
DEVELOPMENT OF SPINAL CIRCUITS FOR 

SWIMMING IN ZEBRAFISH (DANIO RERIO) LARVAE 

Emphasizing on the rhythm generation mechanism


Yann Roussel 

Supervisor: Dr. Tuan Bui 

Examiners: Dr. Emily Standen, Dr. John Lewis and Dr. Michael Hildebrand 

External examiner: Dr. Joe Fetcho 

A thesis submitted in partial fulfillment of the requirements for the  
Doctorate in Philosophy degree in Biology 

Department of Biology  
Faculty of Science  

University of Ottawa 

© Yann Roussel, Ottawa, Canada, 2018 

 

	 	



Table of content
ABSTRACT viii 

RESUMÉ x 

PREFACE xii 

ACKNOWLEDGMENTS xiii 

Introduction	 1

Motor control and the spinal cord 1 

Locomotion 2 

Swimming in zebrafish and its development 7 
Neurogenesis in zebrafish larvae spinal cord 10 

Changes in spinal circuitry during early development of zebrafish 11 

Chapter 1: A Developmental Switch in the Operation of Larval Zebrafish Spinal 
Locomotor Circuits	 17


ABSTRACT  18 

Significance Statement  19 

Introduction 20 

Materials and Methods 23 
Animal Care 23 

Video recording and analysis 23 

Animal preparation for electrophysiology 24 

Chemogenetic ablation of DA neurons  24 

Extracellular recordings 25 

Intracellular recordings 26 

Fluorescent imaging and cell counts 26 

Data Analysis 27 

Results 30 
Increasingly stronger effect of strychnine on rhythmogenesis from 3 to 5 dpf 30 

Differential effect of strychnine along the rostrocaudal axis  31 

Secondary motoneurons preferentially generated caudally at 3 dpf 33 

Arrhythmic synaptic inhibition to motoneurons becomes rhythmic at 3 dpf 33 

Chemical ablation of dopaminergic neurons does not preclude a WGDR to SGDR transition 34 

Modelling the maturation of zebrafish swimming with two coupled oscillators  36 

Discussion  39 
Proposed maturation of the neural control of swimming in developing zebrafish 40 

Role of dopaminergic neurons in pattern generation 43 

	 	 �ii



Future directions 43 

Chapter 2: Testing mechanisms of rhythmogenesis in spinal locomotor circuits of the 
developing zebrafish spinal cord	 58


ABSTRACT 59 

Introduction 60 

Methods 63 
Animal Care 63 

Animal preparation for electrophysiology 63 

Extracellular recordings 63 

Intracellular recordings 64 

ZAP 65 

Data Analysis 65 

Results 69 
Lack of spinal neurons with subthreshold rhythmogenic intrinsic properties 69 

Gap junctions are dispensable to the rhythmic tail beats after 3 dpf 71 

Blocking persistent sodium current decreases the rhythm of tail beats in burst swimming fish 73 

Dual patch-clamp recordings further confirm establishment of network oscillators at 5 dpf 74 

Discussion 77 
SUPPLEMENTARY DATA 88 

Chapter 3: Modelling the maturation of swimming in Zebrafish (Danio rerio) through 
the development of spinal circuits	 90


ABSTRACT 91 

Introduction 92 

Methods 96 
Modelling environment 96 

Modelling of single neurons  96 

Modelling synapses 96 

Spatial arrangement of spinal neurons  97 

Noise in the network 98 

Musculoskeletal model 99 

Results 100 
Part 1. Early locomotor behaviour, coiling, is encoded by a fully electrical network 100 

Coiling results from unilateral gap-junction coupling 100 

Network description  101 

Simulation results  102 

Part 2. Double coiling, an intermediate state toward swimming generated by a hybrid spinal circuit 103 

	 	 �iii



Double coiling is generated by a balance between excitatory and inhibitory commissural neurons 103 

Network description 104 

Simulation results 105 

Part 3. First step of swimming: Burst swimming 106 

Network oscillators drive episodes of tail beats 106 

Network description 107 

Simulation results 108 

Part 4. Transitioning to beat-and-glide swimming 109 

Network oscillators completely take over  109 

Network description 110 

Simulation results 112 

Discussion 115 
PM based network for early simple behaviour 115 

Network oscillator for more refined movements 115 

Competing during a transition period 117 

Mechanisms of transition of burst to beat-and-glide swimming 118 

Conclusion	 138

Identification of mechanisms for rhythm generation in developing zebrafish larvae 138 

Future directions 142 
Switch in intrinsic properties 142 

Identify sources of synaptic inhibition during swimming 142 

Future maturation mechanism to integrate turns and slow/fast swimming modules 143 

Incorporate sensory feedback in model 145 

Incorporate supraspinal centers in model 146 

Comparison with other animal models 147 

Appendixes	 150

Appendix 1 150 
Ouabain does not perturbed rhythm generation nor episode duration 150 

Discussion 151 

Appendix 2  154 
Pyridoxine-dependent epilepsy in zebrafish caused by aldh7a1 deficiency 154 

Appendix 3 155 
Insights into the genotypic/phenotypic spectrum and the pathophysiology of PLPBP-deficiency from novel 

B6-responsive clinical features, cellular, yeast and zebrafish models 155 

Bibliography 156

	 	 �iv



LIST OF TABLES 

Table 4.1. Parameter values of simple spiking neuron models of all populations involved in 
the  modelling process	 133

Table 4.2. Electrical synapse (gap junctions) weights used for modelling.	 134

Table 4.3. Chemical synapses (glutamatergic in white and glycinergic in grey) weights used 
for modelling. Pre-synaptic neurons are in columns. Post-synaptic neurons in rows.	 135

Table 4.4. Glutamatergic (white) and glycinergic (grey) reversal potential and time constants 
used to model respective synapses.	 136

	 	 �v



LIST OF FIGURES 

Figure 1.1. Schematic of the two general mechanisms for rhythm generation in the spinal cord. 14 
Figure 1.2. Main types of spinal interneurons involved in motor control according to their morphological 
classification in the Zebrafish larva. 15 
Figure 2.1. Larval zebrafish tail beat frequency during swimming is mainly between 20 and 40 Hz.  45 
Figure 2.2. Greater effect of strychnine on tail beat rhythmicity at 5 dpf than at 3 and 4 dpf.  47 
Figure 2.3. Effect of strychnine on fictive swimming in spinalized fish at 3 dpf and 5 dpf.  49 
Figure 2.4. Differential effect of strychnine along the rostrocaudal axis of the zebrafish.  50 
Figure 2.5. Cell count of secondary motoneurons and Chx10+ spinal neurons.  52 
Figure 2.6. IPSCs mature from arrhythmic at 3 dpf to rhythmic with a frequency close to that of tail beats 
at 5 dpf during swimming episodes.  53 
Figure 2.7. Metronidazole-treated Tg(dat:NTR-CFP) fish exhibit a development profile closer to 5 dpf 
rather than 3 dpf.  54 
Figure 2.8. Coupled oscillator model of architectural change from pacemaker to network oscillator-based 
spinal locomotor circuits of developing zebrafish.  56 
Figure 3.1. Subthreshold frequency preference analysis of caudal spinal neurons fails to identify 
pacemakers.  80 
Figure 3.2. Carbenoxolone (CBX) reinforces the effect of strychnine at 3dpf but is dispensable at 4 and 5 
dpf.  82 
Figure 3.3. Riluzole disturbs rhythm of tail beats but only at 3 dpf.  84 
Figure 3.4. Dual recordings in beat-and-glide swimming fish.  86 
Figure 3.S1. Typical spiking activity of current-clamped spinal motoneurons (MN) and interneurons (IN). 
88 
Figure 3.S2. K-mean clustering of  impedance profiles features on projection over PC1 and PC2. 89 
Figure 4.1. Musculo-skeletal model helps to read network output. 123 
Figure 4.2. Single coiling model relies on a fully electrical network driven by pacemaker neurons.  124 
Figure 4.3. Double coiling model relies on a hybrid network of electrical and chemical synapses.  125 
Figure 4.4. Emergence of half-centre oscillators during burst swimming. 127 
Figure 4.5. Beat-and-glide swimming model requires both the implementation of a new population of 
neurons and maturation of intrinsic properties of existing neurons. 129 
Figure 4.6. Beat-and-glide model network with adaptive CINs and MNs and tonic IIAs reproduces 
experimental observations of tail beat rhythm generation.  131 
Video 4.S1 Single coiling model behavior 137 
Video 4.S2 Double coiling model behavior 137 
Video 4.S3 Burst swimming model behavior 137 
Video 4.S4 Beat-and-glide swimming model behavior 137 
Figure Appendix.1. Ouabain has little to no effect on tail beats rhythm or episode rhythm. 153

	 	 �vi



LEGEND  
5-HT : serotonin 

CaP : caudal primary 

CBX : carbenoxolone 

CEN : commissural 

excitatory neuron 

CiA : circumferential 

ascending 

CiD : circumferential 

descending 

CIN : commissural 

inhibitory neuron 

CNS : central nervous 

system 

CoBL : commissural 

bifurcating longitudinal 

CoLA : commissural 

longitudinal ascending 

CoLo : commissural local 

CoPA : commissural primary 

ascending 

CPG : central pattern 

generator 

CoSA : commissural 

secondary ascending 

DA : dopamine 

Dpf : days-post-fertilization 

FFT : fast Fourier transform 

Glu : glutamate/ 

glutamatergic 

Gly : glycine/ glycinergic 

Hpf : hours-post-fertilization 

IC : ipsilateral caudal 

IED : ipsilateral excitatory 

descending 

IIA : ipsilateral inhibitory 

ascending 

IN : interneuron 

MCoD : multipolar 

commissural descending 

MiP : middle primary 

MN : motoneuron 

Mtz : metronidazole 

PF : pattern formation 

PM : pacemaker 

pMN : primary motoneuron 

RG : rhythm generation 

Rilu : riluzole 

RoP : rostral primary 

SGDR : Strongly glycine 

dependent rhythm 

sMN : secondary 

motoneuron 

Str : strychnine 

UCoD : unipolar 

commissural descending 

VeLD : ventral longitudinal 

descending


WGDR : Weakly glycine 

dependent rhythm  

	 	 �vii



ABSTRACT 

It has long been established that the spinal cord is able to produce locomotor activity on its own. 

Despite extensive research identifying and describing the involvement of multiple spinal neuron 

populations that are part of the spinal locomotor circuit, the manner in which these different 

components act together to precisely control the rhythm and the pattern of activation of muscles 

during locomotion remains largely undetermined. We sought to shed light on how the 

components of spinal locomotor circuits interact to produce robust locomotion using a 

developmental approach in zebrafish larvae. We used electrophysiological techniques to observe 

how the rhythm generation mechanism developed while the fish was transitioning from an early 

form of swimming to a more mature swimming behaviour. In the process we were able to 

highlight fundamental changes in the organization of spinal locomotor circuits as its operation 

moves from a pacemaker-based architecture relying on intrinsic properties of neurons to a 

network oscillator-based architecture relying on synaptic connectivity to generate proper rhythm 

driving the fish tail beats. Additionally, we revealed that this transition occurred at different times 

along the spinal cord progressing in a caudorostral direction. By combining these experimental 

observations with already published insights we were able to propose models of spinal locomotor 

circuits reproducing the successive locomotor behaviours encountered through development. By 

incrementing supplementing the circuit model in a manner that reflected biological processes by 

which the nervous system maturates (neurogenesis, synaptic connectivity refinement and 

maturation of intrinsic properties) we mirrored the natural development of the spinal locomotor 

circuit. This series of successively constructed models permitted us to pinpoint possible roles of 

specific neural populations for swimming behaviour as well as eventual targets and mechanism 
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of actions of neuromodulators (serotonin and dopamine). In the process, I further provided 

testable hypotheses for future inquiries. Overall, the experimental findings in combination with 

the modelling work are an important step forward in fully understanding how the spinal cord 

generates swimming movements in zebrafish.  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RESUMÉ 

Il est communément accepté que la moelle épinière isolée est capable de produire une activité 

locomotrice. Malgré des recherches approfondies identifiant et décrivant l'implication de 

multiples populations de neurones spinaux faisant partie des circuits locomoteur spinaux, la 

façon dont ces différents composants agissent ensemble pour contrôler précisément le rythme et 

le mode d'activation des muscles pendant la locomotion reste largement indéterminée. en 

utilisant une approche développementale, nous avons tenté d’élucider les manières selon 

lesquelles les composants des circuits locomoteurs spinaux interagissent pour produire une 

locomotion robuste chez les larves de poisson zèbre. Nous avons utilisé des techniques 

électrophysiologiques pour observer le développement du mécanisme de génération de rythme 

durant le processus de maturation des movement de la nage dans la larve. Nous avons ainsi pu 

mettre en évidence des changements fondamentaux dans l'organisation des circuits locomoteurs 

spinaux, passant d'une architecture basée sur des neurones pacemakers reposant sur les propriétés 

intrinsèques de ces neurones à une architecture basée sur la connectivité synaptique pour former 

des réseaux oscillant responsable de la génération du rythme approprié pour les battements de 

queue. De plus, nous avons révélé que cette transition s'est produite à différents moments le long 

de la moelle épinière progressant dans une direction caudal-rostrale. En combinant ces 

observations expérimentales avec des connaissances déjà publiées, nous avons pu proposer des 

modèles de circuits locomoteurs spinaux reproduisant les comportements locomoteurs successifs 

rencontrés lors du développement du poisson zèbre. En incrémentant le modèle du circuit de 

manière à refléter les processus biologiques qui provoquent la maturation du système nerveux 

(neurogenèse, raffinement de la connectivité synaptique et maturation des propriétés 
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intrinsèques), nous avons émulé le développement naturel des circuits locomoteur spinaux. Cette 

série de modèles construits de manière itérative a permis d'identifier les rôles possibles de 

populations neuronales spécifiques pour le comportement de nage ainsi que les cibles et les 

mécanismes d'action des neuromodulateurs (sérotonine et dopamine). Dans le processus, nous 

avons également fourni des hypothèses vérifiables pour de futures études. Dans l'ensemble, les 

résultats expérimentaux en combinaison avec le travail de modélisation sont des progrès  

importants vers la pleine compréhension de la genèse des mouvements de nage dans la moelle 

épinière du poisson zèbre.  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INTRODUCTION 

Motor control and the spinal cord 

Control of motor activity is one of the very basic tasks executed by the Central Nervous System 

(CNS); however, it requires strong coordination of various sets of muscles. Two kinds of motor 

activity are often distinguished: voluntary (or conscious) movements, and automated rhythmic 

movements (Kandel et al., 2013). The former require conscious attention to the execution of 

movement, and often involve the higher brain areas such as the motor cortex, basal ganglia and 

cerebellum. They are best exemplified by complex motor tasks such as playing the piano or 

drawing. Rhythmic movements such as breathing, chewing or walking, can also be controlled 

voluntarily but most of the time they are executed in an unconscious and automatic way without 

strong intervention of the brain.  However, both sets of movements still require the proper 

muscles to be activated at the proper time. This highly coordinated muscle activity is mainly 

driven by a finely organized neural circuit within the spinal cord that integrates both the motor 

commands of the brain and sensory feedback from the periphery (Goulding, 2009). 

 Using terms borrowed from computer engineering, the basic scheme of motor control is 

that the brain, via pathways through the brainstem, sends a motor command as high-level 

information, which is then translated within the spinal cord into a more "low-level language" that 

is converted into coordinated muscle activity. The spinal cord also continually integrates sensory 

feedback to ensure proper execution of the high-level commands. 

 More specifically, this low-level language appears to be the result of the inter-

communication between different classes of interneurons (INs) organized in precise circuits in 
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the spinal cord (Kiehn, 2011). While, the outputs of these circuits are concretized by the 

motoneurons (MN), whose activity is directly responsible for muscle contraction through their 

innervation of muscles, motoneurons are not believed to play a large role in organizing motor 

activity. For example, motoneurons do not set the rhythm of locomotion nor are they involved in 

left-right alternation (Bui and Brownstone, 2015). Consequently, the low-level language (e.g. the 

rhythm generation for locomotion) seems to be implemented upstream of motoneurons in the 

spinal cord by spinal interneurons, and it is these spinal interneurons which are responsible for 

generating the proper spinal cord activity to implement motor goals (Brownstone and Wilson, 

2008).  

Locomotion 

The  spinal cord translates high-level motor commands into low-level muscle activity. Indeed, 

locomotion is characterized by strongly rhythmic activity with a repetitive pattern of muscle 

contraction and as mentioned above, locomotion is part of the more rhythmic and unconscious 

movements that require little intervention from the brain. The brain can activate and tune these 

circuits via descending pathways (Kozlov et al., 2014). For instance in zebrafish, a visual 

stimulus can elicit locomotion if treatment of the stimuli by the brain via the visual system in the 

optic tectum triggers locomotion by recruiting brainstem centres that activate spinal circuits 

(Severi et al., 2014).  However, indubitable evidences show that both the rhythm and the pattern 

of activation underlying locomotor activity are encoded by neural circuits of INs within the 

spinal cord (Grillner, 2003). This idea is clearly validated by numerous experiments in 

vertebrates showing that locomotion can be produced by the spinal cord even when isolated from 
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the rest of the CNS (Jankowska et al., 1967a; Forssberg and Grillner, 1973; McDearmid and 

Drapeau, 2006). For instance, in their 2006 paper, McDearmid and Drapeau used zebrafish 

larvae to record locomotor activity in isolated spinal cords where the brain was completely 

removed from the preparation. Spinal cords were placed in a bath of artificial cerebrospinal fluid 

and using extracellular recordings of motor roots, the authors showed that simple addition of 

NMDA, a glutamate receptor agonist, was sufficient to elicit locomotor activity in the spinal 

cord.  This neural activity consisted of rhythmic bursts of activity propagating from the rostral 

end towards the caudal end of the spinal cord on both the right and left sides of it. The left and 

right sides were coordinated in opposition of phase allowing the flexor/extensor coordination 

necessary for the propagation of the contractile wave along the body associated with fish 

propulsion. 

 The above study exemplifies something that has been demonstrated across vertebrates, 

that spinal locomotor circuits are capable of independently generating a rhythm that drives 

locomotion and they are capable of coordinating the left and the right side of the body such that 

they act in anti-phase. The coordination of both sides of the body has been found to involve 

commissural spinal neurons whose axons crosses the midline to innervate targets on the other 

side of the body.  Rhythmogenic spinal circuits, on the other hand, have not been identified as 

well.  

 It is widely accepted that there are two main mechanisms of rhythmogenesis in the spinal 

cord (Harris-Warrick, 2010). The first mechanism relies on intrinsic properties of specific types 

of neurons named pacemaker (PM) neurons. Membrane properties of PM neurons (i.e. channel 

expression, typically persistent sodium current, INa,P) allow them to generate endogenous 
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rhythmic bursting activity at a precise timing (Fig. 1.1A). Thus, PM neurons exhibit a resonant 

frequency corresponding to their natural bursting rhythm and are thought to be the internal clock 

of the locomotor circuit, thus playing an important role in driving circuit rhythmicity. For 

instance, the mechanism generating respiratory rhythm in the pre-Bötzinger complex is believed 

rely on pacemaker neurons expressing INaP in cadmium insensitive neurons or the calcium 

activated non selective current ICAN in cadmium sensitive neurons (Ramirez et al., 2012). In 

locomotion, exploring how the rhythmic behaviours of spinal locomotor circuit are influenced by 

the intrinsic resonance frequencies of the neurons that make up the circuit has been poorly 

investigated. Such pacemaker neurons have been recently uncovered in the zebrafish located 

very rostrally in the spinal cord at the rostral border shared with the hindbrain (Tong and 

McDearmid, 2012). They express INa,P endowing them endogenous bursting activity and have 

been shown to be coactive with MNs and muscle cells during locomotor events. These 

characteristics make them good candidates to rhythmically drive the circuit during locomotion. 

However their relatively low number as well as their very rostral location suggest other 

redundant mechanisms for generating the rhythm of locomotion since isolated caudal sections of 

the spinal cord (i.e. presumably without IC neurons) are able to generate rhythmic activity 

(McDearmid and Drapeau, 2006; Wiggin et al., 2012). 

 In contrast to pacemaker neurons, large numbers of spinal locomotor circuits across 

vertebrates have been proposed to rely on network oscillators based on reciprocal inhibition 

between non-rhythmogenic modules. A famous model is the “half-centre pattern 

generator” (Brown, 1914; Jankowska et al., 1967b). According to this model, locomotor 
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rhythmic activity comes from reciprocal inhibition between two populations of INs (Fig. 1.1B). 

Each half-centre population rhythmically excites a specific pool of motoneurons (e.g. flexors) 

while inhibiting the antagonist half-centre population that drives the antagonist (e.g. extensors) 

motoneurons pool (Jankowska et al., 1967b). This model could be considered as more efficient 

because both the rhythm and the pattern of motoneuron activation are controlled by the same 

network. Some models of mammalian locomotor circuits suggest instead a bilayer organization 

with one layer in charge of "rhythm generation" (RG) and one layer responsible for "pattern 

formation" (PF) (Rybak et al., 2006). The former generates a constant rhythm governing 

locomotor output and establishes the duration of flexor/extensor phases. Rhythmogenesis by the 

RG layer has been proposed to be due to particular patterns of synaptic connections. The NMDA 

subtype of glutamate receptors seems to be sufficient to elicit locomotion in many vertebrates 

and could be at the core of RG kernels in many spinal locomotor circuits. The PF layer is 

composed of spinal interneuron populations driving specific subsets of motoneuron pools (e.g. 

knee, ankle and hip flexors) and every PF IN populations are interconnected via inhibitory 

connections. This configuration allows activation of the PF IN population at different phases of 

the rhythm set by the RG. Thus, this results in various pattern of activation of motoneuron pools 

within the same agonist or antagonist half-centre, since for example, knee, ankle, and hip flexors 

are not all active at the same time within the swing phase. 

 However, global and complex activation patterns of muscles distributed across many 

joints or along the length of the body may be unable to rely on one single CPG. Grillner 

proposed that complex activity patterns arise from reciprocal interactions between multiple CPG 

units found within the spinal cord (Grillner, 2006). And within the larger CPG level, different 
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motoneuron pools can be controlled by multiple coupled Burst Unit Generators (UBGs) allowing 

various motoneuron recruitment patterns (Grillner, 2011).  For swimming behaviours, Grillner 

proposes that multiple unit CPGs can be organized in a chain along the body with mutual 

excitatory connection with nearest neighbours. Activity starts from the CPG unit of highest 

excitability in the chain (theorized to be rostrally located in fish) and propagates like a wave (i.e. 

with a phase lag) to other CPGs in the chain (Grillner, 2006). 

 Whether particular spinal locomotor circuits are governed by pacemaker neurons or by 

network oscillators is still not determined in most spinal locomotor circuits.  One complicating 

factor is the role of neuromodulators in facilitating rhythmic output in spinal locomotor circuits. 

In mice, serotonin, noradrenaline, and dopamine have been shown to facilitate rhythmic output 

(Cowley and Schmidt, 1994; Talpalar, 2010). Similarly in amphibians and fish, neuromodulators 

such as dopamine and serotonin can tune swimming activity by either increasing or decreasing 

the rhythm, or the duration of swimming or quiescent periods, for example (Sillar et al., 1998; 

Brustein et al., 2003; Gabriel et al., 2009). For instance, Brustein et al. (2003) showed that 

serotonin (5HT) modulates the activity of the neuronal circuit underlying locomotion in the 

zebrafish larva by regulating the duration of quiescent intervals between activity periods. 

However, in adult zebrafish, serotonin seems to increase inhibition and slow down 

depolarizations of MNs resulting in a decrease of swimming rhythm (Gabriel et al., 2009).  

 The diverging effects of the same neuromodulator on locomotor output are a consequence 

of their mode of action. Neuromodulators activate G-protein coupled receptors that trigger 

intracellular pathways that can have a range of effects including but not limited to endocytosis of 

specific ion channels and/or expression of other ion channels (Kandel et al., 2013), and 
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modulation of the activation or inactivation of targeted ion channels. These mechanisms result in 

changes in intrinsic properties of the targeted neurons but neuromodulators could also act on 

synapses (increasing or decreasing their weight), resulting in changes in the strength of neuronal 

interconnections and therefore, changes in the activity of the network (Lee et al., 2018; Mokhtari 

et al., 2018). Changing intrinsic properties of neurons could convert tonic firing neurons into 

pacemaker neurons. Alternatively, tuning the weight of synaptic connections could lead to the 

formation of network oscillators. So far, the neuron populations targeted by neuromodulators to 

tune the locomotor circuit activity remain largely undetermined but their ability to facilitate 

locomotor output is unquestioned. 

 The self-sufficiency of spinal locomotor circuits for generating a very specific pattern of 

muscle activation driven by a neural rhythm makes it a very good candidate for studying motor 

control at the level of the spinal cord. The consistency of locomotor activity (over time and 

across individuals) in isolated spinal cord preparations underscores the robustness of spinal 

locomotor circuits to operate in absence of supraspinal input and sensory feedback. The high 

reproducibility of these evoked locomotor behaviours in in-vitro settings makes them more 

tractable to study and has clearly enabled many insights into their operation across vertebrates.  

Despite the number of models put forward to explain how spinal locomotor circuits operate, we 

still lack a true understanding of how they operate, let alone their architecture. This highlights the 

complexity of the spinal circuits that underlie movements and motivates investigations of simpler 

forms of locomotion. 

Swimming in zebrafish and its development 
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Of the different types of locomotor movements that could be studied, swimming is one of the 

simplest ones considering that, in theory, swimming just needs rhythmic left/right coordination 

between two different groups of muscles on opposite sides of the body working in opposition of 

phase. Therefore, it should be a simpler and more tractable problem to elucidate the spinal 

control of swimming. Over the past two decades, there has been considerable progress in terms 

of studying how the spinal cord controls swimming movements. A number of populations of 

spinal neurons have been identified based upon their morphology (Fig. 1.2; Myers et al., 1986; 

Hale et al., 2001; Drapeau et al., 2002). Many of these populations have been shown to be active 

during swimming. In addition to the IC discussed above, glutamatergic circumferential 

descending (CiD) interneurons are key components of the zebrafish locomotor circuit. Their 

axons extend over multiple muscle segments (over 10 somites) (Hale et al., 2001) and are 

thought to convey the main excitatory drive within the circuit. Indeed Ljuggren et al., (2014) 

demonstrated that exciting solely CiDs was sufficient to trigger swimming activity in adult 

zebrafish. Glycinergic populations are also required for proper locomotion notably Left/Right 

alternation. Commisural bifuracating longitudinal (CoBL) and Commissural secondary 

ascending (CoSA) neurons project contralaterally over multiple somites and are recruited during 

swimming (Liao and Fetcho, 2008). A more mature form of swimming (i.e. slow swimming) 

involves multipolar commissural descending (MCoD) neurons that are glutamatergic and project 

contralaterally and caudally over multiple somites (McLean et al., 2007). Finally, glycinergic 

Circumferential ascending (CiA) neurons are recruited during swimming and may be involved in 

burst termination (Higashijima et al., 2004). They project ipsilaterally and caudally over several 

somites. 
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 Despite the considerable progress made in identifying these spinal neurons involved in 

swimming and the specific contributions of some of these neurons to swimming, we still lack a 

complete understanding of how spinal locomotor circuits operate. The main obstacle towards 

understanding how swimming is generated by the spinal cord is a global comprehension of how 

these circuit components work together to robustly produce locomotor output. Despite its relative 

simplicity compared to other forms of locomotion, spinal locomotor circuits are proving to still 

hold a certain degree of complexity, as exemplified by the large number of different populations 

of spinal neurons already identified. 

 In order to shed light on spinal swimming circuits, we propose to use an approach based 

on studying the maturation of swimming in zebrafish. As outlined below, during their 

development, zebrafish undergo a series of transitions in swimming movements. At the same 

time there are waves of neurogenesis generating different populations of spinal neurons (Myers 

et al., 1986; Kimmel et al., 1995; Drapeau et al., 2002; Lewis and Eisen, 2003), which are 

believed to progressively integrate into existing spinal circuits or to form new circuits for 

swimming. Similarly, intrinsic properties of spinal neurons can also undergo modifications 

during development (Sun and Dale, 1998; Currie and Sillar, 2018). Understanding how 

swimming matures from one form to another through specific changes in spinal circuitry or in 

operation will unravel the complexity of spinal swimming circuits and provide a greater 

understanding of how spinal circuits operate. 

 Before swimming in zebrafish reaches its final mature form, locomotor behaviour in 

zebrafish goes through an incremental maturation process during development (Drapeau et al., 

2002). The first locomotor behaviour, coiling, appears during the first day of development. It is 

	 	 �9



characterized by one strong body bend on one side of the fish. It is quickly followed by a 

transiting behaviour named double coiling to finally exhibit burst swimming at 2-3 days post-

fertilization (dpf) as spontaneous second-long, infrequent episodes of multiple tail beats of 

smaller amplitude. At 4 dpf, swimming behaviour further mature from burst swimming to beat-

and-glide swimming exhibit trains of shorter (~200ms) but more frequent bursts of activity (Buss 

and Drapeau, 2001; Drapeau et al., 2002).  

This rapid succession of swimming movements in developing zebrafish arises from the 

maturation process of spinal locomotor circuits. Three of the main developmental mechanisms 

that can reshape the network output include 1) The addition or deletion of populations of neurons 

through neurogenesis or apoptosis, 2) the refinement of synaptic connectivity and 3) the changes 

in intrinsic properties. 

Neurogenesis in zebrafish larvae spinal cord 

The timelines of neurogenesis in the zebrafish spinal cord have been well established and spinal 

neurogenesis during development of embryonic and larval zebrafish occurs in two successive 

waves, the first around 16-17 hours-post fertilization (hpf) and the second after 24 hpf (Myers et 

al., 1986; Kimmel et al., 1995; Drapeau et al., 2002; Lewis and Eisen, 2003).  A rostrocaudal 

developmental gradient also exist as rostral somites are the first to develop whereas caudal ones 

are newer (Kimmel et al., 1991; Lewis and Eisen, 2003). Apart from the primary MNs, other 

neurons of interest from the first neurogenic wave include ipsilateral caudal (IC) interneurons 

thought to play an essential role in early locomotor behaviour due to their endogenous bursting 

activity via expression of INa,P, possibly rhythmically driving spinal locomotor circuits (Tong and 
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McDearmid, 2012). Also, a population of contralateral glycinergic interneurons from the first 

neurogenesis wave, possibly early CoBL (Commissural bifurcating longitudinal) neurons, is 

involved in early coiling by inhibiting the contralateral side (Liao and Fetcho, 2008; Ikenaga et 

al., 2011). These early neurons are later joined during the second neurogenic wave by excitatory 

glutamatergic V2a (or CiDs) that are thought to be important for swimming activity since 

exciting specifically this population is sufficient to trigger locomotion (Ljunggren et al., 2014). 

Other populations of glycinergic interneurons that are either commissural such as commissural 

secondary ascending (CoSA) or ipsilateral such as circumferential ascending (CiA or V1; 

Higashijima et al., 2004; Batista et al., 2008) join the spinal locomotor circuit later in 

development. CiA are much later born (Higashijima et al., 2004) and are contacted by sensory 

neurons while projecting to ipsilateral MNs. They are thought to be involved in sensory feedback 

and possibly burst termination (Higashijima et al., 2004). Glutamatergic multipolar commissural 

descending (MCoD) neurons are involved in more mature forms of swimming later in 

development (i.e. slow swimming) (McLean et al., 2008). 

Changes in spinal circuitry during early development of zebrafish 

Several features of synaptic connectivity for developing zebrafish have already been previously 

established. Early locomotor behaviour (i.e. coiling) relies solely on gap junction connectivity 

(Saint-Amant and Drapeau, 2001). Excitatory waves propagate through MNs along the 

rostrocaudal axis via gap junctions in the form of Periodic depolarization event (PDs) driving an 

ipsilateral coil. Simultaneously, contralateral MNs receive glycinergic inputs as synaptic bursts 

(SBs) from a population of commissural interneurons triggered by PDs. This first electrical 
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scaffold will then integrate chemical synapses (glutamatergic in addition to glycinergic) to 

support double coiling transitioning behaviour (Knogler et al., 2014). Now, traces from MNs 

exhibit new mixed events in addition to PDs and SBs. These mixed event are actually composed 

of a PD and a SB (or vice versa), one right after the other. The PD events drive the ipsilateral 

coiling while the SB results from the contralateral coil ending in a double coiling event. SBs are 

thought to prevent simultaneous contractions of both sides of the body. Yet, at the onset of burst 

swimming, glycinergic transmission seems to still be dispensable for rhythm generation 

(McDearmid and Drapeau, 2006) and is more likely involved in Left/Right alternation only 

(Buss and Drapeau, 2001). While neuromodulator involvement in shaping locomotor input is 

minor very early in development (1-2 dpf), their importance becomes quickly of significance.  In 

addition to the role of serotonin described above, dopamine is essential for transitioning from the 

early burst swimming to the more mature beat-and-glide swimming. Lambert et al. (2012) 

showed that partially ablating dopaminergic populations in the zebrafish CNS or blocking 

dopamine receptor 4 (D4R) preclude the transition to beat-and-glide swimming. Thus, this results 

suggest that dopamine involvement in the circuit maturation process perhaps through 

restructuring the circuit architecture via changes in synaptic weights as well as in the intrinsic 

properties of spinal neurons. Once the transition to beat-and-glide swimming is settled, ablating 

supraspinal dopaminergic neurons reduces motor output by changing episode occurrence 

frequency without changing episode duration nor tail beat frequency (Jay et al., 2015). These 

results suggest that once transitioned, the spinal locomotor circuit does not require dopaminergic 

inputs to conserve beat-and-glide phenotype. Thus, the function of core mechanisms such as 

rhythm generation in the spinal locomotor circuit does not fundamentally rely on 
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neuromodulators in zebrafish larvae but must be based on either intrinsic or network properties.  

 We propose to explore the development of the spinal locomotor circuit of the zebrafish 

with a particular interest on rhythm generation. We investigated whether the mechanisms 

underlying rhythm generation were robust across different developmental stages when zebrafish 

undergo transitions in motor movements. In the course of our studies, we demonstrate that the 

generation of rhythmic output by spinal swimming circuits of developing zebrafish actually 

changes. In modelling how these changes occur, we pinpoint specific spinal circuits or changes 

in intrinsic properties that may be critical to these transitions, and thus provide insights into the 

roles of particular spinal circuits or neurons in the control of locomotor activity. 
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!  

Figure 1.1. Schematic of the two general mechanisms for rhythm generation in the spinal 

cord. 

A, Pacemaker neurons can transform a constant tonic input into rhythmic bursts via expression of 

rhythmogenic channels (in red), thus rhythmically driving the rest of the circuit. B, Network 

oscillators rely on network properties to produce rhythmic output. The half-centre oscillator 

example proposed here is composed of 2 half-centres (Left and Right). Each centre includes an 

ipsilateral excitatory neuron (IEN) and a commissural inhibitory neuron (CIN). CINs mutually 

inhibit the contralateral centre so that when the network oscillator is fed with tonic input, the 

output from each IEN is rhythmic and out of phase. Vm stands for membrane potential of the 

pacemaker neuron in A or of the left and right IEDs in B. 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!  

Figure 1.2. Main types of spinal interneurons involved in motor control according to their 

morphological classification in the Zebrafish larva. 

A, Main glutamatergic neurons: Circumferential Descending (CiD), Unipolar Commissural 

Descending (UCoD), Multipolar Commissural Descending (MCoD), Commissural Primary 

Ascending (CoPA), and Commissural Secondary Ascending (CoSA). Ipsilateral Caudal (IC) 

neurons are shaded in grey because their main neurotransmitter type is not elucidated yet. B, 

Main glycinergic neurons: Circumferential Ascending (CiA), Commissural Longitudinal 

Ascending (CoLA), Commissural Local (CoLo), Commissural Secondary Ascending (CoSA), 

and Commissural Bifurcating Longitudinal (CoBL). Dotted lines represent contralateral axon 

extensions. Black labels are for neurons involved or active during swimming. Correspondence 

with genetically identified populations is indicated within parentheses when known. Grey labels 
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are for neurons not involved in swimming but still involved in other motor behaviours (e.g. 

escape, struggle) except for UCoD and glutamatergic CoSA (Italic labels in figure) whom 

involvement is not fully elucidated yet. Adapted in part from McLean and Fetcho (2008) and 

Liao and Fetcho (2008).  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CHAPTER 1: A DEVELOPMENTAL SWITCH IN THE OPERATION OF LARVAL ZEBRAFISH SPINAL 

LOCOMOTOR CIRCUITS 

Roussel, Yann; Paradis, Melissa; and Bui, Tuan Vu 

N.B.: This chapter has been submitted in manuscript form for revisions to the Journal of Neuroscience. It is 
currently under review as of submission of this thesis.  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ABSTRACT  

Significant maturation of swimming in zebrafish (Danio rerio) occurs within the first few days 

of life when fish transition from coiling movements to burst swimming and then to beat-and-

glide swimming. This maturation occurs against a backdrop of numerous developmental changes 

- neurogenesis, transition from predominantly electrical to chemical-based neurotransmission, 

and refinement of intrinsic properties. We provide evidence that spinal locomotor circuits 

undergo fundamental changes as the zebrafish transitions from burst to beat-and-glide 

swimming. By analyzing the role of glycinergic neurotransmission in the generation of the 

rhythm of tail beats, we uncover a transition where the operation of spinal locomotor circuits 

becomes increasingly reliant upon glycinergic neurotransmission for rhythmogenesis. When we 

examined whether this transition occurred at a uniform pace across the length of the spinal cord, 

we found that this transition occurred earlier at caudal segments than at rostral segments of the 

zebrafish spinal cord. These results suggest that as the control of swimming undergoes 

maturation, the operation of spinal locomotor circuits transitions from putatively relying on 

pacemakers driving circuits based upon electrical synapses to network oscillators that are 

gradually set in place in the spinal cord in a caudorostral temporal sequence.  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Significance Statement  

The neural circuits controlling movements must adapt to the development of the body to enable 

more refined and complex movements. Our results reveal that the mechanisms for generating the 

rhythm driving tail beats in developing zebrafish shift from relying upon pacemaker properties to 

network connectivity involving both excitatory and inhibitory synaptic transmission. 

Surprisingly, this transition occurs at different developmental time points along the length of the 

spinal cord, in a direction opposite to the direction of growth of the body. Our findings 

emphasize that the maturation of motor control by the nervous system results from fundamental 

changes in the operation of the spinal circuits that underlie these movements and these changes 

occur at different times across the nervous system.  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Introduction 

Motor control by the nervous system gradually matures during development as organisms 

acquire new movements and refine existing ones. This maturation of motor control occurs at a 

time when the nervous system is still developing; the number of neurons present changes through 

neurogenesis and apoptosis, new neural circuits are formed, and intrinsic properties are modified 

(Favero et al., 2014) to support novel and refined network function.  

 Zebrafish exhibit a rapid series of changes in swimming movements. Large single tail 

bends (coils) are first seen at 1 day post fertilization (dpf) and then transition to multiple coils 

later during the first day of development. Coiling movements are then replaced by swimming 

movements first seen as long (a few seconds in duration) but infrequent episodes of smaller tail 

bends that emerge at 2-3 dpf (burst swimming) to be replaced around 4-5 dpf by more frequent 

trains of shorter (hundreds of ms) swimming episodes regularly interspersed with silent “gliding 

periods”  (beat-and-glide swimming; Buss and Drapeau, 2001; Drapeau et al., 2002). How the 

serial transitioning between these different swimming forms is generated through the continued 

refinement of neural circuits in the zebrafish is not completely understood.  

 Early embryonic locomotor activity is generated by spinal locomotor circuits 

interconnected by electrical synapses (Saint-Amant and Drapeau, 2001) that have been suggested 

to be rhythmically driven by a small kernel of rostrally-located pacemakers, the previously 

described Ipsilateral Caudal (IC) spinal interneurons (Tong and McDearmid, 2012). IC neurons 

display endogenous bursting via persistent sodium currents that could be sufficient to control the 

rhythm of coiling movements. However, it is not clear whether a network relying upon electrical 

synapses and driven by a small pacemaker kernel is sufficient to accommodate later more 
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complex locomotor behaviours produced by the growing body of the larval zebrafish (Kimmel et 

al., 1995). While gap junctions would lend themselves to rapid and synchronous activation of a 

small number of motoneurons that would facilitate coiling, a transition towards chemical 

synapses would facilitate a more refined spatial and temporal control of neural activity of a larger 

spinal circuit (Bernhardt et al., 1990) for sustained repeated tail beats. In support of this line of 

reasoning, this first electrical network has been shown to quickly evolve during the first day of 

development into a hybrid electrochemical network involving both gap junctions and chemical 

synapses that is capable of generating more complex motor behaviour (multiple-coiling) 

(Knogler et al., 2014). 

 Additional spinal circuitry may be necessary for driving more mature swimming 

(McLean and Fetcho, 2009). These new circuits could continue to be driven by pacemaker 

kernels. Alternatively, rhythmic activity at later stages could be driven by emerging network-

based oscillators whose rhythm results from network connectivity as opposed to a small pool of 

endogeneous bursters. One of the predictions about the formation of network-based oscillators 

would be that synaptic excitation and inhibition would then play prominent roles in the 

swimming activity of larval zebrafish. At the onset of burst swimming, McDearmid and Drapeau 

(2006) showed that glycinergic neurotransmission, the main inhibitory neurotransmission of the 

zebrafish spinal cord (Buss and Drapeau, 2001; McDearmid and Drapeau, 2006) is dispensable 

for rhythm. However, with further maturation of swimming from burst to beat-and-glide 

swimming, we hypothesize that network-based oscillators become more prominent and predict a 

transition from a weakly glycine-dependent rhythm (WGDR) to a strongly glycine-dependent 

rhythm (SGDR) driving spinal locomotor circuits.  
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 To study the maturation of spinal locomotor circuits in the developing zebrafish we tested 

for possible network-based oscillators by using strychnine to see whether there was a SGDR. In 

the process, we determined that spinal locomotor circuits seem to switch from a WGDR 

putatively driven by a small kernel of pacemaker neurons to a SGDR driven by network 

oscillators. This transition from a WGDR to a SGDR does not occur simultaneously across the 

length of the fish, but rather progresses in a caudorostral direction, occurring first in newer 

caudal segments of the developing fish.  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Materials and Methods 

Animal Care 

Adult wild-type zebrafish were maintained according to standard procedures (Westerfield, 2000). 

All experiments were performed in accordance with the protocol approved by the University of 

Ottawa animal care committee (BL-2038). Light cycle in the zebrafish room was designed as 

follow: 14hr light/10hr dark, lights-on at 9:00AM and lights-off at 11:00PM. Water conditions of 

the fish system were controlled and maintained in the following ranges: 29–30°C, pH 7.5–8.0, 

conductivity (EC) 690–710. Zebrafish embryos were collected right after breeding and 

transferred in 10 cm diameter plastic petri dishes. Petri dishes were placed in an incubator 

maintained at 28.5°C in E3 embryo media. Their density was limited to a maximum of 50 

individuals per dish. 

Video recording and analysis 

The heads of 4 dpf fish were embedded in 1.2% agarose gel so that the rest of the body was free 

to move. High-speed (500 fps) video recordings of spontaneous swimming were conducted with 

a Basler acA640-750 µm camera using infrared light. Frame per frame analysis was performed 

using ImageJ (http://rsbweb.nih.gov/ij/index.html) embedded functions. A custom macro based 

upon previous work from Fontaine et al. (2008) was developed as follows: A region of interest 

(ROI) was drawn to span the area bound by the pectoral fins and the tail. Then, a threshold was 

applied to convert the frame to a binary picture (black and white). Each pixel was extended to 

smooth the edge of the body of the fish. Any blank space within the reconstructed fish was filled 

in. Next, the ImageJ « skeletonize » function was executed to extract the midline of the body and 
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X-Y coordinates of the midline were extracted. The X-Y coordinates were then transferred into a 

custom Python program that segmented the body in 30 segments from the caudal to the rostral 

end. Position of the body has been normalized so the extreme caudal segment is 0.0 and the 

extreme rostral segment is 1.0. For every frame, the program computed the angles between each 

segment using the arctangent of the derivative and compared to rest position (given the relatively 

small angles of body curvature for swimming episodes, there was no issue related to arctangent 

definition). Finally, a Fourier transform of each body segment was performed using the FFT 

algorithm from the numpy Python library. 

Animal preparation for electrophysiology 

3 to 5 dpf fish were anaesthetized in 0.02% tricaine solution and pinned down through the 

notochord in a Sylgard (Dow Corning, Midland, MI, USA) coated dish, one pin above the swim 

bladder and a second one caudal to the anus. 0.01 mm tungsten wires were used as pins. A skin 

flap was performed near one of the pins to remove the rest of the skin between the two pins using 

very fine forceps. The fish was then bathed in aCSF (134 mM NaCl, 2.9 mM KCl, 1.2 mM 

MgCl2, 2.1 mM CaCl2, 10 mM dextrose, 10 mM HEPES) containing 1mg/mL collagenase 

solution for 20 minutes. Muscles were removed over 5-9 somites by applying suction through a 

15 µm glass micropipette. Tg(dat:CFP-NTR) fish line were kindly provided by the lab of Marc 

Ekker (Godoy et al., 2015). 

Chemogenetic ablation of DA neurons  
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We followed the same protocol described by Godoy and colleagues (Godoy et al., 2015). Briefly, 

homozygous Tg(dat:CFP-NTR) embryos were dechorionated manually. Embryos were treated 

with 5 mM metronidazole (MTZ; MilliporeSigma, Oakville, ON, Canada) dissolved in 0.1% 

dimethylsulfoxide in E3 embryo medium (Westerfield, 2000) from 1 day post-fertilization (dpf) 

to 2 dpf, and then the concentration of MTZ was increased to 7.5 mM. MTZ solution was 

replaced every day until larvae reached 4 dpf. Embryos were kept in 10 cm dishes with 1 fish per 

mL of solution and at 28.5°C in complete darkness. At 4 dpf, fish were rinsed in E3 media at 

least three times and transferred to a clean dish with fresh embryo media for an additional day 

during which experiments were performed.  

Extracellular recordings 

10 µm borosilicate glass microelectrodes were backfilled with 2M NaCl solution. We approached 

the spinal cord targeting a zone just dorsal to a ventral root and a very light suction was applied 

to seal the ventral root and a part of the spinal cord. Electrical activity was recorded in current 

clamp mode, amplified and filtered at 1 kHz with a Multiclamp 700B from Axon Instruments 

(Molecular Devices, Sunnyvale, CA, USA) and finally digitized with a Digidata 1550 

(Molecular Devices) to be stored on a computer. Light pulses were occasionally applied to 

increase occurrence of swimming events. Both spontaneous and light evoked swimming events 

were merged together since no significant difference in duration and tail beats frequency was 

observed (Buss and Drapeau, 2001). Somites were numbered from 1 to 9, somite 1 being the 

sixth somite rostral to the anus and somite 9 being the third somite caudal to the anus. Data from 

somite 4 to 6 were compiled together for Fig. 2.3D and Fig. 2.7B. 
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Intracellular recordings 

After muscle removal, 10 MΩ borosilicate glass microelectrodes were backfilled with 

intracellular recording solution (16mM KCl, 116mM K-gluconate, 4mM MgCl2, 10 mM 

HEPES, 10 mM EGTA) and targeted motoneurons (MNs) were approached while applying a 

light positive pressure. Just before entering the spinal cord the electrode was briefly stopped in 

order to break the dura with positive pressure only. Then, the electrode was introduced in the 

spinal cord and positive pressure was slightly decreased to finalize the approach. After ensuring 

that no tissue was present between the micropipette tip and the targeted MN, pressure was 

released allowing formation of a GΩ seal in most cases. In some cases, very light suction was 

applied in order to form a seal. A holding potential of -65 mV was then applied and after 

capacitance compensation, the seal was broken with a series of light suction pulses.  

Fluorescent imaging and cell counts 

Tg(isl1:GFP) (Uemura et al., 2005; ZFIN ID: ZDB-ALT-061222-8) and Tg(chx10:GFP) 

(Kimura, 2006; ZFIN ID: ZDB-ALT-061204-2) 3 dpf larvae were anaesthetized in 0.02% 

tricaine, pinned down through the notochord in a Sylgard coated dish and imaged with a Zeiss 

Examiner.D1 microscope equipped with Axiocam 506 mono Zeiss camera and a X-Cite 120 

LEDmini light excitation source for fluorescence. 100 µm deep Z-stacks were performed using 

Zen pro software and cell counts was performed manually.  Four independent counts were 

performed for each Z-stack and means were computed over three different fish. 
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Data Analysis 

Autocorrelation and Peak20-40 detection  

In order to quantify the effect of strychnine on rhythmic motor activity, and of different holding 

potentials on IPSCs, we developed a simple peak detection algorithm to detect the presence of a 

peak between 20 and 40 Hz in the autocorrelation function of each swimming episode trace 

(Peak20-40). Raw traces were first band-pass filtered between 1 and 200Hz. Ten 200 ms epochs 

were extracted during swimming episodes. Because the fictive swimming behaviour matures 

from a few long episodes (several seconds) at 3 dpf to multiple shorter (few hundreds of ms) 

episodes at 5 dpf, we chose 200 ms epochs from recordings at all ages to keep the analysis 

consistent. Autocorrelation functions were computed for each epoch using Clampfit. Then the 

Autocorrelation function was fitted as a second order polynomial function (in Clampfit).  

    !  

The fit was performed between 25 and 50 ms time delay (x-axis of the autocorrelation function) 

corresponding to the targeted range of frequency for tail beats (20-40 Hz) (Fig. 2.2C).  Finally, 

the following conditions were applied on the fitting parameters: 

     !   and !  

Only if all conditions were respected was a peak considered to be detected. Using the above 

conditions for all our experiments gave us an average Peak20-40 detection rate above 80% under 

control conditions. Animals where the Peak20-40 score of recorded swimming episodes in the 

absence of any pharmacological interventions were all smaller than 60% (meaning that a peak in 

Au tocorrfit(τ) = a0 + a1 ∙ τ + a2 ∙ τ2

25ms < − a1
2a2

< 50ms a2 < 0
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the autocorrelation was detected between 25 and 50 ms less than 60% of the time) were 

considered as arrhythmic and their recordings were discarded. 

Short-Time Fourier Transform  

The frequency components of swimming under different conditions were computed using the 

Short-Time Fourier Transform algorithm in Python. 30 s long recordings were band-pass filtered 

between 1 and 200 Hz, then a Fourier transform was performed on every 375 ms epochs of the 

recording. Finally, all Fourier transforms were plotted as heat maps in Python. 

Modeling  

The reductive mathematical model consisted of two coupled oscillators coded in Python: A 

classical harmonic oscillator with a natural frequency !  of 20 Hz, driving a damped oscillator 

with the same natural frequency !  and a damping coefficient ! . The damping oscillator receives 

an input from the harmonic oscillator characterized as: 

    !  with !  the coupling coefficient 

In addition, both oscillators receive a « go signal » from higher centers (i.e. a tonic excitation) 

!  defined as a step function: 

    !  

!  is a constant and !  and !  are the time interval limits during which the step signal is emitted. 

Thus, the harmonic oscillator (representing the pacemaker IC neurons) is only active during the 

time interval ! . The damped oscillator (representing a half-centre unit oscillator) 

ω0

ω0 ζ

F0(t) = F0sin(ω0t) F0

F1(t)

F1(t) = {F1 i f t1 ≤ t ≤ t2
0 else

F1 t1 t2

Δt = t2 − t1
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receives the input !  only for the same interval ! . The output of the network, 

read at the output of the damped oscillator, is a solution of a simple ODE: 

   !  

where x is our oscillating variable from the damped oscillator (homologous to the membrane 

potential of MNs in our case). !  represents the strength of reciprocal inhibition in a half-centre 

rhythm generation mechanism and consequently it represents the application or absence of 

strychnine. A high !  models the application of strychnine preventing our half-centre from 

oscillating. !  represents the coupling coefficient between the two oscillators. A high !  

representing a strong coupling between the harmonic and the damped oscillator, and a low !  a 

weak coupling, such as in the presence of a gap-junction blocker or due to the integration of new 

neurons into spinal half-centre units that are not directly connected to the IC pacemaker neurons. 

