been ordered according to dominant saccade type selectivity. Median of ramp fits shown by black 
dots. 
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with eye velocity and position (Sparks, 2002). It also included other regions that may 

contain saccade pattern generating circuitry. These latter regions will be discussed here.  

The brain area that had the most neurons with ramping activity profiles was m-Rh5/6. 

M-Rh5/6 contained neurons that ramped activity predominately with nasal but also 

temporal eye rotations to the ipsilateral side, with diverse ramp thresholds. The location 

of m-Rh5/6 in my results is very similar to previously reported activity encoding 

monocular nasal eye position (Brysch et al., 2019), nasal stimulus velocity of optokinetic 

gratings (Portugues et al., 2014) and ipsiversive eye position following conjugate 

saccades (Wolf et al., 2017).  

Based on this activity and its anatomical location, m-Rh5/6 may form part of the 

paramedian pontine reticular formation (PPRF) or nucleus prepositus hypoglossi 

(NPH). The PPRF houses bursting and burst tonic neurons and is crucial to the 

formation of the pulse component of the motoneuron saccadic rate code (Scudder et 

al., 2002; Sparks, 2002). Given the slow timecourse of my calcium indicator, 

fluorescence changes from both bursting and burst tonic firing rates are likely to be 

correlated with eye position, consistent with ramping profiles of neurons in m-Rh5/6. 

In mammals the PPRF spans a large proportion of the hindbrain extending rostrally 

from abducens to the trochlear nucleus (Horn, 2006). This could feasibly encompass m-

Rh5/6. The activity of m-Rh5/6 is also compatible with NPH, which contains tonic 

firing neurons that encode eye position (McCrea and Horn, 2006). However, this brain 

region is caudal and dorsal to abducens nucleus in mammals (McCrea and Horn, 2006), 

and previous studies have identified eye position correlated neurons in rhombomeres 7 

and 8 of larvae consistent with this (Daie et al., 2015; Lee et al., 2015; Miri et al., 2011; 

Wolf et al., 2017). A caveat to PPRF identity for m-Rh5/6 is its activity during the 

optokinetic reflex. Many neurons in m-Rh5/6 had strong OKR powers (>0.1) and 

previous studies have identified activity related to slow changes in eye position during 

the optokinetic reflex (Brysch et al., 2019; Portugues et al., 2014). This contrasts with 

bursting neurons of PPRF which show little activity during the slow phase of the 

optokinetic response (Keller, 1974), although tonic firing rates of burst-tonic neurons 

are modulated (Keller, 1974). Ablation of PPRF in monkeys has little effect on the slow 

phase of the optokinetic response (Goebel et al., 1971; Henn et al., 1984). By contrast, 

lesions of NPH impair the optokinetic reflex (Cannon and Robinson, 1987; Cheron et 

al., 1986), with a larger effect from lesions of the rostral portion of NPH (Cheron et al., 

1986). The strong encoding of optokinetic responses by m-Rh5/6 suggest it may be 
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part of the rostral pole of NPH, which is thought to abut abducens nucleus (McCrea 

and Horn, 2006). In summary, m-Rh5/6 could form part of PPRF or NPH given the 

activity of its neurons and location in the brain. The identity of m-Rh5/6 is further 

explored in Chapter 4 in the context of stimulation and ablation phenotypes.  

Regions adjacent to m-Rh5/6 may form part of PPRF. Immediately rostral to m-Rh5/6 

were neurons with strong ipsiversive (>0.2) temporal ramp scores and immediately 

dorsal were neurons selectively active for ipsiversive conjugate saccades (dorsal saccadic 

region) that had poor ramp scores. Both these neuronal populations may control 

aspects of temporal eye rotations for conjugate saccades but are unlikely to have an 

impact on convergent saccade production. The dorsal population has been 

hypothesised to be saccade burst generator neurons (Leyden et al., 2021; Wolf et al., 

2017). If so, their activity may be relatively stochastic and the overall bursting input to 

saccade generating circuitry encoded at a population level, since I did not observe good 

ramp fits for eye velocity or position in this region. If confirmed, this stochasticity 

would be in keeping with the more varied kinematics of conjugate saccades outlined in 

Chapter 2.  

Immediately lateral to m-Rh5/6 was the m-Rh6/7 stripe which had a relatively large 

number of neurons with good nasal ramp scores to the ipsilateral side and were active 

for both convergent and conjugate saccades. These neurons may form part of a 

continuous population with m-Rh5/6 or correspond to GABAergic neurons that have 

activity correlated with eye position and are thought to form part of the VPNI circuits 

(Lee et al., 2015). These neurons send axons towards putative VNPI neurons in the 

contralateral hemisphere and may inhibit integrator circuits controlling eye positions to 

the contralateral side (Lee et al., 2015).  

Caudal to m-Rh5/6 I identified relatively few neurons with high ramp scores for eye 

position, despite identifying oculomotor tuned neurons there. This is somewhat 

surprising since this region is anatomically consistent with NPH and thought to contain 

VPNI neurons with activity that is highly correlated to eye position (Daie et al., 2015; 

Lee et al., 2015; Miri et al., 2011). Poor ramp scores may be indicative of some 

stochasticity in eye position encoding amongst this population. Consistent with this, 

previous studies have identified varied fidelities of eye position encoding of putative 

VPNI neurons recorded in rhombomeres 7 and 8 (Daie et al., 2015; Miri et al., 2011). 

The activity of these neurons decays post saccade with varying timecourses, meaning 
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some neurons have activity more correlated with eye position than others. This activity 

is thought to be indicative of imperfect maintenance of eye position encoding by 

recurrent activity of VPNI circuits, leading to a decay in eye position post-saccade (Miri 

et al., 2011). I did identify neurons in medial Rhombomere 7/8 that were selective for 

convergent saccades and had relatively high numbers of neurons with nasal ramp scores 

to the ipsilateral side. A similar brain region has been previously identified as being 

active for convergent saccades in free swimming larvae, with bias for J-turns (and thus 

saccades -see Chapter 2) to the ipsilateral side (Marques et al., 2019). It is tempting to 

suggest that these neurons may form part of integration circuits specific to convergent 

saccades. There is evidence that VPNI neurons have context dependent activity. 

Putative VPNI neurons have different activity decay time constants for similar post 

saccadic eye positions achieved by spontaneous saccades or optokinetic stimuli (Daie et 

al., 2015). Similarly, connectivity analysis of the larval hindbrain identified largely 

separate recurrent populations contacting abducens internuclear neurons and lateral 

rectus motoneurons, consistent with separate nasal and temporal integration circuits 

(Vishwanathan et al., 2020), that could form a distinct convergent saccade integrator. 

However, I saw no oculomotor phenotype when I ablated these m-Rh7/8 neurons in 

test experiments (n=4 fish, data not shown). Different analytical approaches may be 

required to assess how VPNI neuron activity is modulated for convergent versus 

conjugate saccades.  

Some other poorly described regions had relatively high proportions of neurons well fit 

with ramping functions. These were conjugate specific populations in vm-Rh2/3 and 

convergent specific populations in the juxta-trigeminal nucleus. Neurons of vm-Rh2/3 

had temporal ramp scores that scaled with ipsiversive eye positions and sat adjacent to 

reticulospinal neurons. The role of these cells is unknown, though should be relatively 

easy to investigate via selective neuronal ablations since they occupied small nuclei in 

the ventral hindbrain. Neurons in the juxta-trigeminal nucleus had a mix of ipsiversive 

and contraversive ramp scores. The role of these neurons is also unknown. I ablated 

this region bilaterally in 3 fish and saw no oculomotor phenotype (data not shown). 

In summary, my methods identified numerous regions that may contribute to patterning 

the saccadic motoneuron firing rate code. The list of regions mentioned above is not 

exhaustive and neurons in other brain areas may contribute. However, my methods 

identified key brain regions on which to focus detailed assessment of neuronal activity, 

anatomy and circuit function.  
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3.3.2 New hunting controlling regions 

 

My analytical methods identified neurons with activity that was specific to convergent 

saccades in two ways. One was by comparing the average fluorescence response 

following convergent saccades to conjugate saccades (d’ analysis). The other was by 

calculating STMI, which assessed activity for conjugate versus kinematically matched 

convergent saccades. Both methods identified regions previously shown to control 

hunting behaviours in larvae (APN, nucleus isthmi and optic tectum) (Antinucci et al., 

2019; Bianco and Engert, 2015; Fajardo et al., 2013; Gahtan et al., 2005; Henriques et 

al., 2019; Zylbertal and Bianco, 2022) and also poorly described regions that are active 

during convergent saccades in free swimming fish (cerebellar cashew, sub-tectal zone, 

juxta-trigeminal nuclei and m-Rh7/8) (Marques et al., 2019). Here I will discuss possible 

functions and preliminary investigations for two of these poorly described brain regions: 

the cerebellar cashew and sub-tectal zone. The roles of the juxta-trigeminal and m-

Rh7/8 regions are explored above in the context of oculomotor behaviours. 

The cerebellar cashew consisted of a cashew nut shaped region of convergent specific 

activity in ventral cerebellum that overlapped with glutamate expression. The region had 

many neurons with positive STMI but relatively few neurons with high ramp scores 

(>0.2) and consistent ipsi or contraversive direction preference. These activity profiles 

suggest that it may modulate hunting behaviour in a more general sense rather than 

hunting related movements like convergent saccades or J-turns. Consistent with this 

role, investigations by Giulia Zuccarini in the Lab have identified projections from the 

cerebellar cashew to the lateral hypothalamus. These neurons may be eurydendroid cells 

(Heap et al., 2013) and be similar to projections from deep cerebellar nuclei to the 

hypothalamus identified in mammals (Zhu et al., 2006). Projections from the cerebellum 

to the hypothalamus have been associated with a variety of behaviours including feeding 

(Zhu et al., 2006). Preliminary ablations I made (n =4 fish, not shown) resulted in an 

increase in spontaneous convergent saccade rate and no oculomotor phenotype, 

consistent with a role in controlling appetitive behaviour rather than motor control. 

Further investigation is required to confirm these results. However, the action of the 

cerebellar cashew and hypothalamus offer exciting opportunities to investigate circuitry 

that control foraging behaviours over longer timescales that may be highly 

evolutionarily conserved across vertebrates.  
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Immediately ventral to the optic tectum was a relatively large region of the midbrain 

with activity that was highly specific to convergent saccades. Neurons in this sub-tectal 

zone had mostly positive STMI and relatively poor ramp scores consistent with a more 

modulatory role in controlling hunting behaviour. Ramp scores were biased to the 

contralateral side, indicating that it may have some directional effect on hunting 

behaviour. The anatomical location of this region in the midbrain is similar to the 

griseum centrale, the teleost equivalent of the periaqueductal grey (PAG)(Donizetti et 

al., 2008). In mammals the PAG controls several innate behaviours including hunting 

(Han et al., 2017) and escape (Evans et al., 2018), and it is feasible that the griseum 

centrale has a similar function in teleosts. In situ hybridisations conducted by Josh 

Donnelly (not shown) suggest that the sub-tectal zone lies ~20 μm rostral to the 

expression of griseum central marker gene relaxin3 (Donizetti et al., 2008). It is possible 

that the sub-tectal zone forms a part of the griseum centrale, which is poorly defined in 

larvae, or is a separate brain region. Neurons in the sub-tectal zone identified on the 

MapZeBrain single cell atlas (Kunst et al., 2019) project mainly to the ipsi and 

contralateral hindbrain (not shown), suggesting possible descending influence on 

movement. Preliminary ablation experiments did not identify an oculomotor or obvious 

locomotor phenotype (n=3 fish, not shown). Further work is required to characterise 

the identity, connectivity and function of the sub-tectal zone. However, as with the 

cerebellar cashew, it could allow interesting comparisons to how innate behaviours are 

executed across vertebrate species.  

3.3.3 Methodological limitations  

 

In this Chapter there are two main methodological limitations that affect the 

interpretation of my results. These are the limitations of using genetically encoded 

calcium indicators to measure neural activity and biases introduced by my analysis 

pipeline. I will briefly discuss these here and outline what effect they may have on my 

results. 

To measure neural activity I used two-photon calcium imaging with the genetically 

encoded indicator GCaMP6s bound to nuclear protein H2B and expressed in the 

nucleus. Calcium imaging measures the change in calcium concentration inside a 

neuron, which is a proxy for spiking activity, since action potentials cause voltage gated 

Ca2+ channels to open leading to an increase in cytosolic (and nuclear) calcium 

concentration (Grienberger and Konnerth, 2012). Calcium indicators work by binding 
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to Ca2+, which causes a conformational change in the indicator molecule that shifts the 

intensity or wavelength of emitted fluorescence (Grienberger and Konnerth, 2012). 

Thus, neural activity is measured by the change in fluorescence of these indicators.  

Measuring neural activity in this way poses several problems that apply to my results. 

Firstly, the fluorescence signal is slow relative to the instantaneous change in spike rate. 

The fastest genetically encoded Ca2+ indicators have signal decay time constants on the 

order of hundreds of milliseconds (Chen et al., 2013; Dana et al., 2019; Rózsa et al., 

2020), which makes investigation of rapid spike rate modulation difficult. Furthermore, 

there is an inherent delay between changes in membrane voltage and changes in 

cytosolic (or nuclear) Ca2+ concentration. GCaMP6s has a particularly long signal decay 

time ( τ half 1.7s (Chen et al., 2013)) rendering sub-second investigation of activity 

modulation impossible, while expression in the nucleus probably imposes a further 

delay between spiking and binding of Ca2+. Secondly, there is a highly non-linear 

relationship between spike rate and fluorescence change of calcium indicators. This is 

because there is a complex relationship between neuronal spiking rate and intracellular 

Ca2+ concentration and because the binding of calcium to the indicator varies 

sigmoidally with concentration according to the Hill equation (Grienberger and 

Konnerth, 2012). This means that small changes in spike rate can produce supra or 

sublinear changes in fluorescence.  

For my results the second problem poses the greatest challenge.  The linear 

fluorescence relationships shown by ramping fits are unlikely to represent linear changes 

in spike rate. As a result, I may have missed some neurons that modulate their spike rate 

but not fluorescence in a linear fashion. It is also possible that STMI may exaggerate or 

underestimate differences in activity between neurons. This may give a false impression 

of saccade type specificity, especially if matched saccades had some kinematic biases I 

did not measure. In defence of these metrics: STMI was calculated from 11±1.3 (mean 

± standard error, 76 fish) kinematically matched saccades on average per ROI, which 

should limit the effect of biases; and linear fits for ramping functions provide a simple 

and easy to interpret description of the data given the non-linear relationship between 

spike rate and fluorescence change is unknown. Nevertheless, these effects should be 

considered when interpreting my results.  

