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Abstract

The formin family member, Fmn2, is a neuronally enriched cytoskeletal remodelling
protein conserved across vertebrates. Recent studies have implicated Fmn2 in
neurodevelopmental disorders, including sensory processing dysfunction and
intellectual disability in humans. Cellular characterization of Fmn2 in primary neuronal
cultures has identified its function in regulating cell-substrate adhesion, microtubule
dynamics and consequently growth cone translocation. However, the role of Fmn2 in the
development of neural circuits in vivo and its impact on associated behaviours remain
uncharacterized. As reported in other vertebrates, the zebrafish ortholog of Fmn2,
Fmn2b, is also enriched in the developing zebrafish nervous system.

Knockdown of Fmn2b resulted in morphological and behavioural defects underlying
locomotor circuits. In a custom-made behavioural assay using high-speed video
recording of acoustic startle responses in a closed-loop feedback setup, Fmn2b
morphants showed defects in short-latency startle responses. The behavioural defects
were caused by defects in the development of an excitatory interneuron, spiral fiber
neuron, essential for modulation of the acoustic startle response. However, the
knockdown of Fmn2b did not compromise other components of the acoustic startle
circuit.

Given the transient nature of morpholinos, CRISPR-Cas9 based mutants were generated
for fmnZ2b. Further, transgenic lines in the background of homozygous fimn2b mutants
were made to examine specific neuronal populations. The fmnZb mutants show early
developmental defects and phenocopy morphological defects observed in morphants.
Behavioural assessment of fmnZb mutants revealed abnormal spontaneous tail coiling
and touch evoked escape response. The behavioural defects were corroborated by
outgrowth and branching defects in the motor neurons of fmnZb mutants and were likely
due to inadequate innervation of the target myotomes. Preliminary data implicates
Fmn2b in the development of visual neural circuits and non-neuronal cytoskeleton
regulation during oogenesis and early embryonic development.

Our results indicate that Fmn2 is required for specific regulation of axonal outgrowth and
pathfinding /n vivo, modulating behavioural outputs in larval zebrafish panning different
neural circuits. Our findings underscore the importance of Fmn2 in neural development
across vertebrate lineages and will eventually aid our understanding of
neurodevelopmental disorders using the zebrafish model.
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Introduction
Cytoskeletal remodelling in neuronal development

In the developing brain, establishing accurate neuronal connectivity is essential for the
organism to perform reliable behavioural output. Neuronal progenitors give rise to
newborn neurons in the developing embryo, making intricate neural circuits giving rise
to a functional brain. In the lifetime of a neuron, beginning from a spherical cell, it grows
to attain specialized structures to make connections with neighbouring cells, including
but not limited to neurons (Flynn, 2013; Goodhill et al.,, 2015; Flynn and Bradke, 2020).
In the process of forming neural circuits, neurons extend their axons, and a specialized
structure called the growth cone interrogates the environment for suitable guidance cues
to traverse their preset trajectories (Tessier-Lavigne and Goodman, 1996; Dickson, 2002;
Lowery and Van Vactor, 2009; Kerstein et al., 2015). After reaching their predetermined
targets and synapse formation, the connections made by neurons are still vulnerable to
experience-dependent plasticity (Gordon-Weeks and Fournier, 2014). The journey of a
neuron from birth to its ultimate position in an ensemble where it performs specialized
roles in concert with the other neurons in the neural circuit is an impressive feat. Each
cellular process governing the guidance and connectivity of the growing neuron needs to
be precise. The majority of the cellular processes underlying neuronal development, be it
neuritogenesis, axonogenesis, growth cone navigation, synaptogenesis or synaptic
plasticity, requires active cytoskeletal remodelling (Dickson, 2002; Lowery and Van

Vactor, 2009; Flynn and Bradke, 2020).

Actin and microtubules are the primary cytoskeletal components responsible for
neuronal morphogenesis, connectivity and plasticity. Other than the abundantly found
actin filaments and microtubules, several cytoskeleton remodelling proteins manipulate
the cytoskeleton in response to cues critical for developmental processes. Local
rearrangement of actin filaments allows protrusive structures to probe the environment
for signals in the form of growth cone filopodia and axonal and dendritic branches. On
the other hand, microtubule innervation of these structures provides stability and
directionality in addition to aiding axonal transport (Gordon-Weeks and Fournier, 2014;
Coles and Bradke, 2015; Lasser et al, 2018; Menon and Gupton, 2018; Kawabata
Galbraith and Kengaku, 2019; Flynn and Bradke, 2020; Mufioz-Lasso et al., 2020).
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Among the various cytoskeletal remodelling proteins expressed in the nervous system,

the focus of this thesis is Formin-2.
Formin-2 in neuronal development and disorders

Formin-2 (Fmn2) is a neuronally enriched actin nucleator and elongator with the
characteristic Formin Homology domains (FH1 and FH2) and a unique FSI domain that
allows its interaction Spire and is essential for its actin-microtubule crosslinking activity.
Formin-2 belongs to the less characterized FMN family of formins (Leader and Leder,
2000; Quinlan et al., 2007; Breitsprecher and Goode, 2013; Roth-Johnson et al., 2014; Yoo
et al., 2015; Kawabata Galbraith and Kengaku, 2019; Kundu et al., 2021).

Fmn2 is expressed in the developing and the mature nervous systems of mice, humans
and chicken (Leader and Leder, 2000; Katoh and Katoh, 2004; Dutta and Maiti, 2015;
Sahasrabudhe et al., 2016). Recent studies have implicated Fmn2 in neurodevelopmental
disorders, including sensory processing dysfunction and intellectual disability in humans
(Perrone et al., 2012; Almugbil et al., 2013; Law et al., 2014; Anazi et al., 2017; Marco et
al., 2018; Gorukmez et al., 2020). Cellular characterization of Fmn2 in primary neuronal
cultures has identified its function in the regulation of cell-substrate adhesion,
mechanotransduction, growth cone translocation, axon outgrowth and pathfinding and
actin-microtubule crosstalk in growth cone turning (Sahasrabudhe et al., 2016; Ghate et
al, 2020; Kundu et al, 2021). Spatiotemporal precision in executing these cellular

processes is crucial for achieving accurate neural connectivity in the developing brain.
Motivation & Objectives

The contribution of Fmn2 in cellular processes regulating neuronal development and its
ability to regulate both actin and microtubule dynamics makes it an intriguing candidate
for further studies. Despite the recent cellular and molecular characterization, the role of
Fmn2 in the development of neural circuits in vivo and its impact on associated
behaviours remains unexplored. Zebrafish provides an excellent opportunity for genetic
manipulation and optical accessibility in a developing organism showing a set of complex

behaviours emerging from the underlying neural circuits.

The thesis covers the work done during my PhD to address role of Fmn2 in developing

neural circuits in zebrafish. The major findings are summarized below.
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Major findings

Short latency escape response mediating spiral fiber neurons are affected due to FmnZ2b

knockdown.

Using automated analysis of behaviour and systematic investigation of the associated
circuitry, I uncovered the role of Formin-2 in zebrafish neural circuit development. The
zebrafish ortholog, Fmn2b, is also enriched in the developing zebrafish nervous system,
consistent with reports from other vertebrates. Fmn2b was found to be required for the
development of an excitatory interneuron pathway. This spiral fiber neuron is an
essential circuit component in regulating the short latency Mauthner cell-mediated
acoustic startle response. Corroborating the loss of the spiral fiber neurons tracts, high-
speed video recording revealed a reduction in the short latency escape events while
responsiveness to the stimuli was unaffected. Taken together, this study provides
evidence for a circuit-specific requirement of Fmn2b in eliciting an essential behaviour

in zebrafish.

Generation of fimnZb mutants and reagents for visualization of specific neuronal

populations

CRISPR-Cas9 based fmn2b mutants were made, and two mutant alleles targeting exon 1
of fmnZbwere characterized. The mutations result in a truncated gene product devoid of
the functional domains, FH1, FH2 and FSI. The homozygous mutant alleles were
homogenized to carry one copy of each of the two mutant alleles and crossed to
transgenic lines labelling motor neurons and retinal ganglionic cells (RGCs). Unlike
transient morpholino based knockdown, the fmnZb mutants had heritable mutations
allowing testing of gene function over generations given that fmn2b mRNA is deposited

maternally in the zebrafish embryos.

Motor neuron development and the associated motor behaviours are affected in fmn2b

mutants

Motor behaviours like spontaneous tail coiling and touch evoked escape response were
adversely affected in the fmn2b mutants. Visualizing developing motor neurons using the
Tg(mnx1:GFP)in fmnZb mutants revealed outgrowth and branching defects despite any
changes to myotome integrity. The reduction in arborization and innervation of the

myotome by motor neurons explain the motor behaviour defects in fmn2b mutants. The
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synapse coverage across the axon length in the motor neuron arbor remains unchanged,
suggesting that the insufficient activation of the myotome is due to decreased branching
as the total number of synapses per unit myotome go down in fmn2b mutants. The role
of fmnZb in regulating motor neuron branching is further strengthened by rescuing
branching defects by mouse Fmn2 (mFmn2). The failure in rescuing branching defects in
fmnZ2b mutants by the F-actin nucleation dead version, mFmn2-11226A, highlights the
requirement of the F-actin nucleation activity of Fmn2b in axonal branching in vivo.
Moreover, overexpression of mFmn2 in wildtype zebrafish embryos causes excessive
branching of motor neurons, indicating a causal role of Fmn2b in axonal branching. In
conclusion, the F-actin nucleation activity of FmnZb is required for motor neuron

branching in zebrafish.

Preliminary results outlining defects in early embryogenesis and visual circuit neurons in

fmn2b mutants

The fmnZb mutants also exhibit defects in early embryogenesis manifested as early
mortality, morphological defects and abnormal yolk architecture. On the other hand,
fmnZb mutants have outgrowth and arborization defects in the intertectal neurons
(ITNs) and retinal ganglionic cells (RGCs). The preliminary data outlining these defects
is presented here and requires careful investigation to substantiate the role of fmnZ2bin
oogenesis, embryogenesis in a non-neuronal context and development of neural circuits

underlying vision in zebrafish.
Conclusions

The findings presented in this thesis are the first reports of characterization of Formin-2
in the development of neural circuits in vivo using zebrafish. Systematic and careful
analysis of the neural circuits associated with locomotion and acoustic startle behaviours
in fmnZ2b morphants and mutants has highlighted the requirement of Fmn2b in their
development. The necessity of F-actin nucleation activity of Fmn2b in motor neuron
branching opens up new aspects for investigating the molecular function of Fmn2b in
vivo. The fmnZb mutants generated in this study can be used to test the role of Formin-2
in neural circuits underlying memory, learning, and sensory processing to model the
findings from previous studies in mice and human (Perrone et al,, 2012; Almugbil et al,,

2013; Law et al., 2014; Anazi et al,, 2017; Marco et al.,, 2018; Gorukmez et al., 2020). The
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work presented here underscores the importance of Fmn2 in neural development across
vertebrate lineages and highlight zebrafish models in understanding

neurodevelopmental disorders.
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1.1 Function follows form

To understand the function of the brain, it is essential first to understand how the brain,
in all its complexity, is assembled and wired to give rise to its equally complex output, if
not more. The phrase “Form follows function” was coined by the American architect Louis
Sullivan and adopted by the Bauhaus movement to emphasize that utility directs the
structure (Sullivan, 1896). When flipped to “Function follows form”, the phrase can be
used in the context of neuroscience to study neuronal function as an emergent property

of neuronal anatomy or neural circuits (Marin and Gleeson, 2011).

1.2 Neuronal morphogenesis

To form intricate neural circuits, the fate determined neurons that are primarily spherical
need to transform and attain their characteristic neuronal morphologies before making
synapses. Neuronal morphogenesis takes place over a series of stages, and the processes
are more or less conserved in cultured neurons and in developing organisms. The first
stage is the circumferential extension of protrusive structures, lamellipodia and filopodia
followed by their engorgement and consolidation, called neuritogenesis. The second
stage is the extension of multiple neurites followed by the specification of one of the
neurites to become an axon. The process of axon specification is marked by the
appearance of a dynamic structure at the growing end, called the growth cone. The third
stage is axonogenesis, where the axon elongates while the growth cone navigates the
environment in response to appropriate guidance cues. At stage four, the axon
development continues in parallel to dendritic and axonal branching and arborization.
The fifth and final stage is synaptogenesis, where neurons connect, making synapses and,
in the case of some neurons, dendritic spines. The whole process, starting from a
spherical cell to the formation of peculiar-looking neurons via specialized and dynamic
structural changes, relies heavily on cytoskeletal remodelling. (Luo, 2002; Lowery and
Van Vactor, 2009; Kessels et al.,, 2011; Flynn, 2013; Lewis et al,, 2013; Kerstein et al,,
2015; Menon and Gupton, 2018; Flynn and Bradke, 2020) Error! Reference source not
found.Figure 1.1
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Figure 1.1 Stages of neuronal morphogenesis. The schematic describes the five major stages of
neuronal morphogenesis, namely neuritogenesis, axon specification, axonogenesis, growth cone-
mediated axon elongation and pathfinding and ultimately synaptogenesis. (Flynn, 2013)

1.3 Cytoskeleton and active remodelling in neuronal morphogenesis

Regulated and adaptive remodelling of the neuronal cytoskeleton is central to almost all
aspects of neural development, including neurogenesis, neurite initiation, growth cone-
mediated pathfinding and synaptogenesis (Kessels et al., 2011; Flynn, 2013; Lewis et al,,
2013; Gordon-Weeks and Fournier, 2014; Flynn and Bradke, 2020; Mufioz-Lasso et al.,
2020). A complex interplay mediates the dynamics of the neuronal cytoskeleton between
the different cytoskeleton components, each regulated by specific regulators and
coordinated by co-regulatory activities. Several actin-binding proteins regulate the
dynamic actin cytoskeleton, and mutations in many of these have been associated with

neurodevelopmental disorders (Lian and Sheen, 2015; Mufioz-Lasso et al., 2020).

Beginning from the early stages of neuronal morphogenesis, F-actin assembly and drives
protrusion during neuritogenesis, followed by microtubule innervation of the protrusive
structures to provide stability and direction. The growth cone has a spatially marked
arrangement of the actin and microtubule cytoskeleton, and the dynamic interplay of
these two major cytoskeletal elements is key to successful navigation of growth cone as
discussed in the next section (Coles and Bradke, 2015; Goodhill et al., 2015; Flynn and
Bradke, 2020).
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1.4 Neuronal cytoskeleton in Growth cone guidance and axon pathfinding

The behavioural repertoire of an organism is a consequence of accurate neural
connectivity of the nervous system. During the nervous system development, individual
neurons are guided to reach their predetermined targets by environmental cues. For this
guidance by extracellular signals, neurons must sense them and react to them with
changes in their motility (Lowery and Van Vactor, 2009). Neurons indeed do so by
employing a plethora of cytoskeleton remodelling proteins in response to guidance cues
(attractive or repellant) to locally and actively rearrange the cytoskeleton at the tip of the
growing neuron, called the growth cone. Powered by both actin and microtubules, the
growth cone is a dynamic structure at the end of axons and dendrites, enabling the
neuron to perform the aforementioned cue-directed motility. Actin rich filopodia
extended by the growth cone serve as receivers of the guidance information and are
crucial for axon guidance and pathfinding (Tessier-Lavigne and Goodman, 1996; Lowery

and Van Vactor, 2009; Goodhill et al., 2015; Mufioz-Lasso et al., 2020). Figure 1.2

Actin and microtubule cytoskeletons interact dynamically to help the growth cone
achieve precise neural connectivity. Differential activities of the actin cytoskeleton like F-
actin nucleation and polymerization, F-actin bundling, F-actin severing and capping, and
actin retrograde flow are required for processes like filopodial protrusions, growth cone
motility and retraction (Coles and Bradke, 2015; Mufioz-Lasso et al.,, 2020). On the other
hand, microtubule innervation of sub-structures of growth cone stabilizes the structures
strengthening their interaction with the environment. Microtubules also act as railroads
for trafficking of metabolites, cargo proteins and mitochondria to the growing end of the
neuron and therefore are critical in advance of the growth cone (Coles and Bradke, 2015;

Lasser etal., 2018).