We solved the ODE in Python using different parameters: Strong coupling ! , weak 

coupling ! , strong reciprocal inhibition !  and weak reciprocal inhibition ! . 

We finally computed and plotted the autocorrelation function from the output.  

F0(t) = F0sin(ω0t) Δt

d 2x
d t2 + 2ζω0

d x
d t

+ ω2
0 = F0sin(ω0t) + F1(t)

ζ

ζ

F0 F0

F0

F0 = 0.5

F0 = 0.01 ζ = 0.1 ζ = 0.5
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Results 

Increasingly stronger effect of strychnine on rhythmogenesis from 3 to 5 dpf 

To identify the rhythmogenic mechanism underlying tail beats in 3-5 dpf larval zebrafish, we 

identified the main frequency components of body bends during swimming activity recorded 

using high-speed video recordings made at 4 dpf (Fig. 2.1A). As reported previously (Muller, 

2004; McLean et al., 2007; Fontaine et al., 2008), we observed that the maximum tail bend 

amplitudes were located very caudally (Fig. 2.1B,C) and that body oscillations were at a 

frequency between 20 to 40 Hz (Fig. 2.1D). Thus, we focused on this frequency range to conduct 

our analysis of rhythm generating mechanisms responsible for larval swimming. 

 We hypothesized that since reciprocal inhibition is a central mechanism of network-based 

oscillators such as half-centre oscillators (Lundberg, 1981), and glycine is thought to be the main 

inhibitory neurotransmitter in zebrafish spinal cord (Drapeau et al., 2002), rhythmogenesis would 

become increasingly reliant upon glycinergic neurotransmission as larval zebrafish develop (i.e. 

transition from a WGDR to a SGDR). Thus, we tested the role of glycine by blocking glycinergic 

neurotransmission using 4 µM of strychnine, a glycine antagonist, during swimming episodes 

recorded between 3-5 dpf. Typical control traces are shown in Fig. 2.2 with spectral analysis of 

frequency components of recorded swimming episodes (Fig. 2.2A,B). 20 to 40 Hz oscillations 

are easily noticeable in control recordings at 3, 4 and 5 dpf as confirmed by the spectral analysis. 

After strychnine application, oscillations in the 20-40 Hz range were attenuated at all ages tested 

(Fig. 2.2A,B). However, we could still see typical oscillations in more than half of the fictive 

swimming events at 3 dpf (Fig. 2.2B), consistent with previous observations (McDearmid and 

Drapeau, 2006). This is in contrast to 5 dpf when strychnine application ablated oscillations 
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within the 20-40 Hz range more consistently (Fig. 2.2Avi). To quantify the effects of strychnine 

between 3-5 dpf, we plotted autocorrelation functions of 200 ms epochs of electrophysiologically 

recorded swimming activity both under control and strychnine conditions (Fig. 2.2C). We 

developed a peak detection algorithm and plotted the probability of peak detection in the 20-40 

Hz range of the autocorrelation function across age (Peak20-40; Fig. 2.2D). At all three 

developmental stages, the Peak20-40 detection score was reduced by strychnine (Fig. 2.2D, left). 

However, the attenuation of the Peak20-40 detection score by strychnine at 5 dpf was significantly 

greater than at 3 and 4 dpf (Fig. 2.2D, right), suggesting that the importance of glycinergic 

neurotransmission to the rhythm driving tail beats changes over time, and a transition occurs 

between a WGDR to a SGDR around 4 to 5 dpf. 

 To control for potential contributions from supraspinal centres, we performed recordings 

on acutely spinalized larvae at 3 and 5 dpf (Fig. 2.3A). Fictive swimming was induced by 

applying NMDA to the bath (1-1.5 mM). When strychnine was applied, fictive swimming 

completely stopped in 5 dpf preparations (Fig. 2.3C) but persisted in 3 dpf spinalized 

preparations (Fig. 2.3B) reinforcing observations made in the whole animal preparation. 

Together, the experiments from whole and acutely spinalized animals suggest that swimming in 

developing zebrafish transition from a WGDR to a SGDR between 3 and 5 dpf, possibly due to 

the emergence of network oscillators. 

Differential effect of strychnine along the rostrocaudal axis  

The development of many parts of the zebrafish occurs along an anterior-posterior gradient 

(Kimmel et al., 1995) and since the zebrafish body is still developing at 3-5 dpf, we asked 
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whether there could also be a spatial gradient in the transition from a WGDR to a SGDR within 

the spinal cord. To test this, we analyzed recordings at three spinal segments underlying the 

following somites: the sixth somite rostral to the anus (referred to as somite 1), the third somite 

rostral to the anus (referred to as somite 4) and the third somite caudal to the anus (referred to as 

somite 9) (Fig. 2.4A). Results show a significant effect of strychnine decreasing Peak20-40 

detection score for somites 1, 4 and 9, at 4 and 5 dpf (Fig. 2.4B). However, when we compared 

the effect of strychnine on Peak20-40 detection at 3 dpf, strychnine had a significant effect for the 

caudally located somite 9 but not for somites 1 and 4 (P = 0.05). This suggests that the caudal 

somite 9 already operated by a SGDR at 3 dpf, and that somites 1 and 4 transitioned from a 

WGDR to a SGDR at later ages. This point is further supported when we compare the 

attenuation of the Peak20-40 detection score by strychnine across the 3-5 dpf developmental 

time window for each somite examined (Fig. 2.4C). The attenuation is significantly increased 

between 3 and 5 dpf for somites 1 and 4 but not for somite 9. In addition, we performed a few 

dual extracellular recordings at 3 dpf and 4 dpf with one electrode situated at the spinal segment 

underlying somite 1, and another at the spinal segment underlying somite 9, and found examples 

where strychnine had negligible effects on the 20-40 Hz rhythm at somite 1 but had a significant 

effect on the 20-40 Hz rhythm at somite 9 (Fig. 2.4D). No dual extracellular recordings at 5 dpf 

showed contrasting effects of strychnine on the rhythms recorded at somite 1 versus somite 9. 

The sum of these experiments suggests that network oscillators may first emerge at caudal 

regions of the spinal cord where new neurons are integrated into the spinal locomotor circuits to 

control the newer parts of the tail.  
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Secondary motoneurons preferentially generated caudally at 3 dpf 

To investigate whether the caudorostral gradient in the transition from a WGDR to a SGDR is 

accompanied by local density variations of particular populations of spinal neurons along the 

rostrocaudal axis, we imaged the expression of a reporter GFP protein along the spinal cord in 

Tg(isl1:GFP) and Tg(chx10:GFP) fish. isl1 is thought to be mainly expressed in secondary 

motoneurons (sMNs) whereas chx10 expression marks V2a (CiD) interneurons that play a 

central role in rhythmogenesis for locomotion (Ampatzis et al., 2013; Ljunggren et al., 2014; Stil 

and Drapeau, 2016). sMNs are younger than primary motoneurons (pMNs) and are primarily 

involved in swimming as opposed to the latter that are involved in faster, coiling-like movements 

(Liu and Waesterfield, 1988; Ampatzis et al., 2013). Cell counts performed on a rostral location 

(centred on the 7th somite rostral to the anus) and caudal location (centred on the 4th somite 

caudal to the anus) show significant variations for the Tg(isl1:GFP) fish only (Fig. 2.5A,B). On 

average, less sMNs were seen rostrally (76.4 ± 7.6; n = 3 fish) as compared to caudally (90.1 ± 

3.9; n = 3 fish) in Tg(isl1:GFP) fish whereas there were no differences in V2a interneurons 

found rostrally (68.2 ± 3.9; n = 3 fish) compared to the caudal site (66 ± 6.4; n = 3 fish) in 

Tg(Chx10:GFP) fish (Fig. 2.5C). These results suggest that the earlier WGDR to SGDR 

transition occurring in caudal segments of the spinal cord may be associated with greater 

neurogenesis of secondary motoneurons, which are associated with slower, more mature forms 

of swimming, in caudal segments.  

Arrhythmic synaptic inhibition to motoneurons becomes rhythmic at 3 dpf 
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We reasoned that a transition from a WGDR to a SGDR might be reflected through an increase 

in rhythmicity of glycinergic inputs to motoneurons (Saint-Amant and Drapeau, 2000; Liao and 

Fetcho, 2008). We proceeded to do patch-clamp recordings in whole-cell configuration of 

secondary sMNs in the spinal cord. In voltage-clamp recordings, we first recorded currents at -65 

mV, near resting potential to assess the rhythmicity of both glutamatergic and glycinergic inputs 

as the latter have a reversal potential that is depolarized to -65 mV in developing zebrafish (Fig. 

2.6Ai, Aiii, Av). We then recorded currents at the cation reversal potential (0-5 mV) to isolate 

outward currents thought to be glycinergic (Buss and Drapeau, 2001). Glycinergic events seemed 

to be arrhythmic at 3 dpf (Fig. 2.6Ai), consistent with previous observations (Buss and Drapeau, 

2001). However, after this stage, glycinergic events became rhythmic (Fig. 2.6Aiii,Av) as 

supported by the Peak20-40 detection analysis of the autocorrelation functions (Fig. 2.6C). It is 

interesting to note that all recordings performed between 72 hours post-fertilization (hpf) and 78 

hpf showed arrhythmic glycinergic events. On the other hand, glycinergic events to motoneurons 

that were recorded between the stages of 80 hpf and 84 hpf showed rhythmicity. This switch in 

the properties of glycinergic currents thus seems to occur within a short time window between 

the 3rd and 4th day of development and could reflect the WGDR to SGDR switch putatively due 

to the emergence of network oscillators. 

  

Chemical ablation of dopaminergic neurons does not preclude a WGDR to SGDR 

transition 

Since the WGDR to SGDR transition seems to be concomitant with the transition from burst 

swimming to beat-and-glide swimming, we asked whether the WGDR to SDGR transition was 
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necessary for the transition in swimming form. In order to test this, we sought to prevent the 

transition from burst swimming to beat-and-glide swimming that normally occurs at around 4-5 

dpf. Dopamine signaling through D4 receptors during early zebrafish development has been 

shown to be important in reducing the duration of swimming episodes while increasing the 

frequency of swim episodes, as seen in the transition from burst to beat-and-glide swimming 

(Lambert et al., 2012). Therefore we employed a chemogenetic strategy where dopaminergic 

neurons were chemically ablated by application of the pro-drug metronidazole (MTZ) which was 

converted by nitroreductase (NTR) into a cytotoxic compound in a transgenic line of zebrafish 

Tg(dat:CFP-NTR) (Godoy et al., 2015). The conditional expression of the fusion protein CFP-

NTR by dopamine transporter (dat) cis-regulatory elements ensured selective ablation of 

dopaminergic cells when these fish were treated with MTZ, though it is important to note that 

not all dopaminergic neurons are ablated using this strategy (about 45-67% decrease according to 

Godoy et al. 2015).  

 As previously described (Lambert et al., 2012; Godoy et al., 2015), MTZ application led 

to longer swimming episodes in 5 dpf Tg(dat:CFP-NTR) larvae (Fig. 2.7A), more akin to the 

burst-swimming phenotype of 3 dpf zebrafish. We reasoned that if the WGDR to SGDR 

transition is important for the transition from burst swimming to beat-and-glide swimming, then 

blocking glycinergic neurostransmission would have weak effects on the swimming rhythm in 5 

dpf MTZ-treated fish since these fish still exhibited burst-swimming-like activity. Instead we 

found that strychnine had a significant effect on rhythm generation in MTZ-treated fish (Fig. 

2.7Bi) and this effect was comparable to 5 dpf WT fish as there was no significant difference 

between attenuation of Peak20-40 detection for 5 dpf WT and 5 dpf MTZ-treated Tg(dat:CFP-
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NTR) fish (Fig. 2.7Bii). On the contrary, we observed a significant difference with the attenuation 

of Peak20-40 detection for 3 dpf WT (Fig. 2.7Bii). These results suggest that dopaminergic 

signalling shapes the maturation of the swimming pattern (from long infrequent swimming 

episodes to frequent short episodes) but not the mechanism for rhythm generation within each 

episode. Consistent with this conclusion, we found that in patch-clamp recordings IPSPs to 

motoneurons were rhythmic in 5 dpf MTZ-treated fish (Fig. 2.7C). These results suggest that the 

emergence of rhythmic IPSPs was also not involved in transitioning from burst swimming to 

beat-and-glide swimming. This is further supported by the fact that when we sorted our 

recordings according to swimming phenotype (burst versus beat-and-glide) instead of age in our 

strychnine experiments with non-MTZ treated fish (data from Figs. 2.2, 2.4 and 2.7), we 

observed no significant differences in Peak20-40 detection scores between the two phenotypes 

(data not shown), suggesting that swimming phenotype is not linked to a WGDR to SGDR 

transition. 

Modelling the maturation of zebrafish swimming with two coupled oscillators  

The nascent importance of glycine in rhythmogenesis at later stages of development of zebrafish 

suggests that the control scheme of swimming is changing in the time it takes for burst-

swimming to switch to beat-and-glide swimming. A SGDR may be present if later swimming is 

generated by network oscillators rather than a pacemaker driven network. In other words, before 

3 dpf, tail beats may be generated by a pacemaker kernel (represented by PM blue squares in our 

model, Fig. 2.8A,C) that generates swimming episodes due to endogenous bursting properties. 

These rhythms are propagated along the length of the fish by a hybrid network involving 
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chemical and electrical synapses (Knogler et al., 2014). In contrast, our data suggests that tail 

beats at 4-5 dpf is the result of propagating waves generated by network oscillators (represented 

as a network oscillator unit in the model, Fig. 2.8A,C), requiring glycinergic inhibition. The 

emergence of rhythmic glycinergic inputs in the 20-40 Hz frequency range observed in MNs 

(Fig. 2.6) supports the idea of developing network oscillators relying on rhythmic synaptic 

inhibition. 

 To test the idea that a switch from a pacemaker-driven electrical network to a network 

oscillator-based spinal locomotor circuit could lead to a WGDR-to-SGDR transition, we 

developed a reductive mathematical model consisting of coupled oscillators in which the 

pacemaker-based rhythmogenic mechanism is modelled by a harmonic oscillator and the 

network-based rhythmogenic mechanism (e.g. half-centre network oscillator) is modelled by a 

damped oscillator (Fig. 2.8A). The damping coefficient !  allows us to model the impact of 

decreasing synaptic inhibition, such as following the application of strychnine, which is 

modelled by an increasing ! . The two oscillators have the same natural frequency !  of 20 Hz.  

In addition, the two oscillators are coupled by a coupling coefficient !  (see Materials and 

Methods). We sought to examine whether we could reproduce the WGDR to SGDR transition as 

resulting from the emergence of a network-based mechanism (i.e. the half-centre network 

oscillator) over a pacemaker-based mechanism. We modelled the reduced influence of the 

pacemaker-based mechanism as a decrease in the coupling coefficient ! . We simulated the 

application of strychnine at two developmental stages by simulating the network at two different 

values of  !  (to model the presence or absence of strychnine) and at two different values of !  

(high !  representing 3 dpf fish, low !  representing 4-5 dpf).  Autocorrelation functions from 

ζ

ζ ω0

F0

F0

ζ F0

F0 F0
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the network output in our simulations (Fig. 2.8B) reproduced well our experimental data (in Fig. 

2.2C) under control and strychnine conditions. Therefore, our coupled oscillator model was able 

to replicate the WGDR to SGDR transition observed experimentally, thus supporting a transition 

from a pacemaker kernel to network oscillators in spinal locomotor circuits of developing 

zebrafish.  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Discussion  

Zebrafish display movements within hours of fertilization, however their nervous system 

continues to develop their motor control. Developing zebrafish pass through a remarkably rapid 

transition between sharp abrupt single coils to more refined rhythmic tail beats within days.  Our 

results reveal that as swimming movements are refined in larval zebrafish, so too are spinal 

locomotor circuits. We observed a shift in the role of glycinergic neurotransmission to 

rhythmogenesis and argue that the increased involvement of glycinergic neurotransmission is 

indicative of the emergence of network oscillators in the developing zebrafish. 

 In many vertebrate locomotor circuits, glycinergic transmission seems to be dispensable 

for locomotor activity (Li et al., 2010; though see Moult et al., 2013; Messina et al., 2017). So 

why does a WGDR to SGDR transition suggest a shift in the operation of the neural circuits 

responsible for swimming in the developing zebrafish? Two general mechanisms of 

rhythmogenesis in neural circuits have been described (Harris-Warrick, 2010). The first one is 

based upon pacemaker neurons capable of endogenously bursting when driven by tonic 

excitation that drive the network according to their intrinsic oscillating rhythm (Tseng and 

Nadim, 2010). The second proposed mechanism of rhythmogenesis relies on a network’s 

connectivity pattern. A classic example of network rhythmogenesis is the theoretical half-centre 

oscillator where reciprocal inhibition of two antagonistic half-centres establishes an alternating 

activation of the half-centres, thus generating a rhythm (Brown, 1914; Lundberg, 1981). While 

synaptic inhibition is not a prerequisite to the operation of network-based oscillators, it can be 

intimately linked to rhythmogenesis as would be the case in a half-centre oscillator. On the other 
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hand, the involvement of synaptic inhibition in rhythmogenesis would not be a feature of 

pacemaker-driven oscillators where intrinsic properties are sufficient for rhythmic activity. 

 Glycinergic currents have the particularity of being inward (i.e. depolarizing) at resting 

potential in developing zebrafish (Saint-Amant and Drapeau, 2000, 2001), however, the 

proximity of its reversal potential to the resting potential would lead glycinergic 

neurotransmission to act as a shunting inhibition (Ben-Ari, 2002; Drapeau et al., 2002; Knogler 

et al., 2014). Therefore, we suggest that glycinergic inhibition at early developmental stages is 

still a viable means of implementing reciprocal inhibition between half-centres in the developing 

zebrafish and the WGDR to SGDR transition indicates a transition away from a pacemaker to a 

network oscillator mechanism of rhythmogenesis. Whether the reciprocal inhibition between 

half-centres is actually contralateral or ipsilateral has yet to be determined though each type of 

synaptic inhibition could play separate roles in coordinating left-right alternation and 

rhythmogenesis (Gabriel et al., 2008). 

  

Proposed maturation of the neural control of swimming in developing zebrafish 

Previous work suggests that glycinergic neurotransmission is dispensable for rhythmic 

swimming in the early stages of motor control in the zebrafish (Saint-Amant and Drapeau, 2000, 

2001). When burst swimming first succeeds single and multiple coils, glycinergic 

neurotransmission is only needed for left-right alternation (McDearmid and Drapeau, 2006). 

Pharmacologically blocking gap junctions arrests swimming activity indicating that an early 

electrical synapse framework is key to the maintenance of swimming at that stage (Buss and 

Drapeau, 2001). Recently, the rostral spinal IC neurons have been identified as putative 

	 	 �40



pacemakers for swimming at this developmental stage due to their endogenous bursting driven 

by persistent sodium currents and their electrical connections to motoneurons (Tong and 

McDearmid, 2012). 

 The primacy of this initial pacemaker-driven electrical network to rhythmogenesis may 

be superseded as the nervous system accommodates a growing body requiring coordination of 

more body segments to generate increasingly refined forms of movements. Around 4 dpf, 

swimming behaviour is further refined through a transition from burst to beat-and-glide 

swimming (Buss and Drapeau, 2001). During this transition, new neurons are potentially 

integrated to the spinal locomotor circuits such as sMNs (Fig. 2.5) thought to be recruited mostly 

during slow swimming events (Menelaou and McLean, 2012). Our results show that at this age, 

glycinergic neurotransmission becomes a key component of rhythm generation for tail beats. 

Strychnine application was more likely to disrupt swimming at later stages and we also observed 

a switch from arrhythmic to rhythmic IPSCs to motoneurons within a time span of 6 hours at 

around 80 hpf.  Our simulations of a pair of coupled oscillators, one representing a pacemaker-

mechanism of rhythmogenesis, the other representing network oscillators involving synaptic 

inhibition for rhythmogenesis, also suggest that a relatively decreasing drive from pacemakers to 

spinal locomotor circuits during development, putatively due to the addition of new spinal 

circuitry, could lead to locomotor activity that relies more strongly on glycinergic transmission. 

Thus, our findings indicate that early spinal locomotor circuits relying upon electrical synapses 

are replaced or supplemented by a single or by multiple network oscillators, which underlie the 

slow swimming activity observed first as burst swimming and then beat-and-glide swimming.  
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 The presence of multiple longitudinally distributed network oscillators rather than a 

single oscillator at 5 dpf is suggested by experimental studies where very short 5 dpf spinal cords 

segments have been shown to be able to generate rhythmic activity (McDearmid and Drapeau, 

2006; Wiggin et al., 2012).  As well, we found that the WGDR to SGDR occurred earlier at a 

caudal somite when compared to more rostral somites, suggesting an early establishment of a 

network oscillator at more caudal spinal segments. In developing zebrafish, growth occurs at 

different rates along the rostrocaudal axis of the body (Kimmel et al., 1995). More caudal 

somites are much smaller earlier in development than their rostral counterparts, and it stands to 

reason that the neural circuits involved in the control of caudal somites may develop at different 

rates than rostrally located circuits. Our cell counts of sMNs, associated with slower swimming, 

reveal a greater number of sMNs in caudal segments at the studied ages. Considering that pMNs 

and sMNs are primarily dedicated to swimming movements of different speeds (Liu and 

Waesterfield, 1988), it is possible that nascent swimming networks at the caudal end of the 

growing fish first establish local network oscillators controlling primarily sMNs as opposed to 

pMNs.  

 Over time, there is a possibility that two overlapping networks arise: an electrical 

network linking pacemaker neurons and pMNs used for faster swimming movements such as 

coils and perhaps escape responses, and a network based upon longitudinally distributed half-

centre network oscillators linking sMNs to neural circuits dedicated to slower forms of 

swimming. It is however likely that both electrical and chemical synapses are concomitantly 

involved during some swimming activity, as suggested by the presence of both types of synapses 

in the V2a-motoneuron circuit (Song et al., 2016). Similarly, a hybrid pacemaker-network 
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oscillator has been proposed to underlie different speeds of locomotion in mammalian locomotor 

circuits (Brocard et al., 2010). 

Role of dopaminergic neurons in pattern generation 

 The WGDR to SGDR transition becomes important to the rhythm of tail beats during the 

transition from burst swimming to beat-and-glide swimming patterns. However, the coincidence 

of these two transitions does not mean that they are causally related. Previous studies have 

suggested that dopamine through D4 receptor signalling is essential for the maturation to beat-

and-glide swimming (Lambert et al., 2012). While our observed phenotype was closer to burst 

swimming at 5 dpf when dopaminergic neurons were partially ablated, strychnine effectively 

disrupted the tail beat rhythm and we also observed rhythmic IPSPs in motoneurons. In addition, 

we noticed typical beat-and glide phenotype for spinalized 5 dpf non-MTZ treated larvae in the 

presence of NMDA in a preparation where descending dopaminergic inputs would be 

presumably absent (Fig. 2.3). The latter suggests that while dopamine undoubtedly plays a 

critical role for the developmental establishment of beat-and-glide swimming, its involvement 

does not extend to the maintenance of tail beat rhythm. While we cannot definitely conclude that 

the transition from a SGDR to a WGDR is completely disconnected from the swimming 

phenotype transition from burst to beat-and-glide swimming, other mechanisms would be 

required to explain this maturation such as perhaps the modulation of an ultraslow 

hyperpolarization (Zhang et al., 2015). 

Future directions 
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Our findings could relate to the development of motor circuits in other vertebrates. For instance, 

it seems that an early electrical scaffold is a necessary first step in the development of mice 

spinal locomotor circuits (Tresch and Kiehn, 2000). Whether an electrical network acts as 

monolithic block from which locomotor circuits will later be sculpted and refined via new 

chemical connections to accommodate more precisely defined locomotor movement needs to be 

determined across vertebrates. Our results suggest that the circuits involved in rhythmogenesis 

operate as network oscillators, an important finding considering the continued failure to identify 

pacemakers solely responsible for driving locomotor activity in many well characterized 

vertebrate spinal locomotor circuits (Ziskind-Conhaim and Hochman, 2017). 

 In closing, it is interesting to note that glycine is also very important for neurogenesis and 

cell fate in the zebrafish spinal cord (McDearmid and Drapeau, 2006; Côté and Drapeau, 2012). 

This opens up the intriguing possibility that the role of glycine in the maturation of spinal 

locomotor circuits is not restricted to its emerging mechanistic contribution to rhythmogenesis 

but perhaps to the development of populations that make up the network oscillators.  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Figure 2.1. Larval zebrafish tail beat frequency during swimming is mainly between 20 and 

40 Hz.  

A, 4 superposed frames recorded during a single swimming episode of a 4 dpf larval fish. The 

red dotted box is the region of interest (ROI) in which the frame by frame analysis was 

performed. B, Examples of extracted midlines of fish body over a swimming episode. C, Heat 
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map of the local body angle amplitude. The fish body was divided in thirty segments from the 

caudal to the rostral end. Position of the body has been normalized such that the extreme caudal 

segment is 1.0 and the extreme rostral segment is 0.0. Every frame, the angle of each segment 

was computed and compared to resting position. The resulting amplitude was assigned a color, 

blue for negative angles and red for positive angles. D, For each body segment, a Fast Fourier 

Transform (FFT) was applied on a swimming episode and the result plotted as a heat map. Note 

that FFT outputs only positive values. The white dotted box highlights the 20 to 40 Hz range 

where the frequencies of tail beats seem to reside. 
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Figure 2.2. Greater effect of strychnine on tail beat rhythmicity at 5 dpf than at 3 and 4 

dpf.  

A, Typical extracellular recordings of fictive swimming activity under control (Ctrl) and 4 µM 

strychnine (Str) conditions at 3 dpf (Ai, Aii), 4 dpf (Aiii, Aiv) and 5 dpf (Av, Avi). B, Short Time 

Fourier Transform (STFT) of a 30 s long recording of spinal cord activity under control and 4 

µM strychnine conditions at 3 dpf (Bi, Bii) and 5 dpf (Biii, Biv). White dotted lines mark the 
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20-40 Hz frequency range. We can see local maxima in the 20-40 Hz range for both 3 dpf plots 

and the control 5 dpf plot but not for the strychnine positive 5 dpf plot. C, Example of 

autocorrelation function of typical 3 dpf and 5 dpf traces (left and right panel, respectively) under 

control condition (blue) and strychnine (red). A polynomial fit (dashed line) was performed on 

the 25-50 ms time delay range (dotted box) corresponding to the 20-40 Hz frequency range to 

detect a peak in this range (see Methods). D, Left, results from Peak20-40 detection algorithm in 

the 25-50 ms time delay range for autocorrelation functions under control (blue) and strychnine 

(red) conditions. Right, attenuation of Peak20-40 detection computed as 1 – (Peak20-40Strychnine / 

Peak20-40Ctrl). Open circles represent scores of each individual. Solid circles are the averages for 

every age and condition. N= 120 episodes (10 per fish, 12 fish) at 3 dpf, and N= 110 episodes 

(10 per fish, 11 fish) at each of 4 dpf and 5 dpf. Left, two-tailed Student’s t-test, ** means p<0.01 

and *** means p<0.001. Right, one-way ANOVA followed by Bonferroni's post hoc test, *p < 

0.017. Top horizontal bars display result of tests between the two groups at each ends of the bars. 

Error bars display SE. 
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Figure 2.3. Effect of strychnine on fictive swimming in spinalized fish at 3 dpf and 5 dpf.  

A, Diagram of the acutely spinalized preparation. Fish were decapitated before transferring to the 

recording chamber. B, Traces of NMDA (1.2-1.5 mM) induced swimming in spinalized fish at 3 

and 5 dpf. Bottom traces are expanded time-scale representation of area within dotted boxes in 

top traces. C, Traces from the same preparations after addition of 4 µM strychnine, which is 

present throughout the illustrated recordings. 
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Figure 2.4. Differential effect of strychnine along the rostrocaudal axis of the zebrafish.  

A, Schematic of the position at which extracellular recordings were taken: somite 1 (gold), 

somite 4 (green) and somite 9 (gray). Somites were numbered from 1 to 9 such that that somite 1 

was the sixth somite rostral to the anus and somite 9 the third one caudal to the anus. B, Results 

from Peak20-40 detection algorithm in the 25-50 ms time delay range for autocorrelation functions 

under control (blue) and strychnine (red) conditions for somites 1, 4 and 9. N= 10 episodes per 
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fish in 9 fishes at every age for somites 1, 4 and 9. C, Attenuation of Peak20-40 detection 

computed as 1 - (Peak20-40Strychnine / Peak20-40Ctrl) for somites 1, 4 and 9. Open circles 

represent scores of each individual. Filled circles are the averages for every age and condition. D, 

Typical traces of dual recordings from somites 1 and 9 from the same fish (3 dpf) before and 

after strychnine application. B, two-tailed Student’s t-test, * means p<0.05 and ** means p<0.01. 

C, one-way ANOVA followed by Bonferroni's post hoc test, *p < 0.017. Top horizontal bars 

display result of tests between the two groups at each ends of the bars. Error bars display SE. 
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Figure 2.5. Cell count of secondary motoneurons and Chx10+ spinal neurons.  

A, Schematic of the position at which Z-stacks were imaged. Counting was performed over three 

somites as camera field of view allowed clear imaging of three somites at 40x. B, Typical 

pictures of targeted rostral and caudal section, in brightfield (BF) and fluorescent (GFP) 

conditions for a isl1:GFP and a chx10:GFP fish. C, Average cell count for the rostral and caudal 

section for the isl1:GFP (top) and chx10:GFP (bottom) fish. Average was computed from 4 

independent counts of 3 fish for each configuration (Rostral/Caudal/isl1:GFP/chx10:GFP)). 

Two-tailed Student’s t-test. Error bar represents SD.  
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Figure 2.6. IPSCs mature from arrhythmic at 3 dpf to rhythmic with a frequency close to 

that of tail beats at 5 dpf during swimming episodes.  

A, Typical voltage-clamp recordings of MNs during swimming activity at resting (-65mV) and 

cation reversal potentials (0mV) for 3 dpf (Ai, Aii), 4 dpf (Aiii, Aiv) and 5 dpf fish (Av, Avi). B, 

Short Time Fourier Transform (STFT) of a 30 s long recording of spinal cord activity under 

control and strychnine conditions at 3 dpf (Bi, Bii) and 5 dpf (Biii, Biv). White dotted lines mark 

the 20-40 Hz frequency range. We can observe local maxima in the 20-40 Hz range for both 5 

dpf plots but not for the 0 mV 3 dpf plot. C,  Results from Peak20-40 detection algorithm in the 

25-50 ms time delay range for autocorrelation functions of each traces at 3, 4 and 5 dpf at -65 

mV (blue) and 0mV (red) holding potentials.  N = 10 episodes per sMN in 5 sMN at 3 dpf, in 4 

sMN at 4 dpf and 4 sMN at 5 dpf. Error bars display SE. Two-tailed Student’s t-test, * means 

p<0.05. 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Figure 2.7. Metronidazole-treated Tg(dat:NTR-CFP) fish exhibit a development profile 

closer to 5 dpf rather than 3 dpf.  

A, Average swimming episode duration (in seconds) calculated for 50 episodes (10 per fish for 5 

fishes) at 3 dpf and 5 dpf for WT fish and at 5 dpf only for metronidazole-treated Tg(dat:NTR-

CFP) fish (NTR). B, Results from Peak20-40 detection algorithm in the 25-50 ms time delay range 

for autocorrelation functions of each extracellular recording at 3 and 5 dpf for WT and at 5 dpf 

for metronidazole-treated Tg(dat:NTR-CFP) fish under control (blue) and strychnine (red) 

conditions (Bi). Attenuation of Peak20-40 detection computed as 1 - (Peak20-40Strychnine / 

Peak20-40Ctrl) for each fish. N= 60 episodes (10 per fish for 6 fish) for 5 dpf Tg(dat:NTR-CFP) 
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fish (Bii). C, Results from Peak20-40 detection algorithm in the 25-50 ms time delay range for 

autocorrelation functions of each patch recordings at 3 and 5 dpf for WT and 5 dpf for 

metronidazole-treated Tg(dat:NTR-CFP) fish at -65 mV (blue) and 0mV (red) holding 

potentials . N= 50 episodes (5 fish) for 5 dpf Tg(dat:NTR-CFP) fish. Open circles represent 

scores of each individual. Solid circles are the averages for every age and condition. Bi and C, 

two-tailed Student’s t-test, * means p<0.05, ** means p<0.01, and *** means p<0.001. Bii, one-

way ANOVA followed by Bonferroni's post hoc test, *p < 0.017. Top horizontal bars display 

result of tests between the two groups at each ends of the bars. Error bars display SD for A, SE 

for B and C. 
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Figure 2.8. Coupled oscillator model of architectural change from pacemaker to network 

oscillator-based spinal locomotor circuits of developing zebrafish.  

A, Schematic of coupled oscillators model. Two coupled oscillators: a harmonic oscillator 

representing a pacemaker (PM) kernel and a damped oscillator representing a half-centre 

network oscillator. The coupling coefficient F0 represents either the developmental stage or the 

presence (or absence) of gap-junctions. The damping coefficient models the application or 

absence of strychnine. The output of the network is read at the output of the half-centre. B, 

Autocorrelation analysis of model output. C, Schematics of the development of spinal locomotor 

circuits from 3 to 5 dpf. Before 3 dpf, a kernel of IC drives, via gap junctions, two contralateral 

chains of electrically coupled MNs distributed along the body. Reciprocal inhibition between 

both sides, which is not illustrated, exists but is not responsible for rhythm generation. After 3 
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dpf, network oscillators are assembled, first at caudal end of the spinal cord and then across the 

length of the spinal cord.  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CHAPTER 2: TESTING MECHANISMS OF RHYTHMOGENESIS IN SPINAL LOCOMOTOR CIRCUITS OF 

THE DEVELOPING ZEBRAFISH SPINAL CORD 

Roussel, Yann; and Bui, Tuan Vu  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ABSTRACT 

Rhythm generation is a key feature of many central pattern generator networks. Two general 

mechanisms have been proposed to enable rhythm generation in neural circuits. While the first 

mechanism is based on pacemaker neurons (PM) intrinsic properties to produce neural circuits 

rhythmic oscillation, the other mechanism is based on particular synaptic connections patterns to 

create a network oscillator. Our previous work suggests a transition in the mode of operation for 

rhythmogenesis in spinal locomotor circuits of the zebrafish showing that it becomes 

increasingly reliant upon glycinergic neurotransmission. Thus, this results suggest a transition 

from rostral PM kernels of IC neurons to network oscillators to generate tail beats rhythm. Here 

we investigate the potential redundancy of the rhythm generating mechanism in the Zebrafish 

spinal cord during its development. We first tested for presence of other PM neurons more 

caudally located using ZAP patch-clamp recordings. Then, we disrupted rhythmogenic properties 

of known IC PM neurons using riluzole or carbenoxolone while looking at the rhythmicity of the 

locomotor output through extracellular recordings. We finally further characterized the synaptic 

drive of the putative network oscillators using dual patch recordings of secondary motoneurons. 

We found no convincing candidate for caudal PM neurons and we also observed that the effect of 

riluzole on rhythmogenesis was decreasing over the studied developmental period between (3-5 

days-post-fertilization). These results strengthen previous findings suggesting a progressive 

disengagement of PM neurons supplanted by network oscillators.  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Introduction 

Rhythm generation is a key feature of many central pattern generator networks. Two general 

mechanisms have been proposed to enable rhythm generation in neural circuits. The first 

mechanism is based on intrinsic properties enabling some neurons, the so-called pacemaker 

neurons (PM), to exhibit endogenous bursting activity when excited. The other mechanism is 

based on network properties, in particular patterns of synaptic connections, which facilitate 

oscillations in populations of neurons that are not inherently rhythmic, hence creating a network 

oscillator (Harris-Warrick, 2010). Network oscillators often feature reciprocal inhibition between 

two antagonistic units (or half-centres) that oscillate out of phase. A good example of a network 

oscillator architecture is the half-centre model in which two “centers” reciprocally inhibit each 

other to ensure that when one half-centre is active, the other half-centre is silent. This 

architecture is capable of converting a tonic drive into rhythmic activity with alternations 

between each half-centre. 

 Locomotor activity is an ideal neural output for studying mechanisms for rhythm 

generation. This robust and stereotypical behaviour encoded in spinal circuits has been proposed 

to be based either on PM neurons or network oscillators across different neural locomotor 

circuits (Harris-Warrick, 2002; Brownstone and Wilson, 2008; Grillner and Jessell, 2009; 

Brocard et al., 2010; Li, 2011). In the zebrafish, swimming is characterized by successive 

contractile waves leading to left/right body bend alternations propagating along the rostrocaudal 

axis of the body (McDearmid and Drapeau, 2006). However, before swimming in zebrafish 

reaches its final mature form, locomotor behaviour in zebrafish goes through an incremental 
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maturation process during development. The maturation of swimming starts early after the first 

day post-fertilization (1 dpf) when the first observable locomotor behaviour appears 

characterized by a strong coil on one side of the body before coming back to resting position. It 

is quickly followed by double-coiling (i.e. two successive coils on each side of the body) before 

maturing to swimming after 2 dpf. From here, two successive forms of swimming follow, the 

early form is characterized by second-long, infrequent bursts of activity (referred as burst 

swimming), while the later form consists of trains of shorter (~200 ms long), more frequent 

bursts of activity interspaced by short quiescent periods (referred as beat-and-glide) appearing at 

4 dpf.  

 Our recent work suggests that the refinement of swimming involves transitions in how 

the rhythm driving tail beats during swimming episodes is generated. Early in development when 

fish exhibit coiling or burst swimming, the mechanism of tail beat rhythm generation is 

putatively supported by kernels of a small number of rostral PM neurons rhythmically driving 

motoneurons (MNs) via gap-junctions (Saint-Amant and Drapeau, 2001). These PM neurons, 

identified as Ipsilateral caudal (IC) neurons, express persistent sodium current (INa,P) granting 

them pacemaking properties (Tong and McDearmid, 2012). Later in development as fish 

transition from burst to beat-and-glide swimming, network oscillators may play a more 

prominent role in rhythm generation as evidenced by our most recent work (Chapter 2). 

 Therefore, several rhythmogenic circuits may be operating in the developing zebrafish 

spinal cord. We first asked whether there are additional rhythmogenic circuits in the spinal cord 

beyond those that we have described. Here we tested the hypothesis that new PM population are 

involved by exploring the potential rhythmogenic intrinsic properties of caudal spinal neurons. 
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We were unable to reveal additional rhythmogenic circuits or mechanisms. We then asked 

whether both the IC-based pacemaker kernel and the network oscillators participate equally in 

generating rhythmic tail beats in developing larval zebrafish. Thus, we tested whether perturbing 

the rhythmogenic activity of IC neurons by blocking gap junctions as well as persistent sodium 

current compromised the rhythm of tail beats. Finally, having shown the primacy of network 

oscillators to the rhythm of tail beats in the larval zebrafish, we further explored the network 

oscillator hypothesis by performing dual patch experiments of secondary MNs to characterize the 

precise timing between glutamatergic and glycinergic drive. 
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Methods 

Animal Care 

Adult wild-type zebrafish were maintained according to standard procedures (Westerfield, 2000). 

All experiments were performed in accordance with the protocol approved by the University of 

Ottawa animal care committee (BL-2038). Light cycle in the zebrafish room was designed as 

follows: 14hr light/10hr dark, lights-on at 9:00AM and lights-off at 11:00PM. Water conditions 

of the fish system were controlled and maintained in the following ranges: 29–30°C, pH 7.5–8.0, 

conductivity (EC) 690–710. Zebrafish embryos were collected right after breeding and 

transferred in 10 cm diameter plastic petri dishes. Petri dishes were placed in an incubator 

maintained at 28.5°C. 

Animal preparation for electrophysiology 

2 to 5 dpf fish were anaesthetized in 0.02% tricaine solution and pinned down through the 

notochord in a Sylgard (Dow Corning, Midland, MI, USA) coated dish, one pin above the swim 

bladder and a second one caudal to the anus. 0.01 mm tungsten wires were used as pins. A skin 

flap was performed near one of the pins to remove the rest of the skin between the two pins using 

very fine forceps. The fish was then bathed in aCSF (134 mM NaCl, 2.9 mM KCl, 1.2 mM 

MgCl2, 2.1 mM CaCl2, 10 mM dextrose, 10 mM HEPES) containing 1mg/mL collagenase 

solution for 20 minutes. Muscles were removed over 5-6 somites by applying suction through a 

15 µm glass micropipette. 

Extracellular recordings 
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10 µm borosilicate glass microelectrodes were backfilled with 2M NaCl solution. We approached 

the spinal cord targeting a zone just dorsal to a ventral root and a very light suction was applied 

to seal the ventral root and a part of the spinal cord. Electrical activity was recorded in current 

clamp mode, amplified and filtered at 1 kHz with a Multiclamp 700B from Axon Instruments 

(Molecular Devices, Sunnyvale, CA, USA) and finally digitized with a Digidata 1550 

(Molecular Devices) to be stored on a computer. Light pulses were occasionally applied to 

increase occurrence of swimming events. Both spontaneous and light evoked swimming events 

were merged together since no significant difference in duration and tail beat frequency was 

observed (Buss and Drapeau, 2001).  

Intracellular recordings 

After muscle removal, 10 MΩ borosilicate glass microelectrodes were backfilled with 

intracellular recording solution (16mM KCl, 116mM K-gluconate, 4mM MgCl2, 10 mM HEPES, 

10 mM EGTA) and targeted neurons were approached while applying a light positive pressure. 

Just before entering the spinal cord the electrode was briefly stopped in order to break the dura 

with positive pressure only. Then, the electrode was introduced in the spinal cord and positive 

pressure was slightly decreased to finalize the approach. After ensuring that no tissue was present 

between the micropipette tip and the targeted MN, pressure was released allowing formation of a 

GΩ seal in most cases. In some cases, very light suction was applied in order to form a seal. A 

holding potential of -65 mV was then applied and after capacitance compensation, the seal was 

broken with a series of light suction pulses. Sulforhodamine (Sigma-aldrich) was present in ICS 

allowing neuron classification based on morphological features via fluorescence imaging. 
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ZAP 

To perform the resonant frequency analysis of spinal neurons, we used a ZAP (Ulrich, 2014) 

function to scan all the frequencies from 0.1 to 200 Hz in 60s in current clamp mode: 

    !  

!  being a constant current injection to hold the cell near desired membrane potential; !  chosen 

to keep the membrane oscillations in a range of 5 mV;  !  and !  are the extremum of the 

frequency range we desire to scan (here 0.1 and 200 Hz respectively) and !  the maximum time 

of the scan (60 s). We applied CNQX (10 µM, Tocris) and DL-AP5 (50 µM, Tocris) to 

chemically isolate the cells from rhythmic inputs that could impair the experiment. r 

Data Analysis 

Impedance fitting 

Impedance profiles (Z) were computed as the square root ratio of the power spectrum of the 

membrane potential trace over the injected current trace: 

      !  

Then Z profiles were fitted as a sum of two exponentials using Clampfit fitting algorithms. 

     !  

I(t) = IA + I0sin( fmin( fMax

fmin
) t

T ∙ 2π t)
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2

∑
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Two exponentials were chosen since the first exponential provides the typical low-pass filter 

information from the classic RC circuit formed by the membrane resistance and membrane 

capacitance whereas the second exponential provides information on frequency preferences 

(Hutcheon and Yarom, 2000). 

Computation of Z extrema 

The fitted expressions were then used to find local extrema representing the frequency at which 

the cell response was largest (i.e. frequency preference). Null values of the derivative were 

computed. Two exponential fittings have the advantage to give an analytical response for this 

problem: 

    !  

Given !  ; !  and !  which is respected in most fits. Otherwise if 

!  was undefined or if the expression gave us negative values for ! , we then recorded 

! . 

Autocorrelation and Peak20-40 detection  

In order to quantify the effect of strychnine on rhythmic motor activity, and of different holding 

potentials on IPSCs, we developed a simple peak detection algorithm to detect the presence of a 

peak between 20 and 40 Hz in the autocorrelation function of each episode trace (Peak20-40). Raw 

traces were first band-pass filtered between 1 and 200Hz. Ten 200 ms epochs were extracted 

during swimming episodes. Because the fictive swimming behaviour evolves from a few long 

d Zfit

d f
= 0 ⇔ fmax = − ln(a0 A0) + ln(a1A1)

a0 + a1

a0 ∙ A0 > 0 a1 ∙ A1 > 0 a0 + a1 ≠0

fmax fmax

fmax = 0
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bursts (several seconds) at 3 dpf to multiple shorter (few hundreds of ms) bursts at 5 dpf, we 

chose 200 ms epochs from recordings at all ages to keep the analysis consistent. Autocorrelation 

functions were computed for each time-slice using Clampfit. Then the Autocorrelation function 

was fitted as a second order polynomial function (in Clampfit).  

    !  

The fit was performed between 25 and 50 ms time delay (x-axis of the autocorrelation function) 

corresponding to the targeted range of frequency for tail beats (20-40 Hz).  Finally, the following 

conditions were applied on the fitting parameters: 

     !   and !  

Only if all conditions were respected was a peak considered to be detected. Using the above 

conditions for all our experiments gave us an average Peak20-40 detection rate above 80% under 

control conditions. Animals where the Peak20-40 score of recorded swimming episodes in the 

absence of any pharmacological interventions were all smaller than 0.6 (meaning that a peak in 

the autocorrelation was detected between 25 and 50 ms less than 60% of the time) were 

considered as arrhythmic and their recordings were discarded. 

PCA and k-means clustering 

PCA and k-means clustering were performed using Orange v3.3, an open access Python based 

environment dedicated for data analysis. Neuron parameters were composed of 7 features: the 

five fitting parameters ! , ! , ! ,  !  and !  as well as the resting potential !  and !  the 

frequency at which the impedance is maximal.  The first four principal components of the PCA 

Au tocorrfit(τ) = a0 + a1 ∙ τ + a2 ∙ τ2

25ms < − a1
2a2

< 50ms a2 < 0

A1 τ1 A2 τ2 C Vr Fmax
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captured 92 % of the data variance. K-means clustering was first performed with a target of 4 

clusters  to try to force differentiation of neurons based on their identified functional class (MNs, 

V2as, VINs and dINs) or age (2, 3, 4 and 5 dpf). None of the clustering gave satisfactory results. 

Similarly k-means clustering with 2 clusters to try to differentiate neurons expressing resonant 

frequencies from the ones that did not was also performed. Resulting cluster could classify 

resonating neurons from others but the critical frequency was between 1.3 and 1.72 Hz. 
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Results 

Lack of spinal neurons with subthreshold rhythmogenic intrinsic properties 

The rhythms of some central pattern generators seem to be driven by the oscillations of 

individual neurons, i.e. pacemaker neurons (Harris-Warrick, 2010). These pacemaker neurons are 

endowed with intrinsic properties conferring endogenous bursting properties. Previous work has 

shown that intrinsic properties can set frequency preferences in individual pacemaker neurons 

that coincide with the frequency range of network activity (Tseng and Nadim, 2010; Tseng et al., 

2014; Hull et al., 2016). In zebrafish, such pacemaker neurons exist. They are located very 

rostrally in the spinal cord and are thought to drive early locomotor behaviour (Tong and 

McDearmid, 2012). Considering the increasingly larger size of the spinal cord as zebrafish 

develop, we hypothesized that other neuron population with PM properties could be found more 

caudally in the spinal cord. In order to test whether intrinsic properties could be linked to 

rhythmic generation of tail beats in caudal spinal neurons, we performed an analysis of 

subthreshold frequency preferences in spinal neurons located in the middle segments of the 

spinal cord (near the anus) in the larval zebrafish. Subthreshold properties were preferentially 

tested since suprathreshold properties (i.e. firing activity) seem to be far above the targeted 

frequency range (80-300 Hz compared to 20-40 Hz) of network oscillations in most identified 

spinal neurons (Supp. Data; Menelaou and McLean, 2012). In order to do so, recorded spinal 

neurons were scanned in the frequency domain by applying a 60s long sinusoidal current 

waveform with gradually increasing frequency (ZAP function) between 0.1 Hz and 200 Hz 

(Ulrich, 2014). The amplitude of the injected current was adjusted to keep the membrane 

oscillations within a 5 mV range.  
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 Impedance (Z) profiles were computed as the square root ratio of the power spectrums of 

the membrane potential trace over the injected current trace and fitted as a sum of two 

exponential (Fig. 3.1B).  Z local maxima, indicating preferred frequencies, were extracted as null 

values of the derivative. The distribution of preferred frequencies clearly shows that most of the 

59 tested neurons (19 motoneurons, 34 interneurons and 6 unknown) have none (i.e. maximum is 

at 0 Hz). While a few cells exhibit a non-null resonant frequency, their resonant frequencies are 

widely distributed between 2 to 8 Hz never reaching the required minimum of 20 Hz to match 

tail beat frequencies of larval zebrafish (Fig. 3.1C). We weren’t able to test IC interneurons that 

are putative pacemakers in embryonic zebrafish (1 dpf) (Tong and McDearmid, 2012) as they are 

more difficult to access at later stages of development because of their deep location within the 

spinal cord (Bernhardt et al., 1990). We conclude from this analysis that intrinsic properties of 

most spinal neurons do not predispose caudal spinal circuits to drive tail beats within frequencies 

observed during swimming. 

 Additionally, some PCA and k-means clustering analysis were performed on fitting 

parameters as well as other measurements of passive properties of our recorded neurons (7 

features in total: five fitting parameters ! , ! , ! ,  !  and !  as well as the resting potential !  and 

!  the frequency at which the impedance is maximal) to investigate whether we could classify 

spinal neurons according to their impedance profiles. PCA extracts orthogonally-related principal 

components that capture the greatest variance in the data. Thus, it provides a useful projection of 

the feature space (e.g. from a 7 dimension features space to a 4 dimensions space after PCA) to 

A1 τ1 A2 τ2 C Vr

Fmax
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better capture the overall distribution of the data. K-means clustering on the other hand is a 

classification method that was used to group together recorded neurons sharing similar features. 

We thus used k-means clustering using the results of the PCA to test whether our recorded 

neurons could be clustered in a way that reflected their putative functional grouping (MNs, V2as, 

dINs and VINs) as determined by location within the spinal cord and cell morphology of 

recorded cells or clustered in a way that reflected the developmental stages at which they were 

recorded (2, 3, 4 and 5 dpf) were performed using 4 clusters. Unfortunately, this analysis lead to 

inconclusive results (Fig. 3.1Di), as each cluster was composed of neurons from the different 

functional classes sampled (Fig. 3.1Ei) or from the different ages (data not shown). Additional k-

means clustering performed while setting the number of clusters to 2 was performed to determine 

whether the resultant two clusters could differentiate between Z profiles exhibiting resonant 

frequencies and those which did not. The resulting two clusters managed to segregate neurons 

having a resonant frequency from those which do not (the dotted line Fig. 3.1Eii depicts the 

critical frequency separating the two clusters). However, classification according to their 

preference in frequency was not consistent with any functional or morphological classification 

(Fig. 3.1Dii, Eii). For instance, some CiD (i.e. V2a) or motoneurons (MNs) showed frequency 

preferences but not most of them. No differentiation could be made according to the 

developmental stage either (data not shown). Therefore, our analysis suggests that there are few 

neurons in the developing (3-5 dpf) zebrafish spinal cord that exhibit pacemaker properties, and 

they don’t belong to any particular functional group nor are related to any particular age.  

