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Abstract 

Movement is the driving force of survival for many animals yet the full repertoire of movements 

an animal can produce is not present at birth. The study of motor maturation – how simple 

movements are turned into complex ones – is invaluable to our understanding of motor control by 

the nervous system. Uncovering how the neuromuscular system changes throughout development 

can reveal insights into fundamental principles and mechanisms underlying how movement is 

produced. This thesis leverages the accessibility of the neuromuscular system in developing 

zebrafish to 1) validate a screening method that makes use of optogenetics for the assessment of 

neuromuscular junction function in the context of disease, and 2) uncover the role of an ion current 

in network-wide and motoneuron-specific behaviour during motor maturation. We then identify 

for the first time the presence of a subthreshold non-inactivating potassium current known as the 

M-current (IM) in zebrafish spinal circuits for locomotion, revealing its role in regulating 

swimming episode and motor burst duration during fictive locomotion in spinalized animals. We 

further our investigation into the role of IM in the context of locomotion by revealing its role in the 

control of primary motoneuron excitability and regulation of repetitive firing. Moreover, we show 

that the magnitude of IM and the role it plays in primary motoneurons changes during early 

development. We also characterize developmental changes to the persistent sodium current (INaP), 

the L-type channel mediated calcium current (ICaL), and P/Q-type mediated calcium current (ICaP/Q) 

in primary motoneurons, emphasizing the contributions of INaP with IM to the control of repetitive 

firing. Finally, we investigate IM as a target of spinal neuromodulation during development and 

identify muscarine as an enhancer and serotonin via 5-HT1A receptors as an inhibitor of IM in 

primary motoneurons. Interestingly, we reveal that enhancement by muscarine and inhibition by 

5-HT1A receptor signaling is not consistent across larval development but could be tied to 
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developmental changes in IM. Our findings detail how several ion currents interact to shape 

motoneuron firing during development as motor maturation progresses. Our findings also reveal 

mechanisms by which ion currents in zebrafish motoneurons are differentially modulated during 

development, perhaps to facilitate motor maturation. This work highlights the intricacies of the 

expression, function, and modulation of the diverse ion currents expressed in motoneurons during 

development. 
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Résumé 

Le mouvement est la force motrice de la survie de nombreux animaux, mais le répertoire complet 

des mouvements qu'un animal peut produire n'est pas présent à la naissance. L'étude de la 

maturation motrice - comment des mouvements simples se transforment en mouvements 

complexes - est inestimable pour notre compréhension du contrôle moteur par le système nerveux. 

Découvrir comment le système neuromusculaire change tout au long du développement peut 

révéler des informations sur les principes et mécanismes fondamentaux sous-jacents à la 

production du mouvement. Cette thèse exploite l'accessibilité du système neuromusculaire chez le 

poisson zèbre en développement pour 1) valider une méthode de dépistage qui utilise 

l'optogénétique pour l'évaluation de la fonction de jonction neuromusculaire dans le contexte de la 

maladie, et 2) découvrir le rôle d'un courant ionique dans le comportement à l'échelle du réseau et 

spécifique aux motoneurones pendant la maturation motrice. Nous identifions ensuite pour la 

première fois la présence d'un courant potassique non-inactivant sous-seuil connu sous le nom de 

courant M (IM) dans les circuits spinaux du poisson zèbre pour la locomotion, révélant son rôle 

dans la régulation de l'épisode de nage et de la durée des rafales motrices pendant la locomotion 

fictive chez les animaux spinalisés. Nous approfondissons notre étude du rôle de l'IM dans le 

contexte de la locomotion en révélant son rôle dans le contrôle de l'excitabilité des motoneurones 

primaires et la régulation des décharges répétitives. De plus, nous montrons que l'amplitude de l'IM 

et le rôle qu'il joue dans les motoneurones primaires changent au cours du développement précoce. 

Nous caractérisons également les changements développementaux du courant sodique persistant 

(INaP), du courant calcique médié par le canal de type L (ICaL) et du courant calcique médié par le 

canal de type P/Q (ICaP/Q) dans les motoneurones primaires, en soulignant les contributions de l'INaP 

avec l'IM au contrôle des décharges répétitives. Enfin, nous étudions l'IM comme cible de la 
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neuromodulation spinale au cours du développement et identifions la muscarine comme un 

activateur et la sérotonine via les récepteurs 5-HT1A comme un inhibiteur de l'IM dans les 

motoneurones primaires. Il est intéressant de noter que nous révélons que l'amélioration par la 

muscarine et l'inhibition par la signalisation des récepteurs 5-HT1A ne sont pas cohérentes tout au 

long du développement larvaire, mais pourraient être liées à des changements développementaux 

de l'IM. Nos résultats détaillent la manière dont plusieurs courants ioniques interagissent pour 

façonner la décharge des motoneurones au cours du développement à mesure que la maturation 

motrice progresse. Nos résultats révèlent également des mécanismes par lesquels les courants 

ioniques des motoneurones du poisson zèbre sont modulés différemment au cours du 

développement, peut-être pour faciliter la maturation motrice. Ce travail met en évidence les 

complexités de l'expression, de la fonction et de la modulation des divers courants ioniques 

exprimés dans les motoneurones au cours du développement. 
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Chapter 1 

General Introduction 

1.1 Introduction 

The driving force of survival for most animals is the ability to move from one place to another. 

Locomotion is a fundamental form of movement endowing animals with the skills necessary to 

survive and to navigate their environment effectively. All locomotor behaviours – whether 

walking, swimming, or flying – rely on underlying networks of neurons whose activity guides 

coordinated muscle contraction to propel the animal. These neural networks are found all along 

the rostrocaudal axis of the nervous system, from the telencephalon to the brainstem all the way to 

the spinal cord. Ultimately, these locomotor circuits control the neuromuscular system to 

coordinate muscle activity to generate locomotion. 

 

The full repertoire of locomotor movements available to an animal is not in place instantaneously 

after birth. Instead, there is a gradual maturation of locomotor circuits during development. For 

example, developing mammals display early rhythmic leg movements in the womb and shortly 

after birth without the weight bearing necessary to fully locomote. Gradually, the pattern of limb 

movements matures to support different rhythms and patterns of limb movements and weight 

bearing such that more coordinated forms of walking, running, and swimming are present 

(Dominici et al. 2011). 

 

How do motor circuits across the nervous system change, if at all, to enable the emergence of new 

locomotor maneuvers during development? Possible loci of developmental changes to mature 
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locomotor control include but are not limited to the addition of new neurons (Pujala and Koyama 

2019), changes in synaptic connectivity between distant regions and within local locomotor 

circuits (Roussel et al. 2021), alterations to the active and passive properties of neurons (Gao and 

Ziskind-Conhaim 1998; Sharples and Miles 2021), and changes to the neuromuscular system 

through alterations of neuromuscular function or the composition and maturation of body 

musculature. Any changes within these regions could affect neural dynamics and neuromuscular 

control in such a way as to lead to new patterns of muscle activity generating new forms of 

locomotion.   

 

Identifying mechanisms driving the emergence of new locomotor movements can be challenging. 

In some species, the maturation of locomotor movements is gradual and relatively long without 

well-identified milestones. The generation of embryonic or postnatal animals can be relatively 

long.  Access to components of the locomotor circuits can also be limited.  

 

Zebrafish have become a sought-out animal model for the study of developmental processes, their 

increasing popularity owing to a myriad of advantageous features. Across fields, zebrafish are 

attractive for use because of the relatively low costs associated with their housing and maintenance. 

The high fecundity of zebrafish is also advantageous across research disciplines. A single female 

zebrafish can produce hundreds of embryos per clutch every few days. Not only does this render 

large scale analyses and high throughput experiments feasible but aids with the generation of 

effective transgenic strains. Importantly, zebrafish are a genetically amenable system within which 

numerous successful genetic manipulations and transgenic lines have been effectively generated, 

such as, but not limited to, the use of the Tol2 transposon, CRISPR-Cas9, Gal4/UAS, and 
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morpholino systems for gene knock-outs, knock-ins, or knock-downs (Albadri, Del Bene, and 

Revenu 2017; Asakawa et al. 2008; Chang et al. 2013; Hwang et al. 2013; Jao, Wente, and Chen 

2013; Kroll et al. 2021; Nasevicius and Ekker 2000; Scheer and Campos-Ortega 1999; Suster et 

al. 2009). Moreover, zebrafish develop rapidly. Zebrafish embryos reach larval stages in 3 days, 

reaching juvenile and adult stages by four and twelve weeks, respectively (Kimmel et al. 1995; 

Parichy et al. 2009). This reduces the waiting period required between experiments as new 

generations of zebrafish are generated. It also permits efficient transgenic line generation as 

zebrafish reach adulthood rapidly. Lastly, approximately 70% of the human genome is shared with 

zebrafish, with around 80% of human disease genes found in zebrafish (Howe et al. 2013), 

rendering them a useful vertebrate model for both understanding basic mechanisms of animal 

function as well as disease development.  

 

One notable advantage of the zebrafish is the rapid and stereotyped development of locomotor 

control such that changes within locomotor circuits can be associated with the emergence of well-

described locomotor maneuvers (Knogler et al. 2014; Lambert, Bonkowsky, and Masino 2012; 

Roussel et al. 2020, 2021). My thesis aims to identify specific mechanisms within locomotor 

circuits and the neuromuscular system that propel the maturation of locomotor movements in 

developing zebrafish. Since many of the components of neural locomotor circuits and the 

neuromuscular system are well-conserved across vertebrates, sharing fundamental principles 

underlying structure and function, the findings described herein may apply to locomotor circuits 

of many species. 
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1.2 Zebrafish musculature 

Understanding zebrafish musculature is an essential preface to describing the development of 

locomotion in zebrafish. Axial musculature powers swimming movements in zebrafish. It is 

divided into epaxial and hypaxial zones referring to dorsal and ventral muscles relative to the 

horizontal septum, respectively (van Meer et al. 2024). Within both of these zones, individual 

muscle fibers known as myomeres are connected to one another by myosepts (van Meer et al. 

2024).  

 

In developing zebrafish, muscle fibers are organized into about 30 muscle somites (W van 

Raamsdonk et al. 1982). These are transient structures that eventually give rise to mature 

musculature and vertebrae (Henry et al. 2005). Within the first day of development, zebrafish 

embryos possess basic muscle structures, including fast muscle fibers (Keenan and Currie 2019). 

At this stage, a single layer of slow muscle fibers has migrated superficially just beneath the skin 

of the embryo (Keenan and Currie 2019; W van Raamsdonk et al. 1982).  During embryonic and 

larval stages, the bulk of the musculature is comprised of fast muscles. This organization of 

medially-located fast muscle fibers with slow muscle fibers located superficially persists into 

adulthood as the muscle fibers continue to mature and grow, though in adult stages there exists a 

middle layer of intermediate muscle fibers (Keenan and Currie 2019). Rapid development of 

functional musculature permits production of movement very early on during zebrafish 

development. 
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1.3 Early development of zebrafish locomotor control  

On the backdrop of a developing body musculature, the earliest movements recorded in developing 

zebrafish occur at 17 hours post-fertilization (hpf) when embryos perform large amplitude body 

bends (Saint-Amant and Drapeau 1998). This behaviour is termed ‘coiling’ and consists of one-

sided bends of the tail reaching the head of the embryo and coming back down to its resting 

position. Next, a few hours later, by 24 hpf, embryos begin to produce two successive coils to 

either side of the head (Knogler et al. 2014). This is known as double coiling and is thought to be 

an intermediate left-right alternating movement that precedes and paves the way for the apparition 

of swimming by 2 days post-fertilization (dpf) (Drapeau et al. 2002a). At this age, uncoordinated 

swimming made up of large amplitude tail bends is produced in response to touch or other aversive 

stimuli. By 3 dpf, larval zebrafish begin to swim spontaneously. Swimming at this age is relatively 

infrequent and consists of long (typically 1 s in duration) periods of left-right alternating tail beats 

(Drapeau et al. 2002a). This swimming behaviour is an immature form of larval swimming known 

as ‘burst swimming’ (Buss and Drapeau 2001). By 4 dpf, larval zebrafish exhibit their most mature 

form of swimming known as ‘beat-and-glide’ swimming. It is characterized by increasingly 

frequent shorter (averaging around 200 ms in duration) periods of low amplitude left-right 

alternating tail beats interspersed with periods of gliding (Drapeau et al. 2002a).  

 

The rapid and stereotyped emergence of new locomotor behaviours during zebrafish development 

(Fig. 1.1) offers a tantalizing opportunity to identify mechanisms by which locomotor control 

matures. Linking structural or physiological changes within neural circuits, neurons or the 

neuromuscular system with the emergence of new behaviours is a powerful approach for the 

delineation of function of the components of locomotor circuits and neuromusculature. 
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Figure 1.1. Development of zebrafish locomotor movements during early development. 

Coilings are eventually replaced by swimming consisting of rhythmic left-right alternating tail 

beats appears around 2-3 dpf, with further refinements by 4 dpf. Adapted from Roussel et al., 

(2021). 

 

 

1.4 Maturation of spinal locomotor circuits guides maturation of locomotor 

control 

Underlying the development of progressively more complex locomotor behaviours is the 

maturation of spinal circuits that guide locomotion. These spinal locomotor circuits are found in 

most if not all vertebrates and were first described over a century ago when it was observed that 

the isolated (i.e., in the absence of descending commands from the brain and brainstem) cat spinal 

cord could generate rhythmic locomotor-like movements (Brown 1914). Once active, spinal 

locomotor circuits produce the sustained rhythm and pattern of muscle activity needed for the 

repetitive rhythmic movements that make up locomotion (Orlovsky et al. 1999). These circuits are 

highly organized, contained within specific regions of the spinal cord, and are associated with 

well-established stereotyped motor outputs (Drapeau et al. 2002a; Goulding 2009; Mackay-Lyons 

2002; Wiggin, Peck, and Masino 2014).  
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Appreciable headway has been made in the identification and characterization of the spinal 

neurons that make up spinal locomotor circuits in larval zebrafish, thereby elucidating possible 

functional roles of neurons critical to the execution of swimming. There are several classification 

schemes for spinal neurons, with some being based upon the morphology and axonal trajectories 

of the neurons (Robert R Bernhardt et al. 1990).  A more recent molecular classification scheme 

is based upon the development of spinal neurons and the transcriptional code that defines each 

neuron. During embryonic development, progenitor domains arise that each express a particular 

set of transcription factors. Populations of postmitotic neurons, each with distinctive sets of 

morphological, neurotransmitter, axonal, and firing properties arise. These cardinal populations 

include the dI1 to dI6, and V0 to V3 neurons, and motoneurons (Lu, Niu, and Alaynick 2015). 

Spinal neurons amongst these cardinal populations emerge in a distinct spatiotemporal order 

(Robert R Bernhardt et al. 1990). The first ones to arise are primary motoneurons (pMNs) at around 

9 hpf (P. Z. Myers, Eisen, and Westerfield 1986). pMNs are mainly involved in large amplitude 

movements during early development (L Saint-Amant and Drapeau 2000). Within the next few 

hours, other spinal neurons also important to larger amplitude early movements are generated 

(Robert R Bernhardt et al. 1990). A second wave of spinal neuron generation occurs around 24 

hpf, giving rise to secondary MNs (sMNs) – the motoneurons involved in slower swimming 

movements – as well as more spinal interneuron populations important to the execution of 

swimming (Robert R Bernhardt et al. 1990).  

 

The very early coiling movements are shown to be driven by rostrally located spinal pacemaker 

neurons known as ipsilateral caudal (IC) neurons (Tong and Jonathan Robert McDearmid 2012).  
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Electrical coupling between these intrinsically rhythmic clusters of pacemaker cells, located within 

either side of the spinal cord, and with more caudally located spinal interneurons and pMNs is the 

basic architecture of the network guiding single coiling movements from 17 to 24 hpf (Saint-

Amant and Drapeau 1998). It is a network composed entirely of the spinal neurons emerging from 

the first wave of spinal neurogenesis. After this, the neurons from the second-wave of neurogenesis 

begin their progressive incorporation such that by 24 hpf, additional neurons now exist within the 

pre-established single coiling circuit to permit double coiling (Knogler et al. 2014; Roussel et al. 

2021; Saint-Amant and Drapeau 1998). In addition to the incorporation of new neurons, the purely 

electrical transmission scaffold (Saint-Amant and Drapeau 2001) becomes one that is hybrid, 

containing both electric and chemical synapses (Knogler et al., 2014). The exact changes that occur 

next to pave the way for burst swimming at 2-3 dpf are not as well described. It is hypothesized 

that IC pacemaker neurons may still provide rhythmic excitation to spinal circuits during burst 

swimming (Roussel et al. 2020). At this stage, additional neurons are added into the network, in 

addition to novel connections and refinement of existing ones (Roussel et al. 2021). While the 

electrical scaffold is still present, chemical neurotransmission becomes more and more involved 

in the production of movement (Buss and Drapeau 2001; Roussel et al. 2020, 2021). The 

maturation that proceeds next gives rise to beat-and-glide swimming (Drapeau et al. 2002a). A 

recent modelling study suggests that the transition to beat-and-glide swimming involves an even 

greater reliance of spinal locomotor circuits on chemical synapses as well as reconfiguration of the 

existing network, meaning that no additional neurons are being generated at this stage (Roussel et 

al. 2021). Rather, connectivity between existing neurons is being reorganized. The idea is that by 

this stage of swimming, spinal locomotor circuits do not rely anymore on pacemaker neurons like 

IC neurons to guide their behaviour but rather operate as network oscillators (Roussel et al. 2020, 
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2021). In this framework, rostrocaudally propagating activity alternates between the left and right 

side of the body via rhythmicity generated through well-curated connectivity patterns and a 

refinement of specific neuronal firing behaviours set up via intrinsic membrane dynamics. While 

we are starting to piece together how individual components organize themselves to form 

functional spinal locomotor circuits, much remains to be understood about how intrinsic firing 

behaviours of spinal neurons might mature throughout development to shape behavioural motor 

maturation. 

 

1.5 Developing zebrafish motoneurons 

Motoneuron development could be crucial to the emergence of new locomotor movements during 

development due to their critical role in controlling muscles. As mentioned already, the first born 

motoneurons are pMNs and there exist four types of pMNs that are present in every segment 

throughout the spinal cord: the dorsal rostral primary (dRoP), the ventral rostral primary (vRoP), 

the middle primary (MiP), and the caudal primary (CaP). Each of the four pMNs innervate distinct 

quadrants of fast musculature. The dRoP sends axonal projections to the ventral half of the dorsal 

muscle while the vRoP innervates the dorsal part of ventral musculature. MiP motoneurons 

innervate the dorsal-most quadrant of muscles while CaP motoneurons innervate the ventral-most 

quadrant of muscles. sMNs on the other hand have much less specific patterns of innervation to 

muscles. First, some sMNs innervate fast muscle fibers in addition to slow muscle fibers. Indeed, 

synapses formed by pMNs onto fast muscles are shared with a subset of secondary motoneurons 

(Wen et al. 2020). These are known as m-type sMNs comprising the largest sMNs innervating 

deep fast muscles (Bello-Rojas et al. 2019). Next, ms-type sMNs innervate both superficial fast 



 

10 

 

muscle as well as slow muscle with s-type sMNs innervating only superficial slow muscle (Bello-

Rojas et al. 2019).  

 

pMNs are involved with coiling during the first few days of development. Although coiling 

disappears as development progresses, primitive reflexive movements like the escape response can 

still be executed (Drapeau et al. 2002a; Jiao et al. 2023; Nair, Nguyen, and McHenry 2017; Park 

et al. 2018; Roberts et al. 2016; Temizer et al. 2015). Escape responses to tactile or auditory stimuli 

are characterized by an initial large body bend (often termed C-bend) and can be followed by 

several swimming episodes which are often swimming bursts with their characteristic large 

amplitude body oscillations (Budick and O’Malley 2000). pMNs play a more prominent role in 

the execution of escape response than sMNs (Fetcho and Faber 1988; Fetcho and O’Malley 1995; 

Liu and Westerfield 1988; Wen et al. 2020). The latter will come to dominate locomotor behaviour 

later in development with the emergence of free-swimming behaviour, characterized by lower 

frequency and amplitude tail movements (Liu and Westerfield 1988). sMNs are functionally 

divided into subtypes related to the speed of swimming at hand such that slow sMNs, intermediate 

sMNs and fast sMNs are activated primarily during these respective swimming speeds. In fact, as 

swim speed increases, slow to fast sMN recruitment is done in an additive fashion such that more 

and more motoneurons are added to the active pool (Fetcho and McLean 2010; McLean et al. 

2007; Menelaou and McLean 2012). 

 

Though currently limited, there is evidence that the intrinsic and firing properties of motoneurons 

might be changing during the stereotyped changes in movements that arise as zebrafish develop 

from embryonic to larval stages. Changes to the action potential waveform have been observed in 
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MiP and CaP MNs as they develop from 24 hpf to 48 hpf (Moreno and Ribera 2009). These same 

pMNs are unable to fire repetitively at 24 hpf but do so reliably by 48 hpf (Moreno and Ribera 

2009). Moreover, Buss and Drapeau detail a decrease in input resistance accompanied by an 

increase in rheobase in motoneurons from 2 dpf to 3-4 dpf, while membrane capacitance remains 

similar across ages (Buss, Bourque, and Drapeau 2003). These observed changes to membrane 

and firing properties of motoneurons could be caused by changes in protein expression, ion 

currents or changes in neuromodulation to name a few. In addition to these changes in motoneuron 

properties, neuromuscular function has also been shown to change during zebrafish development 

(Walogorsky et al. 2012). There is, therefore, mounting evidence that motoneurons are developing 

at several different levels but how each level of motoneuron development is responsible for the 

emergence of novel and refined locomotor behaviours in developing zebrafish remains unknown.  

 

1.6 The neuromuscular junction 

Neural control of movements is made possible by the neuromuscular system, linking neuronal 

networks within the central nervous system to muscles of the peripheral nervous system. All 

vertebrate neuromuscular systems contain three major components: motoneurons, peripheral 

nerves, and muscle. The final relay between the nervous system and body musculature is the 

motoneuron. Motoneurons along the length of the vertebrate spinal cord send axonal projections 

to specific muscle targets that vary depending on the location of the motoneurons within the spinal 

column. This synapse between the motoneuron and the muscle is known as the neuromuscular 

junction (NMJ).  If the motoneuron is the “final common path” that links the nervous system with 

the neuromuscular system, the NMJ is the lynchpin of that connection (Sherrington, C. S. 1904).  
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The first anatomical observations of NMJs date back to the 19th century (Rudolf, Khan, and 

Witzemann 2019). The postsynaptic muscle membrane of the NMJ has a distinctive structure 

composed of junctional folds. These increase the surface area over which NMJs can be formed. 

While a few studies during 19th century suggested chemical interaction between motoneurons and 

muscle, it was not until the mid-20th century that this suspicion was confirmed (Rudolf et al. 2019). 

Motoneurons release acetylcholine (ACh) at their synaptic terminals in the vicinity of their targeted 

muscle fibers (Eccles, John C, Bernhard Katz, and Stephen W Kuffler 1941; Eccles, Katz, and 

Kuffler 1942). The latter express ligand binding nicotinic ACh receptors (nAChRs) that recognize 

ACh release by motoneuron terminals. Upon ACh binding, nAChRs enter their open 

conformational state, allowing flow of positive ions known as cations through the channel pore. 

Resulting net flow of inward current depolarizes the membrane causing release of calcium from 

intracellular stores. This spike in intracellular calcium is what leads to the activation of contractile 

proteins causing muscle contraction.  

 

The neuromuscular junction has proven invaluable to uncovering fundamental properties of signal 

transmission owing to its accessibility and conserved structure. Importantly, electrophysiological 

studies in the frog NMJ confirmed the principle of quantal release of neurotransmitter at a synapse 

(del Castillo and Katz 1954; Fatt and Katz 1952). While the structure and function of the NMJ is 

well-characterized today, there remain insights to be uncovered on the properties of the 

neuromuscular system in developing and mature nervous systems. 
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1.7 Zebrafish to study the developing neuromuscular system 

The use of larval zebrafish during early development to study the neuromuscular system takes 

advantage not only of their rapid development but also their optical transparency. The latter allows 

for ease of visualization of the components of the neuromuscular system such as spinal neurons, 

peripheral nerves, and muscle fibers. Because of their rapid development, researchers can follow 

developmental changes to each of these components of the neuromuscular system. The rapid 

development of zebrafish within the first few days following fertilization also endows researchers 

with the unique opportunity to follow them as they transition through well-timed and stereotyped 

progressions in the locomotor movements they can produce. As embryonic zebrafish progress to 

larval stages, anatomical changes to neuromuscular system components can readily be linked to 

observable changes in behaviour, shedding light onto underlying changes to physiology. When 

studied in zebrafish models of gene disruption, for example through transgenesis or morpholinos, 

these optical and developmental features of zebrafish have proven beneficial to the study of NMJ 

function. Morpholino knockdowns of synaptotagmin proteins (syt2 and syt7) and choline 

acetyltransferase (ChAT) in developing zebrafish have revealed their contributions to synaptic 

transmission at the motoneuron axon terminal and have shed light onto developmental 

repercussions to NMJ structure and function (Wang, Wen, and Brehm 2008; Wen et al. 2010). 

Furthermore, studies in mutant rapsyn-deficient zebrafish have highlighted this protein’s 

involvement in preventing synaptic fatigue (Wen, Hubbard, et al. 2016). Beyond gene disruption 

models, the use of distinct calcium channels for neurotransmitter release at pMN and sMN axon 

terminals were also revealed in developing zebrafish (Wen et al. 2020).   
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The advent of optogenetic approaches to study neural function and the transparency of developing 

zebrafish has the potential to accelerate our understanding of NMJ function with additional 

benefits related to the discovery of pathophysiological and molecular mechanisms underlying 

diseases of the neuromuscular system. Examples of neuromuscular diseases whose research has 

benefitted from the study of the neuromuscular junction in zebrafish include giant axonal 

neuropathy (GAN), muscular dystrophies, spinal muscular atrophy (SMA), amyotrophic lateral 

sclerosis (ALS), and congenital myasthenic syndromes (CMS), (Berger and Currie 2012; Chia et 

al. 2022; Lescouzères et al. 2023; Singh and Patten 2022; Walogorsky et al. 2012; Wen et al. 2010; 

Wen, Hubbard, et al. 2016). Developing a new approach to study NMJ function for studies into 

the development of locomotor control and the pathophysiology of neuromuscular diseases is the 

focus of Chapter 2. 

 

1.8 Intrinsic properties of neurons 

Signal transmission at the NMJ ultimately occurs as a direct result of motoneuron firing which is 

determined both by intrinsic and extrinsic properties. Intrinsic properties of neurons refer to the 

features specific to an individual neuron without taking into consideration its place within a 

network. These features include a neuron’s size and shape which often dictate its membrane 

properties such as capacitance and input resistance. Input resistance is a measure of how a neuron 

will respond to synaptic input. Higher input resistance means that a neuron requires less synaptic 

input than a neuron possessing lower input resistance for a given change in membrane potential, 

such as reaching the threshold for action potential generation. Smaller neurons tend to have higher 

input resistances compared to larger ones. Capacitance is how much charge a neuron’s membrane 

can store and is inversely proportional to input resistance. Both capacitance and input resistance 



 

15 

 

influence how quickly a neuron’s membrane potential will change in response to current, which is 

often reported as the membrane time constant or tau (Rall 1957, 1960).  

 

1.9 Intrinsic properties of vertebrate motoneurons 

A longstanding principle governing motoneuron recruitment is that of the size principle, brought 

forth by Henneman in the mid-20th century. This principle dictates that motoneuron size 

determines recruitment wherein smaller motoneurons are more excitable than larger motoneurons 

and thus smaller motoneurons get recruited first and larger motoneurons get recruited later as the 

size of the motoneuron pool required increases. This framework is based on the principle that 

larger neurons require stronger drive to fire compared to small neurons. While evidence exists of 

this theory holding true across invertebrate and vertebrate species, from fruit flies (Azevedo et al. 

2020) to humans (Jabre and Spellman 1996), there may be more to the recruitment of motoneurons 

apart from their size. Gabriel et al. reveal that orderly recruitment of different motoneuron pools 

during varying swim speeds does not crucially rely on neuron size in adult zebrafish (Gabriel et 

al. 2011). Instead, recruitment is guided both extrinsically by the amplitude of synaptic inputs as 

well as intrinsically by motoneuron subtype-specific intrinsic properties unrelated to size (Gabriel 

et al. 2011). While recruitment of motoneurons progresses from small to large motoneurons as 

swimming frequency increases in the larval zebrafish, Kishore et al. reveal that motoneurons with 

lowest input resistances (i.e. putatively the largest motoneurons) receive a favoured increase in 

synaptic drive during faster swim frequencies (Kishore, Bagnall, and McLean 2014), challenging 

the size principle as the sole causal factor of recruitment order. How exactly biophysical properties 

of zebrafish motoneurons, other than their size, may influence their means of recruitment, remains 
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largely unknown. New findings related to this would shed light onto the nuanced principles that 

may underlie motoneuron recruitment. 

 

1.10 Ion currents 

A major contributor to the biophysics of neurons are ion channels, which are essential to the 

function of all neurons. They mediate the inflow and outflow of a variety of ionic currents 

necessary to the control of neuronal excitation and inhibition. There exist many groups of ion 

channels that are selective to certain ions, notably those of sodium, potassium, calcium, and 

chloride (Hille, Bertil 2001). 

 

1.10.1 Sodium channels 
Ionic conductances involved in the generation of the action potential are well-characterized. 

Voltage-gated sodium, calcium, and potassium channels exhibiting fast kinetics mediate these 

currents. Voltage-gated sodium channels from the Nav family (Nav1.1-1.9) are responsible for the 

rapid depolarization of membrane potential during the upshoot phase of the action potential, 

allowing inward flow of sodium ions when resting membrane potential reaches threshold.  

 

While the fast, inactivating sodium currents associated with action potentials are expressed in most 

neurons, some sodium currents are more limited in their expression. INaP represents the small 

portion of sodium current that does not vanish quickly with fast inactivation of voltage-gated 

sodium channels. This persistent sodium current either shows no inactivation or a slow inactivation 

and arises from mechanisms that are not fully known (Müller, Draguhn, and Egorov 2024). INaP 

promotes either sustained repetitive firing (Lee and Heckman 2001) or burst firing and is 
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demonstrated to be involved in the rhythmogenesis of mammalian inspiration (Del Negro et al. 

2002; Pace et al. 2007), mastication (Brocard et al. 2006), and locomotion (Tazerart, Vinay, and 

Brocard 2008a), with some evidence suggesting INaP could be involved in zebrafish locomotor 

rhythm generation as well (Song et al. 2020b; Tong and Jonathan Robert McDearmid 2012). INaP 

has been identified as a major component of the persistent inward currents (PICs) observed in 

motoneurons across species (Kuo et al. 2006; Lee and Heckman 2001; Li, Gorassini, and Bennett 

2004; Schwindt and Crill 1980; Tazerart, Vinay, and Brocard 2008b; Tong and Jonathan Robert 

McDearmid 2012). 

 

1.10.2 Potassium channels 
The delayed activation of voltage-sensitive potassium channels after the initial opening of Nav 

channels, generates the necessary outflow of potassium ions to repolarize membrane potential. 

This, in conjunction with inactivation of Nav channels, results in the falling phase of the action 

potential. Identified groups of voltage-gated potassium channels involved in action potential 

termination include rapid delayed rectifier channels such as those from the Shaker potassium 

channels (Kv1 family), Shal potassium channels (Kv4 family), Shab potassium channels (Kv2 

family), and Shaw potassium channels (Kv3 family). Together, delayed rectifier potassium 

channels and the fast-inactivating voltage-gated sodium channels are effective at generating action 

potentials necessary for signal transmission. The varying expression profiles of these complex 

classes of voltage-gated channel families endows neurons with unique firing capabilities, 

alongside the presence of other ion currents. 
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In addition to the delayed rectifier channels, there are a diverse set of other potassium channels 

with variations in voltage-dependencies, kinetics, and other properties. Contributing to burst 

termination in neurons, the calcium-dependent potassium current (IK(Ca)) is known to be involved 

in rhythm generation. This current is an outward potassium current activated by a surge in 

intracellular calcium that arises from increased neuronal activity during bursting. IK(Ca) can 

promote burst termination by hyperpolarizing the neuron following periods of activity when 

intracellular calcium is increased. IK(Ca) is evidenced to be involved in the generation of rhythm for 

locomotion (el Manira, Tegnér, and Grillner 1994; McKiernan 2013) and respiration (Zavala-

Tecuapetla et al. 2008). 

 

While the involvement of IK(Ca) in rhythmogenesis has been acknowledged for decades, the 

subthreshold non-inactivating potassium current known as the M-current (IM) has more recently 

been implicated in inspiratory burst termination (Revill et al. 2021) as well as an important 

regulator of the mouse locomotor rhythm (Verneuil et al. 2020a). IM is a voltage-gated non-

inactivating potassium current with slow activation beginning near resting membrane potentials 

and peaking around -10 to -20 mV (Brown and Adams 1980). The Kv7 channel family mediates 

IM, with channels formed by Kv7.2/7.3 subunits specifically associated with neuronal expression 

of IM (Brown and Passmore 2009). IM can shape neuron firing behaviour by decreasing excitability, 

for example through increased rheobase for action potentials (Sharples et al. 2023; Verneuil et al. 

2020a), or through spike frequency adaptation (Benda, Longtin, and Maler 2005). These possible 

influences of IM on firing behaviour explains why this current has been involved in burst firing 

termination, regulating the precision of firing in motoneurons (Bothe et al. 2024; Dewell and 
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Gabbiani 2018) as well as dampening spinal locomotor neuron excitability (Buskila et al. 2019; 

Jia et al. 2008; Sharples et al. 2023; Verneuil et al. 2020a; Ye et al. 2022). 

 

1.10.3 Calcium channels 
Voltage-gated calcium channels are divided into two major categories: low-voltage-activated 

(LVA) and high-voltage-activated (HVA) calcium channels. The LVA group is made up of T-type 

channels (formed by CaV3.1-CaV3.3 channel subunits) (Harding and Zamponi 2022) that mediate 

transient calcium currents activated at relatively hyperpolarized membrane potentials nearing 

resting membrane potential (Huguenard 1996). T-type calcium currents have been implicated in 

burst firing (Huguenard 1996; Lauzadis et al. 2020; Vickstrom et al. 2020). HVA channels include 

L-type, N-type, P/Q-type, and R-type calcium channels. Characteristic of the L-type current 

mediated by CaV1.2 and CaV1.3 channel subunits (Roca‐Lapirot et al. 2018) is its long-lasting 

activity caused by its prolonged open state once active. In addition to INaP, L-type calcium currents 

(ICaL) have been identified as the calcium component of PICs (Carlin et al. 2000; Li and Bennett 

2003; Li et al. 2004). N-type and P/Q type calcium channels are mediated by CaV2.2 and CaV2.1 

subunits, respectively. These two groups of calcium channels are active over similar voltage ranges 

and are commonly implicated in neurotransmitter release at synaptic terminals (Luebke, Dunlap, 

and Turner 1993; Takahashi and Momiyama 1993; Wheeler, Randall, and Tsien 1994). The last 

member of the HVA calcium currents is the R-type current (mediated by CaV2.3 channel subunits 

(Catterall 2000) with known implications in mediating dendritic calcium entry (Kavalali et al. 