The growth cone engages with multiple cues in the environment for efficient navigation
and establishing precise neuronal connectivity. While engaging with the cues, the growth
cone is in constant interaction with adhesion molecules which serve as a roadmap for the
growth and decide the broad trajectory of the growth cone. Further, diffusible guidance
cues can be either chemoattractive or chemorepulsive. Major cues include chemotropic
molecules like netrin and semaphorins, various morphogens like Shh, Wnt, BMP, growth

factors like NGF, BDNF and neurotransmitters (Lowery and Van Vactor, 2009).
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Figure 1.2 Neuronal cytoskeleton in growth cone dynamics. The schematic shows B) Organization
ofthe actin and microtubule cytoskeleton in the growth cone. Actin and microtubule cytoskeleton
is arranged in specialized structures in the lamellipodia, filopodia and the transition zones. The
leading structures are actin-rich and the axon shaft is rich in microtubule innervation. Actin
treadmilling and dynamic instability shown by microtubules are crucial in growth cone dynamics.
(Flynn and Bradke, 2020)

The response of the growth cone to these cues is dependent on the collective engagement
of the growth cone receptors and signalling inside the growth cone in a context-specific
manner that does not remain the same necessarily. Eventually, the proper guidance of

the axon led by the growth cone allows pioneer axons to reach their pre-determined
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targets (Dickson, 2002; Lowery and Van Vactor, 2009; Bonner et al., 2012; Goodhill et al.,
2015; Kerstein et al.,, 2015) Figure 1.3.
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Figure 1.3 Growth cone guidance and pathfinding by pioneer axons. A growth cone deciding to turn
towards chemo-attractive cues from the environment. Such processes are crucial for precise
axonal pathfinding. B) Guidance cues from the midline help the pioneer axon navigate towards
the midline, and the follower neurons follow the same trajectory later. (Bak and Fraser, 2003;
Lowery and Van Vactor, 2009)

1.5 Neuronal cytoskeleton in Axonogenesis, branching and arborization

Axonogenesis is an essential process in establishing neural connectivity. After axon
specification, the growth cone at the tip of the axon navigates the environment and signal
the actin and microtubule machinery. In the case of a chemoattractive cue, the actin and
microtubule cytoskeletons are stabilized in the axonal shaft as the axon grows while the
growing end remains highly dynamic (Flynn, 2013). Increased F-actin turnover is a
hallmark of the advancing growth cone. The active assembly and disassembly of F-actin
structures allow the microtubules to extend into the growth cone periphery, further

stabilizing the trajectory of the advancing neuron (Flynn and Bradke, 2020). Figure 1.4

Axonal branching is an integral part of neural circuit formation. Collateral branches
originate perpendicular to the direction of growth the axonal shaft, often at sites marked
by growth cone stalling (Lewis et al., 2013). Another modality of axonal branching is
growth cone splitting (Armijo-Weingart and Gallo, 2017). Recent studies have

highlighted the importance of local cytoskeletal assemblies like actin patches and trails
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in axonal branching (Ketschek and Gallo, 2010; Spillane et al,, 2011; Hu et al, 2012;
Ketschek et al,, 2016; Kundu et al., 2020). Figure 1.5
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Figure 1.4 Axon elongation and pathfinding requires active cytoskeletal remodelling. (Flynn and
Bradke, 2020)
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Figure 1.5 Axon branching. Axon elongation is aided by dynamic actin assembly and disassembly
that allows microtubule innervation. Along the length of the axon, local changes in the
cytoskeleton will enable the formation of actin-rich branching hotspots from where protrusions
emerge orthogonally and are further stabilized by microtubules. (Lewis et al., 2013)
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1.6 Actin nucleators

Actin nucleators are an important class of actin-binding proteins involved in regulating
the seeding of F-actin filaments from monomeric actin and control the architecture of the
F-actin network (Campellone and Welch, 2010; Kessels et al.,, 2011). A variety of actin
nucleators are found to be expressed in the developing nervous system. Neuronal cells
employ multiple actin nucleators in cytoskeletal remodelling underlying neuronal
morphogenesis and circuit formation. Major actin nucleators are the Arp2/3 complex,
Formins and WH2 domain containing actin nucleators Cobl and Spire (Goode and Eck,

2007; Campellone and Welch, 2010). Figure 1.6
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Half of FH2 dimer |
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Figure 1.6 Actin nucleators. F-actin nucleation by Formins, Arp2/3 complex and Spire. (Goode and
Eck, 2007)

Three classes of actin nucleators have been described previously in zebrafish, Arp2/3
complex, Formin homology domain 2 (FH2) containing family (the Formins) and the
WASP homology domain 2 (WH2) containing family of nucleators. Arp2/3 has been

shown to regulate actin patches essential for proximal axon specification in zebrafish
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motor neurons (Balasanyan et al., 2017) and maintain microridge structure and length
on surface epithelial cells in zebrafish (Lam et al,, 2015; Pinto et al,, 2019). The WH2
domain containing actin nucleator, Cordon bleu (Cobl), is required to develop motile cilia
in zebrafish Kuppfer’s vesicles which in turn maintain laterality in zebrafish (Ravanelli

and Klingensmith, 2011).

1.7 Formins

The formin class of actin nucleators have recently been characterized in neuronal
development. There are fifteen formins in humans that cluster into eight different
subfamilies (Schonichen and Geyer, 2010), and mutations in several formins are
associated with various neural disorders (Kawabata Galbraith and Kengaku, 2019). Most
formins are conserved across vertebrates and are expressed in various tissues, including
the nervous system (Dutta and Maiti, 2015). Varying expression patterns of multiple
formins within the same and different tissues is an interesting open question in the field.
More research is required to assess the differential functions of formins in

neurodevelopment. Figure 1.7
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Figure 1.7 Differential expression of formins in various tissues. Multiple formins are expressed in
the same tissue pointing towards their functional redundancy. (Dutta and Maiti, 2015)

Formins are well characterized for their ability to regulate actin dynamics by various
activities, namely actin nucleation, elongation of unbranched F-actin, capping, bundling,
and severing in some cases (Pruyne et al, 2002; Schonichen and Geyer, 2010;

Breitsprecher and Goode, 2013). Some formins also mediate microtubule bundling and
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stabilization and may not necessarily be dependent on their actin nucleating activities
(Thurston et al,, 2012; Fernandez-Barrera and Alonso, 2018). Formins, therefore, are at
an exciting interface in their ability to regulate two significant classes of the cytoskeleton.
DAAM and Fmn2 are recently characterized in mediating actin and microtubule cross-
talk connecting actin remodelling in growth cone filopodia with microtubule stabilization

(Szikoraetal., 2017; Kundu et al., 2021).

Formins can broadly be divided into seven families based on the identity of the conserved
FH2 domain: DAAM, FHOD, FMN, FMNL, INF, GRID2IP and DIAPH (Breitsprecher and
Goode, 2013; Kawabata Galbraith and Kengaku, 2019). The FH2 domain mediates actin
nucleation and elongation by a stair-step mechanism at the barbed end of the growing
actin filament. The FH1 domain binds to the G-actin-Profilin complex via its poly-Proline
stretches and delivers profilin bound actin monomers to the FH2Z domain for

polymerization (Higgs, 2005; Paul and Pollard, 2008; Breitsprecher and Goode, 2013).
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Figure 1.8 Formins. Formins have conserved Formin Homology 1 (FH1) and Formin Homology 2
(FH2) domains. Other regulatory domains are unique to different classes of formins. (Kawabata
Galbraith and Kengaku, 2019).

Formins play a vital role in the development and regulation of the nervous system.
DIAPH1, DIAPH3 and FMN2 expression levels control spine density, whereas DAPH3 and
DAAM1 control the spine length (Kawabata Galbraith and Kengaku, 2019). FMNZ2 is
important in depotentiation and growth cone motility, and mechanotransduction.
DIAPH1, FHDC1 and INF2 coordinate organelle dynamics in neurons. DAAM1 is required
for dendritogenesis and axonal extension. DIAPH1, DIAPHZ and DAAM are also

implicated in growth cone navigation by regulating actin and microtubule cytoskeletons
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(Kawabata Galbraith and Kengaku, 2019). Further work needs to be done to estimate the

effect of overlapping roles of formins in the nervous system. Figure 1.9
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Figure 1.9 Formins in the nervous system. A variety of formins regulate the processes underlying
neuronal development. (Kawabata Galbraith and Kengaku, 2019)

1.8 Formin-2

A member of the FMN family, Formin-2 (Fmn2), reported to be enriched in the nervous
system in mouse (Leader and Leder, 2000) and chick (Sahasrabudhe et al., 2015), is
particularly interesting. After the first report showing the expression of Fmn2 in the
nervous system, not much has been done to understand the mechanistic role of Fmn2.
Although, other functions were reported underlining the role of mammalian Fmn2 in
meiosis and oocyte development (Leader et al.,, 2002; Ryley et al.,, 2005; Dumont et al,,
2007; Schuh and Ellenberg, 2008; Mogessie and Schuh, 2017). Other studies in humans
also indicated that mutations in Fmn2 in humans lead to symptoms of mental retardation,
intellectual disabilities (Law et al., 2014), learning deficits (Almugbil et al.,, 2013) and

unexplained infertility in women (Ryley et al., 2005). Figure 1.10
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Figure 1.10 Formin-2 in the nervous system. Formin-2 (Fmn2) is expressed in the developing
nervous system of mice and is essential for axonal pathfinding in chick spinal cord in ovo.
(Leader and Leder, 2000; Sahasrabudhe et al.,, 2016)

Previous studies using chick spinal neuron cultures in vitro suggest that Fmn2 is
necessary for growth cone structure and filopodial dynamics, processes important in
establishing precise neural connectivity during development (Sahasrabudhe et al., 2016;
Ghate et al,, 2020). Also, in ovo studies done in chick show that Fmn2 is necessary for
axonal pathfinding by the spinal commissures and, therefore, nail down its importance in
establishing neural circuitry (Sahasrabudhe et al., 2016). Further, Fmn2 is shown to be
required for generating traction forces by acting as a molecular clutch in the growth cone
and stabilizing adhesion sites during migration (Sahasrabudhe et al., 2016; Ghate et al,,

2020). Figure 1.11
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Figure 1.11 Fmn2 regulates substrate adhesion and the consequent generation of traction forces
during migration. Knockdown of Fmn2 causes a reduction in strength of point contacts made by
the growth cone filopodia causing reduced traction force. (Sahasrabudhe et al., 2016)

Recently, Fmn2 has been implicated in regulating actin-microtubule crosstalk mediated
by the FSI domain in cultured spinal neurons and required for growth cone chemotaxis.
Fmn2 stabilizes the microtubules in the migrating growth cone to provide directionality

in a substrate responsive manner (Kundu et al,, 2021). Figure 1.12

These reports mainly use cultured primary neurons that have limitations in investigating

gene function in assembling neural ensembles giving rise to appropriate behaviour.

Besides the contribution of Formin-2 in nervous system development, itis also implicated
in non-neuronal development. Oocytes from FmnZ2 null mice have spindle positioning
defects and meiotic arrest, causing hypo-fertility in Fmn2 mutants (Leader and Leder,
2000; Mogessie and Schuh, 2017). Fmn2 is reported to be a novel regulator of p21, a
cyclin-dependent kinase. Fmn2 promotes cell cycle arrest by inhibiting p21 degradation
(Yamada et al., 2013a, 2013b). However, the molecular and regulatory mechanisms of

Fmn2 function remain elusive.
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Figure 1.12 Schematic showing actin-microtubule crosstalk in the growth cone and their filipodia.
The Formin Spite Interactor (FSI) domain is responsible for cross-linking actin and microtubule
polymers in the filopodia of growth cones, presumably due to the presence of multiple positively
charged amino acid residues. (Kundu et al., 2021)

4

In recent years, mutations in Fmn2 have been increasingly associated with neural
disorders, including cognitive disabilities and sensory processing dysfunction in humans
(Perrone et al,, 2012; Almugbil et al., 2013; Law et al., 2014; Agis-Balboa et al., 2017;
Anazietal,, 2017; Marco et al,, 2018; Gorukmez et al., 2020). Fmn2 expression was found
to be reduced in post mortem brain samples of patients with post-traumatic stress
disorder and Alzheimer’s disease (Agis-Balboa et al, 2017). Other reports implicate
Fmn2 mutations in corpus callosum agenesis (Perrone etal., 2012; Gorukmez et al., 2020)
and microcephaly (Anazietal., 2017).Inrodents, loss of Fmn2 accelerated age-associated

memory impairment and amyloid-induced deregulation of gene expression (Peleg et al.,
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2010; Agis-Balboa et al., 2017). Despite accumulating evidence, little is known about the

function of Fmn2 in the nervous system.

1.9 Formins in zebrafish neural development

The formin family comprises 25 predicted members in zebrafish, out of which 11 are
shown to be neuronally enriched (Thisse and Thisse, 2005; Santos-Ledo et al,, 2013). A
study comparing expression patterns of the formin-like (Fmnl) subfamily of formins
shows that the formins, Fmnlla, Fmnl1lb, Fmnl2a, Fmnl2b and Fmnl3 are expressed in
the nervous system in a dynamic temporal manner during zebrafish development, in

addition to expression in non-neuronal tissues (Santos-Ledo et al., 2013).

However, the role of formins in the development of neural circuits in zebrafish is not well
explored despite several studies reporting the enrichment of formins in vertebrate
nervous systems (Leader and Leder, 2000; Krainer et al., 2013; Dutta and Maiti, 2015;
Sahasrabudhe et al., 2016). The only report available implicates the formin Daam1a in
the asymmetric morphogenesis of the zebrafish habenula and the regulation of the
dendritic and axonal processes of the dorsal habenular neurons (Colombo et al., 2013).
Formin function in non-neuronal tissues has also been sparsely investigated in zebrafish.
Daam1a is required for convergent extension and regulates notochord development in
zebrafish (Kida et al., 2007), while zDia2, working synergistically with Profilin I, regulates
gastrulation (Lai et al., 2008). Fmnl3 has been reported to be involved in blood vessel
morphogenesis (Phng et al., 2015). Formins are expressed in several tissue types with
rich spatiotemporal diversity in humans (Krainer et al,, 2013), mice (Dutta and Maiti,
2015) and zebrafish (Thisse and Thisse, 2005; Kida et al.,, 2007; Lai et al., 2008; Santos-
Ledoetal, 2013; Sun etal,, 2014). The conservation of multiple formins with overlapping
expression in the nervous system possibly reflects a diversity of distinct regulatory
functions, ensuring the highly adaptive yet specific cytoskeleton remodelling necessary

for accurate circuit development.

1.10 Zebrafish neural circuits and behaviour

Zebrafish is an excellent vertebrate model to interrogate gene function in establishing
neural circuits /n vivo and associated behaviours (Kalueff et al., 2013; Mcarthur et al,,

2020). Zebrafish larvae have tractable neural circuits responsible for fairly complex
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behaviours early in development. It allows us to discover and dissect the contribution of
a gene in the development of modular neural ensembles and track changes in behaviour.
Zebrafish have been extensively used for reverse and forward genetics studies. ENU and
insertional mutagenesis screens have identified a large number of mutants in zebrafish
classified based on the affected tissues or function, for example, locomotion, notochord,
somite formation, inner ear and development in general (Granato and Niisslein-Volhard,
1996; Granato et al., 1996; Haddon and Lewis, 1996; Haffter et al., 1996; Odenthal et al.,
1996; Schier et al., 1996; Amsterdam et al., 1999; Nusslein-Volhard, 2012). So far, many
of these mutants have been mapped to the genes responsible for the phenotypes
observed in the mutants, and a lot has been learnt from behavioural genetics using
zebrafish mutants (Burgess and Granato, 2008). The space cadet (spc) mutant was first
phenotypically characterized to have defects in the outgrowth of spiral fiber neurons and
Retinal Ganglionic cells (RGCs) and was later mapped to the Retinoblastoma-1 (Rb1)
gene (Lorent et al.,, 2001; Gyda et al,, 2012). Mutants with aberrant development of
primary motor neurons like diwanka, unplugged, stumpy shed light on the genetic control
of outgrowth and pathway selection by motor neurons (Granato et al., 1996; Zeller and
Granato, 1999; Hutson and Chien, 2002a; Schweitzer et al., 2005). Differential labelling
of the temporal and nasal retinotectal projections by Dil and DiO revealed retinal exit,
midline crossing, elongation, pathfinding, topographic innervation errors and
arborization phenotypes a variety of mutants (Baier et al., 1996; Karlstrom et al., 1996).