Gap junctions are dispensable to the rhythmic tail beats after 3 dpf 
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Since we were not able to show that there were other rhythmogenic pacemaker neurons along the 

length of the spinal cord, we next asked whether the IC pacemaker kernel and the network 

oscillators that we describe in our previous work (Chapter 2), equally contribute to the rhythm 

driving tail beats. Early locomotor behaviour between 1-3 dpf, putatively driven by IC neurons, 

mostly relies on a preliminary electrical scaffold built upon gap junctions (Saint-Amant and 

Drapeau, 2001). At this age, locomotor activity is more resistant to blocking glycinergic 

neurotransmission than at 5 dpf when fish exhibit beat-and-glide swimming. To test the idea that 

the strychnine-resistant rhythm at 3 and 4 dpf could be generated by this electrical circuit, we 

added 500 µM carbenoxolone (a gap junction blocker) with strychnine and recorded fictive 

swimming activity at 3 and 4 dpf. With the addition of carbenoxolone to strychnine, traces show 

that swimming activity is more consistently disrupted compared to experiments with strychnine 

alone (Fig. 3.2Ai,ii, see also chapter 2). From here we used our previously developed peak 

detection algorithm to quantify the effect of carbenoxolone (See Methods). Briefly, we used 

autocorrelation functions of fictive swimming episodes to look at the presence of a peak in the 

tailbeat frequency range (i.e. between 20-40 Hz corresponding to 25-50 ms time delay). The 

resulting Peak20-40 detection score shows a significant gap between the detection score under 

control and combined strychnine and carbenoxolone conditions (Fig. 3.2B). When carbenoxolone 

alone is added while recording from 3 dpf fish, we observe a much fainter (comparing the 

attenuation of peak detection) yet significant difference in peak detection score between control 

and carbenoxolone alone (Fig. 3.2C-D). Conversely, we treated 5 dpf fish with carbenoxolone 

only (since we had shown that strychnine already had an important effect at 5 dpf, Chapter 2). 

Typical rhythmic swimming activity is clearly noticeable even after drug application (Fig. 

	 	 �72



3.2Aiii,iv) and the probability of peak detection between carbenoxolone and control does not 

differ at this later age. Finally, attenuation of peak detections at 3 dpf from experiments using 

strychnine alone (Chapter 2) is significantly smaller than the attenuation from experiments using 

a cocktail of strychnine and carbenoxolone. No significant difference is seen at 4 dpf (Fig. 3.2D). 

  

 To make sure that the brain did not intervene we repeated these experiments but with 

spinalized preparations. Fictive swimming was evoked using 1 mM NMDA and carbenoxolone 

was added a few minutes after. Addition of the drug did not disturb the continuous fictive 

swimming rhythm observed as suggested by typical traces and power spectrums (Fig. 3.2E,F). 

Overall, these results suggest that electrical synapses reinforce but are not entirely necessary for 

rhythm generation driving tail beats at 3 dpf and that gap junctions are fully dispensable for 

rhythm generation driving tail beats at 4 and 5 dpf. 

Blocking persistent sodium current decreases the rhythm of tail beats in burst swimming 

fish 

We also tried to specifically target the ionic current responsible for pacemaker activity in IC 

cells, the persistent sodium current INa,P. Riluzole is known to block this current (Urbani and 

Belluzzi, 2000; Darbon et al., 2004; Tong and McDearmid, 2012), so we therefore recorded 

swimming activity of the spinal cord with and without riluzole (5µM) at 3, 4 and 5 dpf. The 

Peak20-40 detection scores show significant effect of riluzole on the rhythm of tail beats at 3 dpf 

only (Fig. 3.3A). As done previously for the study of gap junctions, experiments with riluzole 

were repeated with spinalized experiments. One out of two experiments on spinalized 3 dpf fish 

showed persistence of rhythm under riluzole (Fig. 3.3B,C), however once both strychnine and 
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riluzole were added the rhythm completely disappeared as activity was silenced (note however, n 

= 1 animal). 

 Whole-cell patch-clamp recordings of MNs in 5 dpf fish show typical trains of short 

episodes of activity that is a signature of beat-and-glide swimming (Fig. 3.3Di, shaded area on 

typical traces highlight a single episode in one train). In each of these episodes, oscillations 

believed to drive the tail beats can be observed (Fig. 3.3Dii, Eii, Fii). Even though our 

extracellular recordings suggest that after 3 dpf, riluzole (5 µM) ceased to affect the rhythm 

driving tail beats (Fig 3.3A), our intracellular recordings of MNs suggests that riluzole triggered 

a two-fold increase in amplitude of episodes from 4.29 ± 1.47 mV (n = 29 episodes) to 8.88 ± 

3.02 mV (n = 35 episodes) (Fig. 3.3Diii, Eiii, Fiii). The number of episodes per train slightly 

increased as well from 5.2 ± 1.6 episodes (n = 9 trains of episodes over a 2 min period)  per train 

to 6.5 ± 1.0 episodes (n = 7 trains over a 2 min period) per train. While duration of episodes was 

similar, from 303 ± 85 ms (n= 47 episodes) under control to 330 ± 78 ms (n = 39 episodes) under 

riluzole, episode frequency within a train of episodes slightly decreased from 1.97 ± 0.86 Hz to 

1.38 ± 0.54 Hz, respectively. These results suggest that INa,P is present throughout zebrafish 

development but its involvement in rhythm generation decreases after 3 dpf. 

Dual patch-clamp recordings further confirm establishment of network oscillators at 5 

dpf 

The void in sustaining rhythm generation of tail beats due to the gradual absence of involvement 

of INa,P is putatively filled in by network oscillators (Chapter 2). We previously described that 

glycinergic inputs in secondary MNs (sMNs) in the zebrafish spinal cord transitioned around 80 

hpf from arrhythmic to rhythmic. The timing of this transition coincided with the transition from 
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a weakly glycine-dependent rhythm to a strongly glycine-dependent rhythm that we interpreted 

as a switch from pacemaker to network oscillator mode of rhythmogenesis. To further investigate 

the precise timing of these newly rhythmic glycinergic inputs in relation to rhythmic excitatory 

inputs during swimming we proceeded to dual patch-clamp recordings of sMNs so that we could 

compare one type of synaptic drive received by one sMN with that received by another during 

locomotor output. We chose to record sMNs spaced apart by 4 to 6 somites to concurrently 

investigate the phase delay of the synaptic inputs along the rostrocaudal axis. Pairs of recorded 

cells were either both held near the reversal potential of glycinergic synapses (-65 mV) to record 

glutamatergic EPSCs (Fig. 3.4Ai), at positive potentials near the reversal potential of 

glutamatergic synapses (around +10 mV) to record glycinergic IPSCs (Fig. 3.4Bi) or in a hybrid 

configuration (one cell at resting potential and the other at +10 mV) (Fig. 3.4Ci). 

Crosscorrelation of swimming episodes from the rostral versus the caudal sMN were computed 

for each configuration to estimate the phase-delay of EPSCs and IPSCs arriving at each 

respective sMN. The first two configurations (both held at resting potential or at positive 

potential) show a local maximum at 0 ms time delay (Fig. 3.4Aii, Bii), suggesting that EPSCs 

arrive in phase in both MNs and IPSCs also arrive in phase with each other in both MNs. Finally, 

in the third configuration (hybrid) where we held one cell at resting potential to study the EPSCs 

received by this cell while the second cell is held at depolarized potentials isolating IPSCs, 

crosscorrelations functions of swimming episodes showed a local minimum near 0 ms lag (Fig. 

3.4Cii) suggesting that EPSCs and IPSCs are mostly out of phase. Crosscorrelation in hybrid 

configuration were performed between the trace at resting potential and the inverse of the trace at 

positive holding potential so that synaptic currents were of the same sign and crosscorrelation 
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measures could be more easily interpreted. Alternating EPSPs and IPSPs input is concomitant 

with a network oscillator organization. 

 Interestingly, patch-clamp experiments did not allow us to make conclusions on the 

direction of propagation of the excitatory drive of MNs as averaging crosscorrelations from 

resting potential traces gave a maximum exactly at 0ms (Fig. 3.4Aii) suggesting no phase delay 

between rostral and caudal MNs. Some episodes gave a positive phase delay while other a 

negative one. This is in contrast to results obtained with extracellular recording (Fig. 3.4Di), 

where crosscorrelations function of swimming episodes between a rostral somite and a caudal 

somite 8 segments apart consistently had a maximum at a positive time delay suggesting 

descending excitatory waves (Fig. 3.4Dii). These suggest that, individual ipsilateral motoneurons 

do not reflect the precise timing of descending inputs suggested by recordings of pools of 

motoneurons (through extracellular recordings of motor nerves). 
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Discussion 

Early in development, locomotor movements of zebrafish seem to be generated by neural circuits 

driven by a pacemaker kernel setting the timing of movements. Our recent work has identified 

the presence of circuits organized as network oscillators that rely more on synaptic connections 

than on intrinsic properties for rhythmogenesis. There seems therefore to be several circuits that 

can rhythmically drive swimming movements in zebrafish. We sought to identify additional cells 

or circuits for rhythmogenesis, and after failing to identify any other pacemaker cells, we sought 

to determine whether the pacemaker kernel and the network oscillators contribute equally to 

driving rhythmic tail beats in later stages of development when fish transition from burst to beat-

and-glide swimming. 

 Taken together, our results reinforce the idea that later on in development PM-driven 

rhythm generation is superseded by network oscillators within the spinal cord. We were unable to 

find any good PM candidate in caudal spinal neurons when we searched for cells with 

subthreshold active conductances that would endow them with resonant frequencies. A potential 

reason for our failure to identify more caudally located pacemaker cells could be due to the high 

activity dependency of the impedance. Impedance is very dependent on the membrane potential, 

and we made the choice of scanning over a small range of the subthreshold membrane potential 

because the firing frequency of most cells seems to be too fast for the rhythm of tail beats 

(Menelaou and McLean, 2012; Supp. Data).  However, a more extensive scan in the membrane 

potential domain to complement our scan of the frequency domain could reveal hidden 

pacemakers though it is to be noted that membrane potential and oscillations cannot be 

uncoupled easily due to the non-linear dynamics of many active conductances. Nonetheless, the 
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search for resonant frequency using the ZAP technique has previously been demonstrated to be 

useful in revealing typical pacemaker behaviour in the thalamus as well as in the crab 

stomatogastric ganglion (Nowak et al., 1997; Enomoto et al., 2007; Tseng et al., 2014). We 

therefore suggest that the negative results of our search for resonant frequencies indicate an 

absence of PMs in the caudal spinal cord of the developing zebrafish. 

 In contrast to our failure to reveal any pacemakers in the caudal spinal cord of the larval 

zebrafish, we observed that EPSPs and IPSPs to sMNs are rhythmic and out of phase with each 

other. In the classic half-centre architecture of network oscillators, a key feature is the presence 

of reciprocal inhibition that provides an inhibitory drive out of phase with the excitatory drive in 

the output neurons.  This finding coupled with our previous work (Chapter 2) strongly advocates 

for a typical half-centre architecture in spinal swimming circuits of the zebrafish underlying 

more mature swimming movements. 

 Experiments using carbenoxolone and riluzole further strengthen the idea of a switch 

from PM based architecture toward network oscillator-based architecture for tail beat rhythm 

generation. These drugs targeted gap-junctions and the persistent sodium current, INa,p as they 

were shown to be important for rhythmogenesis of the embryonic spinal cord and/or of IC 

neurons, the putative pacemakers of early locomotor behavior in zebrafish.  

 We showed that the rhythm of tail beats at 3 and 4 dpf is relatively insensitive to blocking 

glycinergic neurotransmission using strychnine in our previous chapter. However, when we co-

applied the gap-junction blocker carbenoxolone in combination with strychnine at these ages, we 

observed a greater disruption of the rhythm driving tail beats at 3 and 4 dpf. Interestingly, 

carbenoxolone by itself had little effect on the tail beat rhythm at 3 dpf and and 4dpf suggesting 
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that at this age where fish swimming activity is still maturing, the rhythm is not fully dependent 

on either glycinergic neurotransmission nor electrical synapses  

 The INa,p antagonist, riluzole, alone also showed a small effect at 3 dpf and negligible 

effects at 4 and 5 dpf. In fact, spinal motor output seemed to be stronger with riluzole. However, 

in spinalized 3 dpf fish, a cocktail of strychnine and riluzole seemed to silence NMDA induced 

activity. However, we note that these two drugs (riluzole and carbenoxolone) can have an impact 

on other targets than the one aimed in these experiments. Riluzole has been reported to also alter 

glutamate uptake as well as blocking acetylcholine receptor !  subunit (Azbill et al., 2000; 

Deflorio et al., 2012). Carbenoxolone might have an effect on chemical synapse (glutamatergic 

and glycinergic) for high concentrations and long exposure (Tovar et al., 2009). Therefore, 

analyzing experiments with these compounds requires a bit more caution.  

 Altogether, the results from this study suggest that the primary electrical scaffold driven 

by PM neurons do not play an important role in sustaining tail beat rhythm after 3 dpf.  While it 

is most probable that higher centres in the brainstem and the brain become more involved in the 

control of swimming after 3 dpf, previous studies showing the presence of rhythmic spinal 

output following transections of the spinal cord suggest that there are spinal circuits that are 

capable of generating the rhythm necessary for tail beats. However looking for intrinsic 

properties at latter developmental stage would still be valid as some intrinsic properties in 

network oscillators can facilitate rhythmogenesis such as post inhibitory rebound firing or 

adaptive firing (Daun et al., 2009). Our results further reinforce the conclusion from our prior 

work that this rhythm is not generated by any pacemaker cells but rather by circuits organized as 

network oscillators.  

γ
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!  

Figure 3.1. Subthreshold frequency preference analysis of caudal spinal neurons fails to 

identify pacemakers.  

A, Experimental setup. Dorsal muscles over 5 segments rostral to the anus were removed to 

expose the spinal cord in 3-5 dpf fish. Then an electrode was inserted in the spinal cord to patch-

clamp spinal neurons (i). In current-clamp mode, a time-varying sinusoidal current was injected 

to the recorded neuron according to a ZAP function to perform a frequency scan (from 0.1 to 200 

Hz, duration of 60 s) (ii). Membrane potential variation is recorded (iii). B, Example of 

impedance (Z) profiles extracted from ZAP recordings as square root ratio of Vm power spectrum 
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over Iinjected power spectrum. Example of low-pass filter (i) and resonating (ii) Z profiles. C, 

Repartition histogram of the tested neurons according to their resonating frequency (frequency 

where Z is maximum) for neurons from 2-3 dpf fish (dark grey) and 4-5 dpf fish (light grey). D, 

Results from PCA and k-means clustering analysis. Projection over PC3 and PC4 for 4 clusters 

(i) and 2 clusters (ii). Data points were shaped according to functional population.  PC3 and PC4 

were chosen over PC1 and PC2 for visual clarity (Supp. Data). E, Repartition of the different 

types of neurons in the 4 different clusters (C1-C4) (i). Repartition of the tested neurons in the 2 

clusters from k-means clustering (C1, C2) according to the resonating frequency (Fmax). The 

dotted line represents the critical frequency operating the two clusters (ii). 
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$  

Figure 3.2. Carbenoxolone (CBX) reinforces the effect of strychnine at 3dpf but is 

dispensable at 4 and 5 dpf.  

A, Typical traces from whole fish extracellular recordings of spinal activity during fictive 

swimming. (i) and (ii) are recordings from a 3 dpf fish under control and strychnine (4µM) + 

carbenoxolone (500µM) conditions, respectively. (iii) and (iv) are recordings from a 5 dpf fish 

under control and carbenoxolone alone conditions, respectively. B, Peak20-40 detection scores for 

fish from 3 and 4 dpf under control (red) and strychnine + carbenoxolone (dark green) 

conditions. Open circles are results from individual animals, calculated from 10 swimming 

events. Filled circles are averages (N = 5 fish at 3 dpf; N = 4 fish at 4 dpf. 10 episodes per fish). 
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C, Peak20-40 detection scores for fish from 3 and 5 dpf under control (red) and carbenoxolone 

alone (light green) conditions (N = 3 fish at 3 dpf and 5 dpf. 10 episodes per fish). D, Attenuation 

of Peak20-40 detection scores, calculated as 1 - (Peak20-40; Drugs / Peak20-40; Ctrl), for fish from 3 and 

4 dpf under strychnine + carbenoxolone (dark green), carbenoxolone alone (light green), and 

strychnine alone (grey) conditions (for strychnine, N = 12 fish at 3dpf ; N = 11 fish at 4dpf. 10 

episodes per fish). Error bars display SE. * p < 0.05 (two tailed T-test). E, Typical traces from 

extracellular recordings of spinal activity in spinalized fish during NMDA (1mM) evoked 

swimming under control (i) and carbenoxolone alone (ii) conditions. F, Power spectrums 

performed over 30s of the recordings in E for control (i) and carbenoxolone alone (ii) conditions.  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Figure 3.3. Riluzole disturbs rhythm of tail beats but only at 3 dpf.  

A, Peak20-40 detection scores for fish from 3 to 5 dpf under control (red) and 5 µM riluzole (grey) 

conditions. Open circles are results from individual animals, calculated from 10 swimming 

episodes. Filled circles are averages (N = 4 fish at 3 dpf; N = 4 fish at 4 dpf ; N = 2 fish at 5 dpf. 

10 episodes per fish). Error bars display SE. * p < 0.05 (two tailed T-test). B, Typical traces from 

extracellular recordings of spinal activity in spinalized fish during NMDA (1mM) evoked 

swimming under control (i) and riluzole (ii) conditions. C, Power spectrums performed over 30s 

of the recordings in B for control (i) and riluzole (ii) conditions. Note the disappearance of the 

peak between 10 and 20 Hz under riluzole. D, i, Typical trace from a whole cell patch clamp 

	 	 �84



recording of a MN, in current-clamp mode, in a 5 dpf fish spinal cord. Shaded area highlights 

one swimming episode from a train. ii, Episodes extracted from the recording in i (grey line, 29 

episodes). Typical episode in black. iii, Mean trace (red) ± SD (grey lines) computed from the 

extracted episodes in ii. E-F Same as in D but with 5µM and 10 µM riluzole, respectively. N = 

35 episodes for Eii and N = 51 episodes for Fii. 
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Figure 3.4. Dual recordings in beat-and-glide swimming fish.  

A, i, Typical recording from a dual patch-clamp (2 MNs) experiment in a 5 dpf whole fish during 

swimming. Both cells are held near resting potential (-65 mV). Shaded area highlights inward current 

oscillations. ii, Crosscorrelation graph between traces from the two recorded MNs in (i) for 10 swimming 

episodes (grey lines). Average trace in red. The arrow indicates the local maximum near 0 ms time lag. B, 

Same as in A when both MNs are held at a positive holding potential (0 mV). i Shaded area highlights 

outward current oscillations. ii The arrow indicates the local maximum near 0 ms time lag. C Same as in 

A when MNs are held in a mixed configuration (one is at resting potential while the other is at a positive 

holding potential). i, Shaded area indicates outward current oscillations while black arrows show inward 

current oscillations. ii, The arrow feature the local minimum near 0 ms time lag. Autocorrelations were 
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computed from the trace of the MN at resting potential and the inverse of the trace of the MN at positive 

holding potential. D i, Dual extracellular recordings from a rostral and a caudal segment (8 somites apart) 

of the spinal cord in a 5 dpf whole fish during swimming. ii, Crosscorrelation graph between traces from 

the recordings in (i) for 10 swimming episodes (grey lines). Average trace in red. The arrow indicates the 

local maximum above the 0 ms time lag. 
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SUPPLEMENTARY DATA 

!  

Figure 3.S1. Typical spiking activity of current-clamped spinal motoneurons (MN) and 

interneurons (IN). 

sMN: secondary motoneuron; CaP: Caudal Primary motoneuron; RoP: Rostral Primary motoneuron; CiD: 

Circumferential Descending interneuron (V2a)  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Figure 3.S2. K-mean clustering of  impedance profiles features on projection over PC1 and PC2. 

A, Projection over PC1 and PC2 for 4 clusters B, and 2 clusters. Data points were shaped 

according to functional population.  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CHAPTER 3: MODELLING THE MATURATION OF SWIMMING IN ZEBRAFISH (DANIO RERIO) 

THROUGH THE DEVELOPMENT OF SPINAL CIRCUITS 

Roussel, Yann; and Bui, Tuan Vu 
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ABSTRACT 

It has long been established that locomotor activity can be produced by isolated spinal cords. 

However, the spinal circuits controlling locomotion do not come fully formed but rather undergo 

a maturation process. While extensive knowledge has been gathered on multiple components of 

the spinal locomotor circuit over different developmental time points, the manner in which these 

maturing components operate together in order to produce required rhythm and muscle 

coordination for locomotion remains elusive. By combining our previous experimental 

observations with already published insights on the zebrafish spinal cord, we propose here 

several models, each of which is able to reproduce a developmental milestone in the locomotor 

behaviour development. We incrementally developed the successive models using reflectively 

previously described developmental processes (i.e. neurogenesis, synaptic refinement and 

intrinsic properties maturation). The resulting circuit model output was fed into a reductive 

musculoskeletal model able to emulate the phenotype of the desired motor behaviours. In the 

process we were able to describe the role of specific populations of neurons in locomotion as 

well as identify potential targets on broad mechanisms of action of neuromodulators such as 

dopamine and serotonin).  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Introduction 

Moving the body is one of the earliest tasks executed by the nervous system and early precocious 

movements can be critical for the survival of many species. The escape response seen in various 

fish and amphibians is one such example of a movement produced during early development that 

is critical for survival. However, the control of movement by the nervous system does not come 

fully formed but matures as the nervous system develops. This maturation enables a wider 

repertoire of movements to arise. During this process, new neurons are born and neural circuits 

are either newly formed or refined, supposedly leading to the emergence of more and more 

refined movements. Therefore, if we are able to determine how the arrival of new neurons or the 

formation of new circuits lead to the emergence of new movements, then we could gain 

important insights into the role of distinct neurons or circuits in the overall scheme of motor 

control. 

 Zebrafish are a species where the maturation of swimming has been well described at 

both the organismal and the neurobiological level (Drapeau et al., 2002; McLean and Fetcho, 

2009). Single strong body bends on one side of the body (also known as coils) emerge during the 

first day of development as the earliest locomotor behaviour. Single coils are quickly followed 

by double coils (i.e. two successive coils, one for each side of the body). Coiling movements are 

then replaced by swimming movements involving episodes of repeated tail beats. By the end of 

the second day post fertilization (dpf) comes the emergence of a form of swimming known as 

burst swimming that is characterized by long but infrequent episodes (several seconds long) of 

swimming activity. Locomotor behaviour will further mature around 4 dpf to beat-and-glide 
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swimming characterized as trains of multiple shorter episodes (hundreds of milliseconds long) 

interspaced by quiescent (or “gliding”) periods.  

 Many aspects of the development of the nervous system during these stages of motor 

maturation have been revealed. Neurogenesis in the spinal cord, where many circuits critical for 

movements are located, occurs in two successive waves, the first around 16-17 hours-post 

fertilization (hpf) and the second after 24 hpf (Myers et al., 1986; Kimmel et al., 1995; Drapeau 

et al., 2002; Lewis and Eisen, 2003). Notably, primary motoneurons (MNs) that innervate both 

red and white muscles at early developmental stages (Buss and Drapeau, 2000) and permit 

coiling and escape movements to be made arise in the first wave (Kimmel et al., 1995; Saint-

Amant and Drapeau, 2000). A number of spinal interneurons are also born alongside primary 

MNs during the first neurogenic wave that may be important for controlling locomotor activity. 

These include ipsilateral caudal (IC) interneurons thought to play an essential role in early 

locomotor behaviour due to their endogenous bursting activity that possibly rhythmically drives 

spinal locomotor circuits (Tong and McDearmid, 2012), as well as a population of contralateral 

glycinergic interneurons, CoBL (Commissural bifurcating longitudinal) neurons, that is active 

during early locomotor behaviours (Liao and Fetcho, 2008; Ikenaga et al., 2011). These early 

neurons are later joined during the second neurogenic wave by excitatory glutamatergic V2a (or 

CiDs) that seem to provide an important excitatory drive for swimming activity (Menelaou and 

McLean, 2012; Ampatzis et al., 2013; Ljunggren et al., 2014) as well as different populations of 

glycinergic interneurons either ipsilaterally projecting such as V1 (i.e. CiA, Higashijima et al. 

2004, Batista et al., 2008) or commissurally projecting such as Commissural Secondary 
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Ascending (CoSA) or Multipoplar Commissural Descending (MCoD) interneurons (Liao and 

Fetcho, 2008) whose involvement in swimming have been described but whose exact roles 

remain to be verified. The integration of these spinal populations into spinal locomotor circuits is 

believed to underlie the gradual maturation of locomotor behaviour.  

 We have recently provided evidence that the maturation of swimming in larval zebrafish 

during which burst swimming is replaced by beat-and-glide swimming is accompanied by an 

operational switch in how spinal locomotor circuits generate the rhythm underlying tail beats. 

Specifically, we demonstrated that whereby early coiling and burst swimming movements relied 

upon pacemaker cells to generate the rhythm of locomotor movements, spinal circuits 

transitioned towards relying upon network oscillators whose rhythm is driven by excitatory and 

inhibitory synapses as opposed to endogenous bursting properties of individual pacemakers.  

 In light of these findings, we sought to generate computational models that could test 

how transitions between different swimming movements result from either the incorporation of 

specific spinal populations or maturation of intrinsic properties of populations of neurons already 

involved in the overall spinal locomotor circuit. While computational modelling has generated 

invaluable insights into the function and mechanisms of spinal locomotor circuits of a number of 

different species (Rybak et al., 2006; Kozlov et al., 2014), there is to our knowledge no such 

model for the developing zebrafish spinal cord. Here, we build the very first developmental 

model of the zebrafish spinal locomotor circuit that is able to accurately reproduce the locomotor 

behaviour from each developmental stage starting from single coiling all the way to beat-and-

glide swimming. In the process we identify the possible contributions of specific neural circuits 

	 	 �94



and spinal populations to swimming movements in zebrafish and highlight paths for possible 

future studies on zebrafish spinal locomotor circuits. 
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Methods 

Modelling environment 

Modelling was performed with the Spyder 3.2.5 environment using Python 3.6.3 64bits. 

Modelling of single neurons  

Neurons were modeled using a single compartment, simple spiking neuron model developed by 

Izhikievch (2003) where the dynamics of the membrane potential are governed by general 

differential equations: 

!   (1) 

While specific active conductances are not modelled in these models, changes in the parameters 

a, b, c and d (which respectively represent the time scale of the recovery variable u, the 

sensitivity of u to the sub-threshold variation of V, the reset value of V after a spike and the reset 

value of u), can be selected to model either bursting (or chattering) pacemaker neurons, tonic 

spiking neurons (e.g. MNs or V2a), phasic spiking neurons or adaptive spiking neurons (Table 

1). Isyn represents the sum of the synaptic and gap junctions currents received by the neuron. The 

Euler method was used for solving ordinary differential equations. 

Modelling synapses 

Synaptic conductances of chemical synapses were modelled as a sum of two exponential 

weighted by a synaptic weight based upon the general equation: 

{
V′� = 0.04V 2 + 5V + 140 − u + Isyn

u ′� = a(bV − u )
    i f     V = 30mV, th enV ← c, u ← u + d
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!   (2) 

Where Ipre,post is the synaptic current received by the postsynaptic neuron from neurotransmitter 

release by the presynaptic neuron, and considered to be non zero if the presynaptic neuron 

membrane potential Vpre crosses a voltage threshold Vthr at the synapse. Vpost is the membrane 

potential of the postsynaptic neuron, Erev is the reversal potential, τr  and τf  are the rise- and fall-

time constants respectively, t0 is the time at which Vpre crossed Vthr and Wpre,post is the synaptic 

weight between the presynaptic and postsynaptic neurons (Table 4.3). 

 Two types of chemical synapses were implemented, glutamatergic and glycinergic 

synapses. The former differs from the latter by the reversal potential values Erev as well as the 

time constant values τr  and τf  (Table 4.4). All electrical synapses (i.e. gap junctions) in our model 

were approximated as ideal resistors following Ohm’s Law: 

!   (3) 

With Igap:pre,post the synaptic current flowing to the postsynaptic neuron from the presynaptic 

neuron through gap junctions and Gpre,post, the total conductance of gap junctions between the 

presynaptic and postsynaptic neurons (Table 4.2). 

Spatial arrangement of spinal neurons  

A key feature of our modelling approach is to assign spatial coordinates (x, y, z) to point-like 

neurons (i.e. neurons have no spatial dimension but they have a position in space) giving the 

spatial distribution of neurons a central place in our model computing process. The Euclidian 

distance was used to calculate the distance between each neuron and to approximate axon length, 

Ipre,post = {(Vpost − Erev)(e− t − t0
τr − e − t − t0

τf ) ∙ Wpre,post i f Vpre > Vth r

0 else

Ig ap:pre,post = Vpre ∙ Gpre,post
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hence a time delay for each synaptic connection is computed from the distance between neurons. 

We can therefore rewrite the synaptic current from eq. (2) giving an instantaneous synaptic 

transmission as a delayed synaptic current: 

!  (4) 

With Dpre,post the Euclidian distance between the presynaptic and postsynaptic neuron and c the 

transmission speed. This distance as well as neuron position were also used to apply conditions 

on synaptic weights of neurons (e.g. limits as to the how far descending neurons projected to). 

 Spinal locomotor circuits were distributed along two columns, one for each side of the 

body, giving the network a nearly one-dimensional organization along the rostrocaudal axis. 

Therefore, we used the x axis as the rostrocaudal axis whereas the y axis was only used to 

segregate neurons from left and right sides (giving the coordinate !  for the right side and 

!  for the left side). The z axis was not used in our model. 

Noise in the network 

To take into account the inherent stochasticity associated with biological systems we introduced 

Gaussian noise into the positioning of neurons. The position was randomized by multiplying the 

given value with a random number picked from a Gaussian distribution of mean !  and 

variance !  (Table 4.1). Parameters of each neurons were modulated in a similar way. The 

descending excitatory drive to spinal circuits was also modulated with white noise using a 

similar process.  

Idelayed:pre,post(t) = Ipre,post(t −
Dpre,post

c
)

y = 1

y = − 1

µ = 1

σpos
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Musculoskeletal model 

Interpretation of the model’s output in terms of body angles and frequency of locomotor 

movements was done by implementing a musculoskeletal model of the fish body. Each MN 

output along the fish body was fed into a muscle cell (Fig. 4.1A,B) modelled as a simple passive 

RC circuit (R and C being the muscle cell membrane resistance and capacitance respectively), 

described by the following equation: 

!   (5) 

One muscle cell represents one somite for one side of the body. The whole body of the fish was 

modelled as a chain of uncoupled dampened pendulums. Local body angles were thus computed 

according to the differential activity from the local left and right somites (i.e. muscle cells). The 

deflection angle  of the ith somite vas computed according to the following differential equation. 

!   (6) 

With !  and !  being the solution of the equation (5) for the right and left muscles 

from the ith somite respectively (Fig. 4.1C).  is the conversion coefficient from electric drive of 

the muscle cells to mechanic contraction of the same cells. The midline of the body can be 

computed at any given time as (x,y) coordinates using trigonometric identities from !  (Fig 

4.1D). Thus, heat maps of local body angles ( ! ) variation through time provides comprehensive 

information about the network output (Fig. 4.1E). Fast Fourier Transform of the local body 

angles were computed to give a map of the local body bend frequencies. Autocorrelation were 

calculated on traces of given muscle cells. 

V′�mu scle = v
RC

+
Isyn

C

θi

θ′�′�i + 2ζω0θ′�i + ω2
0 θi = α(VRmu scle,i − VLmu scle,i)

VRmu scle,i VLmu scle,i

α

θi

θi
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Results 

We aimed to describe how spinal locomotor circuits develop over the first few days of 

development such that zebrafish undergo a number of changes in swimming movements. 

Therefore, we built an initial model based upon previously reported experimental observations of 

spinal circuits to replicate early locomotor movements. We then successively built upon this 

initial model to replicate successive transitions in zebrafish swimming movements. 

Part 1. Early locomotor behaviour, coiling, is encoded by a fully electrical network 

Coiling results from unilateral gap-junction coupling  

Coiling, which is already observed at 1 dpf, is characterized by one strong tail beat on one side of 

the body before the body returns to rest position (Saint-Amant and Drapeau, 1998). The 

occurrence of coiling is rather infrequent, reaching a maximum frequency of occurrences of 1 Hz 

around 20 hours post fertilization (Saint-Amant and Drapeau, 1998). Left coilings are as likely to 

happen as right coilings. Previous studies have established that this behaviour is generated by a 

spinal circuit relying mostly on gap junctions (i.e. electrical synapses) (Saint-Amant and 

Drapeau, 2001) as the obstruction of glutamatergic and glycinergic transmission does not prevent 

coiling or rhythmic activity in MNs while heptanol (a gap junction uncoupler) suppressed spinal 

activity responsible for coiling. It has been proposed that IC pacemaker neurons expressing 

persistent sodium currents (INa,P; Tong and McDearmid, 2012) drive periodic depolarizations of 

ipsilateral MNs via electrical synapses leading to contraction of the muscles (Saint-Amant and 

Drapeau, 2001; Drapeau et al., 2002). Since glycinergic synaptic bursts are observed in MNs 
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during contralateral coiling events, a population of contralaterally projecting glycinergic neurons 

(which we term CINs) must be present in the spinal cord at this developmental stage and must be 

ipsilaterally coupled to either the ICs, the MNs or most likely both while projecting to 

contralateral motoneurons to inhibit the other side (Saint-Amant and Drapeau, 2001). 

Intrinsically generated periodic depolarization of ipsilateral IC neurons due to the activation of 

INa,P leads to the depolarization of downstream ipsilateral MNs and CINs. MNs trigger the 

contraction of the ipsilateral muscles while CINs depolarize contralateral MNs. Blocking 

glycinergic transmision using strychnine does not disturb the coiling behaviour but will remove 

the synaptic bursts observed in MNs (Saint-Amant and Drapeau, 2001). Contralateral inhibition 

might be important to prevent unlikely events as synchronous contractions of both sides of the 

fish body. 

Network description  

Based upon the experimental observations reported above, we therefore propose the following 

architecture for the spinal locomotor circuit responsible for coiling (Fig. 4.2A). Two bilaterally 

located kernels of recurrently connected pacemakers (PMs, five for each kernel) based upon IC 

interneurons each drive a pair of rostrocaudal chains of electrically coupled neurons via gap 

junctions. One chain consists of 10 MNs and the other consists of 10 CINs. We simulated a noisy 

depolarizing step current as the excitatory drive to PMs that eventually lead them to bursting. In 

addition to their recurrent connections, each PM forms electrical synapses with several rostral 

MNs and CINs (the first 5 of each ipsilateral chain in our model). The connectivity within the 

chains is identical for both MNs and CINs chains. Each neuron in a chain forms electrical 
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synapses with its 3 closest rostral neighbours and its 3 closest caudal neighbours within the same 

chain. There is also electrical coupling across the two ipsilateral chains as MNs form gap 

junctions with the 3 closest rostral and 3 closest caudal CINs (and vice-versa). Even though it is 

not essential for coiling activity we chose to implement commissural inhibitory to reproduce 

experimental data (Saint-Amant and Drapeau, 2001). CINs form glycinergic synapses with 

contralateral MNs (as well as with PMs in the case of rostrally located CINs). These synapses 

were only formed to contralateral MNs within 5 to 6 segments, so that the ith CINs projected to 

all contralateral MNs between the i-2 and i+2 segments.  Note that CINs are present in later 

extensions of the spinal locomotor circuit model and serve to generate the left/right alternation 

pattern. 

 Synaptic weights and the extent of the connections were first estimated based upon 

experimental observations and then finely tuned through multiple simulations. For instance, IC 

neurons upon which our PM neurons are based project caudally through multiple somites 

(Bernhardt, 1990) and coupling between early active neurons have been previously determined 

(Saint-Amant and Drapeau, 1998). 

Simulation results  

Our simulations show that this model is capable of generating coils characterized by large body 

bends to one side of the body (Fig. 4.2B, Supp. Data video 4.S1). Left and right coils are 

independent and quite infrequent (1.10 +\-  0.19 Hz, calculated from 20 iterations of 1s long 

simulations) as observed experimentally (Saint-Amant and Drapeau, 1998). The average phase 

lag of 1.6 ms between each segment also reproduced experimental observations (McDearmid and 

Drapeau, 2006). Previously reported whole-cell patch clamp recordings of MNs at this 
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developmental stage display two typical events (Saint-Amant and Drapeau, 2001): periodic 

depolarizations (PDs) via electrical synapses putatively driven by upstream PM neurons (i.e. ICs) 

and synaptic bursts (SBs) from contralateral spinal glycinergic neurons. Both of these events can 

be observed on MN traces from the model (Fig. 4.2C). PDs propagate along the rostrocaudal axis 

and drive ipsilateral contraction of muscles whereas SB are due to glycinergic input from CINs 

activated during contralateral contraction (Fig. 4.2D). Overall, the model captures well this first 

locomotor behaviour in zebrafish in terms of the proper spatiotemporal activation of 

motoneurons and the synaptic events that motoneurons receive. We next built upon this model to 

try to replicate the next step in the development of swimming: the appearance of double coiling. 

Part 2. Double coiling, an intermediate state toward swimming generated by a 

hybrid spinal circuit 

Double coiling is generated by a balance between excitatory and inhibitory commissural 

neurons 

Quickly after single coils appear, a new transitory locomotor behaviour named double coils 

emerges during the same first day of development, coexisting with the single coiling behaviour 

(Knogler et al., 2014). It is characterized by two successive coils, one on each side of the body. 

The previous electrical scaffold for single coils is supplemented with chemical glutamatergic 

synapses to form a hybrid circuit. Indeed, adding CNQX and APV to block glutamatergic 

transmission in fish expressing this behaviour prevents double coils and only single coils are 

present suggesting a necessary role of glutamatergic synapse in promoting the appearance of a 

second coil (Knogler et al., 2014). In contrast, blocking glycinergic synapses leads to triple or 
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even quadruple coils. Patch-clamp recordings of MNs at this developmental stage exhibit the 

same isolated PDs and SBs from earlier developmental stages but also show mixed events in 

which a PD event directly follows a SB or vice-versa (Knogler et al., 2014). These mixed events 

are though to underlie double coiling behavior since PDs drive ipsilateral coils and SBs result 

from the glycinergic drive of contralateral interneurons during contralateral coils. 

Network description 

To replicate double coils, we reasoned based upon prior experimental results (Knogler et al., 

2014) that the single coil model should be supplemented with the addition of commissural 

excitation such that a second coil would be driven by excitation arising from the side where the 

first coil is being generated. Therefore, we built upon the model by adding a population of 

commissural excitatory neurons (CENs, 10 neurons for each sides) electrically coupled to the 

previous scaffold (i.e. the ipsilateral PM-MN-CIN scaffold) arranged in a rostrally located chain 

within the spinal cord (Fig. 4.3A). Electrical synapses are formed with neighbouring MNs, CINs 

and CENs (the closest 3 of each type of neuron in both the rostral and the caudal direction). 

Some ipsilateral PMs are coupled with the most rostral CENs. Glutamatergic synapses from PMs 

to ipsilateral CENs could have been implemented instead of or in addition to gap junctions 

between the two populations. However, considering the lack of experimental evidence we chose 

electrical synapses to reflect the predominant electric nature of spinal circuits at these early 

developmental stages. To generate the crossing excitation underlying the second coils, all CENs 

project to the contralateral PM kernel forming glutamatergic synapses with most of the 

contralateral PM neurons. PMs also receive glycinergic inputs from the previously formed 
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synapses from contralateral CINs as suggested by experiments in which blockade of glycinergic 

transmission increases the frequency of double and even triple or quadruple coiling events 

(Knogler et al., 2014).  

Simulation results 

MN membrane potential traces from the model exhibit the typical SB, PD and mixed behaviours 

(Fig. 4.3Bi-iii) observed experimentally (Knogler et al., 2014), which were converted to actual 

double or single coiling behaviour in the musculoskeletal model (Fig. 4.3Biv, Supp. Data video 

4.S2). When analyzing neural activity of a right/left double coil, we observed a PD propagating 

along the rostrocaudal axis on the right side first immediately followed by another descending 

PD on the left side (Fig. 4.3Bv, neural activity during event in dashed box Fig. 4.3Biv). when a 

PD was present in MNs of one side, a SB could be observed in MNs of the contralateral side. 

Double coiling seems to result from competition between contralateral glutamatergic inputs from 

CENs and contralateral glycinergic inputs from CINs onto PMs. Single coiling occurs if the 

glycinergic drive is greater than glutamatergic drive and double coiling occurs if glutamatergic 

drive is strong enough (Fig. 4.3C). The proposed network model reproduces reported 

distributions of single and double-coiling events for control conditions (Fig. 4.3D: 80% single 

coils, 17% double coils and 3% triple coils; calculated from 20 iterations of 1 s simulation). As 

well, blocking glutamatergic synapses prevents any double-coiling event since it effectively 

converts the network architecture at this age to the previous coiling architecture seen in single 

coils whereas blocking glycinergic synapses leads to an increase of multiple coilings of 3 or 

more coils (Fig. 4.3D: 57% single coils, 21% double coils, 18% triple coils and 3% quadruple 
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coils; calculated from 20 iterations of 1s simulation with blockade of glycinergic synapses) due 

to unopposed reverberating commissural excitation from CENs that leads to coiling echoes. 

Part 3. First step of swimming: Burst swimming 

Network oscillators drive episodes of tail beats 

Around 2 or 3 dpf, burst swimming characterized by long (1 s long) but infrequent episodes of 

repeated tail beats emerges during which successive low amplitude tail beats propagate from the 

rostral toward the caudal end of the fish body. The tail beat rhythm ranges between 20 to 40 Hz 

and rhythm generation appears to be resistant to blockade of glycinergic neurotransmission at 

this stage (Chapter 2; McDearmid and Drapeau, 2006). Furthermore, the previously mentioned 

IC neurons upon which we modelled our PMs have increased their pacemaker frequency and 

they appear to oscillate in this same 20-40 Hz frequency range at the onset of burst swimming 

making them ideal candidates for being responsible of for the rhythm generation of tail beats. 

However, as reported in a previous study (Chapter 2), there may be important differences 

between rostral and caudal spinal locomotor circuits during this developmental phase. 

Rhythmogenesis of rostral locomotor circuits seems to be only weakly dependent on glycinergic 

neurotransmission and thus has been suggested to be driven by PMs. In contrast, caudal spinal 

locomotor circuits rely more strongly on glycinergic neurotransmission for the rhythm of tail 

beats. Based upon the latter finding, it has been proposed that the newly generated caudal spinal 

segments may rely on network oscillators (e.g. half-centre units) to generate the rhythm of tail 

beats. Across all spinal locomotor circuits, glycinergic transmission is essential for pattern 

generation (i.e. L/R alternation). 
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Network description 

The previous model for double coiling is expanded to accommodate this new form of swimming. 

First, to emulate the body growth that occurs at the time that zebrafish transition between coiling 

behaviours and swimming, we increased the size of the fish from 10 to 15 segments. Chains of 

MNs and CINs contain now 15 neurons for each side. Rostral rhythm generation is still under the 

auspices of mature PM (still five for each side) neurons and the pattern generation still relies on 

rostral CIN and CEN populations. This architecture was supplemented with a new population of 

ipsilateral excitatory descending neurons (IED, 8 for each side) that could be considered as the 

model version of V2a neurons (or CiDs). IED neurons are integrated to produce a network 

oscillator architecture (Fig. 4.4A). A source of synaptic inhibition is required since reciprocal 

inhibition between half-centres is a key mechanism of network oscillators. There is no 

experimental data available to indicate whether the source is actually ipsilateral or contralateral 

(though see Moult et al., 2013 for evidence of contralateral inhibition contributing to swimming 

rhythm in frog tadpoles). An ipsilateral source is possible, however it requires the addition of a 

new population of ipsilateral inhibitory neurons into spinal locomotor circuits. As for a 

contralateral source, we could also consider a new population of commissural inhibitory 

interneurons dedicated to rhythm generation while the function of older CINs would be limited 

to left-right pattern generation. We chose the parsimonious approach to integrate the already 

present CIN to form new connections with the new population of IEDs in order to generate the 

rhythm of tail beats. Thus, IED formed chemical connections with downstream IED as well as 

CINs and MNs (the ith IED projects to all MNs, IEDs and CINs between the i+1 and i+9 

segment). In turn, CINs connect to contralateral IEDs via new glycinergic synapses with IEDs 
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within 5 to 6 segments in a similar way that CINs connect to MNs (see coiling section). 

Therefore, IEDs and CINs formed continuous half-centre like architecture along the rostro-

caudal axis in which each half-centres would be formed by one IED and one CIN. We 

implemented half-centre network oscillators only in the most caudal 8 segments so that 8 

ipsilateral IEDs were added starting at segment 5 to segment 12. Finally, rostrally located IEDs 

(between segment 5 and 8 included) also receive a noisy tonic drive similar to that received by 

PMs. 

Simulation results 

This extended spinal locomotor circuit reproduced a key feature of burst swimming, which is 

sustained episodes of tail beats. The swimming activity from the model lasted for as long as tonic 

inputs were present. Hence, quiescent periods of the model circuit were solely due to absence of   

tonic drive. Under control conditions, long burst of continuous activity propagated along the 

rostrocaudal axis with a robust rhythm contained in the 20 to 40 Hz frequency range and left/

right alternation was observed (Fig. 4.4Bi, Ci, Di, Ei, Supp. Data video 4.S3). When glycinergic 

neurotransmission is blocked (Fig. 4.4Bii, Cii, Dii, Eiii), pattern generation is strongly disturbed 

as well as caudal rhythm generation as shown by the autocorrelation (grey and blue traces in Fig. 

4.4Eii) of the simulated muscle trace from the 12th somite (out of 15) from 10 different 

simulations. However, the rostral 6th somite still shows rhythmic activity while the pattern is 

disturbed (yellow and red traces in Fig. 4.4Eii). Indeed crosscorrelation between traces from the 

left and right muscle activity of the 6th somite showed a maximum at 0 ms lag indicating 

synchronous activation of both sides as opposed to left/right alternation (left/right alternation 
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would give a local minimum at 0 ms lag delay in the crosscorrelation graph as seen in control 

condition, see Fig. 4.4Fi and 4.4Fii). 

Part 4. Transitioning to beat-and-glide swimming 

Network oscillators completely take over  

The last developmental step we sought to investigate was the transition between burst swimming 

and a more mature form of swimming, named beat-and-glide swimming. Even though the 

phenotype is well characterized, moving from infrequent second-long bursts of rhythmic tail 

beats to more frequent hundreds-of-ms long bursts, the mechanism underlying this maturation 

process is not well understood yet. The transition from PM driven rhythm generation driving the 

tail beats to spinal locomotor circuits relying on network oscillators does not seem to be also 

involved in shortening the duration of swimming episodes that characterizes the transition from 

burst to beat-and-glide swimming (Chapter 2). A pump-driven mechanism could generate silent 

periods following episodes of locomotor activity however previous experiments using the 

sodium-potassium pump antagonist ouabain seemed to disqualify this possibility (See Appendix). 

Alternatively, accumulating synaptic inhibition building up during a swimming episode could be 

envisaged but its contribution would not be critical to reducing episode duration since strychnine 

application roughly reduce duration of swimming episodes by half (McDearmid and Drapeau, 

2006). The observation of a beat-and-glide phenotype in isolated larval zebrafish spinal cord 

preparations in which fictive swimming was elicited by NMDA application (Chapters 2 and 3; 

McDearmid and Drapeau, 2006; Lambert et al. 2012) suggests that the more frequent swimming 

episodes of beat-and-glide is encoded within spinal locomotor circuits at larval stages. Thus, 
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spinal circuits are sufficient to not only generate the tail beat rhythm but also the much slower 

episodic rhythm. Finally, we can also eliminate proprioceptive and most other sensory feedback 

as underlying the beat-and-glide phenotype since this form of swimming can be observed in 

isolated and paralyzed spinal cord preparations (Chapters 2 and 3; Ampatzis et al., 2014, Buss 

and Drapeau 2001, Liao and Fetcho 2008, Lambert et al., 2012). 

 At the cellular scale, further maturation of intrinsic properties of spinal neurons is an 

intriguing possibility. Adaptive spiking could reduce the duration of swimming episodes (and 

quiescent episodes if under the control of synaptic inhibition) and intrinsic properties of V2a’s 

and MNs have been shown to generate either tonic firing or adaptive spiking (Ampatzis et al., 

2014; Liao and Fetcho 2008). In this case, neurons undergoing a constant tonic drive would 

adapt to eventually stop firing action potentials for a short time period. 

Network description 

First, we implemented the transition from weakly glycine dependent rhythm driving tail beats to 

a strongly glycine dependent rhythm driving tail beats over the whole rostrocaudal extent of the 

spinal cord (Chapter 2) by increasing the number of IEDs by 4 on each side such that their 

distribution begins more rostrally at segment 3 (Fig. 4.5A). Furthermore, to model the reduced 

coupling between the rostral pacemaker kernel and the chain of network oscillators along the 

length of the spinal cord, we chose to reduce the coupling between PMs and MNs, IEDs, and 

CINs by artificially reducing the coupling strength by two orders of magnitude rather than 

increasing the number of the latter three populations by adding neurons not coupled to PMs.  

This allowed us to model the reduced coupling without having to dramatically increase the 

computational requirements to run simulations of our model. 
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 Next, we considered a number of possible mechanisms to reduce the duration of swim 

episodes as well as controlling the quiescent periods between episodes. Mechanisms responsible 

for the transition from burst swimming to beat-and-glide swimming are not fully elucidated. Yet, 

we know that neuromodulators such as DA and maybe 5-HT are involved (Lambert et al., 2012; 

Gabriel et al., 2009). We investigated two mechanisms that could arise from the downstream 

effects of neuromodulators: cumulative inhibition via recruitment of a new population of 

inhibitory neurons and changes in intrinsic properties of existing populations (Fig. 4.5A). 

CUMULATIVE INHIBITION THROUGH ACTIVATION OF IIA (CIA). At the onset of beat-

and-glide swimming, a new population of later born inhibitory neurons is integrated to spinal 

locomotor circuits. Circumferential ascending (CiA) interneurons mature late during 

development and have been proven to be involved in swimming with a possible role in shaping 

burst duration (Higashijima et al., 2004). We thus modelled CiAs as a new population of tonic 

spiking neurons that have ipsilateral ascending glycinergic projections (or IIA in the model). 

They are a bit less numerous than IEDs (10 versus 12 for per side, respectively) and their 

distribution starts a bit more caudally around segment 5 because of their ascending projections. 

Furthermore, IIAs are found all the way down the caudal end. They project ascending ipsilateral 

glycinergic synapses with rostral IEDs and CINs. Conversely, IEDs form new glutamatergic 

synapses with caudally located IIA (Fig. 4.5A).  