One way to overcome the non-linear relationship between spike rate and fluorescence 

change is by using computational methods to infer spike rates. I have tried the OASIS 
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spike inference algorithm (Friedrich et al., 2017), however I found that it often ignored 

subtle fluctuations in fluorescence that may be informative or introduced noise by 

wrongly attributing spikes to rapid fluctuations in signal. Other algorithms could 

provide a better proxy of neural spiking rate and overcome some constraints of my 

metrics. However, most spike inference algorithms are not constructed on spiking data 

from larval zebrafish, meaning spike inferences are matched to a ground truth dataset 

that may not be entirely relevant. On reflection, I thought keeping the measure of 

neural activity close to the raw data would be more interpretable than using a derived 

metric. 

To identify neurons of interest, I only considered neurons that were active at the time 

of a saccade and had fluorescence that was best explained by oculomotor features. This 

encoding based approach to identifying neural activity biases selection to neurons that 

had consistent activity that was highly specific to saccades or changes in eye position. 

This is useful for identifying neurons that fluctuate their activity in this way as is 

expected for components of the saccade pattern generating circuitry, but may ignore 

neural populations that encode behaviour stochastically or as a population. This is 

particularly relevant for activity in structures like the optic tectum, which has highly 

dynamic spontaneous activity (Avitan et al., 2017; Zylbertal and Bianco, 2022), encodes 

gaze changes as a population (Gandhi and Katnani, 2011; Isa et al., 2021), and exhibits 

variability in the neurons that are active for convergent saccades (Zylbertal and Bianco, 

2022). It is likely therefore that I have missed activity patterns crucial to saccade 

production in this region and other areas that encode movement in a similar fashion. 

Given that my focus is primarily on premotor circuitry, which typically has reliable 

activity linked to movement, this limitation of my analysis should not impact identifying 

pattern generating oculomotor controlling regions.  

3.3.4 Convergent saccade specific activity in oculomotor controlling regions 

 

Several regions known or hypothesised to control saccadic eye movements had neurons 

with activity that was selective for convergent saccades. Both oculomotor nucleus and 

m-Rh5/6 had neurons with high STMI. They also had neurons active preferentially for 

conjugate saccades and active for both convergent and conjugate saccades. These 

results suggest that both kinematic and saccade type (contextual) encoding may control 

saccade production in teleosts. This will be explored in more datil in Chapter 4 for the 

oculomotor nucleus, abducens nucleus and m-Rh5/6.  
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Chapter 4 Motor and premotor circuitry controlling nasal 

saccades 
 

4.1 Introduction 
 

To understand the encoding scheme underpinning nasal eye movements of convergent 

and conjugate saccades, it is vital to map out the motor and premotor circuit 

components. In Chapter 3 I identified hindbrain neural populations that may contribute 

to saccade production based upon their activity, however without mapping their 

connections and making interventions on these populations it is impossible to know if 

they do. In this Chapter I will begin piecing together circuit components that control 

saccadic nasal eye rotations by starting at oculomotor nucleus and working backwards, 

since medial rectus motoneurons are the only known component of the convergent 

saccade circuit.  

I will first assess the activity of neurons in oculomotor nucleus in detail to understand 

what medial rectus motoneuron recruitment patterns underpin convergent and 

conjugate saccades. This work will complement my kinematic analysis of the two 

saccade types in Chapter 2 to identify whether my predictions of divergent motoneuron 

activity patterns are borne out. I will then investigate how inputs from abducens 

internuclear neurons to oculomotor nucleus could produce the motoneuron recruitment 

patterns underpinning each saccade type. Following this I will investigate inputs to 

internuclear neurons from medial rhombomere 5/6. Finally, I will assess how activity in 

anterior pretectal nucleus and optic tectum could lead to the activity profiles I found in 

saccade generating circuit components. Throughout, I will assess the activity of neurons 

using the metrics outlined in Chapter 3 and use selective interventions (neuronal 

ablations and optogenetic stimulations) to match the activity profiles of neurons with 

their necessity for each saccade type. In so doing, I hope to address the main aim of this 

thesis and identify to what degree nasal eye movements of convergent and conjugate 

saccades are encoded by movement kinematics or the behavioural context (saccade 

type).   

4.2 Results 
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4.2.1 Different motoneuron recruitment patterns for convergent and conjugate 

saccades in oculomotor nucleus 

 

I delimited oculomotor nucleus by the expression pattern of cholinergic marker chata 

and motoneuron marker isl1 at the midbrain hindbrain boundary (Figure 4.1B).  On 

average conjugate saccades were accompanied by activity in a small ventro-medial area 

of oculomotor nucleus (Figure 4.1C). By contrast, activity for convergent saccades was 

more widespread, encompassing dorsal and lateral regions (Figure 4.1C). This activity 

pattern was mirrored by the distribution of Conv and Both ROIs that had strong nasal 

ramp scores to the contralateral side consistent with medial rectus motoneurons: Conv 

ROIs were found in dorsal and lateral positions compared to Both ROIs (Figure 4.1D). 

Conj ROIs had poor ramp fits and may not be medial rectus motoneurons (Figure 

4.1D). Together, these results suggest that on average conjugate and convergent 

saccades are controlled by overlapping but different populations of medial rectus 

motoneurons: conjugate saccades were controlled by ventro-medial neurons, 

convergent saccades by ventro-medial neurons and additional populations in dorso-

lateral positions. 

Due to kinematic differences between convergent and conjugate saccades, these average 

patterns could be explained by a kinematic or type specific encoding of each saccade.  

To investigate this further, I inspected how ramp threshold, OKR power and STMI 

metrics varied across anatomical space and with Conv and Both ROI groups. All three 

metrics varied along a ventro-medial to dorso-lateral axis consistent with both kinematic 

and saccade type encoding (Figure 4.1E-G). OKR power decreased (Figure 4.1E) and 

ramp threshold increased (Figure 4.1F) from ventro-medial to dorso-lateral positions, 

indicating dorso-lateral motoneurons encoded more extreme nasal eye positions. STMI 

increased from ventro-medial to dorso-lateral positions (Figure 4.1G) and was higher 

for Conv ROIs than Both ROIs (Figure 4.1H), indicating that dorso-lateral 

motoneurons were also activated in a convergent saccade specific manner, independent 

of eye kinematic features. Overall, these results indicate that nasal saccades are 

controlled by motoneuron recruitment patterns dictated by both movement kinematics 

and saccade type. 
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Figure 4.1 Recruitment patterns of neurons in oculomotor nucleus are explained by 
kinematic and saccade type encoding 

A. Schematic of nasal eye movement control by oculomotor nucleus 
B. Reference brain overlayed with expression of cholinergic marker chata, Isl1:GFP  and transgenic 
line u540. Oculomotor nucleus shown. 
C. d’ values for convergent saccades (top) and right conjugate saccades (bottom) across oculomotor 
tuned ROIs in oculomotor nucleus. 
D. Distribution of ramp score values across ROIs from Conv, Conj and Both groups in oculomotor 
nucleus. 
E. Left: distribution of OKR powers in oculomotor nucleus. Right: median OKR power across 
mediolateral (top) and dorsoventral (bottom) extents. 99th and 95th percentiles of 1000 fold shuffled 
data shown in grey. 
F&G. As in E for ramp threshold (F) and STMI (G). 
H. Histograms of STMI (left), OKR power (middle) and ramp threshold (right) across Conv, Conj 
and Both groups. Stats: Kruskal-Wallis with Dunn-Sidak post-hoc. 
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Although these ROIs had activity compatible with medial rectus motoneurons and were 

recorded in the appropriate anatomical location, because I made pan-neuronal 

recordings it is possible that they were not all motoneurons. Three additional pieces of 

evidence support motoneuron identity. Firstly, the locations of functionally identified 

ROIs matched the distribution of medial/inferior rectus projecting motoneuron cell 

bodies from a previous study (Greaney et al., 2017). Secondly, the locations of 

functionally identified ROIs overlapped with soma positions of putative medial rectus 

projecting motoneurons (35 cells) from the MapZeBrain single cell atlas (Kunst et al., 

2019), identified by the similarity of projections to known medial rectus projecting 

motoneurons with en plaque endings (Figure 4.2). Thirdly, I imaged cells expressing 

GCaMP7s at the midbrain hindbrain boundary under the control of chata:Gal4 (413 

cells from 10 fish), and found that they had similar ramp scores and OKR powers to 

ROIs from pan-neuronal recordings (Figure 4.3). This included a similar medio-lateral 

gradient in OKR power (Figure 4.3D).  

  

 

Figure 4.2 Anatomy of medial rectus motoneurons 

A. Projections from oculomotor nucleus to medial rectus muscle. 
B. Axons and dendrites of 35 putative medial rectus motoneurons identified in the MapZeBrain 
single cell atlas (Kunst et al. 2019). 
C. Coronal section through oculomotor nucleus showing ramp scores of oculomotor tuned ROIs 
and soma locations of putative medial rectus motoneurons in B. 
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Figure 4.3 Saccade type and oculomotor tuning for chata expressing cells in oculomotor nucleus 

A. Top: example cell locations. Bottom left panels: variation of normalised fluorescence with post-saccadic eye 
position for convergent and conjugate saccades. Ramp scores shown. Bottom right panels: modulation of 
fluorescence to optokinetic wholefield motion stimuli. 
B-D: Cell bodies from 10 fish colour coded according to nasal ramp fit (B), ramp threshold (C) and OKR power 
(D). Cells for which metrics could not be determined are in grey. 
E. Variation of OKR power with ramp threshold. Linear regression fit and Spearman’s rho are shown. 
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Taken together my results support a ventro-medial to dorso-lateral recruitment order of 

motoneurons in oculomotor nucleus. Motoneurons in ventro-medial positions encoding 

a large range of eye positions are recruited first for less extreme nasal eye positions 

typical of conjugate saccades. As eye position becomes more nasal, additional dorso-

lateral motoneurons encoding more extreme eye positions are recruited, with some 

activated in a specialised manner independent of kinematic features for convergent 

saccades. Combined this is consistent with the motoneuron recruitment patterns 

predicted by differences in saccade kinematics outlined in Chapter 2. 

4.2.2 Encoding convergent saccades in abducens internuclear neurons 

 

I next sought to characterise neurons immediately pre-synaptic to medial rectus 

motoneurons. To produce conjugate saccades, medial rectus motoneurons are excited 

by inputs from abducens internuclear neurons (Gamlin et al., 1989b). Since abducens 

nucleus had ROIs active for both saccade types and with strong, lateralised, nasal ramp 

scores (see Chapter 3), I hypothesised that internuclear neurons could also carry the 

saccadic signal for convergent saccades (Figure 4.4A).  

I delimited an internuclear neuron zone by the anatomical location of ROIs active for 

both saccade types in abducens nucleus (Figure 4.4B). This incorporated some ROIs 

selective for conjugate saccades in its central region, which corresponded to the position 

of lateral rectus motoneurons (Figure 4.4B&C). There were very few convergent 

selective ROIs (Figure 4.4C). Nasal ramp scores were stronger for ROIs active for both 

saccade types and temporal ramp scores were stronger for conjugate preferring ROIs 

(Figure 4.4C), consistent with internuclear neuron and lateral rectus motoneuron 

identities respectively.  
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Figure 4.4 Activity and projection patterns of abducens internuclear neurons 

A. Schematic of abducens internuclear neurons (INNs) and lateral rectus motoneurons (LRMNs). 
B. Reference brain overlayed with chata expression and oculomotor tuned ROIs active for both 
convergent and conjugate saccades. The internuclear neuron zone (INN zone) is shown. 
C. Nasal and temporal ramp scores of oculomotor tuned ROIs in the internuclear neuron zone from 
the saccade type preference groups. 
D. Left: schematic of photoconversion experiment. Right: example abducens photoconversion and 
internuclear neuron projections. Inset shows magnified axon terminals. 
E. Distribution of axon terminals relative to dendrites of putative medial rectus motoneurons from 
Figure 4.2. Circle size corresponds to bouton area. Data from 4 fish. 
F. Coronal section through oculomotor nucleus with distribution of internuclear neuron boutons and 
oculomotor tuned ROIs colour coded by ramp scores. 
G. Variation of in bouton size with medio-lateral position across 4 fish. 
H. Anatomical distribution of STMI (left), ramp threshold (middle) and OKR powers (right) for 
ROIs from Conv or Both groups. 
I. Histograms of STMI (left), ramp threshold (middle) and OKR power (right) across saccade type 
preference groups. Stats: Kruskal-Wallis with Dunn-Sidak post-hoc 
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To investigate whether cells in my functionally identified zone were internuclear 

neurons, I photoconverted PA-GFP there in fish expressing PA-GFP pan-neuronally 

(α-tubulin:C3PA-GFP) to label cell bodies and neurites (Figure 4.4D). Labelled neurons 

had projections that crossed the midline and ascended the medial longitudinal fasciculus 

to oculomotor nucleus (Figure 4.4D&E), like internuclear neurons in adult goldfish 

(Torres et al., 1992) and other animals (Carpenter and Batton, 1980). Internuclear 

neuron axons terminated in oculomotor nucleus with boutons aligned to dendrites of 

putative medial rectus motoneurons (Figure 4.4E) and nasal ramping ROIs (Figure 

4.4F). Bouton size varied along a medio-lateral gradient, with larger boutons occupying 

more medial locations (Figure 4.4G), similar to functional gradients in oculomotor 

nucleus (Figure 4.1).  Putative internuclear neuron ROIs (ROIs from Conv/Both 

groups) had low STMI, a broad range of ramp thresholds and high OKR powers 

(Figure 4.4H&I), with no anatomical segregation. This indicates that internuclear 

neurons encode a large range of eye positions with little saccade type preference, 

contrasting with the kinematic and saccade type recruitment gradients in oculomotor 

nucleus itself.  

How might anatomical gradients of saccade type and kinematic encoding emerge in 

oculomotor nucleus from internuclear neuron input? I hypothesise that variation in 

bouton size may correlate with synaptic strength to help establish functional gradients 

in oculomotor nucleus. Under this scheme, smaller boutons in more lateral locations 

provide weaker input, leading to higher activation thresholds of recipient neurons 

(Figure 4.5). This means that laterally positioned motoneurons are only recruited with  

 

Figure 4.5 Model of how functional tuning gradients could emerge in oculomotor nucleus 

Internuclear neurons (INNs) active for a large range of eye positions and with little saccade type 
preference project to oculomotor nucleus. Synaptic bouton size varies along a mediolateral axis and 
correlates with synapse strength and is inversely correlated with medial rectus motoneuron (MR-MN) 
recruitment threshold. This leads to a progressive recruitment of MR-MNs from medial to lateral 
positions with increasing firing rate of INNs. 
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Figure 4.6 Internuclear neurons are necessary for nasal saccadic eye movements 

A. Left: schematic of ablations. Middle: example ablated ROIs. Right: median saccade triggered 
activity of ablated ROIs.  
B. Eye position for saccades pre and post ablation for example fish. Thin lines are individual 
saccades. Thick lines are median eye position. Ipsi and contra is relative to the ablation site. 
C. Left: post-saccadic eye position before (dull colours) and after (bold colours) ablations. Right: 
change in median post-saccadic eye position across fish for each eye and saccade type. Example fish 
is highlighted by red star. Stats: signed rank test. 7 fish. 
D. As in C for eye velocity 
E. Left: schematic of inter-nuclear neuron axotomies. Middle and right: example photoconversion 
and ablation of inter-nuclear neuron axons.  
F-H. As in B-C for axotomies. 7 fish. 