1997; Sabatini and Svoboda 2000) as well as transmitter release (Gasparini et al. 2001; Wu, Borst, 

and Sakmann 1998). 
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The interplay of different ion currents and their respective conductance densities give rise to 

distinct firing behaviours that can be observed in specialized groups of neurons, such as those that 

comprise motoneuron populations. 

 

1.10.4 Ion currents in motoneurons and known developmental changes 
Important findings regarding the identification of ion currents expressed in motoneurons stem 

largely from work conducted in mammalian and reptile models. Motoneurons, of course, possess 

voltage-gated sodium and potassium currents necessary to the production and termination of action 

potentials. Expression of additional ion channels enhance motoneuron membrane dynamics 

endowing them with particular firing properties suited to their function. Work in the cat and mouse 

spinal cords have revealed an important role for INaP in endowing mouse motoneurons with 

bursting properties (Lee and Heckman 2001; Tazerart et al. 2008b). INaP has been revealed in 

primary motoneurons of zebrafish at 1-day post-fertilization (Tong and McDearmid 2012) yet no 

further characterization of this current in zebrafish motoneurons has been done. Recent work in 

mice preparations has also revealed an important role for IM in controlling motoneuron recruitment 

(Sharples et al. 2023). IM has also been shown to underlie precise timing profiles of rattling 

motoneurons of the rattlesnake (Bothe et al. 2024). This study showed that differential involvement 

of IM tuned to specific types of motoneurons promotes firing activity necessary for their distinct 

functions. Other than rodents and rattlesnakes, IM is also found in the motoneurons of turtles 

(Alaburda, Aidas, Perrier, Jean-François, and Hounsgaard, Jørn 2002) and even invertebrate 

motoneurons (Trimmer 1994). There is currently no knowledge on the presence of IM in 

motoneurons of zebrafish.  
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Studies in motoneurons conclude that they express certain combinations of HVA calcium channels 

listed above. Interestingly, primary and secondary motoneurons in larval zebrafish use distinct 

types of HVA calcium channels for neurotransmitter release. While neurotransmitter release in 

secondary motoneurons involves N-type calcium currents, primary motoneurons importantly rely 

on  P/Q type calcium currents (Wen et al. 2020).  

 

Important changes to the involvement of specific ion currents in motoneurons during development 

have been made in rodent models, which have shorter developmental times than other mammalian 

models. These include increases to overall outward potassium conductance and sodium influx 

during embryonic to neonatal development to shorten the duration and increase the amplitude of 

the motoneuron action potential, respectively, in rats (Gao and Ziskind-Conhaim 1998). IK(Ca) in 

rat motoneurons also increases after birth with a role in regulating repetitive firing (Gao and 

Ziskind-Conhaim 1998). Sharples et al. demonstrate that the hyperpolarization-activated inward 

current (Ih) increases during postnatal development in only fast motoneurons and not slow 

motoneurons (Sharples and Miles 2021). Zebrafish develop even faster than mice and the 

emergence of locomotor movements is rapid and stereotyped during stages where the nervous 

system is more readily accessible. These features make this species an incredibly attractive model 

to developmental studies. While certain currents have been identified in motoneurons at precise 

ages (Buss et al. 2003; Tong and Jonathan Robert McDearmid 2012), the expression of a wider 

range of ion currents remains to be explored. More importantly, how these motoneuron ion 

currents change during the various transitions in locomotor behaviours remains to be investigated.  
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Intriguingly, there are strong reasons to suspect that developmental changes to ion currents in 

motoneurons could be brought on by the action of neuromodulators, as they are known mediators 

of voltage-gated ion channel activity. Indeed, serotonin (5-HT) and norepinephrine (NE) have been 

shown to influence the activity of both sodium and calcium PICs in motoneurons of the turtle 

(Hounsgaard and Kiehn 1985, 1989; Perrier and Delgado-Lezama 2005; Perrier and Hounsgaard 

2003), rat (Berger and Takahashi 1990; Elliott and Wallis 1992; Harvey et al. 2006; Li et al. 2007; 

Takahashi and Berger 1990), and cat (Lee and Heckman 1996, 2000). These studies speak to the 

diverse ways by which ion currents can be influenced by neuromodulation. Multifaceted 

endogenous modulation of ion channel activity renders neuronal behaviour flexible, and in the 

context of motoneurons, can ensure fine-tuning of their activity in a motor context-specific 

manner.  It would be reasonable to think that changes in ion channel activity observed during 

development could be spurred by the actions of neuromodulators. 

 

Indeed, neuromodulators have been shown to have prominent influence on the development of 

zebrafish motor circuits. Serotonin is shown to reduce periods of inactivity in zebrafish larvae as 

of 4 dpf but not earlier (Brustein et al. 2003). Blocking dopamine (DA) reuptake at 3 dpf reduces 

overall swimming activity but has no effect to swimming at 5 dpf, suggesting a transient role for 

dopamine in modulating spinal circuit activity during development (Thirumalai and Cline 2008). 

Lambert et al. reveal that dopamine signaling via D4 receptors is important for the developmental 

transition from burst swimming to beat-and-glide swimming to occur from 3 to 4 dpf (Lambert et 

al. 2012). The precise target neurons of these neuromodulatory influences within the spinal cord, 

however, remain largely unknown. 
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Chapter 2 

Electrophysiological validation of an optogenetic approach for the 

screening of novel gene candidates underlying congenital myasthenic 

syndromes 

Gaudreau, SF, Lau, J, Lochmüller, H, & Bui, TV 

 

2.1 ABSTRACT 

Congenital myasthenic syndromes (CMS) are rare inherited diseases of the neuromuscular 

junction. Many genes have been identified in association with CMS but many more likely remain 

to be identified. We have developed a novel optogenetic approach to study the function of the 

neuromuscular junction in larval zebrafish. This approach allows us to use blue-light illumination 

to activate spinal motoneurons expressing channelrhodopsin-2 (ChR2) and to 

electrophysiologically record the elicited response in innervated muscle fibers. We employ this 

optogenetic approach in identified CMS gene synaptotagmin-2 (syt2) morpholino knock-down 

(KD) fish. To validate our approach, we compare our recordings of endplate currents (EPC) to a 

previous study of syt2 knockdown where neuromuscular function was investigated using paired 

electrical stimulation of primary motoneurons with electrophysiological recording of innervated 

muscle fibers. Our results show similarities in EPC properties but also differences that may be due 

to limitations in stimulation frequency as well as concurrent activation of multiple motoneurons 

innervating a single muscle fiber. However, our approach could be useful in determining the 

activation of single muscle fibers during physiological activity of spinal circuits.  
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2.2 INTRODUCTION 

Congenital myasthenic syndromes (CMS) are a diverse group of rare inherited neuromuscular 

disorders, present at birth, appearing in early childhood or even later in adult life, which can lead 

to severe and fatigable muscle weakness (Ohno et al. 2023). At the root of CMS are protein defects 

leading to abnormal signal transmission at the motor endplate. These genetic defects can 

theoretically affect any protein involved in signal transmission from the motoneuron to the muscle 

cell. At the presynaptic level, genetic mutations lead to disruption of acetylcholine (ACh) release. 

At the synaptic level, these mutations can affect receptor anchorage, and neuromuscular junction 

(NMJ) structure while at the post-synaptic level, these could affect ACh binding as well as 

acetylcholine receptor (AChR) densities. Indeed, the most common forms of CMS affect the 

nicotinic acetylcholine receptor (nAChR), leading to reduced numbers of nAChRs at the motor 

endplate, slow dissociation rate of ACh from nAChRs, or abnormally brief binding of ACh to 

nAChRs, for example (Abicht, Müller, and Lochmüller 1993; Engel et al. 2015; Ohno et al. 2023; 

Ramdas, Beeson, and Dong 2024). Currently, there are 35 identified CMS genes (Abicht et al. 

1993; Ohno et al. 2023; Ramdas et al. 2024). 

 

CMS diagnosis is usually established in two waves, the first being a generic diagnosis based on 

family history, fatigable weakness observed in skeletal muscles, and electromyography testing 

(Abicht et al. 1993). The second consists of a genetic diagnosis wherein patients must undergo 

extensive genetic sequencing to pinpoint either previously identified CMS mutations or to uncover 

novel ones (Abicht et al. 1993; Engel et al. 2015). Genetic diagnosis of CMS permits appropriate 

individualized therapies to be set in place. The accessibility of the NMJ to pharmacological 
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intervention has led to the development of affordable and effective treatments for some CMS 

subtypes such as those underlying receptor deficiency (Lee, Beeson, and Palace 2018).   

 

An accurate genetic CMS diagnosis along with an understanding of how the molecular defects 

disturb NMJ structure and function are central to developing effective therapies.  Unfortunately, 

many individuals remain without a genetic CMS diagnosis. Establishing suitable treatment plans 

for these patients is challenging and often ineffective due to lack of identified mechanisms 

underlying the fatigable weakness. DNA sequencing studies of patients diagnosed with CMS along 

with their family members are the primary method of identifying novel gene candidates whose 

dysfunction may lead to CMS. Confirming that these gene candidates are the underlying genetic 

cause of CMS in patients without genetic diagnosis requires testing whether loss of function of 

gene candidates perturbs motor function.  

 

Larval zebrafish are incredibly attractive to the screening of novel gene candidates to which 

mutations may lead to NMJ dysfunction. First, their high fecundity and rapid development render 

them favourable to screening studies. Next, their genetic amenability permits efficient generation 

of CRISPR-Cas9 or morpholino (MO) mediated gene knock-outs and knock-downs (Chang et al. 

2013; Hwang et al. 2013; Jao et al. 2013; Kroll et al. 2021; Nasevicius and Ekker 2000). The rapid 

development of zebrafish is evidenced by motor systems that are functional as early as 17 hours 

post-fertilization (hpf) (Saint-Amant and Drapeau 1998). As development progresses, they 

transition through well-defined and stereotyped motor movements, ultimately reaching mature 

larval swimming by 4 days post-fertilization (dpf) (Saint-Amant and Drapeau 1998). These 

stereotyped movement patterns facilitate the assessment of compromised motor behaviours. 
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Additionally, orthologous genes associated with the NMJ appear to share common functions across 

vertebrates (Berger and Currie 2012) highlighting that the key functional architecture of the 

zebrafish NMJ is similar to humans. Altogether, these advantageous features of larval zebrafish 

facilitate high throughput testing of how loss of function of NMJ proteins perturbs motor function. 

Indeed, larval zebrafish have been used to generate numerous models of neuromuscular diseases 

(NMD). These include but are not limited to muscular dystrophies (Berger and Currie 2012), 

amyotrophic lateral sclerosis (ALS) (Chia et al. 2022), spinal muscular atrophy (SMA) (Singh and 

Patten 2022), as well as CMS (Walogorsky et al. 2012; Wen et al. 2010; Wen, Hubbard, et al. 

2016).  

 

Accurate validation of novel CMS gene candidates using zebrafish includes assessment of 

locomotor behaviour as well as NMJ function (McMacken et al. 2017). Typical motor assays 

include observing chorion movement in embryos as well swimming activity observed in free-

swimming larvae (O’Connor et al. 2018; Park et al. 2014). A well-established method for assessing 

neural activity across the NMJ in larval zebrafish involves a paired patch-clamping method 

targeting a primary motoneuron and corresponding fast muscle cell simultaneously (Wen and 

Brehm 2010a). Endplate currents (EPCs) at the level of the skeletal muscle are recorded in voltage-

clamp configuration during electrical stimulation of the motoneuron (Wen and Brehm 2010a). 

Using this technique, effects to NMJ signal transmission in numerous loss of function experiments 

have revealed the roles of numerous NMJ proteins, shedding light onto fundamental physiological 

properties of signal transmission at the NMJ of larval zebrafish (Wen et al. 2010, 2020; Wen, 

Hubbard, et al. 2013; Wen, Linhoff, et al. 2013; Wen, McGinley, et al. 2016).  
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In this study, we propose a technically less challenging and potentially faster approach to screen 

for novel CMS gene candidates. We aim to test motor function at the whole-animal level down to 

the NMJ. Our alternative approach utilizes a transgenic zebrafish line, 

1020:UAS;Gal4:ChR2(H134)-mCherry line (Antinucci et al. 2020; Wyart, Bene, et al. 2009), 

wherein blue light activated channelrhodopsin-2 (ChR2) is expressed in spinal interneurons as well 

as both primary and secondary motoneurons. Optogenetic excitation of these neurons by blue light 

illumination of the spinal cord elicits swimming in larval zebrafish (Wyart, Del Bene, et al. 2009). 

By circumventing the need to attach individual electrodes to both a motoneuron and a muscle fiber 

that is innervated by the stimulated motoneuron, optogenetic stimulation in this transgenic 

zebrafish line can be used to easily excite motoneurons for investigations into both locomotor and 

NMJ function.  

 

Using the previously identified CMS gene synaptotagmin-2 (syt2) (Whittaker et al. 2015) to 

generate knockdowns in 1020:UAS;Gal4:ChR2(H134)-mCherry embryos, we demonstrate that 

this optogenetic approach permits assessment of movement and NMJ function that are both 

activated optogenetically. Not only is this screening procedure technically more approachable, but 

it also provides a behaviourally relevant assessment of NMJ function. We highlight the benefits of 

using this approach as a tool for screening CMS genes all the while underscoring its limitations. 

 

 

 

s 
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2.3 MATERIALS AND METHODS 

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

Ottawa’s Animal Care Committee (BL-4416). Adult zebrafish are maintained at 28.5°C with a 14 

hour on/10 hour off light cycle, with lights off at 11PM and on at 9AM. Embryos are fertilized 

between 9AM-10AM and stored in embryo medium (system water with 0.1% methylene blue) at 

28.5°C until used for experimentation at 2-5 days post-fertilization (dpf).  

 

2.3.2 Morpholino knockdowns 

All microinjections were performed by Jarred Lau from the Lochmüller lab. Zebrafish from three 

groups were used for experimentation: uninjected animals (uninjected), animals having received 

an injection lacking the morpholino construct (control MO), and those having received the 

injection containing the morpholino construct (syt2 KD). 

 

2.3.3 Preparation for electrophysiology 
Larval 1020:Gal4;UAS:ChR2(H134)-mCherry (Antinucci et al. 2020; Wyart, Bene, et al. 2009) 

zebrafish aged 2-3 dpf were prepared for electrophysiology similarly to as is described previously 

(Wen and Brehm 2010b). Larvae were anesthetized in 0.02% tricaine (MS-222, Aqualife TMS; 

Syndel Laboratories) before being pinned down through the notochord onto a Sylgard (Dow 

Corning) coated dish. Pins were made using tungsten wire (diameter of 0.025 mm); one was placed 

caudally near the tip of the tail, and the other was placed rostrally near the center of the yolk sac. 

Spinalization was performed using fine surgical scissors at the level of somites 2-3. The skin was 

then peeled back between the two pins using fine forceps. Next, larvae were bathed in a 2M 

formamide solution (Millipore Sigma, F9037; 2-5 minute incubation time). The formamide 
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solution was rinsed out 4-5 times with extracellular recording solution (see below in 2.3.4 

Electrophysiology). Superficial slow muscle fiber removal was performed using suction through a 

wide-bored glass capillary (typically, the tips are gently broken to get a sufficiently large tip for 

muscle removal). Muscles overlaying the spinal cord were not removed.  

 

2.3.4 Electrophysiology 
Extracellular recording solution consisted of artificial cerebrospinal fluid (aCSF) containing: 134 

mM NaCl, 2.9 mM KCl, 1.2 mM MgCl2, 2.1 mM CaCl2, 10 mM dextrose, and 10 mM HEPES, 

(pH of 7.8 adjusted with NaOH and osmolarity between 280-290 adjusted with sucrose). 

Borosilicate glass capillaries (outer diameter: 1.5 mm; inner diameter: 1.1 mm, Sutter Instruments, 

catalog #BF150-110-10) were used to form pipette tips having a resistance between 2-3 MW. These 

microelectrodes were backfilled with intracellular recording solution consisting of: 116 mM 

potassium gluconate, 16 mM KCl, 2 mM MgCl2, 10 mM HEPES, 10 mM EGTA, and 4 mM 

Na2ATP, osmolarity adjusted to 290 mOsm, pH 7.2 adjusted with KOH (Buss, Robert R. and 

Drapeau, Pierre 2000). Ventral fast muscle fibers innervated by caudal primary (CaP) motoneurons 

were targeted for patch-clamp electrophysiology. Once a giga-ohm seal was formed, light suction 

was applied to break into the membrane of the muscle fiber. As described in Wen and Brehm 

(2010a), membrane potential was held at -50 mV for the duration of the recording. To stimulate 

motoneurons optogenetically, blue light (480 nm) illumination was applied over an area of the 

spinal cord corresponding to approximately one spinal segment that contains the CaP motoneuron 

innervating ventral fast muscle fibers. Individual light pulses were delivered at a duration of 5 ms. 

The signal was recorded in voltage-clamp mode, amplified and filtered at 10 kHz with a 

Multiclamp 700B from Axon Instruments (Molecular Devices) and finally digitized with a 
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Digidata 1550 (Molecular Devices). Recordings were made from mid-body somites located within 

4 somites rostral and 4 somites caudal to the anal pore. 

 

2.3.5 Electrophysiology data and statistical analysis 
All electrophysiological data was saved as .abf files. We used the open-source pyABF python 

package to import and read .abf files in Spyder (version 5.1.5). Analysis of recordings was semi-

automated using Python (version 3.9.12) to detect spontaneous miniature end-plate currents 

(mEPCs) as well as evoked end-plate currents (EPCs). Quantal content, number of release sites, 

and release probability and levels of steady-state depression were estimated as described by (Wen, 

Hubbard, et al. 2016). Assessment of the contributions of synchronous and asynchronous release 

at the neuromuscular junction was done in a manner similar to that described in Wen et al. (2010). 

Time windows for synchronous events were, however, individually calibrated (between 10 – 15 

ms from the start of the blue-light pulse) to each muscle cell, as some trains of pulses resulted in a 

progressive increase in the delay to trigger an action potential, (likely due to kinetic properties of 

channelrhodopsin proteins (Lin et al. 2009)), observed as a delay in EPC onset. Data are reported 

as mean ± SD. Kruskal-Wallis test with Dunn’s multiple comparisons test and one-way ANOVA 

with Tukey’s multiple comparisons test were used to compare non-parametric and parametric data 

sets, respectively. Two-way repeated measures ANOVA with Tukey’s test for multiple 

comparisons was used to compare EPC amplitude across stimulus time and between treatment 

groups (Fig. 2.3 & Fig. 2.5). 
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2.4 RESULTS 

2.4.1 Frequency of miniature end-plate currents increased in syt2 KD fish 

We chose to generate syt2 morpholino knock-down (KD) fish using the 

1020:Gal4;UAS:ChR2(H134)-mCherry line (Fig. 2.1) specifically due to the fact that NMJ 

function in syt2 KD fish has already been described (Wen et al. 2010). This has facilitated direct 

comparisons with Wen et al. (2010)’s data to validate our proposed optogenetic approach to assess 

NMJ function. A key characteristic of neuromuscular junction function in syt2 KD fish is the 

increase in the occurrence of spontaneous miniature end-plate currents (mEPCs) recorded in fast 

muscle fibers innervated by CaP motoneurons, as described previously by Wen & Brehm (Wen et 

al. 2010). We first assessed the frequency of mEPCs (Fig. 2.2A-C) and found that the number of 

spontaneous mEPCs generated in ventral fast muscle fibers in our syt2 KD fish was significantly 

increased compared to controls (Fig. 2.2E; uninjected control: 0.08271 ± 0.09527 events/s; control 

MO: 0.1621 ± 0.2377 events/s; syt2 KD : 1.822 ± 1.719 events/s), confirming successful knock-

down of syt2. We also assessed whether there were any differences in the mean normalized 

amplitude (normalized to the maximum amplitude found in each individual muscle cell) of these 

spontaneous end-plate currents and found only a significant decrease in syt2 KD fish compared to 

uninjected control fish but not control MO fish (Fig. 2.2D; uninjected control: 0.3934 ± 0.1375; 

control MO: 0.3476 ± 0.1515; syt2 KD : 0.3047 ± 0.1060). 

 

2.4.2 Short blue light pulses effectively stimulate motoneurons to evoke EPCs recorded 

from muscle fibers 
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We next sought to determine whether short pulses of blue light were successful in exciting CaP 

motoneurons. We delivered 5 ms blue light pulses (480 nm) over approximately one spinal 

segment and found this to be sufficient to evoke an EPC in recorded ventral fast muscle fibers 

(Fig. 2.3). To quantify the amplitude of evoked EPCs, we delivered five 5 ms blue-light pulses 

with a 52-second inter-pulse delay and took the average amplitude of the EPCs evoked (Fig. 2.3A-

D). When assessing the amplitude of the EPCs across blue-light pulses, we found no significant 

effect of the pulse number (P = 0.5383), nor did we find a significant effect of the treatment groups 

(P = 0.6538) (Fig. 2.3E). We next utilized the mean EPC amplitude to estimate release properties 

at the NMJ. We found a significant decrease in the estimate of quantal content in syt2 KD fish 

compared to both uninjected control and control MO groups (uninjected: 6.00 ± 4.56; control MO: 

9.08 ± 11.03; syt2 KD: 3.27 ± 2.88). On the other hand, we observed no effects to estimates of 

number of release sites (uninjected: 12.33 ± 10.11; control MO: 12.38 ± 13.25; syt2 KD: 5.62 ± 

4.08) or release probability (uninjected: 0.6421 ± 0.2536; control MO: 0.7451 ± 0.1970; syt2 KD: 

0.6615 ± 0.2713).  

 

2.4.3 Using optogenetic stimulation to assess steady-state depression at the 

neuromuscular junction 

We next wanted to determine whether optogenetic motoneuron stimulation could provide us 

insight into assessment of steady-state depression at the NMJ, as is done with electrical 

motoneuron stimulation (Wen, Hubbard, et al. 2016). While Wen et al. did not assess steady-state 

depression in syt2 KD fish in their work (Wen et al. 2010), we deemed it useful to assess the 

feasibility of assessing steady-state depression with this optogenetic approach. Similarly to Wen 

et al. (2016), to assess steady-state depression, we introduced thirty 5-ms blue light pulses 
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delivered at a frequency of 20 Hz (Fig. 2.4). We find no significant difference in the level of 

steady-state depression between groups (Fig. 2.4D; uninjected: 0.5230 ± 0.3168; control MO: 

0.7184 ± 0.2687; syt2 KD: 0.5918 ± 0.3170). We did however notice that syt2 KD fish had more 

instances where optogenetic stimulation during the 20 Hz stimulation failed to evoke an EPC in 

the fast muscle fiber. We find only a significant increase in the percentage of failures to elicit an 

EPC in syt2 KD fish when compared to the control MO fish but not the uninjected fish (Fig. 2.4E; 

uninjected: 9.33 ± 10.56 %; control MO: 3.75 ± 8.25 %; syt2 KD: 16.47 ± 17.18 %). Additionally, 

we tested higher frequencies of optogenetic stimulation including 50 Hz and 100 Hz (data not 

shown) but found that these are both too high to reliably excite motoneurons given the temporal 

properties of channelrhodopsin proteins (Lin et al. 2009). These data demonstrate that optogenetic 

stimulation at 20 Hz is successful and may be used to assess steady-state depression in other 

zebrafish models of CMS. 

 

2.4.4 Using optogenetic stimulation to assess contributions of synchronous and 

asynchronous release at the neuromuscular junction 

We next assessed contributions of synchronous and asynchronous release using our optogenetic 

approach to motoneuron stimulation (Fig. 2.5). Synchronous neurotransmitter release induced by 

the membrane depolarization from action potentials invading the NMJ release gives way to 

asynchronous release, which is not synchronous with incoming action potentials, during periods 

of high frequency activity.  This asynchronous release is caused by leftover increased levels of 

calcium in between high frequency action potentials and is thought to help sustain transmitter 

release during high frequency firing (Kaeser and Regehr 2014). Synchronous release at the 

neuromuscular junction in syt2 KD fish has already been assessed using electrical stimulation of 
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CaP motoneurons during whole-cell patch-clamping experiments (Wen et al. 2010). We can 

therefore compare our optogenetic motoneuron stimulation approach to their electrical stimulation. 

Wen et al. (2010) evaluated the effect of syt2 KD on synchronous versus asynchronous release at 

the NMJ by electrically stimulating the CaP motoneuron at a frequency of 100 Hz for 10 seconds. 

Given the temporal constraints of our ChR2 line, we had to modify the stimulation protocol 

described in Wen et al. (2010) and deliver 5-ms blue-light pulses at a frequency of 20 Hz instead 

of 100 Hz for 10 seconds (Fig. 2.5A). As expected, we found a significantly lower contribution of 

normalized asynchronous release compared to normalized synchronous release in uninjected, 

control MO, and syt2 KD groups (Fig. 2.5B) while finding no significant differences in both total 

synchronous and asynchronous release across groups (Fig. 2.5C&G; uninjected synchronous 

release: 5.995 ±  2.954; control MO synchronous release: 5.963 ±  2.143; syt2 KD synchronous 

release: 5.866 ± 1.613; uninjected asynchronous release: 1.317 ± 1.847; control MO asynchronous 

release: 1.208 ± 1.455; syt2 KD asynchronous release: 2.393 ± 1.787). Next, when comparing the 

fraction of synchronous release over total release, we found no significant difference between 

groups (Fig. 2.5D; uninjected: 0.793 ± 0.199; control MO: 0.829 ± 0.191; syt2 KD: 0.733 ± 0.135). 

We also found no significant differences in total asynchronous fractional release between groups 

(Fig. 2.5G; uninjected: 0.207 ± 0.199; control MO: 0.171 ± 0.191; syt2 KD: 0.267 ± 0.135). When 

comparing synchronous fractional release in the first second of stimulation, no significant 

differences were found between groups (Fig. 2.5E; uninjected: 0.113 ± 0.052; control MO: 0.130 

± 0.046; syt2 KD: 0.127 ± 0.080). This was also the case when comparing asynchronous release 

during the first second of stimulation (Fig. 2.5I; uninjected: 0.019 ± 0.020; control MO: 0.025 ± 

0.036; syt2 KD: 0.014 ± 0.014). As the contributions of asynchronous release typically increase 

with prolonged high-frequency stimulation, we next compared fractional release during the last 
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second of stimulation. We found no significant effects to synchronous fractional release during the 

last second of stimulation between groups (Fig. 2.5F; uninjected: 0.066 ± 0.045; control MO: 

0.066 ± 0.037; syt2 KD: 0.063 ± 0.023); however, we did find a significant overall effect of the 

treatment groups while post-hoc multiple comparison tests failed to reveal significant differences 

between groups when comparing fractional asynchronous release in the last second (Fig. 2.5J; 

uninjected: 0.024 ± 0.022; control MO: 0.020 ± 0.021; syt2 KD: 0.051 ± 0.027). Finally, while 

stimulation time had a significant decreasing effect overall on mean area under the curve (AUC) 

corresponding to synchronous release, no significant differences in synchronous release were 

revealed during any other stimulation bins (i.e. seconds 2-9) both within and across treatment 

groups (Fig. 2.5K). For asynchronous release, we found a significant increase in mean AUC 

corresponding to asynchronous release between seconds 5 and 6 compared to second 10 in syt2 

KD animals (syt2 KD 5-second bin: 0.023 ± 0.012; syt2 KD 6-second bin: 0.020 ± 0.005; syt2 KD 

10-second bin: 0.045 ± 0.028) (Fig. 2.5L).  
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2.5 DISCUSSION  

In this study, we generated syt2 morpholino knock downs in 1020:Gal4;UAS:ChR2(H134)-

mCherry (Antinucci et al., 2020; Wyart et al., 2009) fish to investigate an optogenetic approach to 

motoneuron activation for the assessment of locomotor and NMJ function in the screening of novel 

CMS gene candidates. We chose syt2 as is it a known CMS gene and deficits to the NMJ when 

syt2 is knocked down have been previously described (Wen et al. 2010), facilitating validation of 

our optogenetic approach. We found that while optogenetic motoneuron activation has its 

limitations, it may prove to be a useful tool for the rapid screening of novel CMS genes, a process 

that typically requires impressive yet challenging electrophysiology techniques (Wen and Brehm 

2010b). 

 

2.5.1 The use of 1020:Gal4;UAS:ChR2(H134)-mCherry fish to optogenetically stimulate 

motoneurons 

In this zebrafish line, ChR2 proteins have been shown to be expressed in spinal interneurons as 

well as motoneurons (Antinucci et al. 2020; Wyart, Bene, et al. 2009). Additionally, upon blue 

light stimulation, 1020:Gal4;UAS:ChR2(H134)-mCherry fish can produce locomotion (Wyart, 

Bene, et al. 2009). The ability to use blue light to trigger locomotion for the assessment of 

locomotor function as well as to trigger motoneuron excitation for the assessment of NMJ function 

rendered the use of this line extremely favorable to our goal. Indeed, this line has been used 

previously to excite motoneurons while performing patch-clamp electrophysiology in skeletal 

muscle to investigate calcium channel contributions (Wen et al. 2020). While 

1020:Gal4;UAS:ChR2(H134)-mCherry embryos were heterogeneous in both the neurons 

expressing ChR2 as well as in the levels of ChR2 expressed (Fig 2.1), we focused our data 
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collection to fish expressing the highest levels of ChR2. Nevertheless, EPCs recorded from muscle 

fibers were variable from fish to fish, likely a result of the endogenous variability in ChR2 

expression locations and levels.  

 

2.5.2 Interpretation of endplate dynamics with our optogenetic approach 
Defects to NMJ function in syt2 knockdown fish described previously by Wen et al. (2010) were 

done by investigating the NMJ of caudal primary (CaP) motoneurons to fast ventral muscle fibers. 

In contrast, our optogenetic stimulation is not limited to the CaP motoneuron. It is important to 

note that while restriction of optogenetic excitation to individual motoneurons can be performed 

with advanced microscopy techniques such as two-photon microscopy, we illuminated entire 

spinal segments within which were located the motoneurons innervating the targeted muscle fiber. 

It is therefore likely that recorded endplate currents in the ventral fast muscle fibers include signal 

transmission from the CaP motoneuron as well as secondary motoneurons that innervate this 

ventral-most quadrant of musculature due to the polyneuronal innervation of individual muscle 

fibers found in zebrafish (Bello-Rojas et al. 2019; Wen et al. 2020; Westerfield, McMurray, and 

Eisen 1986). In fact, according to Wen and colleagues (2020), the 1020:Gal4;UAS:ChR2(H134)-

mCherry line may express ChR2 mostly in secondary motoneurons (Wen et al. 2020), though we 

have observed frequent expression in primary motoneurons. Our data may therefore more 

accurately represent population level EPCs rather than purely CaP-associated EPCs investigated 

by Wen et al., 2010.  

 

Furthermore, our full-segment blue light excitation approach inevitably excites any spinal 

interneurons expressing ChR2 as well. Indeed, we notice instances of doublet and triplet EPCs 
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generated in response to our optogenetic stimulation. These are likely a result of polysynaptic 

motoneuron activation while the first EPC generated with short latency could be a summation of 

multiple EPCs from more than one motoneuron. Regardless of the nature of the EPCs (whether 

single motoneuron driven or population driven), this approach effectively stimulates motoneurons 

for assessment of NMJ function, though it is imperative that interpretations of the results take into 

consideration these factors.  

 

While our measures of estimated number of release sites fell within the normal range for controls, 

our estimates of quantal content and release probability fell below their respective averages as it 

relates to the CaP motoneuron (Wen, Hubbard, et al. 2016). Motoneuron population driven EPCs 

likely lead to increased variability in the amplitude of recorded EPCs. There is also the possibility 

that our optogenetic approach mainly activated secondary motoneurons at the exclusion of CaP 

motoneurons. As mentioned above, 1020:Gal4;UAS:ChR2(H134)-mCherry fish may exhibit 

ChR2 expression predominantly in sMNs. The lower release probability and quantal content 

released from sMNs when compared to pMNs (Wen et al. 2020) could explain our own lower 

estimates of these measures of neurotransmission. While we found visual evidence of that CaP 

motoneuron express ChR2 through mCherry expression, it is possible that optogenetic stimulation 

proves less effective in depolarizing the larger primary motoneuron to threshold (Srinivasan et al. 

2018). Whichever the level of optogenetic CaP motoneuron activation, this level may be consistent 

enough across treatment groups that comparisons to controls are still able to reveal differences in 

properties of population-level signal transmission. 
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The observed decreased in quantal content in syt2 KD fish is in line with syt2 knock down studies 

in mice that demonstrate a reduction in endplate potential (EPP) amplitude as well as quantal 

content (Pang et al. 2006). Concurrently, syt2 KD in zebrafish demonstrate a reduction in the 

magnitude of synchronous compared to controls (Wen et al. 2010). This supports that while 

population EPCs or EPCs lacking contribution from the CaP motoneuron are likely to make up the 

dataset using our approach, important differences between syt2 KD and control fish can indeed be 

identified.  

 

2.5.3 Temporal constraints linked to channelrhodopsin kinetics 

Channelrhodopsin proteins are associated with known temporal constraints given the kinetic 

properties of opsins (Zamani et al. 2017). The reliability of optogenetics to excite motoneurons 

(measured as a resultant EPC in skeletal muscle) when using a 5-ms blue light pulse was increased 

compared to a 1-ms pulse during 20 Hz stimulation trains (see Supplemental Figure 2.1). This is 

likely caused by a combined effect of insufficient cation influx during a period of 1-ms channel 

opening as well as variable expression levels of ChR2. If expression levels of ChR2 in 

motoneurons are relatively low, a 1-ms blue light pulse may not allow sufficient cation influx to 

reach spike threshold while a 5-ms permits greater activation of ChR2.  