CHANGES FROM TONIC TO ADAPTIVE SPIKING. We explored the possibility that changes 

in intrinsic properties of neurons within spinal locomotor circuits could drive the transition from 
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burst swimming to beat-and-glide swimming. Specifically, we focused on a conversion from 

tonic to adaptive spiking (Fig. 4.5B) as a possible mechanism for reducing swim and quiescent 

episode duration. We focused on three key populations. IEDs that are the network “cornerstone” 

driving the excitation throughout the network, MNs that represent the network outputs but are 

also provide feedback on their current state of activity through gap junctions with various other 

spinal neurons, and the CINs that are essential for both pattern and rhythm generation in our 

models. While experimental evidence is lacking regarding such a change in V2a spinal neurons, 

the biological analogs of IEDs (Menelaou and McLean, 2012; Ljunggren et al., 2014), some 

sMNs exhibit some adaptive spiking behaviour (Menelaou and McLean, 2012). CINs have no 

well identified biological analogs yet. However, later born commissural bifurcating longitudinal 

(CoBL) glycinergic neurons are involved in swimming and are recruited during the beginning of 

the burst only (Liao & Fetcho, 2008). Even though CoBL do not display a purely adaptive 

spiking profile, they show an adaptive behaviour that can be modelled as adaptive spiking CIN 

neurons. Excitation of the network was implemented as previously with noisy drive of rostral 

IEDs and PMs. 

Simulation results 

First, we added network oscillators along most of the rostrocaudal extent of the spinal cord 

except for the most rostral segments. Along with reducing the coupling between PMs and the rest 

of the spinal locomotor circuits, these changes are thought to lead to rhythmic tail beats that are 

sensitive to inhibition of glycinergic transmission (Chapter 2). However, experimental evidence 

suggests that expanding network oscillators as well as decreasing the overall coupling between 
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PMs and the rest of the spinal locomotor circuit does not generate a transition from burst 

swimming to beat-and-glide swimming (Chapter 2). 

 Thus, we tested two proposed mechanisms to transition the model from burst swimming 

to a beat-and-glide swimming. We found that the addition of ipsilateral inhibitory ascending 

(IIA) interneurons strengthened the generation of rhythmic tail beats but failed to shape the 

motor output as trains of short swimming episodes, typical of beat-and-glide swimming (Fig. 

4.5C). Instead, the sole incorporation of IIA interneurons led to long burst swimming-like 

episodes. On the other hand, we found that we could reduce swim episode duration by changing 

the dynamics of the neuron models of IED, MN and CINs such that these three targeted 

populations exhibited an adaptive spiking profile (Fig. 4.5D-E). However, bursts were terminated 

too soon with adaptive IEDs, while adaptive MNs or CINs alone also failed to display beat-and-

glide like swimming. 

 We finally chose an architecture with both adaptive MNs and adaptive CINs while adding 

IIA neurons. Network output showed trains of shorter bursts (~200 ms) containing typically 4-5 

tail beats (Fig. 4.5F, 3.6A, Supp. Data video 4.S4) as described experimentally (Buss and 

Drapeau, 2001; Drapeau et al., 2002). Episodic frequency was typically around 2 Hz. This 

network architecture was also able to reproduce experimental data describing the effects of 

strychnine (i.e. blocking glycinergic transmission) on the rhythm of tail beats. Indeed the weak 

coupling between PMs and the rest of the spinal locomotor circuit and the addition of more 

network oscillators were sufficient to make the rhythm of tail beats sensitive to blocking 

glycinergic neurotransmission, therefore reproducing experimental data (Fig. 4.6A-D). Blocking 

glycinergic transmission led to loss of rhythmic tail beats as seen in the measurement of body 
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angles (Fig. 4.6A), and the loss of rhythmic firing in some MNs (Fig. 4.6B). The loss of rhythm 

driving tail beats is further supported by measuring autocorrelation of muscle activity (Fig. 

4.6C), and the cross correlation between left and right sides (Fig. 4.6D). 

  Interestingly, increasing the parameter b in our single neuron models, which models the 

sensitivity of the recovery variable u to the subthreshold fluctuations of the membrane potential v 

(Izhikevich, 2003), increased the motor output by decreasing the quiescent periods (Fig. 4.6E) 

similarly to the effect of 5HT on spinal locomotor circuits during in vivo experiments (Brustein 

et al., 2003). These simulations suggest that both changes in intrinsic properties of CINs and 

MNs and the activation of IIA seem necessary to properly emulate beat-and-glide phenotype. 
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Discussion 

We have progressively built models of spinal locomotor circuits representing the successive 

locomotor behaviours of the developing zebrafish by implementing mechanisms described 

experimentally.  In the process, we identify specific mechanisms by which spinal locomotor 

circuits generate further and further refined movements through changes in connectivity, 

integration of new spinal populations, and changes in firing properties. 

PM based network for early simple behaviour 

The earliest locomotor behaviours in zebrafish, single and multiple coilings, require global 

recruitments of neurons, especially MNs, to synchronously contract all ipsilateral muscles. 

Electrical coupling, which lacks the delays inherent with chemical neurotransmission, enables 

these types of ballistic movements and early locomotor behaviour in zebrafish seems to rely on 

this architecture as demonstrated by experimental evidence that electric synapses are necessary 

and chemical transmission is dispensable. The quick and multidirectional current transmission 

supported by electrical synapses is a perfect solution for global control of a neural circuit 

(Bennett and Zukin, 2004). However, synchronous activation of an ensemble of neurons does not 

easily accommodate rhythmic activity unless some neurons possess intrinsic properties that 

enable bursting activity within these neurons. 

Network oscillator for more refined movements 

A drawback of the early architecture assembled in embryonic zebrafish is that it does not easily 

accommodate more refined movements that require more exquisite spatio-temporal patterning of 
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muscle activity. The establishment of chemical synapses in between older and newly emerging 

populations of neurons within spinal locomotor circuits allows a more precise and directed 

control of swimming. The addition of chemical synapses is not the only change that we 

incorporated in our model of spinal locomotor circuits at this stage. The generation of rhythm 

driving tail beats was delegated to network oscillators distributed along the length of the spinal 

cord. The rationale for moving away from pacemakers as source of the rhythm is that relying on 

a single population of pacemakers leaves spinal locomotor circuits vulnerable to any flaws in the 

function of a small population of neurons. In addition, there may be multiple local rhythms that 

control body oscillations along the length of the growing zebrafish. In support of the presence of 

many rhythm-generating kernels along the length of the spinal cord, locomotor output has proven 

to be very robust to experimental disturbances of spinal locomotor circuits such as sectioning of 

large parts of the circuit and that has led to the suggestion that redundant rhythm-generating 

circuits must be present within the spinal cord (McDearmid and Drapeau, 2006; Wiggin et al., 

2014). Experimental evidence from our lab further suggests that the development of local half-

centres that occurs progressively from the caudal toward the rostral end of the body. The 

implementation of this idea in our model of spinal locomotor circuits at this age succeeded in 

reproducing typical larval swimming behaviours as well as experimental observation such as the 

differential effect of blocking glycinergic transmission on rhythmogenesis along the rostro-

caudal axis (Fig. 4.4).  

 One limitation of our model is that burst swimming involves long sustained episodes of 

tail beats without the even longer quiescent periods experimentally observed. In our model, the 

sustained episodes of tail beats were driven by tonic excitatory drive. We suspect that the long 
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quiescent periods seen experimentally are due to cessation of excitation of spinal locomotor 

circuits and that the infrequent swim episodes are generated by brief pulses of excitatory drive, 

putatively from supra spinal structures.  Note though that in our beat-and-glide model, the 

alternation between swim and quiescent episodes occurred during continual tonic drive. We 

believe that this response to a tonic drive is due to the additions to the model (IIA and adaptive 

spiking). 

 Another limitation is that the model failed to reproduce the transition from arhythmic to 

rhythmic glycinergic inputs in MNs as network oscillators are implemented (Chapter 2). 

Glycinergic inputs are always rhythmic in the model (data not shown). Arrhythmic glycinergic 

inputs in early developing fish may be due to the transmission of  several populations of 

inhibitory neurons presynaptic to MNs. An early population that spikes erratically would 

therefore produce an arhythmic drive, as opposed to a late population presenting a more 

consistent spiking profile, thus producing rhythmic drive. Maturation of intrinsic properties of 

CINs that was not modelled could also change the rhythm of glycinergic inputs to MNs during 

development. 

Competing during a transition period 

During the transitioning period of burst swimming at around 3 dpf, we propose that two 

oscillators driving the rhythm of tail beats coexist. The first oscillator consists of a rhythmogenic 

layer driven by PMs that is fully separated from a pattern generation layer consisting of the 

contralateral inhibition generated by CINs and contralateral excitation by CENs. This is in 

contrast to the second type of oscillator, based on a half-centre architecture, where both rhythm 
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and pattern generation are merged together through reciprocal inhibition. In our model, this type 

of inhibition is responsible for both the left-right alternating pattern and rhythm generation 

though these two facets of swimming behaviour could be controlled by separate populations of 

spinal neurons. 

 We propose that these two types of oscillators work together at this developmental stage - 

the PM based oscillator driving predominantly the rostral part of the fish body whereas the half-

centre-like network oscillators drive the caudal end of the body. However the coexistence of both 

oscillators is not sustained as the PM based oscillator will eventually be superseded due to the 

integration of new neurons into spinal locomotor circuits, which has the effect of decreasing the 

coupling coefficient between the PM based oscillator with the rest of the spinal locomotor 

circuit. This was previously modelled by a reductive mathematical model of two coupled 

harmonic oscillators and was shown to be sufficient to capture this transition (Chapter 2). 

Mechanisms of transition of burst to beat-and-glide swimming 

While our experimental data showed that the 20-40 Hz rhythm driving tail beats could emerge 

from network oscillators replacing the PM-based architecture of early embryonic zebrafish, this 

transition does not seem to be responsible for the switch from burst to beat-and-glide swimming 

where swimming episodes become shorter and more frequent (Buss and Drapeau, 2001). In this 

current study, we tested several possible mechanisms that could underlie this transition but only 

the change toward adaptive spiking in conjunction with the presence of ipsilateral ascending 

inhibition could correctly reproduce the beat-and-glide phenotype. Neither the rostrally directed 

extension of network-oscillator units throughout the spinal cord nor the sole addition of IIA 
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neurons (corresponding to biological CiAs) could shape the motor output into multiple short 

swimming bursts driven by a continuous excitation from descending inputs. Both tonic and 

adaptive spiking profiles for IIA neurons were tested but neither led to the desired sus-

mentionned phenotype (i.e. beat-and-glide swimming). However, a combination of tonic IIAs 

and changes in firing behaviour of either MNs, CINS, or IEDs transformed a steady excitatory 

drive of the network to alternating periods of swimming activity and quiescence. Interestingly, 

modelling any of the MNs, CINs and IEDs with adaptive spiking parameters was sufficient to 

reproduce beat-and glide phenotype. However, experimental evidence (Ampatzis et al., 2014) 

suggests no such profiles for V2a interneurons (the biological analog of our IED). We therefore 

modeled adaptive spiking MNs and CINs. While the existence of biological analogs to CINs at 

the onset of coiling early in development  is suggested by the presence of glycinergic synaptic 

bursts in the contralateral side during coiling events, experimental evidence seems to be lacking 

to draw any conclusion about their firing behaviour and its putative change during development. 

MNs on the other hand have been shown to be capable of adaptive spiking (Menelaou and 

McLean, 2012).  

 What mechanisms could drive changes in the intrinsic properties of specific populations 

of neurons during the development of zebrafish? It has previously been reported that blocking 

D4 dopamine receptors during zebrafish larval development prevented transitioning from burst 

to beat-and-glide swimming, suggesting that dopamine from supraspinal sources (Lambert et al., 

2012) plays a role in shaping the beat-and-glide phenotype. However, in already transitioned 

fish, isolated spinal cords exhibit typical beat-and-glide pattern with just NMDA application. 

Since there are relatively few dopaminergic sources in the spinal cord (McLean and Fetcho, 
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2004; Tay et al., 2011), it suggest that, once transitioned, the spinal locomotor circuit is sufficient 

to sustain beat-and-glide activity. Thus, dopamine could trigger through D4Rs signalling 

pathways modifications of intrinsic properties in targeted populations (e.g. CINs) during 

development. Serotonin might also play a role in tweaking intrinsic properties since experimental 

results using 5-HT to modify motor output could be reproduced in our model by changing the 

value of the parameter b in CINs, MNs or IEDs. Indeed, increasing the value of parameter b, 

which models the sensitivity of the recovery variable u to the subthreshold fluctuations of the 

membrane potential v (Izhikevich, 2003), to generate adaptive spiking MNs and CINs reduced 

the quiescent period duration between two bursts in similar way that increasing serotonin (5-HT) 

concentration experimentally produces the same reduction (Brustein et al., 2003). 5-HT might be 

involved in changing the intrinsic properties of the aforementioned neurons to shape the motor 

output such as changes in subthreshold properties (biological analog to changes in parameter b) 

due to tweaks in channel sensitivity for instance (Gao and Ziskind-Conhaim, 1998; Spitzer and 

Ribera, 1998; Sun and Dale, 1998; Perrier and Hounsgaard, 2000; Hsiao et al., 2005). Thus, it 

might also been involved in the transition in conjunction with DA.  

 The model is reductive in a sense that it incorporates only a subset of all known 

population of spinal neurons to identify key mechanisms that underlie the transition between 

different behaviours in developing zebrafish spinal cord. Further expansions of this model could 

be to increase biological accuracy in terms of number of neurons per population (e.g. over 100 

cells for each), which may enable the implementation of more complex network organizations 

and locomotor function such as the modular organizations controlling different speeds of 

locomotion (Ampatzis et al., 2014, Menelaou et al., 2012). Indeed, previous studies in zebrafish 
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have shown that MNs and V2a neurons are organized in three different modules (slow, medium 

and fast) that are differentially recruited regarding the swimming speed (Ampatzis et al., 2014). 

We could therefore differentiate populations of primary and secondary MNs known to be 

involved in swimming episodes of different speeds (fast and slow respectively, Menelaou and 

McLean, 2012) and further subdivide secondary MNs as well as V2a populations in mirroring 

fast, medium and slow modules. The different subpopulations should bemostly similar with 

slightly different intrinsic properties (parameters) so that each sub population is gradually 

recruited as the supraspinal drive gradually increases in intensity. More recently, MCoD 

(Multipolar Comissural Descending) neurons have been described as involved in the modulation 

of swimming speed (McLean et al., 2008; Björnfors and El Manira, 2016) and could be also 

implemented in a similar way as V2a neurons. 

 Another direction to expand our models would be to implement postural changes and 

turning movements. These could be achieved combining non-uniform distributions of 

descending inputs along the length of the spinal cord and separation of MNs into two 

subpopulations of primary, harder to recruit MNs and secondary easily recruited MNs. Network 

architecture should be based on a similar organization as our model for beat-and-glide swimming 

such that only sMNs would be recruited by steady, relatively low amplitude descending inputs, 

therefore generating “slow” swimming. Rostral pMNs would be sporadically recruited via 

asymmetric pulses (e.g. asymmetry in descending drives to the left side and right side of the 

spinal cord) in descending inputs. Therefore, transient recruitment of rostral ipsilateral pMNs 

curves the body in the rostral region correcting the position of the head and changing the 
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direction of swimming. Hence, around the 2/3 of the fish body starting from the caudal end 

would act as the propeller whereas the rostral part of the fish would act as the rudder. 

 Our modelling work provides clearly defined roadmaps for new investigations. Many of 

these changes may be driven by neuromodulators such as dopamine and serotonin and our model 

suggests further experiments to elucidate the mechanism in which neuromodulators are directly 

responsible for transitioning and controlling motor output. This model could be used to predict 

the exact roles of various populations of spinal neurons, as well as to predict how diverse types 

of movements such as turns and escapes, can be produced by motor commands from different 

reticulospinal inputs to spinal locomotor circuits. Even though refinements and more research is 

needed to further complete our understanding of development of neural activity encoding 

locomotion in zebrafish spinal cord, this model serves as a valuable base for further 

investigations in zebrafish as well as in other species as several neural mechanisms described in 

zebrafish have been demonstrated to be present in other mammalian systems (Goulding, 2009).  

By iteratively building upon our model to simulate the different developmental milestones of the 

zebrafish locomotor behaviour, we highlight the value of our approach in being able to identify 

how the incorporation of specific populations of neurons and the subsequent creation of new 

spinal circuits, in addition to changes in firing behaviour of identified spinal neurons, contribute 

to the maturation of locomotion. This ultimately allows us to make better sense of a complex 

circuit for motor control. 
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Figure 4.1. Musculo-skeletal model helps to read network output. 

A, Schematic of a fish body (Top view). B, Motoneuron (MNs) output of the 10th segment spinal 

segment from the simulated spinal circuit (red traces for the right MN and blue trace for the left 

MN) is used to calculate body angle variation. C, of this segment via a simple musculoskeletal 

model (See Methods). D, 20 body midlines extracted from a simulated burst swimming. Body 

midline is computed by compiling all the calculated local body angles along the simulated fish 

body. E, Heat-map of local body angle variation across the total body length and through time. 

Red is for right curvatures while blue labels left curvatures. Body position on the abscissa, 0 is 

the rostral extremum wile 1.00 is the caudal extremum.  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Figure 4.2. Single coiling model relies on a fully electrical network driven by pacemaker 

neurons.  

A, Schematic of the model architecture underlying coiling. Rostral kernels of PM neurons drive chains of 

MNs (red) and commissural inhibitory neurons (CINs in green) through electrical synapses. The chains 

span over 10 spinal segments. MNs project to muscles while CIN project to contralateral MNs and PMs 

forming glycinergic synapses. B, Heat-map of local body angle variation through time in a simulation. 

Right coiling in red, left coiling in blue. C, i, Typical trace of a MN membrane potential from a 

simulation. Two different events can be observed: Periodic depolarization (PD) - ii, zoom from the dotted 

box in i - and synaptic bursts (SB) - iii, zoom from the dotted box in i. D, Membrane potentials from four 

different MNs during a right coiling event. Red trace is for right MN from segment 1, blue trace is for left 

MN from segment 1, pink trace is for right MN from segment 4, cyan trace is for left MN from segment 

4. 
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Figure 4.3. Double coiling model relies on a hybrid network of electrical and chemical 

synapses.  

A, Schematic of the model architecture underlying double coiling. From the single coiling model we 

added a new population of commissural excitatory neurons (CEN) projecting to contralateral PMs 

forming glycinergic synapses. B, i, Typical trace of a MN membrane potential from a simulation. A new 

kind of event coexisting with the previous PD and SB can be observed: mixed events in which a PD 

directly followed by a SB or vice-versa - ii, zoom from the dotted box in i - iii, zoom from the doted box 

in i. iv Heat-map of local body angle variations through time. The dotted box highlight a double coiling. v 

Membrane potentials from four different MNs during the double coiling event from the dotted box. Red 

trace is for right MN from segment 1, blue trace is for left MN from segment 1, pink trace is for right MN 

from segment 4, cyan trace is for left MN from segment 4. C, Example of glutamatergic (blue) current 

and glycinergic current (green) received by a PM neuron (black) during a double coiling (left) or single 

coiling (right) event. Grey line represents the membrane potential of a downstream ipsilateral MN. D, i, 
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Proportions of single, double, triple and quadruple coiling events under control conditions and while 

blocking glycinergic synapses (gly-). ii, Heat map of local body angles variatio showing a single and a 

triple coiling during a simulation.  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Figure 4.4. Emergence of half-centre oscillators during burst swimming. 

A, Schematic of the model architecture underlying burst swimming. From the double coiling model we 

added a new population of Ipsilateral excitatory descending neurons (IED) forming half-centre oscillators 

with the caudal CINs. IEDs drive downstream MNs. The number of spinal segment is increased to 15 to 

take into account the growth of the fish body. B, Traces of four MNs (left and right, segment 1; left and 

right, segment 4). C,  Heat map of local body angle variation from a typical simulation. D, A fast Fourier 

transform (FFT) is applied on each body segment during a simulated burst swimming event. E, 

Autocorrelation of left muscle cell activity from the 6th segment over 10 runs (yellow traces, average in 

red) and the 12th segment (grey traces, average in blue). F, Crosscorrelations of left versus right muscle 

activity of the 6th somite for 10 simulations (grey traces, average in red). Note the local minimum (i, 
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black arrow) and maximum (ii, black arrow) at the 0 ms time delay. B-F control conditions (i) and while 

blocking glycinergic synapses (ii).  

	 	 �128



!  

Figure 4.5. Beat-and-glide swimming model requires both the implementation of a new 

population of neurons and maturation of intrinsic properties of existing neurons. 

A, Schematic of the model architecture underlying beat-and-glide swimming. From the burst swimming 

model, half centers are expended rostrally and a new population of Ipsilateral inhibitory ascending 

neurons (IIA) is added. IIA forms glycinergic synapses with upstream IEDs and MNs. B, example of a 

current step used for stimulating a single neuron model (i). Changing parameters of a neuron model 

changes spiking phenotype from tonic spiking (ii) to adaptive spiking (iii). C, Output example from a 

beat-and-glide network that includes IIA and all neurons exhibit tonic spiking phenotype. D, Output 

example from a beat-and-glide model network with adaptive CINs and MNs but does not include IIAs. E, 

Output example from a beat-and-glide network with adaptive IEDs only and without IIAs. F, Output 
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example from a beat-and-glide model network with adaptive CINs and MNs  and with implementation of 

IIAs (tonic). C-F Left - heat-map of local body angles. Right - membrane potential traces of all MNs of 

the network. Left MNs in blue and right MNs in red. 
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Figure 4.6. Beat-and-glide model network with adaptive CINs and MNs and tonic IIAs 

reproduces experimental observations of tail beat rhythm generation.  

A,  Heat map of local body angle variation from a typical simulation. B, Membrane potential traces of all 

MNs of the network. Left MNs in blue and right MNs in red. C, Autocorrelation of left muscle cell 

activity from the 6th segment over 10 runs (yellow traces, average in red) and the 12th segment (grey 

traces, average in blue). D, Crosscorrelations of left versus right muscle cells activities of the 6th somite 

for 10 simulations (grey traces, average in red). Note the local minimum (i, black arrow) and maximum 

(ii, black arrow) at the 0 ms time delay. A-D, control conditions (i) and while blocking glycinergic 

synapses (ii). E, Up - Heat map of local body angle variation from a typical simulation with an increased 
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value of b parameter in adaptive spiking CINs and MNs. Down - Membrane potential traces of all MNs of 

the network from the same simulation.  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Table 4.1. Parameter values of simple spiking neuron models of all populations involved in the  

modelling process 

a n value is the number of the neurons in the population, from 0 to N-1, N being the total number of neurons in that 

given population. 

b r is a random variable introduced to add noise in the neuron positioning along the rostrocaudal (x) axis. For each 

neuron, an r value was picked from a Gaussian probability distribution of mean !  and variance !  

population
Existing 

candidate

Izhikievich parameters
x position 

a, b Idrivea b c d

MN pMN, sMN 0.02 0.001 0.2 0.001 -53 0.001 6.0 0.001 5.0 
+1.6*n*r

0.01 0.25

PM IC 0.02 0.001 0.25 0.001 -50 0.001 2.0 0.001 1.0 0.3 7.5-10 0.25

CIN CoBL, CoSA 0.02 0.001 0.2 0.001 -53 0.001 6.0 0.001 5.0 
+1.6*n*r

0.01

CEN ?? 0.02 0.001 0.2 0.001 -53 0.001 6.0 0.001 5.1 
+1.6*n*r

0.01

IED CiD(V2a) 0.02 0.001 0.2 0.001 -53 0.001 6.0 0.001 5.1 
+1.6*n*r

0.01 1.9 - 
2.1

0.25

IIA CiA (V1) 0.02 0.001 0.2 0.001 -53 0.001 6.0 0.001 10.1 
+1.6*n*r

0.01

!σa
!σpos !σI!σb !σd!σc

µ = 1 σpos
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Table 4.2. Electrical synapse (gap junctions) weights used for modelling. 

population MN PM CIN CEN IED IIA

MN 0.04 - - - - -

PM 0.03 0.01 - - - -

CIN 0.05 0.05 0.05 - - -

CEN 0.05 0.06 0 0.05 - -

IED 0.001 0.05 0 0 0.005 -

IIA 0 0 0 0 0 0
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Table 4.3. Chemical synapses (glutamatergic in white and glycinergic in grey) weights used for 

modelling. Pre-synaptic neurons are in columns. Post-synaptic neurons in rows. 

population MN PM CIN CEN IED IIA

MN 0 0 0.25 0 0.4 0.005

PM 0 0 0.05 0.02 0 0

CIN 0 0 0 0 0.05 0

CEN 0 0 0 0 0 0

IED 0 0 0.2 0 0.005 0.005

IIA 0 0 0 0 0.005 0
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Table 4.4. Glutamatergic (white) and glycinergic (grey) reversal potential and time constants 

used to model respective synapses. 

Chemical Synapse Erev τr τf Vthr

Glutamatergic 0 0.5 1.0 -15

Glycinergic -42 0.5 1.0 -15
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Video 4.S1 Single coiling model behavior 

https://www.dropbox.com/home/Supplementary_Videos 

Video 4.S2 Double coiling model behavior 

https://www.dropbox.com/home/Supplementary_Videos 

Video 4.S3 Burst swimming model behavior 

https://www.dropbox.com/home/Supplementary_Videos 

Video 4.S4 Beat-and-glide swimming model behavior 

https://www.dropbox.com/home/Supplementary_Videos 

	 	 �137

https://www.dropbox.com/home/Supplementary_Videos
https://www.dropbox.com/home/Supplementary_Videos
https://www.dropbox.com/home/Supplementary_Videos
https://www.dropbox.com/home/Supplementary_Videos


CONCLUSION 

It is common knowledge that the spinal cord is able to generate locomotor activity on its own. 

Spinal locomotor circuits in vertebrates have been extensively studied, and as a result, many of 

the properties of neural populations that make up these circuits have been described. However, 

we still lack a full understanding of how these components operate together within the spinal 

locomotor circuit in order to produce rhythmic output and muscle coordination. We sought to 

unravel this intricate neural machinery by studying the development of the zebrafish spinal 

locomotor circuits, in particular the rhythm generation mechanism thought to drive the rest of the 

circuit. In the process, we were able to provide evidence that spinal locomotor circuits undergo 

fundamental changes as the zebrafish transitions from early locomotor behaviour to more mature 

form of swimming. The early pacemaker (PM) based architecture is superseded by a network-

oscillator architecture. By combing these finding with previously published insights we were 

able to propose models reflecting the maturation process of the spinal locomotor circuit of the 

zebrafish from the first observable motor behaviour (coiling) to an advanced form of swimming 

(beat-and-glide). 

Identification of mechanisms for rhythm generation in developing zebrafish 

larvae 

We tested different potential mechanisms for rhythm generation in the zebrafish spinal locomotor 

circuits of developing zebrafish. Since there are two general mechanisms for rhythm generation, 

one based on intrinsic properties and the other on network properties, we tested for the presence 
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of both of them. Our search for potential PM neurons in the caudal sections of the spinal cord 

using a ZAP approach to detect intrinsic properties conducive to endogenous rhythmogenesis 

failed to yield any cell population that could supplement IC neurons in being PMs. On the other 

hand, focusing on the presence of network-based rhythmogenesis by testing the effects of 

blocking synaptic inhibition (i.e. glycinergic synapse) allowed us to reveal that mechanisms for 

tail beat rhythm generation transitioned from weakly glycinergic dependent to strongly 

glycinergic dependent. We argue that the differential effect of strychnine on tail beat rhythm 

generation is due to an organizational switch in the spinal locomotor network from a pacemaker-

based architecture toward a network-oscillators based architecture. However, we showed that this 

transition is not sufficient for explaining the phenotype change from burst swimming to beat-

and-glide swimming later supported by our modelling approach. We also tested other candidate 

mechanisms to explain this phenotype transition by investigating the role of neuromodulators 

(DA) and the ATP-ase Na+/K+ pump. While experiments testing the involvement of the pump 

were inconclusive, we confirmed prior studies showing that DA plays an important role in 

maturation and especially in the development of the beat-and-glide phenotype (Lambert et al., 

2012). Indeed, blocking D4receptors during development maintains the burst swimming 

phenotype. However, once transitioned, DA is not necessary to maintain the beat-and-glide 

phenotype suggesting other changes in network structure (connectivity) and/or intrinsic 

properties of targeted neurons. Serotonin might also be involved in transitioning from burst to 

beat-and-glide swimming as it has been shown to shape the duration of quiescent periods 

between swim episodes in beat-and-glide swimming without changing neither episode duration 

nor tail beats frequency (Brustein et al., 2003). 
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 However, we cannot fully reject the hypothesis of the potential presence of caudal PM 

neurons in the spinal cord as ZAP experiment does not necessarily give definitive answer on this 

question. First of all, there is the non-negligible possibility that we simply missed potential PM 

neurons. Our whole fish preparation for whole cell patch-clamp recordings of spinal neurons 

biases our sample towards more easily accessed laterally located cells (right under the spinal 

dura) than those located more medially. Thus, if potential caudal PM neurons are sparse and 

located deeply in the spinal cord, we might not have patched any in our 58 tested neurons. In 

addition, potential caudal PM neurons might only express their endogenous bursting properties 

under neuromodulation (i.e. presence of DA or 5-HT), meaning that the experiment might give 

different outcomes if performed with 5-HT and DA in bath. However, the absence of effect of 5-

HT on tail-beat rhythm in larval zebrafish as well as the ability of the isolated spinal locomotor 

circuits to produce consistent motor output whiteout dopaminergic input does not support this 

idea (Jay et al., 2015; Brustein et al., 2003). 

 Nevertheless, the ZAP approach might not be the best suited experiment for PM detection 

and other ways to explore this hypothesis should be studied. For instance, using a transgenic line 

expressing the fast calcium indicator GCaMP6f could enable the monitoring of the activity of 

multiple neurons at a time in frequency ranges close to that of swimming (i.e. 20 Hz; Chen et al., 

2013). Blocking synaptic transmission with kynurenic acid while increasing neurons excitability 

by increasing potassium concentration in aCSF would help detect neurons exhibiting endogenous 

bursting profiles closer to swimming frequency 

 Finally, we cannot exclude that the residual rhythm at 3 dpf is produced by a network 

oscillator relying on gap junctions and glutamatergic synapses only. This configuration would 
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require a depressing mechanism for glutamatergic synapses with a bistable recovery process. 

Thus, the synaptic weight would increase while the neuron remains inactive but once the neuron 

fires a few action potentials, the synapse is depressed silencing the neuron. Such mechanism 

provides a rhythmic output when the neuron is fed with tonic inputs. 

 We were able to combine our experimental findings with previously published insights 

into the development of swimming in zebrafish to generate computational models of the 

developing spinal locomotor network in zebrafish larva. By iteratively building upon the model 

in ways that reflected mechanisms by which the nervous system matures - neurogenesis, 

refinement of synaptic connectivity and changes in intrinsic properties, I was able to capture the 

different swimming movements that occur along the way during the maturation of zebrafish 

locomotion. The model predicted the transition from burst to beat-and-glide could occur only if 

both a new source of ipsilateral inhibition and some changes in intrinsic properties were 

implemented. Both mechanisms have good biological candidates that can be targets for further 

experiments. The new source of inhibition is based on the previously described biological CiA 

neurons whereas changes of intrinsic properties of MNs and commissural inhibitory neurons 

could be downstream results of dopaminergic signalling pathways in targeted cells. It finally 

allowed us to predict that 5-HT could shape the quiescent period’s duration via tweaking intrinsic 

properties of either MNs, or analog neurons of CiDs or CoBLs. 

 While being an excellent proof of concept for development of tail beats rhythm 

generation, the proposed model is reductive in the number of simulated neurons and is not able 
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to catch the complex intricacies of multiple populations of neurons organized in sub-circuits (See 

Future directions Below). 

Future directions 

Switch in intrinsic properties 

Even though, the proposed model suggests that the transition from burst to beat-and-glide 

swimming is partially due to changes in spiking phenotype of some population of neurons 

involved in the locomotor circuit, the exact transition mechanism remains unclear and further 

research is needed to fully characterize them. Neuromodulators such as DA or 5-HT are able to 

modulate changes in the level of expression as well as regulating the activation/deactivation 

dynamic of particular ionic channels resulting in changes in intrinsic properties, and thus spiking 

phenotype (Gao and Ziskind-Conhaim, 1998; Spitzer and Ribera, 1998; Sun and Dale, 1999; 

Perrier and Hounsgaard, 2000; Hsiao et al., 2005). We suggested that DA is involved in this 

transition, however, there is no known example of a change from tonic to adaptive spiking 

phenotype solely due to DA neuromodulation. More subtle tweaks in intrinsic properties via 5-

HT could be responsible for reduced synaptic inhibition during quiescent periods, hence 

decreasing their duration resulting in increased motor outputs. Again, exact mechanisms by 

which this modulation is implemented are not known let alone the targeted neuron populations. 

Our model proposes candidate spinal neuron population that could be targets for 5-HT 

neuromodulation, thus giving an entry point to further characterize these mechanisms. 

Identify sources of synaptic inhibition during swimming 
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One of the populations potentially targeted by neuromodulation proposed in our model is a class 

of commissural inhibitory neurons (CINs) that does not have a clear biological homolog. A clear 

identification of this source of commissural inhibition is key to fully comprehend the spinal 

circuit for locomotion in the zebrafish larvae. Numerous candidate populations already exists and 

are active during locomotor behaviours. Contralateral bifurcating longitudinal (CoBL), 

Commisural and secondary ascending (CoSA) and Comissural local (CoLo) could be considered 

as good candidates (Liao and Fetcho, 2008). However, the extensive study from Liao and Fetcho 

characterizing the activity of spinal glycinergic interneurons during motor  movements tells us 

that we can easily eliminate CoLA and CoLo as they are not active in swimming. CoSA and 

CoBL on the other hand, are involved in all type of locomotor movements including swimming. 

Thus, they are good candidates for studying changes in intrinsic properties during development 

in particular in response to D4R signalling based upon the work of Lambert and colleagues 

(2012). Keeping track of these populations of neurons through development can be challenging 

however, as well exemplified by a population of glycinergic ventrally longitudinal descending 

(VeLDs) spinal interneurons that are well observed in 1-2 dpf fish but seems to disappear later in 

development (McLean and Fetcho, 2008). 

Future maturation mechanism to integrate turns and slow/fast swimming modules 

Our model included only a subset of all spinal population of neurons limiting the incorporation 

of those that were believed to be essential to different swim behaviours studied and the transition 

between them. This also reduced the computational requirements of the model. Generalizing this 

model to include the full complement of spinal neurons would allow us to implement more 
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complex mechanisms involving modular organization within populations. One such modular 

mechanism has been proposed to underlie the control of different speeds of locomotion. In some 

motor systems, increases in speed, which is likely due to increased in force production, has been  

proposed to be generated by the MN size principle where increasingly stronger motor drive will 

lead to the progressive recruitment of larger and larger MNs that have increasingly smaller input 

resistance, and are therefore considered less excitable (Henneman et al., 1965; Henneman, 1985; 

Mendell, 2005; McLean and Dougherty, 2015). However, findings in the zebrafish larval spinal 

cord suggests that variation in speed does not lead to the recruitment of spinal interneurons in the 

same manner as motoneurons would if the size principle were to be applied. On the contrary, 

McLean et al. (2008), suggest that fast and slow swimming in larval zebrafish are supported by 

distinct populations of interneurons. While, MCoDs (Multipolar Commissural Descending) are 

recruited for slow swimming, they appeared to be silenced for fast swimming whereas different 

populations of CiDs are recruited during slow and fast swimming. The recruitment of different 

populations of spinal neurons during different swimming speeds is opposed to the size principle, 

which predicts that an increasing number of neurons within a population of spinal neurons would 

be progressively recruited (McLean and Dougherty, 2015). As well, multiple studies in zebrafish 

have shown that MNs and V2a neurons are organized in three different modules (slow, medium 

and fast) that are differentially recruited following a dorsoventral pattern regarding the 

swimming speed (McLean et al., 2008; Ampatzis et al., 2012). This within population module 

differentiation is reflected in the topological organization of the spinal cord as earlier-born MNs 

and INs encoding faster swimming end up being more dorsally located in the spinal cord while 

slower swimming is supported by later born neurons that end up being more ventrally located 
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(MacLean and Fetcho, 2009). Differentiation between populations of primary and secondary 

MNs known to be involved in swimming episodes of different speeds (fast and slow respectively, 

(Liu and Waesterfield, 1988; Ampatzis et al., 2013) should be implemented in our models as well 

as further subdividing secondary MNs and V2a populations in mirroring fast, medium and slow 

modules. The different subpopulations should have similar yet slightly different intrinsic 

properties or differences in synaptic weight from descending drive so that each subpopulation is 

gradually recruited as the supraspinal drive gradually increases in intensity. 

 These implementation are necessary to fully reflect the speed variation of zebrafish 

swimming as well as full 3D motion (Left/right, forward/backward, up/down; Bagnall and 

McLean, 2014) and will more accurately emulate the output of the established spinal circuits for 

locomotion (i.e. adult swimming) which also relies on modular organisation of the network 

(Fontaine et al., 2008; Ampatzis et al., 2013). More recently, MCoDs neurons has been described 

as being divided into subpopulation encoding swimming speed variation too (Björnfors and El 

Manira, 2016) in adult zebrafish and could be also implemented in a similar way 

Incorporate sensory feedback in model 

To further complete the model, sensory feedback such as proprioceptive or tactile should be 

implemented. CiAs are a good first entry point to sensorimotor integration at the level of the 

spinal cord since they have shown to be contacted by sensory neurons while projecting to MNs 

and thought to be involve in relaying sensory inputs to shape motor outputs (Higashijima et al., 

2004). Recently studied Cerebral spinal fluid contacting neurons (CSF-CNs) as well as Rohon-

Beard neurons could be a valuable addition to the model (Hubbard et al., 2016; Knafo and Wyart, 
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2018). Wyart and colleagues suggested that RB and CSF-CNs could modulate swimming speed 

through excitation of CiDs (or V2a) or inhibition of  MCoDs (V0v) respectively (Knafo and 

Wyart, 2018 for a review). To implement the latter would require modelling of CSF flow during 

body movements. 

Incorporate supraspinal centers in model 

Previous research on hindbrain component of the locomotor circuit could help us to complete the 

model incorporating circuit elements form these higher centers. The reticulospinal (RS) system is 

the major source of input from the hindbrain to the spinal locomotor circuits in simpler 

vertebrates such as zebrafish. It integrates sensory information from various centers to start, 

modulate or terminate locomotor behaviour (Drew and Rossignol, 1990; Svoboda and Fetcho, 

1996; Viana Di Prisco et al., 1997; Deliagina et al., 2000; Sirota et al., 2000; Fagerstedt et al., 

2001; Gahtan et al., 2002; Orger et al., 2008; Severi et al., 2014; Haesemeyer et al., 2018). An 

increase in the input intensity from RS neurons will directly be translated into an increase of the 

motor output from the spinal cord through more episodes composed of more frequent tail beats 

of higher amplitude. Previous work done in the lamprey (Grillner et al., 1995; Grillner, 2006; 

Kozlov et al., 2014) gives us invaluable guidelines on how to implement RS inputs. Two 

populations of RS neurons should be to integrated to the model, one population of tonic spiking 

neurons and on population of phasic spiking neurons. Such spiking profiles have been observed 

in the zebrafish hindbrain respectively in the Ro3 and Ro2 populations of neurons that are 

associated with locomotor behaviour (Chong and Drapeau, 2007). These neurons should project 

caudally in the spinal cord forming excitatory synapses with PM (i.e. IC) and IED (i.e. V2a). 
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Neurons from this population would be gradually recruited as the motor command intensity 

increases augmenting the drive to downstream spinal neurons. 

 The hindbrain is further involved in other motor movements such as escape responses 

largely due to activation of Mauthner cells. The Mauthner cell axon crosses to the contralateral 

side and project down to the spinal cord. A single discharge from a Mauthner cell directly or 

indirectly triggers multiple neuron populations, primary and secondary motoneurons provoking 

ipsilateral muscle contraction but also inhibitory interneurons that silence the contralateral side 

(Eaton et al., 1977; Liu and Fetcho, 1999; Takahashi et al., 2017). In addition, laser ablation 

experiments done on RoV3-MiV1-MiV2 region abolished turning behaviour in those fish (Orger 

et al., 2008) suggesting a role of these neurons in the decision making of escape responses. Later 

work from Engert and colleagues suggest that input from discrete set of neurons in the nucleus of 

medial longitudinal fascicles (nMLF) to the spinal locomotor circuit are responsible for 

controlling bout duration as well as tail beat frequency (Severi et al., 2014). Incorporating these 

features could help build an extensive model of motor control circuit in the zebrafish larvae. 

Comparison with other animal models 

The debate as to whether network oscillators or pacemaker neurons underlie rhythm generation 

is longstanding. Graham Brown proposed his hypothesis of half-centre (i.e. network oscillators) 

early in the twentieth century (Brown, 1914) spurring the research for rhythm generation in 

spinal locomotor circuits. However in the 1980s, the pacemaker (PM) neurons hypothesis 

became predominant in vertebrates suggested by the persistence of a rhythm after 

pharmacological blockade of the key component of network oscillator: reciprocal inhibition 
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(Soffe, 1989 for the Xenopus tadpole; Droge and Tao for the mouse, 1993; Rioult-Pedotti, 1997 

for the frog). In the zebrafish, the presence of PM IC neurons (Tong and McDearmid, 2012) as 

well as the strychnine resistant rhythm early in development (McDearmid and Drapeau, 2006) 

suggests a PM organization for this vertebrate. However our data suggest that both PM and 

network oscillators coexists in the zebrafish and furthermore that network oscillators are 

prominent in rhythm generation later in development. Evidence for network oscillator-based 

rhythm generation can be found in other vertebrates. For instance, in the Xenopus tadpole dIN 

neurons in the caudal hindbrain drive locomotion in the spinal cord and their rhythmic firing 

relies on reciprocal inhibition and noisy excitation (Roberts et al., 2014; Borisyuk et al., 2017). 

However, a rhythm resistant to pharmacological blockade of reciprocal inhibition could be 

observed in tadpoles as well as in dINs during NMDA induced swimming (Soffe, 1989). Li 

suggested that the activation of NMDAR lead to intrinsic oscillations in the membrane potential 

of dINs responsible for producing swimming-like rhythms in what is essentially a reduced dINs-

MNs only network (2011). These oscillations could be blocked with Cd2+ suggesting a further 

role of Ca2+.  

 In mice, mutual inhibition between half-centres is believed to only be dedicated to pattern 

generation while rhythm generation is reserved to hypothetical pacemakers (Brocard et al., 2010; 

Li, 2011). This is partly based upon experiments where locomotor bursts could be observed in 

the presence of strychnine, the so-called disinhibited bursting.  During this type of locomotor 

activity, left-right coordination is synchronous as opposed to alternating, and the rhythm of 

locomotor output is much more variable than observed during fictive locomotion, suggesting 

inhibition may still play a role in rhythmogenesis. Furthermore, the continued failure to identify 
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pacemakers solely responsible for driving locomotor activity (Ziskind-Conhaim and Hochman, 

2017) might give weight to reconsidering the network oscillator hypothesis for rhythm 

generation in mammalian locomotion. 

 Overall, my experimental findings in combination with the modelling work are an 

important step forward in fully understanding how the nervous system controls swimming 

movements in zebrafish.  I shed light on a developmental switch in the fundamental mode of 

operation of spinal swimming circuits. To my knowledge, this is the first demonstration of how 

motor maturation can involve a transition in the manner that rhythm generation is produced. This 

transition may be necessary for the nervous system to accommodate a larger body as well as a 

larger repertoire of movements as fish grow into adults. By modelling transitions in swimming 

through changes in spinal circuitry and/or intrinsic properties of spinal neurons, I identify the 

possible roles of specific spinal circuits, spinal neurons, and firing behaviour in various aspects 

of fish swimming. My modelling work also identifies many promising hypotheses to test with 

regards to the operation of spinal circuits for swimming and their modifications by 

neuromodulation during development. I suggest that combining modelling studies and 

experimental verification via in vivo neural manipulation, using for example optogenetic 

techniques that are ideally suited for use in zebrafish larvae, will lead to further insights into the 

neural control of movements in zebrafish but also in vertebrates in general.  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APPENDIXES 

Appendix 1 

Ouabain does not perturbed rhythm generation nor episode duration 

 It has previously been reported that a Na+/K+-ATPase pump could be involved in slow 

locomotor rhythm generation mechanism such as observed in tadpole swimming (Zhang and 

Sillar, 2012). By driving the extrusion of sodium out of the cell and transporting K+ into cells 

against their concentration gradients during prolonged firing of action potentials, Na+/K+-

ATPase pumps hyperpolarize membrane potentials and prolong quiescent periods following 

bursts of activity. Thus, they would be a perfect candidate to allow long swimming episodes in 3 

dpf zebrafish (i.e. fish expressing burst swimming behaviour). A gradual down regulation of this 

pump would decrease the hyper polarization of the membrane potential during the quiescent 

period following swimming episodes, which could underlie the shortening of quiescent episodes 

that is seen in beat-and-glide swimming.  

 To test if this pump plays a role in the frequencies of tail beats or of swim episodes we 

recorded extracellular spinal activity during fictive swimming episodes in fish expressing burst 

swimming or beat-and-glide swimming without and with ouabain (known to inhibit Na+/K+-

ATPase activity). Autocorrelation of 10 second-long segments from recorded traces showed 

presence of peaks in the 20-40 Hz tail-beat frequency range (blue shaded area in the 25-50 ms 

time delay corresponding to 20-40 Hz, Fig. Appendix.1C) at 3 dpf as well as peaks in the 0.66 - 2 

Hz swim episode frequency range (grey shaded area in the 0.5 - 1.5 s time delay corresponding 
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to 0.66 - 2 Hz , Fig. Appendix.1D) in beat-and-glide swimming fish. Swim episode duration and 

frequency did not significantly change from control to ouabain conditions. At 3 dpf, average 

durations under control and ouabain conditions were 3.69 ± 3.55 s (n = 21 episodes) and 3.68 ± 

3.87 s (n = 23 episodes), respectively, while swim episode frequencies were 0.26 ± 0.11 Hz (n = 

20) and 0.33 ± 0.15 Hz (n = 22), respectively.  At 5 dpf swim episode durations were 274 ± 116 

ms (n = 29) for control and 222 ± 40 ms (n = 30) for riluzole condition, while episode 

frequencies were 1.57 ± 0.9 Hz (n = 28) and 1.50 ± 0.37 Hz (n = 29) respectively. Together, these 

results suggest that a Na+/K+-ATPase pump is not involved in shaping locomotor activity in 

zebrafish at these developmental stages. 

Discussion 

 These transition from PMs driven to network oscillators driven rhythm is concomitant to 

transition from burst to beat-and-glide swimming but the former does not imply the latter 

(Chapter 2). Other mechanisms must be involved in this swimming phenotype transition. It has 

been previously reported that dopamine might play a role in this transition (Lambert et al., 2012) 

as blocking D4R or ablating dopaminergic neurons during development prevents the swimming 

phenotype transition. However, our previous results suggest that dopamine plays a role in the 

transition but may not be necessary to sustain the phenotype (Chapter 2). Therefore, dopamine 

may help to shape the spinal locomotor circuit to transition from burst to beat-and-glide 

swimming but once the transition is settled the network is able to maintained the beat-and-glide 

output on its own. Thus, the mechanism responsible for shortening but increasing the frequency 

of swim episodes must not involve dopamine. 
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 One could argue a pump such as Na+/K+-ATPase might be implied in this transitioning. 

If active early on development, the pump could help sustain long bursts of swimming activity 

that would shorten as its impact would be decreased via network maturation. However, our 

experiment using ouabain in transitioned fish expressing beat-and-glide swimming seems to 

dismiss the presence of such a pump. More research is definitively needed to dissect mechanisms 

responsible for this swimming phenotype transition. In conclusion, these additional experiments 

further confirm the transition from a PM based to a network oscillator based architecture of the 

zebrafish spinal locomotor circuits during development. It also disqualifies the involvement of 

Na+/K+-ATPase as a potential mechanism for burst to beat-and-glide swimming transition 
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!  

Figure Appendix.1. Ouabain has little to no effect on tail beats rhythm or episode rhythm. 

A, Extracellular recordings from a 3 dpf whole fish spinal cord during fictive swimming activity 

under control (i) and 100 µM ouabain (ii) conditions. B, Same as in A but for a 5 dpf fish. C, 

Autocorrelations from 10s long epochs from the recordings in A for control (i) and ouabain (ii) 

conditions. Five epochs (grey lines); average in red. Blue shaded area highlights the tail beat 

frequency range (corresponding to the 25-50 ms time lag range). Subplots are magnified versions 

from the dotted box. D, Same as in C for traces from B. Grey shaded area highlights the episodes 

frequency range (corresponding to the 0.5-1.5 s time lag range). 
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Appendix 2  

Pyridoxine-dependent epilepsy in zebrafish caused by aldh7a1 deficiency 

The candidate contribution to Pena et al. (2017) consisted of all tectal recordings, analysis of 

recordings and writing the Methods paragraph explaining the electrophysiological procedure and 

data analysis of electrophysiological recordings. 
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Appendix 3 

Insights into the genotypic/phenotypic spectrum and the pathophysiology of PLPBP-

deficiency from novel B6-responsive clinical features, cellular, yeast and zebrafish 

models 

The candidate contribution to Johnstone et al. (currently under review in the journal Brain) 

consisted of all tectal recordings, analysis of recordings and writing the Methods paragraph 

explaining the electrophysiological procedure and data analysis of electrophysiological 

recordings. 
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ABSTRACT Pyridoxine-dependent epilepsy (PDE) is a rare disease characterized by mutations in the lysine degradation gene ALDH7A1
leading to recurrent neonatal seizures, which are uniquely alleviated by high doses of pyridoxine or pyridoxal 59-phosphate (vitamin B6
vitamers). Despite treatment, neurodevelopmental disabilities are still observed in most PDE patients underlining the need for adjunct
therapies. Over 60 years after the initial description of PDE, we report the first animal model for this disease: an aldh7a1-null zebrafish
(Danio rerio) displaying deficient lysine metabolism and spontaneous and recurrent seizures in the larval stage (10 days postfertiliza-
tion). Epileptiform electrographic activity was observed uniquely in mutants as a series of population bursts in tectal recordings.
Remarkably, as is the case in human PDE, the seizures show an almost immediate sensitivity to pyridoxine and pyridoxal 59-phosphate,
with a resulting extension of the life span. Lysine supplementation aggravates the phenotype, inducing earlier seizure onset and death.
By using mass spectrometry techniques, we further explored the metabolic effect of aldh7a1 knockout. Impaired lysine degradation
with accumulation of PDE biomarkers, B6 deficiency, and low g-aminobutyric acid levels were observed in the aldh7a12/2 larvae,
which may play a significant role in the seizure phenotype and PDE pathogenesis. This novel model provides valuable insights into PDE
pathophysiology; further research may offer new opportunities for drug discovery to control seizure activity and improve neuro-
developmental outcomes for PDE.

KEYWORDS pyridoxine-dependent epilepsy; aldh7a1; zebrafish model; lysine metabolism; metabolic epilepsy

PYROXIDINE-DEPENDENTepilepsy (PDE,MIM#266100)
is a rare autosomal recessively inheritedmetabolic disease

(Gospe 2017) in which intractable and recurrent neonatal or
infantile seizures are alleviated uniquely by high doses of pyr-
idoxine (Pyr, vitamin B6) or pyridoxal 59-phosphate (PLP)

(Baxter 2001; Mills et al. 2006; Stockler et al. 2011). When
untreated, PDE can lead to death, usually of status epilepticus
(Gospe 2017). This condition is caused by mutations in the
lysine degradation gene ALDH7A1 (Mills et al. 2006) that en-
codes a-aminoadipic-semialdehyde-dehydrogenase, which is
also known as “Antiquitin” (Lee et al. 1994) due to its remark-
able level of conservation through evolution (Supplemental
Material, Figure S1). Loss of ALDH7A1 enzyme function leads
to the pathogenic accumulation of the lysine intermediates
aminoadipate semialdehyde (AASA) and its cyclic equilibrium
form piperideine 6-carboxylate (P6C) in tissues including the
central nervous system (CNS) [4] (Figure 1). P6C has been
shown to react with and inactivate PLP (the active form of
vitamin B6), a cofactor for over 140 enzymes including those
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involved in neurotransmission (Percudani and Peracchi 2003).
It is thus hypothesized that the local or global depletion of
PLP results in the Pyr-dependent seizures (Clayton 2006), pos-
sibly via disturbance of the PLP-dependent biosynthesis of
g-aminobutyric acid (GABA), themain cerebral inhibitory neu-
rotransmitter. So far, clinical data from cerebrospinal fluid
(CSF) measurements of these compounds were inconclusive
and the pathophysiology of PDE remains to be fully elucidated.