110 
 

higher excitatory drive typical of more extreme nasal eye positions. Thus, a simple 

synaptic mechanism can explain how input from broadly tuned internuclear neurons 

could result in anatomically and functionally segregated channels in oculomotor 

nucleus. 

4.2.3 Internuclear neurons are necessary for nasal saccades 

 

The validity of this hypothesis depends on the importance of internuclear neurons for 

saccade generation since additional inputs to oculomotor nucleus could also help shape 

functional gradients. I tested the necessity of internuclear neurons to saccade 

production by making functionally guided ablations of putative internuclear neuron 

somas in abducens nucleus (Figure 4.6A) and axotomies of photoconverted cells 

(Figure 4.6E). Somatic ablations led to severe and selective impairments of nasal 

rotations to the eye contralateral to ablated cell bodies for both convergent and 

conjugate saccades (Figure 4.6 B-D). Axotomies produced similar selective impairments 

of nasal eye rotations (Figure 4.6F-H), albeit with more varied phenotypes and a weaker 

effect on eye velocity for convergent saccades (Figure 4.6H), which may be because 

photoconversions labelled a subset of internuclear neurons. These experiments show 

that abducens internuclear neurons act as the primary conduit for the saccadic signal to 

medial rectus motoneurons. Thus, internuclear neurons comprise a small population of 

cells (~20 neurons (Vishwanathan et al., 2020)) that provide the main excitatory drive 

shaping recruitment patterns of medial rectus motoneurons for saccades.  

4.2.4 Projections and activity of medial rhombomere 5/6 suggest they directly 

activate internuclear neurons 
 

I identified populations that could be upstream of internuclear neurons by 

photoconverting PA-GFP in abducens nucleus of fish expressing α-tubulin:C3PA-GFP 

and mapping the location of retrogradely labelled cell bodies (Figure 4.7A). 

Photoconversions labelled cells in diverse regions of the midbrain and hindbrain, with 

heavy labelling in m-Rh5/6 (Figure 4.7B&C). Labelling in m-Rh5/6 was bilateral, but 

especially strong in dorsal regions ipsilateral to the conversion site (Figure 4.7C).  

Projections to the ipsilateral internuclear neuron zone were identified by 

photoconversions in dorsal m-Rh5/6 and from the MapZeBrain atlas (Figure 

4.7D)(Kunst et al., 2019), indicating direct input to internuclear neurons from m-Rh5/6 

(Figure 4.7E). Other more complex projection patterns from m-Rh5/6 were also 
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identified that incorporated the contralateral internuclear neuron zone and regions 

active for convergent saccades, especially anterior and ipsilateral regions (Figure 4.8).  

Activity in m-Rh5/6 was consistent with input to abducens internuclear neurons. ROIs 

active for both convergent and conjugate saccades had nasal ramp scores for 

ipsilaterally directed movements (Figure 4.9A), as expected for direct input. ROIs 

preferentially active for convergent saccades were tuned to ipsilaterally directed 

movement in dorsal portions but contralaterally directed movements in ventral portions 

(Figure 4.9A), consistent with input to ipsi and contralateral internuclear neurons  

 

Figure 4.7 Projections from medial rhombomere 5/6 to abducens nucleus 

A. Schematic of photoconversion experiment. 
B Retrogradely labelled cells marked onto brain atlas in ZBB coordinates. Data from 5 fish. 
C. Distribution of retrogradely labelled cells in medial rhombomere 5/6. Data from 5 fish. 
D. Projection patterns of cells in medial rhombomere 5/6 to the inter-nuclear neuron zone (INN 
zone). All cells are from the MapZeBrain atlas apart from the bottom right, which is a small 
population of photoconverted cells. 
E. Schematic of medial rhombomere 5/6 projection pattern and implication for nasal eye movement 
control 
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Figure 4.8 Diverse projection patterns of medial rhombomere 5/6 neurons 

Top-down (left) and sagittal (right) projections of 13 neurons from medial rhombomere 5/6 that 
project to regions with high densities of convergent saccade preferring ROIs. Convergent saccade 
active regions within 20 μm of neurite are shown. All neurons are from the MapZeBrain single cell 
atlas. Abbreviations: APN – anterior pretectal nucleus, STZ – sub-tectal zone, INNs – internuclear 
neurons, OMN – oculomotor nucleus, m-Rh5/6 – medial rhombomere 5/6, m-Rh7/8 – medial 
rhombomere 7/8, NI – nucleus isthmi. 
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respectively. This split was mirrored by increases in STMI (Figure 4.9B) and decreases 

in OKR power (Figure 4.9C) along a dorsal to ventral axis. This trend was not observed 

for ramp threshold (Figure 4.9D). Comparing ROIs active for both saccade types versus 

those preferentially active for convergent saccades, there were significant differences in 

STMI and OKR power in ventral portions only (Figure 4.9E). Taken together these 

results identify a larger dorsal population that had activity compatible with input to 

ipsilateral internuclear neurons and mixed specialisations to saccade type that could be 

largely explained by kinematic encoding preferences, while a smaller ventral population 

specialised to convergent saccades had activity compatible with input to contralateral 

internuclear neurons.  

 

Figure 4.9 Oculomotor and saccade type tuning gradients in medial rhombomere 5/6 

A-D. ROIs from Conv, Both and Conj groups colour coded by nasal ramp score (A), STMI (B), 
OKR power (C) and nasal ramp threshold (D). 
E. Median STMI (left) OKR power (middle) and ramp threshold (right) along dorsoventral extent for 
ROIs from Conv and Both groups. Stats: Mann-Whitney U. 
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Many ROIs preferentially active for conjugate saccades had activity profiles consistent 

with controlling temporal eye movements to the ipsilateral side (Figure 4.10). Some 

ROIs from Both or Conj groups may encode binocular eye position as previously 

described (Brysch et al., 2019) since they had similar nasal and temporal ramp scores 

(Figure 4.10B). 

In summary, my functional and anatomical assessment supports direct activation of 

internuclear neurons from dorsal regions of m-Rh5/6, and direct or indirect activation 

from contralateral ventral m-Rh5/6 (Figure 4.11). The dorsal input is dominant and 

comes from neurons with mixed saccade type activity preferences that are largely 

explained by tuning to kinematic variables. The ventral input comes from cells that are 

 

Figure 4.10 Temporal ramp fits in medial rhombomere 5/6 

A. ROIs from Conv, Both and Conj groups colour coded by temporal nasal ramp score. 
B. Temporal versus nasal ramp score for the three saccade type preference groups. 

 

Figure 4.11 Schematic of how medial rhombomere 5/6 could influence abducens inter-
nuclear neurons 

Neurons with mixed saccade type activity preferences project directly (solid line) to ipsilateral inter-
nuclear neurons and excite them. A smaller population of neurons more selective for convergent 
saccades indirectly excite internuclear neurons from the contralateral hemisphere (dashed line).  
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both tuned to nasal eye position and have specialised activity for convergent saccades, 

thus providing action specific motor correlated input to internuclear neurons. Neurons 

in m-Rh5/6 may also provide feedback to hunting controlling centres via ascending 

projections (Figure 4.8). 

4.2.5 Medial rhombomere 5/6 controls nasal saccades of contralateral eye  

 

I next tested the importance of m-Rh5/6 to convergent saccade production and nasal 

eye movements by ablating cells that were active for nasal eye movements (Figure 

4.12A). Ablations in m-Rh5/6 disrupted nasal rotations of the contralateral eye across 

convergent and conjugate saccades (Figure 4.12 B-F) in a similar manner to ablations of 

internuclear neurons (Figure 4.6), supporting dominant feedforward connectivity to 

ipsilateral internuclear neurons.  

The severity of nasal eye movement deficits varied between fish and was correlated with 

the number of ablated cells (Figure 4.12G). Nasal eye position deficits were highly 

correlated between convergent and conjugate saccades (Figure 4.12H) indicating that 

ablated neurons contributed to each movement relatively equally, consistent with 

kinematic encoding of movement. Nevertheless, there were some fish that had larger 

than expected deficits for convergent than conjugate saccades and vice versa. To 

understand what could have driven this variation, I took the residual between the actual 

deficit for convergent saccades and that predicted by the deficit for conjugate saccades 

(Figure 4.12H) and correlated it with the median STMI (Figure 4.12I) and ramp 

threshold (Figure 4.12J) of ablated cells. There were significant correlations of the 

residual with both variables, suggesting that neurons encoding extreme eye positions 

and particularly active for convergent saccades had an outsized impact on convergent 

saccade production compared to conjugates. This is consistent with saccade type 

encoding having a small but measurable effect on patterning convergent saccades in m-

Rh5/6. 

There was less evidence that my ablations influenced nasal rotations of the ipsilateral 

eye, as expected from Figure 4.11. There was not a consistent eye position deficit across 

fish (Figure 4.12F). There was a trend but no significant correlation between deficit size 

and the number of ablated cells (Figure 4.13A). Ramp threshold and STMI were also 

poor predictors of variation in ablation phenotype between convergent and conjugate 

saccades (Figure 4.13B).  
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Figure 4.12 Medial rhombomere 5/6 neurons are necessary for saccadic nasal eye rotations 
of the contralateral eye 

A. Left: schematic of ablations. Middle: example ablated ROIs and saccade triggered activity of 
ablated ROIs. Right: location of example ablations in medial rhombomere 5/6. 
B. Eye positions for saccades pre and post ablation from example fish. Bold indicates median eye 
position. 
C. Post-saccadic eye position before (dull colours) and after (bold colours) ablations.  
D. Change in median post-saccadic eye position pre versus post ablations across fish for each eye 
and saccades. Example fish is highlighted by red star. Stats: signed rank test. 13 fish. 
E-F. As in C&D for eye velocity. 
G. Correlation between number of ablated ROIs and median change in post-saccadic nasal position 
of the eye contralateral to ablation sites. 10 fish with ablation sites logged. 
H. Correlation between change in median post-saccadic eye position for convergent versus conjugate 
saccades. Residuals between least squares regression fit indicated. 
I&J. Correlation between residuals in H and median STMI (I) and ramp threshold (J) of ablated 
ROIs. 8 fish in I. 6 fish in J. For not all fish could STMI or ramp threshold be reliably determined. 
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Two-photon optogenetic stimulation of m-Rh5/6 also supported feedforward 

activation of ipsilateral abducens internuclear neurons. Fish expressing the excitatory 

opsin CoChR throughout the hindbrain (u523:KalTA4; UAS:CoChR) were stimulated 

by making spatially restricted scans at 920 nm (Figure 4.14A&B). Stimulation in dorsal 

and ventral m-Rh5/6 could elicit nasal and temporal rotations to the ipsilateral side 

(Figure 4.14C), with some stimulations producing highly selective nasal rotations of the 

contralateral eye (Figure 4.14C&D). A few stimulation sites in ventral m-Rh5/6 elicited 

slight nasal rotations of the ipsilateral eye (Figure 4.14C), consistent with some 

activation of contralateral inter-nuclear neurons. On average, stimulation sites in m-

Rh5/6 had a bias for nasal movements of the contralateral eye compared to control 

regions within 50 μm of m-Rh5/6 (Figure 4.14E&F), except for areas ventral to m-

Rh5/6 which were highly selective for nasal movements and probably correspond to 

the neurites of abducens internuclear neurons.  

To summarise, stimulation and ablation of cells in m-Rh5/6 indicate a dominant 

feedforward input to ipsilateral internuclear neurons, crucial for the production of both 

convergent and conjugate saccades. The severity of ablation phenotypes indicate that 

saccades are encoded primarily along kinematic lines, albeit with some outsized 

contribution of cells with high STMI for convergent saccades.  

 

Figure 4.13 No consistent deficits in nasal rotations of ipsilateral eye from medial 
rhombomere 5/6 ablations 

A. Correlation between change in median post-saccadic eye position versus number of ablated ROIs. 
10 fish. 
B. Bottom left: correlation between change in median post-saccadic eye position for convergent 
versus conjugate saccades. Residuals to least squares fit shown. 10 fish. Right: correlation between 
residuals and median ramp threshold (top) or median STMI (bottom). 
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Figure 4.14 Two-photon optogenetic stimulation in medial rhombomere 5/6 produces 
selective nasal eye rotations 

A. Left: schematic of stimulation experiment. Right location of scan area for example experiment 1 
in B. 
B. Eye position changes during example stimulation experiments. Median eye position shown in 
bold, individual trials in thin lines. Scan locations shown relative to medial rhombomere 5/6 extent. 
C. Scan locations from all stimulations in medial rhombomere 5/6 (54 from 5 fish) colour coded by 
temporo-nasal (T-N) eye position shifts for the contralateral (left) and ipsilateral (right) eye. 
D. Left: scan locations from all stimulations in medial rhombomere 5/6 (54 from 5 fish) colour 
coded by change in position of the contralateral – the ipsilateral eye. Right: change in contralateral 
versus ipsilateral eye position for all stimulations. 
E. Histogram of contralateral-ipsilateral change in eye position for medial rhombomere 5/6, dorsal 
and ventral control regions. Stats: Kruskal-Wallis with Dunn-Sidak post-hoc. 
F. As in D for control locations. 
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Figure 4.15 Activity and projection patterns in the anterior pretectal nucleus and optic 
tectum  

A. Oculomotor tuned ROIs in anterior pretectal nucleus and optic tectum colour coded by nasal 
ramp fit (top) and STMI (bottom) for ROIs in Conv and Both groups. 
B. Projections of 3 hunting command neurons from anterior pretectal nucleus from Antinucci et al. 
(2019). Passage of axons relative to medial rhombomere 5/6 and inter-nuclear neuron zone shown. 
C. Top: retrogradely labelled cells from same abducens photoconversions as in Figure 4.1 with 
anterior pretectal nucleus (APN) shown. Bottom: all retrogradely labelled cells in anterior pretectal 
nucleus. 
D. Projection pattern of all neurons in anterior-medial tectum from the MapZeBrain single cell atlas 
(Kunst et al. 2019). 
E. Projection pattern of all neurons in APN nucleus from the MapZeBrain single cell atlas. 
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4.2.6 Descending control of convergent saccades  

 

To understand how saccade pattern generating circuits could be activated by descending 

commands to produce convergent saccades, I investigated the activity and projection 

patterns of neurons in the optic tectum and anterior pretectal nucleus (APN), both of 

which can elicit convergent saccades when stimulated (Antinucci et al., 2019; Fajardo et 

al., 2013;Antinucci et al. in prep).  