 

High frequency stimulation protocols are important to the study of signal transmission, shedding 

light onto features of synaptic release, facilitation, and depression using common protocols that 

include the paired-pulse ratio as well as high frequency stimulation trains. While the Brehm lab 

did not assess the effects of syt2 knockdown on steady-state depression, we chose to do so to 

elucidate the use of optogenetic stimulation at high frequencies for NMJ function assessment. 
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Previous work by the Brehm lab successfully stimulated the CaP motoneuron at 20, 50, and 100 

Hz using electrical stimulation to assess steady-state depression occurring at the NMJ (Wen, 

Hubbard, et al. 2016). We were unable to stimulate motoneurons optogenetically at 50 Hz nor 100 

Hz (data not shown) but had success with 20 Hz. This is in line with known temporal constraints 

of ChR2 proteins permitting reliable high frequency stimulation up to 30 Hz (Boyden et al. 2005). 

Interestingly, levels of steady-state depression observed in controls in response to optogenetic 

motoneuron stimulation are lower compared to electrical stimulation delivered at 20 Hz to CaP 

motoneurons (Wen, Hubbard, et al. 2016). This confounding result speaks to the likelihood of 

secondary motoneuron activation alone or in conjunction with CaP motoneuron within a spinal 

segment. Neurotransmitter release from sMNs shows facilitation in response to repetitive 

stimulation as opposed  to synaptic fatigue exhibited by pMNs (Wen et al. 2020).  

 

Wen et al. (2010) investigated the role of syt2 to synchronous versus asynchronous release at the 

NMJ (Wen et al. 2010). Their stimulation protocol consisted of a 100 Hz train lasting 10 seconds. 

Direct comparisons between our optogenetic approach to excite motoneurons with their data was 

not possible as optogenetic stimulation at 100 Hz cannot be achieved. We chose instead to deliver 

a 20 Hz train of 5-ms blue light pulses over the course of 10 seconds. While we did indeed see the 

apparition of asynchronous events towards the end of the 10 second stimulation protocol, it is 

unclear whether 20 Hz for this length of time is sufficient to fully capture asynchronous versus 

synchronous contributions. Previous work reveals that during 10-s 100 Hz stimulation, 

synchronous release rapidly declines as asynchronous release rapidly increases within the first few 

seconds of stimulation (Wen et al. 2010). Contributions from synchronous release continue to 

decline and those from asynchronous release begin declining mid-way through the stimulation 
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protocol (Wen et al. 2010). With our 10-s 20 Hz optogenetic stimulation protocol, we observe a 

steady yet modest decrease in contributions from synchronous release with a similarly steady yet 

modest increase in asynchronous events throughout the stimulation protocol. Lower frequency 

stimulation is likely to be less effective at depleting vesicle stores, making it harder to investigate 

effects to synchronous release. The lower frequency of our stimulation protocol is also likely to be 

behind the failure to notice a sharp increase in asynchronous events early within the stimulation 

window – 20 Hz stimulation may be ineffective in prolonging the inter-spike raises in intracellular 

calcium levels that trigger asynchronous release. It is possible that lower train rates may require 

longer stimulation durations that have not been tested in this study. Furthermore, while the CaP 

motoneuron exhibits a high probability of release, that of sMNs is significantly lower (Wen et al. 

2020) meaning their synchronous versus asynchronous release profiles over the same time course 

of stimulation would not resemble the profile observed for the primary CaP motoneuron.  

 

2.5.4 Advantages associated with optogenetically assessing NMJ function  

Traditional studies of NMJ function by electrical stimulation of individual motoneurons and 

recording evoked EPCs in innervated muscle fibers provide important insights into individual 

neuromuscular connections. While single synapse studies are imperative to the understanding of 

individual protein contributions to signal transmission across the NMJ, our population level 

approach for NMJ function assessment is more representative of the neuromuscular system in 

action during movement production, especially considering that motoneurons are polyneuronally 

innervated in zebrafish (Bello-Rojas et al. 2019; Wen et al. 2020; Westerfield et al. 1986), the 

optogenetic approach employed here serves as a valuable complement to traditional NMJ studies 

by investigating a physiologically relevant link between behaviour and NMJ function through 
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population-evoked EPCs. The findings in this study will be crucial to interpreting ongoing work 

from the Lochmüller lab utilizing optogenetic stimulation to assess deficits to locomotor 

movement in syt2 KD fish (data not shown). 

  

The necessity of patch-clamping a single cell rather than concurrent patch-clamping of two cells 

make our optogenetic approach less technically challenging, thereby facilitating higher throughput 

for screening CMS gene candidates. Indeed, we started testing the function of the NMJ in 

synaptotagmin-11b (syt11b) knockdown fish (Supplemental Figure 2.2). syt11b is involved in 

vesicle trafficking (Shimojo et al. 2019; Trovò et al. 2024) and was identified as a possible gene 

candidate for a patient portraying CMS symptoms that remained without a molecular CMS 

diagnosis by the Lochmüller lab (data unavailable). However, further parental genetic testing 

revealed that it was impossible for syt11b to have been the genetic cause. We therefore terminated 

experiments looking into syt11b at this point. Nonetheless, these experiments serve as a 

steppingstone for the implementation of optogenetics to rapidly yet effectively assess NMJ 

function in future CMS gene candidate knockdown experiments.  

 

This approach also offers flexibility to the assessment of NMJ function. While we chose to 

stimulate motoneurons within one segment of the spinal cord, one could choose to stimulate over 

more spinal segments or restrict excitation to individual motoneurons. Furthermore, the generation 

of fast genetically encoded calcium indicators restricted to muscle fibers could be utilized in 

conjunction with optogenetic activation of motoneurons like that described in this study for an 

increasingly less technically challenging method for NMJ function assessment, albeit bearing its 

own set of limitations. 
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2.5.5 Concluding remarks 

The optogenetic approach described in this study to excite motoneurons using the 

1020:Gal4;UAS:ChR2(H134)-mCherry line effectively reveals important differences in syt2 KD 

fish described previously, though with some discrepancies due to both the nature of optogenetics 

as well as our method of stimulation. Keeping these limitations in mind, our results support our 

approach as a potentially useful, relatively facile, and high throughput means to screen for gene 

candidates underlying genetically undiagnosed cases of CMS.  
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Figure 2.1. Channelrhodopsin expression restricted to spinal interneurons and motoneurons 

in 1020:Gal4;UAS:ChR2(H134)-mCherry fish. A, Schematic oversimplification of 

experimental setup wherein 480 nm optogenetic excitation is delivered to an entire spinal segment 

within which reside the motoneurons innervating the patch-clamped fast muscle fiber. B-D, 

Example images taken from 3 individual transgenic zebrafish to show variability of 

channelrhodopsin (mCherry) expression. B, Image of the spinal cord containing mCherry-positive 

spinal neurons in a 2 dpf zebrafish. C, Image of the spinal cord containing mCherry-positive spinal 

neurons and dorsal-most section of the ventral musculature where motoneuron axons are present 

in a 4 dpf zebrafish. D, Image of the spinal cord containing mCherry-positive spinal neurons and 

dorsal-most section of the ventral musculature in a different 4 dpf zebrafish from C. Boxed area 

(i) is enlarged in (ii). Arrow heads are pointing to ventral roots containing motoneuron axons that 

exit the spinal cord to innervate muscles. MN: motoneuron. 
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Figure 2.2. Spontaneous miniature end-plate currents affected in syt2 KD fish. A, 

Representative trace of spontaneous mEPCs recorded from a ventral fast muscle fiber of an 

uninjected control fish (n = 37; N = 21). B, Representative trace of spontaneous mEPCs recorded 

from a ventral fast muscle fiber of a control MO fish (n = 36; N = 17). C, Representative trace of 

spontaneous mEPCs recorded from a ventral fast muscle fiber of a syt2 KD fish (n = 61; N = 28). 

D, Mean normalized amplitude of spontaneous mEPCs (uninjected versus control MO: P = 0.2014; 

uninjected versus syt2 KD: P = 0.0035; control MO versus syt2 KD: P = 0.7174). E, Number of 

spontaneous mEPCs recorded per second (uninjected versus control MO: P = 0.3829; uninjected 

versus syt2 KD: P < 0.0001; control MO versus syt2 KD: P < 0.0001). Statistical analysis, Kruskal-

Wallis test with Dunn’s multiple comparisons test. ** P < 0.005; **** P < 0.0001; otherwise not 

statistically significant. 
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Figure 2.3. Optogenetic activation of motoneurons evokes EPCs in fast muscle fibers. A-C 

Representative traces of evoked end-plate currents recorded from ventral fast muscle fibers in 

response to a 5-ms blue light pulse in uninjected (A; n = 20; N = 11), control MO (B; n = 12; N = 

7), and syt2 KD (C; n = 16; N = 10) fish. D, Mean amplitude of evoked EPCs (uninjected versus 

control MO: P > 0.9999; uninjected versus syt2 KD: P > 0.9999; control MO versus syt2 KD: P > 

0.9999). E, Normalized amplitude of the evoked EPCs across the five successive blue light pulses 

delivered (pulse number effect: P = 0.5385; group effect: P = 0.6538). F, Estimated quantal content 

(uninjected versus control MO: P > 0.9999; uninjected versus syt2 KD: P = 0.0459; control MO 

versus syt2 KD: P = 0.0300). G, Estimated number of release sites (uninjected versus control MO: 

P > 0.9999; uninjected versus syt2 KD: P = 0.1042; control MO versus syt2 KD: P = 0.3693). H, 

Estimated release probability (uninjected versus control MO: P > 0.9999; uninjected versus syt2 

KD: P > 0.9999; control MO versus syt2 KD: P > 0.9999). Statistical analysis, Kruskal-Wallis test 

with Dunn’s test for multiple comparisons (D, F-H); Two-way repeated measures ANOVA with 

Tukey’s test for multiple comparisons (E); * P < 0.05; otherwise, not statistically significant. 

 

 



 

50 

 

 
 

 

 



 

51 

 

Figure 2.4. Assessment of high frequency optogenetic motoneuron activation to estimate 

steady-state depression. A-C, Representative traces of EPCs recorded from ventral fast muscle 

fibers elicited in response to thirty 5-ms pulses delivered at 20 Hz in uninjected (A; n = 15; N = 

10), control MO (B; n = 8; N = 5), and syt2 KD fish (C; n = 17; N = 10). D, Measure of steady-

state depression (uninjected versus control MO: P = 0.3274; uninjected versus syt2 KD: P = 

0.8092; control MO versus syt2 KD: P = 0.6136). E, Percentage of failures to evoke an EPC during 

the 20 Hz thirty pulse stimulus (uninjected versus control MO: P = 0.4312; uninjected versus syt2 

KD: P = 0.6252; control MO versus syt2 KD: P = 0.0340). Statistical analysis, One-way ANOVA 

with Tukey’s multiple comparisons test (D) and Kruskal-Wallis test with Dunn’s test for multiple 

comparisons (E). * P < 0.05; otherwise, not statistically significant.  
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Figure 2.5. Using optogenetic stimulation to assess contributions of synchronous and 

asynchronous release. A, Representative traces of EPCs recorded from ventral fast muscle fibers 

during 10-s, 20 Hz stimulation of 5 ms blue light pulses in uninjected (i; n = 9; N =8), control MO 

(ii; n = 7; N = 5), and syt2 KD (iii; n = 10; N = 8). B, Comparison of normalized area under the 

curve (AUC) of synchronous and asynchronous release within uninjected, control MO, and syt2 

KD groups (i) with synchronous versus asynchronous time distinctions in the right panel (ii). C, 

Total normalized synchronous release (AUC) over the 10-s stimulation (uninjected versus control 

MO: P > 0.9999; uninjected versus syt2 KD: P > 0.9999; control MO versus syt2 KD: P > 0.9999). 

D, Fraction of total release corresponding to synchronous release during the 10-second stimulation 

(uninjected versus control MO: P > 0.9999; uninjected versus syt2 KD: P > 0.9999; control MO 

versus syt2 KD: P > 0.9999). E, Fraction of release corresponding to synchronous release during 

the 1st second of stimulation (uninjected versus control MO: P > 0.9999; uninjected versus syt2 

KD: P > 0.9999; control MO versus syt2 KD; P > 0.9999). F, Fraction of release corresponding 

to synchronous release during the last second of stimulation (uninjected versus control MO: P > 

0.9999; uninjected versus syt2 KD: P > 0.9999; control MO versus syt2 KD: P > 0.9999). G, Total 

normalized asynchronous release (AUC) over the 10-s stimulation (uninjected versus control MO: 

P > 0.9999; uninjected versus syt2 KD: P = 0.1271; control MO versus syt2 KD: P = 0.2137). H, 

Fraction of total release corresponding to asynchronous release during the 10-s stimulation 

(uninjected versus control MO: P > 0.9999; uninjected versus syt2 KD: P = 0.8837; control MO 

versus syt2 KD: P > 0.9999). I, Fraction of release corresponding to asynchronous release during 

the 1st second of stimulation (uninjected versus control MO: P > 0.9999; uninjected versus syt2 

KD: P > 0.9999; control MO versus syt2 KD: P > 0.9999). J, Fraction of release corresponding to 

asynchronous release during the last second of stimulation (uninjected versus control MO: P > 



 

54 

 

0.9999; uninjected versus syt2 KD: P = 0.1423; control MO versus syt2 KD: P = 0.0558). K, 

Fractional synchronous release across 1-second time bins during the 10-s stimulation (treatment 

group effect: P = 0.5686). L, Fractional asynchronous release across 1-second time bins during the 

10-second stimulation (treatment group effect: P = 0.5686). Statistical analysis, Mann-Whitney 

tests (B), Kruskal-Wallis test with Dunn’s test for multiple comparisons (C-J), and two-way 

ANOVA with Tukey’s multiple comparisons test (K-L). * P < 0.05, ** P < 0.01; otherwise, not 

statistically significant. 
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Supplemental Figure 2.1. 1-ms optogenetic excitation proves unreliable to evoke end-plate 

currents in muscle fibers. A, Percentage of failures observed during a stimulation train 

consisting of 30 pulses delivered at 20 Hz recorded from a control fast muscle fiber. B, Example 

trace of EPCs recorded from a muscle fiber during corresponding spinal segment stimulation 

using 1 ms pulses. C, Example trace of EPCs recorded from a muscle fiber during corresponding 

spinal segment stimulation using 5 ms pulses. Statistical analysis, two-tailed Mann-Whitney test. 

**** P < 0.0001. 
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Supplemental Figure 2.2. Preliminary neuromuscular junction function assessment in syt11b 

knockdown fish. A, Mean normalized amplitude of spontaneous miniature end-plate currents 

(mEPCs) recorded from uninjected controls (n = 8; N = 2), injection controls (n = 9; N = 3), and 

syt11b KD fish (n = 12; N = 3). B, Frequency of mEPCs. Ci-iii, Examples traces of recordings 

from fast muscle fibers held at –50 mV in (i) uninjected control, (ii) injection control, and (iii) 

syt11b KD fish. D, Mean normalized amplitude of EPCs evoked by five 5 ms blue light pulses 

separated by a 52 second inter-pulse interval. E, Mean normalized amplitude of evoked EPCs 

across pulse number. F, Examples of EPCs evoked by a 5 ms blue light pulse in (i) uninjected 

control, (ii) injection control, and (iii) syt11b KD fish. Statistical analysis, Kruskal-Wallis test with 

Dunn’s test for multiple comparisons (A, B, D) and mixed-effects analysis (E). * P < 0.05; 

otherwise not statistically significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

59 

 

Chapter 3 

Pharmacological modulation of the M-current shapes locomotor 

function in developing zebrafish 

Gaudreau, SF & Bui, TV 

Some of the data presented in this chapter appears in Gaudreau and Bui 2025 (Journal of 

Neurophysiology), https://doi.org/10.1152/jn.00003.2025. 

 

3.1 ABSTRACT 

The M-current (IM) is a non-inactivating potassium current that has been implicated in the control 

of locomotion in mammals, where it was shown to shape the rhythm governing locomotor 

movements. We tested whether IM might also be involved in the control of locomotor movements 

in developing zebrafish.  Specifically, we investigated the involvement of IM in the execution of 

escape responses and swimming movement of zebrafish aged 4-5 days post-fertilization (dpf) 

using XE-991and ICA-069673, a pharmacological blocker and enhancer of IM, respectively. We 

found that IM may influence the number of swim bouts in an escape response but not the duration 

of the first bout nor its tail beat frequency. Enhancing IM reduced the distance swam with slow or 

fast swimming maneuvers by freely behaving larval zebrafish. We then studied whether the IM is 

involved in locomotor output by spinal circuits using various approaches to induce motor activity 

in spinalized 4-5 dpf zebrafish. We found that while modulating IM during NMDA-evoked 

swimming activity had negligible effects, modulating IM during swimming activity evoked by a 

generalized depolarization of the spinal cord affected specific swimming parameters. In particular, 
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XE-991 and ICA-069673 had opposite effects on overall spiking activity, swimming episode 

frequency and duration, and the number of bursts within each episode. In summary, IM was found 

to be involved in certain facets of escape response and swimming in larval zebrafish, and some of 

this influence resides within the expression of this current in spinal circuits. 

3.2 INTRODUCTION 

The driving force of survival for most animals is the ability to move from one place to another. All 

locomotor behaviours – whether walking, swimming, or flying – rely on networks of neurons that 

translate motor commands or sensory input into locomotor maneuvers that propel the animal. In 

vertebrates, locomotion is mainly controlled by spinal locomotor circuits that produce intrinsically 

generated rhythmic activity to guide muscle contraction (Orlovsky, Grigori, Deliagina, T. G., and 

Grillner, Sten 2012). This ability of spinal locomotor circuits to be rhythmic is thought to be 

determined by 1) neuron firing behaviours, which are contingent on the different ionic currents 

flowing in and out of the neurons, as well as 2) the connectivity patterns between neurons (Friesen 

and Stent 1978). Ion currents contributing to rhythm generation are those involved in ramping up 

(inward depolarizing currents) or dampening (outward hyperpolarizing currents) excitability of the 

neuron for relatively prolonged periods thanks to their slower kinetics (i.e., activation, inactivation, 

and deactivation processes of the currents) (Harris-Warrick 2010). Currents contributing to 

rhythmogenesis of networks in a wide range of species have been identified.  

 

Some currents, such as a persistent sodium current, have been identified in spinal locomotor 

circuits across many vertebrates.  This persistent sodium current is important for rhythm generation 

and sustained neuron firing (Ramirez et al. 2011; Tazerart et al. 2008b; Zhong, Masino, and Harris-

Warrick 2007).  As locomotion is often characterized by bursts of neural activity of varying 
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durations based upon the demands of the locomotor maneuver, a potassium current, namely the 

slowly-activating, non-inactivating M-current (IM), has been identified as a counterpoint to the 

persistent sodium current in the mammalian spinal cord (Verneuil et al. 2020b). IM is a widely 

expressed potassium current (Marrion 1997) mediated by Kv7.2/7.3 channels (Wang et al. 1998). 

Spinal expression of IM has been identified in spinal motoneurons of many vertebrates, including 

mice (Sharples et al. 2023; Verneuil et al. 2020b) , rattlesnakes (Bothe, Maximilian S. et al. 2024), 

turtles (Alaburda, Aidas et al. 2002) and in invertebrate motoneurons (Trimmer 1994). Together 

with the persistent current, IM can precisely control rhythm and burst duration underlying rhythmic 

locomotor movements through expression in spinal neurons that control locomotion (Verneuil et 

al. 2020b). 

 

In this study, we determine for the first time whether IM plays a role in modulating locomotor 

behaviour in the developing larval zebrafish.  Within less than a week of development, larval 

zebrafish can generate escape responses and spontaneous exploratory swimming behaviours 

(Saint-Amant and Drapeau 1998). We study whether pharmacological modulators of IM modulate 

the escape response and swimming. We then use spinalized larval zebrafish preparations to 

determine whether pharmacological modulation of IM exclusively in the spinal cord can modulate 

locomotor activity. 
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3.3 MATERIAL AND METHODS 

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

Ottawa’s Animal Care Committee (BL-4416). Adult zebrafish are maintained at 28.5°C with a 14 

hour on/10 hour off light cycle, with lights off at 11PM and on at 9AM. Embryos are fertilized 

between 9AM-10AM and stored in embryo medium (system water with 0.1% methylene blue) at 

28.5°C until used for experimentation at 4-5 days post-fertilization (dpf). Larvae with gross 

morphological defects were excluded.  Assignment of animals to various experiments and 

treatment groups was done randomly. 

  

3.3.2 Escape response 
4-5 dpf fish were placed in wells of a 24-well plate (well diameter of 15.5 mm) in water. The sex 

of zebrafish at these early developmental stages could not be identified. The escape response was 

evoked using tactile stimuli applied by a tungsten wire touch of the head or the tail and recorded 

with an iPhone 14 at a 240 frames per second (fps) recording rate.  Escape responses were analyzed 

using manual inspection of the video recordings.  

 

3.3.3 Swimming behaviour 
Swimming in freely behaving zebrafish was tested using the Zebrabox (Viewpoint Life Sciences). 

4-5 dpf zebrafish were arrayed in a 24-well plate containing water and motor activity was recorded 

with a monochrome camera in 20-minute sessions. Video recordings were analyzed using Zebralab 

software (Tracking205-95W. Version 3,52,3,59). Parameters for detecting zebrafish movement 

were empirically defined to optimize detection of swimming movement with minimal false 
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positives. We categorized activity as inactive if swimming speed was lesser than 2mm/s, slow 

swimming if speed was between 2 and 10 mm/s, and fast if speed was above 10 mm/s.  

 

3.3.4 Pharmacology 
XE-991 (Millipore Sigma, X2254) and ICA-069673 (Millipore Sigma, SML1616) were dissolved 

in dimethyl sulfoxide (DMSO; final concentrations of DMSO did not exceed 0.06%) before 

dissolution to their final concentration of 10 µM in either water or artificial cerebrospinal fluid 

(aCSF). N-Methyl-D-aspartic acid (NMDA; Millipore Sigma, M3262) was dissolved in aCSF to 

its final concentration of 200 µM. 

 

3.3.5 Preparation for electrophysiology 
Larval zebrafish were anesthetized in 0.02% tricaine (MS-222, Aqualife TMS; Syndel 

Laboratories) before being pinned down through the notochord onto a Sylgard (Dow Corning) 

coated dish. Pins were made using tungsten wire (0.025 mm); one was placed caudally near the tip 

of the tail, and the other was placed rostrally near the center of the yolk sac. Spinalization was 

performed using fine surgical scissors at the level of segments 2-3. The skin was then peeled back 

between the two pins using fine forceps. Next, larvae were bathed in 1 mg/mL collagenase 

(Millipore Sigma, C7657; 15-minute incubation time). The collagenase solution was rinsed out 4-

5 times with extracellular recording solution (see below). Muscle removal was performed using 

suction through a wide-bored glass capillary (typically, the tips are gently broken to get a 

sufficiently large tip for muscle removal). Only a few muscle fibers were removed at the level of 

the horizontal septum to expose the peripheral motor nerve for extracellular electrophysiology. 
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3.3.6 Electrophysiology recordings 
Extracellular recording solution consisted of artificial cerebrospinal fluid (aCSF) containing: 134 

mM NaCl, 2.9 mM KCl, 1.2 mM MgCl2, 2.1 mM CaCl2, 10 mM dextrose, and 10 mM HEPES, 

(pH of 7.8 adjusted with NaOH and osmolarity between 280-290 adjusted with sucrose). d-

tubocurarine (10 µM; Millipore Sigma, catalog # 93750) was added to the aCSF to block muscle 

contractions. Borosilicate glass microelectrodes (outer diameter: 1.5 mm; inner diameter: 1.1 mm, 

Sutter Instruments, catalog #BF150-110-10) were backfilled with extracellular recording solution 

for extracellular nerve recordings. The peripheral motor nerve was targeted at the horizontal 

septum separating dorsal and ventral muscle somites. Light suction was applied. The signal was 

recorded in current clamp mode, amplified and filtered at 10 kHz with a Multiclamp 700B from 

Axon Instruments (Molecular Devices) and finally digitized with a Digidata 1550 (Molecular 

Devices). Recordings were made from mid-body somites located within 4 somites rostral and 4 

somites caudal to the anal pore. 

 

3.3.7 Analysis 
All electrophysiological data was saved as .abf files. We used the open-source pyABF python 

package to import and read .abf files in Spyder (version 5.1.5). Analysis of recordings was semi-

automated using Python (version 3.9.12, RRID:SCR_008394) scripts tailored to each recording to 

detect spikes, swimming episodes and bursts. We identified swimming episodes and bursts in our 

recordings by first smoothing the recordings using a moving average smoothing. Subsequently, 

episodes and bursts were identified as large deviations from baseline, lasting 80-2000 ms and 3-

35 ms in duration, respectively. Statistical analysis was performed using Prism by GraphPad 

(Version 10.4.0 (527), RRID:SCR_002798). Data are reported as mean ± SD. We performed a 

power analysis using GraphPad with the following parameters for paired t-tests: Significance level 
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(alpha) = 0.05 (two-tailed); Target Power = 0.8; Standardized effect size = 1. The recommended 

group size from this analysis was 10 per group. Our sample sizes for most experiments were close 

to that recommendation. 

 

The non-parametric two-tailed Wilcoxon matched-pairs signed rank test was used when comparing 

the means of two non-normally distributed matched paired data sets. Paired t-tests were used to 

compare the means of normally distributed data sets. Mann-Whitney tests and unpaired t-tests were 

used for non-normally distributed and normally distributed data sets, respectively. For all tests, 

significance is denoted by asterisks in figures. 
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3.4 RESULTS 

3.4.1 Effect of IM on escape responses in 4-5 dpf zebrafish 

We first tested the role of IM in the escape responses of 4-5 dpf larval zebrafish.  Escape responses 

(Fig. 3.1) were evoked either by tactile stimuli applied to the head (n = 5 taps; N = 10 animals) or 

tail (n = 5 taps; N = 9-10 animals). Escape responses are characterized by an initial large-amplitude 

C-bend immediately followed by a swimming episode. In some escape responses, this first 

response can be followed by a rapid succession of swimming episodes separated by brief pauses. 

Pharmacological blockade of IM by XE-991 had no effects on the number of swimming episodes 

per escape response, the duration of the first episode, nor the tail beat frequency within the first 

episode of escape responses evoked by either head or tail stimuli (Fig. 3.1B-D). On the other hand, 

enhancing IM by application of ICA-069673 reduced the number of escape responses evoked by 

tail but not head stimuli (Fig. 3.1E). The duration and tail beat frequency of escape responses 

evoked by either form of stimuli were unaffected by ICA-069673 (Fig. 3.1F). These data suggest 

that IM plays a minimal role in the escape response though enhancement of the current could limit 

the overall length of escape responses to tail stimuli by limiting the number of swimming episodes.    

 

3.4.2 Effect of IM on swimming in 4-5 dpf zebrafish 

We tested the swimming of freely behaving 4-5 dpf zebrafish when XE-991 or ICA-069673 was 

applied (Fig. 3.2A-B). The activity was partitioned into inactive (locomotor movements with 

speeds below 2 mm/s including stationary epochs), slow (locomotor movements with speeds 

between 2-10 mm/s), and fast (locomotor movements with speeds above 10 mm/s) swimming. 

XE-991 did not affect the amount of swimming (Fig. 3.2C-E) nor the distance travelled during 

slow, fast, or total swimming (Fig. 3.2F-H). On the other hand, ICA-069673 decreased the amount 
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(quantified as ratio of time spent swimming over the 20-minute recording period) of fast swimming 

(control: 0.1736 ± 0.1474; ICA-069673: 0.0373 ± 0.0434) and total swimming (control: 0.4883 ± 

0.2904; ICA-069673: 0.2586 ± 0.2146) while not affecting the amount of slow swimming (Fig. 

3.2I-K). The distance travelled via slow (control: 41.22 ± 25.27 cm/min; ICA-069673: 25.80 ± 

22.69 cm/min) and fast swimming (control: 77.42 ± 73.60 cm/min; ICA-069673: 6.74 ± 7.92 

cm/min), as well as the total distance (control: 118.60 ± 90.02 cm/min; ICA-069673: 32.53 ± 28.89 

cm/min), were reduced by ICA-069673 with noticeably greater effect on distance travelled via fast 

swimming (Fig. 3.2L-N). These results suggest that at a basal state, IM does not affect swimming, 

but enhancement of this current can affect the amount of fast swimming and the overall distance 

of slow and fast swimming movements.  

 

3.4.3 Pharmacological modulation of IM results in modest changes to locomotion in 

intact larvae 

Changes in overall swimming observed by pharmacological modulation of IM in larval zebrafish 

could result from changes to specific features of locomotor behaviour such as frequency, duration 

of swimming episodes or the duration of the bursts that compose each episode. To determine how 

pharmacological modulation of IM affected swimming through modulation of these features, 

locomotor activity from the motor nerves of larval zebrafish aged 4 or 5 dpf (n = 10) was first 

recorded before and after bath application of 10 μM XE-991 using motor nerve recordings (Fig. 

3.3A). The features of every detectable episode within a recording were analyzed to compare the 

locomotor activity of control episodes to that of swim episodes during inhibition of IM by XE-991 

(Fig. 3.3C-K). Blocking IM with XE-991 results in an increase in burst duration (Fig. 3.3F) as well 

as a decrease in the inter-burst interval (Fig. 3.3I) and increase in the variability of burst durations 
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within an episode (Fig. 3.3K). Episode frequency and duration, the number of burst episodes and 

the frequency of bursts, inter-burst interval variability, and peak signal amplitude were unaltered 

by XE-991. On the other hand, enhancement of IM by 10 μM ICA-069673 did not alter any of the 

analyzed features of locomotor activity significantly, other than resulting in an increase in the 

variability of the durations of bursts within an episode (Fig. 3.3K). Considering the modest effects 

of pharmacological modulation of IM to locomotor features, we posited that long recordings from 

motor nerves could be accompanied by time-related changes, time either directly influencing 

locomotor activity or it is influencing the quality of the recording and/or preparation. To this end, 

we analyzed the features of locomotion recorded from motor nerves of intact larval zebrafish for 

a 90-minute period. When we compared the features of the first, second, and third 30-minute time 

bins, we find no significant differences (Supplemental Figure 3.1). Therefore, we do not suspect 

there to be any confounding effects to the data caused by the length of recording time. The 

concentrations chosen were based on prior concentration testing during nerve recordings in intact 

larvae where 1 μM, 2.5 μM, 5 μM, and 10 μM were tested for both XE-991 (Supplemental Figure 

3.2) and ICA-069673 (Supplemental Figure 3.3). In this intact preparation, pharmacological 

modulation of IM can occur across all levels of the nervous system. We therefore wondered whether 

supraspinal effects to IM may be masking effects to locomotor features brought on by changes to 

IM occurring within the spinal cord itself. 

 

3.4.4 Fictive locomotion is altered by pharmacological modulation of IM 

Given the central role of spinal locomotor circuits in locomotion, we next asked whether 

modulation of IM in spinal circuits could affect motor output by performing electrophysiological 

recordings of swimming activity from motor nerves in larval zebrafish having undergone a 
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complete spinal cord transection just below the brainstem (Timothy D Wiggin et al. 2012). 

Swimming activity in the isolated spinal cord of larval zebrafish can be induced by adding NMDA 

to promote the excitability of spinal networks (McDearmid and Drapeau 2006). We first performed 

recordings of motor nerve activity in 4-5 dpf larval zebrafish following spinalization exposed to 

200 µM NMDA (n = 26). Fictive locomotion that persisted long enough to subsequently introduce 

a modulator of IM was seen only in five preparations. In these five preparations, 10 µM XE-991 

was applied to the preparation after a few minutes of NMDA-evoked fictive locomotion and 

activity was recorded for several minutes following XE-991 application. There were no significant 

differences in any of the features of locomotion analyzed (Fig. 3.4A-H).  

 

In those spinal preparations where NMDA did not evoke fictive locomotion (Fig. 3.4I), the 

addition of XE-991 seemed to increase overall activity recorded from the nerve (Fig. 3.4J), 

quantified as an increase in peak amplitude, time-integral of the signal, number of spiking events, 

and standard deviation of the signal 30 seconds before and 30 seconds after drug application (Fig. 

3.4K-N). Thus, decreasing IM in spinal circuits can increase motor output in certain conditions. 

 

3.4.5 Pharmacological modulation of IM affects fictive locomotion evoked by an 

increase in extracellular K+ 

The Mg2+ block of NMDA receptors endows the receptor current with a non-linear conductance 

that facilitates rhythmogenesis in spinal networks (Cowley et al. 2005). In the preceding 

experiments, exposure of the spinalized zebrafish spinal cord to 200 µM NMDA could create an 

environment for spinal circuits overwhelming other endogenous ion currents such that any changes 

to IM were rendered imperceptible when recording network-wide activity from the motor nerve. 
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Therefore, we performed motor nerve recordings in spinalized larval zebrafish bathed in aCSF 

containing a higher concentration of potassium ions. With extracellular K+ elevated to 11.6 mM, 

rhythmic activity was evoked. While the rhythmic activity was more variable than NMDA 

application, episodes of swimming consisting of multiple locomotor bursts were observable (Fig. 

3.5A-B). We proceeded to either block or enhance IM while recording activity from motor nerves 

and analyzed effects on fictive locomotion (Fig. 3.5A-B). There was no change in the peak signal 

amplitude (Fig. 3.5H). However, XE-991 increased the spiking activity, whereas ICA-069673 

greatly decreased it (Fig. 3.5C). When examining the locomotor features of the motor output from 

elevated extracellular K+ (Fig. 3.5D, E), XE-991 increased the frequency and duration of 

locomotor episodes whereas ICA-069673 had a dampening effect on frequency and duration of 

locomotor episodes (Fig. 3.5F, G). Within episodes, XE-991 did not affect the frequency of bursts 

or the burst duration. However, it increased the number of bursts per episode, whereas ICA-069673 

decreased the duration but did not affect the number of bursts per episode or the frequency of 

bursts (Fig. 3.5I-K). To summarize, in spinalized preparations where rhythmic activity was evoked 

by a generalized depolarization of the membrane potential, reducing IM increased spiking activity 

as well as the frequency and duration of locomotor episodes, and the number of bursts per episode, 

while enhancing IM had opposite effects on the same locomotor parameters in addition to a 

decrease in the duration of motor bursts. 

 

  



 

71 

 

3.5 DISCUSSION 

The M-current (IM) is a slowly activating, non-inactivating potassium current mediated by Kv7 

channels. IM can be activated at subthreshold membrane potentials and is known to dampen neuron 

excitability (Marrion 1997) and limit sustained firing through spike frequency adaptation (Benda 

and Herz 2003; Madison and Nicoll 1984) in neurons in which it is expressed. IM expression has 

been found in spinal circuits of several vertebrates (Alaburda, Aidas et al. 2002; Bothe, Maximilian 

S. et al. 2024; Sharples et al. 2023; Verneuil et al. 2020b). Only recently has IM been revealed for 

the first time as a major player in limiting bursting activity in spinal neurons involved in rodent 

locomotion (Verneuil et al. 2020b). Until now, the involvement of IM in shaping the locomotor 

function of zebrafish remained uninvestigated.  