Figure 1.13

On the other hand, a lot of work has been done to identify individual neural circuits in
zebrafish and their modular assembly leading to efficient behaviour generation. One of
the most studied neural circuits is the Mauthner cell-mediated escape response circuit
(Swain et al., 1993; Jontes et al,, 2000; Korn and Faber, 2005; Burgess et al., 2009; Sillar,
2009; Issa et al,, 2011; Kinkhabwala et al,, 2011; Hale et al., 2016; Liu and Hale, 2017).
Mauthner mediated escapes are essential to the survival of the zebrafish in the wild
environment. The ability to respond in time to evade a predator is equally crucial, if not
more, than quickly hunting its prey. Mauthner cells are command neurons for zebrafish
locomotion that are under regulation by a variety of neurotransmitters through
excitatory and inhibitory interneurons and direct sensory input. Most of the locomotor
behaviours require the Mauthner cell activity in response to varying stimuli like tactile,

visual or acoustic (Lee and Eaton, 1991; Korn and Faber, 2005; Issa et al,, 2011). In
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addition to the command Mauthner cell, other neurons and circuit assemblies regulate
complex behaviours in zebrafish embryos. Visual information is relayed to the Mauthner
cells by the optic tectum (Zottoli et al., 1987). Tactile and acoustic stimulus is received by
the Mauthner cell via the peripheral and intraspinal sensory neurons, lateral line system
and the inner ear (Kuwada et al., 1990b; Nicolson et al.,, 1998; Higgs and Radford, 2013;
Stewart et al., 2014; Fidelin et al., 2015; Hubbard et al., 2016; Knafo and Wyart, 2018).
The Mauthner also received integrated information from sensorimotor integrating nuclei
in the brain like the nMLF (Severi et al., 2014). On the other side, the inputs received and
processed by the Mauthner cell, and the upstream neural circuits are executed by the

motor neurons.
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Figure 1.13 Zebrafish mutants uncover axonal outgrowth and pathfinding errors. A) Space Cadet
(spc) mutant shows the absence of commissural spiral fiber tracts required for fast escape
responses. B) Mutants showing outgrowth and pathfinding errors in motor neurons. C)
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Erroneous guidance and pathfinding of retinotectal projections in various zebrafish mutants. r3:
rhombomere 3, r4: rhombomere 4, r5: rhombomere 5, ov: otic vesicle, M: Mauthner cell, s:spiral
fiber neurons. (Hutson and Chien, 2002a)

Zebrafish behaviour can be observed from the early stages of development. Zebrafish
embryos start to show muscle activity and spontaneous tail coiling beginning at 17 hpfin
response to the firing of the developing motor neurons. Soon after, around 48 hpf,
zebrafish embryos start responding to touch by a C-bend escape response. The touch
evoked escape response is regulated by reticulospinal and motor neurons in coordination
with each other. As the zebrafish embryos undergo a surge in neuronal connectivity, more
complex behaviours begin to appear. Around 4 dpf, as the neuromodulatory input kick in,
complex locomotor repertoires comprising of multiple locomotory motifs arranged in a
temporally regulated sequence and tuned to the environmental stimuli can be observed
(Saint-Amant and Drapeau, 1998; Brustein et al., 2003; Kalueff et al., 2013; Marques et
al,, 2018). Figure 1.14
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Figure 1.14 Behavioural assays to probe neural circuit function in zebrafish. Locomotor
behaviours emerge across development stages in zebrafish. Schematics outlining touch evoked
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escape response (TEER) assay, free swimming and acoustic and visual stimulus-evoked
swimming assays. (Brustein et al,, 2003; Vaz et al,, 2019)

Put together, zebrafish provides a unique opportunity to study the role of cytoskeletal
remodelling in the developing neurons in vivo with the possibility of direct visualization
of the subcellular dynamics, tractable neuronal development and behavioural analysis.
The genetic and optical amenability makes zebrafish an ideal organism to uncover the

function of genes in health and disease.
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Role of Fmn2b in the
development of spiral fiber
neurons and the regulation
of short latency escape
responses in zebrafish
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2.1 Introduction

One of the most studied neural circuits is the Mauthner cell-mediated acoustic startle
circuit (Swain et al,, 1993; Jontes et al., 2000; Korn and Faber, 2005; Burgess et al., 2009;
Sillar, 2009; Issa et al,, 2011; Kinkhabwala et al.,, 2011; Hale et al., 2016; Liu and Hale,
2017; Hecker et al.,, 2020). Acoustic and tactile stimuli from the environment are
processed by the Mauthner cells (M-cells) aided by regulatory excitatory and inhibitory
interneuron module and relayed to the motor neurons downstream (Korn and Faber,
2005). Mauthner mediated escapes are essential to the survival of the zebrafish in the
wild environment. The acoustic startle circuit comprising sensory inputs to the M-cells

and regulatory interneurons imparts the ability to respond in time to evade a predator.

M-cells and two segmental homologs, MiD2cm and MiD3cm, are needed for eliciting a
coordinated escape response by a zebrafish larva tuned to the severity of the received
stimulus. (Liu and Fetcho, 1999; Kohashi and Oda, 2008). M-cell and its homologs receive
a common auditory input but can generate different outputs, evident by their different
spiking properties, to downstream neurons to control adaptive escape behaviours.
MiD2cm and MiD3cm mediate escapes with longer latencies as compared to the M-cell
(Nakayama and Oda, 2004; Kohashi et al.,, 2012a; Lacoste et al., 2014). The M-cell
homologs ensure that an escape response is elicited in the absence of M-cell firing or for
weaker stimuli. Ablation of the M-cell, especially the axon initial segment, causes an
increase in latency of response to mechano-acoustic stimuli (Liu and Fetcho, 1999;

Hecker et al., 2020).

The auditory input received by sensory organs like the inner ear is processed and relayed
via hair cell mechanotransduction followed by the ribbon synapses at the base of hair
cells (Haddon and Lewis, 1996; Tanimoto et al,, 2011; Nicolson, 2017). The afferents
directly relay the information to the Mauthner cell as well as several interneurons making
a mix of chemical and electrical synapses (Nakajima and Wang, 1974; Moly and Hatta,
2011; Kohashi et al., 2012b; Lacoste et al., 2014). However, it remains unknown if the

sensory input is directly received by the spiral fiber neurons in the hindbrain.
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The Mauthner cell escape circuit in larval zebrafish.

Spiral fiber neurons are excitatory interneurons present in the rhombomere 3 and make
direct connections at the contralateral M-cell axon hillock via chemical and electrical
synapses (Nakajima, 1974; Scott et al.,, 1994; Lacoste et al,, 2014; Hale et al., 2016;
Marsden et al.,, 2018a). The spiral fiber junction at the M-cell is rich in connexin-35 and,
therefore gap junctions mediating fast responses via M-cell in response to acoustic
stimuli (Jabeen and Thirumalai, 2013). There are several other excitatory and inhibitory
interneurons which provide input to the M-cell in turn regulating its activity tuned to the
stimulus context and intensity. It has been shown that the ablation of spiral fiber neurons
causes abolition of short latency escape responses in zebrafish (Lacoste et al., 2014).
Feedforward excitatory input from spiral fiber neurons is essential for the Mauthner cells
to elicit fast response to an aversive acoustic stimulus, without the involvement of the

lateral line (Lacoste etal.,, 2014).

Other than acoustic input, Mauthner cell also receive visual and tactile sensory input from
the optic tectum and lateral line respectively and primarily guide the directional response

of Mauthner cells (Zottoli et al., 1987; Lee et al., 1993; Korn and Faber, 2005).
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Ultimately, the Mauthner cell executes the escape response by exciting the contralateral
myotomes via motor neurons (Fetcho and Faber, 1988; Fetcho, 1991). The M-cell and
motor neurons fire almost in parallel, ensuring that the muscle activation is in close
coordination with the command from the Mauthner cells. Other than the connections
with motor neurons, M-cell also makes connections with pre-motor interneurons in the

spinal cord to regulate swimming in zebrafish (Fetcho and Faber, 1988; Fetcho, 1991).

The functions of the various components of the acoustic startle circuit described above
have been extensively characterized but there is a scope for investigating the genes
responsible for the development of the neurons in this circuit. This chapter describes the
role of fmnZb in development of the neural circuits underlying acoustic startle in

zebrafish.
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2.2 Results

2.2.1 FmnZ2b, the zebrafish ortholog of FmnZ has conserved formin homology domains

Zebrafish has two paralogs of Fmn2, fmnZaand fimnZ2b. Reciprocal BLASTp analysis of the
predicted protein sequence of Fmn2b revealed that the ortholog Fmn2b (E7F517)
(UNIPROT) has the highest sequence identity with human Fmn2 (53.82 % Figure 2.1A).
Fmn2a (X1WC43) (UNIPROT) was found to have considerably less sequence identity
with human Fmn2 (44.75 %). While FmnZ2a has a characteristic FH2 domain, the FH1
domain is truncated to 33 amino acids. Further, mRNA corresponding to fmnZa was
expressed at very low levels in zebrafish larvae with no detectable signal in the nervous
system up to 96 hpf (data not shown). Therefore, fmnZb was considered to be the
functional ortholog of Formin-2 in zebrafish. High amino acid sequence similarity was
observed between the human (Q9NZ56), mouse (Q9JL04), chick (NP_001317992) and
zebrafish Fmn2 (E7F517) orthologs with the C-terminal FH1, FH2 and FSI domains
showing ~70% similarity (Figure 2.1A, A").

2.2.2 FmnZ2b is expressed in the zebrafish nervous system

The expression pattern of fmnZb mRNA in zebrafish across developmental stages
(Figure 2.1 B-]) was observed using whole mount /n situhybridization. The fmnZbmRNA
was found to be maternally deposited, as seen in 1 cell stage zebrafish embryos, and the
expression persisted till 3 hours post fertilization (hpf). There was no discernible fmn2b
mRNA expression at stages from 6 hpfto 18 hpf. The mRNA expression reappeared in the
telencephalon/forebrain at 24 hpf (Figure 2.1 H). At stages 48 hpf onwards, the
expression extends to the diencephalon/midbrain, the rhombencephalon/hindbrain, the
spinal cord and the retinal ganglion cells (RGC) layer of the eye. Similar expression
pattern is observed at 96 hpf (Figure 2.11-]). In line with previous studies showing the
expression of fmnZ2in the nervous system of human, mice (Leader and Leder, 2000), and
chick (Sahasrabudhe et al.,, 2016), fmn2 mRNA is also enriched in the zebrafish nervous

system.
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Figure 2.1 fmn2b mRNA is maternally deposited and enriched in the zebrafish nervous system

Amino acid sequence alignments were obtained using EMBL Clustal Omega for human Fmn2
(hFmn2), mouse Fmn2 (mFmn2), zebrafish Fmn2b (zFmn2) and chicken Fmn2 (gFmn2) to
compare conservation of sequence across vertebrate species. Percent identity matrices are
shown for comparison of full length Fmn2 and the functional domains of Fmn2 across species. A)
Full length zFmn2 showed 53.82%, 53.68% and 54.16% sequence similarity for human, mouse
and chicken Fmn2 respectively. A’) On comparing the functional domains of Fmn2, namely
Formin Homology 1 (FH1), Formin Homology 2 (FH2) and Formin Spire Interaction domain
(FSI), 68.34%, 70.43% and 70.41% sequence similarity with human, mouse and chicken Fmn2,
was found. B-]) Representative images of whole mount mRNA in situ hybridization showing the
fmn2b mRNA expression pattern in the developing zebrafish embryo. fmn2b mRNA can be found
in B) 1 cell stage and C) 3 hpf embryos suggesting maternal deposition. The mRNA expression is
negligible during D) 6 hpf, E) bud stage, F) 10-somite and G) 15 somite embryos. fmn2b mRNA
expression is regained in H) 24 hpf embryos and continues to be expressed until 96 hpf (I-]").
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2.2.3 Morpholino mediated knockdown of FmnZb

To test the contribution of Fmn2b in development of the nervous system, two antisense
morpholinos, one translation blocking (MO TB FmnZ2b) and one splice blocking (MO SB
Fmn2b) were designed (Reagents and Procedures). The MO TB FmnZb morpholino
targets the first exon and the MO SB FmnZ2b blocks splicing at the boundary of the fifth

exon and intron (Figure 2.2 A).

The splice blocking morpholino would result in a truncated protein devoid of the
characteristic functional FH1, FH2 and FSI domains and the translation blocking
morpholino would cause depletion of the protein levels in vivo. To test the extent of
knockdown by MO SB Fmn2b, RT-PCR was performed to ensure incorporation of the
intron after exon 5 causing incorporation of a stop codon in the translation frame
(Figure 2.2 B). In 48 hpf MO SB Fmn2b morphants, majority of the finnZb mRNA was
present in the splice-blocked form evident from the 550 bp amplicon corresponding to
inclusion of the intron between exons 5 and 6, as compared to the spliced version with

an expected amplicon size of 251 bp (Figure 2.2 B).

The embryos injected at 1 cell stage with morpholinos against fmnZ2b mRNA exhibited
morphological defects like shortening of body length, swim bladder deflation, otolith
defects, cardiac edema and axial curvature (Figure 2.2 C, D). These were excluded from
further experiments. The larvae with no visible morphological defects similar to the

control morphants were used.

2.2.4 Assessment of behavioural defects using automated acoustic stimulus delivery and

high-speed video recording

To evaluate the effect of Fmn2 knockdown on behaviour, the responses of control and
fmnZbmorphants was observed in response to manual tapping of the dish containing the
larvae. In this preliminary experiment, uncoordinated locomotion was exhibited by
fmnZb morphants. For better resolution of these behavioural defects, high speed video
recording was employed and the response of morphants to mechano-acoustic stimuli was
recorded. In this assay, 96 hpf morphants were head restrained and given a tap on the
dish in which they were housed and their response was measured by tracking the
movement of their tails. The response of the morphants was recorded at 640 fps using a

high-speed video recording camera (AVT Pike, F-032B). The taps were delivered at an

64



interval of 10 seconds controlled by an Arduino UNO microprocessor and powered by a
DC power supply (Figure 2.3). The automated acoustic stimulus delivery setup allowed
high speed recording, delivery of intensity-controlled stimulus and feedback information
integration into the recorded video timestamp to mark the advent of stimulus

(Figure 2.3).
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Figure 2.2 Morpholino design, validation, and assessment of morphological defects in morphants.

A) Schematic showing target regions for the two morpholinos used in the experiments. MO TB
Fmn2b targets exon 1 to block translation. MO SB Fmn2b targets the exon 5 - intron 5 boundary
to cause retention of intron 5 between exons 5 and 6, leading to the occurrence of a premature
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stop codon. Both morpholinos ensure that the functional domains are not translated in Fmn2b
morphants. B) Validation of knockdown by MO SB FmnZ2b morpholino was done using RT-PCR on
cDNA obtained from MO Control and MO SB Fmn2b injected embryos. The amplification of a 550
bp amplicon from MO SB Fmn2b morphants cDNA corresponds to inclusion of intron 5 because
of efficient splice blocking by the morpholino C) Graph summarizing morphological defects in
Fmn2b morphants injected with 2 ng of MO SB Fmn2b. The percentage of embryos showing the
various defects are indicated at the bottom of each bar corresponding to the defect. A total of
40.04% embryos in the morphant population showed defects spanning from a few or all of the
defects listed. Each bar represents the percentage of embryos exhibiting that morphological
defect. Morphologically aberrant embryos often exhibited multiple defects together. D) Table
enlisting the parameters used to distinguish between morphologically aberrant and normal
embryos. These parameters were used for classification of both morphant and crispant
populations.

The tap strength using the piston was controlled by varying the input voltage on the
variable power supply. For all the experiments, tap strength corresponding to 13 volts
was used. This tap strength was optimized to achieve about 95% responsiveness in the
control zebrafish larvae. The responsiveness of the Fmn2b morphants (injected with 2
ng/embryo MO SB Fmn2b) to the same mechano-acoustic stimulus was comparable

(94%) to the control animals.
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Figure 2.3 Automated acoustic stimulus delivery apparatus with feedback loop. Schematic
describing the setup used to deliver acoustic stimulus to zebrafish larvae with their heads
embedded in low melt point agarose and their tails freed to record swimming.