While PDE seizures are responsive to pharmacological
dosages of Pyr, lifelong supplementation fails to prevent the
neurodevelopmental disabilities observed in . 75% of PDE
patients (Baxter 2001; Stockler et al. 2011; van Karnebeek
et al. 2016). These include mild to severe developmental and
cognitive disabilities including disorders of expressive lan-
guage (van Karnebeek et al. 2016). This observation under-
scores the need for further studies on the pathophysiology of
PDE and the development of novel therapies. Consequently,
in addition to Pyr, adjunct treatment strategies of lysine re-
striction (van Karnebeek et al. 2012) and arginine supple-
mentation (Mercimek-Mahmutoglu et al. 2014), separately
or in combination [“triple therapy” (Coughlin et al. 2015)],
have been recently introduced as attempts to both improve
seizure control and moderate the long-term neurodevelop-
mental impact of PDE [for reviews see Pena et al. (2016), van
Karnebeek et al. (2016), and Gospe (2017)].

AlthoughthePDEdiseasegenehasbeenknownformorethan
a decade (Mills et al. 2006), there has been a dearth of genet-
ically engineered animals modeling the disease. Zebrafish (Da-
nio rerio) is a simple vertebrate species easily amenable to
genetic manipulation, which has emerged as a successful model
in epilepsy research (Baraban et al. 2005, 2013; Hortopan et al.
2010; Teng et al. 2011; Grone et al. 2016; Sourbron et al. 2016;
Griffin et al. 2017). Here, we report the use of clustered regu-
larly interspaced short palindromic repeat (CRISPR)/Cas9 gene
editing to generate an aldh7a1-null zebrafish model that reca-
pitulates the clinical and biochemical features of PDE. Aldh7a1
loss-of-function led to the accumulation of the toxic PDE bio-
markers, spontaneous, recurrent seizures from 10 days postfer-
tilization (dpf), and premature death (by 14 dpf). As with PDE,
Pyr or PLP treatment halts zebrafish seizures; moreover, it also
prolongs the survival of the mutant fish. Mass spectrometry
(MS) studies of untreated fish identified several alterations in
amino acid levels, most remarkably in the lysine metabolism
pathway. Importantly, low B6 vitamers and GABA levels were
observed, which may suggest that PDE is, at least in part, a
disorder of GABA homeostasis.

Materials and Methods

Zebrafish maintenance

Adult wild-type (WT) zebrafish were maintained according to
standard procedures (Westerfield 2000). All experiments were
carried out in accordance with animal care guidelines provided
by the Canadian Council on Animal Care and the University of
Ottawa animal care committees approved this study under the

protocol number BL-2678. The zebrafish room was maintained
on a 14 hr light: 10 hr dark cycle, with lights-on at 9:00 AM and
lights-off at 11:00 PM. Fish system water conditions were main-
tained in the following ranges by automated feedback controls:
29–30!, pH 7.5–8.0, and conductivity (EC) 690–710. Embryos
were bleached 24 hr postfertilization. Zebrafish embryos and
larvae were raised in plastic petri dishes (10-cm diameter) in an
incubator maintained at 28.5! until 7 dpf in E3 embryo media.
Their housing density was limited to a maximum of 60 individ-
uals per dish until 6 dpf, when the larvae were split in groups of
20 or fewer individuals in 750 ml static tanks containing rotifer
solution in 200 ml system water. Rotifers (Brachionus plicatilis)
were obtained from Reed Mariculture and were fed RGCom-
plete (APBreed). Larvae were fed with !15 mg of Gemma
75 per day and 50 ml of fresh water was added every day. Food
quantity was gradually increased as the larvae grew. Juveniles
and adults were grown in 3-liter tanks and fed on Gemma
150 and Gemma 300, respectively. Survival experiments were
performed usually with a minimum of five or six fish per exper-
imental group. Pyr and PLP (Sigma [Sigma Chemical, St. Louis,
MO])was dissolved in the systemwater; larvaewere exposed to
treatment for 30 min daily. Lysine treatment was performed
with 48 hr of exposure. We considered our replicates as biolog-
ical replicates as each sample was a different individual larva.

Morpholino gene knockdown in zebrafish

Translation-blocking (TB)or splice-blocking (SB)morpholino
oligonucleotides (MO) (Gene Tools, LLC, Philomath, OR)
were diluted in H2O to 1 mM stock solution. The working
solution was prepared in 13 Danio Buffer for the microinjec-
tions in embryos at the single-cell stage. The TB morpholino
sequence was obtained from Babcock et al. (2014) 59-
TCGGACACTCGGCAACAGTTTATGC-39 (referred in their pa-
per as “aldh7a1-MO1”), targeting the first coding exon of the
zebrafish gene. We used injections of 7.5 ng of MO to repli-
cate the procedure described in Babcock et al. (2014) as well
as testing a lower dose (3.5 ng). The control MO (59-
CCTCTTACCTCAGTTACAATTTATA-39) and SB morpholino
designed to target the intron 4–exon 5 splice junction
“aldh7a1-SBMO-1” (5-GACACCTACGCATAGCAAACTCCTG-
39) were also obtained from Gene Tools, and 2.5 ng was
similarly injected at the single-cell stage.

Western blot

Total soluble proteins were extracted from single larvae in
RIPA buffer containing protease inhibitors (Sigma). Whole-
larval lysates were obtained by sonication in 100 ml RIPA
buffer using a Bioruptor Pico (Diagenode), 10 cycles of
10 sec on and 30 sec off. Proteins were quantified by bicin-
choninic acid assay (BCA) assay; 30 mg of protein of each
sample were separated by SDS-PAGE (10%). Antibodies
raised in rabbit against ALDH7A1 and c-Fos were obtained
from Sigma (code A9860) and Santa Cruz biosciences (code
sc-166940 X) and used at dilutions 1:2500 and 1:100, re-
spectively, in 3% BSA. Anti-rabbit IgG, HRP-linked antibody
was used in a dilution of 1:2000. The Clarity ECL Western
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Blot Substrate kit (Bio-Rad, Hercules, CA) was used for
chemiluminescent protein detection. Images were obtained and
processed using theChemiDocTouch Imaging System (Bio-Rad).

Establishing mutant lines

CRISPR/Cas9 mutations were generated in WT zebrafish as
described elsewhere (Hwang et al. 2013). The aldh7a1-targeting
single-guide RNA (sgRNA) template plasmid was generated by

annealing oligonucleotides and ligation of the double-stranded
DNA in the plasmidDR274 (Addgene, code 42250). TheCRISPR
target sequence (59-GGACTTAAAGAGGACAATGA-39) andoligo-
nucleotide design were performed using ZiFit software (Sander
et al.2010). To avoidoff-target effects,we chose a target sitewith
the lowest number of potential mutagenesis off-targets and with
a minimum of three mismatches with such off-target sites. Plas-
mid sequences were checked by Sanger sequencing (ABI 3730).

Figure 1 Pipecolic acid (left) and saccharopine (right) pathways for L-lysine catabolism in animals. The L-pipecolic acid pathway. LKR (lysine-ketoglutarate
reductase) domain and SDH (saccharopine dehydrogenase) domain of the bifunctional AASS (aminoadipic semialdehyde synthase) enzyme. Antiquitin
(encoded by the gene ALDH7A1) is deficient in pyridoxine-dependent epilepsy (red) leading to accumulation of AASA and P6C (red arrows). PIPOX
(pipecolic acid oxidase). P5CR (piperideine-5-carboxilic reductase), encoded by the gene PYCR1. Further enzymatic steps convert AAA to Acetyl-CoA.
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The sgRNAs were transcribed from linearized template plasmids
(AmbionMEGAscript T7/SP6) and purified (Promega, Madison,
WI;Wizard SVGel and PCRClean-Up kit). The Cas9 proteinwas
obtained from New England Biolabs (Beverly, MA). Fertilized
one-cell-stage zebrafish eggswere injectedwith amix containing
!300 ng/ml Cas9 protein and 15 ng/ml sgRNA. Embryos were
raised and a portion of them (five pools of five embryos) were
genotyped by heteroduplexmelting assay (HMA) as described in
Zhu et al. (2014). Briefly, primers flanking the CRISPR target site
(forward sequence: “Gen1_FW,” 59-ATGATGCAGCGCGTGCT
GAC-39, reverse sequence: “Gen2_RV,” 59-CCCTTTGAACCTC
ACAGGAGTT-39) were used to amplify a segment of 434 bp.
The PCR product was denatured and annealed. It was
expected to contain a mixture of insertion/deletion mutations
andWTalleles, which can formheteroduplex andhomoduplex
DNA. These can be easily identified by PAGE. The remaining
embryos were raised to adulthood (F0 generation) and
backcrossed with WT fish. DNA was extracted from F1 em-
bryos to check for F0 founders carrying specific mutations by
HMA-PAGE. F1 fish were raised to adulthood and heterozy-
gous mutants were identified by fin clipping, followed by
DNA extraction and HMA-PAGE. Potential mutants were
sequenced allowing the identification of specific mutations
(Figure S4). Populations of heterozygous F1 fish carrying the
same mutation were identified; the most common was a 5-nt
insertion leading to a premature stop codon. F1 heterozygous
fish were backcrossed toWT fish to further eliminate potential
off-target effects generated by the Cas9 nuclease. For the ex-
periments described in this paper, we used crossings of F2 het-
erozygous fish obtaining F3 offspring containing a homozygous
5-nt deletion in the gene aldh7a1. The newly generatedmutant
allele was designated aldh7a1ot100 using the University of Ot-
tawa designation and in accordance with the Zebrafish Infor-
mation Network guidelines.

Larval fin clipping and multiplex PCR for genotyping

For genotyping of larvae to identify and distinguish the 5-nt
insertion from theWTallele, we extracted genomic DNA from
larval fins at 3–5 dpf and raised the corresponding larvae.
Larval fin clipping was performed as an adaptation of a pre-
viously described protocol (Wilkinson et al. 2013). This
method allowed genotyping and subsequent fin regeneration
in a few days. Briefly, 3-dpf larvae were anesthetized in Tri-
caine, and then amicroscalpel was used to section and obtain
a microscopic caudal fin slice under a stereomicroscope
(Nikon SMZ1500). The section was made by applying steady
downward pressure to incise within the pigment gap site of
the caudal fin, distal to the limit of the blood circulation. The
fin was then placed in a small piece of filter paper, which was
then submerged in 30 ml of Chelex 5% solution in 96-well
PCR plates. For tissue lysis, the samples were heated in a
thermocycler at 95! for 15 min, then cooled to 4! for
10 min. The samples were centrifuged to pellet the Chelex
beads leaving DNA in suspension. A 1.5ml volume of the DNA
supernatant was used in each PCR reaction. This method
allowed efficient recovery of DNA in 97% of the larvae on

average. A multiplex PCR reaction was used to precisely ge-
notype WT and/or mutant alleles enabling the identification
of fishes homozygous, heterozygous, or null for the 5-nt in-
sertion mutation. This strategy is summarized in Figure S5,
using the primers “Gen1_FW”: 59-ATGATGCAGCGCGTGCT
GAC-39, “Gen2_RV”: 59-CCCTTTGAACCTCACAGGAGTT-39,
“5 nt-ins-specific_FW”: 59-TGTTTTCAACGGTTCAACGG-39,
and “WT-specific_RV”: 59-TCCCTGTCCTCCCCAAGAAC-39.
Three bands are expected using these four primers in a mul-
tiplex reaction: an !430-bp amplicon resulted from amplifi-
cation using Gen1_FW and Gen1_RV for both alleles, a
293-bp band specifically for the mutant allele, and a 195-bp
band specifically for the WT allele (Figure S5). Samples were
then run in an agarose 1% gel, stained with GelRed, and
visualized under UV light, allowing discrimination of the
different amplicons. We observed that the caudal fin regen-
erated in a few days (Figure S5, F and G) and normal de-
velopment proceeded, as reported previously in Wilkinson
et al. (2013).

RNA extraction and real-time PCR

Total RNA was extracted from three pools of five WT or
aldh7a12/2 larvae using the reagent QIAzol (QIAGEN, Valencia,
CA) (each pool considered one biological replicate). First-strand-
complementary DNAwas synthesized from 1mg total RNA using
the iScript kit (Bio-Rad). Quantitative real-time PCR was con-
ducted using the following primer pairs: gapdh (59-
TGTTCCAGTACGACTCCACC-39 and 59-ACCTGCATCACCCC
ACTTAA-39), aldh7a1 (59-TGTTCGACAGATTGGAGAGGC-39
and 59-GGCTGTGATGATTCCTACCAAG-C-39), gad1 (59-
AACTCAGGCGATTGTTGCAT-39 and 59-CCAGCATCCTGAGG
ACATTT-39), and gad2 (59-AGCTGCTCTTGGA-ATCGGTA-39
and 59-GCTGACAAAGAACGGCACGT-39), with iQ SYBR Green
Supermix (Bio-Rad). Relative mRNA levels were normalized
to glyceraldehyde-3-phosphate dehydrogenase mRNA levels
using the DDCT method. The PCR amplification was per-
formed in three technical replicates. The Student’s t-test
was used to evaluate the statistical significance of the differ-
ential mRNA levels between the three biological replicates of
WT and aldh7a12/2 siblings.

Morphological phenotyping

Larvae were photographed using a stereomicroscope (Nikon,
Garden City; SMZ1500). Standard lengths (distance from the
anterior tip of head to the base of the caudal fin) were
measured manually using imageJ software.

Behavioral phenotyping

For locomotion tracking, 8 dpf and younger zebrafish larvae
were placed in individual wells of a 96-well flat-bottomed
culture dish (Corning); a 48-well flat-bottomed culture dish
was used otherwise. For 96-well plates, each well contained
200 ml of embryo medium, and 500 ml for 48-well plates.
Behavior was monitored at 28.5! using a ZebraBox system
(ViewPoint Behavior Technology) consisting of a sound proof
chamber with an infrared camera; analyses were performed
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using Zebralab locomotion tracking software (ViewPoint Be-
havior Technology). Larvae were allowed to acclimate to the
plate and ZebraBox environment for 10 min. Five minutes of
baseline were recorded followed by 5 min recording with
light stimulus [five cycles of 10 sec on (100% light) and
50 sec off]. Using ZebraLab software, we calculated the distance
traveled, duration, and number of high-speed [. 20 mm/sec
(Afrikanova et al. 2013)], intermediate (8–20 mm/sec), and
slow movements (, 8 mm/sec) for the 5-min baseline and
5 min light stimulus recordings. Larvae were plated each
experiment in a randomized position to avoid bias. Videos
were also analyzed blindly for the classification of seizure
scores based on Baraban et al. (2005). GraphPad Prism was
used to conduct ANOVA tests to compare the experimental
groups.

Metabolite extraction and MS

For analysis of polar amino acids, each biological replicate
consisted of pools of five deep-frozen 11-dpf larvae, which
were sonicated in 150 ml methanol and 75 ml chloroform in
10 cycles (10 sec on, 30 sec off) using a Bioruptor Pico (Dia-
genode). Then, 112 ml of chloroform and 112 ml of H2O were
added to the lysate, vortexed, and centrifuged at 20000 3 g
for 20 min at 4!, allowing phase separation. The supernatant
containing polar metabolites was collected and dried under
nitrogen. The metabolite extract was resuspended in HPLC-
grade H2O (Sigma) and used for liquid chromatography-MS
analysis (LC-MSMS). P6C and pipecolic acid were measured
using previously described methods (Struys et al. 2012a).
AASA was measured using published methods (Mills et al.
2006). All analytes described in Figure S10 as part of the
targeted amino acid panel were measured using LC-MSMS
in the Newborn Screening Ontario-Inherited Metabolic Dis-
ease laboratory, using a method adapted from a published
procedure (Waterval et al. 2009). For quantification of B6
vitamers, 300 ml ice-cold trichloroacetic acid (TCA) solution
(50 g/liter) was added to a pool of six deep-frozen zebrafish
at 11 dpf. A small amount of zirconium oxide beads was
added to the solution and put into a bullet blender for
5 min at level 8. Hereafter, the samples were centrifuged
for 5 min at 13,000 rpm. The supernatant was prepared for
the analysis of vitamin B6 vitamers using a published method
(van der Ham et al. 2012), except that an 80-ml volume of
sample was used instead of 60 ml [internal standard ratio
(1:1)] and concentrations of the calibration solutions were
10 times lower than in the publication.

Electrophysiology

Electrophysiological recordingswere obtained usingmethods
described in the literature (Baraban et al. 2005). Specifically,
11-dpf zebrafish larvae were embedded in a 1.2% agarose gel
prepared by dissolving low-melting temperature agarose in
artificial CSF (aCSF) (NaCl 134 mM, KCl 2.9 mM, MgCl2
1.2 mM, CaCl2 2.1 mM, Glucose 10 mM, and HEPES
10 mM). Larvae were placed dorsal-up to give easy access
to the brain. Awaiting time of 15–20 min was allowed for the

zebrafish to become acclimated to the embedding. The bath
volume was adjusted to 5 ml, and excess aCSF and gel were
carefully removed to expose the top of the head. After trans-
ferring the larva to a chamber placed under a BX51WI Olym-
pus microscope, a glass microelectrode was placed under
visual guidance in the optic tectum of the fish. The glass
microelectrode tip openings were!2mmandwere backfilled
with 2 M NaCl. Electrical activity of the brain was amplified
and low-pass filtered at 1 kHzwith aMultiClamp 700B (Axon
Instruments, Foster City, CA), digitized with a Digidata
1550 (Axon Instruments), and stored on a computer for later
analysis. Traces were band-pass filtered (0.2–1 kHz). A de-
tection threshold of three times background noise was ap-
plied to extract the events on a 5-min-long window.
Detected events were manually sorted; those presenting
two or more consecutive spikes were considered as seizure-
like. Times and duration of each event were extracted. To test
if movement artifacts were present, the neuromuscular
blocker d-tubocurarine (15 mM, Sigma) was used to paralyze
larvae, added directly to the bathing medium (Figure S8).

Immunofluorescence

Fish larvaewere sacrificedat10or11dpf andfixed in4%PFA/
PBS overnight at 4!. The samples were washed the following
day with PBS three times, and equilibrated with a solution of
30% sucrose in PBS overnight at 4!. The samples were then
incubated in a 1:2 30% sucrose: optimum cutting tempera-
ture (OCT) Compound (Tissue-Tek) solution for 30 min, fro-
zen in cryomolds using liquid nitrogen, and then stocked
at 220! for further sectioning. Transverse cryosections of
14–16 mm of the whole head were obtained with a
CM3050S cryostat (Leica, Concord, ON) and collected on
microscope slides. All antibodies for the immunohistochem-
istry assay were previously validated. Sections were first
rehydrated in PBS solution, and blocked in 10% calf serum
in PBS-T (PBS plus 0.1% Tween 20) for 2 hr at room temper-
ature. The primary rabbit anti-calretinin antibody (1:500,
Swant7697)was incubated overnight at 4! in a 1% calf serum
in PBS-T solution. Slides containing sections were then
washed for 15 min 3 times with PBS-T, and incubated with
the secondary antibody Alexa Fluor 488 goat anti-rabbit
(1:1000, Invitrogen, Carlsbad, CA) protected from light for
2 hr at room temperature. Sections on slides were washed
again three times with PBS-T and sealed and mounted with
Vectashield mounting media (Vector Laboratories, Burlin-
game, CA) containing DAPI for nuclei staining. For each lar-
val sample, every transverse section from the head was
subjected to immunohistochemistry and visualized with a
Zeiss ([Carl Zeiss], Thornwood, NY) AxioPhot fluorescence
microscope, and images were acquired. Cells labeled with
fluorescence were manually counted and the counts were
crossed with an estimate number of cells using ImageJ.

Statistics

Formultiple comparisons, one-way ANOVAwith Tukey’s test,
or Kruskal–Wallis ANOVA with Dunn’s post hoc test, were
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used as appropriate. For pairwise comparisons, the Student’s
t-test was used. Significance testing and graphing was per-
formed with GraphPad Prism 7 software. Processing of
the chromatograms obtained by LC-MSMS was done using
TargetLynx (Waters Associates, Milford, MA), including peak
detection, peak integration, and concentration estimation
based on calibration curves. For analysis of the MS amino
acid panel, we used Metaboanalyst v3 (Xia et al. 2015), sta-
tistical analysis module for one-way ANOVA with Tukey’s
post hoc test, and the heatmap module to produce the heat-
map representation (Figure S11) using Euclidean distance
measure and Ward clustering algorithm.

Data availability

Sequences, plasmids, and the zebrafish line aldh7a1ot100 used
in this study are available upon request. Figure legends and
video descriptions for the supplemental material are con-
tained in File S4. The authors state that all data necessary
for confirming the conclusions presented in the article are
represented fully within the article.

Results

Morpholino-based aldh7a1 knockdown in zebrafish

The phenotypic impact of MO-based downregulation of
aldh7a1 in zebrafish was initially assessed; an MO molecule
targeting the intron 4–exon 5 splice junction site (designated
aldh7a1-SBMO-1) was designed to induce splice defects and
therefore aldh7a1 knockdown (Figure S2). First, 2.5 ng of
either aldh7a1-SBMO-1 or control MO were injected in to
one-cell-stage embryos and larvae collected at 4 dpf. Al-
though the Aldh7a1 protein levels were knocked down to
!13% using the aldh7a1-SBMO-1 (Figure S3A), the mor-
phant larvae displayed grossly normal morphology (Figure
S3B) and did not differ in length, hatching time, or swimming
behavior compared to controls. A second morpholino mole-
cule (aldh7a1-MO1), used previously by Babcock et al.
(2014), was also assessed. Although, as previously reported,
a series of deformations were observed in the morphant lar-
vae, western blot analysis failed to reveal any protein knock-
down by this MO (Figure S3, F and G), indicating that these
reported abnormalities are probably independent of aldh7a1
function. In contrast, the successful knockdown of Aldh7a1
protein using the aldh7a1-SBMO-1 (Figure S3A) did not result
in the phenotypes reported in Babcock et al. (2014), such as
skeletal abnormalities and eye deformities (data not shown).

In an attempt to elicit a phenotype, aldh7a1-SBMO-
1-injected larvae were exposed to lysine (20 mM) for 24 hr.
We observed a significant increase in Aldh7a1 protein levels,
partially overriding the inhibition caused by the morpholino
(Figure S3C). However, the morphants did not accumulate
the toxic PDE metabolite P6C in either control conditions or
in the presence of lysine overload (Figure S3D). This suggests
that low Aldh7a1 levels are sufficient for effective lysine me-
tabolism, consistent with the known high catalytic efficiency

of this enzyme (Brocker et al. 2010; Kiyota et al. 2015).
Therefore, we concluded that a complete loss-of-function of
aldh7a1would be required to induce the AASA/P6C accumu-
lation phenotype and thus PDE.

The aldh7a1ot100 allele leads to complete loss of
functional Aldh7a1

By injecting single-cell zebrafish embryos with Cas9 protein
and an aldh7a1-specific sgRNA, germline mutations were in-
troduced in the first coding exon of the Aldh7a1 gene. We
identified and crossed F0 founders with WT fish to generate
F1 zebrafish heterozygous for mutations in the aldh7a1 gene.
Identification of mutations was performed by a heteroduplex
melting assay using PAGE gels. Sequencing of the CRISPR
target region in the F1 fish revealed the presence of several
insertions or deletions in the aldh7a1 gene (Figure S4).

We chose an F1 heterozygous population carrying a 5-nt
insertion mutation to generate F2 fish by backcrossing with
WT fish. Heterozygous F2 fish were bred to generate homo-
zygous mutants. The 5-nt insertion allele was easily detected
by a multiplex PCR method allowing discrimination be-
tweenWT, heterozygous, and aldh7a12/2 (mutant) genotypes
(Figure S5). F3 offspring were sequenced to confirm the pres-
ence of homozygous mutants for the 5-nt insertion mutation
in the aldh7a1 gene (Figure 2, A and B). The insertion caused
a frameshift in the primary aldh7a1 transcript (GenBank:
NM_212724), leading to a premature stop codon at position
50 of the translated protein sequence. This novel mutant was
given the line designation aldh7a1ot100. Fin clipping of ran-
domly sorted F3 larvae at 7 dpf was performed to extract
DNA, and the whole larva was used to extract protein from
the same animal. Western blotting showed successful
Aldh7a1 protein knock-out in these fish (Figure 2C, lanes 1,
5, 6, and 9). As expected, heterozygous fish had approxi-
mately half of the normal Aldh7a1 protein levels compared
to WT (Figure 2C). Multiplex PCR using the DNA samples
extracted from the fins of the same fish confirmed each ge-
notype (Figure 2D). The aldh7a1 transcript in the mutants
was 9% of that observed in the WT larvae, likely a result of
nonsense-mediated mRNA decay (Figure S6).

Starting at 10 dpf, the mutants exhibited a hyperactive
behavior characterized by fast swimming and convulsion-like
activities, which intensifiedwith time; these larvae all died by
14 dpf (Figure 2E). We tested two larval feeding protocols:
one involving rotifer feeding from 6 dpf and one solely with
the formulated zebrafish feed Gemma-75. Both elicited the
same death phenotype (data not shown) and we chose to
continue the experiments using the rotifer protocol. Although
the morphology of the mutants from 0 to 10 dpf was indis-
tinguishable from that of controls (WT and heterozygous), by
the time of death, the mutants often displayed a ventrally-
curved body phenotype (Figure 2F). As expected, the
ablation of functional Aldh7a1 protein disrupted lysine deg-
radation leading to the accumulation of AASA/P6C in the
mutants. A representative LC-MSMS chromatogram of a con-
trol [WT or Het (Figure 2, G–H, top)] and a mutant larva
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(Figure 2, G–H, bottom) shows P6C and AASA detection in
the micromolar range in the mutant larva. Heterozygous fish
were indistinguishable from control WT fish and had normal
lysine metabolism (data not shown), consistent with the hy-
pothesis that this phenotype requires aldh7a1 loss-of-function
as seen in human patients with PDE.

Spontaneous seizure activity in aldh7a1
mutant zebrafish

Epilepsy models in zebrafish larvae are characterized by
seizure-like behavior ranging from episodes of excessive lo-
comotor activity, sustained rhythmical jerking (clonus), and
stiffening (tonus) to tonic–clonic seizures (Baraban et al.
2005, 2013; Hortopan et al. 2010; Teng et al. 2010). Normal
movement behavior can be characterized as little (stage 0) or
some swimming activity (stage 1), whereas seizure behavior
is characterized as rapid “whirlpool-like” circling swimming
(stage 2) and a series of whole-body convulsions culminating

in loss of posture (stage 3) (Baraban et al. 2005). Therefore,
we monitored aldh7a1 mutants for evidence of seizure-like
behavior from video recordings. Larvae were genotyped by
larval fin clipping at 3 dpf, fed on a rotifer diet from 6 dpf, and
monitored using a high-speed infrared video tracking system
(ZebraBox, ViewPoint Behavior Technology) in multi-well
plates. Baseline and light stimulus recordings were per-
formed daily from 7 to 14 dpf. There was no evidence of
seizure-like behavior in fish of any genotype before 10 dpf.
Video recordings starting in the evening of 10 dpf or in the
morning of 11 dpf consistently showed signs of hyperactivity,
with rapid “whirlpool-like” circular swimming (stage 2) and
whole body-convulsions leading to loss of posture (stage 3)
(Figure 3, A–D). We observed that hyperactivity/seizure-like
behavior was immediately induced upon light stimulus in the
aldh7a12/2 fish, which spent more time (Figure 3A) and
traveled greater distances (Figure 3B) in high-speed move-
ments [traces shown in red in Figure 3C)] than WT and

Figure 2 Development of an aldh7a12/2 zebrafish model by CRISPR/Cas9. The allele aldh7a1ot100 contains a 5-nt insertion mutation (A), which leads to
a premature stop codon and an N-terminal-truncated Aldh7a1 protein product. Sequencing chromatograms from F3 larvae show the WT and
homozygous mutant (B) patterns. Western blot detected the Aldh7a1 protein in WTs, with !50% reduction and complete loss of expression in
heterozygous and in the homozygous mutants, respectively (C). PCR-based genotyping (D) using DNA extracted from the fins of the larvae shown
in (C) were consistent with the western findings. Kaplan–Meier survival plot showing early death in the homozygous mutants (11–14 dpf), n = 12 aldh7a12/2,
n = 18 aldh7a1+/2, n = 10 aldh7a1+/+ (E). Curved body phenotype observed at 11–14 dpf in the mutants after seizure onset (F). Representative liquid
chromatography-mass spectrometry analysis of 7 dpf single larva (n = 6 per genotype); polar metabolite extracts revealed detection and accumulation of
the PDE biomarkers P6C and AASA exclusively in the mutants (G and H bottom). No P6C or AASA signal was obtained in the extracts from WT or
heterozygous siblings (G and H top). AASA, aminoadipate semialdehyde; CRISPR, clustered regularly interspaced short palindromic repeat; dpf, days
postfertilization; HET, heterozygote; MUT, mutant; P6C, piperideine 6-carboxylate; PAM, protospacer adjacent motif; PDE, pyridoxine-dependent
epilepsy; WT, wild-type.
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heterozygous siblings. This was consistently observed in sev-
eral batches of fish. No significant difference in quantified
movement behavior was observed in 5-min baseline record-
ings analysis in either ambient light or darkness prior to the
light stimulus, although spontaneous and sporadic convulsive
behavior was consistently observed over. 10 batches of null-
mutants. It is possible that the light induced convulsions in a
more frequent and simultaneous fashion and thus facilitated
the detection and quantification of the abnormal behavior.
Examples of normal behavior in WT siblings and seizure-like
behavior observed undermicroscope light in themutant larvae
are shown in File S1 and File S2, respectively. Blinded analysis
of video recordings resulted in the identification of stages
2 and 3 of seizure behavior exclusively in the mutant fish
(Figure 3D). Healthy larvae would only display stages 0 and
1, consistent with what is described in the literature (Baraban
et al. 2005). The curved phenotype observed after seizure
onset may be related to muscle stiffness, potentially derived
from recurrent and uncontrolled tonic–clonic seizures.

We next tested whether the seizure-like behavior in
aldh7a12/2 mutants was associated with an electrographic
component. Tectal field potential recordings from agar-
immobilized 11-dpf larvae revealed spontaneous seizure-like
events exclusively in aldh7a1mutants (n= 5) (Figure 3F). In
contrast, WT or heterozygous siblings (n = 5) showed only
normal electric activity (Figure 3E). In all mutants tested, we
observed a high number of bursts of abnormal electrical dis-
charge with long duration and high amplitude (Figure 3F),
resembling the ictal-like activity described in other zebrafish
and mammalian seizure models (Figure 3F, ii). In addition,
short and low-amplitude bursts of interictal activity were also
present (Figure 3F, iii). Representative recordings from ad-
ditional aldh7a12/2 mutants, negative control recordings
from electrodes inserted into agar mounting medium, and
movement artifacts not considered as spikes are illustrated
in Figure S7. We also obtained traces after paralyzing mutant
larvae with d-tubocurarine, demonstrating the same features
shown by the data in the absence of paralyzing agent, with no
significant differences in the number and duration of events
(n = 3 mutant larvae) (Figure S8). This further excludes the
possibility of movement artifacts in our analysis. In summary,
the seizure-like behavior, abnormal electrographic activity,
and the early death phenotype are all consistent with an
epilepsy phenotype in the aldh7a12/2 larvae.

Pyr-dependent seizures in aldh7a12/2 larvae

In humans, PDE manifests as intractable recurrent seizures
that are significantly lessenedbypharmacological doses of Pyr
or PLP (Mills et al. 2006). We tested whether the aldh7a12/2

larval epilepsy phenotypes described above responded to treat-
ment with either compound. We observed a dose-dependent
extension of the life span of the mutants with both PLP (Fig-
ure 4A) and Pyr (Figure 4B) at high doses. The median sur-
vival of 12 dpf for untreated mutants was increased up to
22 dpf with the PLP 500 mM treatment. With daily treatment
with millimolar doses of Pyr (5 and 10 mM), mutants sur-

vived until late juvenile stages (40 dpf), when the experiment
was stopped. Therefore, high doses of either PLP or Pyr pro-
mote long-term survival of aldh7a1-null mutant fish. We
chose to continue investigating Pyr (10 mM) responsiveness
as it appeared to have a greater effect on life span, as well as
being more stable, soluble, and less toxic than PLP. We ob-
served that withdrawal of Pyr daily treatments would result
in the appearance of the seizure behavior within 2–6 days
and subsequent death (data not shown), highlighting the
Pyr-dependency of the aldh7a1-null model.

We observed that the seizure-like behavior was prevented
by Pyr treatment. Movement traces obtained from treated
mutants under baseline (data not shown) and light stimulus
conditions were indistinguishable from WT and Pyr-treated
WT (Figure 4C). The duration and distance traveled in high-
speed movements showed no statistical difference compared
to WT and Pyr-treated WT, and all were significantly lower
than in untreated mutants (Figure 4, D and E) (P = 0.0009
and 0.0019, ANOVA with Tukey’s post hoc tests for pairwise
comparisons). Blinded analysis of video recordings revealed
that aldh7a12/2 fish treated with Pyr did not display S2 and
S3 stages of seizure behavior, hyperactivity, or high-speed
movements, whether at baseline or under light stimulus (Fig-
ure 4, F and G). Additionally, the treated mutants did not
display the curved body phenotype (Figure S9). Taken to-
gether, these results indicate the alleviation of the manifes-
tations associated with the epilepsy phenotype with Pyr
treatment. Video recordings showing the typical behavior
of untreated and treated mutants can be seen in File S2
and File S3.

The electrophysiological burst characteristics were also
compared between untreated (n=5) and Pyr-treatedmutants
(n=9; Figure 4, H–J). A statistically significant suppression of
burst activity, measured as total event duration (P = 0.0207,
Figure 4H) and number of events (P= 0.0348, Figure 4I) in a
window of 5 min, was observed, suggesting Pyr-mediated
amelioration of the spontaneous seizure phenotype (Kruskal–
Wallis ANOVA with a Dunn’s post hoc test). Given the time-
consuming nature of this experiment and our ability to analyze
only 4–5 larvae per day, four batches of larvae were analyzed,
with consistent results. All untreated aldh7a1-null mutants
displayed seizure-like bursts of electrical activity, whereas this
was true for only 55%of the Pyr-treatedmutants (5/9). Still, in
the five Pyr-treated mutant fish displaying burst activity, it
consisted of a lower number of events, as shown in Figure 4,
H and I. Representative recordings of four Pyr-treated mutants
are shown in Figure 4J. One Pyr-treated mutant displayed a
high number of spikes (Figure 4J, third trace from top to bot-
tom). These analyses were performed in ambient light and so
we also tested whether light stimuli would further induce sei-
zure-like activity in the untreated and treated mutants. Al-
though the behavior of treated mutants was indistinguishable
fromWT siblings even after light stimuli, electrographic seizure
events could be induced in the Pyr-treated mutants (Figure S9)
and the burst activitywas significantly higher than that recorded
in ambient light.
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In mammalianmodels, it is well established that almost all
types of seizures causedynamic alterations of immediate early
genes, such as c-fos, in neurons located in seizure-initiation
sites (Kiessling and Gass 1993). This has also been observed
in zebrafish models of epilepsy (Baraban et al. 2005; Teng
et al. 2011). We observed, by western blot analysis (Figure
4K), that aldh7a12/2 larvae collected at 11 dpf displayed
higher expression of c-fos compared toWT siblings and that this
expression was normalized with Pyr treatment. Protein extracts
from WT larvae treated with 15 mM of pentylenetetrazole for
2 hr were used as positive controls for c-fos upregulation
(Baraban et al. 2005) (Figure 4K, first two lanes). Therefore,
we provide consistent evidence for Pyr responsiveness (survival,
behavior, electrophysiology and c-fos expression) of the epileptic
phenotype of aldh7a1 mutants.

Lysine supplementation induces an earlier
seizure phenotype

We next hypothesized that, since P6C accumulation leads to
PLP inactivation and seizure occurrence, lysine supplemen-
tationwould induceamore severephenotypedue to increased
P6C production, quickly reaching a threshold necessary for
PLP inactivation. The effects of lysine supplementation on
mutant larvae before the onset (10 dpf) of the seizure-like
behavior were assessed.We observed that mutants invariably

diedwithin 48hr of exposure to 20mMlysine; Lys enrichment
initiated at 6, 7, and8dpf inmutants lead to death of all larvae
by 8, 9, and 10 dpf, respectively (Figure 5A). WT siblings, in
contrast, were unaffected by lysine supplementation.

We then assessed whether the toxicity of AASA/P6C or the
Pyrdeficiency itself leads topersistent seizuresanddeath.This
was explored by assessing the impact of combining lysine
overload with Pyr treatment. Mutants and WT siblings were
supplemented at 8 dpf with lysine 20 mM and seizure-like
behaviorwasmonitoredat24hrafter the treatment (at 9dpf).
Two out of eight Lys-exposed mutants died after 24 hr of
exposure, whereas the remaining six larvae clearly displayed
seizure-like behavior (Figure 5) and died after 48 hr of expo-
sure (Figure 5B). Pyr-untreated mutants died by 14 dpf as
consistently observed previously. However, mutants treated
with Pyr alone or in combination with Lys all survived until
the end of this experiment (20 dpf), suggesting that it is the
Pyr-deficiency, and not an unrelated AASA/P6C toxicity or
other nonlysine-related aldh7a1 loss-of-function, that under-
lies the seizure/death phenotype.

Early lysine-elicited seizure behavior was next quantified
as outlined above. Lys-supplemented mutants (24 hr of expo-
sure) displayedmore high-speedmovements at 9 dpf (Figure 5,
C andD),whereas untreated, Pyr-treated, and Lys+Pyr-treated
mutants of the same age did not display any evidence of

Figure 3 Seizure phenotype in aldh7a12/2 11-dpf larvae. Video recordings (n = 12 larvae per genotype) were analyzed for high-speed movement in the
presence of light stimulus; the calculated duration (A) and distance traveled (B) are shown. Movement traces shown in red, green, and black represent
high-speed, intermediate, and slow movements, respectively (C). Blinded classification of seizure scores from video recordings of mutants, heterozygous,
and WT larvae (n = 12 larvae per genotype). S0 characterizes normal swimming behavior, S1 reflects increased activity, S2 indicates rapid circular
swimming activity, and S3 represents whole-body convulsions. Tectal field recordings of representative 11-dpf WT sibling (E) and aldh7a12/2 (F)
showing spontaneous epileptiform-like electrographic activity in the mutants. Amplified view (G) of regions of the traces shown in (E and F): “i”
normal activity as seen in WT and heterozygous siblings, “ii” ictal-like, and “iii” interictal-like epileptiform discharge observed in the mutants. Asterisks
indicate statistical significance (* P, 0.05, ** P, 0.01, and *** P, 0.001) according to one-way ANOVA test on top of the graphics (in (A) P = 0.0003
and in (B) P = 0.0002) with Tukey’s post hoc pairwise tests. Error bars represent 6 SD. All experiments were performed comparing aldh7a12/2 and its
heterozygous or WT siblings. dpf, days postfertilization; WT, wild-type
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seizure-like behavior. Time-course analysis suggested that
the seizure onset occurred !20 hr after addition of lysine
(data not shown). This early seizure induction could also
be seen in the movement diagrams obtained from Zebralab
(Figure 5E) and was identified by blind video analysis, as all
Lys-exposed mutants were classified as stages 2 or 3 (Figure
5F). These observations suggest the existence of a critical
“seizure-inducing” AASA/P6C level, which is more rapidly
attained with lysine supplementation.

Impairment of lysine metabolism in aldh7a12/2 larvae
leading to low B6 vitamers and reduced GABA synthesis

LC-MSMS was next used to quantify lysine metabolites in
polar extracts frommutant larvae and compare themwithWT
and heterozygous siblings. Several analytes could be detected
and quantified in the extracts obtained from pools of five
11 dpf larvae using a targeted LC-MSMS amino acid panel
(Figure S11). MetaboAnalyst 3.0 (Xia and Wishart 2002; Xia

et al. 2015) was used to study two different batches of
aldh7a1-null mutants (Mut1 and Mut2) compared with their
respective batches of WT siblings (WT1 andWT2). Results of
relative quantification (fold change) are shown in Figure S11
as a clustered heatmap visualization distinguishing WT and
mutant samples based on patterns of cooccurrence of metab-
olites. One-way ANOVA and Tukey’s post hoc analysis of the
four sample groups indicated 11 metabolites with statistical
difference (Figure 6A). Four analytes showed consistently
low levels in the two batches of aldh7a12/2 larvae compared
to the two batches of WT larvae (Figure 6B): GABA,
2-aminobutyric acid, taurine, and methionine. The opposite
pattern, high levels in mutants compared to WT, was found
for seven compounds: P6C, saccharopine (SAC), pipecolate
(PIP), tyrosine, b-alanine, serine, and citrulline.

Patients affected with PDE accumulate the toxic ALDH7A1
substrates AASA and P6C (Figure 1), which constitute both the
main disease biomarkers and pathogenic drivers. Mutants

Figure 4 Pyridoxine (Pyr)-dependent epilepsy in aldh7a12/2 larvae. Pyridoxal 59-phosphate (PLP) treatment promoted dose-dependent increase in
survival of mutant larvae (A). Pyr treatment also led to prolonged life span of the null-mutants, with 100% survival until juvenile stage (5 and 10 mM
daily) (B). In both cases, experiments were terminated at 40 days postfertilization (dpf) and consisted of n = 5 individuals per group except for untreated
aldh7a12/2 (n = 12). Representative movement traces obtained from Zebralab software showing in red, high-speed, green, intermediate, and black,
slow movements for mutants and their wild-type (WT) siblings, untreated and treated with Pyr 10 mM (C). Movement analysis using Zebralab showing
duration (D) and distance traveled in high-speed movements (E). Blinded analysis of baseline (F) and light stimulus (G) video recordings classified the
behavior in seizure scores as described previously. N = 16 aldh7a12/2 untreated, n = 8 aldh7a12/2 + Pyr 10 mM, n = 16 WT untreated, and n = 8 WT +
Pyr 10 mM (D–G). Total event duration of the electrographic seizure-like bursts (H) and total number of such events (I) observed in a window of 5 min for
n = 5 WT siblings, n = 5 untreated aldh7a12/2, and n = 9 aldh7a12/2 treated with Pyr 10 mM. Examples of traces of treated mutants showing
magnification of one burst are shown in “i” (J). Western blot probing with anti-c-Fos and anti-ALDH7A1 antibodies (K); each lane corresponds to protein
extracts of a single larva. Asterisks indicate statistical significance (* P , 0.05, ** P , 0.01, and *** P , 0.001) based on ANOVA test with Tukey’s post
hoc pairwise tests. Error bars represent 6 SD. All experiments were performed comparing aldh7a12/2 and its WT siblings. Electrophysiology measure-
ments were performed using four different batches of larvae.

1510 I. A. Pena et al.

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.300137/-/DC1/FigureS11.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.300137/-/DC1/FigureS11.pdf


accumulated AASA and P6C in the micromolar range in con-
trast to healthy heterozygous and WT larvae, in which this
compound was undetectable (Figure 2 and Figure 6). Another
lysine metabolite found elevated in a number of PDE patients
is PIP (Plecko et al. 2005; Dalazen et al. 2014), possibly formed
directly from the excess of P6C via the enzyme piperideine-5-
carboxilic reductase (Figure 1) (Struys and Jakobs 2010;
Neshich et al. 2013; Pena et al. 2017). PIP was also found to
be elevated in mutant fish compared to controls (Figure 6B).
To date, no publications have described the levels of SAC in
PDE patients; SAC is the metabolite immediately upstream of
AASA and P6C in the lysine degradation pathway. Here, we
found 10-fold greater SAC levels (Figure 6B) in mutant larvae
compared to controls. Elevated P6C levels could have reduced
the catabolic flow via the SAC dehydrogenase domain of the
aminoadipic semialdehyde synthase enzyme (Figure 1). It is
possible that SAC can be used as a potential novel biomarker
for PDE diagnostics and/or monitoring of lysine degradation.

The amino acids shown in Figure 6B and that are not di-
rectly involved with the lysine degradation pathway are

potentially related to PLP-dependent enzymes for their
synthesis or catabolism (Mills et al. 2011). Serine, for exam-
ple, was found to be increased in the plasma of pyridoxamine
59-phosphate oxidase (PNPO)-deficient patients [another
disease leading to B6 deficiency (Mills et al. 2014)], and
one hypothesis for its increase could be due reduced catabo-
lism via serine dehydratase, a PLP-dependent enzyme (Mills
et al. 2011). In addition, the diet provided to the zebrafish
larvae might play an important role in the amino acid levels
and patterns observed. Thus, rotifers (B. plicatilis) are rich in
most amino acids (Srivastava et al. 2006) except for methio-
nine, tryptophan, GABA, and citrulline. The amino acids
obtained from their diet could have affected their metabolism
through local or systemic B6 deficiency.

The conjugation of the accumulated P6C to PLP has been
suggested to lead to the depletion of the latter, causing PLP
deficiency (Mills et al. 2006). Therefore, we investigated if
untreated mutants at 11 dpf would display lower systemic
levels of PLP, as well as other vitamin B6 vitamers.We observed
no significant changes in the levels of pyridoxine (Pyr),

Figure 5 Early seizure onset and death following Lysine (Lys) treatment. Survival of aldh7a12/2 and wild-type (WT) siblings after 48 hr of exposure with
Lysine 20 mM (A) started at days 6, 7, or 8 days postfertilization (dpf). Survival of aldh7a12/2 and WT siblings after 48 hr of treatment with Lys with or
without daily Pyridoxine 10 mM (Pyr) treatments (B). Survival experiments were terminated at 20 dpf. Video analysis of 9-dpf larvae after 24 hr of
treatment with Lys 20 mM, Pyr 10 mM, or both, showing significant increase in duration (C) and distance moved (D) in high-speed movements after light
stimulus. Representative movement traces obtained from the Zebralab software at 9 dpf (24 hr after Lys treatment) showing the presence of larvae with
hyperactivity and high-speed movements (red) (E). Blinded analysis of the same videos analyzed in (C–E) showing classification of each fish by seizure
scores (S0, S1, S2, and S3), n = 8 larvae per group, except for mutant + Lys 20 mM where two fish died during the first 24 hr of treatment (F). Asterisks
on top of the graph indicate statistical significance according to one-way ANOVA test [P = 0.0081 in (C) and P = 0.0060 in (D)] and asterisks comparing
each pair of samples reflect Tukey’s post hoc pairwise tests (* P , 0.05 and ** P , 0.01). Error bars represent 6 SD.
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Figure 6 Targeted mass spectrometry allowed the identification of several amino acid perturbations when comparing two different batches of aldh7a1-
null mutants (Mut1 and Mut2) and their WT siblings (WT1 and WT2). (A) Graphical summary of one-way ANOVA analysis comparing the four groups of
samples, using P-value cutoff of 0.05. Metabolites identified with statistically significant changes are shown in red and labeled. (B) box and whisker plots
summarize the normalized values (mean fold change6 SD) for the metabolites shown in red in (B) significantly different between the two batches of WT
and Mut. For this experiment, polar metabolite extracts of three pools (five 11-days postfertilization larvae each) were used for each group. GABA,
g-aminobutyric acid; P6C, piperideine 6-carboxylate; WT, wild-type.
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pyridoxamine (PM), 4-pyridoxic acid, and Pyr 59-phosphate
(data not shown), but the null-mutants showed a statistically
significant reduction in the levels of pyridoxal (PL, P= 0.0094,
Figure 7A) and pyridoxamine 59-phosphate (PMP, P= 0.0013,
Figure 7B), and a reduction of PLP that almost reached sta-
tistical significance (P = 0.0628 Figure 7C) based on a Stu-
dent’s t-test. P6C is known to react with PLP and we expected
to see mainly low PLP levels. Therefore, the large reductions
of PMP and PL were unexpected. A possible condensation
reaction between P6C or AASA and PMP or PLP has not been
previously suggested. It is possible that reduced PL and PMP
levels are due to a higher metabolic flux through the enzymes
pyridoxal kinase and PNPO to replenish PLP. Since PL and
PMP are direct precursors of PLP, transient PLP deficiency or
local cerebral deficiency might possibly be occurring, despite
its systemic levels appearing to be reduced by only !30%.

Vitamin B6 deficiency is believed to be the main cause of
seizures in PDE, as they are readily alleviated by Pyr treat-
ment. One possible biological interpretation is based on the
fact that PLP is the cofactor for glutamate decarboxylase
(GAD), the enzyme responsible for synthesis of the central
inhibitory neurotransmitter GABA (Figure 7D). Given that a
sustained decrease in GABA levels can lead to seizures
(Treiman 2001), it may be that a PLP-dependent reduction
in the levels of active GAD (GADPLP) and thus in GABA levels,
either locally in the brain or systemically, may underlie this
key clinical feature of PDE (Figure 7D). In keepingwith this, a
previous study using skin fibroblasts isolated from PDE pa-
tients has suggested that these cells have impaired GABA
synthesis compared to cells from healthy individuals
(Gospe et al. 1994). We observed a reduction of !50% of
the levels of GABA in the 11-dpf aldh7a1-null mutants com-
pared to controls in two different batches, as shown in Figure
6B. Therefore, assessed mutant larvae systemic GABA levels
with or without Pyr treatment during the period that seizures
are observed (i.e., 11 dpf). As shown in Figure 8A, untreated
aldh7a12/2 larvae displayed a twofold reduction in systemic
GABA levels relative to controls, and these levels were nor-
malized under Pyr treatment.

We also observed that Pyr treatment did not significantly
change the lysine degradation metabolite levels (PIP and
SAC), but that P6C levels were reduced not normalized
(Figure 8, B–D). Lysine levels were not significantly changed
(ANOVA, data not shown). We also observed a strong corre-
lation between P6C and lysine (Pearson’s r = 0.8442, P ,
0.0001), P6C and SAC (r = 0.8941, P , 0.0001), and P6C
and PIP (r = 0.874, P , 0.0001) over measurements in two
sets of mutant fish (data not shown). These results demon-
strate a clear disruption of the lysine metabolic flow in the
aldh7a12/2 larvae, which is not rescued by Pyr treatment,
reflecting what is seen in PDE patients.

We also investigated if there would be fewer GABAergic
neurons in the larval brain at 11 dpf, given that such cells
would likely be affected by persistent seizures, as previously
reported in several models of other types of epilepsy (Tóth
et al. 2010; Tóth and Maglóczky 2014). We did not observe a

significant difference in the number and organization of
calretinin-positive cells in the telencephalon, diencephalon,
mesencephalon, or rhombencephalon (Figure S12). Other
GABA interneuron subpopulations might still be changed
and this will be further investigated. It is possible that the
strong regenerative capacity of the zebrafish brain may pre-
clude the observation of slight decreases. Additionally, we did
not observe a statistically significant difference between
mRNA levels of gad1b and gad2 by quantitative PCR when
comparing WT and null-mutant larvae at 11 dpf (data not
shown). These results may suggest that reduced PLP (or its pre-
cursors) leads to reduced GABA synthesis in the aldh7a12/2

brain due to lowered GAD activity, rather than reduced GABA
synthesis secondary to a loss of GABAergic neurons (here
investigating the calretinin-positive population) or low GAD
expression.