The pattern of activity in tectum and APN suggested that convergent saccade identity 

was encoded widely within both structures but oculomotor features may be encoded by 

smaller populations of neurons in anatomically discrete regions. I found ROIs with high 

STMI throughout both structures with little anatomical patterning, while ROIs with 

lateralised ramp scores were found in discrete anatomical regions (Figure 4.15A). 

Specifically, ROIs from the Conv population in anterior medial tectum and the APN 

had ramping profiles for contraversive eye position, while ROIs from the Both 

population in caudal and lateral positions had ramping profiles for ipsiversive eye 

position (Figure 4.15A). These results suggest that sub populations of anterior and 

lateral tectum may have outsized influence on nasal saccade production and are 

embedded within a wider population that modulate activity with saccade type. 

To investigate how activity could reach oculomotor controlling circuits from the 

APN/optic tectum, I inspected the projection patterns of ‘command neurons’ in APN 

and neurons of anterior-medial tectum. Command neurons were neurons previously 

shown by Antinucci et al. (2019) to elicit convergent saccades when stimulated. These 

neurons projected to contralateral m-Rh5/6 and internuclear neuron zone, indicating 

direct activation of oculomotor circuits (Figure 4.15B). Photoconversions in abducens 

nucleus labelled both ipsilateral and contralateral APN, also identifying a direct route 

from APN to internuclear neurons (Figure 4.15C). Neurons in anterior medial tectum 

were identified from the MapZeBrain single cell atlas. Almost all anterior-medial tectal 

neurons had projections within the tectum, terminating in a region of anterior neuropil 

that has reciprocal connections with APN (Figure 4.15D&E) (Antinucci et al. in prep). 

Combined, the projection patterns of APN and anterior medial tectum suggest that 

APN command neurons carry the main signal controlling convergent saccades to 

oculomotor circuits from both anterior-medial tectum and pretectum.  

4.2.6 Saccade type encoding along motor hierarchy 
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Put together, my results outline how two kinematically similar but contextually distinct 

movements are encoded across multiple brain regions in a motor hierarchy (Figure 

4.16A). Overall, as activity progresses from higher brain areas towards motoneurons, 

there is a general decrease in action type (contextual) encoding and a concomitant 

increase in kinematic encoding of movement. Activity in the anterior medial tectum and 

APN is highly action specific with individual neurons having relatively poor ramp fit R2 

and high STMI (Figure 4.16B). As activity passes towards motoneurons, encoding of 

saccade kinematics by individual neurons improves and action specificity reduces 

(Figure 4.16B). These gradients are not monotonic, ramp R2 reduces in oculomotor 

nucleus and STMI dips for internuclear neurons (Figure 4.16B). These gradients are also 

not complete transformations from contextual to kinematic encoding, with neurons in 

oculomotor nucleus retaining saccade type specific activity (positive STMI) (Figure 

4.16B).  

Overall, this work outlines in approximate terms the sensorimotor transformations 

made by a motor hierarchy controlling two simple movements. Preservation of 

 

Figure 4.16 Summary of saccade type and oculomotor encoding along putative convergent 
saccade circuit  

A. Schematic of putative convergent saccade circuitry. Convergent saccade specific activity (blue) in 
anterior pretectal nucleus (APN) and optic tectum outputs to the contralateral medial rhombomere 
5/6 and inter-nuclear neurons. Inter-nuclear neurons are excited directly by populations with mixed 
saccade type and kinematic encoding (blue and yellow) in medial rhombomere 5/6, and indirectly by 
populations highly tuned to convergent saccades (blue) that lie contralateral to inter-nuclear neurons. 
Activity of inter-nuclear neurons is agnostic to saccade type (yellow) and mainly encodes kinematic 
features of movement. These cells output to oculomotor nucleus where they recruit motoneurons 
that are preferentially active for convergent saccades and both convergent and conjugate saccades.  
B. Median (± inter quartile range) STMI and R2 of nasal ramp fits for ROIs from Conv and Both 
saccade type preference groups, for regions in putative convergent saccade circuit 
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contextual information about action identity at the level of motoneurons and pattern 

generating circuits in m-Rh5/6 is surprising. This revises the assumption that all 

contextual information is transformed by motor hierarchies into kinematic encoding of 

movement, even for extremely simple and similar actions.  

 

4.3 Discussion 
 

4.3.1 Oculomotor nucleus activity 

 

The recruitment patterns of neurons in oculomotor nucleus were largely compatible 

with motoneurons controlling other behaviours.  Motoneurons encode contractile force 

of the muscles they innervate and their recruitment patterns typically reflect the 

kinematics of movement. This is summarised by Henneman’s size principle where 

smaller, easier to excite motoneurons contacting muscles that exert weak contractile 

force are recruited first followed by larger, more difficult to excite, neurons that contact 

muscles that exert larger force (Henneman et al., 1974). Overall, the activity profile of 

cells in larval oculomotor nucleus is consistent with this: convergent saccades, which 

require greater contractile force to keep the eye in more extreme nasal positions, were 

accompanied by more widespread activity than conjugate saccades. This activity spread 

from ventro-medial portions encoding a wider range of eye positions to dorso-lateral 

portions encoding more extreme eye positions. This is similar to recruitment patterns 

for motoneurons controlling other behaviours: for example spinal motoneurons in 

larval zebrafish, which are progressively recruited in a ventral to dorsal direction as the 

frequency of tail beats increases (McLean et al., 2007).  

Not all activity in oculomotor nucleus fitted this principle. Dorso-lateral neurons had 

elevated activity for convergent saccades (high STMI) that could not be explained by 

eye velocity or position alone. This indicates that medial rectus motoneuron recruitment 

patterns were affected by action type to some degree. This result is similar to 

motoneuron firing rate patterns in oculomotor nucleus of primates, which differ for a 

given eye position depending on whether a versional or vergence movement has been 

made (Mays, 2003).  

Such action type recruitment patterns of motoneurons may reflect redundancy in the 

motoneuron population. It is likely that there are multiple motoneuron recruitment 
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patterns that can produce convergent saccades of similar eye velocity and position to 

conjugate saccades. Such redundancy has been shown for somatic movements and is 

best illustrated by the cycling on and off of motor units (motoneuron-muscle pairs) to 

prevent fatigue during sustained, repetitive movements (Bawa and Murnaghan, 2009). 

The recruitment patterns I saw in oculomotor nucleus may therefore be an arbitrary 

product of the way convergent and conjugate controlling circuits evolved or develop. 

This is similar to degeneracy in rhythmic pattern generating circuits, where synaptic and 

cellular properties in a circuit can vary between individuals of the same species but still 

output the same activity pattern (Marder et al., 2022).  

Alternatively, it is possible that action specific recruitment patterns for convergent 

saccades reflect features of muscles that were not easily measured from kinematic 

assessment of movement. In primates, vergence changes are associated with selective 

recruitment of slow-twitch, fatigue resistant multiply innervated muscle fibres to enable 

tonic fine adjustments in eye vergence required for binocular vision (Horn and Straka, 

2021). Factors like fatigue resistance and the necessity of slow-twitch responses for 

graded movement can be difficult to infer from the velocity and position of body parts 

alone. It is feasible that convergent saccades require contraction of different muscle 

types to conjugate saccades to maintain high vergence angles across hunting routines, 

which can last several seconds (Henriques et al., 2019), and to ensure eye position is 

reliably scaled to targets (see Chapter 2). However, such inferences require more 

detailed descriptions of extra-ocular muscle fibre types and their innervating 

motoneurons than are currently available in larvae. A recent study identified distinct 

fibre bundles expressing slow twitch myosin heavy chain 1 and fast twitch myosin light 

chain 2 in larval extra-ocular muscles (Dennhag et al., 2020), comparable to multiply 

and singly innervated muscles in other animals (Horn and Straka, 2021). However, it is 

not known whether there are anatomically segregated populations of motoneurons that 

project to these muscles. In mammals, motoneurons innervating singly and multiply 

innervated medial rectus fibres lie in anatomically distinct regions of oculomotor 

nucleus (Horn and Straka, 2021). Future work mapping the projection patterns of 

medial rectus motoneurons to different fibre types in larva is essential if my recruitment 

patterns in oculomotor nucleus are to be understood according to the properties of 

muscle fibres. 

4.3.2 Internuclear neurons 
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The activity, morphology and importance of abducens internuclear neurons to nasal 

saccade production suggest they act as a neuronal bottleneck providing a low 

dimensional encoding of saccades that expands in oculomotor nucleus to distinct 

functional channels. This is supported by three pieces of experimental evidence. Firstly, 

internuclear neurons were crucial to both convergent and conjugate saccade production, 

meaning most of the activity passing to oculomotor nucleus came through this relatively 

small population of neurons. Other inputs to oculomotor nucleus may have contributed 

to saccade production but given the strength of the phenotypes I observed, it must be 

minor. Secondly, internuclear neurons had little saccade type selectivity and broad eye 

position encoding ranges. This is consistent with internuclear neurons contributing to 

the production of all saccades and modulating firing rate across a large range of eye 

positions. Thirdly, the gradient of internuclear neuron axon bouton size matches medio-

lateral functional gradients in oculomotor nucleus. A simple model whereby bouton size 

is correlated with input strength may explain how broad, low dimensional encoding of 

saccades can be expanded into anatomically distinct functional channels. This 

complements assumptions made under Henneman’s size principle whereby neurons 

with preference for vigorous movements are more difficult to excite (Henneman et al., 

1974). Further work is required to test whether synaptic input strength is correlated with 

internuclear neuron bouton size. However, it provides an elegant and plausible 

explanation of how tuning gradients emerge in oculomotor nucleus.  

This role for internuclear neurons is supported by the activity of internuclear neurons in 

mammals. Recordings from the abducens nucleus of primates and cats have found that 

compared to motoneurons, internuclear neurons modulate their firing rate over a larger 

range of eye positions (Delgado-Garcia et al., 1986; Fuchs et al., 1988). Internuclear 

neurons began ramping their spike rates at similar, stereotyped eye positions, whereas 

motoneurons had more diverse ramp thresholds. This is consistent with internuclear 

neurons using rate coding to encode eye kinematics, whereas population coding is more 

prevalent in motoneuron populations. My schematic of how medial rectus motoneurons 

might be recruited by internuclear neurons in Figure 4.5 is also supported by a study 

that modelled the input from internuclear neurons to medial rectus motoneurons using 

observed firing rate profiles (Dean, 1997). The study had two models. One kept the 

synaptic weights of internuclear neurons the same and modulated the intrinsic 

properties of medial rectus motoneurons. The other kept the intrinsic properties of 

medial rectus motoneurons the same and modulated the synaptic weights. Of the two, 
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the model with synaptic weight modulation explained the recruitment thresholds of 

medial rectus motoneurons the best. This model had particularly strong synaptic 

weights for internuclear neuron and motoneuron pairs with low eye position 

recruitment thresholds, consistent with my schematic in Figure 4.5; albeit also with 

strong weights for high eye position recruitment threshold internuclear neuron-

motoneuron pairs. Overall, both recordings from mammalian internuclear neurons and 

models of their inputs to oculomotor nucleus are largely compatible with my results.  

Internuclear neurons had very little specificity for saccade type, with very few neurons 

forming part of the Conv group or having high STMI. It is not obvious therefore how 

convergent saccade specific activity profiles emerge in oculomotor nucleus given the 

saccade type agnostic activity of internuclear neurons. Several explanations are plausible. 

One is that other neurons with convergent saccade specific activity synapse directly 

onto oculomotor nucleus. Some neurons in m-Rh5/6 projected to ipsilateral 

oculomotor nucleus, which is consistent with contraversive tuning profiles of 

convergent saccade specific neurons in ventral m-Rh5/6. Further work is needed to 

assess the importance of other connections to oculomotor nucleus, however the role of 

such inputs is likely to be small, given the ablation phenotypes I observed. Another 

possibility is there are features of internuclear neuron spiking patterns, which could not 

be discerned from calcium imaging, that are combined in oculomotor nucleus to 

produce saccade type specific activation patterns in post-synaptic cells. These could 

relate to the timing of spike trains or subtle modulation in firing rate.  

Decomposing subtle differences in spiking patterns from highly correlated signals is a 

common feature of pattern separation circuits in brain structures like the cerebellum 

and hippocampus (Cayco-Gajic and Silver, 2019) and the connection from internuclear 

neurons to medial rectus motoneurons may follow a similar logic. A key feature of these 

circuits is projection of activity from a smaller (low dimensional) population of neurons 

to a larger (high dimensional) population with relatively sparse activity profiles (Cayco-

Gajic and Silver, 2019). In larvae internuclear neurons are a small population of cells 

(~20 neurons in each hemisphere (Vishwanathan et al., 2020)) and it could be that the 

population of recipient medial rectus motoneurons is sufficiently larger to support some 

of these pattern separation effects. As a whole, motor systems are thought to support 

dimensionality reduction (Wolpert and Ghahramani, 2000) since activity converges on a 

small population of motoneurons, however dimensionality expansion also occurs when 

command-like descending neurons activate downstream pattern generating circuits and 
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motoneurons. For example the Mauthner cell, which elicits escapes in larvae when 

stimulated, contacts many spinal interneurons and motoneurons (Korn and Faber, 

2005). Action execution often relies upon the activity of small, defined descending 

neuronal populations (Leiras et al., 2022; Namiki et al., 2022, 2018; Ruder et al., 2021; 

Ruder and Arber, 2019), which may activate larger populations of downstream spinal 

interneurons and motoneurons. It is possible that dimensionality expansion is a 

common feature of motor hierarchies and achieves similar objectives to ‘classical’ 

pattern separation circuits, enabling distinct and precisely chosen motor patterns from 

correlated input of command-like neurons. Key to determining whether this is the case 

for the internuclear neuron to medial rectus motoneuron pathway is establishing the 

degree to which the two population sizes differ and how they connect. It is also 

important to address whether other circuit features of pattern separation, like 

feedforward and feedback inhibition (Cayco-Gajic and Silver, 2019) also apply. 

Nevertheless, the correlated and saccade type agnostic activity of internuclear neuron 

fluorescence signals does not mean that they do not carry sufficient information to 

form saccade type specific activation profiles in post-synaptic motoneurons.  

4.3.4 Medial rhombomere 5/6 

 

My experiments identified an output from m-Rh 5/6 to ipsilateral abducens internuclear 

neurons that was vital for saccadic nasal eye movements: m-Rh5/6 neurons projected to 

abducens nucleus, ablation of neurons in m-Rh5/6 led to ipsiversive nasal eye 

movement deficits, stimulation produced ipsiversive nasal eye movements and many 

neurons were tuned to ipsiversive nasal movements.  