The recorded videos were analyzed using a custom written python program to extract
timestamp and the body axis coordinates after skeletonizing the shape of the fish
(Figure 2.4). The software was developed in collaboration with Dr Tomin K James, IISER
Pune. The output from the custom python software included the following parameters,

as mentioned below:

Latency to first movement. Time taken by the fish to initiate movement post stimulus

delivery, marked by an angle change greater than five degrees.

C-bend Max. Maximum angle of C-bend escape (with respect to the head restrained

segment)
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Latency to C-bend Max: Time taken by the fish to reach the maximum C-bend escape angle,
calculated by subtracting latency to first movement from the total time taken to reach

maximum angle.

Figure 2.4 Schematic showing representative snapshots from the custom written software for
zebrafish tail tracking.

The quantified output was plotted using Estimation statistics. Briefly, the median
difference comparisons against the control morpholino (MO Control) are shown in the
Cumming estimation plots. The raw data was plotted on the upper axes as individual dots.
The vertical gapped lines summarize the median + standard deviation for each group. On
the lower axes, median differences were plotted as bootstrap sampling distributions
obtained by resampling the data 5000 times. The median difference was depicted as a dot
for respective groups as compared to the shared control. The 95% confidence interval

was indicated by the ends of the vertical error bars (Figure 2.5 B-F).
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2.2.5 Fmn2b morphants exhibit a delay in initiating the escape response

Zebrafish larvae respond to acoustic stimulus by swimming away from the perceived
source. The nature of response in terms of initiation, speed and strength is dependent on
the stimulus. Some stimuli warrant a quick response while for others a slow but sustained
response is adequate. Acoustic stimulus is associated with a predatory threat for
zebrafish larvae due to which they respond with short latencies for potent obnoxious
stimuli. The setup described above was used to test the response of Fmn2b morphants to
acoustic stimulus and the videos acquired were processed using the custom python

software for tail tracking.

The Fmn2b morphants showed an increased latency to first movement (11.54 msec;
[9.36,13.38]; n=120; Figure 2.5 B) in response to the mechano-acoustic stimulus as
compared to the control morphants (6.74 msec; [5.39,9.06]; n=126; Figure 2.5 B). To
ensure that the morpholino’s effect was specific to Fmn2b, mouse Fmn2-GFP (mFmn2-
GFP) mRNA, which is resistant to the anti-zebrafish Fmn2b morpholino, was co-injected
along with the Fmn2b morpholino. The increased latency could be rescued in Fmn2b
morphant larvae co-injected with mFmn2-GFP mRNA (5.16 msec; [4.03,6.29]; n=83;
Figure 2.5 B). Previous reports implicate Mauthner cells (M-cell) in mediating short
latency (SLC; <13 msec) escapes in response to mechano-acoustic stimuli (Lacoste et al.,
2014). Whereas, long latency escapes are generally non-Mauthner mediated responses.
The latencies to the first movement were classified as short latency C-bend (SLC; <13
msec) and long latency C-bend events (LLC; 13-26 msec). Of the total number of events,
there was a decrease in the fraction of SLC versus LLC responses in Fmn2b morphants. In
morphants co-injected with mFmn2-GFP mRNA, the fraction of events showing SLC

responses was greater than LLC responses as seen in control morphants (Figure 2.5 C, D).

However, the latency to achieve maximum C-bend escape angle (Figure 2.5 E) and the
maximum escape angle (Figure 2.5 F) were comparable between the control morphants,

the Fmn2b morphants and the Fmn2b morphants co-injected with mouse fmn2 mRNA.

Hence, Fmn2b knockdown increased the latency to respond to mechano-acoustic stimuli
even though the responsiveness and the ability to elicit an escape response remains
uncompromised. These results suggest a specific and perhaps localized defect in the

mechano-acoustic response circuitry.
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Figure 2.5 Fmn2b knockdown increased the latency to respond to mechano-acoustic stimulus

A) Schematic describing the movements qualifying as the first movement for latency calculation
and maximum C-bend for the escape response following the mechano-acoustic stimulus. B)
Latency to first movement (msec) is plotted in this graph. The unpaired median difference
between MO Control (n=126) and MO SB Fmn2b (n=120) is 4.8 [95.0%CI 2.23, 7.1]. The p-value
of the two-sided permutation t-test on the median differences is 0.0. The unpaired median
difference between MO Control and MO SB Fmn2b + mFmn2-GFP mRNA (n=83) is -1.58
[95.0%CI -3.89, 0.232]. The p-value of the two-sided permutation t-test on the median differences
is 0.081. C) Values calculated for the fraction of the population (n=3) showing Short Latency C
bend response (SLC) (< 13 msec) are plotted in this graph. The unpaired median difference
between MO Control and MO SB Fmn2b is -0.201 [95.0%CI -0.308, -0.107]. The p-value of the
two-sided permutation t-test is 0.0. The unpaired median difference between MO Control and MO
SB Fmn2b + mFmn2-GFP mRNA is 0.114 [95.0%CI -0.151, 0.266]. The p-value of the two-sided
permutation t-testis 0.357. D) Values calculated for the fraction of the population (n=3) showing
Long Latency C bend response (LLC) (13-26 msec) are plotted in this graph. The unpaired median
difference between MO Control and MO SB Fmn2b is 0.201 [95.0%CI 0.104, 0.303]. The p-value
of the two-sided permutation t-test is 0.0. The unpaired median difference between MO Control
and MO SB Fmn2b + mFmn2-GFP mRNA is -0.114 [95.0%CI -0.276, 0.111]. The p-value of the
two-sided permutation t-test is 0.29. E) The difference of time taken to achieve the maximum C-
bend angle and the latency to first movement for each trial is plotted in this graph. The unpaired
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median difference between MO Control and MO SB Fmn2b is -6.71 [95.0%CI -12.2, -1.4]. The p-
value of the two-sided permutation t-test is 0.0526. The unpaired median difference between MO
Control and Rescue is -6.2 [95.0%CI -10.6, 1.17]. The p-value of the two-sided permutation t-test
is 0.152. F) This graph shows the maximum angle (C-bend max) attained during the escape
response. The unpaired median difference between MO Control and MO SB Fmn2b is -1.34
[95.0%CI -5.31, 4.0]. The p-value of the two-sided permutation t-test is 0.694. The unpaired
median difference between MO Control and Rescue is -0.235 [95.0%CI -6.26, 4.98]. The p-value
of the two-sided permutation t-test is 0.875. For all the estimation statistics analysis, the effect
sizes and Cls are reported as effect size [CI width lower bound; upper bound].

2.2.6 FmnZ2b depletion does not affect the sensory components of the acoustic startle

circuit

The acoustic startle response is essential for the survival of zebrafish larvae in terms of
reacting to the environment efficiently and reliably. The behavioural deficits observed in
Fmn2b morphants could arise from one or more components of the acoustic startle
circuit. Different components of the acoustic startle circuit were systematically evaluated
to identify the origins of the delay in the initiation of the C-bend escape in Fmn2b
morphants. M-cells receive auditory input from the inner ear hair cells, relayed by the
statoacoustic ganglion (SAG) (Whitfield etal., 2002; Medan and Preuss, 2014). Evaluation
of the otic vesicle and the otoliths did not reveal any anatomical or structural defects. The
structural integrity of the inner ear hair cells responsible for the mechanotransduction of
the acoustic cues, was probed using the Tg(brn3cGAP43-GFP) line. This line labels a
subset of the hair cells in the inner ear and lateral line neuromasts (Xiao et al., 2005b).
Microscopic analysis of kinocilia and hair cell bundles of the inner ear cristae revealed no
significant differences between control and Fmn2b morphants (Figure 2.6 A-D). Uptake
of the lipophilic dye FM 4-64 was used to evaluate the functional activity of the inner ear
hair cells (Pacentine and Nicolson, 2019). These experiments indicated that activity-
dependent vesicle recycling was comparable between control and Fmn2b morphants
(Figure 2.6 E, F) and suggested that the synaptic activity at the hair cell ribbon synapses

is mostly unaffected in the Fmn2b morphants.

The next component of the acoustic startle circuit tested was the Statoacoustic ganglion
(SAG) which connects the inner ear hair cells to the M-cell. SAG was also found to be
structurally unperturbed as evident in 96 hpf morphants immunostained with anti-

neurofilament 3A10 antibody (Figure 2.7 A, B).
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Figure 2.6 Sensory components of the acoustic startle circuit are not affected in Fmn2b morphants

Hair cells of the lateral crista of the zebrafish inner ear are visualized using the Tg (brn3c:GAP43-
GFP) line in 96 hpf larvae with A) 2 ng MO Control and B) 2 ng MO SB Fmn2b cytoplasmic
injections. Scale bar is equivalent to 10 um. C) Quantification of the number of hair cell bundles
with a kinocilium is depicted in the Gardner-Altman plot. The unpaired median difference
between MO Control and MO SB Fmn2b is 0.0 [95.0%CI -3.0, 1.0]. The p-value of the two-sided
permutation t-test is 0.687. D) Quantification of kinocilia length in the lateral crista hair cells is
shown in the Gardner-Altman plot. The unpaired median difference between MO Control and MO
SB Fmn2b is 0.247 [95.0%CI -0.851, 1.25]. The p-value of the two-sided permutation t-test is
0.663. For all the estimation statistics analysis, the effect sizes and Cls are reported as effect size
[CI width lower bound; upper bound]. Representative images for FM-4-64 dye uptake assay in
the inner ear of 96 hpf E) control morphants and F) Fmn2b morphants, done in the background
of Tg(cldnb:lyn-GFP) to mark the inner ear boundary. Scale bar is equivalent to 20 pm.
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Further, the reticulospinal neurons in the hindbrain of 4 dpf morphants were labelled
using TMR Dextran to assess the integrity of the M-cell and its homologs MiD2cm and
MiD3cm. The M-cell and its homologs, primarily responsible for regulating acoustic
startle responses were found to be intact in Fmn2b morphants (Figure 2.7 C, D).
Immunostaining of 48 hpf morphants was performed using another anti-neurofilament
antibody RMO-44 which has better reactivity than 3A10 for hindbrain cell bodies. The
cell bodies and axonal tracts of reticulospinal neurons were comparable between the

control and Fmn2b morphants (Figure 2.7 E, F).

In conclusion, the sensory components of the acoustic startle circuit providing input to
the M-cell are unaffected by Fmn2b knockdown. This observation is consistent with the
unaffected responsiveness to mechano-acoustic stimuli in Fmn2b morphants. Therefore,
the behavioural phenotype of increased latency is caused by deficits in the neural circuit
downstream of the statoacoustic ganglion. The reticulospinal neuron cell bodies
including the M-cell and its homologs were found to be intact in Fmn2b morphants. The

next step was to probe the inputs to the M-cell in the zebrafish hindbrain in detail.
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Figure 2.7 The Statoacoustic ganglion (SAG) relaying sensory information and the hindbrain
reticulospinal neurons are not affected in Fmn2b morphants

Whole mount immunostaining with anti-neurofilament antibody 3A10 was used to visualize the
Statoacoustic ganglion connecting to the M-cells in 96 hpf larvae with A) 2 ng MO Control and B)
2 ng MO SB Fmn2b cytoplasmic injections. Scale bar is equivalent to 20 um. Retrograde labelling
of reticulospinal neurons using Tetramethylrhodamine Dextran (TMR Dextran) in 96 hpf C) 2 ng
MO Control injected embryos and D) 2 ng MO SB Fmn2b injected embryos. The M-cell and its
homologs, MiD2cm and MiD3cm are intact in FmnZb morphants. The cell bodies of the
reticulospinal neurons stained with RM0-44 antibody in 48 hpf morphants are intact in the E)
control and F) Fmn2b morphants. Scale bar is equivalent to 20 pm.
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2.2.7 Thedevelopment of Spiral fiber tracts in the hindbrain is regulated by FmnZb

The M-cell is known to receive inputs from excitatory as well as inhibitory interneurons
(Korn and Faber, 2005) to achieve modular fine-tuning of responses to a variety of
stimuli. The increase in the response latency in Fmn2b morphants suggests possible
defects in the hindbrain circuits involving the M-cells. To assess the state of neuronal
connectivity in the hindbrain, the axonal tracts in 96 hpf morphants were visualized using
the anti-neurofilament antibody 3A10. Majority of the axonal tracts in the hindbrain,
including the M-cell and its homologs, remain unaffected in Fmn2b morphants. However,
the spiral fiber tracts in rhombomere 3 were absent. Spiral fiber neurons are
commissural interneurons innervating the M-cell axon hillock (Scott et al., 1994; Lorent
et al,, 2001; Gyda et al., 2012; Lacoste et al., 2014; Liu and Hale, 2017). They have been
described earlier to provide excitatory feedforward input to the M-cells and regulate the

escape response in larval zebrafish (Lacoste et al., 2014).

The axonal tracts in the hindbrain of 96 hpf embryos were visualized using the 3A10
antibody. About 48% of the MO SB Fmn2b morphants (n=31) showed absence of spiral
fiber tracts, whereas none of the control morphants (n=27) showed the defect. The
defects were rescued by co-injecting mFmn2-GFP mRNA along with MO SB Fmn2b. The
phenotype was rescued in 95% (n=40) of the morpholino and mFmn2-GFP mRNA co-
injected embryos (Figure 2.8 A-D).

The phenotype was also recapitulated by the MO TB Fmn2b morpholino. In the embryos
injected with a 2 ng dose of MO TB FmnZbmorpholino at 1-cell stage, 36% of the embryos
showed absence of spiral fiber tracts (Figure 2.9 A). Further, yolk injections of higher
doses (4 ng and 8 ng) of the MO TB FmnZ2b caused similar spiral fiber tract development
defects (Figure 2.9 B), suggesting a dose dependent effect of Fmn2b knockdown of spiral

fiber tract development.
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Figure 2.8 Morpholino mediated Fmn2b knockdown impairs axonal outgrowth in the spiral fiber
tracts. Whole mount immunostaining using anti-neurofilament antibody 3A10 stains axons in 96
hpf zebrafish hindbrain (A-C). A) Spiral fiber tracts are marked with red arrowheads in control
morphants. B) Fmn2b knockdown using splice blocking morpholino (MO SB Fmn2b; 2
ng/embryo injected in the cytoplasm) reveals defects in the spiral fiber tract outgrowth. C) The
phenotype in Fmn2b morphants could be rescued by injection of 300 pg mFmn2-GFP mRNA in
the MO SB Fmn2b injected embryos at 1 cell stage. Scale bar is equivalent to 20 um. D) A total of
48% Fmn2b morphants (n=31) show the absence of spiral fiber tracts as compared to none in
the control morphants (n=27). Whereas, only 5% of the embryos rescued with mFmn2-GFP
mRNA (n=40) showed the defects. Scale bar is equivalent to 20 pm.
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Figure 2.9 The translation blocking morpholino recapitulates the spiral fiber neuron defect in
Fmn2b morphants. A) Whole mount immunostaining using 3A10 antibody of 96 hpf Fmn2b
morphants injected with 2 ng MO TB Fmn2b phenocopies the splice blocking Fmn2b morphant
defects. Scale bar is equivalent to 20 pm. B) Quantification of cytoplasmic injections of 2 ng MO
TB Fmn2b and yolk injections of higher doses (4 ng and 8 ng) of MO TB Fmn2b. Both cause the
spiral fiber neuron outgrowth defect in a dose dependent manner.

2.2.8 Spiral fiber tracts show outgrowth defects in FmnZ2b crispants

Over the past years, there have been concerns regarding the specificity and off-target
effects of morpholinos. With the advent of genome editing techniques employing the
CRISPR-Cas9 system in zebrafish, the validation of morphant phenotypes with FO
injection of sgRNAs and Cas9 to achieve biallelic mutations is gaining traction (Jao et al.,
2013; Shah et al,, 2016; Liu et al,, 2019). The embryos were injected with two sgRNAs
targeting the exonl of fmnZ2b along with Cas9 mRNA to investigate if knockdown of
Fmn2b using CRISPR-Cas9 based mosaic indels would phenocopy the defects in spiral
fiber tract development observed upon morpholino-based knockdown. The design and
validation of the sgRNAs is outlined in Chapter 3. The indels caused by the two sgRNAs

are summarized in Figure 2.10.