Discussion

PDE was initially described over 60 years ago (Hunt et al.
1954); we now present the first animal model of PDE, a
zebrafish null for aldh7a1, manifesting dysregulated lysine
metabolism with spontaneous seizure activity and premature
death in the larval stage. The epileptic phenotype was re-
sponsive to Pyr and PLP treatments, which prolonged life
span. The mutant fish accumulated the Aldh7a1 substrates
AASA and P6C (Figure 1 and Figure 2) (the main PDE bio-
markers); in contrast, morpholino-based knockdown of
Aldh7a1 resulting in !13% of normal protein levels did not
result in either the accumulation of AASA/P6C (Figure S3) or
any discernible larval phenotype. Thus, approximately one-
tenth of normal Aldh7a1 activity may catalyze sufficient ox-
idation of AASA/P6C, preventing their accumulation to the
toxic threshold that triggers PDE. In keeping with this obser-
vation, measurement of several heterologously-expressed
missense-mutated Aldh7a1 proteins (pathogenic variants)
in Escherichia coli were associated with , 3% of activity
(Coulter-Mackie et al. 2012). For example, the E399Q muta-
tion, which accounts for . 30% of the published human
disease alleles (Plecko et al. 2007; Bennett et al. 2009;
Mills et al. 2010), was reported to result in null Aldh7a1
enzymatic activity in overexpression assays using Chinese
Hamster Ovary cells (Mills et al. 2006). These observations
demonstrate the necessity of an aldh7a1-null model to study
the pathogenesis of this rare condition in both the untreated
and treated state.

Untreated aldh7a12/2 mutant fish consistently displayed
spontaneous seizures with convulsive behavior starting at
10 dpf and early death by 14 dpf. The reason why the seizure
onset is consistently at 10 dpf remains unknown but some
scenarios can be proposed. The maturation of the blood–
brain barrier (BBB) has been demonstrated to occur in zebra-
fish from 3 to 10 dpf (Fleming et al. 2013). It is possible that
the trapping of cerebrally-produced AASA and/or P6C (if
impermeable to the BBB) after complete BBB maturation at
10 dpf could lead to seizure onset. A second possible scenario
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could be that certain specific neuronal populations, more
prone to seizures, might develop !10 dpf. A third scenario
could be that excess vitamin B6 that is maternally inherited
and deposited in the yolk sac is depleted by PLP–P6C conju-
gation until 10 dpf. Finally, it may be that the seizure onset
!10 dpf simply occurs due to the fish obtaining lysine from
their diet and thus reaching a threshold of AASA/P6C levels
needed for PLP depletion [similar to what is hypothesized to
occur in hyperprolinemia Type II (Farrant et al. 2001)]. Sup-
port for the threshold hypothesis comes from our observation
that lysine supplementation accelerates seizure behavior and
death (Figure 5). Pyr cotreatment was sufficient to rescue the
larvae from seizures and mortality, in keeping with seizures
that are indeed triggered by accelerated Pyr deficiency.

In our genetic model, tectal recordings revealed a complex
electrographic seizure pattern resemblingwhat is observed in
mammalian models and in previously reported zebrafish
epilepsy models (Baraban et al. 2013; Zhang et al. 2015;
Grone et al. 2016; Sourbron et al. 2016). The observed elec-
troencephalogram (EEG) profile in the aldh7a12/2 larvae
consisted of frequent/brief interictal-like bursts and sponta-
neous ictal-like events with large-amplitude (minimum
threefold higher than interictal-like) and long-duration
spikes of electrical activity (hundreds of milliseconds), simi-
lar to seizure activity that is induced by the convulsing agent
pentylenetetrazol (PTZ) (Baraban et al. 2005). Both electro-
graphic spontaneous seizures and the convulsive-like behav-
ior halted with Pyr (Figure 4), and the expression of c-Fos, an
indicator of high neuronal activity and a gene highly
expressed during seizures (Dragunow and Robertson 1987;
Baraban et al. 2005; Teng et al. 2011), normalized. With-

drawal of Pyr treatment in fish larvae led to convulsive be-
havior and death within a week; seizure recurrence occurs
between 1 and 51 days after withdrawal in PDE patients
(Plecko et al. 2005; Mills et al. 2010; Yang et al. 2014). In-
terestingly, we observed the rapid intensification of larval
convulsive behavior by light in untreated fish, and bursts of
spikes without associated convulsive behavior could be in-
duced even in treated fish (Figure S10). Photosensitive sei-
zures have been observed in three molecularly-confirmed
PDE patients based on clinical history, but photic stimulation
via EEG studies has not yet been performed (personal com-
munication, CDMvK). Families have also reported photosen-
sitivity and/or light-triggered seizures in PDE patients
(especially after exposure to flashes and intense light) de-
spite Pyr treatment (personal communication with the Pyri-
doxine Dependent Epilepsy parent support group). In
addition, several EEG abnormalities have been reported in
PDE patients, which may remain despite B6 treatment
(Mikati et al. 1991; Naasan et al. 2009; Bok et al. 2010;
Schmitt et al. 2010; van Karnebeek and Jaggumantri
2015). More than three-quarters of individuals with PDE
have or develop neurodevelopmental disabilities; whether
this is a result of persistent subclinical EEG abnormalities,
some other toxic effect of the elevated P6C, or some non-
lysine-related function of ALDH7A1 remains to be deter-
mined. It may be that long-term behavioral and EEG
phenotyping of our Pyr-treated mutant fish as they reach
adulthood could shed light on this question.

In PDE, it is proposed that the accumulated levels of P6C
undergo spontaneous Knoevenagel condensation with PLP,
forming an inactive complex (P6C–PLP) that reduces the

Figure 7 B6 vitamers are changed
in aldh7a12/2 larvae compared to
WT siblings. Lower levels of PL (A),
PMP (B), and PLP (C) were ob-
served in the null-mutants com-
pared to WT according to liquid
chromatography-mass spectrome-
try analysis using polar metabolite
extracts (three replicates of six lar-
vae pools). Asterisks indicate statis-
tical significance according to
Student’s t-test (* P , 0.05 and **
P, 0.01). Error bars represent6 SD.
Possible mechanism for low GABA
levels observed in the mutant lar-
vae correlating with lower B6
vitamer levels (D), with potential re-
duction in the conversion levels of
the inactive apo-form of GAD (and
other PLP-dependent enzymes) to
their catalytically active holo-form
(GADPLP) by the covalent attach-
ment of PLP. GABA, g-aminobutyric
acid; GAD, glutamate decarboxylase;
PL, pyridoxal; PMP, pyridoxamine
59-phosphate; PLP, pyridoxal 59-
phosphate; WT, wild-type.
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available PLP (Mills et al. 2006) in the CNS, and possibly
systemically. PLP acts as a cofactor for over 140 enzymes,
several of which are involved in amino acid and neurotrans-
mitter metabolism (Percudani and Peracchi 2003; Clayton
2006); thus, it is not surprising that the neurodevelopmental
and functional impact is significant. A similar impact is seen
in children with Pyr-responsive epilepsy secondary to PNPO
(MIM #610090) deficiency (Mills et al. 2005) or proline syn-
thetase cotranscribed homolog (PROSC, MIM #617290)
gene mutations (Darin et al. 2016). In both cases, it is be-
lieved that reduced PLP availability underlies the pathogenesis;
specifically, due to reduced PLP synthesis in PNPO deficiency
(Mills et al. 2005), and likely impaired cellular PLP homeostasis
for PROSC deficiency (Darin et al. 2016). In hyperprolinemia
type II (MIM #239510), a similar PLP (and likely other B6
vitamers) condensation with 1-pyrroline-5-carboxylate (struc-
turally related to P6C) is observed, leading to low plasma PLP

levels and infantile seizures (Farrant et al. 2001). These disor-
ders effectively capture the detrimental effects of functional
PLP depletion. Correspondingly, we have observed a series of
perturbations in amino acid levels, which might be related to
low activity of PLP-dependent enzymes or deficient lysine me-
tabolism (Figure 6).

It has been hypothesized that PLP deficiency leads to
seizures secondary to its impact on a particularly important
PLP-dependent enzyme, GAD, which is responsible for the
biosynthesis of GABA, the main cerebral inhibitory neuro-
transmitter. Indeed, low GABA production due to PLP
deficiency was proposed as the underlying mechanism for
Pyr-dependent seizures long before the discovery of the ge-
netic causes of PDE (Kurlemann et al. 1992; Gospe et al. 1994;
Goto et al. 2001). However, measurement of GABA and PLP
levels in PDE patients have yielded inconsistent results: low
CSF/cerebral levels found in two studies (Lott et al. 1978;

Figure 8 GABA levels are normalized by Pyr
treatment but lysine metabolites are mostly
unaffected in aldh7a12/2 larvae. Mass spec-
trometry analysis of lysine metabolites in po-
lar metabolite extracts was obtained from
three pools of 11-days postfertilization larvae
(six individuals each pool) per experimen-
tal condition; GABA (A), P6C (B), SAC (C),
and PIP (D). Asterisks indicate statistical sig-
nificance according to one-way ANOVA
Tukey’s post hoc tests (* P , 0.05, ** P ,
0.01, *** P, 0.001, **** P, 0.0001). Error
bars represent 6 SD. GABA, g-aminobutyric
acid; P6C, piperideine-6-carboxylate; PIP,
pipecolic acid; Pyr, pyridoxine; SAC, saccha-
ropine; WT, wild-type.
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Mills et al. 2011) and normal CSF, plasma, and urine levels
reported by others (Goto et al. 2001; Footitt et al. 2013). One
possible limitation in the investigation of PLP and GABA lev-
els in patients is that the ongoing B6 treatment and B6 ad-
ministration regimen may mask persistent depletions. In
addition, PLP and GABA depletion in PDE may be localized
to specific brain compartments and intracellular changesmay
not necessarily be captured using CSF measurements. By
studying untreated aldh7a12/2 fish, we observed a reduction
of B6 vitamers (PLP, PMP, and PL) (Figure 7), and an approx-
imate halving of systemic GABA levels relative to WT siblings
(Figure 6 and Figure 8). Furthermore, the unanticipated ob-
servation of low PMP and PL levels (!1.8-fold and threefold
reduction, respectively) might indicate the novel possibility
of AASA and/or P6C reacting with these B6 vitamers leading
to their inactivation. Another possibility might be that PL and
PMP are being rapidly metabolized by the enzymes pyridoxal
kinase and PNPO in the body’s homeostatic attempt to re-
plenish PLP and thus have reduced levels. Not surprisingly,
several other amino acids also showed significant change,
and it is possible that many other metabolic pathways are
disturbed in Aldh7a1 deficiency. Ultimately, GABA levels in
the mutants normalized remarkably under Pyr treatment
(Figure 8)and the seizure phenotype was halted (Figure 4).

There are no other reports of animal models for aldh7a1-
deficiency or PDE in the literature, but other genetic or phar-
macological models displaying Pyr-responsive seizures (PRS)
have been described. For example, Ginkotoxin acts as an inhib-
itor of PLP synthesis and ginkotoxin-phosphate as a competitive
inhibitor for PLP (Lee et al. 2012). Zebrafish larvae (5–7 dpf)
treated with ginkotoxin develop seizure-like behavior that is
reversed by PLP and/or GABA treatment, further supporting a
role of PLP and GABA deficiency in seizure pathogenesis (Lee
et al. 2012). The PLP ecto-phosphatase activity of the enzyme
TNSALP (tissue-nonspecific alkaline phosphatase, OMIM
#171760) is likely related to the PRS observed in TNSALP de-
ficiency (Weiss et al. 1988). Mice deficient for TNSALP display
seizures and early death by 2 weeks of age, with low PLP and
GABA levels (50% reduction) detected in the brain as the po-
tential epilepsy-triggering mechanism (Waymire et al. 1995).
Imbalance in GABA levels could be possibly related to the sei-
zure phenotype in these diseases, in PDE, and in our zebrafish
model. It is also possible that other metabolites altered as a
consequence of Aldh7a1 deficiency and/or PLP deficiency can
also play a role in seizures, and this will be studied in the future.
Additional studies investigating levels of other neurotransmit-
ters and other AASA/P6C toxicity effects could also provide
alternative and/or complementary explanations for the mecha-
nisms underlying seizure occurrence.

In conclusion, the aldh7a12/2 fish constitute a faithful
model for PDE and thus represent an important tool for an
improved understanding of PDE pathogenesis. Given the Pyr
dependency of the animals, there will be opportunities to
study the pathogenesis and biochemistry of this disease,
not only in larvae but in juvenile and adult stages as well.
One unique advantage is the “drug inducibility” of ourmodel,

i.e., the ability to withdraw Pyr treatment at any given time
and study the dynamics of PDE pathogenesis. Although our
analysis strongly suggests that the primary driver of PDE
pathogenesis arises from AASA/P6C accumulation due to
Aldh7a1 ablation, impairment in other functions of this en-
zyme [e.g., involvement in oxidative stress (Brocker et al.
2011), osmotic stress (Brocker et al. 2010), and cell
growth/DNA protection (Chan et al. 2011)] may also play a
role. Our results also give further support to the theory that
lysine, in excess, is toxic for PDE patients. Finally, our
model can now be used for drug screening and testing of
new therapies, to potentially identify drugs that can add to
the pyridoxine treatment to further control seizure activity
and improve the neurodevelopmental outcomes for these
children.
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 82 

Abstract 83 

Biallelic mutations in PLPBP (formerly PROSC) have recently been shown to cause a novel 84 

form of vitamin B6-dependent epilepsy, the pathophysiological basis of which is poorly 85 

understood. When left untreated, the disease can progress to status epilepticus and death in 86 

infancy. Here we present 12 previously undescribed patients and seven novel mutations in 87 

PLPBP. Provisional diagnoses prior to identification of PLPBP pathogenic variants included 88 

mitochondrial encephalopathy (two patients), folinic acid-responsive epilepsy (one patient) and a 89 

movement disorder compatible with AADC deficiency (one patient). The encoded protein, 90 

PLPHB is believed to be crucial for B6 homeostasis. We modelled the pathogenicity of the 91 

mutations and developed a clinical severity scoring system. The most severe phenotypes were 92 

Page 5 of 80

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support (434) 964 4100

Brain



For Peer Review

 

4 
 

associated with mutations leading to loss of function of PLPBP or significantly affecting protein 93 

stability/PLP-binding. To further explore the pathophysiology of this disease, we developed the 94 

first zebrafish model of PLPHP deficiency using CRISPR/Cas9. Our model recapitulates the 95 

disease, with plpbp-/- larvae showing behavioral, biochemical, and electrophysiological signs of 96 

seizure activity by 10 days post-fertilization and early death by 16 days post-fertilization. 97 

Treatment with pyridoxine significantly improved the epileptic phenotype and extended lifespan 98 

in plpbp-/- animals. Larvae had disruptions in amino acid metabolism as well as GABA and 99 

catecholamine biosynthesis, indicating impairment of PLP-dependent enzymatic activities. Using 100 

mass spectrometry, we observed significant B6 vitamer level changes in plpbp-/- zebrafish, 101 

patient fibroblasts and PLPHP deficient HEK293 cells. Additional studies in HEK293 cells and 102 

yeast provide the first empirical evidence that PLPHP is localized in mitochondria and may play 103 

a role in mitochondrial metabolism. These models provide new insights into disease mechanisms 104 

and can serve as a platform for drug discovery.  105 

 106 

Keywords: 107 

PLPBP, PROSC, epilepsy, pyridoxine, vitamin B6-responsive epilepsy. 108 

 109 

Abbreviations: 110 

3MT = 3-methoxytyramine; 5-HIAA = 5-hydroxyindoleacetic acid; 5-HTP = 5-111 

hydroxytrytpophan; AADC = Aromatic l-amino acid decarboxylase; ADR = adrenaline; AED = 112 

anti-epileptic drug; B6RD = (Vitamin) B6-responsive disorder; DOPE = discrete optimized 113 

protein energy; dpf = days post-fertilization; HMA-PAGE = heteroduplex melting assay 114 

polyacrylamide gel electrophoresis; LOF = loss of function; MR = magnetic resonance; NAD = 115 

nicotinamide adenine dinucleotide; PA = 4-pyridoxic acid; PL = pyridoxal; PLP = pyridoxal 5’-116 

phosphate; PLPBP = PLP binding protein; PLPHP = PLP homeostasis protein; PM = 117 

pyridoxamine; PMP = pyridoxamine 5’-phosphate; PN = pyridoxine; PNP = pyridoxine 5’-118 

phosphate; PTZ = pentylenetetrazol; TIM = typical  triosephosphate isomerase;  WT = wild type. 119 

 120 

 121 

 122 
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 123 

Introduction 124 

The vitamin B6-responsive disorders (B6RDs) are a clinically and genetically heterogeneous 125 

group of rare, autosomal recessive conditions (Clayton, 2006) with the hallmark feature of 126 

seizures uniquely responsive to treatment by the B6 vitamers pyridoxine (PN) and/or pyridoxal-127 

5’-phosphate (PLP) (Baumgartner-Sigl et al., 2007; Basura et al., 2009). PLP is a cofactor for 128 

over 140 enzymes, including some involved in glucose, lipid and amino acid metabolism (John, 129 

1995; Percudani and Peracchi, 2003; Eliot and Kirsch, 2004), and for the synthesis of 130 

neurotransmitters, making it an essential vitamer for normal brain function (Surtees et al., 2006). 131 

The B6RDs are characterized by recurrent seizures in the prenatal, neonatal, or postnatal period 132 

and are resistant to anti-epileptic medication (Walker et al., 2000; Mills et al., 2005; Mills et al., 133 

2006; Baumgartner-Sigl et al., 2007). Intellectual disability, behavioral abnormalities, 134 

psychiatric disturbances, as well as abnormalities in brain structure and myelination are 135 

frequently observed (Stockler et al., 2011), and if untreated, B6RDs may lead to status 136 

epilepticus and death (Gospe, 2017). B6RDs have been attributed to a number of gene mutations 137 

disrupting B6 metabolism, including those leading to the accumulation of toxic metabolites that 138 

inactivate PLP (ALDH7A1 (MIM#266100), ALDH4A1, (MIM#239510)), those interfering with 139 

the interconversion of B6 vitamers (PNPO (MIM#610090), TNSALP (MIM#171760) (Hamosh 140 

et al., 2005; Mills et al., 2005; Clayton, 2006; Mills et al., 2006; Stockler et al., 2011) and with 141 

PLP homeostasis ((PLPBP (encoding PLP homeostasis protein, PLPHP), MIM#604436, 142 

previously named “PROSC”) (Darin et al., 2016; Plecko et al., 2017). 143 

 144 

In bacteria (YggS) and yeast (YBL036C), the PLPHP orthologous structures show PLP 145 

covalently bound to a lysine residue, phosphate-binding motifs and a typical triosephosphate 146 

isomerase (TIM)-barrel domain (Eswaramoorthy et al., 2003; Ito et al., 2013). The purified 147 

human PLPHP is also bound to PLP in the native state but still, little is known about the 148 

molecular function of this protein (Tremino et al., 2018). Studies in YggS-deficient Escherichia 149 

coli revealed growth impairment and disrupted amino and keto acid homeostasis (Ito et al., 2013; 150 

Prunetti et al., 2016). In cyanobacteria, it has been suggested that the C-terminal helix may play 151 

a role in PLP exchange with apoenzymes (Tremino et al., 2017). B6 vitamer levels were 152 
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significantly altered in human PLPHP loss-of-function (LOF), and it has been hypothesized this 153 

protein has a key role in B6 homeostasis (Darin et al., 2016; Prunetti et al., 2016), possibly 154 

acting as a PLP-carrier that prevents PLP from reacting with other molecules, supplying it to 155 

dependent enzymes and/or protecting from phosphatases.  156 

 157 

PLPHP deficiency in humans is manifested by early-onset intractable seizures responsive to PN 158 

and/or PLP, developmental delay, and structural brain abnormalities, most notably simplified 159 

gyral pattern and cyst-like structures adjacent to the anterior horns (Darin et al., 2016). The 160 

genotypic and phenotypic spectra of this disease are not yet fully delineated, and the mechanisms 161 

through which seizures and other symptoms manifest are not known. We undertook a 162 

comprehensive genetic and biochemical study of PLPHP deficiency in a cohort of 12 previously 163 

undescribed patients. To better characterize the pathophysiology of this neurometabolic disease, 164 

we generated knockout models in zebrafish (Danio rerio), yeast (Saccharomyces cerevisiae) and 165 

HEK293 cells which provided insights on the biochemical consequences of PLPHP deficiency.  166 

 167 

Materials and methods 168 

Patients 169 

This study was approved by the clinical research ethics board of BC Children's and Women's 170 

Hospital, University of British Columbia (H12-00067), the Children’s Hospital of Eastern 171 

Ontario Research Ethics Board, and local institutional review boards at the University of 172 

Colorado. Many of the patients were recruited through international collaboration as part of an 173 

ongoing TIDEX neurometabolic gene discovery project (Tarailo-Graovac et al., 2016). After 174 

obtaining signed informed parental consent, referring clinicians provided detailed reports of 175 

clinical, MRI and EEG features of study patients.  176 

 177 

Whole-exome sequencing, Sanger sequencing and in silico analysis 178 

Detailed descriptions of whole-exome sequencing, bio-informatic analyses, Sanger sequencing 179 

and in silico analysis strategies are provided in the Supplementary Material. All exomes were 180 

aligned to the human reference genome, February 2009 assembly (GRCh37/hg19).  181 

 182 

Structural model of human PLPHP 183 
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The 3D model of PLPHP protein (NP_009129.1) was obtained by homology modelling using 184 

MODELLER (Webb and Sali, 2014) and the yeast ortholog (YBL036C, PDB 1CT5, 185 

(Eswaramoorthy et al., 2003), 41% identical, 57% similar) as template. DOPE (discrete 186 

optimized protein energy) score was used to select the best model for subsequent refinement 187 

using Coot (v0.8.6.1, (Emsley et al., 2010)). Prosa-Web (Wiederstein and Sippl, 2007) and 188 

Coot’s Ramachandran plot analysis module were used to validate model quality. PyMOL 189 

(Schrodinger, 2015) was used for structural superimposition of the human PLPHP model with 190 

yeast 1CT5, and the coordinates of the PLP co-crystalized with the yeast ortholog were 191 

transferred to the PLPHP model, covalently bound to p.Lys47. Images were prepared using 192 

PyMOL. Arpeggio was used to calculate contacts (Jubb et al., 2017). DUET (Pires et al., 2014) 193 

was used to calculate stability changes. 194 

 195 

Clinical severity score 196 

We assessed the clinical severity of patients within this study and previous studies (Darin et al., 197 

2016; Plecko et al., 2017) based on published data. We adapted a scoring system of patients with 198 

B6RD due to mutations in ALDH7A1 (Al Teneiji et al., 2017). The following criteria were used: 199 

A) global and/or intellectual delay: 0=normal; 1=mild; 2=moderate; 3=severe; B) age of onset of 200 

seizures and/or movement disorder: 0=absent; 1=>1month; 2=≥7 days; 3=<7 days; C) 201 

therapeutic response: 0=full response on <200mg B6 (PN and/or PLP) total daily AND 202 

normalization of EEG (if available); 1=no clinical seizures or abnormal movements on higher 203 

dose, with or without electrographic normalization OR clinical response to lower dose but still 204 

with abnormal EEG; 2=no seizures with B6 (any dose) AND other medication, with or without 205 

EEG normalization; 3=breakthrough seizures and/or persistent movement disorder, no 206 

responsiveness. We calculated the sum of each clinical feature, and classified as mild (1-3), 207 

moderate (4-6) or severe (7-9)(Al Teneiji et al., 2017).  208 

 209 

PLPHP overexpression in HEK293 cells and sample preparation for 210 

immunofluorescence 211 

HEK293 cells were seeded in 6-well plates containing coverslips and transfected with a plasmid 212 

encoding Myc-DDK-tagged PLPBP (Origene, RC200853, C-terminal) using Lipofectamine 213 

following  manufacturer specifications (4µg DNA and 15µL Lipofectamine). Cells were fixed in 214 
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pre-warmed 2% paraformaldehyde in PBS/0.1% Triton X-100 at 37°C for 20 minutes. After 215 

washing with PBS, free aldehyde groups were blocked by incubating for 10 minutes in 0.1 M 216 

NH4Cl in PBS. After washing with PBS, coverslips were blocked for 30 minutes with 1% BSA 217 

in PBS. Primary antibodies (mouse anti-DDK monoclonal (Origene, TA50011, 1:1000) and a 218 

rabbit polyclonal against human citrate synthase [N2C3] (GeneTex, GTX110624, 1:1000) were 219 

diluted in PBS containing 1% BSA and incubated for 45 minutes. Secondary antibodies (FITC-220 

Goat anti-mouse IgG (Origene, TA130014, 1:60) and Texas Red-goat anti-rabbit IgG (H+L) 221 

(ThermoFisher, T-2767, 1:1000)) were diluted in PBS containing 1% BSA and incubated for 30 222 

minutes.  223 

 224 

Yeast strains and culture conditions 225 

Saccharomyces cerevisiae BY4742 (MATα his3∆1 leu2∆0 lys2∆0 ura3∆0) was used as Wild 226 

Type (WT) strain along with the derivative strains: fox1::KAN, carrying a deletion of 227 

peroxisomal acyl-CoA oxidase and ybl036C::KAN mutant (Euroscaft).  Yeast strains and 228 

transformants containing the expression plasmids pPROSC1a and pPROSC2a (human PLPBP) 229 

were selected and grown in minimal medium containing 6.7 g/L yeast nitrogen base without 230 

amino acids (YNB-WO), supplemented with 5 g/L glucose and amino acids (20 mg/L), and 231 

growth was measured. For the induction of peroxisome and mitochondrial proliferation, cells 232 

were shifted to ethanol (YPE) 20g/L, glycerol (YPG) 20g/L, or oleate (YPO) medium containing 233 

5g/L potassium phosphate buffer, pH 6.0, 3g/liter yeast extract, 5g/L peptone. YPO media were 234 

supplemented with 1.2 g/L oleate, and 2g/L Tween-80. Prior to shifting to these media, the cells 235 

were grown in minimal medium with 5 g/L glucose for at least 24h.  236 

 237 

Generation of mutant zebrafish lines 238 

Zebrafish were maintained following standard protocols (Westerfield, 1993), and experiments 239 

were in accordance with the animal care guidelines of the Canadian Council on Animal Care and 240 

the University of Ottawa animal care committee (protocol BL-2678) and the ARRIVE guidelines 241 

(Kilkenny et al., 2012). Handling, treatments, husbandry and nursery were performed as outlined 242 
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previously (Pena et al., 2017).  CRISPR/Cas9 was used to induce targeted indel mutations in the 243 

plpbp gene of zebrafish embryos as previously described (Hwang et al., 2013), using ZiFit 244 

targeter (Sander et al., 2010) to select CRISPR targets and design oligonucleotides (5' 245 

TAGGTGGAGCGGGTGAATCAAG 3' and 5' AAACCTTGATTCACCCGCTCCA 3') in the 246 

first exon. The target was chosen as having the fewest predicted off-targets (minimum three 247 

mismatches with any predicted off-target sequence). Generation of the sgRNA and 248 

CRISPR/Cas9 injection, as well as screening for mutants by PCR/HMA-PAGE, were performed 249 

as previously described (Zhu et al., 2014; Pena et al., 2017). Genotyping PCR was performed as 250 

described in (Kosuta et al., in press) and in Supplementary Material. F0 larvae were raised to 251 

adulthood and backcrossed with WT to generate heterozygous F1 fish. These were again 252 

backcrossed with WT to minimize off-targets. Experimental animals were obtained by crossing 253 

F2 heterozygotes. 254 

 255 

Behavioral phenotyping 256 

Sixteen 11 days post-fertilization (dpf) larvae per group were dispensed (one per well) in 48-well 257 

flat-bottomed culture dishes (Corning) containing 500µL of system water. Behavior was 258 

monitored as previously described (Pena et al., 2017) using a ZebraBox system (ViewPoint 259 

Behavior Technology). Videos were also analyzed blindly by two observers to classify seizure 260 

scores using the S0-S3 system (Baraban et al., 2005).  261 

 262 

Electrophysiology and c-fos expression 263 

Electrophysiological local field potential recordings of activity in the optic tectum of five 11dpf 264 

larvae per group selected randomly were obtained as previously described (Pena et al., 2017). 265 

Since c-fos expression can be used as a biomarker for increased neuronal activity and is known 266 

to increase with seizure activity (Baraban et al., 2005), we measured c-fos mRNA expression in 267 

pools of five 11dpf larvae (mutants and WT) as well as in WT larvae treated with 15mM 268 

pentylenetetrazol (PTZ) as a positive control. RNA was extracted, reverse transcribed and 269 

quantified by qPCR as previously described (Pena et al., 2017). Primers used were:  cfos-F 5’ 270 

AACTGTCACGGCGATCTCTT 3’ and cfos-R 5’ TCTTCTGGAGAAAGCTGTTC 3’ with β-271 

actin as internal control: actin-F 5’ CATCCATCGTTCACAGGAAGTG 3’ and actin-R 5’ 272 

TGGTCGTTCGTTTGAATCTCAT 3’). 273 
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 274 

Metabolite extraction and mass spectrometry 275 

For analysis of B6 vitamers, three pools of six 10 dpf larvae (plpbp-/-, WT) were analyzed as 276 

previously described (Pena et al., 2017). Measurement of amino acid panels was performed 277 

using three pools of five larvae per group (plpbp-/-, WT, heterozygotes) following established 278 

protocols (van der Ham et al., 2012; Pena et al., 2017), with the modification that 10 dpf larvae 279 

were fasted for 24 hours prior to collection with metabolite extraction at 11 dpf. 280 

Neurotransmitter analytes (5 pools of plpbp-/- and 4 pools of WT; 6 larvae per pool) were 281 

measured following established methods (van Vliet et al., 2015).  282 

 283 

Statistical analysis 284 

All statistical analyses and graphing were performed using GraphPad Prism. Where appropriate, 285 

one-way ANOVA with Tukey’s test, or Krustal-Wallis with Dunn’s post hoc test was performed. 286 

Student’s t-test was used for pairwise comparisons.  287 

 288 

Data availability 289 

Sequences, plasmids, cell and zebrafish lines are available upon request. All data necessary for 290 

confirming the conclusions are represented fully within the article. 291 

Results 292 

Phenotypic spectrum of patients with biallelic PLPBP mutations  293 

The 12 patients reported here presented with encephalopathic phenotypes comprising neonatal-294 

onset of refractory epilepsy (or a movement disorder in one case), with or without additional 295 

clinical features (Table 1, Supplementary Material). Of the 12 patients described in our cohort, 296 

10 showed responsiveness and improvement of seizures or abnormal movements upon institution 297 

of vitamin B6. This cohort comprised six male and six female patients from six different ethnic 298 

backgrounds. For patients 1 and 6, the pregnancy history was notable for excessive fetal 299 

movements, possibly indicating seizures in utero. Three patients experienced respiratory 300 

insufficiency after birth, of which patient 3 had the most significant progressive respiratory 301 

failure. Epileptic seizures started within the first week of life in all affected infants except patient 302 
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7, who instead presented with infantile spasm-like episodes and a movement disorder at two 303 

months of age. Tonic-clonic seizures were the most frequent seizure type, and initial EEG 304 

showed various patterns of abnormal electrographic activity with burst suppression being most 305 

common (7/11 reported). Seizures were refractory to anti-convulsive treatment in all patients 306 

(Table 1, Supplementary Material). Vitamin B6 therapy was first trialed as PN in eight patients, 307 

PLP in one patient and a combination of both vitamers in another patient (Table 1). The 308 

incomplete response to PN or PLP in patient 1 prompted the clinicians to add folinic acid to his 309 

treatment, which produced a marked reduction in seizure frequency (only two brief episodes in a 310 

three-month period), and gain of milestones. In patient 3, PLP was initially started but failed to 311 

exert sufficient seizure control, and adjuvant AED treatment was necessary. A similar picture 312 

was seen for patient 11 on PN and adjuvant AED.  313 

Patients 1 (Fig. 1), 6, 7, 8 and 9 had normal brain MR imaging studies (with the exception of 314 

mild T2-hyperintense white matter signal in the neonatal period for patient 1) (Supplementary 315 

Table 1). The remainder (6/11 in which brain imaging was done) had structural brain 316 

abnormalities (Fig. 1, Supplementary Table 1). Four patients (3, 4, 5 and 12) had simplified gyral 317 

pattern, suggesting prenatal onset of the disease and possible effect of PLPHP-deficiency on 318 

neuronal migration. In addition, these patients displayed large cysts adjacent to the anterior 319 

horns. In two patients, a lactate doublet was present in single voxel MR spectroscopy of the basal 320 

ganglia.  321 

Clinical presentations deviating from previous descriptions of this disease were also reported. 322 

Patient 7, in addition to suspected infantile-spasms, showed a prominent movement disorder and 323 

biochemical picture resembling aromatic l-amino acid decarboxylase (AADC) deficiency 324 

(MIM#608643), with no suspicious variants in DDC. Patients 4 and 5 presented with signs and 325 

symptoms suggestive of severe mitochondrial disease with fatal epileptic encephalopathy, lactic 326 

acidosis and brain white matter lesions. Both patients deteriorated rapidly and died at two and 327 

eight weeks of age, respectively, due to uncontrolled seizures and respiratory failure. In neither 328 

case was the presentation deemed typical of pyridoxine-dependent epilepsy, nor were B6 329 

vitamers administered. 330 

 331 

Genotypic spectrum, variant effect prediction and clinical severity 332 
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Eight disease-causing variants in PLPBP were identified in our patient cohort, mostly novel 333 

missense variants (Fig. 2, Supplementary Table 2). The exceptions are a novel homozygous 334 

frameshift deletion (c.370_373del) leading to a premature stop codon in two patients (5, 12) and 335 

the splice site mutation (c.320-2A>G) previously reported by Darin et al. (Supplementary Table 336 

2). To investigate potential genotype-phenotype correlations, we developed a clinical severity 337 

score to classify patients into three categories: mild, moderate and severe (Table 2). This score 338 

reflects the broad spectrum of clinical severity observed, ranging from B6-responsive epilepsy 339 

with normal developmental outcome, to perinatal lethality with lactic acidosis and structural 340 

brain malformations (e.g. patients 4 and 5). All truncating variants leading to complete LOF of 341 

PLPHP (c.207+1G>A, c.320-2A>G; p.Ser78Ter, p.Gln71Ter and p.Asp124Lysfs*2) are 342 

associated with the most severe forms of the disease (Table 2). In our cohort, this is evidenced in 343 

patients 5 (deceased) and 12, both affected by biallelic exon 5 frameshift (p.Asp124Lysfs*2) 344 

leading to absence of protein expression in patient fibroblasts (Supplementary Fig. 1).  345 

To study the pathogenic effect of the missense mutations in our cohort on PLPHP function (here 346 

based on PLP-binding, folding or stability), we modeled the tridimensional structure of the 347 

human PLPHP protein (Fig. 2B-D). The model indicates that PLPHP folds in a typical (β/α)8-348 

TIM barrel structure, with PLP covalently bound to Lys47 (Schiff base). As with several TIM 349 

barrel fold members, a structurally conserved “phosphate binding motif” exists; this is formed by 350 

the end of β-strands and loops, especially at the C-terminal (Nagano et al., 2002). PLP interacts 351 

with R241, M225, S226, I242, G243, S244, V45, N68, I94 and M181 (Fig. 2C-D). Combining 352 

the novel and previously described variants (Darin et al., 2016; Plecko et al., 2017), 12 missense 353 

PLPHP mutations were reported so far in B6RD patients (Fig. 2A); seven in homozygosity 354 

(Table 2). Patients 3, 6, 10 and 11 from our cohort were classified as severe, with either 355 

p.Glu67Lys or p.Thr116Ile homozygous mutations identified. Both substitutions were 356 

computationally predicted as damaging (Table 2, Supplementary Table 2). Residues 67 and 116 357 

are conserved (Supplementary Fig. 5) and adjacently located to the predicted PLP-binding site 358 

(Fig. 2B-D); mutations to Lys and Ile, respectively, likely lead to disruption of PLP-binding 359 

properties (Supplementary Table 2). Patients 4 and 2 were also classified as severe; patient 4 is 360 

compound heterozygous for the splice variant leading to LOF (c.320-2A>G) and the substitution 361 

of the invariant Gly224 (Supplementary Fig. 5) to Ala (Supplementary Table 2). Gly224Ala 362 

mutation likely impacts loop 15 structure and orientation of key PLP-binding residues, especially 363 
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due to alanine’s reduced degree of freedom (φ and ψ angles). The last severe case, patient 1, is 364 

compound heterozygous for p.Thr116Ile (discussed above) and p.His275Asp; the importance of 365 

the C-terminal residues for ligand binding, stability and activity of proteins that fold as a TIM 366 

barrel is well known (Wierenga, 2001; Dias-Lopes et al., 2013), therefore it is expected that a 367 

drastic chemical change (e.g. replacing a basic by a negatively charged amino acid at the C-368 

terminal) may negatively impact these functions.  369 

Of the four mild cases reported here, three patients (2, 8 and 9) are homozygous for p.Arg41Gln. 370 

Normal intellectual development, average-excellent school performance, seizures that are well 371 

controlled with relatively low doses of pyridoxine, and normal brain structure on MRI were 372 

reported. Arg41 is not an invariant residue (Supplementary Fig. 5) and is located in the distal 373 

face of the TIM-Barrel structure, not directly involved in PLP-binding. The p.Pro40Leu mutant 374 

(adjacent residue) seen in a previously reported mild case (Plecko et al., 2017) still binds PLP 375 

but has reduced stability (Tremino et al., 2018); it is possible that Arg41Gln has similar impact. 376 

Patient 7 was also classified as mild and is homozygous for a p.Ile94Phe mutation. This 377 

substitution is predicted as damaging, destabilizing and likely inducing misplacement of PLP due 378 

to the large size of Phe compared to Ile (Supplementary Table 2, Table 2). Although Phe has not 379 

been observed at that position among known orthologues (Suppl. Fig 5), that p.Ile94Phe results 380 

in a milder phenotype suggests that hydrophobic and aromatic residue can still be accommodated 381 

within the PLP binding site. 382 

 383 

Biochemical, respiratory chain and vitamer profiles of PLPHP deficiency patients 384 

and cells 385 

Biochemical investigations performed in patients prior to B6 treatment uncovered several 386 

abnormal profiles. The most consistently observed alterations were hyperlactatemia (6 patients) 387 

and hyperglycinemia (3 patients). Cultured skin fibroblasts from patient 5 showed an elevated 388 

lactate-to-pyruvate ratio (41.65±7.13 SD; reference 9.57-26.49), which is consistent with NADH 389 

accumulation. Activities of mitochondrial pyruvate dehydrogenase and respiratory complexes II-390 

IV were normal, as were mitochondrial morphology and inner membrane potential. Extracellular 391 

flux testing showed an apparent reduction of carbonyl cyanide-4-392 

(trifluoromethoxy)phenylhydrazone (FCCP)-stimulated spare respiratory capacity. 393 
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Urine organic acids investigation in patient 7 revealed the presence of vanillactic acid, 394 

vanillpyruvic acid, and n-acetyl-vanilalanine, similar to what is seen in AADC deficiency. Minor 395 

elevations of urine lactic, malic, 2-ketoglutaric, and n-acetylaspartic acids were also observed. 396 

Pre-treatment CSF metabolomics analysis showed elevated 3-methoxytyrosine with normal 3-397 

methoxytyramine levels.  398 

B6 vitamer analysis in plasma from patient 4 (no B6 treatment), revealed low levels of PLP 399 

(1.1nM, reference >20.5nM) and elevation of 4-pyridoxic acid (PA) (130 nM, reference <84 400 

nM). In a plasma sample from patient 3, collected during treatment with vitamin B6, 401 

accumulations of PLP (685 nM), PA (365 nM) and pyridoxal (PL) (276 nM) were observed 402 

(Supplementary Table 3).  Analysis of B6 vitamers from patient 5 fibroblast lysates revealed 403 

significant decreases in PLP (p<0.0001), pyridoxamine 5’-phosphate (PMP) (p=0.007) and PN 404 

(p=0.0018), along with accumulation of pyridoxine 5’-phosphate (PNP) (p<0.0001) (ANOVA) 405 

in the patient cells compared to the controls, whereas PL, pyridoxamine (PM) and PA showed no 406 

difference (Supplementary Fig. 2). Similarly, in PLPHP-deficient HEK293 cells, PLP was 407 

significantly decreased (p<0.0001) and PNP (p<0.0001) accumulated significantly 408 

(Supplementary Fig. 3).   409 

 410 

PLPHP mitochondrial localization and effects on energy metabolism 411 

To further provide insights on PLPHP function, we investigated its subcellular localization in 412 

human cells.  Some evidence suggests that PLPHP resides primarily in the cytoplasm (Ikegawa 413 

et al., 1999; Uhlen et al., 2015) (Human Protein Atlas available from www.proteinatlas.org). The 414 

MitoCarta 2.0 database however suggests a mitochondrial localization for human and mouse 415 

PLPHP (Pagliarini et al., 2008; Calvo et al., 2016). Furthermore, MitoMiner 4.0 rates the protein 416 

as “known mitochondrial” (Integrated Mitochondrial Protein Index score 0.991), based on mass-417 

spectrometry evidence (Smith and Robinson, 2016). To test if PLPHP does localize to the 418 

mitochondria, we overexpressed PLPBP cDNA with a C-terminal Myc-DDK tag in HEK293 419 

cells and performed immunofluorescence using anti-DDK antibody. The anti-DDK antibody 420 

labeled PLPHP overexpressing cells in a pattern that co-localizes with the mitochondrial protein 421 

citrate synthase (Fig. 3A). 422 

Page 16 of 80

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support (434) 964 4100

Brain



For Peer Review

 

15 
 

To determine if PLPHP and its orthologs could play a role in energy metabolism, we performed 423 

growth experiments in yeast. Importantly, growth of YBL036C∆ yeast cells was completely 424 

normal on glucose medium but markedly reduced under conditions in which either glycerol, 425 

oleate, or ethanol was used as a carbon source (Fig. 3B-D). Since oxidation of the latter three 426 

substrates is fully dependent on the proper functioning of the mitochondrial citric acid cycle and 427 

oxidative phosphorylation system, whereas oxidation of glucose is not, these findings suggest 428 

that YBL036C (and likely PLPHP) can affect mitochondrial metabolism. Because PLP is a 429 

cofactor for more than 140 distinct enzyme activities (Percudani and Peracchi, 2003) including 430 

the glycine cleavage system and aspartate aminotransferase (AST) in the malate-aspartate 431 

shuttle, the metabolic pleiotropy of PLPHP deficiency is expected, although the mechanisms 432 

through which PLPBP mutations produce mitochondrial dysfunction remain to be elucidated in 433 

detail. 434 
 435 

Loss of Plphp in zebrafish leads to spontaneous seizures and early death 436 

We developed zebrafish lines carrying two different plpbp mutant alleles: a 4bp deletion 437 

(chr23:34037190-chr23:34037193) (plpbpot101) and the mutation 438 

CGGGTGAATCAA>CGGTGG--TGGA (chr23:34037185-34037192) (plpbpot102), the latter 439 

resulting in a 2bp frameshift, in the transcript (NM_001126409) (p.Asp23Trpfs*56) (Fig. 4A). 440 

We crossed the F2s from each heterozygous line (plpbp+/ot101 x plpbp+/ot102) to generate 441 

compound heterozygous plpbpot101/ot102 (henceforth referred to as plpbp-/-). F3 homozygous 442 

mutants and/or compound-heterozygous plpbp-/- displayed LOF of Plphp as evidenced by 443 

Western blot analysis (Fig. 4B). There were no phenotypic differences between homozygous and 444 

compound heterozygous mutants (Supplementary Fig. 8), and the latter was used for experiments 445 

due to the relative ease of genotyping (Supplementary Material). In the F3 generation, there were 446 

no obvious morphological or behavioral differences between genotypes up until ~9 dpf. As early 447 

as 10 dpf, plpbp-/- larvae showed spontaneous seizure-like behavior, and all mutants died by 16 448 

dpf (Fig. 4C).  449 

Epilepsy in zebrafish can be characterized by episodes of excessive locomotion, sustained 450 

rhythmic jerking (clonus), stiffening (tonus) and/or tonic-clonic seizures (Baraban et al., 2005; 451 

Hortopan et al., 2010; Teng et al., 2010; Baraban et al., 2013). We measured the amount of high-452 

speed movements as a correlate of hyperactivity and found that untreated plpbp-/- larvae spent 453 
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significantly more time (p<0.01) and moved a greater distance in high-speed movements 454 

(p<0.01) than WT or heterozygous siblings (Fig. 4D-E). 11dpf plpbp-/- larvae displayed increased 455 

c-fos mRNA expression (a biomarker of neuronal activity (Baraban et al., 2005)) compared to 456 

WT larvae, though less than WT treated with 15mM PTZ (Fig. 4F). Finally, tectal field 457 

recordings of agar-immobilized 11 dpf larvae showed that mutant larvae (n=5) displayed 458 

spontaneous electrical discharges with high amplitude and duration, similar to ictal-like events 459 

previously reported in other zebrafish models, whereas WT siblings (n=5) showed only normal 460 

activity (Fig. 4G/5G). We conclude that plpbp-/- larvae recapitulate a seizure phenotype. 461 

 462 

Vitamin B6 responsiveness and dependency in plpbp-/- larvae 463 

We tested if seizures in plpbp-null zebrafish larvae show beneficial response to PLP and PN. 464 

Although we observed a PLP dose-dependent increase in the lifespan, all larvae died by 26 dpf, 465 

even at the highest dose (500 µM PLP) (Fig. 5A). Treatment with PN showed a more remarkable 466 

effect, with dose-dependent rescue of survival to nearly 100% until juvenile stages using 5 or 10 467 

mM PN (Fig. 5B). Removal of PN daily treatments induced seizures and death within days, 468 

indicating B6-dependence, as previously reported for aldh7a1-/- larvae (Pena et al., 2017). 469 

In agreement with the B6-dependency and rescue, PN treatment significantly reduced the 470 

number of hyperactive movements as measured by the time spent (p=0.0028) and distance 471 

travelled in high-speed movements (p<0.0001) (Fig. 5D-E). Additionally, by classifying larval 472 

movements as little movement (S0), increased spontaneous swim bursts (S1), whirlpool-like 473 

swimming (S2) or whole-body convulsions with loss of posture (S3) (Baraban et al., 2005) 474 

through blinded analysis, we observed that only untreated plpbp-/- larvae displayed S2 or S3 475 

swimming behavior (Fig. 5F). Similarly, treatment with 5mM PN resulted in a 5-fold reduction 476 

of the number of high-amplitude spikes of electrographic activity in tectal field recordings 477 

(p=0.0458) (Fig. 5G). We conclude that plpbp-/- larvae have B6-responsive and dependent 478 

epilepsy.  479 

 480 

Biochemical abnormalities in plpbp-/- zebrafish  481 

B6 vitamer levels were quantified in untreated 10 dpf larval lysates. The plpbp-/- larvae displayed 482 

significant reductions in systemic concentrations of PLP and PL (1.4 and 5.5-fold reductions, 483 

p=0.0026 and p=0.0003, respectively) compared to WT siblings, together with non-significant 484 
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reductions in PMP and PN levels (Fig. 6A). PNP was not detectable. As PLP was markedly low 485 

in plpbp-/- larvae, we hypothesized that neurotransmitter and amino acid metabolism would be 486 

greatly affected since most transamination/decarboxylation reactions require PLP.   487 

Neurotransmitters were also analyzed in fasted 11 dpf larval lysates (Fig. 6B). We note a 488 

significant decrease in levels of adrenaline (p<0.001), as well as significant accumulations of 3-489 

methoxytyramine (3-MT), normetanephrine and 5-hydroxyindoleacetic acid (5-HIAA) 490 

(p<0.001).  491 

Analysis of amino acid levels by liquid chromatography-mass spectrometry in fasted larvae 492 

revealed 17 analytes significantly different between homozygous mutants and the 493 

heterozygous/WT siblings (Fig. 6C). Nine analytes were found reduced in plpbp-/- larval extracts: 494 

threonine, asparagine, glutamate, glutamine, proline, alanine, α-aminobutyric acid, γ-495 

aminobutyric acid (GABA), and lysine (Tukey’s post-hoc comparison: p= 0.0315, <0.0001, 496 

0.0015, <0.0001, 0.0020, <0.0001, 0.0006, <0.0001, and 0.0068, respectively). Eight compounds 497 

were significantly elevated in plpbp-/- larvae compared to WT: methionine, cystathionine, 498 

isoleucine, tyrosine, ß-alanine, phenylalanine, aminoisobutyric acid and tryptophan (p=0.0147, 499 

<0.0001, <0.0001, 0.0005, <0.0001, <0.0001, <0.0001, 0.0013). Low GABA levels were also 500 

observed in aldh7a1-/- zebrafish and could constitute part of the pathophysiologic mechanism for 501 

seizure occurrence. We conclude that Plphp deficiency leads to significant disruptions in amino 502 

acid and neurotransmitter metabolism and likely other metabolic pathways that are dependent on 503 

PLP. 504 

 505 

Discussion 506 

Here we report a cohort of 12 patients, seven novel disease-causing variants in PLPBP, and 507 

experimental models to further elucidate the pathophysiology of this B6RD. We expand the 508 

phenotypic spectrum of the disease; one patient required folinic acid in addition to B6 for 509 

adequate seizure control, two patients had clinical features resembling a mitochondrial 510 

encephalopathy, and another patient presenting an AADC deficiency-phenocopy. (Darin et al., 511 

2016) described increased levels of AADC substrates in another PLPHP-deficient patient, and 512 

our zebrafish plpbp-/- model accumulated phenylalanine, tryptophan and tyrosine, in keeping 513 

with reduced AADC function. It is possible that reduction of AADC function may contribute to 514 
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the clinical picture in PLPHP-deficient patients, given it is a PLP-dependent enzyme important in 515 

the biosynthesis of serotonin, dopamine, epinephrine and norepinephrine (Brun et al., 2010).  516 

The severe clinical presentation of patients 4 and 5 with respiratory failure, permanent lactic 517 

acidosis, NADH accumulation, and periventricular cerebral cysts prompted us to investigate 518 

whether PLPHP could have a putative role in mitochondrial energy metabolism. In silico 519 

prediction tools and previous high-throughput mass spectrometry experiments suggested 520 

intracellular localization of PLPHP in the cytosol and mitochondria (Calvo et al., 2016; Smith 521 

and Robinson, 2016). Indeed, our experiments suggest mitochondrial localization of PLPHP 522 

upon overexpression. Several PLP-dependent enzymes, such as serine hydroxymethyltransferase 523 

(Giardina et al., 2015) and the glycine cleavage system (Kikuchi et al., 2008) have mitochondrial 524 

localization. We observed that energy metabolism is affected in YBL036C deficient yeast. 525 

However, it is not yet clear if this is due to a direct effect or to indirect changes in key energy 526 

metabolism substrates. For example, it has recently been shown that mutations in KYNU, 527 

encoding a PLP-dependent enzyme, lead to deficiencies in the synthesis of NAD (Shi et al., 528 

2017). Tryptophan, the precursor for NAD in this pathway, accumulated in plpbp-/- zebrafish 529 

larvae, suggesting a block in this pathway; which includes several PLP-dependent enzymes 530 