The homologous brain region to m-Rh5/6 in mammals is not known. In Chapter 3.3.1 

I outlined how the activity in m-Rh5/6 was consistent with both the paramedian 

pontine reticular formation (PPRF), which forms the saccadic burst signal, and the 

nucleus prepositus hypoglossi (NPH), which forms the tonic step signal by integrating 

the burst signal from PPRF (Scudder et al., 2002; Sparks, 2002). The eye movement 

deficits from m-Rh5/6 ablations were most consistent with lesions of PPRF in 

mammals (Horn, 2006) since saccade amplitude was diminished but post-saccadic eye 

position remained stable, thus leaving burst integration circuits intact. Optogenetic 

stimulations of m-Rh5/6 were less comparable with PPRF. Stimulation elicited 

ipsiversive nasal eye movements, but eye positions were not sustained post-stimulation 

as would be expected for circuits inputting to neural integrators (Cohen and 
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Komatsuzaki, 1972). Given these two results, and the similarity in eye position tuning 

between cells in m-Rh5/6 and putative motoneurons in oculomotor nucleus, it is 

possible that many m-Rh5/6 cells have burst-tonic (pulse-glide-step) activity profiles, 

consistent with them being post-synaptic to excitatory burst neurons typical of PPRF 

and tonic step neurons of NPH. The position of m-Rh5/6 aligns approximately with 

the caudal extent of PPRF and rostral extent of NPH in mammals (Horn, 2006; McCrea 

and Horn, 2006) and could be well poised to receive input from both regions. 

Consistent with this, a recent study identified connections from neurons in m-Rh5/6 to 

neurons in putative nasal eye velocity to position integration circuits in rhombomeres 7 

and 8 (Vishwanathan et al., 2020), and imaging studies have identified a dorsal to ventral 

gradient in eye velocity to position encoding in rhombomeres 5 and 6 (Brysch et al., 

2019; Leyden et al., 2021; Wolf et al., 2017). My results and circumstantial evidence 

from other studies are therefore consistent with m-Rh5/6 neurons compiling pulse and 

step components of the saccadic rate code prior to input to abducens internuclear 

neurons. Further work to match the connectivity with activity of neurons in m-Rh5/6 is 

required to confirm this, however it is a logical supposition. 

The influence of m-Rh5/6 on nasal saccades was consistent with mainly kinematic 

encoding of movement. Ablations of neurons in m-Rh5/6 had similar effects on 

ipsiversive nasal eye position for both convergent and conjugate saccades, and most 

oculomotor tuned neurons were active for both saccade types. There were some 

neurons preferentially active for convergent saccades. Of these neurons there was a 

dorso-ventral split in the tuning preference for ipsiversive or contraversive nasal eye 

movements. The dorsal ipsiversive population likely contributed to nasal eye 

movements in a similar way to other nasally tuned neurons in m-Rh5/6, albeit with 

outsized influence over convergent versus conjugate saccades compared to neurons 

active for both movements. This was evidenced by enhanced impairments of ipsiversive 

nasal eye movement during convergent saccades for ablations that targeted neurons 

with high STMI. This result indicates that while ipsiversive nasal eye movement control 

can be explained largely by the kinematic tuning preferences of participating neurons in 

m-Rh5/6, there is some influence of activity specialised to convergent saccades. Thus, 

mirroring the encoding of nasal eye movements in oculomotor nucleus.  

The role of the ventral convergent saccade tuned population is less clear. The activity of 

these neurons was consistent with input to contralateral abducens, and it feasible to 

think that they may help coordinate nasal eye movements for convergent saccades. 
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Although optogenetic stimulations in ventral m-Rh5/6 evoked nasal movements of the 

ipsilateral eye in a few sites, in keeping with this role, ablations yielded no consistent 

phenotype and relatively few neurons were back labelled in m-Rh5/6 contralateral to 

the photoconversion site in abducens nucleus. Given these results, it is likely that 

ventral convergent saccade specific neurons had weak direct influence on internuclear 

neuron activity, if at all.  

What other roles might ventral convergent saccade specific neurons have? M-Rh5/6 

contained neurons with diverse neurotransmitter identities and with complex projection 

patterns, indicating that they could subserve varied circuit functions. In particular, 

several neurons had ascending projections to regions with high densities of convergent 

saccade tuned neurons. These could feasibly carry feedback to hunting controlling 

regions. In mammals both NPH and PPRF send projections to the midbrain and 

forebrain (Belknap and McCrea, 1988; Iwasaki et al., 1999; McCrea and Baker, 1985). 

This includes projections from PPRF to the zona incerta in rat (Iwasaki et al., 1999), 

which is known to control hunting behaviours in rodents (Zhao et al., 2019).  The roles 

of these projections to higher brain areas is not well understood and the neurons in m-

Rh5/6 could provide insight to how information about eye position is used to influence 

wider behaviours, like orienting to prey.  

4.3.5 von Helmholtz control of nasal saccades 

 

The results from my ablation and stimulation experiments provide strong evidence for 

von Helmholtz-like control of saccadic eye movements in larval zebrafish. The von 

Helmholtz hypothesis states that each eye is under individual control and that versional 

and vergence movements are achieved by separate signals passed on to left and right 

eyes (Helmholtz, 2008). This contrasts with the Hering hypothesis, which assumes that 

the left and right eyes are given yoked versional and vergence signals (Hering, 1977). 

Ablation of m-Rh5/6 neurons and abducens internuclear neurons led to selective 

impairment of nasal movements of a single eye for both convergent and conjugate 

saccades, while stimulations could elicit largely selective ipsiversive nasal rotations. 

These results are consistent with individual control of each eye, meaning that at the 

level of internuclear neurons and m-Rh5/6 neurons the eyes are under von Helmholtz 

control.  
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This result does not rule out the influence of some Hering-like circuitry upstream. In 

some respects the Hering versus Helmholtz debate is one of scale: the eyes are 

ultimately controlled individually by motoneurons but are typically made by descending 

signals that encode a gaze change coordinated across both eyes (Gandhi and Katnani, 

2011; Scudder et al., 2002).  The real question is at what level does individual control of 

each eye take over. There is some evidence that hindbrain neural populations may aid 

coordination between left and right eyes. I found some neurons in m-Rh5/6 with 

similar ramp scores for nasal and temporal eye positions that could encode binocular 

conjugate saccades and a previous study has identified hindbrain neurons encoding 

binocular conjugate eye position (Brysch et al., 2019). The ventral population of 

convergent saccade specific neurons in m-Rh5/6 could coordinate nasal eye movements 

for convergent saccades. My work identifies m-Rh5/6 as a point in the motor hierarchy 

where von Helmholtz-like control dominates. Further work is required to determine 

how much further upstream Hering-like circuitry has an effect.  

What does von Helmholtz-like control in larvae mean for the debate in primates? The 

evolutionary origin of convergent saccades and primate vergence control are likely to be 

different (Mays, 2003). This limits direct comparison of circuit architectures between 

animals. However, the identification of von Helmholtz-like control in larvae outlines 

how independent control of each eye can be implemented by a relatively simple nervous 

system to visualise small targets binocularly (see Chapter 2). This may inform models 

that aim to describe saccadic vergence changes under von Helmholtz frameworks (King 

and Zhou, 2002), and also suggests that von Helmholtz control may be the ‘simplest’ 

solution that could be implemented by the nervous system. Further work elucidating the 

control of convergent and conjugate saccades in larvae may therefore shed light on the 

control of saccadic vergence changes in primates by being a simple comparative circuit.  

4.3.6 Tectum and anterior pretectal nucleus 

 

In the optic tectum and APN, convergent saccade identity was encoded widely across 

both structures, but kinematic features of movement were encoded by sub-populations 

in anatomically discrete portions. Convergent preferring neurons of the APN and 

anterior-medial tectum ramped activity with contraversive nasal eye position, while 

neurons for both convergent and conjugate saccades in posterior-lateral tectum ramped 

activity with ipsiversive nasal eye position.  
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Topographic encoding of saccades is a well-documented feature of the optic tectum 

(Gandhi and Katnani, 2011; Isa et al., 2021). In mammals and teleosts the location of 

activity in the optic tectum/superior colliculus determines the amplitude and direction 

of saccades (Gandhi and Katnani, 2011; Herrero et al., 1998; Isa et al., 2021; Salas et al., 

1997). In goldfish and zebrafish larvae stimulation of the anterior medial tectum elicits 

convergent saccades (Fajardo et al., 2013; Herrero et al., 1998; Salas et al., 1997), 

consistent with my observation of convergent saccade preferring nasally tuned neurons 

in anterior medial tectum of larvae. In goldfish stimulation of caudal tectum elicits 

escape responses and large contraversive saccades (Herrero et al., 1998; Salas et al., 

1997), which contrasts with the tuning profiles I identified. Unpublished work from the 

Lab has shown that stimulation of posterior-lateral tectum elicits ipsilaterally directed 

escapes in larvae and is recruited for orientations to highly lateralised prey-like stimuli 

(Antinucci et al. in prep). Consistent with my results, this work identified an activity 

pattern in the tectum whereby convergent saccades directed to lateralised prey are 

accompanied by activity in contralateral anterior-medial tectum and APN, and ipsilateral 

posterior-lateral optic tectum. Thus, there is combined activation of contraversive and 

ipsiversive tuned populations to produce lateralised orientations to prey. My work 

extends this by identifying neurons within these populations tuned to nasal eye position, 

and by showing that the posterior-lateral population are not saccade type selective.  

The contraversive and ipsiversive tuned populations likely output activity from the 

tectum via separate pathways. Antinucci et al. (in prep) identified a similar anterior-

medial tectum to APN output pathway to contralateral hindbrain I outlined in section 

4.2.6 of this Chapter. By combining optogenetic stimulation of the tectum with ablation 

of crossed outputs from APN, Antinucci and colleagues probed the role of this pathway 

in convergent saccade production and orienting turns. Their ablations reduced the 

probability of convergent saccades evoked by anterior-medial tectum stimulation, but 

did not have a significant effect on the direction of saccades. This highlights the 

importance of this anterior-medial tectum to APN pathway in triggering convergent 

saccades, but perhaps not in directing them. The authors also identified an uncrossed 

pathway from posterior-tectum that could explain how posterior-lateral tectum could 

influence saccade production. However, when they attempted similar ablation and 

stimulation experiments, they did not see a significant influence on convergent saccade 

production or direction. These experiments are technically challenging, and adaptive 

processes may mask the effects of some of these perturbations. They also did not test 
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the role of crossed output pathways from the tectum (Helmbrecht et al., 2018; Kunst et 

al., 2019), which may have an impact on convergent saccades. Nevertheless, it is 

possible that in the intact brain both crossed and uncrossed output pathways influence 

convergent saccade initiation and direction.  

Widespread convergent saccade specific activity throughout the tectum may represent 

encoding of other hunting related variables. Although my regression pipeline was 

designed to remove neurons highly tuned to visual stimuli or locomotion, it is likely that 

some were retained, especially in animals that responded to stimuli in consistent and 

stereotyped fashions. Neurons with high STMI and little nasal eye position tuning may 

correspond to these cells. Another explanation is that these neurons encode the hunting 

state or propensity of a larva to hunt. Prior to convergent saccade initiation, assemblies 

of spontaneous tectal activity are predictive of behavioural responses to moving spots 

(Bianco and Engert, 2015; Zylbertal and Bianco, 2022). It is possible that some neurons 

with high STMI also formed part of these assemblies. The function of this spontaneous 

activity is not fully understood. A recent study explained spontaneous tectal activity 

using a simple model of stochastic neural spiking, whereby excitatory connections 

between neurons have short space and time constants, while inhibitory connections 

have long spatial range and durations (Zylbertal and Bianco, 2022). When applied to real 

tectal activity, the estimated excitatory state of neurons determined by the model could 

predict both spontaneous and stimulus evoked convergent saccades. This estimated 

excitatory state diminished with successive presentations of the same prey-like visual 

stimulus and may describe how the tectum adapts hunting responses to visual features 

over time. Widespread encoding of convergent saccade identity may therefore be a 

product of dynamical activity patterns that modulate visuomotor responses with sensory 

experience and internal state. Further work using different analytical methods that are 

sensitive to these dynamical patterns of activity may address how tectal activity initiates 

hunting behaviour and intersects with control of convergent saccade direction. 

4.3.7 Information transformation along a motor hierarchy  

 

Along the motor hierarchy controlling convergent saccades, encoding of movement 

kinematic features increased from higher brain areas (APN and optic tectum) to lower 

brain areas (m-Rh5/6, abducens nucleus and optic tectum). This is not surprising. As 

outlined in the Introduction 1.1.1, low-level controllers are concerned with the 
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moment-to-moment control of movement and often have activity patterns that are 

closely linked to those of muscles/actuators, and hence their kinematics. By contrast, 

high-level controllers control more abstract features of movement and coordinate 

actions across body parts. Therefore, individual neurons in these regions are less likely 

to have activity profiles that are closely linked to movement kinematics. In sum, whilst 

this thesis has emphasised encoding of convergent saccades in a saccade type specific 

way, it is vital to note that the overall trend along the motor hierarchy was to transform 

information to a kinematic encoding of nasal eye movements, that was common across 

convergent and conjugate saccades.  

Nevertheless, the retention of some saccade type specific encoding by low-level 

controllers (m-Rh5/6 and oculomotor nucleus) suggests it has some function. In the 

above sections of this Discussion, I have outlined what the function of such activity 

could be for specific brain regions. In a more general sense this activity could serve 

multiple purposes. Some behaviours of particularly high ethological importance, like 

hunting or escape, may benefit from some labelled line encoding of movement to 

ensure reliable motor output. For example, excitation of the Mauthner cell ensures 

efficient recruitment of escape circuits (Korn and Faber, 2005). Given my behavioural 

observations in Chapter 2, it is tempting to think that convergent saccade specific 

activity enables larvae to reliably scale eye position towards prey. Alternatively, 

specialisation of activity along select neural populations could enable rapid and 

consistent development of hunting behaviours in the larva. Hunting is an innate 

behaviour that develops rapidly, with larvae able to hunt with no prior experience as 

early as 4 days post fertilisation (Muto and Kawakami, 2013). Any delay in developing 

this behaviour may negatively affect the survival of larvae, imparting selection pressure 

on the rapid development of circuits for hunting, perhaps at a cost of parsimonious 

encoding of movement. Other hypotheses are also viable, including arbitrary differences 

between two motor output pathways. Of course, these explanations are speculation, but 

offer exciting opportunities to investigate how diverse behavioural repertoires develop 

and evolve. 