 

3.5.1 The M-current and escape responses  
We first assessed a possible role for IM in shaping locomotion using behavioural assays, starting 

with its role in the execution of the escape response, a primitive reflexive movement. We found 

that pharmacological modulation of IM does not alter the duration, nor the tail beat frequency 

produced during the first episode of the escape response. The lack of effect on duration and tail 

beat frequency is in line with the notion that the escape response is a robust behaviour. In fact, it 

has been shown that modulating the kinematics of the escape response does not impact the survival 

of larval zebrafish (Nair et al. 2017). It is therefore possible that the influence of IM on neuronal 

excitability is too subtle to influence such a robust primitive reflex when the descending activation 

of spinal circuits is strong.  
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While pharmacological modulation of IM had no noticeable effects on the initial phase of the 

escape responses, effects were observed on the swimming episodes that followed the initial phase. 

Indeed, enhancement of IM by ICA-069673 resulted in a reduction in the average number of 

episodes produced during tail but not head touch-evoked escape responses. The swimming 

episodes that succeed the initial C-bend triggered by the Mauthner cell (M-cell) in response to 

startling auditive stimuli have been shown to involve a feedforward excitation of the midbrain 

nucleus of the Medial Longitudinal Fasciculus (nMLF) by brainstem Cranial Relay Neurons 

(CRN) (Xu, Lulu et al. 2021). The nMLF is composed of spinally-projecting neurons that have 

been implicated with the control of swim posture and swimming in zebrafish (Berg et al. 2023; 

Thiele, Donovan, and Baier 2014). The reduced number of swimming episodes during tail touch-

evoked escape responses following ICA-069673 administration speaks to the possible expression 

of IM at the level of the CRN, the nMLF or in downstream spinal neurons.   

 

The lack of effect of ICA-069673 in response to head touch-evoked responses may be linked to 

the cells that trigger tail versus head touch-evoked responses. Escape responses can be classified 

based on the reticulospinal neurons activated by the aversive sensory stimulus: those initiated by 

the Mauthner cell (M-cell) and those initiated by M-cell homologs (Kohashi, Tsunehiko and Oda, 

Yoichi 2008). It has been demonstrated that whereas tail stimulation requires the M-cells, the 

activity of M-cells is not critical to responses evoked by head stimuli and non-M-cell homologs 

can mediate head-evoked escape responses (Kohashi, Tsunehiko and Oda, Yoichi 2008; Liu and 

Fetcho 1999; Liu and Hale 2017; O’Malley, Kao, and Fetcho 1996). In both cases, the M-cell or 

M-cell homologs will activate, putatively in the case of the M-cell homologs (Gahtan and 

O’Malley 2003), contralateral spinal motoneurons to initiate a large amplitude C-bend (Fetcho and 
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Faber 1988), followed by successive left-right alternating tail beats and possible multiple 

swimming episodes. A notable difference between the M-cell and M-cell homologs is that the 

former responds to stimuli with a single spike whereas the latter respond with tonic firing 

(Nakayama and Oda 2004). While the swimming episodes of escape responses mediated by the 

M-cell have been shown to involve the feedforward excitation of nMLF by CRN neurons (Xu, 

Lulu et al. 2021), the involvement of this circuit in non-M-cell escape responses by M-cell 

homologs remains to be confirmed. However, assuming that both M-cells and M-cell homologs 

employ the same circuitry, the lack of effects of ICA-069673 on the head-touch evoked escape 

responses, putatively mediated by M-cell homologs, may be linked to their longer-lasting firing 

responses as compared to the single spiking evoked in M-cells during tail-touch evoked escape 

responses. 

 

Inhibition of IM by XE-991 did not alter the number of episodes produced during escape responses 

evoked by head or touch stimuli. We propose that the drive to spinal circuits during escape 

responses may be so strong that any increase in excitability of spinal neurons caused by inhibition 

of IM by XE-991 fails to result in noticeable effects. Alternatively, the baseline of IM may be 

relatively low such that inhibiting it further by application of XE-991 does not significantly alter 

the excitability of the neurons in which IM is expressed.  

 

3.5.2 IM and free swimming in larval zebrafish 
Similar to the escape responses, we found that inhibition of IM did not affect slow, fast, or total 

spontaneous swimming produced by larval zebrafish (Fig. 3.2). Enhancing IM, on the other hand, 

resulted in a reduction in both distance swam and amount of time spent swimming, notably at fast 
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speeds. Effects observed with ICA-069673 but not XE-991 on spontaneous swimming in freely 

behaving larval zebrafish are in line with a possible low baseline expression of IM. Furthermore, 

larger effects observed with ICA-069673 on fast swimming than on slow swimming suggest that 

the magnitude of IM expressed in neurons of faster swim circuits is higher than that of slower swim 

circuits.  

 

3.5.3 Nerve recordings in intact larval zebrafish preparations 
Our extracellular motor nerve recordings in intact larval zebrafish showed few effects to locomotor 

features during pharmacological modulation of IM. XE-991 increased the duration of motor bursts 

and decreased the inter-burst interval. Both XE-991 and ICA-069673 increased the variability of 

motor burst durations with no other effects from ICA-069673. These results are peculiar for two 

main reasons: 1) bath application of XE-991 in both the context of assessing escape responses and 

free-swimming had no effects to measured features of each locomotor behaviour and 2) bath 

application of ICA-069673 significantly reduced the amount swam during escapes and overall 

free-swimming. Based on these results, we had expected to see more prominent effects of 

enhancing IM by ICA-069673 with subtle effects of inhibiting IM by XE-991, especially 

considering the possibility of low baseline expression of IM. The cause of these discrepancies is 

likely to stem from the way in which swimming was triggered in these preparations. Zebrafish 

larvae at ages 4-5 dpf used in this study can swim spontaneously or in response to changes in light 

intensity (Buss and Drapeau 2001). Both of these swims were present in the swimming activity we 

recorded from motor nerves, as has been done in previous studies (Buss and Drapeau 2001; 

McLean and Fetcho 2009; Roussel et al. 2020; Timothy D. Wiggin et al. 2012). However, changes 

in illumination may in fact trigger an escape response (Colwill and Creton 2011; Emran, Rihel, 
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and Dowling 2008), rather than low frequency swims similar to those that occur spontaneously. It 

is likely that unequal proportions of spontaneous and light-evoked swimming were included both 

within individual zebrafish before and after drug administration as well as across individuals, as 

the light-induced swimming was evoked most frequently in fish with less spontaneous swimming 

activity. Uneven contributions of spontaneous and light-evoked swimming, which are inherently 

different locomotor movements, to the data set would confound our generalized interpretation of 

the effects of our pharmacological agents to locomotion.  

 

3.5.4 NMDA-evoked fictive locomotion  
NMDA successfully evoked consistent fictive locomotion in only five spinalized preparations out 

of a total of thirty-one (Fig. 3.4). A final concentration of 200 µM of NMDA was chosen on the 

basis that increasingly high concentrations of NMDA leads to increasingly episodic swimming 

activity more closely resembling spontaneous beat-and-glide locomotion compared to lower 

concentrations (Timothy D Wiggin et al. 2012). Why exactly NMDA evoked fictive locomotion 

in only a small number of preparations remains unclear. Nevertheless, in the few that did display 

fictive locomotion, we found no effects of inhibiting IM with XE-991 on any features of fictive 

locomotion analyzed. On the other hand, in the twenty-six preparations wherein no consistent 

fictive locomotion was evoked, we found that adding 10 µM XE-991 increased overall activity 

recorded from the motor nerve, supporting the presence of IM in spinal circuits. We posited that 

exogenous application of NMDA (200 µM) might provide such a strong rhythmogenic drive to 

spinal circuits that any changes to IM were rendered imperceptible when recording network-wide 

activity from the motor nerve. Specifically, the inward flow of cations through persistently active 

NMDA receptors could overpower changes to outward potassium ion flow via Kv7.2/7.3 channels. 
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Furthermore, activation of NMDA receptors has been implicated in modifying the activity of 

voltage-gated ion channels (Scott F. Davis and Linn 2003; S. F. Davis and Linn 2003). The lack 

of effect on NMDA-induced locomotion by XE-991 could, therefore, be caused by NMDA-

induced changes to voltage-dependent properties of IM. Indeed, NMDA has been shown to 

suppress IM in rat amygdala neurons (Zhang et al. 2022). 

 

3.5.5 Effects of modulating IM during swimming evoked by high extracellular K+  
Due to possible confounding factors brought on by NMDA-evoked fictive locomotion, we also 

tested the effects of pharmacologically modulating IM on fictive locomotion evoked by a 

generalized depolarization of spinal circuits through elevated extracellular potassium and the 

resulting depolarization of the potassium equilibrium potential (Fig. 3.5). It is important to note 

that though fictive locomotion was successfully evoked by increasing the extracellular potassium 

concentration to four times the typical concentration, the activity produced was variable both 

within preparations and across individuals. Both persistent or sporadic swimming activity could 

occur in each preparation. We, therefore, mainly focused on within-episode analyses. In these 

experiments, we found that XE-991 and ICA-069673 had opposing effects on episode frequency 

and episode duration, while ICA-069673 but not XE-991, affected burst duration. In every one of 

these locomotor parameters, blocking IM increased locomotor activity, while ICA-069673 reduced 

locomotor activity. The more inconsistent swimming activity evoked by elevated extracellular K+ 

concentration prevented an assessment of how pharmacological modulation of IM alters the pattern 

of locomotion.  

 

3.5.6 Basal levels of IM in larval zebrafish motor circuits   



 

77 

 

While XE-991 was effective at shaping locomotor activity in the experiments where we induced a 

generalized depolarization across spinal neurons (Fig. 3.5), we found that XE-991 had little effect 

on the escape response (Fig. 3.1) and spontaneous swimming (Fig. 3.2). Thus, blocking IM seemed 

to be unmasked only in experiments where we raised the basal activation of IM through generalized 

depolarization of spinal neurons. ICA-069673, on the other hand, decreased the overall number of 

swimming episodes during escape (Fig. 3.1), spontaneous swimming (Fig. 3.2), and fictive 

locomotion in spinalized animals (Fig. 3.5). These results suggest that IM is present in larval 

zebrafish motor circuits but possibly at low basal levels, similarly to what has been concluded for 

immature murine spinal motoneurons (Lombardo, Joseph and Harrington, Melissa A. 2016). 

Neuromodulatory increases of IM could thus act to increase its amplitude to produce hypoactivity 

(Kurennyi, Chen, and Smith 1997; Madamba, Schweitzer, and Siggins 1999a, 1999b; Moore et al. 

1988, 1994; Schweitzer, Madamba, and Siggins 1990; Sims et al. 1990; Sims, Singer, and Walsh 

1988; Yu 1995). 

 

3.5.7 Role of IM in spinal circuits for locomotion across vertebrates 
Interestingly, pharmacological modulation of IM does not alter the locomotor frequency, as is 

shown to be the case in rodent locomotion (Verneuil et al. 2020b). Instead, we find that the 

involvement of IM is restricted to influencing the duration of swimming episodes and the duration 

of bursts within individual episodes. These results reveal that although IM’s involvement in spinal 

locomotor circuit activity is conserved in zebrafish and mice, the precise role it plays may not be. 

Verneuil et al. demonstrate that Kv7.2/7.3 channels are ubiquitously expressed across mouse spinal 

locomotor circuit neurons (Verneuil et al. 2020b). Therefore, IM is able to exert a level of control 

over the speed of rodent locomotion by limiting the duration of time spinal locomotor neurons 
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spend bursting, ultimately leading to faster muscle contraction (Verneuil et al. 2020b). Considering 

the differences in how IM shapes locomotor activity in rodents versus zebrafish, it remains to be 

seen whether larval zebrafish spinal locomotor neurons similarly display ubiquitous expression of 

IM as observed in mice. Our data reveal that burst duration is significantly decreased while 

locomotor frequency remains unaltered during IM activation. This suggests that higher-order 

interneurons most involved in rhythm generation either do not express IM or express IM at relatively 

low magnitudes. In contrast, lower-order spinal neurons, such as motoneurons, involved in fine-

tuning motor output may be more greatly influenced by IM.  

 

3.5.8 Conclusion 
Our data reveal a role for IM in influencing locomotor function within spinal circuits of larval 

zebrafish. Specifically, we show that pharmacologically modulating IM alters the amount of 

locomotor activity produced, both during behavioural assays and fictive locomotor preparations. 

We demonstrate that modulation of IM within spinal circuits controls episode and burst durations 

without affecting locomotor frequency or amplitude. This work highlights the differences in the 

involvement of IM in locomotor function between larval zebrafish and rodents (Verneuil et al. 

2020b).  Studying how IM could be neuromodulated (Brown and Adams 1980) could provide 

insights into the physiological states in which this current could induce hypoactivity of spinal 

circuits. For example, the M-current has been implicated in arousal and sleep stability in 

hypothalamic circuits (Li et al. 2022). Determining where within spinal locomotor circuits IM is 

expressed will further elucidate how exactly IM controls specific features of locomotion in various 

physiological states.  
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Figure 3.1. Effects of pharmacological modulation of IM on the escape response. A, Overview 

of touch-evoked escape behaviours of individual 4-5 dpf larvae placed in a well from a 24-well 

plate. B & E, Average number of swim episodes produced during a head or tail touch-evoked 

escape response before and after bath application of 10 µM XE-991 (B; n = 10 per group; head: P 

= 0.9219; tail: P = 0.7480) or 10 µM ICA-069673 (ICA) (E; n = 10 per group; head: P = 0.2617). 

C & F, Average duration of the first episode produced during a head or tail touch-evoked escape 

response before and after bath application of 10 µM XE-991 (C; n = 10 per group; head: P = 

0.1934; tail: P = 0.3750) or 10 µM ICA-069673 (F; n = 10 per group; head: P = 0.6953; tail: P = 

0.3652). D & G, Average tail beat frequency of the first episode produced during a head or tail 

touch-evoked escape response before and after bath application of 10 µM XE-991 (D; n =10 per 

group; head: P = 0.6953; tail: P = 0.1934) or 10 µM ICA-069673 (G; head (n = 10): P > 0.9999; 

tail (n = 9): P = 0.1562). Individual animals before and after drug application are color-matched. 

Statistical analysis, Wilcoxon matched-pairs test; **P < 0.01, otherwise not statistically 

significant.   
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Figure 3.2. Pharmacological enhancement of IM reduces spontaneous swimming activity in 

larval zebrafish. A, Representative traces of total swimming activity from individual larvae 

recorded over five minutes from (i) control and (ii) XE-991 (XE) groups tested concurrently. B, 

Representative traces of total swimming activity from individual larvae recorded over five minutes 

from (i) control and (ii) ICA-069673 (ICA) groups tested concurrently. C-E, Effects of 

pharmacological inhibition of IM by 10 µM XE-991 on amount of slow (C; 2-10 mm/s; P = 0.3434), 

fast (D; > 10 mm/s; P = 0.3983), and total (E; P = 0.6639) spontaneous swimming activity recorded 

over 20 minutes. F-H, Effects of pharmacological inhibition of IM by 10 µM XE-991 on average 

distance swam per minute during slow (F; P = 0.8340), fast (G; P = 0.4581), and total spontaneous 

swimming (H; P = 0.4707). I-K, Effects of pharmacological enhancement of IM by 10 µM ICA-

069673 on amount of slow (I; P = 0.0794) fast (J), and total (K) spontaneous swimming activity 

recorded over 20 minutes. L-N, Effects of pharmacological enhancement of IM by 10 µM ICA-

069673 on average distance swam per minute during slow (L), fast (M), and total spontaneous 

swimming (N). Statistical analysis, Mann-Whitney test for non-normally distributed data sets and 

unpaired t-tests for normally distributed data sets. * P < 0.05; ** P < 0.01; **** P < 0.0001; 

otherwise not statistically significant. 
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Figure 3.3. Pharmacological modulation of IM affects motor bursts during 4-5 dpf larval 

zebrafish locomotor activity. Activity from peripheral nerves recorded in live paralyzed larval 

zebrafish aged 4-5 dpf in the presence of IM inhibitor XE-991 (10 µM) or IM enhancer ICA-069673 

(10 µM). A-B, Representative traces of spontaneous locomotor activity before and after 

pharmacological modulation of IM by ICA-069673 (A, n = 7) and XE-991 (B, n = 7); individual 

locomotor episode traces in bottom panels correspond to episodes present within the dashed boxes 

in the traces of the upper panels. C-K, Features of locomotor activity before and after IM inhibition 

by XE-991 10µM (n =10) or IM enhancement by ICA-069673 10 µM (control: n = 9, ICA-069673: 

n = 7). Statistical analysis, Wilcoxon matched pairs t-tests. D, Episode duration (XE-991: P > 

0.9999; ICA-069673: P = 0.6875). E, Number of motor bursts per swimming episode (XE-991: P 

= 0.5566; ICA-069673: P = 0.3750). F, Burst duration (XE-991: P = 0.0059; ICA-069673: P = 

0.6875). G, Burst frequency (XE-991: P = 0.0840; ICA-069673: P = 0.1562). H, Peak signal 

amplitude (XE-991: P = 0.5566; ICA-069673: P = 0.5781). I, Inter-burst interval (XE-991: P = 

0.0059; ICA-069673: P = 0.1562). J, Variability of motor burst duration (XE-991: P = 0.0059; 

ICA-069673: P = 0.0156). I, Variability of inter-burst interval duration (XE-991: P = 0.3750; ICA-

069673: P = 0.1562). Statistical analysis, Wilcoxon matched-pairs test; *P < 0.05; **P < 0.01; 

otherwise not statistically significant.  
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Figure 3.4. Inhibition of IM by XE-991 increases nerve activity but does not alter features of 

NMDA-induced fictive locomotion in spinalized 4-5 dpf larval zebrafish. A-H, Fictive 

locomotion induced by 200 µM NMDA recorded from motor nerves of 4-5 dpf spinalized larval 

zebrafish (n = 5) before and after inhibition of IM by 10 µM XE-991. A-B, Representative traces 

of locomotor activity induced by 200 µM NMDA (A; control) and when 10 µM XE-991 is 

introduced to the bath (B); individual locomotor episode traces in bottom panels correspond to 

those demarked by the dashed box in the upper traces. C, Episode duration (P = 0.8125). D, Motor 

burst duration (P = 0.8125). E, Locomotor frequency (P = 0.1250). F, Amplitude of locomotor 

activity (P > 0.9999). G, Inter-burst interval duration (P = 0.1250). H, Number of motor bursts per 

episode (P = 0.8125). I-J, Representative trace of recording where NMDA application does not 

generate locomotor activity (I; control), but 10 µM XE-991 enhances motor output (J) (n = 26). 

K-N, Measures of overall activity recorded from motor nerves 30 seconds before and after bath 

application of 10 µM XE-991 to the recording chamber. K, Peak amplitude of activity. L, Area 

under the curve. M, Spikes per second. N, Standard deviation of signal. Individual animals before 

and after drug application are color-matched.  Statistical analysis, Wilcoxon matched-pairs test. * 

= P < 0.05; ** = P < 0.01; **** = P < 0.0001.  
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Figure 3.5. Modulating IM pharmacologically affects fictive locomotion evoked by high 

extracellular potassium in spinalized larval zebrafish. Fictive locomotion recorded from motor 

nerves in 4-5 dpf spinalized larval zebrafish bathed in aCSF containing a high concentration of 

potassium (11.6 mM) to promote excitability of spinal locomotor circuits. A, Representative traces 

of fictive locomotion before (control) and after inhibition of IM by 10 µM XE-991 (XE). B, 

Representative traces of fictive locomotion before (control) and after enhancement of IM by 10 µM 

ICA-069673 (ICA). C, Number of spikes generated per second (XE-991: n = 14; ICA-069673: n 

= 12). D, Representative traces of fictive locomotor episodes evoked by high extracellular 

potassium before and after inhibition of IM by 10 µM XE-991. E, Representative traces of fictive 

locomotor episodes evoked by high extracellular potassium before and after enhancement of IM by 

10 µM ICA-069673. F-K, Measures of locomotor parameters before and after pharmacological 

modulation of IM (XE-991: n = 12; ICA-069673: n = 9). F, Number of episodes generated per 

second. G, Episode duration.  H, Peak amplitude of activity (XE-991: P = 0.0923; ICA-069673: P 

= 0.4961).  I, Burst frequency (XE-991: P = 0.3804; ICA-069673: P = 0.1641).  J, Number of 

bursts generated per episode (ICA-069673: P = 0.1289). K, Burst duration (XE-991: P = 0.1099). 

Individual animals before and after drug application are color-matched. Statistical analysis, 

Wilcoxon matched-pairs test.  * P < 0.05, ** P < 0.01, *** P < 0.001; otherwise not statistically 

significant.  
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Supplemental Figure 3.1. Effect of time on features of locomotor activity recorded from 

motor nerves of 4-5 dpf larval zebrafish. Activity from peripheral nerves recorded in live 

paralyzed larval zebrafish aged 4-5 dpf over the course of 90 minutes (A-H). Data presented is 

from gap-free recordings separated into three bins of 30 minutes. A, Episode duration. B, Burst 

duration. C, Frequency of motor bursts within an episode. D, Motor burst amplitude. E, Number 

of bursts per episode. F, Inter-burst interval duration. G, Variability of burst duration measured as 

standard deviation of average motor burst durations. H, Variability of inter-burst interval (IBI) 

duration measured as the standard deviation of average inter-burst interval durations. Statistical 

analysis, Kruskal-Wallis test with Dunn’s test for multiple comparisons.  
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Supplemental Figure 3.2. Assessing how various concentrations of XE-991 affect locomotor 

features of 4-5 dpf larval zebrafish. Activity from peripheral nerves recorded in live paralyzed 

larval zebrafish aged 4-5 dpf. A-I, Features of locomotor activity before and after inhibition of IM 

by XE-991: 1 uM (n = 5), 2.5 uM (n = 6), 5 uM (n = 5), and 10 uM (n = 10). A, Average episode 

duration. B, Average number of bursts per episode. C, Episode frequency. D, Average duration of 

bursts. E, Burst frequency. F, Standard deviation of burst duration. G, Average burst amplitude.  

H, Average inter-burst interval duration. I, Standard deviation of inter-burst interval durations.  

Statistical analysis, Wilcoxon matched-pairs t-tests. * P < 0.05, ** P < 0.01; otherwise, statistically 

not significant. 
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Supplemental Figure 3.3. Assessing how various concentrations of ICA-069673 affect 

locomotor features of 4-5 dpf larval zebrafish. Activity from peripheral nerves recorded in live 

paralyzed larval zebrafish aged 4-5 dpf. A-I, Features of locomotor activity before and after 

enhancement of IM by ICA-069673: 1 uM (n = 8), 2.5 uM (n = 9), 5 uM (n = 9), and 10 uM (n = 

7). A, Average episode duration. B, Average number of bursts per episode. C, Episode frequency. 

D, Average duration of bursts. E, Burst frequency. F, Standard deviation of burst duration. G, 

Average burst amplitude.  H, Average inter-burst interval duration. I, Standard deviation of inter-

burst interval durations.  Statistical analysis, Wilcoxon matched-pairs t-tests. * P < 0.05; 

otherwise, statistically not significant. 
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Chapter 4 

Developmental changes in the control of primary motoneuron firing 

properties by multiple currents in larval zebrafish 

 
Gaudreau, SF & Bui, TV 
 
 

4.1 ABSTRACT 

Spinal circuits for locomotion undergo maturation during early development. How intrinsic 

properties of individual spinal neuron populations change throughout motor maturation is not fully 

understood. Here we determine how several ionic currents underlying neuron excitability change 

in primary motoneurons during early development (2 – 5 days post-fertilization). We confirm, for 

the first time, the presence of the persistent outward potassium current known as the M-current, in 

primary motoneurons. We also reveal the presence of a persistent inward current at 2 to 5 dpf 

consisting of a riluzole-sensitive persistent inward Na+ current and a nifedipine-sensitive Ca2+ 

current. An analysis of the amplitude of these currents suggests age-dependent changes at these 

early developmental timepoints. For instance, we show that the M-current controls excitability of 

primary motoneurons and its role in excitability control changes during development such that the 

magnitude of the M-current in primary motoneurons transiently increases at 3 days post-

fertilization. We also reveal that contributions of the riluzole-sensitive persistent inward Na+ 

current and the nifedipine-sensitive Ca2+ current to the persistent inward current of primary 

motoneurons shifts during development. These findings reveal novel mechanisms by which 

control over excitability of primary motoneurons in larval zebrafish is ensured, underscoring 



 

96 

 

developmental changes in ion current contributions to intrinsic properties. Broadly, these data 

support the M-current and persistent inward currents as conserved means to control motoneuron 

excitability across vertebrates. 

 

4.2 INTRODUCTION 

In early development, vertebrates transition through a series of progressively more complex 

movements. Eventually, underlying spinal locomotor circuits become sufficiently refined to 

produce locomotion. The precise changes that spinal locomotor circuits undergo during 

development are still not fully understood. Amongst several possibilities, spinal neurons can 

undergo changes in synaptic receptors (Laliberte et al. 2022; Wilson, Rempel, and Brownstone 

2004) and ion currents (Sharples and Miles 2021) during development.  

  

The developing zebrafish (Danio rerio) is an attractive vertebrate model for studying the 

development of spinal circuits. Larval zebrafish have a relatively simple nervous system such that 

spinal neurons are easily identifiable and accessible for study (Robert R. Bernhardt et al. 1990; P. 

Myers, Eisen, and Westerfield 1986). Larval zebrafish are especially well-suited to the study of 

motor control maturation because of their rapid development and the stereotyped emergence of 

motor behaviours during this time (Budick and O’Malley 2000; Drapeau et al. 2002b). As of 17 

hours post-fertilization (hpf), zebrafish embryos produce large amplitude body bends known as 

coiling (Kimmel et al. 1995; Saint-Amant and Drapeau 1998). Soon after, around 24 hpf, they can 

execute consecutive coils to either side of the head, referred to as double coiling (Knogler et al. 

2014). At 3 days post-fertilization (dpf), zebrafish larvae exhibit their first instances of 

spontaneous swimming (Saint-Amant 2010). The swimming is erratic and long-lasting but 
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infrequent. This swimming rapidly evolves into what is known as the beat-and-glide swim by 4 

dpf (Budick and O’Malley 2000; Buss and Drapeau 2001). As the mature form of larval zebrafish 

locomotion, the beat-and-glide swim consists of more controlled, low-amplitude rhythmic tail 

beats interspersed by periods of gliding. The described stereotyped transitions in locomotion make 

it possible to link changes in motor output to changes in spinal circuits, ultimately shedding light 

onto the mechanisms underlying the spinal control of movement (Knogler et al. 2014; Lambert et 

al. 2012; Roussel et al. 2020, 2021). 

  

Major changes to spinal locomotor circuits of developing zebrafish have been identified including 

the addition of new neurons (Myers, Eisen, and Westerfield 1986; Kimmel et al. 1995; Kuwuda et 

al. 1990; Satou, Kimura, and Higashijima 2012), progressive addition of chemical 

neurotransmission to a gap-junction-prominent neural scaffold (Knogler et al. 2014; Roussel et al. 

2020; Saint-Amant and Drapeau 2001), formation and refinement of synaptic connections (Robert 

R. Bernhardt et al. 1990; Liu and Westerfield 1988; Roussel et al. 2021) as well as incorporation 

of neuromodulatory systems (Brustein et al. 2003; Jay, De Faveri, and McDearmid 2015; Lambert 

et al. 2012; Montgomery et al. 2018; Thirumalai and Cline 2008). Even the firing of spinal neurons 

changes through development (Buss et al. 2003; Louis Saint-Amant and Drapeau 2000) though 

the ion currents underlying these changes remain to be fully identified.  

 

Primary motoneurons (pMNs) are the largest and earliest born motoneurons in larval zebrafish 

(Myers 1985). They control the fastest and largest amplitude movements (Liu and Westerfield 

1988). These types of movements make up most of the locomotor repertoire in zebrafish 2 dpf or 

younger and become less prominent as of the third day of development. By this age, swimming 
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involves secondary motoneurons (sMNs) with the involvement of pMNs becoming increasingly 

less prominent (Liu and Westerfield 1988; McLean et al. 2007). Recently, it has been demonstrated 

that different types of mouse motoneurons express varying magnitudes of the persistent 

subthreshold potassium current known as the M-current (Sharples et al. 2023). Sharples et al. 

demonstrate that M-current expression in motoneurons helps control their recruitment (Sharples 

et al. 2023). Given that the M-current has been shown to work in tandem with the persistent sodium 

current (INaP) in mice (Verneuil et al. 2020b), and that zebrafish motoneurons possess a riluzole-

sensitive sodium (Na+) component to persistent inward currents (PICs) at 1 dpf (Tong and 

Jonathan Robert McDearmid 2012) that is observed across mammalian motoneurons (Drouillas et 

al. 2023; Li and Bennett 2003; Li et al. 2004), we posited that motoneurons in larval zebrafish may 

also express the M-current. Furthermore, we hypothesize that the role of the M-current in shaping 

pMN excitability may change throughout development as the most prominent locomotor 

movements rely increasingly less on pMNs with the emergence of secondary MNs that are 

relatively more involved in swimming (Ampatzis et al. 2014; McLean et al. 2007). 

  

Using whole-cell patch-clamp electrophysiology, we reveal for the first time the presence of the 

M-current in larval zebrafish spinal circuits for locomotion. We demonstrate that the M-current 

regulates excitability of pMNs and show that the magnitude of the M-current in pMNs changes 

throughout development. Furthermore, we compliment these findings by characterizing persistent 

sodium (INaP) and persistent calcium (ICaL) contributions to the PICs of pMNs during the same 

developmental window. Together, these data describe for the first time in larval zebrafish the 

developmental changes to the interplay between ionic conductances that have been well-
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characterized in mammalian motoneurons. This work emphasizes shared mechanism over the 

control of repetitive firing in motoneurons across vertebrates. 

 

4.3 METHODS 

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

Ottawa’s Animal Care Committee (BL-4416). Adult zebrafish are maintained at 28.5°C with a 14 

hour on/10 hour off light cycle, with lights off at 11PM and on at 9AM. Embryos are fertilized 

between 9AM-10AM and stored in embryo medium at 28.5°C until use for experimentation at 2 

to 5 dpf.  

  

4.3.2 Preparation for electrophysiology 
Larval zebrafish are anesthetized in 0.02% tricaine (MS-222, Aqualife TMS; Syndel Laboratories) 

before being pinned down through the notochord onto a Sylgard (Dow Corning) coated dish. Pins 

are made using Tungsten wire (0.25 mm); one is placed caudally near the tip of the tail, and the 

other is placed rostrally near the center of the yolk sac. Spinalization is performed using fine 

surgical scissors at the level of segments 2-3. The skin is then peeled back between the two pins 

using fine forceps. Next, larvae are bathed in 1 mg/mL collagenase (Millipore Sigma; incubation 

times: 8 minutes at 2 dpf, 10 minutes at 3 dpf, 12 minutes at 4 dpf, and 15 minutes at 5 dpf) to 

facilitate muscle removal. The collagenase solution is rinsed out 4-5 times with artificial 

cerebrospinal fluid (aCSF) containing: 134 mM NaCl, 2.9 mM KCl, 1.2 mM MgCl2, 2.1 mM 

CaCl2, 10 mM dextrose, and 10 mM HEPES (pH of 7.8 adjusted with NaOH and osmolarity 

between 280-290 adjusted with sucrose). Muscle removal is performed using suction through a 
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wide-bored glass capillary (typically, the tips are gently broken to get the right sized tip for muscle 

removal). Muscles overlaying the spinal cord are removed to expose the spinal cord for whole-cell 

patch-clamp electrophysiology.  

 

4.3.3 Whole-cell patch-clamp electrophysiology 

To block muscle contractions during recordings, d-tubocurarine is added to the aCSF (10 µM; 

Millipore Sigma, catalog # 93750). Electrodes for whole-cell patch-clamp experiments are made 

using borosilicate glass capillaries (Sutter Instrument; BF150-110-10). Tip resistances ranging 

from 5 to 7 megaOhms (MW) were used. Intracellular recording solution used contained the 

following: 16 mM KCl, 116 mM K-gluconate, 4 mM MgCl2, 10 mM HEPES, 10 mM EGTA, and 

4 mM Na2-ATP, adjusted to a pH of 7.2-7.3 with KOH. Slight positive pressure was applied during 

the descent toward the spinal cord to prevent debris from contaminating the tip of the electrode. 

This positive pressure was used to break the dura thereby exposing the neurons within the spinal 

cord. Positive pressure was decreased slightly, and targeted neurons were approached with the 

electrode. When near the neuron (small dent forming in neuron), positive pressure was released 

and a gigaohm (GW) seal (giga-seal) was formed between the tip of the electrode and the cell 

membrane. Gentle pulses of negative pressure were used to break through the membrane. 

Membrane holding potential was set to –65 mV and both fast and slow capacitance components 

were compensated for. Series resistance was routinely compensated for at 80% or higher. The 

neuron was held at -65 mV until it was time to introduce stimulation protocols. Values reported 

are not liquid junction potential corrected. pMNs at all ages were targeted based on their 

characteristically large soma size and dorsoventral positioning restricted to about midway through 

the spinal column. All pMN subtypes (rostral primary, middle primary, and caudal primary) were 
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included in the sampling. pMN identity was then confirmed post hoc by assessing axon projection 

through the ventral root facilitated by the addition of sulforhodamine B to the intracellular 

recording solution (0.1%; Millipore Sigma). Sampling of pMNs was performed within 4 somites 

rostral and 4 somites caudal relative to the anal pore. Electrical activity was amplified and filtered 

at 10 kHz or 20 kHz with a Multiclamp 700B (Axon Instruments, Molecular Devices). The data 

was then digitized with a Digidata 1550 (Molecular Devices). A HumBug Noise Eliminator (Quest 

Scientific) was used to attenuate 50/60 Hz electrical noise. 

 

4.3.4 Voltage-clamp protocols and current estimations 
To reveal the electrophysiological signature of the M-current, we implemented the standard M-

current relaxation protocol (Sharples et al. 2023; Verneuil et al. 2020b). This consisted of holding 

the neuron at -10 mV and introducing a series of hyperpolarizing voltage steps lasting 1 second 

each. As the membrane potential becomes hyperpolarized, the M-current deactivates. Current 

responses show the resulting loss of outward current caused by M-current deactivation. From this, 

we can estimate the amplitude of the M-current by taking the difference between the peak of the 

current response and the current at steady-state at the end of the step. The difference between the 

steady-state current and the peak of this initial current response was used to estimate the amplitude 

of the M-current. 