(Rios-Avila et al., 2013). No defects in the respiratory complexes II-IV were detected in 531 

fibroblast assays from a PLPHP-deficient patient, suggesting a direct role in this pathway is 532 

unlikely. The multitude of enzymatic functions of PLP may explain the complex biochemical 533 

array of phenotypes associated with B6RDs, suggestive of a key role of PLPHP in PLP 534 

homeostasis.  535 

By adapting a clinical severity score used for another B6RD (Al Teneiji et al., 2017), we 536 

observed that the patients with severe phenotypes (scores 7-9) and/or early mortality were 537 

usually associated with proven or predicted LOF mutations (Table 2). These included splicing 538 

defects, truncating variants as well as missense mutations predicted or experimentally proven 539 

(Tremino et al., 2018) to negatively affect PLP binding. A missense mutation associated with a 540 

severe disease presentation (Darin et al., 2016), Leu175Pro, was experimentally proven to induce 541 

PLPHP LOF due to protein misfolding (Tremino et al., 2018). In contrast, it seems that missense 542 

mutations in residues not associated with the PLP-binding site are seen in patients with milder 543 

disease presentations (Table 2). When stability and folding are not drastically affected, it is 544 

possible that PLPHP is still able to bind PLP, as evidenced experimentally for p.Pro40Leu and 545 
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p.Arg205Gln (Tremino et al., 2018). Residual PLP binding and PLPHP function may be 546 

associated with milder presentations of the disease. In silico molecular dynamics simulations or 547 

in vitro assessment of PLP binding, PLPHP folding and stability should be performed to further 548 

access these scenarios in the missense mutations reported here. 549 

In both lysates derived from patient fibroblasts and PLPHP-deficient HEK293 cells, decreases in 550 

intracellular PLP were observed. Intracellular PLP was found to accumulate as reported by Darin 551 

et al., thus further work may be necessary to resolve this discrepancy.  A significant 552 

accumulation of PNP levels were found in PLPHP-deficient cells but our methods were not 553 

sensitive for the detection of PNP in plasma, CSF or whole zebrafish larvae. PNP accumulation, 554 

therefore, may be of limited use as a biomarker of the disease but it may help further unravel the 555 

functional role of PLPHP.  556 

To enable analysis of the untreated biochemical status, improve our understanding of the 557 

pathophysiology of this disease and establish a platform for potential drug discovery, we 558 

successfully developed a plpbp-null zebrafish model. The plpbp-/- larvae recapitulated the 559 

disease, and seizure activity was detected as early as 10 dpf, with reduced lifespan and 100% 560 

mortality by 16 dpf. Treatment with PN fully reversed these phenotypes, and treated plpbp-/- 561 

larvae often survived to adulthood, but PLP was not very effective, similar to aldh7a1-/- larvae 562 

(Pena et al., 2017). It is possible that low water solubility, instability, and light sensitivity of PLP 563 

play an important role. Larvae showed significant changes in the levels of B6 vitamers, 564 

particularly PLP and PL, which lend further support to the hypothesis that PLPHP is important 565 

for PLP homeostasis (Darin et al., 2016; Prunetti et al., 2016). By quantifying systemic amino 566 

acid levels, our results indicate disruption to the functions of many of the PLP-dependent 567 

enzymes. Furthermore, the reduction of GABA may provide a possible explanation for the 568 

increased neuronal activity of mutants, as has been previously reported in aldh7a1-/- zebrafish 569 

(Pena et al., 2017). Another mechanism to consider as part of disease pathophysiology is altered 570 

biosynthesis of catecholamines (especially adrenaline), likely due to reduced availability of PLP 571 

for AADC activity (Fig. 6D). This is further evidenced in the mutant animals by the 572 

accumulation of phenylalanine, tryptophan and tyrosine (precursors to monoamine 573 

neurotransmitter synthesis). PLPHP-deficiency patients with AADC deficiency-like symptoms 574 

can provide support to this observation. Given that systemic dopamine levels were unchanged, a 575 
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reduction of metabolic flux towards AADC is likely taking place rather than a complete 576 

inactivation of this enzyme; alternatively, small amounts of dopamine may be formed via 577 

tyramine hydroxylation by renal CYP2D6, as suggested by (Wassenberg et al., 2010). Our 578 

results illustrate the dynamic and complex nature of PLP binding to dependent enzymes and its 579 

turnover in the context of PLPHP deficiency. 580 

In conclusion, we expanded the clinical and biochemical phenotypic spectrum of PLPHP 581 

deficiency and provided evidence of genotype-phenotype correlation. Given the broad 582 

phenotypic spectrum of B6RDs, PLPHP deficiency should be considered in neonatal/infantile 583 

epilepsy and possibly also in patients who present with a movement disorder and/or phenotype 584 

suggestive of mitochondrial epileptic encephalopathy. In the latter case, we note that patients 585 

with severe forms of this disease may show increased levels of glycine in combination with 586 

marked lactic acidosis, a finding not typical of similar presentations such as pyruvate 587 

dehydrogenase deficiency (Prasad et al., 2011). When PLPHP deficiency is suspected, B6 588 

therapy should be initiated. A lack of response to PN may not rule out this condition, and PLP 589 

should be trialed as well. Obtention of diagnostic samples prior to B6 treatment and screening for 590 

vitamer levels is recommended, with low PLP suggestive of this condition. We report the first 591 

model organism for PLPHP deficiency, which replicated the human epileptic disorder. Research 592 

using the zebrafish plpbp-/- has added insight into which PLP-dependent pathways are mostly 593 

affected and increased our understanding of systemic B6 vitamer levels. This model may be used 594 

to investigate other disease mechanisms and to search for biomarkers that may facilitate 595 

diagnosis. Finally, our zebrafish model provides a stepping stone for preclinical treatment trials, 596 

which are necessary, given the poor developmental outcomes and incomplete seizure control 597 

seen in many patients with this form of B6-dependent epilepsy. 598 
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Figure and table legends: 775 

Fig. 1: Axial T2 (first 3 columns) and sagittal (last column) T1-weighted images of patients 776 

1, 3 and 4. At age 3 years, the MRI of patient 1 is normal. Patient 3 and 4 show a simplified 777 

gyral pattern, cyst-like structures connected to the anterior horns and a T2-hyperintense signal of 778 

the hilus of the dentate nuclei. White matter signal is T2 hyperintense and appears swollen. 779 

These abnormalities are more severe in patient 4 (who additionally has intraventricular blood) 780 

than in patient 3. The corpus callosum lacks the most posterior part.  781 

 782 

Fig. 2: Pathogenic variants reported so far and their genetic location, predicted secondary 783 

structure and tridimensional structure in the PLPHP protein in the context of PLP-784 

binding. (A) Human PLPBP gene structure, protein coding exons shown in dark blue and 5’ and 785 

3’ UTR shown in light blue. Position of the variants reported previously by Darin et al. (2016) 786 

and Plecko et al. (2017) are shown in black, seven novel variants identified by this study are 787 

shown in red and a splicing variant reported previously but also observed in our cohort is shown 788 

in green. (B) 2D graphical representation of the PLPHP protein based on secondary structure 789 

prediction and the tridimensional model (shown in D). Blue cylinders represent the outer α-790 

helices and pink arrows represent the inner β-strands that comprise the (β/α)8-TIM barrel 791 

structure. Residues observed mutated in PLPHP-deficiency are shown in circles, black for 792 

variants reported previously or red for novel variants reported here. Residues located within 6Å 793 

of the modeled PLP position are shown in blue, from which the residues that establish contacts 794 

with PLP shown in cyan. (C) Predicted PLP-binding pocket showing the key Lysine 47 predicted 795 

to form the PLP-Lys adduct, black dashed lines indicate hydrogen bonds and salt bridges, green 796 

solid line show hydrophobic interactions. (D) tridimensional structure of the human PLPHP 797 

model showing the PLP molecule in green and the positions of the residues found mutated in 798 

PLPHP-deficiency in black or red according to A.   799 

 800 

Fig. 3: Evidence in HEK293 cells and yeast ybl036c∆ that PLPHP can localize to 801 

mitochondria and affects growth in several energy sources. (A) HEK293T cells 802 

overexpressing PLPHP with a C-terminal Myc-DDK tag shows co-localization of PLPHP with 803 

citrate synthase; (B) Growth curves of wild-type yeast cells and mutant strains on rich oleate 804 
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medium. The strains shown are: WT (BY4742) (blue), fox1∆ (green) and ybl036c∆ (purple). (C) 805 

Growth of wild-type cells and mutant cells on 2% ethanol medium. The strains shown are: WT 806 

(BY4742) (blue), ybl036c∆ + pPROSC1a (human PLPHP under catalase promoter (orange) or 807 

pPROSC2a (human PLPHP under Tef promoter) (red) and ybl036c∆ + empty vector (purple). 808 

(D) Growth of wild-type and mutant cells after 18 hours on 20g/L glucose and non-fermentable 809 

carbon sources: rich oleate, 2% ethanol and 2% glycerol medium. Values are expressed as % 810 

growth relative to WT. The strains shown are: WT (BY4742) (blue), fox1∆ (green) and ybl036c∆ 811 

(purple).  812 

 813 

Fig. 4: Development of plpbp-/- zebrafish model by CRISPR/Cas9 and epileptic phenotypic 814 

analysis. A) Chromatograms of zebrafish larvae showing WT and the genotypes for 815 

homozygous mutants plpbpot101/ot101 and plpbpot102/ot102. Compound heterozygous mutant larvae 816 

(plpbpot101/ot102) (not shown) were used for most experiments with the same phenotype as the 817 

homozygotes. (B) Cropped WB (for clarity) showing that no Plphp protein was detected in 818 

mutant larvae. Total protein (Stain free blot) is shown underneath for standardization. Full blot 819 

available in Supplementary Material. (C) Survival curves showing reduced survival of mutant 820 

larvae compared to WT and the two heterozygous parental types (n=20 larvae per group). (D and 821 

E) Mutant larvae moved a greater total distance during fast speed (>20mm/s) movements and 822 

spent more time in fast movements, respectively (n=16 larvae per group).  (F) Relative mRNA 823 

expression showing increased expression of c-fos in mutant larvae compared to WT larvae, PTZ 824 

treatment was used as a positive control. (G) Example electrophysiology recordings of mutant 825 

(top) and WT (bottom) larvae showing increased number of ictal-like events. Inset are zoomed-in 826 

examples (4 seconds) of ictal-like, interictal and WT recordings. Significance: ** (p<0.01), * 827 

(p<0.05).  828 

 829 

Fig. 5: Vitamin B6-responsive epilepsy in plpbp-/- zebrafish larvae. Survival in mutants was 830 

moderately improved using PLP (A) but showed a better response that was clearly dose-831 

dependent with pyridoxine (B). (C) 5-minute trace recordings of 11dpf zebrafish larvae showing 832 

increased hyperactivity in the mutants which was alleviated with 10mM pyridoxine treatment, as 833 

measured by (D) time spent in fast movements and (E) distance moved in fast movements. (F) 834 

Highest seizure-like behavior category identified by blinded observers. Only untreated mutant 835 
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larvae showed evidence of S2 or S3 seizure-like activity. (G) Electrographic activity in mutant 836 

larvae was normalized by treatment with 5mM pyridoxine. (H) Example electrophysiology 837 

recordings of untreated and treated mutant larvae. Significance: ** (p<0.01), * (p<0.05). 838 

 839 

Fig. 6: Targeted mass spectrometry studies of plpbp-/- zebrafish larvae indicates changes in 840 

B6 vitamer, amino acid, and neurotransmitter profiles. (A) B6 vitamer profile of Mutant and 841 

WT 10 dpf larvae. (B) Amino acid and neurotransmitter profile of whole larval mutant, 842 

heterozygous and WT 11dpf larvae after 24 hours fasting. (C) Metabolic pathways for the 843 

synthesis and degradation of PLP. (D). Biosynthetic pathways of catecholamines and trace 844 

amines, highlighting (in blue) the role of AADC. (E) The serotonin biosynthesis pathway, 845 

highlighting the role of AADC. Abbreviations: 3-MT: 3-methoxytyramine, 5-HIAA: 5-846 

hydroxyindoleacetic acid, 5-HTTP: 5-hydroxytrytpophan, AADC: aromatic-L-amino acid 847 

decarboxylase, AO: aldehyde oxidase I, DH: β-NAD dehydrogenase, PA: 4-pyridoxic acid, PK: 848 

pyridoxal kinase,  PL: pyridoxal, PLP: Pyridoxal 5'-Phosphate, PM: pyridoxamine, PMP: 849 

pyridoxamine 5’-phosphate, PN: pyridoxine, PNP: pyridoxine 5’-phosphate, PNPO: PNP 850 

oxidase Significance: ****(p<0.0001), ***(p<0.001), ** (p<0.01), * (p<0.05).  851 

 852 

Table 1: Clinical features of PLPHP-deficient patients. Abbreviations: GA: Gestational Age, 853 

NA: Not Available, HC: Head Circumference, AEDs: Anti-Epileptic Drugs, GTCs: Generalized 854 

Tonic-Clonic seizures, PN: Pyridoxine, PLP: Pyridoxal 5'-Phosphate, EEG: 855 

Electroencephalography, MRI: Magnetic Resonance Imaging, MRS: Magnetic Resonance 856 

Spectroscopy, wk(s): week(s), mo: month(s), yr: year(s), nb: nota bene. 857 

 858 

Table 2: Clinical severity scores based on system adapted from (Al Teneiji et al., 2017). 859 

Variants are organized by whether seen homozygously vs. compound heterozygous, then based 860 

on mutation type (missense, truncating, splicing). Note that truncating mutations are associated 861 

with the most severe phenotypes. NAa, NAb ,  NAc , full clinical scores could not be calculated 862 

due to early death of these patients but assumed severe based on lethality. NA* full clinical score 863 

could not yet be calculated due to early age of patient, so GDD/ID cannot yet be assessed. 864 
1Variant reported by(Darin et al., 2016). 2 Variant reported by (Plecko et al., 2017). 3Mutation 865 

experimentally studied by (Tremino et al., 2018). 866 
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Fig. 1: Axial T2 (first 3 columns) and sagittal (last column) T1- � �weighted images of patients 1, 3 and 4.   
 

155x115mm (300 x 300 DPI)  
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Fig. 2: Pathogenic variants reported so far and their genetic location, predicted secondary structure and 
tridimensional structure in the PLPHP protein in the context of PLP-binding.  

 
209x239mm (300 x 300 DPI)  
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Fig. 3: Evidence in HEK293 cells and yeast ybl036c∆ that PLPHP can localize to mitochondria and affects 
growth in several energy sources.  

 
242x199mm (300 x 300 DPI)  
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Fig. 4: Development of plpbp-/- zebrafish model by CRISPR/Cas9 and epileptic phenotypic analysis.  
 

265x209mm (300 x 300 DPI)  
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Fig. 6: Targeted mass spectrometry studies of plpbp-/- zebrafish larvae indicates changes in B6 vitamer, 
� �amino acid, and neurotransmitter profiles.   

 
296x209mm (300 x 300 DPI)  
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Patient’s ID 
(sex, current 

age) 

Patient 1  
(Male, 3 11/12 

yr) 

Patient 2 
(Male, 14 yr) 

Patient 3 
(Female, 5 2/12 

yr) 

Patient 4 
(Female, died at 

2 wks) 

Patient 5 
(Female, died at 

8 wks) 

Patient 6 
(Male, 4 3/12 

yr) 

Patient 7 
(Male, 23 mo) 

Patient 8 (Male, 
8 1/12 yr) 

Patient 9 
(Male, 14 mo) 

Patient 10 
(Female, 10 

6/12 yr) (sister 
of Patient 11) 

Patient 11 
(Female, 6 

10/12 y) (sister 
of Patient 10) 

Patient 12 
(Female, 5 mo) 

Ancestry 
(domicile) 

Arab (Oman) Arab (Oman) Dutch 
(Netherlands) 

Dutch 
(Netherlands) 

Cree First Nation 
(Canada) 

Arab (United 
Arab 

Emirates) 

Hispanic 
(Guatemala) 

Arab (Oman) Arab (Oman) Kurdish (USA) Kurdish (USA) African 
American 

(USA) 
Consanguinity 

(degree) 
+ (first cousin) 

 
+ (first cousin) - - + (second 

cousin) 
+ (second 
cousin) 

- + (first cousin) + (first cousin) + (first cousins) + (first cousin) 1st degree 
relatives 

PLPBP 
cDNA change 
(NM_007198) 

347C>T; 
823C>G 

122G>A 
(homozygous) 

199G>A 
(homozygous) 

320-2A>G; 
671G>C 

370_373del 
(homozygous) 

347C>T 
(homozygous) 

280A>T 
(homozygous) 

122G>A 
(homozygous) 

122G>A 
(homozygous) 

199G>A 
(homozygous) 

199G>A 
(homozygous) 

370_373del 
(homozygous) 

Protein change Thr116Ile ; 
His275Asp 

Arg41Gln Glu67Lys Splicing; 
Gly224Ala 

Asp124Lysfs*2 Thr116Ile Ile94Phe Arg41Gln Arg41Gln Glu67Lys Glu67Lys Asp124Lysfs*2 

Pregnancy / 
delivery 

complications 

Increased fetal 
movements 

- Twin 
pregnancy with 
vanishing twin 
at GA 9 wks, 
Caesarean for 
fetal distress 

DCDA-gemelli 
pregnancy, sib 
is healthy with 

normal 
development 

Caesarean 
section for fetal 

distress 

Two episodes 
of fast fetal 
movements 

late 3rd 
trimester 

- - - Caesarean (fetal 
decelerations 

and meconium 
stained 

amniotic fluid) 

- - 

Postnatal 
Complications / 

death 

- - Respiratory 
insufficiency 

with lactic 
acidosis 

Initial 
presentation of 

perinatal 
asphyxia, 

followed by 
progressive 

respiratory and 
circulatory 
failure with 
fatal lactic 
acidosis, 
abnormal 
neurologic 

exam (strong 
motor unrest 

and 
dysautonomia) 
(patient passed 
away at age of 

2 wks) 

Progressive 
respiratory and 

circulatory 
failure with fatal 
lactic acidosis, 

neurologic 
abnormalities 

with hypertonia, 
hyperreflexia, 

persistent flexion 
and clenching of 

upper 
extremities 

(patient passed 
away at age of 8 

wks) 

- Lactic acidosis - Transient 
tachypnea of 
the newborn 

Irritability with 
a high-pitched 

cry, 
dysconjugate 

eye movements, 
and tonic 
posturing 

Opisthotonos, 
irritability, and 
eye deviation 
(episodic, but 
up to 1 hour) 

Lactic acidosis 
(blood and 

elevated lactic 
acid in MR 

spectroscopy), 
respiratory 

insufficiency 

Birth HC 
percentile 

66th centile 10th centile <2nd centile 1st centile 82nd centile 10th centile at 
age 10 mo 

12.5th centile 50th centile 50th centile NA 2nd centile 22nd centile at 
birth, << 0.1st 
centile at 2 mo 

Lactic acidosis - - + + + NA + - ** NA - *** NA + 
Seizure onset Day 5 Day 7 Day 2 Day 1 Day 1 Day 4 2 months 1st week Day 5 Day 1 Day 1 Day 1 
Seizure type Myoclonic, 

generalized 
tonic-clonic, 
uprolling of 

eyes and tonic-
clonic 

Staring and 
tonic-clonic 

Tonic-clonic Tonic spasms 
of the face, 

thorax and arms 

Tonic posturing 
with occasional 
myoclonic jerks 

Infantile 
spasms, clonic, 

generalized 
tonic-clonic 

Infantile 
spasms (unclear 
if true seizures) 

Myoclonic 
 

Generalized 
tonic-clonic 

Flexor spasms, 
eye deviation, 

segmental 
myoclonic jerks 

Partial and 
generalized 

seizures 

Focal seizures 
and myoclonic 
jerks followed 

by tonic 
posturing 

EEG pattern (at 
age) 

1st EEG (1 wk): 
Burst 

suppression 
pattern 

NA EEG (5 days): 
discontinuous 
pattern, and a 
tendency to 

1st EEG (day 
1): diffusely 
abnormal, 

excessively 

EEG (age NA): 
Burst 

suppression 

EEG (4 mo): 
multifocal 

epileptiform 
activity 

EEG (2 mo): 
continuously 
disorganized 
background 

1st EEG (3 wks): 
Burst 

suppression 
 

1st EEG (10 
days): Burst 
suppression 

 

EEG after 
phenobarbital 
load (2 days): 
Discontinuous 

EEG (age NA): 
discontinuous 
record with 
multifocal 

EEG (age 
2days-4weeks): 

Burst 
suppression 
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Most recent 
EEG (5 mo): 

normal 

burst 
suppression 

discontinuous 
pattern, no 

correlation with 
clinical 

phenomena 
suggestive of 

seizures. 
3rd EEG (day 

7): 
progressively 

frequent 
rhythmic sharp 

activity 
(electrographic 

neonatal 
seizures) and 

BIRDS 

EEG (7 mo):  
normal after 
B6 treatment 
EEG (10 mo): 
intermittent 

bilateral 
parasagittal 

slowing, 
poorly formed 
sleep elements 
EEG (2.5 yr): 

normal 

with bursts of 
higher-

amplitude 
activity, and 
several spike 

and slow wave 
complexes 

followed by 
electrodecreme

nt 
EEG (9 mo): 

normal after B6 
treatment 

Last EEG (4 yr, 
2 mo): normal 

after B6 
treatment 

EEG (10 mo): 
Normal 

background 
rhythm 

EEG (4 days): 
near burst 

suppression 
pattern 

sharps (bilateral 
frontal/central/t

emporal) 

Last EEG (4.5 
mo): normal 

after PLP 
treatment 

AEDs 
(response) 

Phenytoin, 
phenobarbitone 
& midazolam 
(no response) 
clonazepam 

and topiramate 
(initial 

reduction but 
later relapsed) 

Mutiple AEDs 
(names NA) 

(No response) 
 

NA Phenobarbital, 
Levetiracetam 

Midazolam and 
Chloralhydrate 

(short & 
incomplete 
response <1 

day) 

Midazolam, 
prednisone (& 6 

other AEDs) 
(short transient 

response) 

Prednisolone 
(transient 
response), 

levetiracetam 
and vigabatrin 

(poor 
response, prior 

to B6) 
oxcarbazepine 

(partial 
response, with 

B6) 

Initially poor 
response to 

prednisolone, 
no response to 

lorazepam, 
partial response 
to levetiracetam 

Phenobarbitone, 
midazolam & 
levetiracetam: 
no response 

Not tried Mild response 
to 

phenobarbital 
for the first 2 

days 

No initial 
response to 

AEDs 

Initial period of 
seizure freedom 

after 
phenobarbital 
loading but 

later relapsed 
No response to 
9 other AEDs 

Initial B6 
treatment (age/ 

response) 

PN (5 wks) 
PLP (2 yr, 6 

mo) 
(incomplete 

control) 

PN (< 1 mo) 
(complete 
control) 

PLP (5 days) 
PN (3 yr, 10 

mo) 
(incomplete 

control) 

Not tried Not tried PN (6 mo/ 
complete 
control of 

spasms and 
clonic 

seizures, new 
GTCs with 

fever several 
months later) 

PN and PLP 
(2.5 mo/ 
complete 

resolution of 
symptoms) 

PN (25 days/ 
complete 
control) 

PN (2nd week/ 
complete 
control) 

PN (2nd week/ 
complete 
control) 

PN (age NA/ 
incomplete 

control) 

PN (age NA/ no 
repsonse) 

PLP (1 mo/ 
complete 
control) 

B6 withdrawal 
(vitamer/ 
response) 

- - + (PLP/ seizure 
relapsed) 

Not applicable Not applicable + (PN/ seizure 
relapsed) 

- - - + (PN/ seizure 
relapsed) 

+ (PN/ 
increased 
seizures) 

- 

B6 vitamer 
switch (type/ 

response) 

+ (PN!PLP/ 
no 

improvement) 

- + (PLP!PN/ 
no 

improvement) 

Not applicable Not applicable - - - - - - + (PN!PLP/ 
complete 
response) 

Current 
treatment 

PLP 300 mg 
TID (58 

mg/kg/day) 
Folinic acid 1 

mg BID 
(2mg/kg/day) 

PN 80 mg BID 
(5 mg/kg/day) 

PN 200 mg 
BID (9 

mg/kg/day) 
Midazolam 
(used during 

seizures only) 
Macrogol: 4g 

daily 
Omeprazol: 
10mg BID 

Not applicable Not applicable PN 100 mg 
BID (12.8 

mg/kg/day) 
oxcarbazepine 
420 mg BID 

(53.8 
mg/kg/day) 

PN 23 
mg/kg/day div 

BID 
PLP 30 

mg/kg/day div 
TID 

 

PN 80 mg BID 
(6 mg/kg/day) 

PN 20 mg BID 
(8.5 

mg/kg/day) 

PN 100 mg 
BID (4.7 

mg/kg/day) 
Lamotrigine 50 

mg BID (3.5 
mg/kg/day) 

Clobazam 10 
mg BID (0.75 
mg/kg/day) 

PN 100 mg 
BID (7.8 

mg/kg/day) 
Lamotrigine 
37.5 mg BID 

(4.5 mg/kg/day) 
Clobazam 10 

mg BID 
(1.25mg/kg/day

) 

PLP 40 
mg/kg/day 

Phenobarbital 9 
mg/kg/day 

Breakthrough + + +  (seizure Not applicable Not applicable + - + - + + - 

Page 40 of 80

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support (434) 964 4100

Brain



For Peer Review

seizures 
with fever 

relapse on viral 
infections or 

sleep 
deprivation) 

Clinical 
neurologic 
exam (age) 

Unremarkable 
(3 yr, 10 mo) 

Unremarkable 
(age NA) 

Hypertonia, 
stereotypic 

hand 
movements, 

unstable 
walking (3 yr, 8 

mo) 

NA NA Mild axial 
hypotonia, 

stereotypies, 
poor eye 

contact (6 mo) 

Unremarkable 
(15 mo) 

Unremarkable 
(age NA) 

hyperreflexia 
of all limbs 
(age NA) 

Hypotonia, 
mild dysmetria, 

coordination 
difficulties, 

wide based gait 
(age NA) 

Hypotonia, 
mild dysmetria, 
wide based and 

ataxic gait. 
(age NA) 

mild hypotonia 
(age 4 months) 

Developmental 
delay / 

intellectual 
disability 

+ (moderate- 
severe), 
Autism 

spectrum 
disorder 

- + (severe) Not applicable Not applicable + (severe 
before B6 

therapy, mild 
after), Autism 

spectrum 
disorder 

- - - + (Moderate-
severe, has 

autistic features 
but no formal 

diagnosis) 

+ (Moderate-
severe, worse 

than sister, has 
autistic features 
but no formal 

diagnosis) 

- (at 5mo) 

Speech delay + - + Not applicable Not applicable + - - NA + + Not applicable 
School 

performance or 
IQ 

NA Average school 
performance 

NA Not applicable Not applicable DQ=70, 2nd 
percentile 

(Bayley-III 
Cognitive 
Composite 

score) 
 

NA Excellent school 
performance 

NA NA NA Not applicable 

Dysmorphic 
features 

- - - (slight upslant 
of the eyes and 

a slightly 
prominent 

forehead within 
normal 

spectrum) 

- - - + (bilateral 
syndactyly of 
the third and 

fourth fingers) 

- - + (joint laxity) - - 

Neuro-imaging 
(at age) 

MRI (6 
weeks): mild 

T2 

hyperintense 

periventricular 
white matter 

changes MRI 

(age 9 
months): mild 

communicating 
hydrocephalus. 

MRI (3.5 
years): normal. 

Not performed MRI (day 10): 
Simplified 

gyral pattern, 
diffusely 

elevated T2 
signal of the 

swollen white 
matter, large 

paraventricular 
(pseudo)-cysts 
alongside the 

anterior horns, 
lack of the most 
posterior part of 

the corpus 
callosum, T2-
hyperintese 
signal of the 
hilus of the 

dentate nuclei. 
The PLIC is not 

myelinated. 

MRI (day 1): 
Simplified 

gyral pattern, 
diffusely 

elevated T2 
signal of the 

swollen white 
matter, large 

paraventricular 
(pseudo)-cysts 
alongside the 

anterior horns, 
lack of the most 
posterior part of 

the corpus 
callosum, T2-
hyperintese 
signal of the 
hilus of the 

dentate nuclei. 
Some blood in 
the posterior 
horn of the 

MRI (day 6): 
cystic 

leukencephalopa
thy with a 

‘vanishing’ 
appearance of 
the cerebral 

white matter, 
and presence of 
a lactate doublet 

on MR 
spectroscopy 

MRI (8 
months): 
normal. 

MRI (2 
months): 
normal 

MRI (4 weeks):  
normal 

MRI (10 
months): 
normal 

MRI (2 days): 
underdeveloped 

frontal gyri. 

Subsequent 

MRI: thin 
posterior corpus 

callosum, little 

periventricular 
white matter 

volume, normal 
gyral pattern. 
Most recent 

MRI: 
underdevelopm

ent of the 
occipitoparietal 

white matter 
with decreased 

volume and 
hence thin 

posterior corpus 

Initial MRI: 
normal. 

Subsequent 
MRI: Slight 

asymmetry in 
height of the 
hippocampi, 

nonspecific T2 
hyperintensity 
in the periatrial 

white matter 
extending to the 

subcortical 
white matter. 

MRI (brain) at 
ages of 2 days 
and 3 weeks: 
Simplified 

gyral pattern, 
diffusely 

elevated T2 
signal of the 

swollen white 
matter, mild 

dilatation of the 
lateral and third 
ventricles with 

multiple 
intraventricular 

septations. 
Small 

intraventricular 
haemorrhage. 

The PLIC is not 
myelinated. 
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right lateral 
ventricle. The 
PLIC is not 
myelinated. 

callosum 

 
** elevated lactate but normal pH, *** first measured after B6 treatment 
 
Abbreviations: AEDs: Anti-Epileptic Drugs, BIRDS, brief ictal rhythmic discharges, DQ: developmental quotient, EEG: Electroencephalography, GA: Gestational Age, HC: Head Circumference, mo: month(s), MRI: Magnetic 
Resonance Imaging, MRS: Magnetic Resonance Spectroscopy, NA: Not Available, PLIC, posterior limb of the internal capsule, PN: Pyridoxine, PLP: Pyridoxal 5'-Phosphate, wk(s): week(s), yr: year(s), nb: nota bene.  
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Table 2: Clinical severity scores based on system adapted from (Al Teneiji et al., 2017). 
Variants are organized by whether seen homozygously vs. compound heterozygous, then based 
on mutation type (missense, truncating, splicing). Note that truncating mutations are associated 
with the most severe phenotypes. NAa, NAb ,  NAc , full clinical scores could not be calculated 
due to early death of these patients but assumed severe based on lethality. NA* full clinical score 
could not yet be calculated due to early age of patient, so GDD/ID cannot yet be assessed. 
1Variant reported by(Darin et al., 2016). 2 Variant reported by (Plecko et al., 2017). 3Mutation 
experimentally studied by (Tremino et al., 2018). 

Patient 
ID 

Type of 
mutation 

Variant 
annotation 

First 
seizure/ 
moveme

nt 
episode 
score 

GDD
/ 

ID 
score 

B6 
response 

score 

Severity 
score sum 

Protein effect 

Patients reported in this study 
1 Compound 

het. 
Thr116Ile; 3 2 2 Severe (7)  Predicted LOF - 

mutation likely 
impacts PLP 

binding 
His275Asp  Predicted LOF - 

mutation likely 
impacts PLP 

binding 
2 Homo. 

missense 
Arg41Gln 2 0 0 Mild (2) Predicted to still 

bind PLP, but 
stability is reduced 

3 Homo. 
missense 

Glu67Lys 3 3 2 Severe (8)  Predicted LOF - 
mutation likely 

impacts PLP 
binding 

4 Compound 
het. 

c.320-2A>G; 3 NAa NAa Deceased: 
Severe (9) 

LOF - Truncated 
protein1 

Gly224Ala Predicted LOF - 
Mutation likely 
disrupts loop 15 

structure and 
orientation of 

several PLP binding 
residues 

5 Homo. 
deletion 

Asp124Lys 
fs*2 

3 NAb NAb Deceased: 
Severe (9) 

LOF - Truncated 
protein (band absent 

as in Supp. Fig 1) 
6 Homo. 

missense 
Thr116Ile 3 2 3 Severe (8)  Predicted LOF - 

mutation likely 
impacts PLP 

binding 
7 Homo. 

missense 
Ile94Phe 1 1 1 Mild (3) Predicted LOF? 

Mutation likely 
impacts PLP 

binding, but it is 
possible Phe could 

still establish 
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aromatic/hydrophob
ic contacts with 

PLP; 

8 Homo. 
missense 

Arg41Gln 3 0 0 Mild (3) Predicted to still 
bind PLP, but 

stability is reduced 
9 Homo. 

missense 
Arg41Gln 3 0 0 Mild (3) Predicted to still 

bind PLP, but 
stability is reduced 

10 Homo. 
missense 

Glu67Lys 3 2 2 Severe (7)  Predicted LOF - 
mutation likely 

impacts PLP 
binding 

11 Homo. 
missense 

Glu67Lys 3 2 2 Severe (7)  Predicted LOF - 
mutation likely 

impacts PLP 
binding 

12 Homo. 
deletion 

Asp124Lys 
fs*2 

3 NA* 2 NA* LOF - Truncated 
protein (band absent 

as in Supp. Fig 1) 
Patients reported by (Darin et al., 2016) 

1 Homo. 
nonsense 

Ser78Ter 3 NAc NAc Deceased 
Severe (9) 

LOF - Truncated 
protein1  

2 Homo. 
nonsense 

Ser78Ter 3 2 3 Severe (8) LOF - Truncated 
protein1 

3 Homo. 
nonsense 

Ser78Ter 3 3 3 Severe (9) LOF - Truncated 
protein1 

4 Homo. 
missense 

Leu175Pro 3 3 2 Severe (8) LOF - Misfolded 
protein1,3 

5 Compound 
het. 

c.207+1G>A; 3 3 2 Severe (8) LOF - Truncated 
protein1; absent 
band in Western 

blot1 

c.320-2A>G; 

6 Homo. 
nonsense 

Gln71Ter 3 2 3 Severe (8) LOF - Truncated 
protein1  

7 Compound 
het. 

Pro87Leu; 1 1 1 Mild (3) Lower solubility and 
some precipitated; 
Folded forms still 

binds to PLP 3 
Arg241Gln  LOF - mutation 

abolishes PLP 
binding3, drastic 

reduction in stability 
(Tm shift - 14oC)3 

Patients reported by (Plecko et al., 2017 Dec) 
1 Compound 

het. 
Pro40Leu; 2 0 1 Mild (3) Reduced stability 

(Tm shift -6ºC); Still 
binds to PLP 3 

Arg241Gln  LOF - mutation 
abolishes PLP 

binding, drastic 
reduction in stability 

(Tm shift - 14oC)3 
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2 Compound 
het. 

Ser84Cysfs*21
; 

2 1 1 Moderate 
(4) 

LOF - Truncated 
protein 2 

Arg205Gln Reduced stability 
(Tm shift -7oC); 

Still binds to PLP 3 
3 Homo. 

missense 
Pro87Leu 3 3 1 Severe (7) Lower solubility and 

some precipitated; 
Folded forms still 

binds to PLP 3; 
4 Homo. 

missense 
Tyr69Cys 2 0 2 Moderate 

(4) 
Cys forms disulfide 
bridges that creates 
an artificial dimer 

that hides PLP. 
Decreased PLP 
binding in 30%3 
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Supplemental Appendix 

Clinical Patient Descriptions 

note: MRI findings detailed in Fig. 1 and Supplementary Table 1 

Patient 1 

This Omani boy, now 3 years and 10 months old, was born to a G3P3 mother. His parents are first 

cousins, who are healthy with normal learning abilities and there is a family history of similar 

disease in a younger newly born sibling. Antenatally, the mother experienced increased fetal 

movements. He was born at term, cried immediately and APGAR scores were 9 / 10. His birth 

weight was 2.95 kg (10th percentile), length: 49 cm (50th percentile) and HC: 35 cm (50th 

percentile).  

Seizures were first observed on the 5th day of life, presenting with decreased consciousness, 

uprolling of the eyes and tonic-clonic movements of the body; each episode lasted 10-15 minutes 

and recurred every few minutes. He then developed myoclonic seizures. He was treated with 

phenytoin, phenobarbitone and midazolam infusion without clinical response; subsequently he 

was started on clonazepam and topiramate with initial reduction of seizures but subsequent relapse.  

His EEG showed burst suppression. 

At 5 weeks of age, he was started on oral pyridoxine (25 mg BD) with immediate effect; he was 

sedated yet hemodynamically stable. All anti-epileptics were discontinued after the first dose of 

pyridoxine because of excessive sleepiness. He continued to be sleepy (remained sleepy for almost 

72 hours) and therefore pyridoxine was withheld for 48 hours then restarted at 5 mg BD with 

gradual increment to 25 mg BD. EEG was repeated, and it showed marked improvement with no 

burst suppression on the lower pyridoxine dose. Generalized tonic-clonic seizures relapsed but 

were brief and infrequent and occurred during febrile illness. He was started on levetiracetam but 

there was no response, so it was tapered and discontinued.  

At the age of 2 years and 4 months, the dose of pyridoxine was increased to 120 mg BD p.o. (= 24 

mg/kg/d) that is increased to TID during febrile illness and his seizures were controlled for around 

2 months but then he was admitted again with status epilepticus. Pyridoxine was thus substituted 

by PLP starting at a dose of 200 mg TID (= 42 mg/kg/d) which was then increased to PLP 300 mg 
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TID (=58mg/kg/day) with no notable improvement of his seizure control. Subsequently, folinic 

acid 15 mg BID (= 2mg/kg/day) was added to his PLP regimen, this combination resulted in the 

best seizure control during his entire course of treatment. He was last seen at the age of 3 years 

and 11 months in February 2018, where his parents reported marked reduction in the frequency of 

his seizures. They reported only 2 brief episodes in 3 months period, mainly fever provoked. 

He suffered global developmental delay, of a moderate to severe degree: When he was assessed at 

2.5 years of age, his developmental age was around 12-18 months. Speech and language 

developmental age is around 7-8 months of age (he had 4 syllable babbles, had 1 word (unspecific) 

± Mama-"#FRXOG#QRW#GR#KHDG#VKDNLQJ#IRU#41R,¥#ZDV#QRW#DEOH#WR#EDEEOH#PRQRORJV"#FRXOG#NQRZ#KLs 

own name).  He is hyperactive and was diagnosed with autism spectrum disorder (ASD). After 

folinic acid supplementation, his development improved, and he started to gain some milestones. 

He is currently walking without support and steadily and is able to run and climb the stairs. He can 

say around 10 words with meaning, he obeys commands and can scribble. He has also become less 

hyperactive. Physical exam revealed no dysmorphic features with biometry on the 50th centile; 

systemic exam was also unremarkable without organomegaly. A normal neurological examination 

showed no focal deficits.   

Biochemical investigation at the age of 15 months showed high-normal XULQDU\#.-aminoadipic 

VHPLDOGHK\GH# ;.-AASA, 0.19 µmol/l, reference range: 0-0.2 µmol/l) but plasma pipecolic acid 

was within the reference range. Antiquitin deficiency was subsequently ruled out by Sanger 

sequencing of ALDH7A1. Plasma amino acids were measured twice and were normal while blood 

lactate was high-normal (1.7 mmol/l, reference range: 0.5-2.2 mmol/l) (tests were done at the age 

of 6 weeks).  

Patient 2 

This boy of Omani descent currently aged 13 years and 10 months was born to consanguineous 

parents (first cousins) at term without antenatal or postnatal complications. There is family history 

of <#VLEOLQJV=#GHDWKV>#ERWK#ZHUH#GXH#WR#LQWUDFWDEOH#VHL]XUHV#;DW#WKH#DJH#RI#<-4 months). He has 5 

living siblings (3 males and 2 females) that are all healthy. His birth head circumference was at 

the 10th percentile. 
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 At the age of 7 days, brief, frequent seizures were noted with staring and tonic-clonic movements 

of the body. He was tried on different AEDs but no response until pyridoxine was administered 

and subsequently seizures were controlled before the age of 1 month. Infrequent seizures occurred 

mainly during febrile illnesses, the most recent one at the age of 7-8 years. EEG reports are not 

available.  

He is currently on pyridoxine 80 mg BID (= 5 mg/kg/day), increased during febrile illness to 80mg 

TID. Physical examination revealed no dysmorphic features, anthropometric measurements on the 

10th centile, no systemic abnormalities and no organomegaly. Development in all domains and 

cognition are normal for age; he attends a regular grade 6 at school and has average school 

performance. His neurological exam was reported as normal. Biochemical screening revealed no 

GHWHFWDEOH#.-AASA in urine and Sanger sequencing of ALDH7A1 was negative. Given the striking 

response to pyridoxine, no other investigations were carried. 

Patient 3 

This girl of Dutch descent, now 5 years and 2 months old, was born at 37+5 weeks of gestation 

after an emergency caesarian section because of fetal distress. She is the first and only living child 

of non-consanguineous parents (as far as known). The pregnancy was complicated by a vanishing 

twin at 9 weeks of gestation. APGAR scores were 8/9. There was meconium in the amniotic fluid. 

Umbilical cord blood gas had pH 7.00. Birth weight was 2422 grams (5-10th centile / -1,91 SD), 

birth length was 47 cm (25th centile/ -1.23SD) and head circumference was 30 cm (<2nd centile / 

-4,01 SD). Her fontanel was small. After birth, she needed CPAP for breathing difficulties and she 

had trouble keeping her temperature. She received antibiotics because of suspicion of a perinatal 

infection. Blood lactate was 13.2 mmol/L (reference range: <2.2 mmol/L); blood gas at day 0: pH 

7.15 (normal range: 7.35-7.45); pCO2 4.2 kPa (normal range: 4.7-6.4 kPa); pO2 7.5 kPa (normal 

range: 10.0-13.3 kPa); HCO3 11 mmol/L (normal range: 22-29 mmol/L); and base excess -17.3 

mmol/l (normal range: -3 - +3 mmol/L). Lactate was between 4.2 and 8.8 mmol/L on days 1-5 

(normal range =<2.2 mmol/L). Blood glucose was normal, creatine kinase was 6593 U/L (normal 

range: <200 U/L) at day 1 and went down to 460 U/L at day 5.   

On day 1, she had clinically evident tonic-clonic seizures and an abnormal cerebral function 

monitoring (CFM). Phenobarbital was started, with clonazepam, midazolam and lidocaine, with 

variable response. She was variable hypo- and hypertonic. EEG at day 5 was in keeping with 
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encephalopathy showing a discontinuous pattern, and a tendency to burst suppression with 

epileptic activity was seen during burst episodes. The liver projected two centimeters below the 

costal margins.  

At day 5, PLP was started orally (40 mg 3 dd = 48mg/kg/d) after which the convulsions vanished, 

and blood lactate started to normalize after day 6 (between 1.6 and 2.9 mmol/L).  

At 2.5 months of age there were no clinical signs of epileptic activity, the EEG was normal, and 

the head circumference had shown catch-up growth to -2.5 SD. The PLP dose was lowered to 20 

mg 3dd (15mg/kg/d) because of vomiting. At six months of age the development was still normal. 

There was a short possibly epileptic episode after which the dose of PLP was adjusted to 40 mg 

3dd (16mg/kg/d).   

At 10 months of age, she had a 15-20 minutes lasting tonic-clonic insult shortly after stopping the 

PLP because PNPO SDQJHU#DQDO\VLV#ZDV#QRUPDO#DV#ZDV#XULQH#FRQFHQWUDWLRQ#RI#.-AASA. The next 

days she had several epileptic insults and the EEG results were slower and less differentiated 

showing mild encephalopathic changes, but no overt epileptic phenomena. PLP was restarted (40 

mg 3dd = 12 mg/kg/day) because of suspicion of a yet undetected pyridoxine/ PLP-responsive 

epilepsy, and again her clinical condition improved significantly. Levetiracetam was started at 20 

mg/kg/day.   

At 14 months of age she had an epileptic insult after sleep deprivation. The parents tried to reduce 

the PLP dose at 18 months of age, but she had another insult after that, so they restarted the 

medication. The girl has signs of pavor nocturnus from 20 months of age. She has had several 

epileptic insults that were mostly induced by viral infections/fever or sleep deprivation. At the age 

of 3 years and 10 months, her B6 therapy was switched to pyridoxine at 100 mg/day in one dose 

(= 5.9 mg/kg/day), because PN has less severe side effects on the long term. B6 vitamer conversion 

went smoothly and at the age of 4 years and 2 months, levetiracetam was gradually discontinued. 

This did not seem to affect frequency of seizures. She had a seizure about once every two months 

at this time, more severe than on the PLP regimen. Seizures occurred mostly during illness. At the 

same age (4 years and 2 months), her pyridoxine dose was leveled up to 150 mg/day (100 mg in 

the morning and 50 mg in the evening, = 8.8 mg/kg/day) and her seizures became less frequent. 

The dose was adjusted to 100 mg 2dd (= 9.0 mg/kg/day) at the age of 5 years. Midazolam is used 

during seizure attacks. In addition, she is also taking omeprazol (10mg BID) and macrogol (4g 

daily) to control her GE reflux and constipation, respectively.  
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Her development currently at age 5 years is profoundly delayed; she could walk independently at 

35 months of age, and there is no speech at 3.9 years of age.  Physical examination at 3.2 years of 

age showed no overt dysmorphism except a slight upslant of the eyes and a slightly prominent 

forehead. Length at the 25th centile and head circumference at 2.5th centile / -2 SD.  

Neurologically, at 3 years and 8 months she hardly makes eye contact, follows her own lead. She 

has some stereotypic hand movements. She walks somewhat unstable. The leg tonus seems slightly 

high, reflexes are vivid and no Babinski reflex.  

Additional investigations included TORCH serology (negative). Metabolic screening of urine at 

day 3 before PLP therapy showed normal amino acid profile, a trace of sulfite, high lactate, and 

QHJDWLYH#.-AASA. In blood, carnitines, acylcarnitines and methylmalonic acid levels were normal, 

and plasma amino acids showed elevated glycine 915 µmol/L (normal range 197-487 µmol/L) and 

ornithine (197 µmol/l, normal range 42-170 µmol/L). 

Pre-treatment CSF screening at day 3 revealed normal total protein (670 mg/L, normal range: 450-

1090 mg/L); high lactate 4.4 mmol/l (normal range: 1.1-2.4 mmol/L); high pyruvate (0.23 mmol/L, 

normal range: 0.03-0.15 mmol/L) and normal glucose (4.2 mmol/L, normal range: 2.2-4.4 

mmol/L). Amino acids showed slightly high values of glycine (25 µmol/L; normal range: 3-17 

µmol/L), threonine, glutamine, and ornithine. Neurotransmitters and pterins were normal.  

Chromosome micro-array showed a paternal 5p15.2 duplication of 433 kb (genes in the duplication 

interval are ANKRD33B, DAP and CTNND2) and a maternal 12q24.33 duplication of 370 kb 

(genes in the duplication interval are: GPR133 and LOC116437). Both variants are likely benign.  

Whole-exome sequencing of the proband and both parents was performed as described (Dyment 

et al., 2013), identifying a homozygous missense variant in the PLPBP gene: 

Chr8(GRCh37):g.37623143G>A; NM_007198.3:c.199G>A; p.(Glu67Lys). 

Patient 4 

This girl of Dutch non-consanguineous origin, who died at 2 weeks of age, was the first of DCDA 

twins, born via spontaneous vaginal delivery at 36+6 weeks gestation (birth weight: 2215 g (10th 

percentile), head circumference 30.7 cm (-2.5 SD corrected for gestational age) and APGAR 

6/7/8). The family history was negative for epilepsy or developmental problems. Her twin sib is 

healthy with normal development. Directly postpartum, spontaneous breathing was insufficient, 

requiring assisted ventilation for 5 minutes followed by CPAP with oxygen.  Spontaneous 
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ventilation was restored. Glucose was 4.5 mmol/L but rapidly decreased to <0.6 mmol/L one hour 

postpartum and remained between 0.8 and 1.8 for four hours despite extreme supplementation 

dosages; at 6 hours postpartum normoglycemia was first reached (6.6 mmol/L). Initial lactate was 

19 mmol/L, CK 3137 U/L (normalized to 232 U/L at day 9). A brain ultrasound on postnatal day 

1 showed a dilation of the ventricular system, intraventricular bulkheads, an abnormal gyral pattern 

and abnormal white matter.  

Neurologically the girl showed strong motor unrest and progressive axial hyperextension upon 

light touch. Seizures probably started at day 1 postnatally (but could not be proven by EEG at that 

time) and escalated at day 3 (irritability, nystagmus, tonic spasms of the face, thorax and arms, 

later on also tachycardia, hypertension, apneas, and desaturations, followed by crying and 

grimacing). The first EEG (postnatal day 1) showed a diffusely abnormal and excessively 

discontinuous pattern. Upon external stimulation, there was sharp polymorphic and asynchronous 

activity in the central areas and sometimes more generalized.   EEGs on day 4 and 7 displayed a 

similar background, progressively frequent BIRDS (brief ictal rhythmic discharges) and 

progressive episodes of rhythmic sharp activity compatible with electrographic neonatal seizures, 

sometimes without clinical correlate. Over the course of two weeks several AEDs were trialed, all 

leading to unsustained (minutes to one hour) and only partial seizure control. Because of the severe 

structural brain abnormalities on ultrasound and MRI, pyridoxine treatment was not considered. 

Phenobarbital loading doses up to 40 mg/kg were followed by 5 mg/kg/day. Levetiracetam was 

given twice daily (60 mg/kg) after 2 loading dosages of 20 mg/kg. Continuous intravenous 

midazolam (0.8 mg/kg/hour) with several additional loading doses had a similar effect. Finally, 

repeated doses of oral chloral hydrate (50 mg/kg) accomplished a good clinical response for several 

hours. However, seizures became intractable and on day 16, after elevating midazolam and adding 

morphine for comfort control the girl died of respiratory depression and bradycardia. Permission 

for restricted brain autopsy was granted by the parents (only one slice). Histopathological 

examination showed focal abnormalities, mainly of the white matter consistent with hypoxic-

ischemic injury. WES open exome trio-analysis came back negative at first. However, re-analysis 

of open exome data revealed a compound heterozygous mutation in PLPBP. 
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Patient 5 

This female neonate was the first child to consanguineous parents (second cousins) of Cree First 

Nation ancestry. The pregnancy was unremarkable, but a Caesarean delivery was performed at 

term due to a non-reassuring fetal heart rate. Her birthweight was 3470 g (76th percentile), head 

circumference was 35 cm (82nd percentile) and height was 47cm (14th percentile). The child briefly 

(10-15 seconds) received positive pressure ventilation for poor respiratory effort, being initially 

stable. Over the first hours of life, she developed progressive respiratory failure requiring 

intubation and transfer to a tertiary care NICU.  

The admitting diagnosis was suspected birth asphyxia. Her neurological examination was notable 

for hypertonia, hyperreflexia, and abnormal movements (persistent flexion and clenching of her 

upper extremities). Clinical seizures were noted on the first day of life; EEG was markedly 

abnormal with a burst-suppression pattern, and she was given a neurological diagnosis of early 

infantile epileptic encephalopathy (Ohtahara syndrome). Routine lab studies were notable for a 

persistently increased lactate level in blood (range 1.5 - 11.2 mmol/L) and cerebrospinal fluid (5.6 

mmol/L). 

The patient was successfully extubated post-transport, however her seizures proved to be 

refractory. Seizures were managed, to the extent possible, with an intravenous midazolam infusion 

(150 µg/kg/hour), followed by an escalating series of up to six simultaneous anticonvulsant agents, 

and high-dose prednisone. Empiric therapy with biotin and thiamine produced no obvious benefit 

(pyridoxine was not tried). Seizures and apneic episodes persisted, becoming increasingly frequent 

despite these treatments. At eight weeks of age, she acutely deteriorated with recurrent apneas, 

acute renal failure, and hemodynamic compromise, and care was recognized to be futile, and 

withdrawn.  