3A10 immunostaining revealed dose-dependent spiral fiber tract defects in the crispants
as shown in Figure 2.11. In the group which received a 30 pg dose of sgRNAs (n=25), 40%
of the embryos had no spiral fiber tracts while another 44% had either only one spiral
fiber tract or significant thinning of the tracts. In the group injected with the 100 pg
sgRNA dose (n=28), 67.85% of the embryos showed absence of both the spiral fiber
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tracts while another 32.15% either lacked one tract or had thin tracts. At this dose, no

larvae had intact spiral fiber tracts (Figure 2.11).
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Figure 2.10 Summary of indels and base changes generated in Fmn2b crispants

Out of 15 randomly chosen crispants injected with sgRNA-1, sgRNA-2 and Cas9 mRNA, A) 93.3%
embryos exhibited indels at the sgRNA-1 locus and B) 53.3% embryos showed indels at the
sgRNA-2 locus on exon 1 of fmn2b. Remaining larvae also exhibited base changes at the both the

loci. in: insertion; del: deletion.
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Figure 2.11 Fmn2b crispants show impaired axonal outgrowth in the spiral fiber tracts
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A) Spiral fiber neurons marked with red arrowheads in embryo injected with Cas9 mRNA. B)
Fmn2b knockdown using 30 pg dose of each of the two sgRNAs against fmn2b causes defects in
the outgrowth of the spiral fiber tracts in Fmn2b crispants. C) Fmn2b knockdown using 100 pg
dose of each of the two sgRNAs against fmn2b causes defects in the outgrowth of the spiral fiber
tracts in Fmn2b crispants. Scale bar is equivalent to 20 um. D) Quantification of the phenotype
reveals that Fmn2b crispants injected with 30 pg sgRNAs and Cas9 mRNA (n=25) show absence
of both the spiral fiber tracts in 40% embryos and thinning or absence of only one tract in 44%
embryos, as compared to no defects observed in the group injected with the Cas9 mRNA only
(n=27). Fmn2b crispants injected with 100 pg sgRNAs and Cas9 mRNA (n=28) show an increase
in the severity of the phenotype with 67.85% embryos showing absence of both tracts, 32.15%
showing thinning or single tract and no embryos with both the spiral fiber tracts intact.

Representative micrographs depicting the axon thinning and presence of single spiral
tract are shown in Figure 2.12 A-C. The dose dependent prevalence of the spiral fiber tract
development defect reinforces the requirement of Fmn2b in the development of spiral
fiber neuron tracts. As seen in morphants, 30-40% of the Fmn2b crispants also showed
morphological defects like, curved body axis, shorter body lengths, cardiac edema,

microcephaly, deflated swim bladder and otolith defects (Figure 2.12 D).
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Figure 2.12 Spiral fiber tract and morphological defects in Fmn2b crispants
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Representative micrographs showing the A) absence of only one tract and B) thinning of the spiral
fiber tract in Fmn2b crispants as compared to C) embryos injected with only Cas9 mRNA. D)
Quantification of morphological defects in Fmn2b crispants injected with 100 pg each of sgRNA1
and sgRNA2 along with 300 pg of Cas9 mRNA at 96 hpf. The parameters used for classification of
morphologically aberrant embryos were the same as in Figure 2.2 D.

These results implicate Fmn2b in the development of the spiral fiber neuron tracts that
are necessary for the efficient and reliable execution of the M-cell mediated C-bend
escape response. The increase in latency to respond to mechano-acoustic stimulus in
Fmn2b morphants can be attributed to the lack of innervation of the M-cells by excitatory

spiral fiber neurons.
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2.3 Discussion

The zebrafish fmnZ ortholog, fmnZbwas identified to be located on chromosome 12. The
three key functional protein domains at the C-terminus (FH1, FH2 and FSI domains) that
define the fly, chick, mouse and humans orthologs of Fmn2 (Higgs, 2005; Breitsprecher
and Goode, 2013) were found to be highly conserved in zebrafish. fmn2b mRNA is
enriched in the developing zebrafish nervous system though the expression pattern is
dynamic during early development. fimnZb mRNA is maternally deposited in embryos but
disappears after 3 hpf. Robust expression of fmnZbmRNA in the nervous system resumes
by 24 hpf and persists till 96 hpf (Figure 2.1). The spatiotemporal expression pattern

coincides with neuronal development in the zebrafish embryo.

Behavioural analysis using an automated stimulus delivery setup and high-speed
recording revealed a specific function of Fmn2b in the acoustic startle response. The
responsiveness of Fmn2b and control morphants were comparable and indicated that
sensory perception was unaffected. However, Fmn2b knockdown increased the latency
to respond; the proportion of fast responses decreased while the long latency escape

responses increased (Figure 2.5).

The inner ear hair cells (Figure 2.6) and the statoacoustic ganglion (Figure 2.7) were
found to be unaffected by Fmn2b depletion. Strikingly, the spiral fiber neurons, which
provide excitatory input to the M-cells and form synaptic terminals at the M-cell axon
hillock fail to extend their tracts across the midline (Figure 2.8). Thus the observed
deficits in behaviour are likely due to the absence of spiral fiber neuron innervation
resulting in the failure of the command neuron-like M-cells to reach the excitatory
threshold (Lacoste et al, 2014). Both the behavioural (Figure 2.5) and the neuro-
anatomical phenotypes in Fmn2b morphants could be rescued by co-injection of mFmn2-
GFP mRNA (Figure 2.8This result underscores the evolutionarily conserved function of
Fmn2 from teleosts to mammals. The spiral fiber outgrowth defect was recapitulated by

another morpholino MO TB Fmn2b and in FO /mnZ2b crispants (Figure 2.9, Figure 2.11).

Previous studies have highlighted the role of spiral fiber neurons in regulating the fast
escape responses in response to mechano-acoustic stimuli (Lorent et al.,, 2001; Lacoste
etal, 2014; Hale etal., 2016; Marsden et al., 2018b). Spiral fiber neurons directly respond

to mechano-acoustic stimuli and relay the information to the M-cells, which also receive
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direct sensory inputs (Lacoste et al., 2014). In a separate study, the absence of spiral fiber
neurons along with other hindbrain commissures caused locomotor defects in space
cadet mutants (Lorent et al, 2001) later characterized as a mutation in the
retinoblastoma-1 (Rb1) gene (Gyda et al,, 2012). These studies indicate that the spiral
fiber neurons are indispensable for the initiation of a robust startle escape response (Hale
et al,, 2016). The convergent circuit design in zebrafish hindbrain, where spiral fiber
neurons help M-cells reach the excitatory threshold, ensures a speedy and reliable
response to a potentially noxious stimulus. The excitability of M-cells decides the further
course of action for the animal within the specific context. Zebrafish need the M-cells and
two segmental homologs, MiD2cm and MiD3cm, to elicit an effective, fast escape response
in zebrafish (Liu and Fetcho, 1999; Kohashi and Oda, 2008). In Fmn2b morphants, the M-
cells fail to receive inputs from the spiral fiber neurons and exhibit a delay but eventually
elicit an escape response. It is likely that MiD2cm and MiD3cm neurons, which also
receive the auditory input from the statoacoustic ganglion, are recruited in Fmn2b
morphants to produce an escape response with increased latency. In addition to the
overall increase in latency in Fmn2b morphants, the shift towards majority LLC
responses in Fmn2b morphants instead of SLC responses implies the involvement of M-
cell homologs in the absence of spiral fiber excitation of the M-cell. While the possibility
of further deficits downstream of the M-cell homologs cannot be ruled out, the Fmn2b
morphants can still execute C-bend escapes with no significant changes in the maximum
bending angle in response to mechano-acoustic stimuli. Therefore, the absence of M-cell
innervation by the spiral fiber neurons are the primary reason for the behavioural deficits

in Fmn2b morphants.

Given the broad expression of the fmnZb mRNA in the developing and adult zebrafish
nervous system, it is interesting to note that the defects due to Fmn2b knockdown are
confined to the development of a small population of hindbrain excitatory interneurons,
the spiral fiber neurons. Spiral fiber neurons are late pioneering neurons which complete
axonogenesis around 72 hpf (Lorent et al., 2001). The developmental timing of axonal
outgrowth in this neuronal population and protein perdurance from the maternal fmnZ2b
mRNA may render spiral fiber neurons, especially sensitive to morpholino-mediated
knockdown. There is a notable expression of /mn2b mRNA in the retinal ganglion cells of
the eye and the spinal cord of zebrafish larvae. However, the role of FmnZb in

development of other neural circuits in zebrafish remains untested.
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FmnZb morphants and crispants show partial penetrance of the defects presented. The
quantification of morphological defects, spiral fiber neuron defects and the consequent
latency defects show a near bi-modal distribution. Embryos were PTU treated to remove
pigmentation prior to antibody staining. PTU treated embryos were not used for
behaviour experiments. This experiment design did not allow me to do a one-to-one
correlation of the neuroanatomical defects in each of the individual embryos
corresponding to the behavioural deficits. The lack of one-to one correlation however can

be compensated by the similar trends in the quantification of defects observed.

Fmn2 has previously been shown to be necessary for the axonal outgrowth of spinal
neurons in developing chick embryos (Sahasrabudhe et al., 2016; Ghate et al., 2020).
Therefore, axonal outgrowth defects of the spiral fiber neurons in zebrafish might be
responsible for loss of synaptic connectivity with the M-cells. However, it remains
possible that there are additional deficits in neuronal differentiation or specification in

the Fmn2b morphants.

Both Fmn2b morphants and crispants show defects in the development of the spiral fiber
tract. Given the mosaic nature of FO CRISPR-Cas9 mediated knockout, the thinning of the
axonal tract upon Fmn2b knockdown supports our speculation of axonal outgrowth
defect in spiral fiber neurons. The dose dependent effect of the sgRNAs on spiral fiber
tract development further strengthens our claim that the spiral fiber neurons have axonal

outgrowth defects.

However, it remains to be tested if in addition to outgrowth defects, Fmn2b morphants
have neural differentiation or specification defects. Previous studies show that Fmn2 has
a synergistic effect on Filamin-a (Flna) and causes neurodevelopmental defects in Fmn2
and Flna double knockout mice. On its own, Fmn2 null allele does not cause
neurodevelopmental defects, neural differentiation defects or apoptotic phenotypes in
Fmn2 single knockout mice (Lian et al,, 2016). In zebrafish Fmn2b morphants, the cell
bodies of the reticulospinal neurons in the hindbrain labelled by TMR Dextran retrograde
labelling and RM0-44 immunostaining are intact in the Fmn2b morphants. This indicates
that Fmn2, consistent with the findings in primary neuron cultures, is more likely to be
involved in the axon outgrowth of spiral fiber neuron tracts and not in the specification

or differentiation of the neurons.
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The molecular mechanism mediating Fmn2b dependent axonal outgrowth in zebrafish is
not known. In chick spinal neurons, Fmn2 mediates growth cone motility by regulating
the cell-matrix adhesions necessary to generate traction forces (Sahasrabudhe et al,,
2016; Ghate et al.,, 2020). A recent study implicates Fmn2b in regulating growth cone
microtubule dynamics in zebrafish Rohon-Beard neurons (Kundu et al, 2021) and
highlights another mechanism mediating outgrowth and pathfinding. Further studies in
zebrafish, involving in vivo imaging of cytoskeletal dynamics, can pave the way for

mechanistic insights into Fmn2 function in intact animals.
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In conclusion, Fmn2b was found to mediate the development of the spiral fiber neuron
pathway conveying indirect excitatory inputs to the command neuron-like M-cells. The
loss of this specific regulatory unit is manifested in a delay in initiating fast escape
reflexes in response to mechano-acoustic stimuli, a behaviour of significant survival
value. Apart from identifying a novel function for Fmn2 in the development of hindbrain
commissural circuitry, our findings highlight the utility of models bridging subcellular
functions of Fmn2 identified in cultured neurons to circuit development and associated

behavioural consequences.
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Generation and
characterization of fmnZ2b

CRISPR mutants
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3.1 Introduction

Loss of function is a powerful tool to dissect the function of genes in a biological process.
There are several methods to achieve the knockdown of a protein. In this thesis, injection
of just fertilized zebrafish embryos with antisense morpholinos and Cas9 endonuclease
along with gene targeting short guide RNAs (sgRNAs) have been used to analyze the role

of Fmn2b in the development of neural circuits.

Loss of function mediated by morpholinos in zebrafish has been an important tool to
study gene function but admittedly has its limitations (Eisen and Smith, 2008; Bill et al.,
20009; Stainier et al., 2017). Morpholino mediated knockdown reduces the level of target
proteins which may not recapitulate the phenotypes due to complete loss of function.
Evaluation of the contribution of maternally deposited gene products is also challenging
in morpholino mediated knockdown system. The knockdown is transient, and there is
evidence of unintended off-target effects of morpholinos. The advent of genetic
engineering tools like Zinc Finger Nucleases (ZFNs), TALENs and especially CRISPR-Cas9
(Hwangetal. 2013; Lietal, 2016; Shah etal., 2016; Varshney et al., 2016; Liu et al., 2019)
for zebrafish has made precise gene knockouts increasingly accessible over the years.
Genome editing approaches allow making stable mutant lines targeting desired genomic
loci and are increasingly being used as the predominant way of gene function analysis by

reverse genetics.

To further investigate the role of fmn2b, CRISPR-Cas9 based fmnZb mutants were
generated. The details of the mutant alleles generated, early embryonic phenotypes in
fmnZb mutants and transgenic reagents created for neural circuit analysis are presented

in this chapter.
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Note: A part of the work included in this chapter was done in the lab of Dr Shawn Burgess
at NHGRI, NIH, USA, under the Genome Editing Techniques Initiative (GETIn) internship
awarded to me by DBT, India.

3.2 Results

3.2.1 Design and validation of sgRNAs

The characterized functional domains of Formin-2 across vertebrates, and also Fmn2b in
zebrafish, are the Formin Homology 1 (FH1), Formin Homology 2 (FH2) and Formin
Spire Interaction (FSI) domains. These three domains are responsible for most
cytoskeletal remodelling undertaken by Fmn2 and present on the protein's C-terminal.
To investigate the effect of knockout of fmnZbin zebrafish larvae, 3 sgRNAs targeting the
exons 1 and 3 of fmn2b were designed using the CRISPRscan tool (Giraldez Lab, Yale

University) and cross verified for high scores using the ZebrafishGenomics track

(Burgess Lab, NHGRI, NIH) in UCSC genome browser (Figure 3.1 A). Targeting early
exons would ensure that the resulting mutant allele would cause exclusion of the
functional domains in the mutant Fmn2b protein. The efficiency of each of the sgRNAs to
induce indels in the FO injected embryos was tested using the CRISPR-STAT method
(Carrington et al., 2015) (Figure 3.1B). Briefly, genomic DNA was extracted from eight
embryos collected at random from the injected clutch used for fluorescent PCR. The
resulting amplicon flanking the target locus would be labelled with FAM-13 dye at the 3’
end (Figure 3.1C). The amplicons from wildtype fish were compared to the fmn2b
crispants (FO progeny injected with 50 pg sgRNA and 300 pg Cas9 mRNA) using capillary
gel electrophoresis with a single base-pair resolution (Figure 3.1D). Out of the three
sgRNAs tested, sgRNA-1 was the most efficient in inducing somatic mutations in the
embryos injected, with sgRNA-2 being the next best in introducing indels at the target
site (see Reagents and Procedures for sequence information). Both the sgRNAs were used
to test the role of fmn2b in developing the spiral fiber tracts in crispants (Chapter 2).

Further, sgRNA-1 was chosen for creating stable fmn2b knockout lines.
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Figure 3.1 Design and validation of sgRNAs against fmn2b. A) Schematic denoting the Formin
homology 1 (FH1), Formin homology 2 (FH2) and Formin Spire interaction (FSI) domains of
zebrafish Fmn2b (1473 amino acids) and the location of three sgRNAs tested is marked with the
corresponding amino acid position. B) Schematic showing the experimental workflow for sgRNA
testing based on the CRISPR-STAT method. C) Schematic of primer design for fluorescent PCR
with the overhang primer tagged with FAM-13 dye. D) Representative output plot depicting the
size and magnitude of a peak from fluorescent PCR corresponding to the wildtype amplicon
flanking the sgRNA locus.