A 20 mV per second depolarizing voltage ramp was introduced to neurons initially held at -90 mV 

for 5 seconds. To calculate the amplitude of the persistent inward currents (PICs), the leak current 

corresponding to the current response from -90 mV to -70 mV was subtracted from the original 
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trace. The amplitude of the PICs was measured as the difference between the peak in the negative 

current drop of the PICs and the average current at baseline prior to PICs activation. 

4.3.5 Basal membrane properties 
To measure membrane properties, 10 repetitions of a 50 ms current step of -5 pA were applied to 

neurons that were held at -65 mV. The average drop in voltage in response to the current step was 

used to calculate input resistance, whole-cell capacitance, and the membrane time constant tau. 

 

4.3.6 Firing properties 
To measure firing properties, a series of 5 pA current steps from 0 pA to 295 pA were applied to 

neurons that were held at -65 mV. Rheobase was determined as the first current step to elicit an 

action potential. Using the action potential generated at rheobase, spike threshold was set as the 

voltage at which the voltage response reached a slope of 10 mV/ms (Sharples et al., 2023). 

Instantaneous firing frequency was calculated as the inverse of the time between successive spikes. 

Steady-state firing frequency was estimated as the average instantaneous firing frequency of the 

last 5 pairs of spikes during a 500-ms current injection equal to 2x rheobase. 

 

4.3.7 Pharmacology 
For pharmacological inhibition and activation of Kv7.2/7.3 channels, 10 µM XE-991 (X2254, 

Millipore Sigma) and 10 µM ICA-069673 (SML1616, Millipore Sigma) were first dissolved in 

DMSO (D8418, Millipore Sigma) before final dissolution in aCSF of the recording bath. For 

pharmacological inhibition of INaP, L-type calcium channels, and P/Q-type calcium channels, 5 

µM riluzole (557324, Millipore Sigma), 20 µM nifedipine (481981, Millipore Sigma), and 300 
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nM ω-agatoxin (HB1212, Hellobio), respectively, were bath applied. Riluzole and nifedipine were 

dissolved in DMSO before final dissolution in aCSF. 

 

4.3.8 Data analysis and statistical analysis 
All electrophysiological data was saved as .abf files. We used the open-source pyABF python 

package to import and read .abf files in Spyder (version 5.1.5). Analysis of recordings was semi-

automated using Python (version 3.9.12) scripts tailored to each type of recording. Statistical 

analysis was performed using Prism by GraphPad (Version 10.3.1 (464)). When comparing the 

means of two non-normally distributed matched paired data sets, the non-parametric Wilcoxon 

matched-pairs signed rank tests were used. For unmatched pairs, Mann-Whitney tests were used. 

For comparisons between 3 data sets or more, one-way ANOVA with Tukey’s multiple 

comparisons test was used for normally distributed data and Kruskal-Wallis test with Dunn’s 

multiple comparisons test was used for non-parametric data. Mixed effects model analyses were 

used to reveal differences in I-V relationships across age groups. For all tests, significance stars 

are displayed on graphs. 

 

4.4 RESULTS 

4.4.1 M-current sensitive to Kv7.2/7.3 channel inhibitor XE-991 revealed in larval 

zebrafish primary motoneurons 

We first sought out to determine whether primary motoneurons (pMNs) in larval zebrafish express 

the M-current (IM). To this end, we targeted pMNs for whole-cell patch-clamp electrophysiology 

in spinalized larval zebrafish aged 3 to 5 dpf. pMNs were located based on their well-described 

large soma and mid-level positioning within the dorsoventral spinal axis (Bello-Rojas et al. 2019; 
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P. Myers et al. 1986). Intracellular recording solution containing sulforhodamine-b permitted post-

hoc confirmation of pMN identity with axons exiting the ventral root (Fig. 4.1A). To reveal the 

electrophysiological signature of IM, we introduced the standard IM relaxation protocol under 

voltage-clamp mode. This consists of holding the neuron at -10 mV, a relatively depolarized 

membrane potential at which IM should be active and introducing a series of hyperpolarizing 

voltage steps from -10 mV to -80 mV in increments of 5 mV (Fig. 4.1B-C). Current responses to 

the IM relaxation protocol in pMNs reveal the presence of the electrophysiological signature of IM 

(Fig. 4.1D-E). Figure 4.1D displays the current-voltage relationship of IM recorded in pMNs (n = 

51 neurons; N = 25 fish). In a separate sample group of pMNs (n = 25 neurons; N = 9 fish), we 

demonstrate that this current is sensitive to bath application of 10 µM XE-991, a selective 

pharmacological inhibitor of Kv7.2/7.3 channels known to mediate IM (Fig. 4.1D-E). The 

amplitude of IM is significantly reduced over voltages ranging from -40 to -20 mV (Fig. 4D). 

Inhibition of IM by 10 µM XE-991 is also apparent when comparing the peak amplitude of the 

measured current (control: 32.90 ± 16.08 pA; XE-991: 22.20 ± 13.26 pA; Fig. 4.1F). The voltage 

at which IM is activated (determined for individual neurons as the voltage at which IM is not zero) 

is not affected by bath application of XE-991 (control: -49.51 ± 8.38 mV; XE-991: -49.40 ± 10.03 

mV; Fig. 4.1G). Similarly, XE-991 does not alter the voltage at which IM reaches half its maximal 

amplitude (V1/2) when compared to controls (control: -35.07 ± 5.88 mV; XE-991 ± -31.26 ± 9.56 

mV; Fig. 4.1H). These findings are in line with the known mechanism of action of XE-991. 

Overall, these data demonstrate that XE-991-sensitive IM is present in pMNs of 3-5 dpf zebrafish 

larvae. 
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4.4.2 Pharmacological modulation of Kv7.2/7.3 channels alters intrinsic properties of 

larval zebrafish primary motoneurons 

Having confirmed its presence in pMNs of larval zebrafish, we next investigated how IM influences 

pMN intrinsic properties by pharmacologically modulating Kv7.2/7.3 channel conductance. 

Because IM has been shown to be involved in setting resting membrane potential (Davis, Herring, 

and Paterson 2020; Sharples et al. 2023; Verneuil et al. 2020b; Wladyka and Kunze 2006), we 

monitored the effects of pharmacologically activating then subsequently inhibiting Kv7.2/7.3 

channels on resting membrane potential of pMNs (Fig. 4.2). Whole-cell current-clamp recordings 

from pMNs of 4-5 dpf larvae reveal a significant hyperpolarization of mean resting membrane 

potential during Kv7.2/7.3 activation by 10 µM ICA-069673 (control (n = 10): -57.2 ± 2.5 mV; 

acute ICA-069673 (n = 10): -67.7 ± 3.6 mV; prolonged ICA-069673 (n = 7): -70.6 ± 4.0 mV, Fig. 

4.2A-B). While inhibition of Kv7.2/7.3 by XE-991 (n = 7; -66.59 ± 3.8 mV) following activation 

by ICA-069673 did not depolarize pMN resting membrane potential to voltages near control 

levels, we did observe an increase in the overall change in membrane potential from start to end 

of each respective treatment (control: -1.2 ± 0.9 mV; XE 991: 6.4 ± 3.2 mV; Fig. 4.2C) is 

significantly altered by XE-991 relative to control. When 10 µM ICA-069673 and 10 µM XE-991 

were individually bath applied to separate groups of pMNs (Supplemental Figure 4.1), ICA-

069673 hyperpolarized resting membrane potential relative to controls (control: -61.63 ± 2.70 mV; 

ICA-069673: -71.46 ± 3.67 mV) but XE-991 did not depolarize it (control: -60.89 ± 3.42 mV; XE-

991: -62.60 ± 3.66 mV) when comparing mean resting membrane potential (Supplemental Figure 

4.1C,F). We observed a shallow baseline drift during gap-free current-clamp recordings. To 

account for this, we also quantified and compared the slope as a measure of the rate of change of 

resting membrane potential over time. As expected, we find an increased negative slope in the 
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presence of ICA-069673 (control: -0.0044 ± 0.0062 mV/s; ICA-069673: -0.0362 ± 0.0317 mV/s) 

(Supplemental Figure 4.1D). Conversely, there is a significant increase in the slope of resting 

membrane potential of pMNs in the presence of XE-991 (control: -0.0086 ± 0.0073 mV/s; XE-

991: -0.00057 ± 0.0031 mV/s) (Supplemental Figure 4.1G). We found similar effects when 

comparing the overall change in membrane potential from start to end of each respective treatment. 

ICA069673 resulted in an overall greater negative shift from control (control: -1.06 ± 1.67 mV; 

ICA-069673: -9.81 ± 1.00 mV) while XE-991 resulted in less negative change compared to 

controls (control: -1.62 ± 1.27 mV; XE-991: -0.54 ± 1.15 mV) (Supplemental Figure 4.1E,H). 

These data suggest that XE-991 does indeed depolarize resting membrane potential, yet the 

magnitude of depolarization is insufficient to counteract the baseline drift we observe in these 

recordings. Indeed, it has been shown that XE-991 is a state-dependent inhibitor of Kv7.2/7.3 

channels, likely to be more effective when these channels are already in an open conformation 

(Greene, Kang, and Hoshi 2017). Overall, these data demonstrate that IM acts to hyperpolarize the 

resting membrane potential of pMNs. 

 

We also wondered whether pharmacological modulation of IM might alter the overall state of spinal 

locomotor circuits. We measured this by quantifying the number of excitatory postsynaptic 

potentials (EPSPs) received by recorded pMNs over time. We found no difference in the frequency 

of EPSPs received by pMNs during bath application of 10 µM ICA-069673 or 10 µM XE-991 

(control: 3.29 ± 2.76 Hz; ICA-069673 (acute): 3.70 ± 2.10 Hz; ICA-069673 (prolonged): 2.37 ± 

1.59 Hz; XE-991: 4.00 ± 4.06 Hz) (Fig. 4.2D).  

 



 

107 

 

We next sought out to evaluate how intrinsic firing and membrane properties of pMNs were 

affected by pharmacological modulation of IM. When investigating firing properties of pMNs 

before and after pharmacological modulation of IM in the same group of pMNs, we suspected that 

the prolonged recording in whole-cell configuration may be confounding our data (Supplemental 

Figure 4.2). In the same group of pMNs, we held them at -65 mV before introducing 50 ms current 

steps in increments of 5 pA up to 195 pA, before (control) and after either Kv7.2/7.3 channel 

inhibition by 10 µM XE-991 or Kv7.2/7.3 channel activation by 10 µM ICA-069673. Rheobase, 

spike threshold, and maximum number of spikes generated during the current steps were 

determined from these voltage responses. This data from matched-pairs of pMNs show that 

inhibiting IM with 10 µM XE-991 increases their excitability, as measured by a hyperpolarization 

of the threshold required to elicit an action potential (P = 0.0034; n = 12; control: -29.9 ± 4.3 mV; 

XE-991: -33.3 ± 5.3 mV) as well as an increase in the number of action potentials produced during 

the maximal current injection of a series of current steps (P = 0.002; n = 11; control: 2.7 ± 1.0 

spikes; XE-991: 5.3 ± 2.2 spikes) though rheobase remained unaltered (P = 0.0557; n = 12; control: 

91.3 ± 38.0 pA; XE-991: 85.4 ± 40.9 pA) (Supplemental Figure 4.2D-E). On the other hand, we 

find that enhancing IM with 10 µM ICA-069673 has no effect on spike threshold (P = 0.4061; n = 

24; -30.7 ± 6.2 mV; ICA-069673: -29.0 ± 6.78 mV; Supplemental Figure 4.2G), maximum 

number of spikes generated (P = 0.1759; n = 23; control: 2.4 ± 1.1 spikes; ICA: 3.0 ± 2.0 spikes; 

Supplemental Figure 4.2H) nor rheobase (P = 0.1021; n = 24; control: 121.5 ± 43.2 pA; ICA-

069673: 111.5 ± 51.0 pA; Supplemental Figure 4.2F). We found this to be peculiar given the 

strong hyperpolarization of resting membrane potential brought on by pharmacological 

enhancement of IM by ICA-069673 (Fig. 4.2 and Supplemental Figure 4.1). 
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To circumvent the possible confounding effect of elapsed recording time, we compared intrinsic 

properties of pMNs to those of two other entirely separate sample groups of pMNs exposed to 

either 10 µM ICA-069673 prior to all pMN recordings or exposed to 10 µM XE-991 prior to all 

pMN recordings (Fig. 4.3). We find that spike threshold is significantly depolarized in pMNs when 

IM is enhanced by ICA-079673 while it remains unaltered by inhibition of IM by XE-991 (control: 

-31.57 ± 5.66 mV; ICA-069673: -25.03 ± 6.22 mV; -29.69 ± 4.03 mV; Fig. 4.3D). Similarly, 

rheobase is increased by ICA-069673 but unaffected by XE-991 (control: 95.33 ± 40.79 pA; ICA-

069673: 128.90 ± 44.64 pA; XE-991: 113.10 ± 36.65 pA; Fig. 4.3E). There was no effect on the 

maximum number of spikes generated by ICA-069673 nor XE-991 (control: 4.48 ± 1.48 spikes; 

ICA-069673: 4.03 ± 1.65 spikes; XE-991: 3.96 ± 1.97 spikes; Fig. 4.3F). 

 

Next, we introduced a -5 pA negative current step to pMNs held at -65 mV (Fig. 4.3G-I). From 

corresponding voltage responses, we calculated input resistance, whole-cell capacitance, and the 

membrane time constant, t. We find no effects to input resistance (control: 293.30 ± 172.50 MW; 

ICA-069673: 225.20 ± 96.08 MW; XE-991: 217.60 ± 89.23 MW; Fig. 4.3J) nor to membrane 

capacitance (control: 20.39 ± 3.36 pF; ICA-069673: 18.78 ± 3.91 pF; XE-991: 18.74 ± 2.46 pF; 

Fig. 4.3K) during pharmacological modulation of IM. We did observe a decrease in the membrane 

time constant when pMNs are exposed to XE-991 but not when exposed to ICA-069673 (control: 

5.91 ± 3.39 ms; ICA-069673: 3.99 ± 1.23 ms; XE-991: 4.06 ± 1.70 ms; Fig. 4.3L). 

 

When comparing these data to the effects of pharmacological modulation of IM in matched-paired 

pMNs, we find discrepancies, further supporting our suspicion of confounding time effects to our 

patch-clamp recordings. Similar to the non-matched data described above, our matched-pairs data 
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reveal that inhibition of IM by XE-991 does not alter input resistance (control: 202.4 ± 71.2 MW; 

XE-991: 232.4 ± 101.6 MW; Supplemental Figure 4.2N) or whole-cell capacitance (control: 22.1 

± 2.7 pF; XE-991: 22.5 ± 7.4 pF; Supplemental Figure 4.2O). Unlike our non-matched data 

however, our matched-pairs data reveals that the membrane time constant is unaltered by XE-991 

(control: 4.5 ± 1.8 ms; XE-991: 5.2 ± 2.3 ms; Supplemental Figure 4.2P). In our matched-pairs 

pMN data, ICA-069673 significantly increases input resistance (control: 161.4 ± 40.3 MW; ICA-

069673: 193.3 ± 58.4 MW; Supplemental Figure 4.2R), while it is unaffected in our non-matched 

data (Fig. 4.3J). Similar to our non-matched pMN data, ICA-069673 does not alter membrane 

capacitance (control: 22.7 ± 5.4 pF; ICA-069673: 22.8 ± 3.4 pF; Supplemental Figure 4.2S) nor 

the membrane time constant (control: 3.6 ± 0.9 ms; ICA-069673: 4.4 ± 1.5 ms; Supplemental 

Figure 4.2T).  

 

We conclude here that long duration patch-clamp recordings may be susceptible to time effects 

thereby confounding our interpretation of the effects of pharmacological manipulation of IM 

(Supplemental Figure 4.2). For this reason, we focus our interpretations to our non-matched data 

(Fig. 4.3). Overall, these experiments demonstrate that IM acts to reduce neuronal excitability in 

pMNs, as evidenced by effects to firing properties brought on by pharmacological enhancement 

of IM conductance by ICA-069673. 

 

4.4.3 Developmental changes to the magnitude of the M-current in primary motoneurons 

With evidence to support a role for IM in regulating excitability of pMNs in larval zebrafish (Fig. 

4.3), we hypothesized that this role might change throughout development. As slow, low amplitude 

swimming movements start to dominate, the involvement of pMNs in locomotion diminishes. We 
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proceeded to characterize properties of IM in pMNs of larvae aged 2 dpf to 5 dpf (Fig. 4.4). At 2 

dpf, zebrafish can perform burst swimming in response to touch. By 3 dpf, they start to perform 

spontaneous burst swimming and by 4 dpf onward, larval zebrafish perform refined swimming 

known as beat-and-glide swimming. We hypothesized that as zebrafish spinal locomotor circuits 

mature to generate increasingly refined movements relying less and less on pMNs, increasingly 

more dampening of intrinsic excitability by IM may be necessary to ensure pMNs are active only 

during the fastest movements (e.g. escapes). We investigated the current-voltage relationship of 

IM measured in pMNs at 2, 3, 4, and 5 dpf (Fig. 4.4A). Statistical analysis by a two-way ANOVA 

demonstrates a significant increase in the mean amplitude of IM across voltages from 2 to 3 dpf 

and 2 to 5 dpf as well as a significant decrease from 3 to 4 dpf and 3 to 5 dpf (Fig. 4.4A). When 

comparing the peak amplitude of IM, we find that the peak amplitude of IM from 2 dpf to 3 dpf 

significantly increases (2 dpf: 17.03 ± 11.55 pA; 3 dpf: 42.88 ± 18.44 pA; Fig. 4.4C). 

Subsequently, the peak amplitude of IM is reduced by nearly half by 4 dpf (4 dpf: 24.08 ± 10.91 

pA; Fig. 4.4C) yet this reduction between 3 and 4 dpf was not statistically significant (P = 0.0743). 

From 4 dpf to 5 dpf, there is no significant change in peak IM amplitude (P > 0.9999; 5 dpf: 28.63 

± 11.56 pA; Fig. 4.4C). When comparing voltage-dependent properties, our data show that the 

activation voltage of IM is significantly hyperpolarized at 3 dpf compared to 2 dpf and 4 dpf (2 dpf: 

-33.89 ± 6.01 mV; 3 dpf: -44.55 ± 5.68 mV; 4 dpf: -35.63 ± 10.63 mV; 5 dpf: -39.09 ± 7.01 mV; 

Fig. 4.4D). Otherwise, no significant difference in the activation voltage of IM was found between 

the age groups. Furthermore, we find that the voltage at which IM is activated at half its maximal 

amplitude (V1/2) is significantly depolarized at 2 dpf compared to 3 dpf and 5 dpf but not 4 dpf (2 

dpf: -27.35 ± 6.58 mV; 3 dpf: -37.64 ± 4.31 mV; 4 dpf: -31.90 ± 6.75 mV; 5 dpf: -37.79 ± 3.37 
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mV; Fig. 4.4E). These data demonstrate that both amplitude and voltage-dependent properties of 

IM change during the 2 dpf to 5 dpf developmental time window.  

 

Intriguingly, the transient increase in the magnitude of IM between 2 and 3 dpf coincides with the 

age at which larval zebrafish swim infrequently (Thirumalai and Cline 2008). We analyzed the 

number of swimming episodes produced in response to touch-evoked escape responses and found 

a significant reduction in the number of episodes produced at 3 dpf compared to all other ages (2 

dpf: 1.96 ± 0.92 episodes; 3 dpf: 1.35 ± 0.35 episodes; 4-5 dpf: 2.73 ± 2.77 episodes; 

Supplemental Figure 4.3B). Further analyses into the features of these escape responses revealed 

a reduction in the duration of the first episode produced at 4-5 dpf that is in line with the shortening 

of episodes that occurs with the transition from burst to beat-and-glide swimming between 3 and 

4 dpf (Supplemental Figure 4.3C). Furthermore, no differences to tail beat frequency of the first 

episode across age groups were revealed (Supplemental Figure 4.3D). Interestingly, 

enhancement of IM by ICA-069673 reduces the number of swimming episodes produced during 

escape responses at 2 dpf (control: 1.84 ± 0.78 episodes; ICA-069673: 1.21 ± 0.33 episodes; 

Supplemental Figure 4.3F)  and 4-5 dpf (control: 5.45 ± 3.47 episodes; ICA-069673: 1.67 ± 0.47 

episodes; Supplemental Figure 4.3J), but not 3 dpf (control: 1.32 ± 0.38 episodes; ICA-069673: 

1.13 ± 0.22 episodes; Supplemental Figure 4.3H) which is the age at which the magnitude of IM 

was found at its largest (Fig. 4.4C). XE-991 on the other hand failed to result in any changes to 

the number of episodes produced at all ages (Supplemental Figure 4.3E, G, I). No differences in 

the episode duration or tail beat frequency were observed with ICA-069673 or XE-991 at any age 

(Supplemental Figure 4.3K-V). These data demonstrate that the influence of IM modulation with 
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respect to the escape response is restricted to how many swimming episodes are produced and that 

the degree of this influence varies with developmental age. 

 

Next, we sought to determine whether differences in magnitude and voltage-dependency of IM in 

pMNs across ages coincided with any differences in intrinsic properties of the pMNs throughout 

development. We first compared the mean resting membrane potential of pMNs across the four 

age groups. The membrane potential at rest in 2 dpf pMNs was significantly depolarized compared 

to the three older age groups (2 dpf: -47.98 ± 5.43 mV; 3 dpf: -58.67 ± 3.61 mV; 4 dpf: -60.73 ± 

2.67 mV; 5 dpf: -62.23 ± 3.94 mV; Fig. 4.4F). This relatively depolarized resting membrane 

potential at 2 dpf coincides with a relative reduction in the magnitude of IM at 2 dpf (Fig. 4.2A-C).  

  

pMNs at 2 dpf displayed a significantly higher input resistance compared to those at 4 dpf and 5 

dpf while 3 dpf pMNs had a higher input resistance relative to 4 dpf pMNs only (2 dpf: 550.30 ± 

296.20 MW; 3 dpf: 340.20 ± 203.60 MW; 4 dpf: 227.40 ± 87.46 MW; 5 dpf: 292.50 ± 192.10 MW; 

Fig. 4.4I). Similarly, 2 dpf pMNs display higher values of the membrane time constant (t), 

compared to 4 and 5 dpf pMNs while 3 dpf pMNs have a larger membrane time constant compared 

to 4 dpf pMNs (2 dpf: 9.72 ± 3.70 ms; 3 dpf: 6.53 ± 2.04 ms; 4 dpf; 4.69 ± 2.12 ms; 5 dpf: 5.70 ± 

3.63 ms; Fig. 4.4H). Membrane capacitance on the other hand shows a significant increase only 

from 2 dpf to 4 dpf (2 dpf: 19.66 ± 8.20 pF; 3 dpf: 19.35 ± 3.05 pF; 4 dpf: 20.38 ± 3.02 pF; 5 dpf: 

19.89 ± 3.27 pF; Fig. 4.4J).  

  

Finally, we investigated changes in firing properties of pMNs from 2 to 5 dpf (Fig. 4K-N). There 

was a significant increase in the number of spikes generated in response to a maximal applied 
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current (295 pA for 50 ms) from 2 dpf to 3 dpf and 4 dpf with no other significant differences were 

observed across the ages (2 dpf: 3.44 ± 1.58; 3 dpf: 3.29 ± 1.43; 4 dpf: 4.87 ± 1.71; 5 dpf: 4.14 ± 

1.17; Fig. 4.4L). Rheobase was significantly reduced in pMNs at 2 dpf compared to 4 dpf and 5 

dpf with no other differences between ages (2 dpf: 54.00 ± 18.54 pA; 3 dpf: 75.00 ± 26.13 pA; 4 

dpf: 107.70 ± 50.51 pA; 94.77 ± 31.49 pA; Fig. 4.4M), which is in line with the observed increase 

in input resistance at 2 dpf (Fig. 4.4I). No significant differences in spike threshold were found 

across ages (2 dpf: -33.04 ± 5.40 mV; 3 dpf: -32.18 ± 5.63 mV; 4 dpf: -30.76 ± 5.50; 5 dpf: -30.81 

± 3.89 mV; Fig. 4.4N). 

 

Overall, these data reveal a transient but important increase in the magnitude of IM in 3 dpf pMNs. 

They also reveal important differences in intrinsic properties notably between 2 dpf and older 

pMNs.  

 

4.4.4 Inward currents do not mask the magnitude of the M-current in 4 dpf primary 

motoneurons 

Following the finding that the magnitude of IM increases significantly from 2 dpf to 3 dpf followed 

by a subsequent reduction by 4 dpf, we wondered whether the true magnitude of IM at 4 and 5 dpf 

might be masked by the presence of an inward current either appearing or increasing at 4 dpf. The 

standard IM deactivation protocol would not necessarily exclude effects to inward currents. This 

protocol could lead to deactivation of inward currents active at subthreshold membrane potentials, 

reducing the observable loss of outward current attributable to IM deactivation. Previous work has 

revealed an inward current in zebrafish primary motoneurons that is partially blocked by 5 µM 

riluzole, a known inhibitor of INaP (Tong and Jonathan Robert McDearmid 2012). Using this same 
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concentration of riluzole, we investigated its effects on the current-voltage relationship and 

properties of IM in pMNs at 4 dpf compared to a separate group of control pMNs. We also 

compared these same properties of the latter with a group of pMNs exposed to 20 µM nifedipine, 

an L-type calcium channel inhibitor. The inward calcium current mediated by the L-type channels 

(ICaL) has a voltage dependency similar to that of INaP (Brown, Schwindt, and Crill 1994; Xu and 

Lipscombe 2001). We find no significant difference in the current-voltage relationship of control 

pMNs compared to those exposed to riluzole (P = 0.3541) as well as those exposed to nifedipine 

(P = 0.5880) (Fig. 4.5 A,B). The peak amplitude of IM remained unaltered by both riluzole and 

nifedipine (control: 28.88 ± 15.66 pA; riluzole: 22.28 ± 5.71 pA; nifedipine: control: 28.61 ± 5.71 

pA; Fig. 4.5C). Though nifedipine caused a hyperpolarizing shift in the activation of IM and 

riluzole did not (control: -47.05 ± 9.72 mV; riluzole: -53.50 ± 7.47 m; nifedipine: -55.00 ± 4.08 

mV; Fig. 4.5D), neither riluzole nor nifedipine altered the voltage at which IM reaches half its 

maximal amplitude (V1/2) (control: -32.39 ± 6.63 mV; riluzole: -35.27 ± 9.70 mV; nifedipine: -

39.69 ± 3.93 mV; Fig. 4.5E). These data demonstrate that inward currents attributed to INaP and 

ICaL do not mask the magnitude of IM at 4 dpf and suggest a true reduction of the latter from 3 to 4 

dpf. 

4.4.5 Characterization of the expression of inward currents in primary motoneurons 

during early zebrafish development 

Given that previous work has revealed that IM and INaP work together to regulate burst firing and 

neuronal excitability (Verneuil et al. 2020b; Yue and Yaari 2004, 2006), we wondered whether the 

development changes of IM in pMNs (Fig. 4.3) were accompanied by changes to INaP (Fig. 4.6). 

To this end, we introduced a 20 mV/second depolarizing voltage ramp over the course of 5 seconds 

in pMNs initially held at -90 mV (Fig. 4.6E). Similar voltage ramps have been used to reveal the 
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persistent inward currents (PICs) of which INaP is a main contributor in mammalian MNs as well 

as 1 dpf zebrafish pMNs  (Drouillas et al. 2023; Li and Bennett 2003; Li et al. 2004; Tong and 

Jonathan Robert McDearmid 2012; Verneuil et al. 2020b). Because ICaL  also contributes to the 

PICs in mammalian MNs (Cheng, Zhang, and Dai 2020; Lee and Heckman 1999; Li and Bennett 

2003; Li et al. 2004), we sought to characterize the contribution of the L-type calcium current 

throughout early zebrafish development as well (Fig. 4.6). We compared the electrophysiological 

signature of the PICs during the slow depolarizing voltage ramps in 4 separate groups of pMNs 

(control, 5 µM riluzole, 20 µM nifedipine and, 5 µM riluzole + 20 µM nifedipine combined) at 4 

different ages (2-5 dpf) (Fig. 4.6A-D).  

 

In 2 dpf pMNs, the amplitude of the PICs is significantly reduced by riluzole and nifedipine 

(control: -59.04 ± 17.17 pA; riluzole: -16.66 ± 6.92 pA; nifedipine: -27.40 ± 8.09 pA; riluzole and 

nifedipine: -27.68 ± 11.33 pA; Fig. 4.6F). At 3 dpf, the amplitude of the PICs in pMNs is only 

significantly reduced with riluzole and when both nifedipine and riluzole are applied together 

(control: -62.18 ± 38.31 pA; riluzole: -34.76 ± 13.11 pA; nifedipine: -41.69 ± 19.82 pA; riluzole 

and nifedipine combined: -30.39 ± 11.55 pA; Fig. 4.6G). By 4 dpf, the amplitude of the PICs of 

pMNs is reduced both by individual application of riluzole and nifedipine (control: -61.86 ± 30.18 

pA; riluzole: -33.46 ± 29.96 pA; nifedipine: -37.09 ± 14.56 pA: riluzole and nifedipine combined: 

-40.40 ± 15.58 pA; Fig. 4.6H). At 5 dpf, the amplitude of the PICs in pMNs is significantly reduced 

only by the joint effect of riluzole and nifedipine (control: -63.89 ± 33.75 pA; riluzole: -66.07 ± 

27.18 pA; nifedipine: -41.72 ± 16.30 pA; riluzole and nifedipine combined: -32.43 ± 24.14 pA; 

Fig. 4.6I). These data show that within each age group, the contributions of INaP and ICaL to the 

PICs are different. To further investigate these differences, we next performed direct comparisons 
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across ages within each treatment group (Fig. 4.6J-M). The amplitude of the PICs measured in the 

control groups of pMNs at 2 to 5 dpf were not significantly different from one another (2 dpf: -

59.04 ± 17.17 pA; 3 dpf: -62.18 ± 38.31 pA; 4 dpf: -61.86 ± 30.18 pA; -63.89 ± 33.75 pA; Fig. 

4.6J). Because of this, we directly compared the PICs amplitudes of each treatment group across 

ages. We find that blockade of INaP by 5 µM riluzole becomes progressively less effective at 

reducing the peak PICs amplitude from 2 dpf to 5 dpf (2 dpf: -18.26 ± 7.35 p A; 3 dpf: -51.99 ± 

13.38 pA; -53.58 ± 29.59 pA; 5 dpf: -82.42 ± 37.36 pA; Fig. 4.6K). Nifedipine, on the other hand, 

reduces the PICs amplitude similarly across age groups (2 dpf: -32.81 ± 9.31 pA; 3 dpf: -53.44 ± 

27.53 pA; 4 dpf: -35.88 ± 16.27 pA; -44.37 ± 28.50 pA; Fig. 4.6L). When both riluzole and 

nifedipine are bath applied together, we find a larger reduction in the amplitude of the PICs at 2 

dpf compared to 4 dpf with no other differences observed across ages (2 dpf: -26.77 ± 12.06 pA; 

3 dpf: -36.63 ± 15.87 pA; 4 dpf: -55.54 ± 14.24 pA; -39.53 ± 28.14 pA; Fig. 4.6M). Overall, these 

data reveal developmental changes to the contribution of INaP to the PICs measured in pMNs as 

development progresses from 2 to 5 dpf while the contribution of ICaL appears to remain consistent 

during this developmental period. 

 

4.4.6 Influence of pharmacological inhibition of IM on spike-frequency adaptation in 

primary motoneurons changes during early development  

With developmental differences in the magnitude of IM and INaP contribution to the PICs in pMNs, 

we sought to investigate what their respective roles to pMN function might be. Spike-frequency 

adaptation is the gradual decrease in the rate of action potential generation during sustained 

depolarization and it is commonly observed in motoneurons (Ampatzis et al. 2013; Brownstone et 

al. 1992; Granit, Kernell, and Shortess 1963; Kernell and Monster 1982; Lee and Heckman 2001; 
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Menelaou and McLean 2012; Miles, Dai, and Brownstone 2005; Sawczuk, Powers, and Binder 

1995). With INaP being involved in the maintenance of repetitive firing while IM has been involved 

with burst termination, we investigated the effects of pharmacologically blocking each of these 

currents on spike-frequency adaptation in pMNs during early development (Figs 4.7-4.9B). To 

this end, after determining the rheobase of individual pMNs, we injected current equal to twice the 

amplitude of rheobase for a period of 500 ms. Fig. 4.7 displays examples of the voltage responses 

to 2x rheobase current injection from individual pMNs from each treatment group (control, 10 µM 

XE-991, 5 µM riluzole, and both 10 µM XE-991 and 5 µM riluzole combined) across each age 

groups (2 dpf, 3 dpf, 4 dpf, and 5 dpf) while quantitative analyses of these voltage responses are 

found in Figs. 8 and 9. The rationale behind testing the effects of a combined bath application of 

XE-991 and riluzole stems from the potential differences in each of their contributions to firing 

frequency regulation across developmental ages. We calculated the instantaneous firing frequency 

(finst) of spikes generated throughout the 500-ms current injection and plotted finst as a function of 

spike number for comparison between treatment groups within each age group (Fig. 4.8A, D, G, 

J). At 2 dpf, while we find no significant effects to the number of spikes generated with XE-991 

or riluzole individually, we see a significant decrease when the two pharmacological inhibitors are 

bath applied in conjunction (control: 5.26 ± 4.31; XE-991: 8.17 ± 8.38; riluzole: 2.82 ± 1.25; XE-

991 and riluzole combined: 2.30 ± 1.25; Fig. 4.8B). No differences were found when comparing 

the maximum instantaneous frequency across treatments at 2 dpf (control: 367.2 ± 112.6 Hz; XE-

991: 374.8 ± 140.2 Hz; riluzole: 373.0 ± 103.8 Hz; XE-991 and riluzole combined: 359.9 ± 158.1 

Hz; Fig. 4.8C). At 3 dpf, we find that XE-991 increased the number of spikes generated compared 

to controls with no significant effect of riluzole nor the joint action of XE-991 and riluzole (control: 

8.33 ± 6.85; XE-991: 24.00 ± 15.52; riluzole: 4.50 ± 1.38; XE-991 and riluzole combined: 5.36 ± 
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1.50; Fig. 4.8E). No effects to maximum instantaneous firing frequency were observed at 3 dpf 

(control: 392.2 ± 185.0 Hz; XE-991: 387.4 ± 70.1 Hz; riluzole: 392.1 ± 96.6 Hz; XE-991 and 

riluzole combined: 391.6 ± 75.8 Hz; Fig. 4.8F). At 4 dpf, a significant decrease in the number of 

spikes was observed in the presence of riluzole as well as both XE-991 and riluzole, with no effects 

brought on by XE-991 in pMNs (control: 32.46 ± 23.85; XE-991: 37.77 ± 28.69; riluzole: 4.18 ± 

1.25; XE-991 and riluzole combined: 3.92 ± 0.95; Fig. 4.8H). No differences in the maximum 

instantaneous firing frequency was observed at 4 dpf across treatments (control: 360.0 ± 95.2 Hz; 

XE-991: 406.7 ± 75.8 Hz; riluzole: 359.8 ± 83.9 Hz; XE-991 and riluzole combined: 381.8 ± 80.2 

Hz; Fig. 4.8I). By 5 dpf, pMNs show no difference in the number of spikes generated in the 

presence of XE-991 or riluzole alone; however, a significant reduction is observed between control 

pMNs and those exposed to both XE-991 and riluzole combined while riluzole significantly 

reduces the number of spikes generated in pMNs compared to those exposed to XE-991 alone 

(control: 24.38 ± 12.16; XE-991: 43.90 ± 17.35; riluzole: 10.55 ± 5.22; XE-991 and riluzole 

combined: 6.83 ± 2.41; Fig. 4.8K). Like all other age groups investigated, no effects to maximum 

instantaneous firing frequency were observed (control: 416.0 ± 138.2 Hz; XE-991: 458.0 ± 114.3 

Hz; riluzole: 431.6 ± 102.3 Hz; XE-991 and riluzole combined: 396.3 ± 88.09 Hz; Fig. 4.8L). In 

summary, we observe effects to features of repetitive firing in pMNs resulting from 

pharmacological blockade of IM and INaP that change during the 2 dpf to 5 dpf developmental 

window. 