It is not necessary to know why low-level controllers encode some aspects of 

movement according to action type or behavioural context, to suggest a reassessment of 

how low-dimensional representations of movement are realised by pattern generating 

circuits. Given the computational constraints of motor systems and the relatively small 

number of motoneurons compared to neurons in the rest of a motor hierarchy, it is 
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uncontroversial that the output of low-level controllers is lower dimensional than higher 

level controllers (see Introduction 1.1.1, 1.1.2). What cannot be assumed however, is 

that the dimensions by which activity varies for low level controllers represent the 

simplest way of accounting for variation in muscular contraction patterns made by the 

animal. In many studies investigating the low-dimensional representation of movement 

according to motor modules or muscle synergies, the synergies have been determined 

by applying dimensionality reduction algorithms to EMG signals (Cheung and Seki, 

2021). These algorithms (e.g. PCA, ICA, factor analysis) find low dimensional 

descriptions based upon the statistics of the data. The smallest number of dimensions 

that explain an adequate amount of variance as determined by the experimenter are 

chosen. This approach does not take into account the ethology of an animal and the 

behavioural requirements of different contexts. Similarly, studies that investigate the 

neural instantiation of synergies by stimulating reduced spinal preparations do not 

investigate how premotor populations are recruited for naturalistic behaviours. In this 

study, the identification of action type encoding for an extremely simple movement, 

challenges how useful it is to assume that the nervous system also encodes actions 

according to the smallest possible basis set. Robust challenges to modular encoding of 

movement have typically come from fine digit and hand movements of primates 

(Giszter, 2015; Tresch and Jarc, 2009), which have been explained by the flexibility of 

these behaviours and the influence of direct cortical inputs to motoneurons. The nasal 

saccades of larval zebrafish, by contrast are extremely simple, relatively inflexible, 

movements that form part of innate behaviours. That even these movements display 

activity profiles that vary in ways that cannot be easily explained by movement 

kinematics, suggests that some contextual encoding of movement by low-level 

controllers could be a relatively common feature of nervous systems.  

As with the first paragraph of this Discussion section, it is worth emphasising that such 

contextual or action type specific activity likely forms a minor aspect of how movement 

is encoded. It may also be difficult to assess its significance because of the redundancy 

and plasticity of motor systems. However, the work in this thesis outlines why such 

activity may exist and how it can be investigated in a robust fashion.  
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Chapter 5 General discussion 
 

5.1 Summary 
 

The aim of this thesis was to describe how two kinematically related but contextually 

distinct movements were executed. These were the nasal eye movements of convergent 

and conjugate saccades. My main findings are as follows: 

1. Convergent and conjugate saccades are contextually distinct movements that have 

subtle kinematic differences indicative of divergent motor control circuitry. Convergent 

saccades were hunting specific movements made within a larger repertoire of saccade 

types that could be defined by unsupervised clustering of kinematic features. 

Convergent saccades had uniquely regular velocity main sequence relationships 

compared to conjugate saccades and resulted in more extreme nasal eye positions, 

indicating that they were made by differing motoneuron activation patterns. Some 

convergent saccades (biphasic convergent) displayed a transient, conjugate-like, 

temporal eye movement, indicating that some of the saccade pattern generating circuitry 

was also shared across convergent and conjugate saccades. 

2. Convergent saccades improved the precision and gain of visual orientations to prey. 

This result may explain why convergent saccades had regular kinematic profiles, since 

predictable and scalable movements would likely improve the reliability of visual 

orientations prey, therefore increasing capture success rate.  

3. I identified and characterised oculomotor tuned neurons in the midbrains and 

hindbrains of larvae. Many of these neurons were found in regions known to or 

hypothesised to control oculomotor behaviours. Some of these neurons ramped activity 

with eye position, consistent with components of saccade pattern generating circuitry. 

Other regions I identified contained high densities of neurons with activity specific to 

convergent or conjugate saccades. Many of the convergent saccade specific regions had 

been poorly described (cerebellar cashew, sub-tectal zone, juxta-trigeminal, medial 

rhombomere 7/8).  

4. Putative motoneurons in oculomotor nucleus had unique recruitment patterns for 

convergent and conjugate saccades, consistent with kinematic differences between the 

two movements. Conjugate saccades were accompanied by activity in a small portion of 
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ventro-medial oculomotor nucleus, whereas additional dorsal and lateral neural 

populations were recruited for convergent saccades. These convergent saccade 

preferring dorso-lateral neurons encoded more extreme nasal eye positions and had 

convergent saccade specific activity profiles independent of encoding kinematic 

features. These results indicate that medial rectus motoneurons were recruited in a 

kinematic and saccade type specific manner.  

5. Abducens internuclear neurons were crucial to nasal saccades. Ablation of either cell 

bodies or axons severely impaired nasal eye movements for both saccade types. Putative 

internuclear neurons were agnostic to saccade type and encoded a large range of eye 

positions. Axon terminals had a gradient of bouton size that mirrored the functional 

gradients seen in oculomotor nucleus. From these results I propose a thresholding 

mechanism in oculomotor nucleus, whereby encoding of kinematic features by firing 

rate can be transformed into anatomically segregated functional channels in oculomotor 

nucleus.   

6. Neurons in medial rhombomere 5/6 were crucial to nasal saccades. The activity and 

projection patterns of neurons was consistent with a main output to ipsilateral abducens 

internuclear neurons and some output to contralateral abducens internuclear neurons. 

Ablations impaired ipsiversive nasal eye movements for both convergent and conjugate 

saccades. Ablations that targeted neurons encoding extreme nasal eye position or had 

convergent saccade specific activity profiles produced enhanced deficits in nasal eye 

movements for convergent saccades. Combined, my results indicate a mixed kinematic 

and saccade type encoding of nasal eye movements in medial rhombomere 5/6. 

7. Activity and projection patterns of neurons from anterior pretectal nucleus and optic 

tectum outline a potential mechanism by which convergent saccades are elicited by 

descending commands. Convergent saccade identity was encoded widely throughout 

both structures, while nasal eye position was encoded by a sub-population in 

anatomically discrete positions. Neural projection patterns suggest an output pathway 

from anterior-medial tectum to contralateral medial rhombomere 5/6 and abducens 

nucleus via hunting command neurons in anterior pretectal nucleus.  

Overall, my results outline an information transformation from anterior pretectal 

nucleus and optic tectum to oculomotor nucleus. This shows that encoding of action 

type diminishes and kinematic encoding of movement increases as activity passes 

towards motoneurons. This transformation is not complete however, since some action 
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type specific encoding remains in oculomotor nucleus. Thus, for even simple eye 

movements in a simple vertebrate brain, sensorimotor transformations cannot be 

entirely understood according to a kinematic encoding scheme shared across different 

action types and behavioural contexts.  

5.2 Understanding information transformations by nervous systems 
 

The work outlined in this thesis attempts to shed light on how motor hierarchies 

transform information to specific recruitment patterns of motoneurons and thus 

control behaviour. How this happens is not fully understood, even for simple systems 

like the saccadic eye movements I investigated. Understanding the information 

transformations made at each level of a motor hierarchy, seems, intuitively, necessary to 

understand how movements are executed and thus behaviour is controlled. However, 

given the complexity of the nervous system and experimental constraints is this 

possible? Or even desirable?  

The principles underpinning nervous system function seem simple. Neurons are input-

output machines that perform simple mathematical operations (e.g. multiplication, 

division, addition, subtraction) on synaptic inputs (Silver, 2010), outputting action 

potentials as a response. A neural circuit consists of the combined activity of these 

interacting input-output units. Therefore, to understand how information is 

transformed by neural circuits, it seems intuitive that one must understand how 

information is transformed by each neuron. The logic being that once we know how 

every neuron in a circuit responds to its inputs and outputs to its post-synaptic partners, 

we somehow gain full understanding of circuit function.  

Of course, producing such a detailed description is extremely difficult and we have 

come close to this level of description for only a handful of circuits e.g. the 

stomatogastric ganglion of crustaceans (Marder and Bucher, 2007). Even then, such a 

description of a circuit is just that, a description and does not impart understanding of 

how the circuit works and therefore transforms information. For example, even for 

artificial neural networks for which we know the precise input-output functions of 

individual units and all their synaptic weights, it is extremely difficult to understand 

what contribution individual units make to the output (Adadi and Berrada, 2018). At 

this level, the neuron level, it seems almost impossible to understand how circuits 
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achieve the remarkable feats in information processing necessary for animals to sense 

and interact with their environment. 

Many neuroscientists have wrestled with this problem and have proposed solutions that 

revise the concept of what we mean by understanding circuit function (Carandini, 2012; 

Krakauer et al., 2017; Richards et al., 2019). The most widespread formulation of this is 

Marr’s levels of understanding (Marr, 1982). This was proposed in response to failings 

in the reductionist approach of neuroscience from the 1950s-1970s (Bickle, 2015), 

which sought to understand the firing patterns of neurons but did not address how the 

brain enables behaviour.  

Marr breaks down the problem of understanding neural function into three levels of 

understanding (Marr, 1982). At the top is the computational level. This describes the 

information mapping the circuit conducts in a general sense, for example the goal of 

reaching for your coffee cup. In the middle is the algorithmic level. This describes the 

input output functions that enable this transformation in abstract terms, for example 

how visual features could be combined to localise your coffee cup in egocentric 

coordinates. The final level is the implementation level. This describes how the 

algorithms are represented in physical reality, i.e. the neural circuitry. Only by providing 

detailed descriptions at each level is the function of the circuit understood.  

Other formulations of how to understand circuits have hit upon similar solutions that 

seek to marry the goal of circuit activity with architectures. For example, Richards et al. 

borrow formulations from artificial neural networks to propose that circuits can be 

understood by describing their objective functions, learning rules and architectures 

(Richards et al., 2019); while Krakauer et al. suggest detailed description of animal 

behaviour is a prerequisite for meaningful understanding of neural circuit function 

(Krakauer et al., 2017). Crucial to Marr’s levels and other formulations is understanding 

first what it is the circuit needs to achieve. Ideally in as much detail as possible.  

With this in mind how can we understand information transformations by motor 

systems? Furthermore, how well have I described saccadic eye movement control 

according to Marr’s levels? 

A complete answer to the first question is likely to be too long to contain neatly in this 

short discussion. Nevertheless, one would expect a detailed algorithmic description of 

the sensorimotor transformations to inform our understanding how they are 
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implemented at a neuronal level and vice versa – as outlined by Marr in his initial 

conceptualisation (Marr, 1982). In the Introduction 1.1.2 I explained how optimal 

feedback control and related models may provide descriptions of these algorithms. 

These provide solutions that can be applied to artificial controllers (Merel et al., 2019) 

and adequately explain behavioural data (Todorov and Jordan, 2002). However, there is 

considerable degeneracy in these algorithmic descriptions: often more than one model 

variant can describe the behaviour. They may also be difficult to implement with 

existing neural architectures. To determine which algorithmic solution is applied by the 

motor system, they must be compared to observed neural activity and circuit 

architectures. Therefore an interplay between algorithmic and implementation 

descriptions is essential to understand how sensorimotor transformations are 

conducted. That is of course, assuming the computation (behavioural goal) is well 

defined. 

Given this interplay, most of my work sits firmly at the implementation level. I 

described, step by step, how different premotor populations encoded convergent and 

conjugate saccades. Through these descriptions and selective circuit interventions, I 

outlined ways in which kinematic and saccade type specific activity led to both 

movement types. This work constrains our understanding of how the saccades are made 

at the algorithmic level: it is not sufficient to expect that an entirely kinematic encoding 

scheme controls nasal eye movements for both saccades. My behavioural analysis has 

also updated the computational description of the circuit. By identifying kinematic 

differences between the saccade types and how convergent saccades were used to 

improve visual orientations to prey, the output/goals of the motor circuitry are better 

defined. What is left therefore is an update of how algorithmically the larval brain 

implements convergent and conjugate saccades.  

Throughout this thesis I have leant on algorithmic descriptions of how saccades are 

made in mammals to inform how they are made in larvae. These have been useful in 

conceptualising what roles my observed populations have in saccade production. For 

example, the assumption of separate pulse and step formation algorithms rationalises 

the position of medial rhombomere 5/6 neurons as compilers of the pulse and step, 

given their ablation phenotypes. However, I don’t know whether these algorithmic 

assumptions are truly justified in larvae. It is therefore necessary to update these and 

other algorithmic assumptions by testing whether they can be implemented. Further 

work to do this is very possible, given the tractability of the zebrafish larva and 



 

139 
 

simplicity of eye movements. If successful, work on this simple system may provide a 

template for understanding how other more complex motor hierarchies transform 

information into actions.  

5.3 Future directions 
 

There are many future directions this research can be taken. Here I will explore four 

questions that could build upon my work. 

How are temporal eye movements controlled for conjugate saccades? This thesis has 

been primarily concerned with how nasal eye movements are controlled. How temporal 

eye movements are controlled is less clear. A very interesting study would be to 

compare how temporal eye movements are controlled for conjugate and divergent 

saccades. This work would test whether any similar saccade type specific activity profiles 

apply to other rapid eye movements. In Chapters 3 and 4 I identified populations of 

neurons tuned to temporal eye position and preferentially active for conjugate saccades 

that may control temporal eye rotations. Selective circuit interventions and assessment 

of neural morphology in these regions could provide relatively easy entry to piece 

together circuitry controlling conjugate saccades and temporal eye rotations.  

What are the other components of the larval saccadic apparatus? It is still not clear how 

the pulse and step components of the saccadic rate code are made in larvae. The pulse 

component is thought to be made by bursting neurons in mammals (Sparks, 2002), 

however equivalent neurons have not been identified in larvae. Neurons in m-Rh5/6 

had activity and ablation phenotypes of burst tonic cells. It is likely that bursting 

neurons lie upstream of m-Rh5/6 neurons. Similarly, neurons that produce the step 

component may also lie upstream. Velocity to position integration circuits that provide 

the step component in mammals, have been hypothesized in rhombomeres 7 and 8 

(Miri et al., 2011). However, the causative evidence for these neurons is limited. 

Optogenetic inhibition in rhombomere 7 and 8 by Miri et al. produced decay in eye 

position, however the region affected was extremely large and the method unselective. 

It is possible that neat distinctions between pulse and step components are not possible 

in larva. It is also possible that pulse and step components are made by quite different 

mechanisms for conjugate and convergent saccades. Whatever the result, applying 

similar ablation and stimulation methods outlined in this thesis could reveal how the 

components of the saccadic rate code are formed in larvae.  
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How are other hunting specific movements made? Hunting routines are accompanied 

by several movements that fish make at no other time. These include J-turns 

(McElligott and O’Malley, 2005), capture swims (Marques et al., 2018; Mearns et al., 

2020), braking pectoral fin movements (McClenahan et al., 2012; McElligott and 

O’Malley, 2005) and large jaw movements (Mearns et al., 2020). How all these 

movements are controlled neuronally is largely unknown. Each movement sits within a 

repertoire of other movements made in non-hunting contexts: larvae make a large 

variety of tail movements to explore and escape (Marques et al., 2018), larvae oscillate 

pectoral fins during swimming (McClenahan et al., 2012; Uemura et al., 2020) and make 

gulping jaw movements periodically. Comparative analysis of these hunting vs non 

hunting movements, similar to the work outlined in this thesis, could further test how 

kinematically related but contextually distinct movements are made. From the results of 

this study, it could be possible to draw up more general principles about how nervous 

systems encode kinematically similar actions that serve distinct behavioural goals.  

What do other convergent saccade selective regions do? In Chapter 3, I identified 

regions with high density of convergent saccade selective neurons that are poorly 

described. It is likely that some control non-oculomotor aspects of hunting behaviours. 