3.2.2 Screening potential founder lines with heritable indels

The embryos injected with sgRNA-1 and Cas9 mRNA were raised to adulthood till they
achieved sexual maturity. Individual embryos from the injected clutch were outcrossed
to a wildtype fish of the opposite sex to obtain eggs that were genotyped using fluorescent
PCR. Multiple founder lines with different allelic mutations were identified for fmnZ2b by
fluorescent-PCR. Some of the indels introduced by sgRNA-1 in exon 1 of fmnZ2b in the

founder zebrafish are summarized in Table 3-1. The F1 progeny obtained from the
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outcross of these founder lines was raised to adulthood, and the siblings were in-crossed.
The F2 progeny thus obtained was grown to sexual maturity and genotyped using the
caudal fin clip method and subsequent Sanger sequencing of the genomic locus flanking
the sgRNA-1 target to determine whether they were heterozygous or homozygous for the
inherited mutant allele.

Table 3-1 Examples of indels from different founder lines (injected with sgRNA-1 and Cas9 mRNA)
outcrossed with wildtype fish.

Size
Genotype Size 1 Height 1 | Size 2 Height 2 | change Indel
(bp)
fmn2b_sgRNA1_ WT | 332.81 | 10731
fmnZ2b_sgRNA1_1 328.1 11158 332.63 10612 4.53 del
fmnZ2b_sgRNA1_2 332.64 18044 342.38 19647 9.74 in
fmn2b_sgRNA1_3 325.38 | 15262 332.64 | 23476 |7.26 del
fmnZb_sgRNA1_4 328.08 | 22296 |332.54 |21307 |4.46 del
fmn2b_sgRNA1_5 328.09 | 19875 332,52 | 17520 | 4.43 del
fmn2b_sgRNA1_6 328.03 | 18051 332,57 | 15442 |4.54 del
fmn2b_sgRNA1_7 325.36 | 26496 |332.79 | 15631 7.43 del
fmn2b_sgRNA1_8 325.3 23818 |332.61 |14569 |7.31 del

The size indicates the amplicon size from the fluorescent PCR, and the height corresponds to the
number of amplicons detected in the capillary gel electrophoresis fragment analysis. The size of
the amplicon from wildtype fish at the sgRNA-1 locus is 333 bp. The amplicons from the founder
fish had a wildtype amplicon and a mutated version. The size difference between the two
amplicons was used to determine the indels.

3.2.3 Establishing homozygous mutant lines for fmnZ2b

As shown in Table 3.1, sgRNA-1 caused various indels near the intended target around
753 bp into the fmnZb sequence in exon 1, corresponding to the 251st amino acid

position in the 1473 amino acid long FmnZ2b protein sequence. Two alleles causing a 7 bp
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(fmn2b*7/27) and 4 bp (fmn2b2%24%) deletion respectively were selected and maintained
as homozygous mutants (Figure 3.2 A-B”). The deletions cause a premature stop codon
to occur downstream at 299th and 300th amino acid, respectively in the fimn2H7/A7and
fmn2b* %24 mutants (Figure 3.2 C). Homozygous mutants were in-crossed to obtain
heteroallelic homozygous mutants with one each of the two alleles and henceforth,

denoted as finn2HA 447,

Bl

GGCTGACAGCAGACAGGCT

D4/67

Ad/A4 A7IAT
C fmn2b" " 3002 fmn2b " 200 aa fmn2b

I * X | * I % 300 aa
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Figure 3.2 Generation of fmn2b CRISPR mutants. A) Schematic marking the site of fmn2b sgRNA-
1. B) Genomic locus from fmn2b exon 1 starting from 720 bp (corresponding to 240th amino
acid). The sgRNA sequence is highlighted in yellow, followed by the PAM sequence in pink.
Representative chromatograms of amplicons sequenced from homozygous CRISPR mutants for
fmn2b show two alleles with a 7 bp and a 4 bp deletion respectively. These two alleles are denoted
as fmn2b47/47 and fmn2b44/24, C) Schematic outlining the generation of fmn2b heteroallelic

homozygous mutants.

3.2.4 Early developmental phenotypes in fmn2b CRISPR mutants

Generation of fmnZbknockoutlines allowed the investigation of the role of fmn2bin early
development and the neuronal development of zebrafish embryos. The heterozygous
(fmn2b*/27) and heteroallelic homozygous (fmnZb#27) fmn2b mutants showed

significant mortality as compared to fmnZ2b*/* embryos during early development. In the
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fmnZb*/47 population, 14% of the embryos did not survive by 24 hpf, whereas in the
fmnZb* %47 population, 17% of the embryos died within the first 24 hours of development
(Figure 3.3 A). Early mortality of fmnZb mutants implicates the involvement of fmnZbin
oocyte and early embryonic development as previously reported in mice and humans
(Leader et al., 2002; Ryley et al., 2005; Dumont et al., 2007; Schuh and Ellenberg, 2008;
Mogessie and Schuh, 2017). In addition to the early mortality observed in fmn2b mutants,
the surviving population exhibits morphological defects similar to fmn2b morphants and
crispants showed in Chapter 2. Around 25% of the surviving population showed one or
more of the morphological defects like shortening of body length, increased axial
curvature, microcephaly, cardiac edema, deflated swim bladder and malformed otoliths.
The morphological defects were negligible in the wildtype population. Around 17% of the
fmnZb mutants showed body length and curvature defects, 12% had microcephaly, and
<5% showed cardiac edema, swim bladder deflation and otolith defects (Figure 3.3 B).
Despite the early embryonic mortality and morphological defects, around 50-60% of the
total clutch from f/mnZb homozygous mutants survived to become adults. The
homozygous fimn2bmutants were able to reproduce, and the obtained clutch from F1, F2
and F3 progeny of fmnZb homozygous mutant in-crosses showed a similar trend of

mortality and morphological defects.
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Figure 3.3 Mortality and morphological defects in fmn2b mutants. A) Graph plotting the
percentage of embryos alive at the end of the indicated time post fertilization. B) Graph plotting
the percentage of embryos with the indicated morphological defects.
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Further characterization of the early developmental defects was done by microscopic
analysis of fmnZ2b mutants. Live imaging of developing fmnZb mutant embryos revealed
a non-uniform appearance of the yolk as compared to wildtype embryos. The yolk of
fmnZ2b mutants had clump-like structures throughout the yolk (Figure 3.4 A, B). These
clumps persisted in the yolk of the developing embryo till 24-72 hpf, contingent on their
survival. Most of the embryos with the yolk defects did not survive beyond 24 hpf

suggesting a potential role of yolk defects in early mortality.

A fmn26'"* B fmn2b*"s!

Figure 3.4 Defects in yolk architecture of 5 hpf A) fmn2b+/+ and B) fmn2b24/47 embryos.

3.2.5 Generating reagents to visualize neuronal populations in fmn2b mutants

The fimnZb mutants recapitulate the early developmental defects observed in the fmn2b
morphants and crispants. To look at the effect of fimn2bknockout on the development of
neural circuits, the fmn2b mutants were crossed to transgenic lines labelling the motor
neurons (7g(mnx1:GFP)) and a subset of Retinal Ganglionic cell (RGC) neurons
(Tg(brn3c:GAP43-GFP)). The phenotypes observed in motor neuron development are
presented in Chapter 4, and the defects underlying the visual processing neural circuits
are presented in Chapter 5. The details of the crosses to achieve labelling of motor
neurons and RGCs in fmnZb mutants using the transgenes mentioned above is shown in

Figure 3.5 below.
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Figure 3.5 A) Schematic depicting the workflow for generating fmn2b CRISPR mutants in
Tg(mnx1:GFP) background to label motor neurons. B) Schematic depicting the workflow for
generating fmn2b CRISPR mutants in 7g(brn3c:GAP43-GFP) background to label a subset of
Retinal Ganglionic Cell projections to the optic tectum.
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3.3 Discussion

Two mutant alleles were successfully generated targeting the exon 1 of fmnZb. The
fmn2bA*24 and fimn2b"7/A7 alleles cause a premature stop codon to occur at the 300t and
299t amino acid position, respectively ensuring that the functional domains of FmnZ2h,
FH1, FH2 and FSI are not translated in the fmnZb mutants. Despite recent advances in
improvement of specificity of Cas9 nucleases, the possibility of off-target mutations in
CRISPR-Cas9 mutants remains likely. Multiple mutant alleles of the desired genetic locus
are compared to ensure the specificity of the mutation on gene function. But this does not
ensure absence of any off-target effects. For the fimn2b mutants generated, fmn2bA#44+
and fmn2bA’/A7 mutant alleles were crossed and screened to obtain fmn2b %47 embryos
which are homozygous for mutations in exon 1 and will make a transcript with a
premature stop codon from both the gene copies. But, the fmn2b*%47 embryos will be
heterozygous for any unintended off-target mutations that persisted even after wildtype
outcrossing. Moreover, the phenotypes were comparable in the fmn2bA424, fmn2b7/A7

and fmn2b %47 embryos implicating fimnZ2b in the observed defects in mutants.

The early mortality and morphological defects observed in fmnZbmutants point to a non-
neuronal role of fmnZb in embryonic development. One possibility is that the actin
cytoskeleton of the yolk required for proper transport of nutrients to the developing
embryo is rendered dysfunctional due to the absence of maternally deposited fimn2b
transcripts. The Drosophila ortholog of Formin-2, Cappuccino (Capu), is required for
building the actin mesh throughout the oocyte, and its absence causes premature
cytoplasmic streaming (Manseau and Schiipbach, 1989; Emmons et al.,, 1995; Dahlgaard
et al,, 2007; Yoo et al,, 2015). It will be interesting if similar defects are observed in the
fmnZ2b zebrafish mutants and are potentially responsible for the yolk defects and early
mortality. Quantification of early mortality in fimn2b morphants and crispants could not
exclude any artefacts of injection stress to the embryos. However, the fmn2b morphants
and crispants consistently showed increased mortality compared to the wildtype injected
group. Overall, the questions surrounding the pleiotropic functions of fmn2b remain
unanswered. The fmnZb mutants generated here will serve as an essential tool to study
the neuronal and non-neuronal role of /mn2b in development. This line of investigation
segregating the neuronal and non-neuronal contribution of fmnZb would benefit from

conditional fmn2b mutants with spatiotemporal control of fmnZ2bknockout in zebrafish.
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In this regard, the reagents for neuron-specific and heat shock mediated knockout of

zebrafish have also been made.

As discussed earlier, as many as eleven identified formins are present in zebrafish, with
the functional FH1 and FH2 domains but differing in the composition of the N-terminal
or presence of other regulatory domains. There is a high likelihood of redundancy in the
function of formins, especially the closely related formins. Despite maternal deposition
and extensive expression of fmnZb mRNA in the nervous system, the fmnZbmutants (and
morphants and crispants) are not lethal. It remains to be tested if other formins cooperate
to take over the functions of the missing formins in the system. In zebrafish, the closest
relative of fmnZ2bis its paralog fmnZa. Although fmn2a has remarkably low expression in
the developing zebrafish and no expression in the nervous system, it will be interesting
to note if fmnZais upregulated in the absence of fmnZb or if the phenotypes observed in

fmnZ2b mutants are exacerbated in the fmn2b and finnZa double mutant.
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Motor neuron outgrowth is
regulated by Fmn2b
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4.1 Introduction

Motor neurons are the final, executory neurons underlying most motor behaviours
performed by zebrafish during development and throughout their lifespan. The motor
neurons receive synaptic inputs from reticulospinal neurons, including the Mauthner cell
and a plethora of interneurons which regulate their function in response to stimuli
(Bernhardt et al., 1990; Hale et al., 2001; McLean and Fetcho, 2008). The cell bodies of
the motor neurons are located in the ventral spinal cord, from where the axons emerge
and take restricted trajectories and make unique arborization patterns innervating
specific muscle targets (Myers, 1985; Eisen et al., 1986; Eisen, 1991). Zebrafish have two
types of motor neurons, primary and secondary, present on both sides of the spinal cord.
The axial muscles in zebrafish are organized in myotomes spanning the dorsal, medial
and ventral regions on both sides and receive projections from three primary motor

neurons and several secondary motor neurons per hemisegment (Myers, 1985).
4.1.1 Birth and outgrowth of motor neurons

On either side of the spinal cord, three subtypes of primary motor neurons are present,
easily identified from their morphology and muscle target (Stifani, 2014). The three types
of primary motor neurons are Caudal Primary (CaP), Middle Primary (MiP) and Rostral
Primary (RoP) motor neurons, named after the relative position of their cell bodies in the
spinal cord (Myers et al., 1986). Primary motor neurons are born 9-10 hours post
fertilization, and the axonogenesis starts ventrally around 18 hpf. CaP motor neurons are
the first to extend their axons, followed by MiP and RoP neurons (Eisen et al., 1986; Myers
et al., 1986; Westerfield, 1992). The axons of each motor neuron follow a stereotypical
pathway and project to unique fast-twitch muscle fibers needed for their respective
function (Eisen et al., 1986; Westerfield et al.,, 1986; Kuwada et al., 1990a). Pathfinding
by the primary motor neuron growth cones is dependent on interactions with the
environment, not the adjacent motor neurons and does not follow a preset temporal

pattern (Eisen et al., 1986; Myers et al., 1986).

Secondary motor neurons are born 5-6 hours after the primary motor neurons and begin
axonogenesis hours later, independent of the pioneering neurons. On average, secondary
motor neuron growth cones exit the spinal cord around 26-27 hours (Myers et al., 1986).

Compared to primary motor neurons, the secondary motor neurons have smaller cell
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bodies, and their arborization fields are smaller (Pike et al., 1992; Westerfield, 1992;
Beattie et al., 1997; Menelaou and Svoboda, 2009).

MiP CaP
Dorsal

Ventral

Figure 4.1.1. Schematic showing the innervation pattern of the CaP, vROP, dROP and MiP motor
neurons onto the myotome (Bagnall and McLean, 2014)

4.1.2 Pathway selection by motor neurons

The initial trajectory of the CaP, MiP and RoP axons is common till the choice point
marked by the horizontal myoseptum. After reaching this choice point, axons of each of
the primary motor neurons migrate in different directions. CaP axons continue to extend
ventrally and occupy the ventral most musculature. MiP axons take an about-turn and
migrate towards the dorsal muscle. RoP axons exit the horizontal myoseptum laterally
and primarily project to the mid-dorsal and mid-ventral region (Myers, 1985; Eisen et al.,
1986, 1989; Myers et al., 1986; Kuwada et al., 1990b; Eisen, 1991). Recently, studies have
identified two types of RoP neurons, dorsal RoP (dRoP) and ventral RoP (vRoP) neurons,
which project to the mid-dorsal and mid-ventral regions, respectively (Bagnall and
McLean, 2014; Bello-Rojas et al.,, 2019). Each of the primary and secondary motor
neurons occupies a distinctive position as they innervate the target muscles. These
territories form structurally and functionally distinct motor units, which can help the fish
execute motor behaviours requiring varied speed and force (Bagnall and McLean, 2014;
Bello-Rojas et al., 2019). The development of identified motor neurons is independent of

the trajectories and temporal development of other motor neurons. There is no effect of
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ablation of pioneer motor neurons on the ability of the follower motor neurons to follow

the stereotyped pathway and innervate target musculature. (Eisen et al., 1989).
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Ventral Myotome ' '
L Notochord

Figure 4.1.2. Schematic showing the lateral and section view of the zebrafish spinal cord and the
relative placement of the primary motor neurons. The horizontal myoseptum acts as a spatial
marker to provide a choice point for the CaP, MiP and RoP motor neurons to change their
trajectories (Issa etal., 2012)

4.1.3 Cytoskeletal proteins in neuronal morphogenesis and branching

Outgrowth and branching of neurons require active cytoskeletal remodelling of the actin
and microtubule cytoskeleton, employing many cytoskeletal proteins (Kessels et al.,
2011; Kalil and Dent, 2014; Coles and Bradke, 2015; Kawabata Galbraith and Kengaku,
2019). Branch maturation and stability are aided by microtubule innervation (Lasser et
al., 2018). Different types of neurons make diverse branched structures suited to their
function (Kalil and Dent, 2014). Actin remodelling protein, Cordon Bleu (Cobl), an actin
nucleator, is critical for branching of dendritic structures in hippocampal and Purkinje
neurons (Ahuja etal, 2007; Haag et al., 2012). The kinesin adaptor, Calsyntenin-1 (Clstn-
1), regulates the branching of the peripheral Rohon Beard (RB) neurons via endosomal
traffic control (Ponomareva et al,, 2014). Microtubule severing proteins like Fidgetin like-

1 and Fidgetin like-2 are implicated in the negative regulation of motor neuron branching
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in zebrafish (Fassier et al.,, 2018). Knockdown of Atlastin, a dynamin superfamily of large
GTPases, leads to motor neuron pathfinding defects and reduction in zebrafish larval
motility and upregulation of BMP signalling (Fassier et al., 2010). Kinesin-12 knockdown
causes a decrease in the velocity of sensory and motor neuron growth cones during early
development in zebrafish (Xu et al., 2014). Myosin phosphatase activity is required for
preventing excessive branching of CaP motor neurons (Bremer and Granato, 2016). The
depletion of Dynactin subunit 1a (Dctnl) causes motor neuron pathfinding defects,
neuromuscular instability and locomotion defects in zebrafish and aged mice (Yu et al,,
2018; Bercier et al., 2019). Among actin-binding proteins, the role of Profilin in motor
neuron outgrowth and branching has been characterized extensively. Profilin 1 (Pfn1)
regulates the polymerization of actin in coordination with formins via their FH1 domains
(Katoh and Katoh, 2004; Paul and Pollard, 2008; Funk et al., 2019). Mutations in Pfn1
cause familial amyotrophic lateral sclerosis in humans and mice (Wu et al., 2012; Yang et
al., 2016; Brettle et al.,, 2019). Pfn1 is also required for motor neuron outgrowth in

Drosophila (Wills et al., 1999).