 

To investigate these age-related differences in the contributions of IM and INaP to the regulation of 

repetitive firing further, we first compared features of spike-frequency adaptation measured in 

control pMNs in 2 dpf, 3 dpf, 4 dpf, and 5 dpf fish. At 4 dpf and 5 dpf, the maximum number of 
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spikes is significantly increased relative to 2 dpf and 3 dpf (2 dpf: 5.26 ± 4.31 spikes; 3 dpf: 8.33 

± 6.85 spikes; 4 dpf: 32.46 ± 23.85 spikes; 5 dpf: 24.38 ± 24.16 spikes; Fig. 4.9B). We describe 

above that XE-991 increases the number of spikes at 3 dpf only (Fig. 4.8). We calculated the 

overall change to the number of spikes with XE-991 in pMNs of each age group as the percentage 

change relative to the median of respective control groups. We find that there is a large increase 

in the number of spikes generated in the presence of XE-991 relative to controls at 3 dpf compared 

to 2 dpf and 4 dpf (2 dpf: 104.2 ± 209.4%; 3 dpf: 300.0 ± 258.9%; 4 dpf: 45.3 ± 110.3%; 5 dpf: 

75.6 ± 69.4%; Fig. 4.9E). This transient more pronounced influence of IM blockade of increasing 

repetitive firing in pMNs at 3 dpf coincides with when the measured magnitude of IM is at its 

largest during the 2 dpf to 5 dpf developmental window (Fig. 4.4A, C). The same measures of 

overall change in spike number from control groups was performed in each respective age group 

of pMNs exposed to 5 µM riluzole. Interestingly, we find a significantly more pronounced 

decrease from controls at 4 dpf compared to all other ages in the presence of riluzole (2 dpf: -29.55 

± 31.26%; 3 dpf: -25.00 ± 23.03%; 4 dpf: -83.92 ± 4.81%; 5 dpf: -57.82 ± 20.89%; Fig. 4.9I). 

Finally, we calculated the instantaneous firing frequency of steady-state spiking (fSS). This was 

done by taking the average of finst between the last 5 pairs of spikes produced during the 2x 

rheobase current injection. Because 2 dpf pMNs generated too few spikes, we could not include 

this age group in our fSS analysis. We find an increase in fSS at 4 dpf relative to 3 dpf in control 

pMNs (3 dpf: 29.73 ± 3.71 Hz; 4 dpf: 70.73 ± 36.11 Hz; 5 dpf: 47.10 ± 10.97 Hz; Fig. 4.9C). 

pMNs exposed to XE-991 also display an increase in fSS at 4 dpf relative to 3 dpf (3 dpf: 47.73 ± 

18.43 Hz; 4 dpf: 93.49 ± 35.17 Hz; 5 dpf: 68.70 ± 21.36 Hz; Fig. 4.9F) yet when the percentage 

change from the control median is calculated, no significant differences between ages are found 

(3 dpf: 55.78 ± 60.16%; 4 dpf: 25.37 ± 66.19%; 5 dpf: 63.77 ± 50.91%; Fig. 4.9G).  
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In summary, these findings reveal that INaP is necessary to repetitive firing in pMNs from 2 dpf to 

5 dpf. These data demonstrate that IM is involved in limiting repetitive firing brought on by INaP 

most prominently at 3 dpf compared to 2 dpf, 4 dpf, and 5 dpf. 

 

4.4.7 Putative P/Q calcium channels mediate an inward current appearing in primary 

motoneurons at 4 dpf 

During our depolarizing voltage ramp experiments (Fig. 4.6), we noticed the appearance of a 

second inward current at depolarized membrane potentials in pMNs of 4 and 5 dpf larvae (Fig. 

4.10A). This second inward current was never present at 2 or 3 dpf and the proportion of pMNs in 

which it was observed increased from 2 and 3 dpf to 4 and 5 dpf (2 dpf: 0/10 pMNs; 3 dpf: 0/11 

pMNs; 4 dpf: 8/22 pMNs; 5 dpf: 10/15 pMNs; Fig. 4.10B). We posited that this second inward 

current may be a high voltage activated (HVA) calcium current other than the L-type current. It 

has been shown that pMNs primarily make use of P/Q-type calcium currents for signal 

transmission at the NMJ compared to N-type calcium channels (Wen et al. 2020). We compared 

the amplitude of this second inward current in control pMNs compared to that of an entirely 

separate group of pMNs exposed to 300 nM ω-agatoxin, a potent pharmacological inhibitor of 

P/Q-type calcium channels (Pringos et al. 2011). We find that that the amplitude of this high-

voltage activated inward current is significantly reduced by ω-agatoxin (control: -120.30 ± 46.06 

pA; ω-agatoxin: -37.29 ± 6.80 pA; Fig. 4.10C). ω-Agatoxin had no effect on the amplitude of the 

PICs (control: -100.20 ± 43.02 pA; ω-agatoxin: -106.10 ± 27.77 pA; Fig. 4.10D). These data reveal 

the appearance of a second inward current at 4 dpf that is made up at least in part by a P/Q-type 

calcium current (ICaP/Q).  
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DISCUSSION 

Since its initial discovery (Brown and Adams 1980), the M-current (IM) has been shown to limit 

neuronal excitability and burst firing observed in neurons in many systems (Adams, Brown, and 

Constanti 1982; Adams, Paul R., Halliwell, James V. 1982; Bordas, Kovacs, and Pal 2015; Davis 

et al. 2020; Drion et al. 2010; Santini and Porter 2010). The presence of IM in spinal locomotor 

circuit neurons was recently demonstrated, where it works in tandem with the persistent sodium 

current (INaP) to control burst firing in spinal neurons, ultimately exerting an important control over 

locomotor speed (Verneuil et al. 2020b). Recently, Sharples et al. showed that varying magnitudes 

of IM are expressed in subtypes of mouse motoneurons as a means to control their recruitment 

(Sharples et al. 2023). Until now, whether IM was expressed in larval zebrafish motoneurons and 

involved in controlling their excitability remained uninvestigated. 

 

We used patch-clamp electrophysiology in combination with pharmacology to reveal, for the first 

time, the presence of a XE-991 sensitive IM in primary motoneurons. Inhibition by XE-991 or 

activation by ICA-069673 modified resting membrane potentials, which is consistent with the 

subthreshold nature of IM. We observed that pharmacological activation of IM by ICA-069673 

altered firing properties of pMNs, but inhibition by XE-991 did not. Specifically, inhibiting IM 

with XE-991 altered none of the features of excitability we measured (rheobase and spike 

threshold). It is possible therefore that the baseline level of IM in pMNs is relatively low such that 

further blockade of its activity does not result in significant changes in measurable excitability. 

This idea is in line with findings from Chapter 2 where inhibition of IM by XE-991 alone had no 

effects to features of the escape response or spontaneous swimming. Alternatively, or perhaps in 

conjunction, the lack of noticeable effect to excitability measures of pMNs by XE-991 could be 
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due to incomplete inhibition of the M-current as XE-991 is most effective when Kv7.2/7.3 

channels are already in their open conformational state (Greene et al. 2017). In line with this 

possibility, when XE-991 was bath applied individually, no depolarization of membrane potential 

was observed, yet a significant depolarization of resting membrane potential by XE-991 occurred 

following enhancement of IM by ICA-069673. 

 

4.4.8 Transient increase of IM in pMNs at 3 dpf 

Considering the presence of IM in larval pMNs, we then set out to understand how membrane 

dynamics of pMNs might change throughout development as a potential means to foster proper 

recruitment of motoneurons as locomotor movements that do not rely on pMNs become more 

prominent. We hypothesized that if IM were present in zebrafish pMNs, we might observe the 

magnitude of IM increasing from 2 dpf to 5 dpf with the need to limit recruitment of pMNs when 

slow swimming movements emerge. While we do find an increase in the amplitude of IM at 3 dpf, 

tripling from its peak amplitude at 2 dpf, this increase is transient. IM is subsequently reduced to 

almost half its 3 dpf amplitude by 4 dpf.  

  

One possible explanation for the increase in IM magnitude from 2 dpf to 3 dpf is an increase in the 

expression of ion channels that mediate IM. An increase in the expression of Kv7.2/7.3 channels at 

3 dpf could underlie an increase in the magnitude of observed IM in pMNs at this age. Single cell 

transcriptional data from developing zebrafish from the open-source database, Daniocell, suggest 

that the KCNQ3 gene encoding the Kv7.3 subunit may indeed be more highly expressed in 

motoneurons at 3 dpf compared to 2 dpf, though the differences are subtle (Sur Abhinav et al. 

2023). Alternatively, a change in the conductance of IM could explain the differences in magnitude. 
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Previous work has identified phosphatidylinositol 4,5-bisphosphate (PIP2) as an important 

regulator of Kv7.2/7.3 channel activity whereby opening of Kv7.2/7.3 channels requires 

membrane PIP2 (Li et al. 2005; Zhang et al. 2003). It is therefore possible that increases in levels 

of PIP2 from 2 dpf to 3 dpf, brought on either by upregulation of PIP2 synthesis or downregulation 

of PIP2 breakdown enzymes, for example, underlie an increase in Kv7.2/7.3 activity. Experiments 

directly linking Kv7.2/7.3 expressional data to pMNs would be useful to delineate the mechanism 

underlying the increase of the M-current at 3 dpf from 2 dpf. This would be further complemented 

by investigation into the expression of PIP2 in pMNs across development. 

  

Whichever is the underlying mechanism, the observed increase of IM at 3 dpf was transient, 

diminishing by nearly half its maximal amplitude by 4 dpf. While changes to Kv7.2/7.3 expression 

and conductance levels similar but opposite to those described above may also underlie the 

apparent reduction in IM by 4 dpf, another possibility is the involvement of other ionic 

conductances to pMN membrane dynamics. While the standard IM relaxation protocol used in this 

study reveals the electrophysiological signature of IM deactivation, the resulting current responses 

do not exclude voltage-gated inward currents. Contrary to this possibility, however, we do not 

observe an increase in measured amplitude of the IM across voltages when persistent inward 

currents INaP and ICaL are inhibited by riluzole and nifedipine, respectively. 

 

Since we observe no masking of IM by INaP and ICaL in our recordings at 4 and 5 dpf, and there is a 

true decrease in IM after 3 dpf, then our findings demonstrating changes in basal membrane and 

firing properties of pMNs only from 2 dpf to 3 dpf cannot be explained solely by IM. The lack of 

difference in resting membrane potential of 3 dpf pMNs compared to 4 dpf and 5 dpf pMNs despite 
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a decrease in IM could instead be due to a parallel increase in some other outward current and/or a 

decrease in some inward ion current to stabilize resting membrane potential.  

 

Another possibility stems from the limited space-clamping during voltage-clamp experiments at 

older developmental ages. It is possible that the issue of space-clamp is causing ineffective 

deactivation of IM during our voltage steps in our older pMNs as dendritic arborization becomes 

more extensive during development (Bar-Yehuda and Korngreen 2008; Kishore and Fetcho 2013). 

In line with this, Nav and Kv7 channels associated with mediating INaP and IM, respectively, have 

been demonstrated to be expressed at high densities at the axon initial segment (AIS) (Verneuil et 

al. 2020b). Our voltage-clamp protocols could provide effective somatic voltage-clamping but 

with potential ineffective voltage-clamping of the membrane located near the AIS. With this, 

developmental differences in measured IM magnitude may arise from changes to expressional 

densities of these channels. 

 

Nonetheless, these data suggest that the influence of the IM on basal excitability of pMNs peaks at 

3 dpf, whether because the amplitude of this current is greatest at that stage or other ionic currents 

start to take on a more prominent role in regulating pMN membrane dynamics together with IM by 

4 dpf.  

 

4.4.9 INaP and IM in pMNs across early development 

INaP, whose molecular correlates remain debated, contributes to the persistent inward currents 

(PICs) that are present in mammalian motoneurons. It has been shown that INaP and IM work 

together as opposing persistent voltage-gated currents to regulate excitability and repetitive firing. 
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Few studies in zebrafish have investigated the presence of INaP in spinal circuits for locomotion 

(Benedetti et al. 2016; Song et al. 2020a) and in only one study has INaP been revealed in pMNs at 

24 hpf (Tong and Jonathan Robert McDearmid 2012). The interplay of INaP and IM as a mechanism 

underlying regulation of repetitive firing might suggest the expectation that complimentary 

magnitudes of these opposing currents would be observed (i.e. when IM is large so is INaP). While 

we observe a riluzole-mediated reduction to PICs amplitude at 3 dpf when IM is at its largest, we 

find that the most significant reduction to PICs amplitude by riluzole occurs at 2 dpf when IM is 

smallest in magnitude. With similar magnitudes of IM at 4 and 5 dpf, riluzole significantly reduces 

the PICs amplitude at 4 dpf, but not at 5 dpf.  We reveal here that contributions to the PICs by INaP 

tapers off during early development. While the influence of riluzole in diminishing the amplitude 

of the PICs appears to decrease 2 to 5 dpf, the number of spikes generated in response to 2x 

rheobase current injection is significantly reduced at all ages, suggesting an important requirement 

for INaP in regulating repetitive firing, regardless of its measured magnitude. Conversely, inhibiting 

IM only significantly increased spiking at 3 dpf, suggesting that repetitive firing at 4 dpf and 5 dpf 

is not as importantly limited by IM as it is at 3 dpf. These findings emphasize the complex 

membrane dynamics at play in the control of excitability and repetitive firing in one group of 

motoneurons during early zebrafish development. The differing interplay between IM and INaP at 

each developmental age could be caused by several factors such as maturation of ion currents 

and/or pumps not explored in this study, developmental changes to channel voltage-dependency, 

developmental changes to the identity of channel subunit compositions, and endogenous 

modulation of channel activity that changes with development. 

 

4.4.10 IM and behaviour 
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The consequences of the possible transient peak of IM in pMNs around 3 dpf for motor control in 

developing zebrafish remain to be investigated. pMNs are known to be necessary for the execution 

of the fastest swims, such as the escape response, in larval zebrafish. Our data show that 

pharmacological enhancement of IM decreases excitability of pMNs. It is possible that IM controls 

the recruitment of pMNs, limiting their involvement to large amplitude and fast movements where 

constraining the number of action potentials fosters quicker coordination of muscle contraction 

(Verneuil et al. 2020b). Furthermore, the control of locomotion by spinal circuits in zebrafish is 

speed-dependent, with speed-specific spinal circuits controlling slow, intermediate, and fast 

swimming (Ampatzis et al. 2014; McLean et al. 2007). IM may act to restrict the activation of 

pMNs during slower locomotion and ensure that pMNs are only active upon sufficient synaptic 

excitation when necessary, as locomotor speeds increase. 

 

4.4.11 IM in spinal locomotor circuits 

We have focused our initial investigation of IM in larval zebrafish spinal neurons to pMNs. It is 

currently unknown whether IM is expressed in other spinal neurons for locomotion in zebrafish. 

Verneuil et al. show ubiquitous expression of IM-mediating Kv7.2/7.3 channels across lumbar 

locomotor spinal neurons (Verneuil et al. 2020b) and Sharples et al. demonstrate that subtypes of 

mouse motoneurons express varying magnitudes of IM to control their recruitment (Sharples et al. 

2023). It is possible that sMNs in zebrafish also express IM yet the role this current plays may vary 

depending on MN subtype. pMNs display mostly tonic firing in response to current injection while 

sMNs can exhibit chattering or bursting firing patterns (Menelaou and McLean 2012). While IM 

helps to control tonic repetitive firing in pMNs, IM may exert its influence on the chattering pattern, 

burst termination or basal excitability levels in sMNs, where spike frequency adaptation is not 
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frequently observed. These potential differences in the influence of IM on MN subtypes may arise 

from differing magnitudes of IM as well as further subtype-specific differences in other ionic 

conductances that generate these different firing behaviours. Investigation into the identities of 

larval zebrafish spinal neurons, other than pMNs, that might express IM will elucidate further 

similarities in the role IM plays in spinal circuits for locomotion across vertebrate species.  

 

4.4.12 Kv7.2/7.3 channels as targets of neuromodulation 

Ion channels have been shown to be important targets of neuromodulation because their activity 

guides neuronal membrane and firing properties. In the case of spinal neurons, neuromodulation 

of ion channels by neurotransmitters such as serotonin and dopamine is linked to changes in motor 

activity (Guertin and Hounsgaard 1998; Hounsgaard and Kiehn 1985; Perrier, Alaburda, and 

Hounsgaard 2003; Picton and Sillar 2016). IM gets its name from the finding that it is inhibited by 

acetylcholine via muscarinic receptors in frog sympathetic neurons (Brown and Adams 1980). 

Whether IM in pMNs is similarly modulated by acetylcholine in larval zebrafish remains unknown. 

As spinal locomotor circuits are developing, so is the establishment of supraspinal descending 

neuromodulatory systems and their influence on these circuits (Brustein et al. 2003; Lambert et al. 

2012; Thirumalai and Cline 2008). While the relative contribution of IM to basal excitability of 

pMNs seems to taper off after 3 dpf, the continued presence of this current presents a dial for 

descending systems to shape the excitability of pMNs. Revealing the M-current in pMNs and 

changes in its amplitude and voltage-dependency in early zebrafish development is an important 

step to understanding the contributions of this current to motor control. Identifying which 

neuromodulators and their receptors might modulate the activity of the M-current will further shed 
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light onto how the activity of spinal locomotor circuits can be fine-tuned supraspinally, either as a 

result of development or depending on environmental contexts.  

 

4.4.13 Age-dependent appearance of putative P/Q-type calcium channel mediated 

inward current 

Our data seemed to reveal developmental dynamics of another current in pMNs. A high-voltage 

activated second inward current was found during a voltage ramp in a subset of patched pMNs, 

which seems to be mediated at least in part by P/Q-type calcium channels that are effectively 

blocked by ω-agatoxin. Interestingly, we noticed ICaP/Q only in pMNs at 4 and 5 dpf and even at 

these ages, it was not found in all pMNs. It is possible that there exist P/Q-type calcium channel 

expressional differences within the pMN population. Indeed, differences in membrane and firing 

properties have been documented with respect to the caudal primary (CaP) and middle primary 

(MiP) motoneurons (Moreno and Ribera 2009). Work identifying that P/Q-type calcium channels 

are crucial to signal transmission across the neuromuscular junction in pMNs compared to sMNs 

concentrated their investigation on CaP motoneurons (Wen et al. 2020). Perhaps therein lies the 

reason behind the observed second inward current present in only a subset of the pMNs we 

recorded from. Confirming whether ICaP/Q is indeed restricted to certain subtypes of pMNs would 

further delineate within-pMN population differences and how this plays into signal transmission 

at their respective muscle quadrants (Bello-Rojas et al. 2019). 

 

Although not all pMNs expressed this second inward current at 4 and 5 dpf, it was absent in all 

pMNs recorded at 2 and 3 dpf, suggesting an age-dependent requirement for ICaP/Q. It is possible 

that P/Q-type channels begin expression in pMNs sometime between the 3 dpf to 4 dpf transition 
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window. However, the necessity for P/Q-type channels in CaP motoneuron signal transmission at 

the NMJ was observed as early as 3 dpf (Wen et al. 2020). We therefore should expect to see this 

putative P/Q-type calcium channel mediated inward current in the 3 dpf pMNs we sampled. Both 

N-type and P/Q-type calcium channels are implicated in synaptic transmission (Dolphin 2020). 

Calcium currents mediated by P/Q-type channels have been shown to trigger neurotransmitter 

release that is more effective compared to N-type channels (Wen et al. 2020; Wu et al. 1999; 

Zaitsev et al. 2007). It is possible then that as zebrafish develop, P/Q-type calcium channel-

mediated neurotransmitter release may be introduced in pMNs as a means to foster higher release 

probability (Wen et al. 2020). This would favor robust fast muscle activation as more and more 

slow-muscle-dominant movements are added to the zebrafish locomotor repertoire. Alternatively, 

it is possible that the P/Q-type calcium current observed in our voltage-clamp experiments is one 

that is somatic and the calcium current mediated by distant P/Q-type channels expressed at axon 

terminals, though it may exist, cannot be revealed in our experiments. This may underlie the 

observed lack of P/Q-type calcium current prior to 4 dpf. Intriguingly, if this is a somatic P/Q-type 

calcium current we are observing, it could be involved in spike frequency adaptation via its 

interplay with IK(Ca) (Womack, Chevez, and Khodakhah 2004) rather than neurotransmitter release. 

This would be in line with it appearing after 3 dpf when repetitive firing in pMNs is more 

prominent. 

 

4.4.14 Conclusion  

Our electrophysiology experiments reveal complex developmental changes in several ion currents 

of primary motoneurons.  We identify the expression of two currents in primary motoneurons: a 

persistent outward potassium current pharmacologically identified to be the M-current and a 
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nifedipine sensitive high-threshold calcium current likely mediated by L-type calcium channels. 

We demonstrate that control of motoneuron excitability by the M-current observed in mice 

(Sharples et al. 2023) may be conserved in zebrafish.  Moreover, we detail the contributions of a 

persistent sodium current in conjunction with the M-current to the regulation of repetitive firing in 

motoneurons, further supporting shared features of control over spike frequency across vertebrates. 

What underlies the developmental changes in the magnitude of the M-current, persistent sodium 

current, and P/Q-channel mediated calcium current in pMNs as well as how this impacts the 

emergence and modulation of locomotor behaviour will further reveal how the nervous system 

controls movements across vertebrates. 
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Figure 4.1. Whole-cell voltage-clamp reveals XE-991-sensitive IM in primary motoneurons 

of larval zebrafish. A, Schematic depicting larvae aged 3-5 dpf with example of motoneuron filled 

with sulforhodamine B following patch-clamp recording in a 4 dpf larva. Dashed line demarcates 

the myotomal border between muscle somites. SC: spinal cord. pMN: primary motoneuron. B, 

Top: current traces in response to the standard IM deactivation protocol during whole-cell 

recording. Bottom: command voltages consisting of stepping down from -10 mV to -70 mV in -5 

mV voltage increments. C, Current trace response to a -40 mV hyperpolarizing voltage step during 

the IM deactivation protocol enlarged from B (black trace). The amplitude of IM is estimated as the 

difference between the initial peak of the current and the steady-state current in response to the 

voltage step (green shaded area depicts IM amplitude). D, Current-voltage (I-V) relationship of IM 

measured in control pMNs (n = 51 cells; N = 25 fish; black) and during exposure to Kv7.2/7.3 

channel inhibitor XE-991 (10 µM; n = 25 cells; N = 9 fish; blue). E, Example current traces from 

separate pMNs under control (black) and XE-991 treatment (blue) in response to a –25 mV 

hyperpolarizing voltage step during the IM deactivation protocol. F, Peak IM amplitude measured 

from pMNs under control (black) and XE-991 treatment (blue). G, Activation voltage of IM. H, 

Voltage at which IM reaches half of its maximum amplitude. Statistical analysis: Mann-Whitney 

tests. * P < 0.05, ** P < 0.01; otherwise, not statistically significant. 
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Figure 4.2. Pharmacological manipulation of Kv7.2/7.3 channels mediating IM alters resting 

membrane potential of primary motoneurons. A (i-ii), Whole-cell current-clamp traces from 

two pMNs with no holding current before (control; n = 10; N = 10; grey), during acute (n = 10; N 

= 10; under 3 minutes) and prolonged (n = 7; N = 7; 10-15 minutes) exposure to Kv7.2/7.3 channel 

enhancer ICA-069673 (10 µM; magenta), and during subsequent exposure to XE-991 (n = 7; N = 

7; 10-15 minutes; 10 µM; blue). B, Mean resting membrane potential of pMNs during each 

treatment. C, Overall change in resting membrane potential from start to finish of each treatment 

recording time. D, Mean frequency of excitatory postsynaptic potentials (EPSPs). Statistical 

analysis, One-way ANOVA followed by Tukey’s multiple comparisons tests. ** P < 0.01, *** P 

< 0.001, **** P < 0.0001; otherwise, not statistically significant. 
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Figure 4.3. Pharmacological enhancement of Kv7.2/7.3 channels mediating IM by ICA-

069673 decreases excitability of primary motoneurons in 4-5 dpf larval zebrafish. A-C, 

Example voltage traces (top) from pMNs when injected with 5 pA current increments (bottom) in 

(A) control, (B) 10 µM ICA-069673 and (C) 10 µM XE-991. Current injections corresponding to 

rheobase and corresponding voltage responses are bolded. D-F, Comparison of firing properties 

between three separate groups of pMNs: control (n = 30; N = 13; black), 10 µM ICA-069673 (n 

= 14; N = 4; magenta), and 10 µM XE-991 (n = 24; N = 7; blue). D, Action potential threshold. 

E, Rheobase. F, Maximum number of spikes generated during a series of 50 ms current steps from 

0 pA to 295 pA. G-I, Example voltage traces from distinct pMNs in response to a –5 pA current 

step from (G) control, (H) ICA-069673, and (I) XE-991 groups. J-L, Comparison of membrane 

properties calculated from voltage traces in response to -5 pA current injection between control (n 

= 32; N = 12), ICA-069673 (n = 13; N = 3), and XE-991 (n = 21; N = 7) pMNs. (J) Input 

resistance, (K) Membrane capacitance and (L) Membrane time constant, t. Statistical analysis, 

Kruskal-Wallis test with Dunn’s test for multiple comparisons (D, F, J-L) and one-way ANOVA 

with Tukey’s test for multiple comparisons (E); * P < 0.05, ** P < 0.01; otherwise, not statistically 

significant.  
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Figure 4.4. IM, intrinsic, and firing properties of primary motoneurons during early 

zebrafish development. A, Current-voltage (I-V) relationship of IM measured in pMNs from 2 

dpf (n = 9; N = 3), 3 dpf (n = 11; N = 7), 4 dpf (n = 16; N = 6), and 5 dpf (n = 11; N = 5) zebrafish. 

B, Example current traces showing IM deactivation in 2-5 dpf pMNs in response to a –20 mV 

voltage step during the standard IM deactivation protocol. Comparison of C, peak IM, D, activation 

voltage of IM, E, voltage at which IM reaches half of its maximum amplitude (2 dpf: n = 8; 5 dpf: 

n = 10; otherwise, sample sizes are the same as in A), and F, mean resting membrane potential  (2 

dpf: n = 11, N = 4; 3 dpf: n = 11, N = 7; 4 dpf: n = 16, N = 6; 5 dpf: n = 11, N = 6) of pMNs. G, 

Example voltage traces in response to a –5 pA current step from pMNs of zebrafish aged 2 (black), 

3 (dark grey), 4 (grey), and 5 dpf (light grey). Comparison of H, membrane time constant. I, input 

resistance. J, capacitance of 2 dpf (n = 28; N = 10), 3 dpf (n = 20; N = 11), 4 dpf (n = 27; N = 

10), and 5 dpf (n = 24; N = 11) pMNs. K, Example voltage traces in response to a series of positive 

5 pA current steps from 0 pA to 295 pA in pMNs from larvae aged 2 (i), 3 (ii), 4 (iii), and 5 (iv) 

dpf. Comparison of L, maximum number of spikes generated in response to a 295 pA current step; 

M, rheobase; N, spike threshold of 2 dpf (n = 25; N = 11), 3 dpf (n = 24; N = 11), 4 dpf (n = 31; 

N = 11), and 5 dpf (n = 22; N = 9) pMNs. Statistical analysis, Effect of age assessed via mixed-

effects model analysis (A), Kruskal-Wallis test followed by Dunn’s test for multiple comparisons 

(C-F, H-J, & L-N). * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001; otherwise, not 

statistically significant.  
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Figure 4.5. INaP and ICaL do not mask the magnitude of IM in pMNs at 4 dpf. A, Current-voltage 

(I-V) relationship of IM measured in three separate groups of pMNs: control (n = 22; N = 9; grey), 

5 µM INaP inhibitor riluzole (n = 10; N = 3; periwinkle), and 20 µM ICaL inhibitor nifedipine (NIF, 

n = 10; N = 4; blue). B, (i-iii) Example current traces showing IM deactivation in pMNs from each 

treatment group in response to (iv) a -20 mV hyperpolarizing voltage step from -10 mV holding 

potential. C, Peak amplitude of IM. D, Activation voltage of IM. E, Voltage at which IM reaches 

half its maximal amplitude (Riluzole: n = 8; otherwise, sample sizes are the same as in A, C, and 

D). Statistical analysis, two-way ANOVA with Tukey’s multiple comparisons test (A) and 

Kruskal-Wallis test with Dunn’s test for multiple comparisons (C-E). * P < 0.05; otherwise, not 

statistically significant. 
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Figure 4.6. Persistent inward current in primary motoneurons during early zebrafish 

development. A-E, Examples of (A) control, (B) 5 µM riluzole (RIL), (C) 20 µM nifedipine (NIF), 

(D) 5 µM riluzole and 20 µM nifedipine (NIF) current traces in response to (E) a 20 mV/s voltage 

ramp from -90 mV to +10 mV revealing a persistent inward current (PIC, see example in Ai) in 

pMNs from 2 to 5 dpf. Recordings were leak subtracted. Scale bars in A apply to all recordings 

within the same age group in B-D. F-I, Comparison of the effect of PICs amplitude in pMNs when 

inhibiting INaP and ICaL with riluzole and nifedipine, respectively, (F) at 2 dpf (control: n = 10, N 

= 4, black; 5 µM riluzole: n = 12, N = 5, periwinkle; 20 µM nifedipine: n = 11, N = 5, blue; and 

5 µM riluzole and 20 µM nifedipine combined: n = 10, N = 4; purple), (G) 3 dpf (control: n = 11; 

N = 3; dark grey; 5 µM riluzole: n = 12, N = 3, periwinkle;  20 µM nifedipine: n = 16, N = 5, 

blue; and 5 µM riluzole and 20 µM nifedipine combined: n = 12, N = 5, purple), (H) at 4 dpf 

(control: n = 20, N = 4, grey; 5 µM riluzole: n = 12, N = 4, periwinkle; 20 µM nifedipine: n = 13; 

N = 4; blue; and 5 µM riluzole and 20 µM nifedipine combined: n = 11, N = 3, purple), (I) at 5 

dpf (control: n = 15, N =8, grey; 5 µM riluzole: n = 11, N = 3, periwinkle; 20 µM nifedipine: n = 

9,  N = 4, blue; and 5 µM riluzole and 20 µM nifedipine combined: n = 14, N = 8, purple). J-M, 

Comparison of the effect of PICs amplitude in pMNs when inhibiting INaP and ICaL with riluzole 

and nifedipine, respectively, across age groups during development. J, Comparison of control PICs 

amplitude at 2 to 5 dpf. K, Comparison of the effect of 5 µM riluzole on PICs amplitude at 2 to 5 

dpf. L, Comparison of the effect of 20 µM nifedipine on PICs amplitude at 2 to 5 dpf. L, 

Comparison of the effect of both 5 µM riluzole and 20 µM nifedipine on PICs amplitude at 2 to 5 

dpf. Statistical analysis, ordinary one-way ANOVA with Tukey’s multiple comparison test (F-

M). * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001; otherwise, not statistically significant.  
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Figure 4.7. Example voltage traces of primary motoneurons in response to current injections 

during pharmacological inhibition of IM and INaP across early zebrafish development. A-D, 

Examples of voltage responses to 2x rheobase current injection in pMNs from 2 to 5 dpf in (A) 

control, (B) when exposed to 10 µM XE-991, (C) when exposed to 5 µM riluzole and (D) when 

exposed to both 5 µM riluzole and 10 µM XE-991. 
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Figure 4.8. Pharmacological inhibition of IM and INaP alters spike frequency adaptation in 

primary motoneurons. A, Comparison of instantaneous firing frequency calculated from voltage 

responses to a current injection equal to 2x rheobase (see Fig. 7) in four separate groups of 2 dpf 

pMNs (control: n = 17, N = 7; XE-991: n = 10, N = 3; riluzole: n = 9, N = 4; XE-991 and riluzole: 

n = 9, N = 3). B, Comparison between treatment groups on the number of spikes generated in 

response to a current injection equal to 2x rheobase at 2 dpf (control: n = 19, N = 7; XE-991: n = 

12, N = 3; riluzole: n = 11, N = 4; XE-991 and riluzole: n = 10, N = 3). C, Comparison between 

treatment groups on the maximum instantaneous firing frequency generated in response to a 

current injection equal to 2x rheobase at 2 dpf (control: n = 19, N = 7; XE-991: n = 12, N = 3; 

riluzole: n = 10, N = 4; XE-991 and riluzole: n = 6, N = 3). D, Comparison of instantaneous firing 

frequency calculated from voltage responses to a current injection equal to 2x rheobase in four 

separate groups of 3 dpf pMNs (control: n = 12, N = 4; XE-991: n = 13, N = 4; riluzole: n = 12, 