Prime candidates for further research into this are the sub-tectal zone and cerebellar 

cashew (see Chapter 3.3.2). Other regions may have roles related oculomotor 

behaviours or lateralised movements like J-turns. These may include the juxta-trigeminal 

nuclei or m-Rh7/8. These may be good candidates to begin investigating how other 

hunting related movements are controlled. 
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Chapter 6 Materials and methods 
 

6.1 Animals 
 

Zebrafish larvae were raised at 28oC in facility water on a 14/10 hour light-dark cycle. 

Fish were fed paramecia from 5 days post fertilisation. Animal handling and 

experimental procedures were approved by the UCL Animal Welfare Ethical Review 

Body and the UK Home Office under the Animal (Scientific Procedures) Act 1986. 

All larvae carried the mitfa -/- skin mutation (Lister et al., 1999). Pan-neuronal imaging 

functional calcium experiments were conducted on larvae transgenic for 

Tg(elavl3:H2BGCaMP6s)jf5Tg (Vladimirov et al., 2014). Some (6 fish) were also double 

transgenic Tg(Chx10:Gal4FF)nns18Tg  (Kimura et al., 2013) and Tg(UAS:RFP). Functional 

imaging was also conducted in fish expressing Tg(chata:Gal4)mpn202 (Förster et al., 2017) 

and Tg(UAS:GCaMP7s)u342 (Antinucci unpublished). Photoconversions were conducted 

on fish expressing Tg(Cau.Tuba1c3paGFP)a7437Tg  (Bianco et al., 2012) and 

Tg(elavl3:jRCaMP1a)jf16TG (Dunn et al., 2016b). Optogenetic stimulation was conducted 

on double transgenic fish Tg(u523:KalTA4)u523 (Bianco unpublished) and 

Tg(UAS:CoChR-tdTomato)u332 (Antinucci et al., 2020). Assessment of projections from 

oculomotor nucleus was made on triple transgenic fish Tg(u540:KalTA4)u540 (Bianco 

unpublished), Tg(UAS-E1b:Kaede)s1999tTg (Scott et al., 2007) and Tg(acta1:GFP)zf13 

(Higashijima et al., 1997). For chapters 2 and 3 additional 60 fish from J.Y.N. Lau’s 

thesis were used and expressed Tg(-2.5pvalb6:KalTA4)u508Tg (Antinucci et al., 2019) and 

Tg(UAS:GCaMP6f,cryaa:mCherry)icm06Tg (Knafo et al., 2017). 

6.2 Functional two-photon calcium imaging and tethered 

behavioural tracking 
 

Functional 2-photon calcium imaging was similar to Antinucci et al. 2019. Larvae were 

mounted in 3% low-melting point agarose (Sigma-Aldrich), with agarose removed from 

the eyes and tail to allow movement. Fish were imaged at either 6 or 7 dpf and mounted 

the day before. Imaging was performed with a custom built 2-photon microscope 

[XLUMPLFLN 20 x 1.0 NA objective (Olympus), 580 nm PMT dichroic, bandpass 

filters: 510/84 (green), 641/75 (red) (Semrock), R10699 PMT (Hammamatsu 

Photonics), Chameleon II ultrafast laser (Coherent Inc)]. Imaging was conducted at 920 

nm with average laser power at sample of 5-10 mW. Images (550 x 344 pixel, 0.67 
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μm/px) were acquired at 4.8 Hz, with planes scanned one at a time. Experiments 

typically acquired 6-10 planes separated by 10 μm.  

Visual stimuli were projected in front (Optima ML750ST) onto a curved screen placed 

~7 mm in front of the larva and comprising ~200o of visual space. Larvae were 

diffusely illuminated from below (P2 Jr Pico Projector). Filters (29 Wratten Filter 

(Kodak)) were placed in front of all projectors.  

Visual stimuli were designed in MATLAB using Psychophysics toolbox (Brainard, 

1997). Stimuli were as follows: dark or bright moving spots of 6o or 5o moving either 

left-to-right or right-to-left shown in open loop or in closed loop. Whole-field motion 

consisting of vertical stripes presented in front with a period of 19o, 1 or 0.5 Weber 

contrast moving leftwards and rightwards at 0.3 cycles s-1. Optomotor gratings were 

projected below the fish with a period of 10 mm and moved at 1 cycle s-1. A range of 

grating directions were shown to elicit a variety of turn amplitudes. Looming stimuli 

were presented in front with an L/V ratio of either 255 or 490 ms. Whole-field dark 

and bright flashes of 3s. Spritz water puff stimuli were presented by a design adapted 

from “Openspritzer” (Lau, 2019). Stimuli were presented in a pseudo-random order 

and no single fish was exposed to all stimulus conditions. Fish in Chapters 3-4 were 

only shown moving spot and whole-field motion stimuli. 

Fish that underwent axotomies had their behaviour tracked under the digital 

micromirror device (DMD) microscope as in Antinucci et al 2019. Eye and tail position 

was monitored by FL3-U3-13YM-C camera (Point Grey) at 400 Hz under 850 nm 

illumination. Visual stimuli (spots and wholefield motion) were projected in front 

(Optima ML750ST) in the same way as above.  

6.3 Recording free-swimming behaviour 
 

Free-swimming behaviour was recorded using a Mikrotron EcoSens 4CXP camera at 

300 Hz equipped with a machine vision lens (Kowa) and an 850 nm bandpass filter. 

Fish orientation, eye and tail positions were tracked online and a cropped (23.9 mm x 

23.9 mm, 13.0 mm/px) movie of the experiment was taken. Larvae were recorded in 35 

mm petri dishes with 3% agarose placed along the rim to limit thigmotaxis. 

Visual stimuli were projected from below (Acer C202i). For 4 of 8 recorded fish 

optomotor gratings were presented for 6s every 120s. These had a period of 8 mm and 



 

143 
 

were moved at 1 cycle s-1 90o to the left or right with respect to the animal’s orientation. 

For all fish, when they moved outside of a predefined central area (~11 mm from arena 

edge) inward moving concentric circle gratings were presented to promote swims to the 

centre. Paramecia were added to the arena before each experiment. Each experiment 

lasted ~45 minutes. Camera control, online tracking and stimulus presentation were 

implemented using LabVIEW (National Instruments) and MATLAB (Mathworks). 

 

6.3 Saccade detection and classification 
 

6.3.1 Saccade detection 

 

Eye position traces were first interpolated onto a 500 Hz time-base and low-pass 

filtered with a passband frequency of 1 Hz. Rapid eye movements were detected as 

peaks in the convolution of filtered eye position and a step function. Movements of 

both eyes occurring within 100 ms were paired. Rapid eye movements where both eyes 

had peak velocities < 20os-1 were discarded as non-saccadic.  Rapid eye movements 

occurring within 300 ms of one another were merged and assessed from the earliest 

movement. After these steps, precise movement initiation times were determined by 

convolving smoothed eye position (custom lowess function) with step functions of 

width 100 ms and 40 ms, then taking the product between the two convolutions and 

thresholding the output. 

6.3.2 Saccade classification 

 

For each saccade four core metrics were calculated from which all metrics used in 

saccade classification were derived: pre-saccadic eye position, max post-saccadic eye 

position, post-saccadic eye position and peak eye velocity. Pre-saccadic eye position was 

the median eye position during a window 200 ms immediately prior to saccade 

initiation. Max post-saccadic eye position was the point where the eye deviated most 

from its position at initiation, calculated within a 200 ms window starting at saccade 

initiation. Post-saccadic eye position was calculated as the median eye position over a 

200 ms window starting at the point of max post saccadic eye position. Peak eye 

velocities were the maximum of the first order differential of eye position in clockwise 

and counter-clockwise directions, determined by the MATLAB gradient function. 
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To classify saccades 9 metrics were calculated from the four core metrics. These were Δ 

eye position (2 metrics, left and right eye), max post-saccadic eye position – post-

saccadic eye position (2 metrics, left and right eye), peak eye velocity (4 metrics, 

clockwise and counter-clockwise for left and right eyes) and post-saccadic vergence (1 

metric). Δ eye position was calculated as the difference between pre and post-saccadic 

eye position. Post-saccadic vergence was post-saccadic eye position of the right eye 

subtracted from the left eye. These metrics were normalised intra-fish by capping points 

above the 99.5th or below the 0.5th percentile then z-scoring. 

Data from 213,462 (63.6% of total) saccades that did not initiate during a swim from 

152 tethered fish were used for initial classification. This was done to use high fidelity 

recordings with minimal artefacts from swim induced changes in head position. The 

data were embedded into 2 dimensions using UMAP (McInnes et al., 2020), using a 

minimum distance setting of 0.11 and 199 nearest neighbours. The output was then 

clustered using DBSCAN (Ester et al., 1996), with epsilon 0.34 and minimum point 

threshold 570. Un-clustered points within 3 units of UMAP space to a cluster edge were 

assigned to a cluster within this radius. The saccade was assigned to the cluster that had 

the most successive increases in point density binned along a straight line from the 

embedded saccade to the cluster centroid. Saccades that initiated during swims were 

assigned to clusters based upon the identity of the nearest neighbour from the clustered 

dataset in high dimensional space.  

Data from free-swimming animals or tethered animals that were not part of the initial 

classification set (some fish in Chapters 3-4) were assigned by embedding into the same 

UMAP space. For each saccade the nearest 100 saccades from the original dataset were 

determined and the most common identity from this sample assigned to the saccade of 

interest.  

Biphasic convergent saccade clusters were refined because some saccades in the regular 

convergent saccade cluster had small biphasic movements. This was done by pooling 

across the convergent saccade clusters and assigning biphasic identities to saccades that 

had temporal eye velocities > 60 os-1 (40 os-1 for freely-swimming) and displacement 

greater than 1 standard deviation of eye position over a 150 ms window terminating 100 

ms prior to saccade initiation. 
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6.4 Saccade and swim kinematic analysis in tethered animals 
 

Swim analysis 

 

Swimming bouts were detected by applying 800 os-1 (onset) and 200 os-1 (offset) 

thresholds to smoothed and zero-phase filtered tail velocity traces. Saccades were 

accompanied by swims if a bout occurred within 200 ms of saccade initiation. Swim 

vigour was determined as the sum of zero-phase filtered tail velocity over the duration 

of a bout. Swim laterality (θ1) was the maximum cumulative tail angle (sum of tail angles 

to 8th segment) during the first half beat of a swim.  

Saccade analysis 

 

Saccade initiation, peak velocity and Δ eye position estimates were refined prior to 

analysis. Initiation times were redefined as the point eye velocity breached 20 os-1 within 

160 ms of initial saccade onset estimates (above). Δ eye position was calculated as the 

median eye position over a 200 ms window starting when eye velocity dropped below 

20 os-1. Peak eye velocity was calculated as above from the new initiation time. Main 

sequence fits were determined using the fitlm function in MATLAB without a bias term 

for smaller Conj saccades and Convs and with a bias term for larger Conjs. Velocity 

decay time constants were determined via single exponential fits from peak eye velocity 

using the MATLAB fit function.  

6.5 Free-swimming hunting analysis 
 

6.5.1 Definition of hunting contexts 

 

Hunting epochs were defined as in Henriques et al. 2019. Hunts occurred when eye 

vergence angle surpassed a threshold for more than 300 ms. The threshold was 

determined individually for each fish by fitting two Gaussians to the bimodal 

distribution of vergence angles and taking the value one standard deviation lower than 

the mean of the higher Gaussian. Hunting initiation and termination contexts were 

defined by 200 ms windows spanning the onset and offset of hunting epochs 

respectively. Hunting contexts were defined as time periods in between hunting 

initiation and termination. 
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6.5.2 Orientations to paramecia 

 

Paramecia locations were semi manually determined. Movie stills taken at convergent 

saccade onset were assessed for paramecia by detecting small objects (148 µm2 

<area<889 µm2 and 385 µm<length<1540 µm) from binarized gaussian filtered images 

taken at saccade onset. If at least one object was detected, paramecia were assessed 

manually using a custom GUI and their positions tracked by hand. Instances where 

there were multiple paramecia in the animal’s visual field were not assessed to avoid 

ambiguity in the intended target. Δ yaw was the change in orientation due to a bout 

associated with a convergent saccade. Δ translation was the change in angle between the 

paramecium and the fish post swim ignoring changes in yaw. Conv angle was the angle 

between the estimate point of binocular overlap of the visual field and the midpoint 

between the eyes. Visual field size was estimated to be 163o (Easter and Nicola, 1996) 

and symmetric about the middle of the eye. Δ Conv was the difference between pre and 

post saccade Conv angles. 

 

6.6 Calcium imaging analysis 
 

6.6.1 Image processing and timeseries extraction 

 

All calcium imaging data processing and analysis was conducted in MATLAB unless 

otherwise stated. Motion correction of imaging data was performed as in Bianco and 

Engert (2015). Regions of interest (ROIs) from pan-neuronal recordings were detected 

using an algorithm developed by Kawashima et al. (2016). Images from 

chata:Gal4/UAS:GCamp7s fish were segmented using cell-pose in Python (Stringer et 

al., 2021). The time varying fluorescence signal was extracted by computing the mean 

value of all pixels within a ROI binary mask at each time-point (imaging frame). To 

account for slow drifts in fluorescence from pan-neuronal recordings, a time varying 

baseline was subtracted from the raw data. The baseline was estimated from the median 

fluorescence value over a moving 150 s window using the ordfilt2 function. The 

proportional change in fluorescence (ΔF/noise) was then calculated by subtracting the 

mean and dividing by standard deviation of fluorescence, estimated by fitting a gaussian 

distribution the histogram of fluorescence values using the estimate_baseline_noise 

function from OASIS (https://github.com/zhoupc/OASIS_matlab).  

https://github.com/zhoupc/OASIS_matlab
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6.6.2 Oculomotor tuned ROI identification 

 

Oculomotor tuned ROIs were identified with two analysis steps. The first identified 

ROIs active following saccade onset. The second identified saccade active ROIs whose 

fluorescence was best explained by oculomotor variables (oculomotor tuned) rather 

than other stimulus or motor variables. 

The first step of identifying saccade active ROIs was assigning d’ values to each ROI for 

each of convergent, left conjugate and right conjugate saccades (3 values per ROI). This 

was calculated as: 

𝑑′ =  
𝜇𝑏𝑒𝑓𝑜𝑟𝑒 − 𝜇𝑎𝑓𝑡𝑒𝑟

√𝜎𝑎𝑓𝑡𝑒𝑟
2 + 𝜎𝑏𝑒𝑓𝑜𝑟𝑒

2

2

  

𝜇𝑎𝑓𝑡𝑒𝑟   and 𝜎𝑎𝑓𝑡𝑒𝑟
2  were the mean and variance of fluorescence across time and 

individual saccades in a 2 s window following saccade initiation. 𝜇𝑏𝑒𝑓𝑜𝑟𝑒   and 𝜎𝑏𝑒𝑓𝑜𝑟𝑒
2  

were the mean and variance of fluorescence across time and individual saccades in a 1 s 

window prior to saccade initiation. For each d’ value for each ROI a null distribution of 

1000 d’ values was determined by randomising saccade onset times. ROIs were 

considered active for a given saccade type if the d’ value exceeded the 95th percentile of 

this distribution for any saccade type.  