The function of the formin class of actin and microtubule remodelling proteins in axonal
branching in vivo remains elusive. Few reports characterize the role of Dishevelled
associated activator of morphogenesis (Daam) formins in Drosophila axonal growth
(Matusek et al., 2008; Prokop et al,, 2011) and Daam1a in habenular morphogenesis and
IPN connectivity in zebrafish (Colombo et al., 2013). Another study identified Formin-3
(Form3) in the maintenance of complex dendritic arbors of nociceptive sensory neurons
in Drosophilavia microtubule stabilization and adequate organelle trafficking (Das et al,,

2017).

However, there are hardly any reports about the role of formins, particularly in motor
neuron development. Previous reports show the requirement of Fmn2 in outgrowth and
pathfinding (Sahasrabudhe et al.,, 2016; Ghate et al., 2020; Kundu et al., 2021) and axonal
branching (Kundu et al., 2020) in chick spinal primary neurons. The following section
presents the role of the zebrafish ortholog of Formin-2, Fmn2b, in regulating motor

neuron outgrowth and branching in vivo and the consequent effects on motor behaviour.
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4.2 Results

4.2.1 fmn2b mRNA is expressed in the spinal cord of zebrafish embryos

In addition to the expression in the central nervous system, fmnZb mRNA is also
expressed in the spinal cord 48 hpf onwards (Figure 4.1 A, B). One of the major classes of
neurons in the spinal cord is motor neurons. The motor neurons have predetermined
trajectories as their axons exit from the cell bodies located in the spinal cord and reach
their respective targets across the myotome. Given the expression of fmnZb mRNA in the
spinal cord, fmnZb mutants described in the previous chapter were used to observe any

motor behavioural deficits.

A Lateral view B Dorsal view

48 hpf
fmn2b mRNA

Figure 4.1 fmn2b mRNA is expressed in the spinal cord of zebrafish embryos A)Lateral and B)
dorsal of 60 hpf embryo showing fmn2b mRNA expression in the spinal cord.

4.2.2 fmn2b mutants exhibit defects in Spontaneous Tail Coiling (STC) and Touch Evoked
Escape Response (TEER)

The first motor behaviour to appear in the developing zebrafish embryo is the
spontaneous tail coiling which starts around 17 hpf and persists till 27 hpf (Saint-Amant
and Drapeau, 1998; Brustein et al, 2003). This time window coincides with the
outgrowth and pathfinding of primary motor neurons (Myers et al., 1986). On comparing
22 hpf wild-type (fmn2b*/*) and fmn2b mutant (fimn2h#%7) embryos, it was observed
that the frequency of spontaneous tail coiling was reduced in fimn2b*#47 embryos (3.168
+ 0.314 min1) as compared to the fmn2b*/* embryos (5.003 + 0.203 min1) (Figure 4.2

A). The maximum amplitude of tail coiling did not change significantly in the fmn2b#447
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embryos (Figure 4.2 B). The decrease of coiling frequency but not the magnitude of
coiling indicates that the defects are likely due to motor neuron development or NM]

defects rather than loss of muscle integrity.

As the embryo develops, the motor neurons start executing touch evoked escape
responses beginning at 48 hpf, manifested as quick C-bend escapes followed by
swimming bouts. In touch evoked escape response (TEER) assay performed with 60 hpf
embryos, the distance covered by the fmn2b#427 embryos (13.55 + 1.06 mm) and the
average speed of movement across the swim bout (34.26 + 2.785 mm/s) was severely
reduced as compared to the distance covered (65.31 + 4.93 mm) and swim speed (84.37
+ 3.253) of fimn2b*/* embryos (Figure 4.2 C, D, E). However, the maximum instantaneous
speed attained by an embryo during the entire swim bout was not significantly different
between fmn2b*/* (199.5 + 7.039 mm/s) and fmnZ2b#427 embryos (183.2 + 6.245
mm/s) (Figure 4.2 F). This observation suggests that the motor defects in fmn2bA447
embryos at 24 hpf and 60 hpf could arise from abnormal motor neuron development or
innervation of the muscles and not due to defects in the muscle architecture or activity.
The comparable maximum instantaneous speed of fmn2b*/* and finn2b*4/47 embryos
supports that the muscles remain largely unaffected upon finn2b knockout. Therefore,
fmnZbmutants have motor deficits manifested as reduced spontaneous tail coiling and

reduced distance travelled and average speed in TEER assay.
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Figure 4.2 fmn2b mutants exhibit motor defects. A) Spontaneous tail coiling (STC) frequency and
B) maximum amplitude of tail coiling in 22 hpf - 26 hpf fmn2b+/+ (n=121) and fmn2b24/247 (n=68)
embryos. C) Trajectories of 2 dpf fmn2b+/+ (n=22) and fmn2b24/47 (n=24) embryos in Touch
Evoked escape response (TEER), re-centered at a common origin for representation. The X and Y
axes in the plot correspond to the pixel values corresponding to coordinates of the fish from
consecutively acquired frames. Quantification of D) distance covered per swim bout, E) average
speed during the swim bout, and F) maximum instantaneous swimming speed of 2dpf fmn2b+/+
(n=22) and fmn2bA%/47 (n=24) embryos in response to a tactile stimulus. (**** p-value <0.0001;
ns- not significant; Mann-Whitney U test)
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4.2.3 fmn2b mRNA is expressed in the motor neurons of zebrafish embryos

To explicitly test the expression of fmnZb mRNA in the motor neurons, wild-type
Tg(mnx1:GFP) embryos labelling the motor neurons were used to check the expression
of fmnZb in the GFP positive motor neurons by RT-PCR. Briefly, 24 hpf and 60 hpf
Tg(mnx1:GFP) embryos were treated with trypsin to obtain a single cell suspension, from
which motor neurons were isolated using Fluorescence-activated cell sorting (FACS)
(Figure 4.3 A). RT-PCR was performed on cDNA extracted from sorted motor neurons
labelled by mnx1:GFP using primers against 2-actin (actb2) control (1153 bp) and
fmn2b N-terminal (408 bp) from 24 hpf and 60 hpf embryos, respectively. RT-PCR

confirmed the presence of fmnZb transcript in motor neurons in 24 hpf and 60 hpf

‘ FACS cDNA from
Smg(lae gell\ GFP positive sorted cells
aa * il motor neurons RT-PCR

24hpf 6O hpt

actb2 control
1153 bp

embryos (Figure 4.3 B).

f*'/'-i";"' - :
A —
T9(m9X1-'G;:P)-{.;

1xb

24 hpf 60 hpf

- - 400 bp

fmn2b
408 bp

Figure 4.3 fmn2b is expressed in the motor neurons of zebrafish embryos. A) Schematic for cell
sorting of motor neurons from wild-type Tg(mnx1:GFP) embryos and RT-PCR. B) Gel showing
bands for amplified $2-actin (actb2) control and fmn2b N-terminal from cDNA obtained from
FACS sorted motor neurons (mnx1:GFP positive cells) in 24 hpf and 60 hpf wild-type
Tg(mnx1:GFP) embryos.

4.2.4 (CaP motor neuron growth cone translocation is slower in fmn2b mutants
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To test the hypothesis that the behavioural defects in fmn2b mutants arise due to motor
neuron morphogenesis defects, the fimn2H4/47 mutant line was crossed to Tg(mnx1:GFP)
to obtain homozygous mutants for fmnZ2b in the transgenic background labelling motor
neurons (Figure 3.5 A). Using the fmnZb mutant line with motor neurons labelled with
GFP under the mnx1 promoter, the developing motor neurons were observed from 22
hpf to 26 hpf. The growth cones of the pioneering caudal primary (CaP) motor neurons
were tracked using the Manual Tracking Image] plugin, and the average translocation
speed was calculated. The fmn2bA#427 embryos showed slow outgrowth of the CaP
neurons (Figure 4.4 A, B). The growth cone translocation speed of finn2b %47 embryos
(22.1 £ 1.575 um/h) was slower than the finn2b*/* embryos (28.34 + 1.962 pm/h)
(Figure 4.4 C).
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Figure 4.4 fmn2b is required for motor neuron growth cone translocation

A) Representative montages of live imaging of growth cone translocation in fmn2b+/+ and B)
fmn2b44/47 embryos in the background of Tg(mnx1:GFP) during the time period of 22 hpfto 26
hpf. C) Quantification of motor neuron growth cone translocation speed in fmn2b+/+ (n=15
growth cones; N=3 embryos) and fmn2b44/47 (n=16 growth cones; N=4 embryos). (* p-value =
0.0298; Mann-Whitney U test) Scale bar is equivalent to 20 um.

4.2.5 Primary motor neuron outgrowth and branching defects in fmn2b mutants

In addition to the slow outgrowth of CaP motor neurons in fmn2b mutants, the collateral
branches extended by the motor neurons at 24 hpf and 60 hpf were observed using the
fmnZ2b mutant line fmn2b%47in the background of the transgenic line 7g(mnx1:GFP).
The embryos were mounted laterally to image the motor neurons using a 25X oil
immersion (NA 0.8) objective in a Zeiss LSM780 microscope. After the images were
acquired, the motor neuron fascicle length and the number of branches normalized to the
fascicle length, i.e., the branch density, were quantified using the Neuron] plugin in

Image]. At 24 hpf, 100% of the hemisegments had the CaP motor neuron soma present in
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fmnZ2b*/* as well fimn2b2#%47 embryos. Representative micrographs showing the effect of
fmnZb knockout on motor neurons labelled with mnx1:GFP are presented for 24 hpf
(Figure 4.5 A, B) and 60 hpf (Figure 4.6 A, B) embryos. The branch density along the
fascicle length (Figure 4.5 E) and the length of the fascicle (Figure 4.5 F) extended by the
primary motor neurons at 24 hpf was found to be reduced in fimn2b#27 embryos.
Similarly, 60 hpf fmn2b4%47 embryos showed a reduction in the outgrowth of the primary
and secondary motor neuron axons measured by the fascicle length (Figure 4.6 F) and
reduction in the density (Figure 4.6 E) of collateral branches along the fascicle. The
functional domains FH1 and FH2, characteristic of Formin-2, are conserved across
vertebrates (Figure 2.1 A). To assess if the expression of exogenous Fmn2 could rescue
the outgrowth and branching defects, full-length mouse Fmn2 (mFmnZ2) mRNA tagged
with mCherry was injected in the fmn2b2%27 mutant embryos at the 1-cell stage. The
branch density and fascicle length defects were rescued in 24 hpf (Figure 4.5 E, F) and 60
hpf (Figure 4.6 E, F) mutant embryos.

The FH2 domain of formins is required for F-actin nucleation, a principal function of
formins (Goode and Eck, 2007; Quinlan et al., 2007; Yoo et al., 2015). To test the role of
actin nucleating activity of Fmn2b in motor neuron branching, an F-actin nucleation dead
version of mFmn2 with a point mutation converting the Isoleucine at 1226 amino acid
position to Alanine (Quinlan et al.,, 2007; Roth-Johnson et al., 2014; Kundu et al., 2020),
mFmn2-11226A was used. The mRNA for mFmn2-11226A tagged with mCherry was
injected in the fmn2b %27 embryos, and the motor neuron development was analyzed.
Representative micrographs showing the effect of injection of full length and nucleation
dead mFmn2 on /mnZ2b mutants are presented for 24 hpf (Figure 4.5 C, D) and 60 hpf
(Figure 4.6 C, D) embryos. The 24 hpf (Figure 4.5 E, F) and 60 hpf (Figure 4.6 E, F) mutant
embryos injected with the mFmnZ2-112264A mRNA continued to exhibit the outgrowth and
branching defects similar to the fmn2b %27 embryos. Rescue of phenotype exhibited by
the fmnZb%27 mutants by full-length mFmn2 but not the nucleation dead version,
mFmn2-11226A points towards the conserved function of Fmn2 in motor neuron
development. It highlights the significance of the nucleation activity of Fmn2 in the
outgrowth and branching of motor neurons. The branching defects observed in fmn2b
mutants are also recapitulated in Fmn2b morphants, where they show a reduction in

branch density as well as fascicle length at 24 hpf and 60 hpf (data not shown).
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Figure 4.5 Outgrowth and branching defects in 24 hpf fmn2b mutants

Representative micrographs of motor neurons labelled by Tg(mnx1:GFP) in 24 hpf old A)
fmn2b+/+ and B) fmn2b24/A7 embryos. Representative micrographs of motor neurons labelled by
Tg(mnx1:GFP) in 24 hpf old fmn2b44/47 mutant embryos injected at 1-cell stage with C) full-
length mouse Fmn2 (mFmn2) mRNA and D) nucleation dead version, mFmn2-11226A mRNA. E)
Quantification of branch density (number of branches per fascicle normalized to the fascicle
length) along the fascicle extended by motor neurons per myotome hemisegment in fmn2b+/+
(0.1571 £ 0.005 wm-1; n=70 hemisegments) and fmn2b24/47 embryos (0.0981 + 0.005 »m1;n=118
hemisegments). The defects were rescued in fmn2b24/47 embryos injected with mFmn2 mRNA
(0.2139 £+ 0.012 wm-1; n=51 hemisegments) but not in the embryos injected with mFmn2-11226A
mRNA (0.111 £ 0.007 vm-1; n=63 hemisegments). F) Quantification of fascicle length extended by
motor neurons per myotome hemisegment in fmn2b+/+ (68.97 + 1.55 um; n=70 hemisegments)
and fmn2b24/A7 embryos (44.98 + 1.756 pm; n=118 hemisegments). The defects were rescued in
fmn2bA4/47 embryos injected with mFmn2 mRNA (73.7 £+ 1.86 pum; n=51 hemisegments) but not
in the embryos injected with mFmn2-11226A mRNA (73.7 + 1.86 pm; n=63 hemisegments). (****

p-value <0.0001; ns - not significant; Kruskal Wallis test followed by Dunn’s post-hoc analysis)
Scale bar is equivalent to 20 pm.
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Figure 4.6 Outgrowth and branching defects in 60 hpf fmn2b mutants

Representative micrographs of motor neurons labelled by Tg(mnx1:GFP) in 60 hpf old A)
fmn2b+/+ and B) fmn2b24/A7 embryos. Representative micrographs of motor neurons labelled by
Tg(mnx1:GFP) in 24 hpf old fmn2b44/47 mutant embryos injected at 1-cell stage with C) full-
length mouse Fmn2 (mFmn2) mRNA and D) nucleation dead version, mFmn2-11226A mRNA. E)
Quantification of branch density (number of branches per fascicle normalized to the fascicle
length) along the fascicle extended by motor neurons per myotome hemisegment in fmn2b+/+
(0.3746 + 0.014 wn1; n=37 hemisegments) and fmn2b24/47 embryos (0.2211 + 0.015 wm-1; n=57
hemisegments). The defects were rescued in fmn2b44/47 embryos injected with mFmn2 mRNA
(0.4955 + 0.021 mm-1; n=30 hemisegments) but not in the embryos injected with mFmn2-11226A
mRNA (0.2369 + 0.012 mm-1; n=48 hemisegments). F) Quantification of fascicle length extended
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by motor neurons per myotome hemisegment in fmn2b+/+ (139.6 + 3.21 pm; n=37
hemisegments) and fmn2b44/47 embryos (120.4 + 1.94 pm; n=57 hemisegments). The defects
were rescued in fmn2b24/A47 embryos injected with mFmn2 mRNA (162.7 + 3.38 um; n=30
hemisegments) but not in the embryos injected with mFmn2-11226A mRNA (124.7 + 2.81 pm;
n=48 hemisegments). (**** p-value <0.0001; ns - not significant; Kruskal Wallis test followed by
Dunn’s post-hoc analysis) Scale bar is equivalent to 20 pm.