7KH# SDWLHQW=V# FOLQLFDO# SUHVHQWDWLRQ# DQG# LPDJLQJ# ZHUH# FRQVLGHUHG# PRVW# FRQVLVWHQW# Zith a 

mitochondrial disorder. Plasma amino acids were notable for hyperglycinemia (943-1010 µmol/L; 

reference interval 81-436) with corresponding high glycine in CSF (28 µmol/L; reference interval 

3-23); of note, alanine and proline concentrations in blood and CSF were normal. Acylcarnitine 

profile was normal. Urine organic acids showed increased excretion of lactic, pyruvic, and 2-

hydroxybutyric acids, consistent with lactic acidosis. Muscle biopsy was refused; cultured skin 

fibroblasts showed an elevated lactate-to-pyruvate ratio (41.7 +/- 7.13; reference interval 9.6-26.5), 
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normal activities of several enzymes (pyruvate dehydrogenase (PDH) native: 

0.94±0.06nmoles/min/mg protein, ref 0.46-1.60; PDH: 1.32±0.06nmoles/min/mg protein, ref 

0.87-2.33; pyruvate carboxylase: 0.51, ref 0.35-5.18; and respiratory complexes II-IV), and normal 

mitochondrial morphology and inner membrane potential. Extracellular flux testing showed an 

apparent reduction of carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP)-stimulated 

spare respiratory capacity. 

Genetic investigations which were normal or inconclusive in the patient included oligonucleotide 

microarray, mtDNA point mutation panel, and an NGS-based nuclear mitochondrial gene panel 

(Mitome200, Baylor College).  She was enrolled into a local research program and an NGS-

based panel of 4,813 genes associated with any clinical phenotype (Illumina TruSight One) was 

performed and negative. Whole-exome sequencing of the proband and both parents was 

performed as described (Beaulieu et al., 2014; Hamilton et al., 2016), identifying a homozygous 

frameshift mutation in NM_007198(PLPBP):c.370_373del (p.Asp124Lysfs*2). Absence of 

PLPHP protein expression was confirmed by immunoblot of fibroblast lysates from the patient 

and controls (Supplementary Fig. 1). 

Patient 6 

This boy, now 4 years and 3 months old, was born to consanguineous parents (second cousins) 

from the UAE after a pregnancy complicated by possible fetal seizures in the late third trimester 

consisting of rapid movements. There is a family history of similar epileptic encephalopathy with 

infantile spasms in a sibling who died from pneumonia while being treated with steroids. He was 

born at term with birth weight of 2.8 kg. His head circumference measured at the age of 10 months 

was at the 10th percentile (44 cm) and has remained normocephalic. Apgar scores were not 

available but there were no reports of complications or need for resuscitation after delivery. He 

had irritability from the first day with possible seizures and clear diagnosis of seizures by day 4 of 

life. Initial seizures types were infantile spasms and rapid clonic seizures. Results of first EEG at 

2 months are unknown. An EEG at 4 months showed multifocal epileptiform activity 

predominantly in the frontal and parietal regions. He had transient response with 2 weeks seizure 

free on prednisolone then the effect waned. He had no response to levetiracetam or vigabatrin. 

Around 6 months of age, pyridoxine 50 mg BID (approximately 6 mg/kg/day) was given, then 

cutting back to 25 mg BID resulted in complete control of spasms and clonic seizures, and his 
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EEG normalized. Within 1-2 months, however, he developed new seizures, generalized tonic-

clonic seizures with illness or fever, lasting up to 30 minutes in duration.  The frequency is one 

every 1-3 months.  He has had improvement in duration and frequency of seizures with 

oxcarbazepine and early treatment with diazepam. His longest seizure free interval was 

approximately 3 months.  He had a brief withdrawal of PN for two days with recurrence of seizures 

and thus it was resumed at a dose of 50 mg BID. After PLPHP deficiency diagnosis was made, his 

PN dose was increased to 100 mg BID (12.8 mg/kg/day). He has been on this dose ongoing in 

addition to oxcarbazepine 420 mg BID (53.8 mg/kg/day). 

Developmentally, he was severely delayed without achieving any milestones during the first 6 

months prior to PN treatment; he was markedly hypotonic and made no eye contact. After 

treatment, he made excellent improvement in his development but still has mild motor delays and 

a diagnosis of ASD was made at 2 ½ years old.  He sat independently by 12 months, walked by 2 

years, and had a pincer on one hand by 2 ½ years. He repeats words but does not talk independently 

or communicate with gestures and his eye contact is limited. He has limited social reciprocity and 

joint attention. He has frequent stereotypies and self-stimulatory behaviors fitting the ASD. 

At 2 years and 7 months of age, he was assessed on the Bayley Scales of Infant and Toddler 

Development, where his scores were: Cognitive Composite 70 (2nd percentile), Language 

Composite 62 (1st percentile), Motor Composite 85 (16th percentile).  

 

Patient 7 

This boy, currently 23 months old, was born at term to non-consanguineous parents who originate 

from a small town in Guatemala. He was born with bilateral syndactyly of the third and fourth 

fingers. His birth weight was 3.317 kg (47.6th percentile, Z = -0.06), head circumference was 33 

cm (12.5th percentile, Z = -1.15) and APGAR 9, 9. He initially presented to Neurology in an urgent 

clinic visit at 2 months of age for abnormal movements: flexor posturing with arm abduction, tonic 

posturing of his UE and LE with internal rotation of his arms, jerking of the left arm and upward 

eye deviation with each event. There were no recognized triggers of these events, and they 

clustered for minutes to over an hour. He did not present with clear epilepsy. His initial routine 

EEG was read as disorganized background and bursts of higher-amplitude activity, with several 

spike and slow wave complexes followed by electro-decrement with clinical correlate of subtle 
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twitch. Although this EEG did not meet criteria for hypsarrhythmia, there was high clinical 

suspicion for infantile spasms with emerging hypsarrhythmia on EEG; he was thus treated for 

infantile spasms with high dose prednisolone. CSF analysis of cell count, chemistry and culture 

were unremarkable.  

His parents discontinued prednisolone on the 8th day of treatment due to side effects of irritability, 

diarrhea, persistence and worsening of his abnormal movements. An inpatient video EEG was 

repeated and captured opisthotonic-like events (back arching, sometimes twisting at the trunk, 

occasional arm stiffening) and oculogyric crises. These movements did not correlate with 

electrographic changes on the EEG suggestive of seizures or spasms. He would become extremely 

tachycardic with the events. Cardiac and GI workups were negative. His movements did not 

respond to lorazepam (0.1 mg/kg), though reduced in frequency during levetiracetam treatment 

(30 mg/kg twice daily), and parenteral hydration. Biochemical labs revealed a profile suggestive 

of aromatic L-amino acid decarboxylase (AADC) deficiency (see details below) and he was started 

on recommended treatment for this disorder: PN 50 mg BID, PLP 60 mg TID and Sinemet 0.4 mL 

TID (approximately 1 mg/kg/day based on levodopa component) at 2.5 months of age with 

complete resolution of symptoms on this regimen. Once PLPBP mutation was identified, Sinemet 

was later discontinued (at age of 8 months) and he is currently on a mixed regimen of PN (23 

mg/kg/day div BID) and PLP (30 mg/kg/day div TID). Following initiation of treatment, all 

subsequent EEGs have been normal.  

Early developmental milestones were achieved within the normal age range; more recently, 

asymmetric delays were identified. Clinical neurologic exam performed at the age of 20 months 

was normal: vision and hearing grossly intact; motor: normal bulk, full strength at all extremities 

at distal and proximal muscles in BUE and BLE, no hypotonia, sits, crawls, walks independently, 

stands flat footed; sensation: intact grossly at all extremities; coordination: no tremor, reaches for 

objects with both hands, transfers objects between hands, pincer grasp, using hands equally; 

reflexes: 2+ bilateral bicep and BR, symmetric brisk 2+ at patella, symmetric 2 at ankles, no 

clonus. At 23 months of age, significant delays were noted in expressive and receptive language 

skills with preservation of gross and fine motor development. 

Biochemical investigations: Lactate remained normal when checked on hospital readmission (1.7 

mM, reference range: <2.0 mM). However, during a third admission, he was confirmed to have 
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elevated lactate (8.46) and metabolic acidosis on VBG with elevated anion gap (23) as well as 

hyperglycemia (325) in the setting of repeated opisthotonic events. His UA showed 4+ glucose 

and 1+ ketones. His hyperglycemia and elevated lactate corrected quickly following a NS bolus. 

CRP and ammonia were normal.  

Urine organic acids resulted positive for presence of vanillactic acid, vanilpyruvic acid, and n-

acetyl-vanilalanine; also, minor elevations of lactic, malic, 2-ketoglutaric, and n-acetylaspartic 

acids. This profile is typical of aromatic AADC deficiency, an enzyme necessary for synthesis of 

neurotransmitters (DA, Epi, NE, 5HT). The rest of the metabolic workup (including plasma amino 

acids, acylcarnitine profiling) was negative. Confirmatory testing with AADC enzyme assay 

revealed partial enzymatic activity (18.84 pmol/min/mL), suspicious for carrier status of the 

condition but not complete AADC enzyme deficiency. Biochemical analysis of CSF at age of 2 

months (before B6 treatment) showed normal levels of glucose (71 mg/dL, reference range: >40 

mg/dL) but elevated protein concentration (75 mg/dL, reference range: <45 mg/dL) which 

normalized after B6 treatment (25 mg/dL at age of 2.5 months). Pre-B6 treatment CSF 

metabolomics (at age of 2 months) revealed several minor elevations of (Z score): 3-

methoxytyrosine (4.2), palmitoyl-GPA 16:0 (3.7), alpha-ketoglutarate (3.2), adenosine (2.6), 2-

aminooctanoate (2.6) and tryptophan (2.5). 

Clinical whole-exome sequencing (WES) on the proband identified a homozygous variant in the 

PLPBP (c.280 A>T, p.Ile94Phe in exon 4). A homoplasmic variant in MT-ND1 was also 

described. A dopamine-related disorders gene panel identified a heterozygous pathogenic splice 

variant in DBH (c.339+2T>C). No variants were detected in DDC, the gene that encodes AADC. 

Sinemet (Levodopa/carbidopa) treatment was successfully discontinued after WES resulted, 

further supporting PLPHP dysfunction, rather than AADC deficiency, as disease-causing. 

Patient 8 

This boy of Arab descent, now 8 years and 1 month old, was born at term via spontaneous vaginal 

delivery to a primigravida mother with insulin dependent diabetes. The parents are consanguineous 

with a family history of pyridoxine-dependent epilepsy. The patient is 1st cousins with patient 9.  

His APGAR scores were 7 & 9 at 1 & 5 minutes, respectively. At birth he weighed 2.98 kg (50th 

percentile), was 55 cm tall (90th percentile) and his head circumference was 35cm (50th percentile). 
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He was feeding well and active until the age of 1 week when he started to have episodes of 

myoclonic movements of the upper and lower limbs lasting for few seconds, but in clusters. He 

continued to have daily episodes. He was irritable and crying with disturbed sleep.  The seizures 

became very frequent with time and at the age of 3 weeks he was admitted for the control of 

seizures. His initial EEG at the age of 3 weeks showed burst suppression. He was initially loaded 

with phenobarbitone but there was no response. He was then started on midazolam infusion and 

IV levetiracetam but he continued to have frequent seizures. At age of 25 days, a dose of 20 mg 

oral PN was tried and the seizures immediately stopped. He was sleepy for more than 10 hours for 

which he was shifted to PICU for observation. An EEG was repeated and it was normal. He was 

then gradually weaned off midazolam and levetiracetam. He was back to his normal activity. 

Phenobarbitone was also tapered and discontinued. He continued to be on PN only 40 mg BID 

with increasing the dose to TID during febrile illnesses. He remained seizure free since then except 

at the age of 5 years when he had a febrile illness and there was not enough PN at home to increase 

the dose. After that he had no more seizures. He is currently on pyridoxine 80 mg BD (6 

mg/kg/day), increased during febrile illness to 80 mg TID = 8.8 mg/kg/day. 

He achieved all his developmental milestones at an appropriate age. He is in grade 2 at school now 

with excellent performance. A physical examination found no dysmorphic features or 

neurocutaneous marks, no organomegally, and his clinical neurologic exam was normal (normal 

tone, power and DTR, planters are downgoing, normal cranial nerves examination, no cerebellar 

signs). His weight, height and head circumference are currently between the 50th and 75th 

percentiles.  

Biochemical investigations found normal pipecolic acid levels and metabolic workup at the age of 

3 weeks revealed raised blood lactate (4.5 & 3.4) but normal pH. Amino acids and acylcarnitines 

were unremarkable on tandem mass spectrometry in dried blood spots.  Long-term EEG at the age 

of 4 years and 4 months resulted normal. 

Patient 9 

This boy of Arab descent, now 14 months old, was born at term by spontaneous vaginal delivery 

37 weeks of gestation to a primigravida mother with no antenatal complications. The parents were 

consanguineous with a family history of pyridoxine-dependent epilepsy, the patient is the cousin 

of patient 8. His APGAR scores were 9 and 10 at 1 and 5 minutes, respectively. His birth weight 
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was 2.56kg (50th percentile), he was 49cm tall (50th percentile) and his head circumference was 

33cm (50th percentile). He was admitted to the SCBU soon after delivery with the impression of 

TTN (transient tachypnea of the newborn).  He was in SCBU for 5 days during which he was 

treated for presumed sepsis and jaundice. After discharge and at home on day 5 of life, the parents 

started to notice frequent episodes of generalized tonic-clonic seizures. The episodes were brief 

and lasting for seconds only.  He continued to be active and was feeding well. His first EEG at the 

age of 10 days showed burst suppression. He was started on PN at home by his uncle (father of 

patient 8). At hospital, he received 40 mg once and he became very sleepy but had no more 

seizures. Within 24 hours he became active and was again feeding well. He was discharged on oral 

PN. He had no other symptoms. He is currently on 20 mg PN BID (8.5 mg/kg/day), increased 

during febrile illness to 80 mg TID (= 12.5 mg/kg/day). 

Physical examination revealed no dysmorphic features or neurocutaneous marks and his weight, 

height and head circumference are all now in the 10th-50th percentile. He has normal tone, power 

and cranial nerves examination but noted to have hyperreflexia in all limbs. Urinary aminoadipic 

semialdehyde was mildly elevated at 0.35 mmol/mol Creatinine (reference, 0-0.19). Urinary 

pipecolic acid concentration was normal at 0.12 mmol/mol Creatinine (reference, 0.01-1.54).  

Piperidine-6 carboxylic acid was normal at 0.37 mmol/mol Creatinine (reference 0-1.62). Amino 

acids and acylcarnitines were unremarkable on tandem mass spectrometry in dried blood spots. 

Repeat EEG at 10 months was normal. 

Patient 10 

This girl, currently at 10 years and 6 months of age, was born from consanguineous (first cousins) 

parents of Kurdish descent. There is a family history of similar disease in the younger sister (patient 

11). She was born at 38 weeks gestation via C-section due to fetal decelerations and meconium 

stained amniotic fluid. Ultrasound examination performed at 20 weeks of gestation was remarkable 

for cysts in the head, but these were not seen on repeat ultrasound at 28 weeks.  Her APGAR scores 

were 8 and 9. After birth, she was irritable with a high-pitched cry, dysconjugate eye movements, 

and tonic posturing was seen early on.  

Within the first day of life, she presented with seizures characterized by flexor spasms and eye 

deviations; oxygen desaturations were seen. She continued to exhibit irritability and seizure 
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activity with segmental myoclonic jerks involving the upper trunk, eye deviation, crying, 

hiccupping and flexor spasms.  

She was given a phenobarbital load during the first two days of life, with a mild response. An EEG 

after phenobarbital load showed discontinuous background rhythm with periods of quiescence, 

lasting up to 10 seconds, consistent with mild cerebral dysrhythmia. On day four of life, an 

overnight extended video EEG was pursued.  At the beginning, near burst suppression pattern was 

seen, characterized by spike and slow wave and poly spike and slow wave complexes lasting up 

to 10 seconds. Relative periods of quiescence lasting up to 20 seconds were seen. During the burst 

of generalized paroxysmal discharges, she exhibited periodic episodes of high pitched cry, flexor 

spasms with arm extension, with and without hiccupping and with and without eye bobbing, lip 

smacking and emesis.  

A 50 mg dose of PN was given twice over a short period of time.  After 5 minutes, the periodic 

episodes of high pitched cry, flexor spasm, and hiccupping stopped and there was a significant 

improvement in the EEG background rhythm.  During wakefulness, the background rhythm was 

continuous with fair synchrony and symmetry for age.  Background rhythm appeared to be 

discontinuous during quiet sleep. A moderate number of sharp waves were seen over the left 

central temporal and right temporal region. Phenobarbital and phenytoin were discontinued, and 

the child remained without seizures. She was discharged home at 11 days of age, was breast 

feeding well and taking 75 mg PN per day. Doses were given in the evening since the child became 

very sleepy as a result. At the age of 8 years and 2 months, the family took her off PN treatment 

for two weeks which led to uncontrollable seizures and was taken to the ED where her seizures 

could not be stopped until she was put back on PN.  

In terms of her language development, she began babbling at approximately 12 months of age. She 

started to say "mama" and "dada" at 3 years of age. She currently has several hundred words, which 

tend to be more representative of objects, and can sometimes be difficult to recognize. She will 

string four or five words together to communicate. She can follow one-step, very familiar 

commands or one-step commands with gestures. She does know her body parts including more 

minor body parts such as teeth and elbows. She does identify many of her letters. She is able to 

play with other children mostly her siblings. She points when she wants something and is fully 

potty-trained.  
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A neurological exam found that she has hypotonia with joint laxity, mild dysmetria and is unable 

to balance on each foot for 3 seconds. She has a wide based gait with poor coordination but is able 

to navigate an iPad. She can walk up and down stairs by herself, hops on each leg independently. 

She can kick and throw a ball and ride a tricycle. She needs some help with dressing but can pull 

up pants and underpants on her own and can take off her coat. She needs some help with putting 

on a coat. She can use a spoon and a fork well but makes a lot of mess. She holds a pen well. She 

does not yet write letters or numbers but can trace them or do so if her family is using hand over 

hand. She does not yet draw items that others recognize.  

For her seizures she now takes 100 mg PN BID (4.7 mg/kg/day). She also requires lamotrigine 50 

mg BID (3.5 mg/kg/day) and clobazam 10 mg BID (0.75 mg/kg/day) for optimal seizure control. 

During illness however, she can have breakthrough seizures.  

Biochemical investigations included normal urine organic acids and purines; blood lactate, 

acylcarnitines, amino acids (both after PN therapy); and a normal CSF amino acids (except for a 

slight increase in alanine (43 nmol/ml)), folate/5MTHF, lactate, protein, glucose, BH4, neopterin, 

PLP, and neurotransmitter metabolites (5HIAA, HVA, 3-OMD). 

Genetic investigations included normal 500Kb array CGH microarray, Prader-Willi/Angelman 

methylation studies, and Sanger analysis of ALDH7A1 (heterozygous for non-pathogenic variant 

p.K411Q), and deletion/duplication analysis (negative), CDKL5,  SCN1A, SCN1B, GABRG2, and 

PCDH19 sequencing (all negative). 

 

 

Patient 11 

This girl, who is now 6 years and 10 months old, is the sister of patient 10. She was delivered via 

C-section after an unremarkable pregnancy. Her head circumference was in the 2nd percentile. On 

the first day of life, she had ophisthotonus, irritability, and eye deviation throughout the day 

(episodic, but up to 1 hour).  This was not diagnosed as seizures until an EEG was performed at a 

few days of life. The EEG showed a discontinuous record with multifocal sharp waves (bilateral 

frontal/central/temporal). She was admitted to the NICA for two weeks due to meconium 

aspiration and seizures.   
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She was noted to have partial seizures (hemibody clonic activity with lateral eye deviation either 

left or right) lasting 7 seconds to 5 minutes (average 2 minutes, 2-3 times a week), or generalized 

convulsions with whole body stiffening with some neck extension, lasting more than 2 minutes, 

about twice a month. Her seizures typically occurred at night.  

She had no initial response to AEDs. With initial PN administration, the EEG report describes 

persistence of sharp waves at moderate frequency, and her seizures did persist over several weeks 

and thus levetiracetam was added to her treatment. Subsequent additions of clobazam and 

lamotrigine have been helpful, but she still has seizures with fever. At the age of 4 years and 10 

months, her PN dose was reduced to 50 mg BID and she suffered increase in frequency of seizures. 

She is currently on following medications: 100 mg PN BID (7.8 mg/kg/day), lamotrigine 37.5 mg 

BID (4.5 mg/kg/day) and clobazam 10 mg BID (1.25mg/kg/day). 

Her neurological examination revealed mild dysmetria, and a wide based and ataxic gait. She is 

very hypotonic in the trunk, making mobility much more difficult. She continues to progress in 

gross and fine motor skills. Still cannot climb up or down stairs. She has separation anxiety and 

severe stranger anxiety. She knows a lot more words now than previously. She is interested in 

others, points at what she wants, but cries if approached by other children.  

Biochemical investigations: A comprehensive metabolic panel (sodium, potassium, chloride, 

calcium, bicarbonates, glucose, BUN, creatinine, total protein, albumin, A/G ratio, total bilirubin, 

alkaline phosphatase, GOT/AST, GPT/ALT) was screened four times (first one at age of 15 

months) and resulted normal profiles in all. 

Genetic investigations: GeneDx Infantile Epilepsy Panel (all negative): sequencing and 

deletion/duplication analysis of the following genes: ADSL, ALDH7A1, ARX, ATP6AP2, CDKL5, 

CLN3, CLN5, CLN6, CLN8, CNTNAP2, CTSD, FOXG1, GABRG2, GAMT, KCNQ2, KCNQ3, 

MECP2, MFSD8, NRXN1, PCDH19, PNKP, PNPO, POLG, PPT1, SCN1A, SCN2A, SCN1B, 

SLC25A22, SLC2A1, SLC9A6, SPTAN1, STXBP1, TCF4, TPP1, TSC1, TSC2, UBE3A and ZEB2. 

Clinical whole exome sequencing ultimately discovered the PLPBP variant in patients 10 and 11 

DIWHU#UHDQDO\VLV#DV#WKH#RULJLQDO#DQDO\VLV#GLG#QRW#FODVVLI\#WKH#4PROSC¥#JHQH#WKDW#KDG#QRW#\HW#EHHQ#

described. 
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Patient 12 

This African American girl, now 5 months old, was born via spontaneous vaginal delivery at 35 

weeks of gestation to a 17-year-old G1 P0 female after an uncomplicated pregnancy.  The parents 

were consanguineous. Her APGAR scores were 7 at 1 minute and 9 at 5 minutes and birth head 

circumference was 31 cm which is at 22nd percentile. She presented shortly after birth with neonatal 

seizures. She started having repeated stereotyped episodes of extremity jerking and irregular 

respirations within the first few hours of life and evolved into super refractory neonatal seizures.  

She did have initial period of seizure freedom after phenobarbital loading but relapsed within the 

first week of life. Her seizures failed multiple antiepileptic medications, including phenobarbital, 

phenytoin, topiramate, levetiracetam, clonazepam, vigabatrin, midazolam, lorazepam, leucovorin, 

and a single dose of PN (100 mg IV) given early in the course. The VEEG background had no 

noted improvement after the first PN dose. She had focal seizures and myoclonic jerks followed 

by tonic posturing and initial EEG showed a burst suppression pattern followed by very frequent 

focal and independent right and left sided seizures and bilateral synchronous tonic seizures and/or 

myoclonic startle like seizures with generalized epileptiform activity. After failing multiple 

conventional anticonvulsants, dextromethorphan was tried without success. She was placed on a 

3:1 ketogenic diet and serine supplementation for low CSF serine. PLP was started at one month 

of age resulting in seizure freedom, significant improvement in EEG background activity and 

improvement in her neurologic exam. EEG background became continuous and no electrographic 

or clinical seizures were after PLP was started. Focal interictal epileptiform activity continued to 

be present but overall there was much improvement after initiation of PLP. 

For seizure control, she is now taking 40 mg/kg/day of PLP divided q12h and 9 mg/kg/day of 

phenobarbital. She has been weaned from the ketogenic diet. On exam at age 2 months, she was 

microcephalic (z score -4.4), non-dysmorphic and was feeding well by mouth. She had conjugate 

eye movements and emerging visual fixation. She had normal axial tone and localized pain to 

extremity. Her deep tendon reflexes were 3+. No myoclonus was seen. Upon most recent check at 

age of 4.5 months, her EEG has 4-4.5 Hz background of normal voltage with no epileptiform 

activity. She is developing relatively well, has mild hypotonia but intact visual fixation and is a 

good oral feeder.  Mother reports possible rare brief seizures but none noted in 24 hour EEG. 
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Her laboratory work-up revealed normal CBC, normal CMP, negative CRP, normal ammonia, 

initial elevated serum lactic acid which normalized within first 2 days, negative HSV PCR, 

negative TORCH titers, normal CSF lactic acid, normal CSF pyruvic acid, normal CSF glucose 

and normal CSF protein. Low CSF serine (30 nmol/mL, normal range: 44 - 136 nmol/mL) was 

noted, but other CSF amino acids were normal. Plasma amino acids checked at age of 6 days 

revealed elevated glycine (575 nmol/mL, reference range: 111 - 426 nmol/mL). Repeat plasma 

amino acids at 9 days of life showed normal glycine levels (370 nmol/mL). CSF glycine was 

normal at 3 weeks of age 23 nmol/ml (reference range: 5 - 115 nmol/mL). Acylcarnitine, urine 

organic acids and uric acid were all within reference intervals. Lymphocyte choriomeningitis AB 

IgG and IgM was negative. Pipecolic acid was 0.4 nmol/mL (normal range <6 nmol/mL). Urinary 

S-sulfocysteine was within limits. CSF neurotransmitters (5-hydroxyindoleacetic acid, HVA, 3-

Omethyldopa) were all normal. 

A microarray showed vast areas of homozygosity, totaling 20% of the genome. GeneDX Xome 

DxSlice on the proband revealed a pathogenic mutation in the gene PLPBP which results in 

pyridoxine-dependent seizures, in addition to 3 additional homozygous mutations of uncertain 

significance (c.1421G>A in CYP27A1, c.1429A>G in DENND5A and c.997C>T in VPS53, all 

typically associated with recessive disorders and here without second variants identified). 

 

Supplemental methods 

Whole-exome and Sanger sequencing and in silico analysis 

Patients 1 and 2 

Whole exome sequencing (WES) was performed on patients 1 and 2 using the SureSelectXT 

Library Prep Kit and Illumina HiSeq 4000 (Macrogen, Korea). The data was analyzed using a 

semi-automated bioinformatics pipeline (Tarailo-Graovac et al., 2016). Illumina sequencing reads 

were aligned to the human reference genome version hg19 using Bowtie2 aligner (Langmead and 

Salzberg, 2012) and local realignment was performed using Genome Analysis Toolkit (McKenna 

et al., 2010), achieving mean coverage of 24x for both patients 1 and 2. Variants were called using 

SAMtools (Li et al., 2009) and annotated using SnpEff (Cingolani et al., 2012). Rare variants were 

identified using public databases, such as exome variant server (EVS), dbSNP v138 (Sherry et al., 
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2001) and the Exome Aggregation Consortium (ExAC) database (Lek et al., 2016), as well as our 

in-house database of more than 400 exomes and 40 genomes (UBC) and against an in-house 

database of 817 Saudi Arab exomes at Alfaisal University (Dr. Fowzan Alkuraya, personal 

communication). Manual inspection on variant quality was carried out with Integrative Genomics 

Viewer (IGV) (Robinson et al., 2011).  

Patient 3 

Clinical child-parents whole-exome sequencing (trio-WES) was performed at the Department of 

Human Genetics at the Radboudumc (Nijmegen, The Netherlands), with examination of all known 

genes according to previously described WES methods (de Ligt et al., 2012; Lelieveld et al., 2016). 

Patient 4 

Whole-exome sequencing of the proband and both parents was performed as described (Dyment 

et al., 2013). 

Patient 5 

Trio WES was performed using SureSelect Human All Exon Kit version 4 (Agilent) for target 

enrichment. The library was sequenced with 100bp paired-end reads on a HiSeq 2000 platform 

(Illumina), and bioinformatics analysis was carried out as described previously (Dyment et al., 

2013). Sanger sequencing showed the affected individual was homozygous for this variant, parents 

heterozygous. 

Patients 6, 7, 10, 11 and 12 

Using genomic DNA from the proband and parents if available, the exonic regions and flanking 

splice junctions of the genome were captured using the SureSelect Human All Exon V4 (50 Mb), 

the Clinical Research Exome kit (Agilent) or the IDT xGen Exome Research Panel v1.0. Massively 

parallel (NextGen) sequencing was done on an Illumina system with 100bp or greater paired-end 

reads. Reads were aligned to human genome build GRCh37/UCSC hg19 and analyzed for 

sequence variants using a custom-developed analysis tool. Additional sequencing technology and 

variant interpretation protocol has been previously described (Tanaka et al., 2015). The general 

assertion criteria for variant classification are publicly available on the GeneDx ClinVar 
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submission page (http://www.ncbi.nlm.nih.gov/clinvar/submitters/26957/). Given patient 11 is a 

sibling of patient 10, the variants were diagnosed through targeted Sanger sequencing.  

 

Patients 8 and 9 

 The PLPBP mutation in these cousin patients was identified by targeted Sanger sequencing. 

In silico assessment of variants 

In silico variant effect predictions and scores from the 6 prediction algorithms (SIFT, Polyphen2 

HDIV, MutationTaster, MutationAssessor, FATHMM MKL and PROVEAN) for all PLPBP 

single-nucleotide variants (SNVs) were retrieved from GenomeBrowse 2.1.2 (Golden Helix, 

USA) using its data track 4dbNSFP Functional Predictions and Scores CDE¥D#7KH#WUDFN#FXUDWHV#

and visualizes functional predictions and scores that are originally obtained from the dbNSFP 

database (Liu et al., 2011, 2013). Only one tool (MutationTaster (Schwarz et al., 2014)) provided 

prediction for the 4bp deletion mutation in patients 5 and 12 (obtained manually from 

http://www.mutationtaster.org). CADD scores (Kircher et al., 2014) were queried individually. 

Primary skin fibroblast culture 

For patient 5, a skin biopsy was taken from which a fibroblast cell line was established at the 

Centre for Applied Genomics (Toronto, Canada) and maintained in HyClone DMEM media (GE 

Healthcare Life Sciences) supplemented with 10% FBS, Penicillin-Streptomycin (SV30010, GE 

Healthcare Life Sciences) and 2mm L-glutamine (SH3003401, Thermo Scientific).  

Patient fibroblast protein analysis 

Total protein from the patient and three control lines was extracted in RIPA buffer containing 

protease inhibitors (Sigma) and was run on SDS-PAGE (20µg) following standard protocols. 

Antibodies used were rabbit anti-PROSC (Proteintech, 25151-1-AP, 1:5000); anti-!-tubulin 

(Abcam, ab6046, 1:20 000) and anti-GAPDH (ImmunoChemical, 200-901-BJ4, 1:10 000) were 

used as loading controls. HRP-linked anti-rabbit or anti-mouse IgG (1:2000) was used as 

secondary, and the Clarity ECL WB Substrate kit (BioRad) was used for protein detection using a 

ChemiDoc Touch Imaging System (BioRad). 
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Analysis of mitochondrial function in fibroblasts 

A sample of the patient 5 fibroblast line was sent to the Mitochondrial Disease Laboratory 

(SickKids, Toronto). Measurements performed were pyruvate dehydrogenase (PDH) in its native 

and dichloroacetate activated forms, pyruvate carboxylase (PC), cytochrome oxidase, succinate 

cytochrome c reductase, and the cellular lactate/pyruvate ratio.  

Oxygen consumption rate (OCR) was measured in patient and control fibroblasts using a Seahorse 

XF-24 Extracellular Flux Analyzer and V7 PS cell culture microplates (Agilent). Cells were 

seeded 50 000/well 24 hours before the assay, which followed the standard protocols of the XF 

Cell Mito Stress Test (Agilent). Data were normalized to protein concentration.  

PLPBP targeting in HEK293 cells 

Two guide RNAs were designed in exon 2 of PLPBP (NM_007198) targeting the region 

downstream of the start codon using the CRISPR design website (http://crispr.mit.edu/). The guide 

RNA sequences were TTGCTGACCGCCACTAGCCG (Guide 1 on reverse strand; primers 1F

 F=#&$&&*TTGCTGACCGCCACTAGCCG C=#Dnd 1R F=#

AAACCGGCTAGTGGCGGTCAGCAA&# C=) and CATCCAGCCCCGGCTAGTGG (Guide 2 

on forward strand; primers 2F  F=# &$&&*CATCCAGCCCCGGCTAGTGG C= and 2R

 F=#$$$&CCACTAGCCGGGGCTGGATG &#C=J. Oligonucleotide guide sequences were 

cloned into the pSpCas9(BB)-2A-GFP plasmid (Addgene Plasmid 48138). The resulting plasmids 

were transfected into HEK293 cells and GFP positive cells were sorted two days after transfection. 

These cells were used for obtaining clonal cell lines. We obtained two clonal cell lines with 

predicted biallelic disease-causing mutations; Guide 1_B, homozygous for c.124_127delCTAG 

(L42Wfs*12) and Guide 2_C, homozygous for c.128_129ins131bp (A44Gfs*55). 

 

Quantification of B6 vitamers in plasma, leucocytes and cultured cells  

Plasma samples from patient 4 (prior to treatment with any form of vitamin B6) and patient 3 

(during treatment with   PLP) were collected, shed from light and stored at -80°C.  B6 vitamers 

PLP, pyridoxal (PL), PN, pyridoxamine (PM) and the degradation product 4-pyridoxic acid (PA) 

were quantified by LC-MSMS as previously described (van der Ham et al., 2012; Mathis et al., 
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2016). Pyridoxine-F=-phosphate (PNP) was not quantified due to plasma-related technical 

limitations of the method (ion suppression) and pyridoxamine-F=-phosphate (PMP) was not 

quantified as it is known to be highly unstable in plasma.  

Fibroblasts from patient 5 and four controls, and HEK293 cells were cultured in DMEM 

GlutaMAX-I (Gibco, cat # 31966) containing 10% fetal bovine serum and 1% penicillin-

streptomycin. B6 vitamers were extracted with tricholracetic acid (50g/L) and quantified with 

UPLC-MS/MS in biological triplicates as described by (van der Ham et al., 2012). 

 

Zebrafish genotyping 

F1s were raised to adulthood and were fin-clipped for genotyping by HMA-PAGE. Fish with 

candidate variants causing frameshift mutations were backcrossed to WT fish to further reduce the 

chance of off-target effects, generating F2 heterozygotes. F3 larvae from the crossing of F2 

heterozygotes were genotyped by extracting DNA from 3-4 days post-fertilization (dpf) larval fins 

and HMA-PAGE was used following previously described protocols (Pena et al., 2017; Kosuta et 

al., in press). Primers used: plpbp-F !"# GCACTCTGGCTATGTGGAGA C=; plpbp-R F=#

$*&7*7&$&7&$7&&&7&*7# C=D Because differentiating homozygous mutants and 

homozygous WT genotypes requires two rounds of HMA-PAGE, and since no suitable primers 

could be identified for a reliable multiplex PCR strategy that would clearly identify homozygous 

mutants, two separate F2 mutant lines were crossed to generate compound heterozygous F3 

offspring which facilitated genotyping by HMA-PAGE in a high-throughput manner 

(Supplementary Figs. 4 and 5). A pilot study was performed to show no difference in phenotype 

or survival between the compound heterozygous and homozygous mutant lines (Supplementary 

Fig. 6).  

Western blotting for zebrafish larvae 

Pools of 4 larvae were collected at 11dpf and total soluble proteins were extracted following 

previously established protocols (Pena et al., 2017). 40µg of protein from each sample was 

separated by SDS-PAGE using BioRad 4-20% pre-cast stain-free gels and blotted on low 

fluorescence PVDF (BioRad). Antibodies used were rabbit Anti-PROSC (Proteintech, 25151-1-

AP, 1:5000) and HRP-linked anti-rabbit IgG (1:2000) was used as secondary. The Clarity ECL 
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Patient !"V fibroblasts show an altered B6 vitamer profile 

Contro
l 1

Contro
l 2

Contro
l 3

Contro
l 4

Pati
en

t 5
0

50

100

150

200

250

PN

pm
ol

/m
g 

pr
ot

ei
n

** ** *

Contro
l 1

Contro
l 2

Contro
l 3

Contro
l 4

Pati
en

t 5
0

20

40

60

80

100

PNP

pm
ol

/m
g 

pr
ot

ei
n

*** *** *** ***

Contro
l 1

Contro
l 2

Contro
l 3

Contro
l 4

Pati
en

t 5
0

10

20

30

40

50

PL

pm
ol

/m
g 

pr
ot

ei
n

******

Contro
l 1

Contro
l 2

Contro
l 3

Contro
l 4

Pati
en

t 5
0

100

200

300

PLP

pm
ol

/m
g 

pr
ot

ei
n

*** ***

Contro
l 1

Contro
l 2

Contro
l 3

Contro
l 4

Pati
en

t 5
-0.1

0.0

0.1

0.2

0.3

PM

pm
ol

/m
g 

pr
ot

ei
n

**

Contro
l 1

Contro
l 2

Contro
l 3

Contro
l 4

Pati
en

t 5
0

20

40

60

PMP

pm
ol

/m
g 

pr
ot

ei
n

** * *

Contro
l 1

Contro
l 2

Contro
l 3

Contro
l 4

Pati
en

t 5
-0.5

0.0

0.5

1.0

1.5

2.0

PA

pm
ol

/m
g 

pr
ot

ei
n

 
Supplementary Figure 2: B6 vitamer profiles in cultured fibroblasts from four control subjects 

and patient 5. Data are n=3 biological replicates per group. PA, pyridoxic acid; PL, pyridoxal; 

PLP, pyridoxal 5'-phosphate; PM, pyridoxamine; PMP, pyridoxamine 5'-phosphate; PN, 

pyridoxine; PNP, pyridoxine 5'-phosphate. ANOVA ***p<0.001, **p<0.01, *p<0.05. 
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HEK293 cells deficient for PLPHP show altered B6 vitamer profiles   
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Supplementary Figure 3: B6 vitamer profiles in control (WT+empty vector) and PLPHP-

deficient HEK293 cells (PLPHP-KO: PLPBP-G1 and PLPBP-G2). Data are from n=6 

independent experiments (each consisting of 3 biological replicates per group), ±SD. 

Abbreviations: PN, pyridoxine; PL, pyridoxal; PM, pyridoxamine; PNP, pyridoxamine 5'-

phosphate; PLP, pyridoxal 5'-phosphate; PMP, pyridoxamine 5'-phosphate; PA, pyridoxic acid. 

**p<0.01, *p<0.05. 

 

 

Page 70 of 80

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support (434) 964 4100

Brain



For Peer Review

 

26 
 

Supplementary Table 1: Detailed MRI findings 

Patient ID Patient 1 
 

Patient 2 
 

Patient 3 
 

Patient 4 
 

Patient 5 
 

Patient 6 
 

Patient 7 
 

Patient 8 
 

Patient 9 
 

Patient 10 
 

Patient 11 
 

Patient 12 
 

MRI age 6 weeks, 8.5 
months, 3.5 y 

Not 
performed 

10 days 1 day 6 days 8 months 12 weeks, 3.5 
months, 

MRI not 
available for 
review 

MRI not 
available for 
review 

6 years 2 years MRI not available for 
review 

WM 
abnormalities 

Very mild T2-
hyperintense 
and T1-
hypointense 
changes in 
periventricular 
WM at age 6 
weeks 

 Yes, T2 
hyperintense 
and T1 
hypointense, 
swollen aspect 

Yes, T2 
hyperintense and T1 
hypointense, 
swollen aspect, 
subcortical cystic 
degeneration 

Yes, T2 
hyperintense 
and T1 
hypointense, 
swollen aspect, 
subcortical 
cystic 
degeneration 

No no   Mild T2- 
hyperintensity 
in the 
posterior 
periventricular 
white matter 

Faint T2-
hyperintensity 
in the 
posterior 
periventricular 
white matter 

 

Cortex 
abnormalities 

no  Simplified 
gyral pattern 

Simplified gyral 
pattern 

Simplified 
gyral pattern 

no no   no no  

Basal ganglia 
abnormalities 

no  no no no no no   no no  

Thalamus 
abnormalities 

no  no no no no no   no no  

Cerebellar 
involvement 

no  no T2-hyperintense 
signal of the hilus of 
the dentate nucleus 

no no no   no no  

Cysts 
anterior horn 

no  ++ ++ + (L>R) no no   no no  

CC 
abnormalities 

no  Thin CC Thin CC  no no   Pronounced 
isthmus 

no  

Other 
abnormalities 

Age 8 months: 
mild 
communicating 
hydrocephalus 
with prominent 
external CSF 
spaces. Age 
3.5 y: normal 
MRI 

  Lactate doublet at 
MR spectroscopy 
(basal ganglia) 

Cavum septi 
pellucidi; small 
lactate doublet 
at MR 
spectroscopy 
(basal ganglia) 

MRI normal MRI normal MRI at age 4 
weeks reported 
as normal. 

MRI at age 
10 months 
reported as 
normal. 

  MRI at ages of 2 
days and 3 weeks: 
Diffuse broadening 
of the gyri in both 
cerebral 
hemispheres, mild 
dilatation of the 
lateral and third 
ventricles with 
multiple 
intraventricular 
septations. There are 
blood products in 
the left lateral 
ventricule. 
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Supplementary Table 2: List of PLPBP variants found in our cohort of 12 patients. All variants are expressed as found in PLPHP (NP_009129.1). Variant effect is predicted is based on 7 in silico prediction tools 
(SIFT, Polyphen2 HDIV, MutationTaster, MutationAssessor, FATHMM MKL, PROVEAN and CADD). DUET uses as input the structural model developed for the human PLPHP to predict if a given amino acid 
change is stabilizing or destabilizing (˚˚*JD * Not modelled due to lack of this residue in yeast model used as template. NA: not available; NR: not reported. 

 Variant annotation Detailed in silico predictions  
[predicted effect (score)] 

Genomic 
(GRCh37) 

cDNA and protein Variant 
frequency 
(gnomAD) 

DUET 
Predicted 
Stability 
Change 
$˚˚*&' 

SIFT Polyphen
2 HDIV 

MutationTaster MutationAssessor FATHM
M MKL 

PROVEAN CADD 
score 

chr8: g.37630300 
C>T 

NM_007198: 
c.347C>T; 
p.Thr116Ile 

NR 0.123 
Kcal/mol 
(Stabilizing)  

Damaging 
(0.003)  

Probably 
damaging 
(1) 

Damaging 
(1) 

Functional (high) 
(3.855) 

Damaging 
(0.98019) 

Damaging 
(-5.56) 

 
29.20 

chr8: g.37635617 
C>G 

NM_007198: 
c.823C>G; 
p.His275Asp 

NR 
Not modeled*; 

Damaging 
(0.017) 

Benign 
(0.361) 

Damaging 
(0.918861) 

Non-functional 
(low) 
(1.1) 

Damaging 
(0.96396) 

Neutral 
(-0.71) 

23.3 

chr8: g.37623066 
G>A 

NM_007198: 
c.122G>A; 
p.Arg41Gln 

4.06*10-6 -0.265 
Kcal/mol 
(Destabilizing)  

Damaging 
(0.04) 

Probably 
damaging 
(0.978) 

Damaging 
(1) 

Non-functional 
(low) 
(1.795) 

Damaging 
(0.99714) 

Damaging 
(-2.73) 

 28.7 

Chr8: g.37623143 
G>A 

NM_007198.3: 
c.199G>A; 
p.Glu67Lys 

4.06*10-6 -2.127 
Kcal/mol 
(Destabilizing)  

Damaging 
(0) 

Probably 
damaging 
(1) 

Damaging 
(1) 

Functional (high) 
(4.1) 

Damaging 
(0.99824) 

Damaging 
(-3.96) 

 35 

Chr8: g.37630271 
A>G 

NM_007198.3: 
c.320-2A>G 
splicing 

1.08*10-5 
- 

NA NA Damaging 
(1) 

NA Damaging 
(0.99207) 

NA 24.7 

Chr8: g.37633509 
G>C 

NM_007198.3: 
c.671G>C; 
p.Gly224Ala 

NR -0.966 
Kcal/mol 
(Destabilizing)  

Damaging 
(0) 

Probably 
damaging 
(0.999) 

Damaging 
(1) 

Functional (high) 
(4.07) 

Damaging 
(0.99191) 

Damaging 
(-5.69) 

27.7 

Chr8: 
g.37630323_3763
0326del 

NM_007198: 
c.370_373del; 
(p.Asp124Lysfs*2) 

NR - NA NA Damaging 
(1) 

NA NA NA NA 

chr8: g.37623834  
A>T 

NM_007198: 
c.280A>T; 
p.Ile94Phe 

NR 
-1.398 
Kcal/mol 
(Destabilizing)  

Damaging 
(0.001) 

Probably 
damaging 
(1) 

Damaging 
(1) 

Functional (high) 
(4.43) 

Damaging 
(0.99692) 

Damaging 
(-3.96) 

29.6 
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Supplementary Table 3: concentrations of B6 vitamers in plasma from 2 patients affected with 
PLPHP deficiency. Concentrations are expressed in nM.  

 
PL PM PN PA PLP 

Patient 4 39 <2.7 0,1 130 1,1 
Patient 3, treated 276 <2.7 0,1 365 685 

Reference interval, untreated (Mathis et al., 2016) 6.6-54 <2.7 <1 6.7-84 16-269 
 

 

 

 

 
 

Supplementary Figure 5: Protein sequence alignment of PLPHP orthologues from several 

species (RefSeq identifiers shown in the sequence labels). Residues found mutated in patients are 

highlighted in red (missense mutations). Secondary structure as in the yeast orthologue (PDB 

1CT5) is shown under the alignment. Consensus sequence is also shown. Image produced using 

Jalview (Waterhouse et al., 2009) . 
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The ARRIVE Guidelines Checklist 
Animal Research: Reporting In Vivo Experiments 
Carol Kilkenny1, William J Browne2, Innes C Cuthill3, Michael Emerson4 and Douglas G Altman5 
1The National Centre for the Replacement, Refinement and Reduction of Animals in Research, London, UK, 2School of Veterinary 
Science, University of Bristol, Bristol, UK, 3School of Biological Sciences, University of Bristol, Bristol, UK, 4National Heart and Lung 
Institute, Imperial College London, UK, 5Centre for Statistics in Medicine, University of Oxford, Oxford, UK. 

 

 ITEM RECOMMENDATION Section/ 
Paragraph 

Title 1 Provide as accurate and concise a description of the content of the article 
as possible. 

      

Abstract 2 Provide an accurate summary of the background, research objectives, 
including details of the species or strain of animal used, key methods, 
principal findings and conclusions of the study. 

      

INTRODUCTION  

Background 3 a. Include sufficient scientific background (including relevant references to 
previous work) to understand the motivation and context for the study, 
and explain the experimental approach and rationale. 

b. Explain how and why the animal species and model being used can 
address the scientific objectives and, where appropriate, the study’s 
relevance to human biology. 

      

Objectives 4 Clearly describe the primary and any secondary objectives of the study, or 
specific hypotheses being tested. 

      

METHODS  

Ethical statement 5 Indicate the nature of the ethical review permissions, relevant licences (e.g. 
Animal [Scientific Procedures] Act 1986), and national or institutional 
guidelines for the care and use of animals, that cover the research. 

      

Study design 6 For each experiment, give brief details of the study design including: 

a. The number of experimental and control groups. 

b. Any steps taken to minimise the effects of subjective bias when 
allocating animals to treatment (e.g. randomisation procedure) and when 
assessing results (e.g. if done, describe who was blinded and when). 

c. The experimental unit (e.g. a single animal, group or cage of animals). 

A time-line diagram or flow chart can be useful to illustrate how complex 
study designs were carried out. 

      

Experimental 
procedures 

7 For each experiment and each experimental group, including controls, 
provide precise details of all procedures carried out. For example: 

a. How (e.g. drug formulation and dose, site and route of administration, 
anaesthesia and analgesia used [including monitoring], surgical 
procedure, method of euthanasia). Provide details of any specialist 
equipment used, including supplier(s). 

b. When (e.g. time of day). 

c. Where (e.g. home cage, laboratory, water maze). 

d. Why (e.g. rationale for choice of specific anaesthetic, route of 
administration, drug dose used). 

      

Experimental 
animals 

8 a. Provide details of the animals used, including species, strain, sex, 
developmental stage (e.g. mean or median age plus age range) and 
weight (e.g. mean or median weight plus weight range). 

b. Provide further relevant information such as the source of animals, 
international strain nomenclature, genetic modification status (e.g. 
knock-out or transgenic), genotype, health/immune status, drug or test 
naïve, previous procedures, etc. 
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Housing and 
husbandry 

9 Provide details of: 

a. Housing (type of facility e.g. specific pathogen free [SPF]; type of cage or 
housing; bedding material; number of cage companions; tank shape and 
material etc. for fish). 

b. Husbandry conditions (e.g. breeding programme, light/dark cycle, 
temperature, quality of water etc for fish, type of food, access to food 
and water, environmental enrichment). 

c. Welfare-related assessments and interventions that were carried out 
prior to, during, or after the experiment. 

      

Sample size 10 a. Specify the total number of animals used in each experiment, and the 
number of animals in each experimental group.  

b. Explain how the number of animals was arrived at. Provide details of any 
sample size calculation used. 

c. Indicate the number of independent replications of each experiment, if 
relevant. 

      

Allocating 
animals to 
experimental 
groups 

11 a. Give full details of how animals were allocated to experimental groups, 
including randomisation or matching if done. 

b. Describe the order in which the animals in the different experimental 
groups were treated and assessed. 

      

Experimental 
outcomes 

12 Clearly define the primary and secondary experimental outcomes assessed 
(e.g. cell death, molecular markers, behavioural changes). 

      

Statistical 
methods 

13 a. Provide details of the statistical methods used for each analysis. 

b. Specify the unit of analysis for each dataset (e.g. single animal, group of 
animals, single neuron). 

c. Describe any methods used to assess whether the data met the 
assumptions of the statistical approach. 

      

RESULTS  

Baseline data 14 For each experimental group, report relevant characteristics and health 
status of animals (e.g. weight, microbiological status, and drug or test naïve) 
prior to treatment or testing. (This information can often be tabulated). 

      

Numbers 
analysed 

15 a. Report the number of animals in each group included in each analysis. 
Report absolute numbers (e.g. 10/20, not 50%2). 

b. If any animals or data were not included in the analysis, explain why. 

      

Outcomes and 
estimation 

16 Report the results for each analysis carried out, with a measure of precision 
(e.g. standard error or confidence interval). 

      

Adverse events 17 a. Give details of all important adverse events in each experimental group. 

b. Describe any modifications to the experimental protocols made to 
reduce adverse events. 

      

DISCUSSION  

Interpretation/ 
scientific 
implications 

18 a. Interpret the results, taking into account the study objectives and 
hypotheses, current theory and other relevant studies in the literature. 

b. Comment on the study limitations including any potential sources of bias, 
any limitations of the animal model, and the imprecision associated with 
the results2. 

c. Describe any implications of your experimental methods or findings for 
the replacement, refinement or reduction (the 3Rs) of the use of animals 
in research. 

      

Generalisability/ 
translation 

19 Comment on whether, and how, the findings of this study are likely to 
translate to other species or systems, including any relevance to human 
biology. 

      

Funding 20 List all funding sources (including grant number) and the role of the 
funder(s) in the study. 
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