Oculomotor tuned ROIs were identified by a ridge regression pipeline. To save 

compute time, determine temporal offsets and temporal dynamics of the calcium 

signals, ΔF/noise was predicted first by ordinary least squares regression applied to 33 

regressors. The regressors were derived from 14 behavioural predictors, 18 stimulus 

predictors and a motion artefact signal. Of the 14 behavioural predictors, 6 were 

oculomotor and the remainder locomotor. Oculomotor predictors consisted of 1 0 hot 

encoding at the time of saccade onset (convergent and conjugate saccades directed to 

the left or right) and a continuous readout of nasal eye position (eye positions more 

temporal than median eye position were zeroed). Locomotor predictors were 1 0 hot 

encodings at the time of swim onset and grouped according to swim direction 

(left/right) and vigour (1st to 4th quartile). Of the 18 stimulus predictors, 2 were for 

optokinetic wholefield motion and the remainder moving spots. Wholefield motion 

predictors were 1 at the time of stimuli to the left or right and 0 otherwise. Moving spot 
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predictors were 1 0 hot encodings at the time the stimulus was either 60o or 30o to the 

left or right of the fish. There were separate regressors for leftward and rightward spots 

and whether the spot was bright or dark. The motion artefact signal was derived from 

the transformation used in image motion correction. All behavioural and stimulus 

predictors were convolved with calcium response functions with τon of 0.2 s and τoff of 

3, 4 or 5 s, and fluorescence predicted at temporal shifts of 0-3 timesteps. From these 

fits, ROIs with R2>0.05 were chosen for ridge regression and optimum τ and temporal 

offset values assigned by combinations that had the highest R2.  

 

Ridge regression fits were then made on these ROIs using the MATLAB ridge function 

with the same regressor set. Lambda values were chosen by making fits with an array of 

50 values equally partitioned in log space from 0.001 to 1000 and taking the value with 

the best cross validated (10 fold) mean squared error. The contribution of each 

regressor to the ridge prediction was determined in a similar manner to Musall et al. 

(2019). One at a time each regressor was circularly permuted by a random value greater 

than 185 frames (the length of a trial epoch) and fluorescence predicted using the same 

lambda value as the full model. Cross validated R2 for permuted models was calculated 

using the same partitions as in the full model. The percentage change in the cross 

validated R2 relative to the full model was determined for each regressor, with negative 

values indicating a unique contribution to the model. Positive values represent random 

improvements in fit quality from permuting the predictor and can approximate a null 

distribution when sign inverted and pooled over ROIs for each regressor. ROIs were 

classified as oculomotor tuned if they fulfilled three criteria: i) the most negative ΔcvR2 

value for a ROI was from an oculomotor regressor, ii) at least one oculomotor regressor 

had a ΔcvR2 more negative than the 95th percentile of the null, iii) the motion artefact 

predictor was less negative than the 95th percentile of the null.  

 

After this ROIs were assigned as preferring convergent (Conv), conjugate (Conj) or 

both (Both) saccade types by saccade triggered activity. ROIs with d’ values above the 

95th percentile for convergent saccades or conjugate saccades only were classified as 

Conv and Conj respectively. Those with d’ values above the 95th percentile for 

convergent and conjugate saccades were classified as Both.  
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6.6.3 Oculomotor tuning metrics 

 

Both ramping fits and saccade type modulation index (STMI) were determined from 

normalised saccade triggered fluorescence values and normalised post-saccadic eye 

position and peak velocities. Normalised fluorescence was the difference in median 

fluorescence pre (1 s window) and post (2 s window) saccade divided by the 95th 

percentile of differences across all saccades for a given ROI. Post-saccadic eye position 

was normalised by dividing by the maximum nasal extent of post-saccadic eye positions 

across all saccades. Peak eye velocity was normalised by dividing by the 95th percentile 

of nasal eye velocities across saccades.  

Ramp fits were ReLu-like fits to fluorescence data. They consisted of a horizontal 

baseline set at median fluorescence for a given span, that ramped linearly above or 

below a certain post-saccadic eye position/peak eye velocity. Linear ramps were 

ordinary least squares regression fits. Ramp fits were made by ordering data according 

to ascending or descending post-saccadic eye position or velocity, then making 

successive ramp fits with baselines spanning progressively larger portions of the data. 

Fits with the lowest mean squared error that had positive ramp slopes in the ascending 

or negative slopes in the descending direction were chosen. Otherwise only the baseline 

was fit to the data. Fits were made across convergent and conjugate saccades in 

temporal and nasal directions for each eye. The point at which fits began to ramp, ramp 

threshold, was the point on the x axis where the baseline and linear fit intersected. Only 

ramp thresholds for ROIs with fit R2 >0.2 were considered to avoid erroneous 

measures from poor fits.  

STMI was determined by matching conjugate saccades with kinematically similar 

convergent saccades and taking the median difference between normalised fluorescence 

for these matched saccades. Saccades were matched if their Euclidean distance was < 

0.1 in normalised post-saccadic eye position and velocity space. If more than one 

convergent saccade fell within this distance the closest one was chosen. A relatively 

large proportion of ROIs (18%) did not have any matched saccades and were not 

assigned STMI, reflecting differences in the kinematics of convergent and conjugate 

saccades. 

For both STMI and ramp threshold, values from one of the left or right eyes had to be 

chosen for each ROI. The eye was chosen based on ΔcvR2 values from oculomotor 
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regressors to account for ROIs that had directional tuning but poor ramp fits. For ROIs 

with ramp R2 > 0.2 a small proportion (3%) had better ramp fits in the opposite 

direction to ΔcvR2 tuning preference, validating the approach. 

OKR powers were the peak in the Fourier spectrum of median fluorescence responses 

to whole-field motion stimuli, taken at the frequency with which the direction of 

moving gratings was alternated. Optokinetic wholefield motion stimuli were presented 

in two modes that alternated direction at the same frequency but with different starting 

directions. Median fluorescence responses were determined by taking the difference 

between median fluorescence across trials of the two wholefield motion stimuli types.  

6.7 3D image registration 
 

Registration of image volumes was performed using the ANTs toolbox version 2.1.0 

(Avants et al., 2011) in a similar manner to that described in Henriques et al. 2019. 

Images were converted to the NRRD file format using ImageJ. As an example, to 

register the 3D image volume in ‘fish1_01.nrrd’ to the reference brain ‘ref.nrrd’, the 

following parameters were used: 

antsRegistration -d 3 --float 1 -o [fish1_01_,fish1_01_Warped.nii.gz] -n 

BSpline -r [ref.nrrd, fish1_01.nrrd,1] -t Rigid[0.1] -m 

C[ref.nrrd,fish1_01.nrrd,1,32,Regular,0.25] -c [200x200x200x0,1e-8,10] -f 

12x8x4x2 -s 4x3x2x1 -t Affine[0.1] -m 

GC[ref.nrrd,fish1_01.nrrd,1,32,Regular,0.25] -c [200x200x200x0,1e-8,10] -f 

12x8x4x2 -s 4x3x2x1 -t SyN[0.05,6,0.5] -m CC[ref.nrrd,fish1_01.nrrd,1,2] -c 

[200x200x200x200x10,1e-7,10] -f 12x8x4x2x1 -s 4x3x2x1x0  

The deformation matrices computed above were then applied to any other image 

channel N of fish1 using: 

antsApplyTransforms -d 3 -v 0 --float -n BSpline -i fish1_0N.nrrd -r 

ref.nrrd -o fish1_0N_Warped.nii.gz -t $fish1_01_1Warp.nii.gz -t 

fish1_01$_0GenericAffine.mat 

All brains were registered onto the ZBB brain atlas (1 x 1 x 1 xyz μm/px) (Marquart et 

al., 2015) and onto a high resolution reference brain of Tg(elavl3:H2B-GCaMP6s), 

Tg(elavl3:jRCamp1a), Tg(elavl3:GCaMP7f) or Tg(u523:KalTA4)/Tg(UAS:CoChR-

tdTomato) (all with resolution: 0.77 x 0.77 x 1 xyz μm/px). Registrations were 

conducted for different experiments as below: 
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For most registrations a two-step registration process was used. First, imaging volumes 

were registered onto a post experiment anatomy stack with the same size and resolution 

at 1 μm. Second, the post anatomy stack was registered onto the high resolution 

Tg(elavl3:H2B-GCaMP6s) brain. Since the high-resolution brain had already been 

registered on the ZBB atlas, the transformations of the experimental volumes and the 

reference brain were concatenated to bring the functional volume and ROI locations to 

the ZBB atlas (calcium imaging volume -> post-imaging volume -> reference brain -> 

ZBB). Intermediate steps in this registration process were skipped if necessary. 

Functional imaging ROIs and anatomical masks were also transformed to the 

MapZeBrain atlas (0.994 x 0.994 x 1 xyz μm/px) (Kunst et al., 2019) from a look-up 

table of ZBB coordinates to MapZeBrain coordinates derived from a ZBB brain 

transformed to MapZeBrain space.  

6.8 Photo-activation of PA-GFP 
 

Larvae homozygous for Tg(Cau.Tuba1c3paGFP) and Tg(elavl3:jRCaMP1a) were 

mounted in 1% low-melting point agarose at 5 dpf. The same custom 2-photon 

microscope used for functional calcium imaging was used for photoconversions and 

anatomical imaging. PA-GFP was photoactivated by continuously scanning a small 

volume at 790 nm at 5-10 mW power at sample for 3-8 minutes per plane. 

Photoactivated volumes were 40 x 40 x 20-30 xyz μm with z spacing of 5 μm for 

abducens photoconversions and 9 x 9 x 1 xyz μm for focal conversion of cells in m-

Rh5/6. After photoconversion fish were unmounted and allowed to recover. After 24 

hours fish were remounted and anatomical stacks taken at 1040 nm in red and green 

channels.  

Projection patterns were traced using the Simple Neurite tracer plugin for Fiji (Longair 

et al., 2011). Locations of retrogradely labelled cells were manually determined from 

anatomy stacks registered to ZBB coordinate space. Of photoconversions in abducens 

nucleus, only those that labelled internuclear neurons were used for assessment of 

retrograde labelling. Internuclear neuron axon terminals were measured by taking the 

area of masks traced by hand in ImageJ from high resolution stacks (0.1 x 0.1 x 1-2 xyz 

μm/px) in oculomotor nucleus.  

6.9 Anatomical analysis 
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Anatomical masks were derived from ZBB, previous publications or manually drawn 

based upon genetic cell type markers, density of functionally identified ROIs or 

anatomical features. The only masks taken from ZBB were for the optic tectum and 

tectal neuropil. Nucleus isthmi mask was taken from (Henriques et al., 2019). All other 

masks were drawn in either a custom MATLAB GUI or ImageJ. Of these, only 

oculomotor nucleus and the anterior pretectal nucleus were not derived from the 

density of functionally identified ROIs. Oculomotor nucleus was delimited by the 

medial expression of chata and isl1:GFP anterior to the midbrain-hindbrain boundary as 

defined in the ZBB atlas.  

Single neurons from the MapZeBrain atlas were selected based upon their soma 

locations and projection patterns. Cells were classed as originating from a region if the 

cell body was within 5 μm and were classed as projecting to a region if any neurite 

reached within 20 μm. The looser proximity threshold for neurites was because most 

masks were based on the activity at the cell soma not neurites that may receive synaptic 

input.  

Putative medial rectus projecting motoneurons were identified by clustering neurons 

based upon their morphologies and comparing clusters to the pattern of projections to 

medial rectus muscle in fish expressing Tg(u540:KalTA4). Only cells with somas in 

oculomotor nucleus were selected. Cells were clustered using an agglomerative 

clustering procedure from Bianco and Engert (2015), based upon minimum distances of 

neurites and somas from 79 regions from the ZBB atlas and the total length of neurites.  

6.10 Laser ablations 
 

6.10.1 Somatic ablations 

 

Somatic ablations were guided by the anatomical location and activity of neurons. Fish 

at 6 dpf expressing Tg(elavl3:H2B-GCaMP6s) underwent the same functional imaging 

protocol as above. Post imaging, fish were anaesthetised and data analysed to produce 

stacks of average responses to saccade onset and wholefield motion. Cells that showed 

increases in fluorescence for convergent saccades in the correct anatomical location 

were selected. Cells were ablated in a similar manner to Henriques et al (2019). 

Ablations were made by spiral scanning on the target soma for ~140 ms (800 nm, 150-

200 mW at sample). Ablations were deemed successful if an auto-fluorescent ‘scar’ was 
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present in the red and green channels. Soma locations for ablations in m-Rh5/6 were 

logged in 10 fish (out of 13) and for abducens nucleus in 4 fish (out of 7). Ablated ROIs 

were selected if they were within 7.5 μm of the logged soma locations. Post ablations, 

fish were unmounted and allowed to recover. The following day fish were mounted and 

underwent the same functional imaging experiment.  

6.10.2 Axotomies 

 

Internuclear neurons were identified by photoconverting PA-GFP in abducens nucleus 

of fish at 5 dpf as outlined above. At 6 dpf fish were mounted in the same way as for 

functional imaging experiments. Their behaviour was assessed for 90 minutes. After 

behaviour was tracked, fish were anaesthetised and axotomies performed on the same 

custom built 2-photon microscope as somatic ablations. Spiral scans were made in the 

same way as for somatic ablations, except at higher powers (250-290 mW at sample). 

Axons were targeted until auto-fluorescent scars were seen. Post ablation, fish were 

unmounted and allowed to recover. The following day fish were mounted and 

behaviour tracked as before.  

6.11 Two-photon optogenetics 
 

Optogenetic stimulations were performed on fish expressing Tg(u523:KalTA4) and 

Tg(UAS:CoChR-tdTomato) using the same custom two-photon microscope used in 

functional imaging experiments. Fish at 6 or 7 dpf were mounted in the same way as for 

functional imaging experiments. Stimulation locations were identified anatomically and 

excited by scanning small areas (6-20 x 6-20 xy μm; 24-45 Hz) at 920 nm for between 4 

and 8 seconds at ~17 mW at sample. Trials consisted of 11 stimulation epochs 

separated by 15-20 seconds. Eye and tail positions were tracked throughout and no 

background illumination was provided. Changes in eye position were calculated as the 

difference between median eye position 250 ms prior to stimulus onset and 250 ms 

prior to stimulus offset. After each trial an image of the stimulated region was taken. 

These images were used to manually assign stimulation locations to the post-experiment 

stack with the aid of a custom MATLAB GUI. The post experiment stack was 

registered to ZBB and stimulation sites transformed to ZBB coordinates. 
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