N = 3; XE-991 and riluzole: n = 12, N = 3). E, Comparison between treatment groups on the 

number of spikes generated in response to a current injection equal to 2x rheobase at 3 dpf (control: 

n = 12, N = 4; XE-991: n = 13, N = 4; riluzole: n = 12, N = 3; XE-991 and riluzole: n = 11, N = 

3). F, Comparison between treatment groups on the maximum instantaneous firing frequency 

generated in response to a current injection equal to 2x rheobase at 3 dpf (control: n = 12, N = 3; 

XE-991: n = 13, N = 4; riluzole: n = 12, N = 3; XE-991 and riluzole: n = 12, N = 3). G, Comparison 

of instantaneous firing frequency calculated from voltage responses to a current injection equal to 

2x rheobase in four separate groups of 4 dpf pMNs (control: n = 13, N = 5; XE-991: n = 13, N = 

5; riluzole: n = 11, N = 3; XE-991 and riluzole: n = 13, N = 4). H, Comparison between treatment 

groups on the number of spikes generated in response to a current injection equal to 2x rheobase 

at 4 dpf. I, Comparison between treatment groups on the maximum instantaneous firing frequency 
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generated in response to a current injection equal to 2x rheobase at 4 dpf. J, Comparison of 

instantaneous firing frequency calculated from voltage responses to a current injection equal to 2x 

rheobase in four separate groups of 5 dpf pMNs (control: n = 13, N = 4; XE-991: n = 10, N = 4; 

riluzole: n = 11, N = 3; XE-991 and riluzole: n = 12, N = 4). K, Comparison between treatment 

groups on the number of spikes generated in response to a current injection equal to 2x rheobase 

at 5 dpf. L, Comparison between treatment groups on the maximum instantaneous firing frequency 

generated in response to a current injection equal to 2x rheobase at 5 dpf. Statistical analysis, 

Kruskal-Wallis test with Dunn’s test for multiple comparisons (B-C, E, H-I, K-L) and ordinary 

one-way ANOVA with Tukey’s test for multiple comparisons (F). * P < 0.05, ** P < 0.01, *** P 

< 0.001, **** P < 0.0001; otherwise not statistically significant.  
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Figure 4.9. Pharmacological inhibition of IM by XE-991 differentially affects spike frequency 

adaptation across early development. A, Comparison of instantaneous firing frequency 

calculated from voltage responses to a current injection equal to 2x rheobase (see Fig. 4.7) 

recorded from pMNs in 2 dpf (n = 17, N = 7), 3 dpf (n = 12, N = 4), 4 dpf (n = 13, N = 5), and 5 

dpf (n = 13, N = 4) larvae in control conditions. B, Comparison between developmental ages of 

the number of spikes generated in response to a current injection equal to 2x rheobase in pMNs (2 

dpf: n = 19, N = 7; 3 dpf: n = 12, N = 4; 4 dpf: n = 13, N = 5; 5 dpf: n = 13, N = 4). C, Steady-

state instantaneous firing frequency (fss) in 3 dpf (n = 4; N = 2), 4 dpf (n = 10; N = 5), and 5 dpf (n 

= 11; N = 4) pMNs. D, Comparison of instantaneous firing frequency calculated from voltage 

responses to a current injection equal to 2x rheobase recorded from pMNs exposed to 10 µM XE-

991 in 2 dpf (n = 12, N = 3), 3 dpf (n = 13, N = 4), 4 dpf (n = 13, N = 5), and 5 dpf (n = 10, N = 

4) larvae. E, Comparison between age groups of the number of spikes generated in response to a 

current injection equal to 2x rheobase in pMNs exposed to 10 µM XE-991 at 2 dpf (n = 12, N = 

3), 3 dpf (n = 13, N = 4), 4 dpf (n = 13, N = 5), and 5 dpf (n = 10, N = 4). F, Comparison of 

steady-state instantaneous firing frequency (fss) between pMNs of 3 dpf (n = 12; N = 4), 4 dpf (n 

= 9; N = 4), and 5 dpf (n = 10; N = 4) pMNs exposed to 10 µM XE-991. G, Percentage change of 

the steady-state firing frequency in 3 dpf, 4 dpf, and 5 dpf pMNs exposed to 10 µM XE-991 

compared to the median of their respective controls (sample sizes are the same as in F). H, 

Comparison of instantaneous firing frequency calculated from voltage responses to a current 

injection equal to 2x rheobase (see Fig. 4.7) recorded from pMNs exposed to 5 µM riluzole in 

larvae aged 2 dpf (n = 9, N = 4), 3 dpf (n = 12, N = 3), 4 dpf (n = 11, N = 3), and 5 dpf (n = 11, 

N = 3). I, Comparison of the number of spikes generated in response to a current injection equal 

to 2x rheobase in pMNs exposed to 5 µM riluzole at 2 dpf (n = 11, N = 4), 3 dpf (n = 12, N = 3), 
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4 dpf (n = 11, N = 3), and 5 dpf (n = 11, N = 3). Statistical analysis, Ordinary one-way ANOVA 

with Tukey’s multiple comparisons test (F-G) and Kruskal-Wallis test with Dunn’s multiple 

comparisons test (B-C, E, I). * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001; otherwise, 

not statistically significant. 
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Figure 4.10. Inward P/Q calcium current emerges at 4 dpf in primary motoneurons during 

larval development. A, Examples of current traces in response to a 20 mV/s voltage ramp from -

90 mV to +10 mV (same as in Fig. 4.6) in (i) 2 dpf, (ii) 3 dpf, (iii) 4 dpf, and (iv) 5 dpf pMNs. 

Arrows point to PICs present from 2-5 dpf (i-iv) as well as an inward current putatively mediated 

by P/Q calcium channels that appears at 4 and 5 dpf (iii & iv). B, Quantification of number of 

pMNs that express ICaP/Q at 2 dpf, 3 dpf, 4 dpf, and 5 dpf. C, Effect on the amplitude of ICaP/Q in 5 

dpf pMNs by the selective inhibitor w-agatoxin (300 nM; n =5; N = 5) compared to a distinct 

group of controls (n = 10; N = 6). D, Effect on the amplitude of the PICs in 5 dpf pMNs by the 

selective inhibitor w-agatoxin (300 nM; n = 13; N = 3) compared to a distinct group of controls (n 

= 16, N = 8). E, Examples of control traces from two distinct 5 dpf pMNs containing both a PICs 

and ICaP/Q. F, Examples of traces from two distinct 5 dpf pMNs exposed to 300 nM w-agatoxin 

containing both a PICs and ICaP/Q. Statistical analysis,(B) Fisher’s exact test with Bonferroni 

correction (** P < 0.0017; otherwise, not statistically significant)  and  (C-D) Mann-Whitney tests 

(** P < 0.01; otherwise, not statistically significant). 
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Supplemental Figure 4.1. Pharmacological modulation of IM affects resting membrane 

potential of spinal neurons. Example trace of resting membrane potential recorded from primary 

motoneurons of 4-5 dpf larval zebrafish (A) in the presence of 10 μM XE-991 (n =15, N = 15) and 

(B) 10 μM ICA-069673 (n = 8; N = 8). C & F, Mean resting membrane potential. D & G, Change 

in mean resting membrane potential from start to end of each condition. E & H, Slope of resting 

membrane potential. Statistical analysis, Wilcoxon matched-pairs t-tests to compare conditions 

within same animals. * P < 0.05; ** P < 0.01; *** P < 0.001; otherwise not statistically significant. 
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Supplemental Figure 4.2. Pharmacological inhibition of Kv7.2/7.3 channels mediating IM by 

XE-991 increases excitability of primary motoneurons in 4-5 dpf larval zebrafish. A, 

Examples of action potentials generated by positive current steps in the same pMN before (black) 

and after 10 µM XE-991 (blue) during whole-cell current-clamp recording in 4 dpf larva. Left and 

right panels (i-ii) show traces obtained from two pMNs. B, Examples of action potentials generated 

by positive current steps in the same pMN before (black) and after 10 µM ICA-069673 (magenta). 

Left and right panels (i-ii) show traces obtained from two pMNs. C, Rheobase before and after 10 

µM XE-991. D, Spike threshold before and after 10 µM XE-991. E, Maximum number of spikes 

generated during a series of 50 ms current steps from 0 pA to 195 pA before (black) and after 10 

µM XE-991 (blue). F, Rheobase before and after 10 µM ICA-069673. G, Spike threshold before 

and after 10 µM ICA-069673. H, Maximum number of spikes generated during a series of 50 ms 

current steps from 0 pA to 195 pA before (black) and after 10 µM ICA-069673 (magenta). I, K, 

Example voltage traces from two pMNs in response to a series of 50 ms current steps from 0 pA 

to 195 pA before (i, black) and after 10 µM XE-991 (ii, blue). J, L, Example voltage traces from 

two pMNs in response to a series of 50 ms current steps from 0 pA to 195 pA before (i, black) and 

after 10 µM ICA-069673 (ii, magenta). M, Example voltage trace from the same pMN in response 

to a –5 pA current step before (black) and after 10 µM XE-991 (blue). N, Input resistance before 

and after XE-991. O, Whole-cell capacitance before and after 10 µM XE-991. P, Membrane time 

constant (t) before and after 10 µM XE-991. Q, Example voltage trace from the same pMN in 

response to a –5 pA current step before (black) and after 10 µM ICA-069673 (blue). R, Input 

resistance before and after 10 µM ICA-069673. S, Whole-cell capacitance before and after 10 µM 

ICA-069673. T, Membrane time constant (t) before and after ICA-069673. Statistical analysis, 
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Wilcoxon matched-pairs signed rank tests: * P < 0.05, ** P < 0.01; otherwise, not statistically 

significant. 
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Supplemental Figure 4.3. Developmental differences of pharmacological manipulation of 

Kv7.2/7.3 channels to features of the escape response. A, Overview of touch-evoked escape 

behaviours of individual 2 dpf, 3 dpf, and 4-5 dpf larvae placed in a well from a 24-well plate. 

Note that 4-5 dpf data is taken from Chapter 3 - Figure 3.1 to provide comparisons with earlier 

developmental time points. B, Average number of swim episodes (swim bouts) produced during 

touch-evoked escape responses in 2, 3, and 4-5 dpf zebrafish. C, Average duration of the first 

episode produced in response to the touch stimulus. D, Average tail beat frequency of the first 

episode produced in response to the touch stimulus. E-J, Mean number of swimming episodes 

produced per touch-evoked escape response before and after the bath application of (E, G, I) 10 

µM XE-991 and (F, H, J) 10 µM ICA-069673 in (E-F) 2 dpf, (G-H) 3 dpf, and (I-J) 4-5 dpf. K-

P, Mean duration of the first swimming episode produced during touch-evoked escape responses 

before and after the bath application of (K, M, O) 10 µM XE-991 and (L, N, P) 10 µM ICA-069673 

in (K-L) 2 dpf, (M-N) 3 dpf, and (O-P) 4-5 dpf. Q-V, Mean tail beat (TB) frequency of the first 

swimming episode produced during touch-evoked escape responses before and after the bath 

application of (Q, S, U) 10 µM XE-991 and (R, T, V) 10 µM ICA-069673 in (Q-R) 2 dpf, (S-T) 3 

dpf, and (U-V) 4-5 dpf. Statistical analysis, Kruskal-Wallis test with Dunn’s test for multiple 

comparisons (B-D), and Wilcoxon matched-pairs test (E-V); * P < 0.05, ** P < 0.01, *** P < 

0.001, **** P < 0.0001; otherwise not statistically significant.   
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Chapter 5 

Developmental changes in the neuromodulation of the M-current in 

primary motoneurons of larval zebrafish 

Gaudreau, SF & Bui, TV  

 

5.1 ABSTRACT 

We recently discovered that the non-inactivating subthreshold potassium current known as the M-

current (IM) is expressed in primary motoneurons of the larval zebrafish. Furthermore, we found 

that its magnitude and the influence it exerts over the regulation of repetitive firing is most 

prominent at 3 days post-fertilization. Considering that neuromodulators play a role in the 

maturation of locomotor control in larval zebrafish, we asked whether neuromodulators might 

target IM in primary motoneurons. Our experiments show that enhancement of IM by muscarine 

and serotonin is age-dependent, varying from 3 to 5 days post-fertilization. We also show that 5-

HT1A signaling inhibits IM only at 3 days post-fertilization. Furthermore, we demonstrate that DA 

does not appear to modulate IM in primary motoneurons. Our findings are consistent with the 

changes in IM that we’ve observed at specific developmental time points and suggest that 

neuromodulation of IM could have different effects throughout development of zebrafish 

locomotion. 
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5.2 INTRODUCTION 

Movement is generated by specialized neuronal networks located within the spinal cord. These 

spinal locomotor circuits must undergo progressive maturation during development to allow for 

increasingly refined and complex movements to be made. The exact changes spinal locomotor 

circuits undergo during maturation are not fully known but there is evidence supporting a role for 

neuromodulation in motor maturation. For example, both dopamine (DA) and serotonin (5-HT) 

have been shown to elicit air-stepping in spinally-transected neonatal rats, supporting their 

contributions to promoting hindlimb stepping (McEwen, Van Hartesveldt, and Stehouwer 1997). 

While effects to motor output by neuromodulatory systems during development have been 

described, little is known about the targets of this neuromodulation and the mechanisms by which 

they shape motor maturation. 

 

The zebrafish is particularly well-suited for the study of motor maturation as their rapid 

development comprises stereotyped transitions in the movements they produce. Changes in motor 

behaviour can be readily linked to changes in underlying spinal circuitry. Indeed, DA and 5-HT 

have both been shown to have important influences on locomotor output during zebrafish 

development. DA signaling in the spinal cord mediates the important locomotor transition from 3 

days post-fertilization (3 dpf) burst swimming to 4 dpf beat and glide swimming (Lambert et al. 

2012). It has also been shown to control the excitation of motoneurons (Jha and Thirumalai 2020). 

5-HT has been shown to limit the duration of periods of inactivity between successive swimming 

episodes in developing zebrafish (Brustein et al. 2003). While these findings have proven 

important to our understanding of how supraspinal regions mediate flexible control over zebrafish 
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spinal locomotor circuits in the context of development, the mechanisms by which these 

neuromodulators exert their influence on spinal neurons are unknown.  

 

We have recently identified the presence of the non-inactivating subthreshold potassium current 

known as the M-current (IM) in primary motoneurons (pMNs) of larval zebrafish (Chapter 4). We 

show that IM’s influence on the control of excitability and regulation of repetitive firing changes 

during early zebrafish development, peaking at 3 dpf. This coincides with the time when larvae 

are largely inactive and exhibit burst swimming, an immature form of swimming. By 4 dpf, their 

mature locomotor pattern, known as beat and glide swimming, emerges and they swim much more 

frequently (Buss and Drapeau 2001; Drapeau et al. 2002b).  

 

Could IM be a target for neuromodulation during development to facilitate motor maturation? As 

zebrafish transition from their embryonic stage characterized primarily of large amplitude and 

reflexive pMN-driven movements to their larval stage encompassing predominantly low amplitude 

secondary motoneuron (sMN) driven swimming, we posit that IM in pMNs may be an important 

target for neuromodulation as pMN recruitment must restricted to specific movements.  

 

In this study, we use electrophysiology to investigate how neuromodulators influence the 

properties of IM in pMNs of larval zebrafish from 3 dpf to 5 dpf. Interestingly, we find that 

muscarine, a known inhibitor of IM in other systems, does not inhibit IM in pMNs of larval 

zebrafish. We find that enhancement of IM by 5-HT is age-dependent and so is inhibition of IM by 

5-HT via 5-HT1A receptors. Finally, we demonstrate that dopamine does not have an obvious 

influence over the properties of IM of pMNs.  
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5.3 METHODS 

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

Ottawa’s Animal Care Committee (BL-4416). Adult zebrafish are maintained at 28.5°C with a 14 

hour on/10 hour off light cycle, with lights off at 11PM and on at 9AM. Embryos are fertilized 

between 9AM-10AM and stored in embryo medium at 28.5°C until use for experimentation at 2 

to 5 dpf.  

  

5.3.2 Preparation for electrophysiology 

Larval zebrafish are anesthetized in 0.02% tricaine (MS-222, Aqualife TMS; Syndel Laboratories) 

before being pinned down through the notochord onto a Sylgard (Dow Corning) coated dish. Pins 

are made using Tungsten wire (0.25 mm); one is placed caudally near the tip of the tail, and the 

other is placed rostrally near the center of the yolk sac. Spinalization is performed using fine 

surgical scissors at the level of segments 2-3. The skin is then peeled back between the two pins 

using fine forceps. Next, larvae are bathed in 1 mg/mL collagenase (Millipore Sigma; incubation 

times: 8 minutes at 2 dpf, 10 minutes at 3 dpf, 12 minutes at 4 dpf, and 15 minutes at 5 dpf) to 

facilitate muscle removal. The collagenase solution is rinsed out 4-5 times with artificial 

cerebrospinal fluid (aCSF) containing: 134 mM NaCl, 2.9 mM KCl, 1.2 mM MgCl2, 2.1 mM 

CaCl2, 10 mM dextrose, and 10 mM HEPES (pH of 7.8 adjusted with NaOH and osmolarity 

between 280-290 adjusted with sucrose). Muscle removal is performed using suction through a 

wide-bored glass capillary (typically, the tips are gently broken to get the right sized tip for muscle 

removal). Muscles overlaying the spinal cord are removed to expose the spinal cord for whole-cell 

patch-clamp electrophysiology.  
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5.3.3 Whole-cell patch-clamp electrophysiology 

To block muscle contractions during recordings, d-tubocurarine is added to the aCSF (10 µM; 

Millipore Sigma, catalog # 93750). Electrodes for whole-cell patch-clamp experiments are made 

using borosilicate glass capillaries (Sutter Instrument; BF150-110-10). Tip resistances ranging 

from 5 to 7 MW were used. Intracellular recording solution used contained the following: 16 mM 

KCl, 116 mM K-gluconate, 4 mM MgCl2, 10 mM HEPES, 10 mM EGTA, and 4 mM Na2-ATP, 

adjusted to a pH of 7.2-7.3 with KOH. Slight positive pressure was applied during the descent 

toward the spinal cord to prevent debris from contaminating the tip of the electrode. This positive 

pressure was used to break the dura thereby exposing the neurons within the spinal cord. Positive 

pressure was decreased slightly, and targeted neurons were approached with the electrode. When 

near the neuron (small dent forming in neuron), positive pressure was released and a gigaohm 

(GW) seal (giga-seal) was formed between the tip of the electrode and the cell membrane. Gentle 

pulses of negative pressure were used to break through the membrane. Membrane holding potential 

was set to –65 mV and both fast and slow capacitance components were compensated for. Series 

resistance was routinely compensated for at 80% or higher. The neuron was held at -65 mV until 

it was time to introduce stimulation protocols. Values reported are not liquid junction potential 

corrected. pMNs were targeted as described in Chapter 4 and their identity was confirmed post 

hoc by assessing axon projection through the ventral root facilitated by the addition of 

sulforhodamine B to the intracellular recording solution (0.1%; Millipore Sigma). Electrical 

activity was amplified and filtered at 10 kHz or 20 kHz with a Multiclamp 700B (Axon 

Instruments, Molecular Devices). The data was then digitized with a Digidata 1550 (Molecular 
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Devices). A HumBug Noise Eliminator (Quest Scientific) was used to attenuate 50/60 Hz electrical 

noise. 

 

5.3.4 Voltage-clamp protocols and current estimations 

To reveal the electrophysiological signature of the M-current, we implemented the standard M-

current relaxation protocol (Sharples et al. 2023; Verneuil et al. 2020b). This consisted of holding 

the neuron at -10 mV and introducing a series of hyperpolarizing voltage steps lasting 1 second 

each. As the membrane potential becomes hyperpolarized, the M-current deactivates. Current 

responses show the resulting loss of outward current caused by M-current deactivation. From this, 

we can estimate the amplitude of the M-current by taking the difference between the peak of the 

current response and the current at steady-state at the end of the step. The difference between the 

steady-state current and the peak of this initial current response was used to estimate the amplitude 

of the M-current. 

 

5.3.5 Pharmacology 

Dopamine hydrochloride (3548, Tocris), serotonin hydrochloride (3547, Tocris), muscarine iodide 

(3074, Tocris), and 5-HT1A receptor agonist 8-OH-DPAT (1080, Tocris) were dissolved in water 

before final dissolution in aCSF of the recording bath. All drugs were introduced to the recording 

bath 5-10 minutes prior to recordings. 

 

5.3.6 Data analysis and statistical analysis 
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All electrophysiological data was saved as .abf files. We used the open-source pyABF python 

package to import and read .abf files in Spyder (version 5.1.5). Analysis of recordings was semi-

automated using Python (version 3.9.12) scripts tailored to each type of recording. Statistical 

analysis was performed using Prism by GraphPad (Version 10.3.1 (464)). For comparisons 

between 2 data sets, Mann-Whitney and unpaired t-tests were used. For comparisons between 3 

data sets or more, one-way ANOVA with Tukey’s multiple comparisons test was used for normally 

distributed data and Kruskal-Wallis test with Dunn’s multiple comparisons test was used for non-

parametric data. For comparisons of current-voltage relationships across 2 or more groups, mixed-

effects model analyses with Sidak’s multiple comparisons test were used. For all tests, significance 

stars are displayed on graphs. 
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5.4 RESULTS 

5.4.1 Muscarine enhances IM in primary motoneurons at 4 and 5 dpf 

With the discovery of IM came the finding that it can be inhibited by muscarine (Brown and Adams 

1980). Since our previous work identified IM in pMNs of larval zebrafish, we sought to investigate 

the potential for muscarinic inhibition of IM in these neurons (Fig. 5.1). As described in Chapter 

4, we utilized the standard IM voltage-clamp deactivation protocol to reveal its electrophysiological 

signature in current responses. Comparison of the effects resulting from bath application were 

made between three entirely distinct sample groups of pMNs: control pMNs and two groups of 

pMNs having been exposed to either 10 µM muscarine or 100 µM muscarine for several minutes 

prior to all recordings. Because of differences observed in the magnitude of IM in pMNs during 

early zebrafish development, we compared the effects of muscarine at 3 dpf, 4 dpf, and 5 dpf. It is 

important to note that data obtained from the control groups of pMNs presented throughout has is 

the same as that presented in Chapter 4. At 3 dpf, exposure to 10 µM muscarine and 100 µM 

muscarine did not alter the current-voltage relationship of IM relative to control; however, there 

was a significant increase in the average amplitude of IM across voltages when pMNs are exposed 

to 10 µM muscarine compared to 100 µM muscarine (Fig. 5.1A). No significant differences in 

peak amplitude of IM (control: 32.61 ± 14.61 pA; 10 µM muscarine: 42.43 ± 22.11 pA; 100 µM 

muscarine: 20.01± 16.45 pA; Fig. 5.1C), IM activation voltage (control: -54.55 ± 5.68 mV; 10 µM 

muscarine: -49.55 ± 14.74 mV; 100 µM muscarine: -43.50 ± 12.03 mV; Fig. 5.1D), or the voltage 

at which IM reaches half its maximal amplitude (V1/2) (control: -37.40 ± 3.18 mV; 10 µM 

muscarine: -35.36 ± 13.93 mV; 100 µM muscarine: -28.28 ± 11.45 mV; Fig. 5.1E) were observed 

between either 10 µM or 100 µM muscarine and controls. We did however find that peak 

amplitude of IM is reduced in pMNs exposed to 100 µM muscarine compared to those exposed to 
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10 µM muscarine (Fig. 5.1C). Interestingly, at 4 dpf, while 100 µM muscarine did not alter any of 

the properties of IM, 10 µM muscarine enhanced IM. The average amplitude of IM across voltages 

is significantly increased in pMNs exposed to 10 µM muscarine compared to controls as well as 

those exposed to 100 µM muscarine (Fig. 5.1F). The current-voltage relationship of IM remains 

unchanged from controls in pMNs exposed to 100 µM muscarine (Fig. 5.1F). The peak amplitude 

of IM is also significantly increased in pMNs exposed to 10 µM muscarine compared to control 

pMNs and those exposed to 100 µM muscarine (control: 17.52 ± 8.46 pA; 10 µM muscarine: 36.05 

± 21.75 pA; 100 µM muscarine: 16.96 ± 11.93 pA; Fig. 5.1H). The activation voltage of IM 

(control: -45.62 ± 10.63 mV; 10 µM muscarine: -50.50 ± 6.43 mV; 100 µM muscarine: -52.73 ± 

14.72 mV; Fig. 5.1I) and V1/2 (control: -32.10 ± 5.91 mV; 10 µM muscarine: -34.70 ± 7.23 mV; 

100 µM muscarine: -27.92 ± 13.03 mV; Fig. 5.1J) in pMNs are not significantly altered by either 

10 µM muscarine or 100 µM muscarine compared to controls at 4 dpf. By 5 dpf, the average 

amplitude of IM across voltages remains increased in pMNs exposed to 10 µM muscarine relative 

to control pMNs (Fig. 5.1K) yet the peak amplitude is not significantly different between these 

groups (Fig. 5.1M). While the average amplitude of IM across voltages in pMNs exposed to 100 

µM muscarine is not different from that in control pMNs, it is significantly reduced compared to 

pMNs exposed to 10 µM muscarine (Fig. 5.1K). Similarly, the peak IM found in pMNs exposed to 

100 µM muscarine is significantly reduced compared to pMNs exposed to 10 µM muscarine but 

not to control pMNs (control: 21.01 ± 9.04 pA; 10 µM muscarine: 31.88 ± 14.41 pA; 100 µM 

muscarine: 15.22 ± 9.91 pA; Fig. 5.1M). No differences were observed across any of the groups 

to the activation voltage of IM (control: -49.09 ± 7.06 mV; 10 µM muscarine: -50.91 ± 4.91 mV; 

100 µM muscarine: -50.00 ± 12.04 mV; Fig. 5.1N). Finally, the V1/2 of IM in pMNs exposed to 100 

µM muscarine was significantly depolarized compared to controls, but not to pMNs exposed to 10 
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µM muscarine (control: -35.95 ± 5.52 mV; 10 µM muscarine: -35.13 ± 5.29 mV; 100 µM 

muscarine: -28.94 ± 7.89 mV; Fig. 5.1O). Overall, these data suggest that muscarine enhances IM 

at a concentration of 10 µM, but not 100 µM, at 4 dpf and 5 dpf, but not 3 dpf. 

 

5.4.2 Effects of dopamine to the properties of IM in primary motoneurons of larval 

zebrafish 

With the finding that muscarine does not inhibit IM as has been shown in other species, we sought 

to determine whether the action of another neurotransmitter had inhibitory influences on IM. 

Dopamine has been identified as a neuromodulator with important influence on the function of 

spinal locomotor circuits in zebrafish during development (Lambert et al. 2012). We aimed to 

determine whether some of these previously reported effects of dopamine could be occurring via 

modulation of IM by dopamine. To this end, we examined possible effects to the properties of IM 

in pMNs exposed to either 10 µM or 100 µM DA at 3 dpf, 4 dpf, and 5 dpf. At 3 dpf, the pMNs 

exposed to 10 µM DA exhibited no changes to the current-voltage relationship of IM (Fig. 5.2A), 

the peak amplitude of IM (control: 32.61 ± 14.61 pA; 10 µM DA: 37.06 ± 23.61 pA; 100 µM DA: 

19.34 ± 11.58 pA; Fig. 5.2C), its activation voltage (control: -54.55 ± 5.68 mV; 10 µM DA: -47.27 

± 12.72 mV; 100 µM DA: -45.42 ± 12.33 mV; Fig. 5.2D), nor its V1/2 (control: -37.40 ± 3.18 mV; 

10 µM DA: -31.96 ± 11.54 mV; 100 µM DA: -31.25 ± 10.18 mV; Fig. 5.2E) relative to controls. 

pMNs exposed to 100 µM DA however showed an overall reduction in the amplitude of IM across 

voltages compared to control pMNs (Fig. 5.2A), without affecting peak amplitude (Fig. 5.2C), 

activation voltage (Fig. 5.2D), or V1/2 (Fig. 5.2E). At 4 dpf, no significant effects by either 10 µM 

DA or 100 µM DA to the current-voltage relationship of IM (Fig. 5.2F), the peak amplitude of IM 

(control: 17.52 ± 8.46 pA; 10 µM DA: 33.29 ± 27.16 pA; 100 µM DA: 12.90 ± 6.59 pA; Fig. 
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5.2H), the activation voltage of IM (control: -45.63 ± 10.63 mV; 10 µM DA: -47.00 ± 12.06 mV; 

100 µM DA: -39.58 ± 10.76 mV; Fig. 5.2I), or its V1/2 (control: -32.10 ± 5.91 mV; 10 µM DA: -

33.18 ± 10.77 mV; 100 µM DA: -27.73 ± 8.58 mV; Fig. 5.2J) compared to control pMNs. By 5 

dpf, 10 µM DA and 100 µM DA did not alter the current-voltage relationship of IM (Fig. 5.2K), 

the activation voltage of IM (control: -49.09 ± 7.01 mV; 10 µM DA: -50.00 ± 5.59 mV; 100 µM 

DA: -36.82 ± 14.19 mV;  Fig. 5.2N) nor it’s V1/2 (control: -35.95 ± 5.52 mV; 10 µM DA: -32.57 

± 8.85 mV; 100 µM DA: -26.48 ± 12.43 mV; Fig. 5.2O). The peak amplitude of IM, however, was 

increased by 10 µM DA compared to control pMNs and those exposed to 100 µM DA (control: 

21.01 ± 9.04 pA; 10 µM DA: 32.55 ± 9.34 pA; 100 µM DA: 15.62 ± 9.06 pA; Fig. 5.2M). Overall, 

these data reveal no clear effects of dopamine, at both concentrations tested, to the properties of 

IM in 3 – 5 dpf pMNs. 

 

5.4.3 The effects of serotonin on the properties of IM in primary motoneurons of larval 

zebrafish  

Serotonin has been shown to inhibit IM in pyramidal neurons of the weakly electric fish (Deemyad, 

Maler, and Chacron 2011) as well as neurons of the hypothalamus in mice (Roepke et al. 2012). 

We therefore decided to test whether application of exogenous 5-HT at 20 µM and 100 µM altered 

properties of IM in pMNs of larval zebrafish (Fig. 5.3). At 3 dpf, no differences between the 

current-voltage relationship of IM (Fig. 5.3A), the peak amplitude of IM (control: 32.61 ± 14.61 pA 

; 20 µM 5-HT: 40.14 ± 20.47 pA; 100 µM 5-HT: 28.48 ± 12.13 pA; Fig. 5.3C), the activation 

voltage of IM (control: -54.55 ± 5.68 mV; 20 µM 5-HT: -55.00 ± 6.67 mV; 100 µM 5-HT: -52.00 

± 7.89 mV; Fig. 5.3D) or its V1/2 (control: -37.64 ± 4.31 mV; 20 µM 5-HT: -38.54 ± 7.02 mV; 100 

µM 5-HT: -33.77 ± 9.56 mV; Fig. 5.3E) in pMNs across treatment groups were observed. By 4 
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dpf, the average amplitude of IM across voltages is increased in pMNs by 20 µM 5-HT, but not 

100 µM 5-HT, compared to controls (Fig. 5.3F). Similarly, 20 µM 5-HT, but not 100 µM 5-HT, 

increases the peak amplitude of IM measured in pMNs compared to controls (control: 17.52 ± 8.46 

pA; 20 µM 5-HT: 32.68 ± 11.16 pA; 100 µM 5-HT: 20.33 ± 13.32 pA; Fig. 5.3H). The activation 

voltage of IM is hyperpolarized by 20 µM 5-HT, but not 100 µM 5-HT compared to controls 

(control: -45.63 ± 10.63 mV; 20 µM 5-HT: -61.25 ± 6.78 mV; 100 µM 5-HT: -53.75 ± 7.72 mV; 

Fig. 5.3I). Neither 20 µM or 100 µM 5-HT altered V1/2 relative to controls (control: -32.10 ± 5.91 

mV; 20 µM 5-HT: -36.39 ± 6.76 mV; 100 µM 5-HT: -26.95 ± 9.32 mV; Fig. 5.3J). By 5 dpf, there 

are no differences across treatment groups to the current-voltage relationship of IM (Fig. 5.3K), the 

peak amplitude of IM (control: 21.01 ± 9.04 pA; 20 µM 5-HT: 26.96 ± 12.26 pA; 100 µM 5-HT: 

26.54 ± 15.81 pA; Fig. 5.3M), the activation voltage of IM (control: -49.09 ± 7.01 mV; 20 µM 5-

HT: -50.00 ± 7.07 mV; 100 µM 5-HT: -46.88 ± 3.72 mV; nor IM’s V1/2 (control: -35.95 ± 5.52 mV; 

20 µM 5-HT: -33.99 ± 6.74 mV; 100 µM 5-HT: -32.30 ± 3.80 mV; Fig. 5.3O). These findings 

reveal that 5-HT at 20 µM may have an overall enhancing effect on IM that is most prominent at 4 

dpf, while 100 µM 5-HT does not significantly alter properties of IM in pMNs.  

 

5.4.4 Serotonin signaling via 5HT1A receptors inhibit IM in primary motoneurons at 3 dpf  

We next examined the role of serotonin in the modulation of IM further by investigating how the 

selective 5-HT1A receptor agonist 8-OH-DPAT influences the properties of IM during larval 

development (Fig. 5.4). As with the experiments described above, we compared the properties of 

IM between two distinct groups of pMNs, one being control pMNs and the other being pMNs 

exposed to 10 µM 8-OH-DPAT bath application before recordings began. At 3 dpf, we find that 

10 µM 8-OH-DPAT inhibits IM as is observed by a significant decrease in the average amplitude 
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of IM across voltages (Fig. 5.4A), the peak amplitude of IM (control: 32.61 ± 14.61 pA; 10 µM 8-

OH-DPAT: 15.33 ± 11.68 pA; Fig. 5.4C), the depolarization of IM’s activation voltage (control: -

54.44 ± 5.68 mV; 10 µM 8-OH-DPAT: -40.45 ± 12.54 mV; Fig. 5.4D) and the depolarization of 

IM’s V1/2 (control: -37.64 ± 4.31 mV; 10 µM 8-OH-DPAT: -28.87 ± 9.59 mV; Fig. 5.4E) in pMNs. 

At 4 dpf, 10 µM 8-OH-DPAT does not alter the current-voltage relationship of IM (Fig. 5.3F), the 

peak amplitude of IM (control: 17.52 ± 8.46 pA; 10 µM 8-OH-DPAT: 25.23 ± 24.00 pA; Fig. 

5.4H), the activation voltage of IM (control: -45.62 ± 10.63 mV; 10 µM 8-OH-DPAT: -38.33 ± 

17.36 mV; Fig. 5.4I), nor IM’s V1/2 (control: -32.10 ± 5.91 mV; 10 µM 8-OH-DPAT: -32.77 ± 9.66 

mV; Fig. 5.4J) in pMNs compared to controls. Similarly, at 5 dpf, 10 µM 8-OH-DPAT does not 

alter the current-voltage relationship of IM (Fig. 5.4K), the peak amplitude of IM (control: 21.01 ± 

9.04 pA; 10 µM 8-OH-DPAT: 22.18 ± 17.57 pA; Fig. 5.4M), the activation voltage of IM (control: 

-49.09 ± 7.01 mV; 10 µM 8-OH-DPAT: -49.44 ± 6.82 mV; Fig. 5.4N), nor IM’s V1/2 (control: -

35.95 ± 5.52 mV; 10 µM 8-OH-DPAT: -37.36 ± 5.77 mV; Fig. 5.4O) in pMNs compared to 

controls. These data support an inhibitory influence of serotonin signaling via 5-HT1A receptors 

on IM at 3 dpf, but not at older larval ages investigated. 
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5.5 DISCUSSION 

Neuromodulators such as DA and 5-HT are known to influence motor maturation, as evidenced 

by work in the developing zebrafish (Brustein et al. 2003; Lambert et al. 2012). Specific neuronal 

targets of this modulation however remain largely unknown as do the mechanism by which 

neuromodulators exert their influence on neurons. In this study, we investigated the subthreshold 

non-inactivating potassium current, IM, as a possible target for neuromodulation in spinal 

locomotor circuits of the developing zebrafish. We characterized the influence of muscarine, DA, 

and 5-HT on the activity of IM in primary motoneurons from 3 to 5 dpf as developing zebrafish 

transition from burst to beat and glide swimming. 

 

5.5.1 Muscarine as an IM enhancer in pMNs of developing zebrafish 

We first investigated how muscarine influences the activity of IM in pMNs. IM was named based 

on the finding that it was inhibited by muscarine at the time of its discovery (Brown and Adams 

1980). Because of this, we had expected to see inhibition of IM in pMNs exposed to muscarine. 

Intriguingly however, we found that muscarine instead had an enhancing effect on IM in pMNs at 

4 and 5 dpf. Traditional inhibition of IM by muscarine is mediated by muscarinic acetylcholine 

receptors (mAChRs) coupled to Gq/11 proteins whose activation leads to the eventual depletion of  

phosphatidylinositol 4,5-biphosphate (PIP2) at the membrane which directly influences the activity 

of Kv7.2/7.3 channels that mediate IM (Suh and Hille 2007; Zhang et al. 2003). A study in neurons 

of the mouse dentate gyrus however reveals that, contrary to most other findings, acetylcholine 

signaling via M1 receptors (M1Rs) actually enhances the activity of IM by increasing levels of PIP2 

(Carver and Shapiro 2019). Furthermore, it has been demonstrated that muscarinic inhibition of IM 

activity, via M1R signaling can be transient in nature, leading to overcompensation in the form of 
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increased Kv7.2 subunits to the membrane thereby enhancing IM (Jiang et al. 2015) . In line with 

these findings, our data supports the idea that muscarinic influence over levels of PIP2 and 

subsequently IM activity, may be neuron and context specific. Identifying which mAChRs may 

lead to enhancement of IM in pMNs would further delineate the mechanisms by which IM can be 

modulated. Further studies are necessary to uncover both the source of acetylcholine and contexts 

in which mAChRs might be activated to enhance IM in pMNs. 

 

5.5.2 Serotonin as both an enhancer and inhibitor of IM in pMNs of developing zebrafish 

Exogenous application of 5-HT leads to obvious enhancing of IM in pMNs at 4 dpf. When we 

specifically target 5-HT1A receptors using the selective agonist 8-OH-DPAT, however, we find 

that it inhibits IM at 3 dpf. Several instances of opposing roles of 5-HT have been observed in other 

systems. For example, 5-HT2 receptor mediated serotonergic signaling caused membrane 

depolarization while 5-HT1A receptor mediated serotonergic signaling resulted in 

hyperpolarization in pyramidal cells of the cortex in rats (Araneda and Andrade 1991). In turtle 

motoneurons, application of 5-HT to the dendritic tree promoted plateau potentials whereas 

application to the soma sometimes inhibited spike generation (Perrier and Hounsgaard 2003). 

Electrophysiology experiments testing the effects of additional 5-HT receptor subtypes on the 

properties of IM in pMNs would reveal which receptor is responsible for the 5-HT-driven 

enhancement of IM that we’ve observed. Identifying which 5-HT receptor subtype mediates the 

enhancement of IM in pMNs will help further delineate mechanisms underlying IM modulation. 
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5.5.3 Developmental changes to neuromodulatory influence on IM in pMNs of developing 

zebrafish 

In addition to having uncovered neuromodulators that differentially modulate the activity of IM, 

we have revealed age-related differences in the effects of these neuromodulators during the 3 to 5 

dpf time window. We show that muscarine enhances IM at 4 and 5 dpf, but not at 3 dpf. This is 

particularly intriguing as this coincides with the reduction in the magnitude of IM we have observed 

in pMNs from 3 dpf to 4 and 5 dpf (Chapter 4). It appears as though when IM is already prominent 

in pMNs at 3 dpf, there is no mAChR-mediated enhancement of IM. Furthermore, we show that 5-

HT1A receptor agonist 8-OH-DPAT inhibits IM, but only at 3 dpf when the magnitude of IM in 

pMNs is largest during the investigated time period. In this case, it appears that when basal levels 

of IM are low, as they are at 4 and 5 dpf, there is no 5-HT1A receptor mediated inhibition of IM. 

These findings support the idea that different neuromodulator systems work together to fine-tune 

basal activity levels of IM that change during development. At 3 dpf when larvae are largely 

inactive, IM in pMNs is large. Inhibition of IM by 5-HT1A receptor signaling may help recruit pMNs 

for fast movements by alleviating the control IM has on pMN excitability and repetitive firing. 

Muscarine may only come into play as an enhancer of IM by 4-5 dpf because there may be no need 

for further enhancement of IM at 3 dpf. By 4-5 dpf when larvae are more active, IM is reduced in 

magnitude in pMNs compared to 3 dpf. At this point, pMNs may benefit from IM enhancement by 

muscarine in contexts where pMN excitability and/or repetitive firing should be limited, for 

example during transitions from fast to slow swims when pMNs are no longer needed.  

 

To conclude, we have revealed how different neuromodulators influence IM in pMNs. We identify 

not only two neuromodulator systems that serve as a means to regulate the activity of IM in pMNs 



 

176 

 

but also reveal how their influence on IM in pMNs varies within a short developmental time 

window. This work highlights how distinct neuromodulatory systems can exert complimentary 

influences on the activity of ion currents. Whether this facilitates changes to spinal locomotor 

circuits during motor maturation remains to be determined. 
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Figure 5.1. Effects of muscarine on IM in primary motoneurons of developing zebrafish. A, 

Current-voltage relationship of IM in three groups of 3 dpf pMNs: control (n = 11, N = 6), 10 µM 

muscarine (Musc) (n = 10, N = 4), 100 µM muscarine (n = 11, N = 4). B, Examples of current 

responses from (i) control, (ii) 10 µM muscarine, and (iii) 100 µM muscarine pMNs in response 

to (iv) a -30 mV hyperpolarizing voltage step at 3 dpf. C, Peak amplitude of IM across treatment 

groups at 3 dpf. D, Activation voltage of IM across treatment groups at 3 dpf. E, Voltage at which 

IM reaches half its maximal amplitude (V1/2) across treatment group at 3 dpf. F, Current-voltage 

relationship of IM in three groups of 4 dpf pMNs: control (n = 16, N = 6), 10 µM muscarine (n = 

10, N = 3), 100 µM muscarine (n = 12, N = 5). G, Examples of current responses from (i) control, 

(ii) 10 µM muscarine, and (iii) 100 µM muscarine pMNs in response to (iv) a -30 mV 

hyperpolarizing voltage step at 4 dpf. H, Peak amplitude of IM across the treatment groups at 4 

dpf. I, Activation voltage of IM across treatment groups at 4 dpf. J, Voltage at which IM reaches 

half its maximal amplitude (V1/2) across treatment group at 4 dpf. K, Current-voltage relationship 

of IM in three groups of 5 dpf pMNs: control (n = 11, N = 5), 10 µM muscarine (n = 10, N = 3), 

100 µM muscarine (n = 11, N = 4). L, Examples of current responses from (i) control, (ii) 10 µM 

muscarine, and (iii) 10 µM muscarine pMNs in response to (iv) a -30 mV hyperpolarizing voltage 

step at 5 dpf. M, Peak amplitude of IM across the treatment groups at 5 dpf. N, Activation voltage 

of IM across treatment groups at 5 dpf. O, Voltage at which IM reaches half its maximal amplitude 

(V1/2) across treatment group at 5 dpf. Statistical analysis, (A, F, K) Mixed effects model analysis 

with Šídák’s test for multiple comparisons, (D-E, I-J, N) Kruskal-Wallis test with Dunn’s test for 

multiple comparisons, and (C, H, M, O) ordinary one-way ANOVA with Tukey’s test for multiple 

comparisons: * P < 0.05, ** P < 0.01; otherwise, not statistically significant. 
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Figure 5.2. Effects of dopamine on IM in primary motoneurons of developing zebrafish. 

A, Current-voltage relationship of IM in three groups of 3 dpf pMNs: control (n = 11, N = 6), 10 

µM dopamine (DA) (n = 10, N = 3), 100 µM dopamine (n = 12, N = 5). B, Examples of current 

responses from (i) control, (ii) 10 µM dopamine, and (iii) 10 µM dopamine pMNs in response to 

(iv) a -30 mV hyperpolarizing voltage step at 3 dpf. C, Peak amplitude of IM across treatment 

groups at 3 dpf. D, Activation voltage of IM across treatment groups at 3 dpf. E, Voltage at which 

IM reaches half its maximal amplitude (V1/2) across treatment group at 3 dpf. F, Current-voltage 

relationship of IM in three groups of 4 dpf pMNs: control (n = 16, N = 6), 10 µM dopamine (n = 

10, N = 4), 100 µM dopamine (n = 11, N = 3). G, Examples of current responses from (i) control, 

(ii) 10 µM dopamine, and (iii) 100 µM dopamine pMNs in response to (iv) a -30 mV 

hyperpolarizing voltage step at 4 dpf. H, Peak amplitude of IM across the treatment groups at 4 

dpf. I, Activation voltage of IM across treatment groups at 4 dpf. J, Voltage at which IM reaches 

half its maximal amplitude (V1/2) across treatment group at 4 dpf. K, Current-voltage relationship 

of IM in three groups of 5 dpf pMNs: control (n = 11, N = 5), 10 µM dopamine (n = 9, N = 5), 100 

µM dopamine (n = 10, N = 5). L, Examples of current responses from (i) control, (ii) 10 µM 

dopamine, and (iii) 100 µM dopamine pMNs in response to (iv) a -30 mV hyperpolarizing voltage 

step at 5 dpf. M, Peak amplitude of IM across the treatment groups at 5 dpf. N, Activation voltage 

of IM across treatment groups at 5 dpf. O, Voltage at which IM reaches half its maximal amplitude 

(V1/2) across treatment group at 5 dpf. Statistical analysis, (A, F, K) Mixed effects model analysis 

with Šídák’s test for multiple comparisons, (C-E, H, N-O) Kruskal-Wallis test with Dunn’s test 

for multiple comparisons, and (I-J, M) ordinary one-way ANOVA with Tukey’s test for multiple 

comparisons: * P < 0.05, ** P < 0.01; otherwise, not statistically significant. 
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Figure 5.3. Effects of serotonin on IM in primary motoneurons of developing zebrafish. A, 

Current-voltage relationship of IM in three groups of 3 dpf pMNs: control (n = 11, N = 6), 20 µM 

serotonin (5-HT) (n = 10, N = 5), 100 µM 5-HT (n = 10, N = 4). B, Examples of current responses 

from (i) control, (ii) 20 µM 5-HT, and (iii) 100 µM 5-HT pMNs in response to (iv) a -30 mV 

hyperpolarizing voltage step at 3 dpf. C, Peak amplitude of IM across treatment groups at 3 dpf. D, 

Activation voltage of IM across treatment groups at 3 dpf. E, Voltage at which IM reaches half its 

maximal amplitude (V1/2) across treatment group at 3 dpf. F, Current-voltage relationship of IM in 

three groups of 4 dpf pMNs: control (n = 16, N = 6), 20 µM 5-HT (n = 12, N = 4), 100 µM 5-HT 

(n = 12, N = 6). G, Examples of current responses from (i) control, (ii) 20 µM 5-HT and (iii) 100 

µM 5-HT pMNs in response to (iv) a -30 mV hyperpolarizing voltage step at 4 dpf. H, Peak 

amplitude of IM across the treatment groups at 4 dpf. I, Activation voltage of IM across treatment 

groups at 4 dpf. J, Voltage at which IM reaches half its maximal amplitude (V1/2) across treatment 

group at 4 dpf. K, Current-voltage relationship of IM in three groups of 5 dpf pMNs: control (n = 

11, N = 5), 20 µM 5-HT (n = 13, N = 5), 100 µM 5-HT (n = 8, N = 4). L, Examples of current 

responses from (i) control, (ii) 20 µM 5-HT, and (iii) 100 µM 5-HT pMNs in response to (iv) a -

30 mV hyperpolarizing voltage step at 5 dpf. M, Peak amplitude of IM across the treatment groups 

at 5 dpf. N, Activation voltage of IM across treatment groups at 5 dpf. O, Voltage at which IM 

reaches half its maximal amplitude (V1/2) across treatment group at 5 dpf. Statistical analysis, (A, 

F, K) Mixed effects model analysis with Šídák’s test for multiple comparisons, (D-E, H-I, M-N) 

Kruskal-Wallis test with Dunn’s test for multiple comparisons, and (C, J, O) ordinary one-way 

ANOVA with Tukey’s test for multiple comparisons: * P < 0.05, ** P < 0.01, *** P < 0.001; 

otherwise, not statistically significant. 
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Figure 5.4. Effects of 5HT1A receptor agonist on IM in primary motoneurons of developing 

zebrafish. 

A, Current-voltage relationship of IM in two groups of 3 dpf pMNs: control (n = 11, N = 6) and 10 

µM 8-OH-DPAT (n = 10, N = 4). B, Examples of current responses from (i) control and (ii) 10 

µM 8-OH-DPAT pMNs in response to (iii) a -30 mV hyperpolarizing voltage step at 3 dpf. C, 

Peak amplitude of IM across treatment groups at 3 dpf. D, Activation voltage of IM across treatment 

groups at 3 dpf. E, Voltage at which IM reaches half its maximal amplitude (V1/2) across treatment 

group at 3 dpf. F, Current-voltage relationship of IM in two groups of 4 dpf pMNs: control (n = 

16, N = 6), and 10 µM 8-OH-DPAT (n = 12, N = 5). G, Examples of current responses from (i) 

control and (ii) 10 µM 8-OH-DPAT pMNs in response to (iii) a -30 mV hyperpolarizing voltage 

step at 4 dpf. H, Peak amplitude of IM across the treatment groups at 4 dpf. I, Activation voltage 

of IM across treatment groups at 4 dpf. J, Voltage at which IM reaches half its maximal amplitude 

(V1/2) across treatment group at 4 dpf. K, Current-voltage relationship of IM in two groups of 5 dpf 

pMNs: control (n = 11, N = 5) and 10 µM 8-OH-DPAT (n = 9, N = 4). L, Examples of current 

responses from (i) control and (ii) 10 µM 8-OH-DPAT pMNs in response to (iii) a -30 mV 

hyperpolarizing voltage step at 5 dpf. M, Peak amplitude of IM across the treatment groups at 5 

dpf. N, Activation voltage of IM across treatment groups at 5 dpf. O, Voltage at which IM reaches 

half its maximal amplitude (V1/2) across treatment group at 5 dpf. Statistical analysis, (A, F, K) 

Mixed effects model analysis with Šídák’s multiple comparisons test, (C, E, J, M, O) unpaired t-

tests, and (D, H-I, N) Mann-Whitney tests: * P < 0.05, ** P < 0.01; otherwise, not statistically 

significant. 
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Chapter 6 

General Discussion 

6.1 Overview 

Since the discovery that an outward non-inactivating potassium current was susceptible to 

inhibition by muscarine in 1980 (Brown and Adams 1980), the M-current (IM) has revealed itself 

as an ion current involved in a multitude of physiological processes. Pharmacological advances 

have permitted selective control over the activity of Kv7.2/7.3 channels that mediate IM. Thanks 

to the development of these drugs, IM has been revealed to play several roles within the nervous 

system of various species. A number of recent studies have determined that IM makes important 

contributions to the control of motoneuron excitability, which can have consequences for 

motoneuron recruitment patterns (Sharples et al. 2023), timing and precision of motoneuron firing 

(Bothe et al. 2024) and locomotor speed in spinal circuits for locomotion in rodents (Verneuil et 

al. 2020b). Until now, the presence of IM, let alone its putative functions, remained unknown in 

zebrafish spinal circuits. 

 

The work presented in this thesis is the first to identify IM within spinal locomotor circuits of larval 

zebrafish. Using electrophysiology techniques, we demonstrate that pharmacological modulation 

of IM alters the amount of swimming generated in both the context of the escape response as well 

as when larval zebrafish are free-swimming. We demonstrate that this is due at least in part to 

modulation of IM within spinal locomotor circuit neurons themselves and that IM acts to limit circuit 

output. We next dove deeper within locomotor circuits and identified a role for IM in regulating 

the excitability and repetitive firing of primary motoneurons (pMNs). This could be consistent 
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with our nerve recordings conducted in the presence of elevated K+, if we assume that primary 

motoneurons are indeed active in this context, which show a decrease in the duration of locomotor 

bursts within each swimming episode when IM is enhanced by ICA-069673. By limiting how long 

pMNs fire, it is possible that IM shortens the duration of motor bursts. This data from larval 

zebrafish is in line with the role of IM in rodents (Verneuil et al. 2020b). The role we find for IM in 

limiting excitability of pMNs could underlie, at least in part, both the reduction in frequency of 

swimming and duration of swimming episodes caused by ICA-069673. The expression of IM 

within pMNs could make it harder for the nervous system to recruit pMNs, which may contribute 

to limiting how often swimming episodes with larger body oscillations are produced. Furthermore, 

during many types of spontaneous swimming activity, pMNs are active for a very limited amount 

of time giving way to sMN activity and IM could play a central role in limiting the duration of 

pMN activity to produce the desired ratio of fast versus slow muscle fiber activation; however, 

this remains to be tested. 

 

My experiments have provided insights into 1) the network-wide role of IM and 2) the pMN-

specific role of IM in spinal circuits for locomotion in developing zebrafish. Because we currently 

have no information on the presence of IM in other neurons of the networks for motor control in 

zebrafish, we must remain cautious when relating findings from an individual neuron population 

to network-wide findings. While the role IM plays in pMNs may contribute in part to network-wide 

effects observed during pharmacological manipulation of IM, it remains to be seen what role IM 

plays, if any, in other spinal locomotor circuit neurons of the developing zebrafish. 
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6.2 IM in spinal locomotor circuits across species 

 

Verneuil et al. demonstrate a control over burst firing by IM that is ubiquitous across rodent lumbar 

spinal locomotor circuit neurons and that ultimately results in speeding up locomotion by limiting 

the amount of time muscles spend contracting (Verneuil et al. 2020b). In contrast, we found no 

differences to the frequency of motor bursts produced within individual episodes. While we 

observe that IM in pMNs of developing zebrafish may play a similar role to control excitability and 

repetitive firing of motoneurons as has been observed in mice, the overall role IM plays in the 

function of locomotor circuits of these species may differ. The role an ion current plays in the 

context of network-wide behaviours depends on where and how prominently it is expressed within 

the network. Naturally, differences in the patterns of locomotion across species are set up by 

differing spinal locomotor circuit architectures. Even if IM were expressed in the same neurons 

across species, the way in which these neurons interact with one another across species will be 

inherently different thereby influencing final motor output differently. The role IM plays in 

locomotion may therefore differ between species with key differences in the pattern of their 

locomotor activity such as the requirements of limb coordination in quadrupedal locomotion 

versus the prominence of axial tail bending during swimming.  

 

6.3 ICaL in motoneurons of developing zebrafish 

In addition to IM, we identified the presence of an inward current likely mediated by L-type calcium 

channels in pMNs from 2 to 5 dpf. The magnitude of this current from 2 to 5 dpf does not change, 

unlike our observations relating to IM, INaP, and ICaP/Q. While IM and INaP appear to work together 

to regulate and facilitate repetitive firing, respectively, it is still unclear what role ICaL might play 
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in pMNs of zebrafish. The inward calcium current mediated by L-type channels has been 

implicated in generating plateau potentials observed in motoneurons across several species (Carlin 

et al. 2009; Perrier and Hounsgaard 2003; Zhang et al. 2006). Plateau potentials allow motoneurons 

to maintain depolarized membrane potentials conducive to sustaining firing without repetitive 

incoming synaptic drive (Kiehn and Eken 1998). Buss et al. demonstrate the presence of plateau 

potentials in motoneurons of zebrafish aged 2 to 4 dpf that is absent in the presence of cobalt, a 

known blocker of voltage-gated calcium channels (Buss et al. 2003). Furthermore, Tong and 

McDearmid reveal that blocking the L-type calcium current with nifedipine diminished the ability 

of spinal neurons to generate bursts of action potentials and frequency of depolarizations observed 

at 1 dpf (Tong and Jonathan Robert McDearmid 2012). These findings suggest a role for the L-

type current in contributing to the generation of sustained firing by contributing to the maintenance 

of motoneuron plateau potentials in zebrafish. Electrophysiology experiments examining the 

effects of nifedipine on repetitive firing in pMNs will help elucidate whether its contribution to 

plateau potentials shapes pMN firing differently throughout early development. 

 

6.4 Challenges with pharmacological and electrophysiological approaches to 

study ion currents and their contributions to neural function 

We have attempted to elucidate the role of IM in primary motoneurons of larval zebrafish by 

combining electrophysiology techniques and pharmacological manipulations. This approach 

allowed us to measure and observe changes to intrinsic and firing properties of pMNs as well as 

alterations to escape and swimming movements while modulating the activity of IM. Together, this 

information can be used to speculate on the roles that IM may play in spinal locomotor circuits 

through the modulation of neuron activity. The use of pharmacological agents to observe effects 
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brought on by increasing or decreasing ion channel activity is widespread. The legitimacy of the 

interpretation of resulting effects to activity, particularly at the level of the individual neuron, is 

tied to the selectivity of chosen pharmacological compounds to targeted ion channels and their 

mechanism of action. Lack of specificity can lead to off-target effects making it difficult to isolate 

its effect to the intended channel. We have done our best at preventing this by choosing the most 

selective pharmacological modulators of IM available to us (XE-991 to inhibit and ICA-069673 to 

enhance Kv7.2/7.3-mediated IM). Moreover, designed modulators for ion channel function 

manipulation can be state-dependent (Greene et al. 2017), as is the case for XE-991 which is more 

effective when IM is activated at depolarized membrane potentials, making its efficacy entirely 

dependent on the state of the Kv7.2/7.3 channels at the time of experimentation. Furthermore, even 

the most specific pharmacological compounds come with caveats. Typical procedure for drug 

administration in larval zebrafish is by bath application of the pharmacological compound. In our 

patch-clamp electrophysiology experiments, we target one individual neuron within an entire 

network wherein all other neurons are also exposed to the bath-applied pharmacological agent. 

Without knowing whether the targeted ion current is expressed within other neurons of the 

network, one must consider that bath-application of the compound could have widespread effects 

to firing across neurons of the network, possibly altering synaptic inputs received by the recorded 

neuron and consequently its membrane dynamics. We have monitored input resistance and levels 

of synaptic inputs and did not notice any changes in the latter during XE-991 or ICA-069673 but 

effects on the activity of presynaptic neurons releasing neuromodulators are harder to assess and 

could certainly modulate passive and active properties of neurons. 
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While patch-clamping provides the powerful ability to monitor neuron firing activity and ion 

channel function, there are technical considerations that must be taken into account when 

interpreting this type of electrophysiology data. Space-clamp issues can alter the amplitude and 

voltage response of clamped currents and these issues become more severe in larger neurons and 

those with extensive dendritic arborization. During early zebrafish development, pMN soma size 

increases and so does the length and number of their dendrites (Kishore and Fetcho 2013; P. Myers 

et al. 1986). We must therefore consider the possibility that space-clamping issues may become 

more prominent in pMNs at 4 and 5 dpf compared to pMNs at 2 and 3 dpf that have a smaller soma 

and less extensive dendritic arborization. While we cannot rule out the influence of less effective 

voltage clamping to the apparent reduction in the magnitude of IM in the 4-5 dpf pMNs, our current-

clamp data demonstrating a greater effect of inhibiting IM at 3 dpf compared to 4 and 5 dpf supports 

that this observed reduction may not exclusively be a result of space-clamp issues. Nonetheless, 

our findings that riluzole significantly reduced repetitive firing in pMNs at 5 dpf in current-clamp 

without reducing the amplitude of the PICs measured in 5 dpf pMNs in voltage-clamp highlight 

the utility of complementary biochemical or molecular approaches such as immunohistochemistry, 

in-situ hybridization or RNA-sequencing to observe other changes in ion currents that may be 

missed by electrophysiology and pharmacology.  

 

Furthermore, with long-lasting whole-cell patch clamping experiments comes the confounding 

influence of cell dialysis where the intracellular components of the neurons become increasingly 

diluted with time. This can lead to changes in protein function that can alter membrane dynamics. 

It is for this reason that we focused our patch-clamping data on across-cell comparisons rather than 

within-cell comparisons. However, this type of comparison introduces more variability to the data 
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set and may be a large contribution to the rather large variability we observe across groups when 

investigating the influence of neuromodulators on the activity of IM in pMNs. It is also important 

to consider that cell dialysis could still exert an influence on cell function, even in these shorter 

across cell experiments, which can alter the machinery required for neuromodulation of the activity 

of IM and increase the variability of observed effects to IM activity. In lieu of whole-cell patch-

clamp, similar experiments performed using perforated patch-clamp would permit reliable within-

cell comparisons by circumventing the potential confounding effects of cell dialysis in the neuron 

of interest. It would nonetheless be important to determine how the increase in access resistance 

during perforated patch-clamp experiments affects measured ion current amplitudes and whether 

subtle changes in amplitude can be resolved. 

 

6.5 The “ideal” approach to identifying the definitive role of IM in pMNs 

How then can the role of an ion current in a neuron truly be revealed? Here I describe the “ideal” 

approach to obtain a definitive answer on the role an ion current plays using IM in pMNs as an 

example. The role of an ion current is revealed by how increasing or decreasing its conductance 

affects function. If we’re concerned with network function, modulation of conductance should be 

restricted to a targeted neuron population.  

 

Functional assessment of ion channels via genetic manipulations is common. Knocking out 

KCNQ2 and KCNQ3 genes that encode the Kv7.2 and Kv7.3 channel subunits, respectively, 

would reveal how loss of function of IM mediated by these channels alters both neuronal and 

network behaviours. A conditional knockout (cKO) strategy targeting KCNQ2/KCNQ3 gene 

disruption could be restricted to pMNs. The transcription factors isl1 and mnx1 are typically used 
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to restrict transgene expression in motoneurons of zebrafish. However, the former is specific to a 

subset of secondary motoneurons while the latter encompasses all motoneurons and is not 

restricted to only pMNs. Recent work by Pallucchi et al., have revealed potential novel markers 

for individual motoneuron subpopulations (Pallucchi et al. 2024). It remains to be seen whether 

any of these markers are limited in pMNs, and marker validation in transgenic lines targeting 

pMNs that have yet to be generated remains necessary. Assuming such a marker exists, it would 

be wise to consider only temporally controlled cKO of these channels as permanent knockout may 

either be lethal or result in compensatory mechanisms for the loss of Kv7.2/7.3 channels during 

development. Temporally controlled cKOs making use of the tamoxifen-induced Cre-Lox system 

have been successfully introduced to the zebrafish model (Hans et al. 2009). We could picture an 

experimental setup wherein Kv7.2/7.3 channels are conditionally knocked out in pMNs upon bath 

application of tamoxifen prior to extracellular nerve and patch-clamp recordings to monitor 

network behaviour and pMN behaviour, respectively. One caveat to this approach however that 

that it takes several hours for tamoxifen to activate the Cre-Lox system (Hans et al. 2009). While 

this approach would allow us to avoid the off-target effects associated with pharmacological 

manipulation of ion channel activity, limitations to the interpretations of our findings may lie 

within our reduced electrophysiology preparations as discussed above.  

 

Furthermore, ion currents can play different roles depending on the location of their conductance 

densities. For example, P/Q-type calcium channels expressed in axon terminals are involved in 

synaptic release while those expressed at the neuron soma may be involved in other processes, 

such as spike frequency adaptation. Dissecting the role of conductances distributed in different 
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regions of the same neuron requires further molecular or technical advances that are not currently 

available. 

 

There may be no ideal way to definitively identify the role of an ion current. Assessing the likely 

many roles of a singular ion current in the context of both neuronal and network behaviour is a 

challenging task. Ionic conductance densities vary within the neuron, are in constant interplay with 

other ion currents, and are under the influence of many endogenous compounds. Some approaches 

offer advantages over others, yet they all come with their own limitations. Taken together, we can 

use these context-specific findings from a variety of experimental approaches to piece together 

how ion currents shape both neuronal and network-wide behaviour. 

 

6.6 Future projects  

 

6.6.1 Delineating developmental changes to putative P/Q-type calcium currents in pMNs 

We serendipitously found that pMNs expressed a second inward current in response to a slow 

depolarizing voltage ramp at membrane potentials more depolarized to PICs only at 4 and 5 dpf. 

Bath application of  w-agatoxin reveals that this current may be mediated, at least in part, by P/Q-

type calcium channels. Assessing the contributions of P/Q-type calcium channels to signal 

transmission at the neuromuscular junction from 2 to 5 dpf would reveal whether there exist 

developmental differences in P/Q-mediated neurotransmitter release. This could be accomplished 

by patch-clamping fast muscle fibers and recording end-plate responses during either electrical or 

optogenetic activation of pMNs while P/Q-type calcium currents are inhibited. This would be 

further complemented by electrophysiology recordings in pMNs during inhibition of P/Q-type 
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calcium currents to assess potential effects to pMN firing should the developmental changes in the 

appearance of P/Q-type calcium currents reflect those of a somatic rather than axonal nature. 

Ultimately, these experiments have the potential to reveal the functional relevance of the putative 

P/Q-type calcium channel mediated inward current that appears only in pMNs at 4 dpf. 

 

6.6.2 Elucidating the role IM plays in primary motoneuron recruitment during development 

A striking feature of larval zebrafish spinal locomotor circuits is the spatial organization of 

motoneurons within the motor column that is related not only to birth order but their speed-

dependent recruitment. As zebrafish develop, they rid themselves of their earliest locomotor 

movements (i.e. coiling, double coiling, burst swimming) to make room for mature swimming 

made up of rhythmic low amplitude left-right alternating tail beats. How then is the recruitment of 

pMNs controlled during this transition from a pMN-dominant locomotor repertoire to one that is 

sMN-dominant? Studies in zebrafish have emerged suggesting that the size principle alone does 

not underlie orderly recruitment of pMNs but rather that this is mediated by the integration of 

multiple intrinsic properties as well as extrinsic influence (Gabriel et al. 2011; Kishore et al. 2014). 

We have identified how IM, in addition to INaP, ICaL, and ICaP/Q, in pMNs changes from 2 dpf to 5 

dpf yet the functional implications of these changes to locomotion at each of these ages remains 

to be elucidated.  

 

Sharples et al. have recently uncovered a role for IM in the recruitment of motoneurons (Sharples 

et al. 2023). They show that IM is larger in fast motoneurons compared to slow motoneurons and 

that pharmacological modulation of IM alters the recruitment of fast motoneurons only (Sharples 

et al. 2023). Could IM be similarly involved in pMN recruitment in the developing zebrafish? If 
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so, is a larger IM in pMNs at 3 dpf, compared to 4 and 5 dpf, necessary to restrict the recruitment 

of pMNs to fast locomotion? Do other mechanisms emerge by 4 dpf such that a large IM is no 

longer necessary for control of pMN recruitment? Paired electrophysiology recordings between a 

pMN and a motor nerve in intact larval zebrafish during pharmacological manipulation of IM would 

reveal if and how this ion current shapes the recruitment of pMNs during swimming activity of 

different locomotor frequency. Performing these experiments at 2, 3, 4, and 5 dpf would further 

elucidate how mechanisms of pMN recruitment change during development with motor 

maturation. 

 

 

6.6.3 IM in pMNs along the length of the spinal cord 

The development of the vertebrate nervous system progresses in a rostrocaudal fashion with rostral 

regions getting formed prior to caudal ones. Consequently, the development of motoneurons is 

likely to proceed in a rostrocaudal manner. Indeed, rostrally located cervical motoneurons are born 

prior to more caudally located lumber motoneurons in the chick (Hollyday and Hamburger 1977). 

Smith and Brownstone have recently revealed the maturation of intrinsic properties guiding 

motoneuron firing in the mouse occurs in a rostral to causal fashion (Smith and Brownstone 2020). 

In zebrafish, do the ion currents pMNs express and their influence on pMN properties vary along 

the length of the spinal cord during development? Evidence supports that the incorporation of new-

born pMNs to spinal circuits and their subsequent maturation proceeds rostrocaudally in the 

developing zebrafish (Myers, Eisen, and Westerfield 1986). Perhaps then the intrinsic properties 

of rostral pMNs differ from those located most caudally as zebrafish develop. Investigating how 

properties of IM in pMNs might change along the length of the spinal cord could further reveal 
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shared principles underlying motor maturation across vertebrates. Furthermore, whether 

neuromodulation similarly influences IM in pMNs located along the rostrocaudal axis will elucidate 

mechanisms by which intrinsic neuronal properties can be guided extrinsically by sources of 

neuromodulation found either within the spinal cord or originating from descending input from 

supraspinal regions. 

 

6.7 Conclusion  

The work presented in this thesis provides novel insights into the contributions of 

neuromodulation-susceptible ion currents to the intrinsic properties of motoneurons in the context 

of motor maturation during development. Identifying specific changes to the role and 

neuromodulation of ion currents in neurons of spinal locomotor circuits during development is 

important to understand how membrane dynamics set up neuronal behaviours and how they may 

change during development to facilitate the maturation of movements. Uncovering precise 

mechanisms underlying motor maturation is crucial to our understanding of how the nervous 

system produces movement.  
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