4.2.6 Rostral Primary (RoP) motor neuron development is compromised in fmn2b

mutants

Despite slower outgrowth rates and reduced branching in fimn2b4%7 embryos, CaP
neurons eventually reach their target and innervate the ventral musculature in the
zebrafish flank. On the contrary, another class of primary motor neurons, the Rostral
primary (RoP) motor neurons, typically project to the mid-dorsal and mid-ventral
musculature (Bagnall and McLean, 2014; Bello-Rojas et al., 2019), are affected in
fmn2b%47 embryos. The position of the RoP and MiP cell bodies are also predetermined
and are usually found adjacent to the CaP and VaP cell body cluster in the spinal cord. The
cell bodies of primary motor neurons are distinctly recognizable at 24 hpf. The fmnZ2b
mutants exhibited defects in the development of the RoP neurons. To quantify these
defects, the myotome hemisegments with or without the defect were counted, and the

percentage of hemisegments with or without the defect was plotted.

On examining the 24 hpf embryos, the RoP cell body was missing in fmn2b mutants.
Compared to 2.5% of the hemisegments quantified in fimn2b*/# embryos, 46.87% of the
hemisegments in fmn2b%27 embryos did not have the RoP cell body. In the fmn2pA447
embryos injected with mFmnZ2 mRNA, only 2.85% of hemisegments had missing RoP
soma, whereas 43.75% of the hemisegments in mutant embryos injected with the

mFmnZ2-112264 mRNA continued to show loss of RoP soma (Figure 4.9).

At 60 hpf, the RoP motor neurons failed to innervate their target in the mid-dorsal and
mid-ventral musculature. Two major types of defects were observed, absence of RoP
outgrowth and stalling of RoP at the choice point near the horizontal myoseptum (HMS),
where the RoP axons take a sharp lateral turn.

In the fmnZb mutant embryos, 91.3% of the hemisegments analyzed showed little to no lateral
lateral innervation. Of these, 44.35% of the hemisegments showed defasciculated axons near the
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near the horizontal myoseptum, which acts as a choice point for RoP axons to turn laterally. The
laterally. The hemisegments with defasciculated axons were classified as stalled RoP axons.
axons. Similar defects in RoP-like secondary motor neurons have been reported to occur due to
due to depletion of Kif1b and Fidgetin like-1 in zebrafish (Fassier et al., 2018; Atkins et al,, 2019).
al., 2019). However, 46.95% of hemisegments had no RoP innervation altogether and were
were classified as RoP absent. Only 8.7% of hemisegments showed the stereotypical RoP
innervation and were classified as RoP present. In the fimnZb*/+ embryos, only a minor fraction,
fraction, 3.15% of the hemisegments quantified, showed RoP stalling defects, and the rest had
had stereotypical innervation by the RoP neurons. The RoP stalling and outgrowth defects were
defects were rescued by injecting full-length mFmn2 mRNA with only 10.16% hemisegments
hemisegments with RoP stalling and 8.47% hemisegments with RoP outgrowth defects. On the
On the other hand, RoP defects persisted in the fmn2b2447embryos injected with mFmnZ2-11226A
mFmnZ2-112264A mRNA, with 18.3% of hemisegments having stalled RoP axons 81.7 without RoP
without RoP innervation (Figure 4.9 RoP soma are affected in fmn2b mutants at 24 hpf

Representative micrographs of motor neurons labelled by Tg(mnx1:GFP) in 24 hpf A) fmn2b+/+
and B) fmn2b44/47 embryos. Representative micrographs of motor neurons labelled by
Tg(mnx1:GFP) in 24 hpf old fmn2b24/A47 mutant embryos injected at 1-cell stage with C) full-
length mouse Fmn2 (mFmn2) mRNA and D) nucleation dead version, mFmn2-11226A mRNA. The
red arrowheads point towards the RoP soma. E) Bar graph summarizing the percentage of
embryos with defects in RoP soma in 24 hpf fmn2b+/+ (n=18) and fmn2b24/47 embryos (n=23).
The defects were rescued in fmn2b44/47 embryos injected with mFmn2 mRNA (n=12) but not in
the embryos injected with mFmn2-11226A mRNA (n=10). F) Violin plots depicting the variation
in data summarized in the bar graphs for 24 hpf embryos. (**** p-value <0.0001; ns - not
significant; Kruskal Wallis test followed by Dunn’s post-hoc analysis) Scale bar is equivalent to
20 pm.

Figure 4.10).
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Figure 4.7 RoP soma are affected in fmn2b mutants at 24 hpf (continued on next page)
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Figure 4.8 Lateral innervation of the myotome by RoP is affected in fmn2b mutants at 60 hpf
(continued on next page)

112



Figure 4.9 RoP soma are affected in fmn2b mutants at 24 hpf

Representative micrographs of motor neurons labelled by Tg(mnx1:GFP) in 24 hpf A) fmn2b+/+
and B) fmn2b44/47 embryos. Representative micrographs of motor neurons labelled by
Tg(mnx1:GFP) in 24 hpf old fmn2b44/A7 mutant embryos injected at 1-cell stage with C) full-
length mouse Fmn2 (mFmn2) mRNA and D) nucleation dead version, mFmn2-11226A mRNA. The
red arrowheads point towards the RoP soma. E) Bar graph summarizing the percentage of
embryos with defects in RoP soma in 24 hpf fmn2b+/+ (n=18) and fmn2b24/47 embryos (n=23).
The defects were rescued in fmn2b44/47 embryos injected with mFmn2 mRNA (n=12) but not in
the embryos injected with mFmn2-11226A mRNA (n=10). F) Violin plots depicting the variation
in data summarized in the bar graphs for 24 hpf embryos. (**** p-value <0.0001; ns - not
significant; Kruskal Wallis test followed by Dunn’s post-hoc analysis) Scale bar is equivalent to
20 um.

Figure 4.10 Lateral innervation of the myotome by RoP is affected in fmn2b mutants at 60 hpf

Representative micrographs of motor neurons labelled by Tg(mnx1:GFP) in 60 hpf A) fmn2b+/+
and B) fmn2b44/47 embryos. Representative micrographs of motor neurons labelled by
Tg(mnx1:GFP) in 60 hpf old fmn2b24/A47 mutant embryos injected at 1-cell stage with C) full-
length mouse Fmn2 (mFmn2) mRNA and D) nucleation dead version, mFmn2-11226A mRNA. The
red arrowheads point towards the stalled RoP, and the blue arrowheads point towards no RoP
outgrowth. E) Bar graphs summarizing the percentage of embryos with defects in RoP axon
outgrowth in 60 hpf fmn2b+/+ (n=22) and fmn2b24/47 embryos (n=26). The defects were rescued
in fmn2b24/47 embryos injected with mFmn2 mRNA (n=14) but not in the embryos injected with
mFmn2-11226A mRNA (n=13). F) Violin plots depicting the variation in data summarized in the
bar graphs for 60 hpf embryos. (**** p-value <0.0001; ns - not significant; Kruskal Wallis test
followed by Dunn’s post-hoc analysis) Scale bar is equivalent to 20 um.

4.2.7 The muscle structure is not affected in fmn2b mutants

The motor defects seen in fmnZb mutants can be attributed to the motor neurons'
outgrowth and branching defects. Further, phalloidin staining was done with 60 hpf
embryos to label the muscle actin to visualize muscle integrity. The fmn2b*/* and
fmn2b*%47 embryos had comparable muscle architecture observed by phalloidin staining
(Figure 4.11). This observation supports the earlier findings in touch evoked escape
response assay where the maximum instantaneous speed was unaffected in fimn2p447
embryos. So far, the defects seen in motor behaviours can be explained by decreased
arborization and, therefore, innervation of the muscles by primary and secondary motor
neurons in 24 hpf and 60 hpf fmnZ2b mutants despite the muscle structure is unaffected.
This apart, the fmn2b mutants were next screened for any defects at the level of the

neuromuscular junctions formed by the motor neurons.
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Phalloidin

Phalloidin
Figure 4.11 Muscle integrity in fmn2b mutants

Representative micrographs of 60 hpf A) fmn2b+/+ (n=10) and B) fmn2b24/47 (n=10) embryos
stained with Alexa fluor 568 tagged phalloidin to label the muscle structure. Scale bar is
equivalent to 20 pm.

4.2.8 Coverage of NMJ synapses in fmn2b mutants

Primary motor neurons innervate fast-twitch muscles and form functional synapses by
48 hpf. The motor deficits seen in fimn2b mutants in touch evoked escape response assay
could be due to defects at the level of NM] synapses. Double immunostaining of whole-
mount 60 hpf embryos with znp-1 antibody (presynaptic marker) and a-bungaratoxin
(post-synaptic marker) marks engaged NM] synapses. Synapses with colocalized znp-1
and a-bungaratoxin labelling were quantified using the SynapCount] plugin in Fiji.
SynapCount] quantifies the synapses co-labelled with presynaptic and postsynaptic
markers across the neuronal arbor traces made using the Neuron] plugin. The number of
synapses obtained from SynapCount] was normalized to the area of the myotome

corresponding to one somite and the length of the arbor traced.

The fmn2bA%47 embryos were found to have reduced coverage of synapses per myotome
(Figure 4.12 C). Still, the number of synapses normalized to the arbor length was found
to be comparable in the finn2b*/* and fmn2b*%27 embryos. This result is consistent with
previous observations of reduced branching density of motor neurons. However, the
normalized number of synapses made by the motor neurons, albeit with reduced
branching density, is not affected in fmn2b mutants (Figure 4.12 D). Therefore, fmnZ2b

mutants have fewer NM] synapses due to inadequate arborization of the primary motor
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neurons, but the ability of NM] synapse formation is not significantly affected. The NM]
defects corroborate with the locomotor defects seen in fmnZb mutants caused due to a
decrease in the total number of synapses per myotome, leading to insufficient activation

of the myotome.
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Figure 4.12 Synapse coverage in fmn2b mutants

Representative micrographs of 60 hpf A) fmn2b+/+ (n=6) B) fmn2b24/47 embryos (n=7) co-
stained with znp-1 antibody and a-bungaratoxin. Quantification of colocalization of znp-1 and a-
bungaratoxin in NM] structures of 60 hpf embryos. C) Number of synapses per unit myotome area
in fmn2b+/+ (0.0272 +0.002; n=6) and fmn2b44/47 embryos (0.01521 +0.0005; n=7, **p-
value=0.0012). D) Number of synapses per unit axon length in fmn2b+/+ (0.1903+ 0.009; n=6)
and fmn2b44/47 embryos (0.2001+ 0.005; n=7). (ns- not significant; Mann Whitney U test) Scale
bar is equivalent to 20 pm.
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4.2.9 Effect of overexpression of FmnZ in motor neurons

The role of fmnZb in motor neuron development has been established by observing
fmn2b mutants, where the loss of Fmn2b in motor neurons causes a reduction in
outgrowth and branching. Overexpression of mouse Fmn2 was done in wildtype embryos
to test the phenotypes in the Fmn2 gain of function context. The embryos overexpressing
mFmn2 show increased branching, but overexpression of the nucleation dead mFmn2-
[1226A did not cause any significant changes and was comparable to the wild-type
embryos (Figure 4.13 A, B, E, F). The branch density was found to be increased in mFmn2
mRNA injected embryos at 24 hpf, and 60 hpf but not in mFmn2-11226A mRNA injected
group (Figure 4.13 C, G). Interestingly, in 24 hpf embryos, the fascicle length was not
significantly different in embryos overexpressing mFmn2 but found to be decreased in
embryos overexpressing mFmn2-11226A. In 60 hpf embryos, the fascicle length was
slightly increased in the mFmn2 overexpression group but remain unaffected in the

mFmn2-11226A overexpression group (Figure 4.13 D, H).
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Figure 4.13 Outgrowth and branching phenotypes upon overexpression of mouse Fmn2 in wild-
type embryos

Representative micrographs of motor neurons labelled by Tg(mnx1:GFP) in 24 hpf old fmn2b+/+
embryos injected with A) mFmn2 mRNA and B) mFmn2-11226A mRNA. C) Quantification of
branch density (number of branches per fascicle normalized to the fascicle length) along the
fascicle extended by motor neurons per myotome hemisegment in fmn2b+/+ embryos injected
with mFmn2 mRNA (0.2728 + 0.0217 wm-1; n=40 hemisegments) and mFmn2-11226A mRNA
(0.1617 + 0.007 wm1; n=40 hemisegments). D) Quantification of fascicle length extended by
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motor neurons per myotome hemisegment in fmn2b+/+ embryos injected with mFmn2 mRNA
(73.7 £ 1.86 pm; n=40 hemisegments) and mFmn2-11226A mRNA (68.3 + 1.603 pm; n=40
hemisegments). Representative micrographs of motor neurons labelled by Tg(mnx1:GFP) in 60
hpf old fmn2b+/+ embryos injected with E) mFmn2 mRNA and F) mFmn2-11226A mRNA. G)
Quantification of branch density (number of branches per fascicle normalized to the fascicle
length) along the fascicle extended by motor neurons per myotome hemisegment in 60 hpf
fmn2b+/+ embryos injected with mFmn2 mRNA (0.599 + 0.027 wm-1; n=28 hemisegments) and
mFmn2-11226A mRNA (0.3481 + 0.02 wm-1; n=28 hemisegments). H) Quantification of fascicle
length extended by motor neurons per myotome hemisegment in 60 hpf fmn2b+/+ embryos
injected with mFmn2 mRNA (150.4 £+ 1.536 um; n=28 hemisegments) and mFmn2-11226A
mRNA (145 + 2.18 pm; n=28 hemisegments). (**** p-value <0.0001; * p-value = 0.0175; ns - not
significant; Kruskal Wallis test followed by Dunn’s post-hoc analysis) Scale bar is equivalent to
20 um.

However, quantification of RoP soma and RoP axon outgrowth phenotypes in the
fmnZ2b*/* embryos overexpressing mFmn2 and mFmn2-11226A did not reveal any
significant changes (Figure 4.14 A-H).
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Figure 4.14 RoP development is not affected by overexpression of Fmn2 in wild-type embryos

Representative micrographs of motor neurons labelled by Tg(mnx1:GFP) in 24 hpf old fmn2b+/+
embryos injected with A) mFmn2 mRNA and B) mFmn2-11226A mRNA. Red arrowhead points
towards the RoP soma. Representative micrographs of motor neurons labelled by Tg(mnx1:GFP)
in 60 hpf old fmn2b+/+ embryos injected with E) mFmn2 mRNA and F) mFmn2-11226A mRNA.
Red arrowhead points towards the RoP outgrowth. C) Bar graphs summarizing the percentage of
embryos with defects in RoP cell body in 24 hpf fmn2b+/+ (n=18). No defects were observed in
fmn2b+/+ embryos injected with mFmn2 mRNA (n=13) and mFmn2-11226A mRNA (n=16). G)
Bar graphs summarizing the percentage of embryos with defects in RoP axon outgrowth in 60 hpf
fmn2b+/+ (n=22). No defects were observed in fmn2b+/+ embryos injected with mFmn2 mRNA
(n=13) and mFmn2-11226A mRNA (n=11). Violin plots depicting the variation in data
summarized in the bar graphs for D) 24 hpf embryos and H) 60 hpf embryos. (ns- not significant;
Kruskal Wallis test followed by Dunn’s post-hoc analysis) Scale bar is equivalent to 20 pm.
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4.3 Discussion

In zebrafish, motor neuron development follows a preset spatiotemporal pattern, causing
the emergence of some of the earliest behaviours in the zebrafish embryo. The role of
fmnZ2b in the outgrowth and branching of motor neurons and the associated motor
behaviours has been described in this chapter. The expression of fmnZ2b mRNA in the
spinal cord paved the way for the hypothesis that fmnZ2b could be required in motor
neuron development (Figure 4.1). The presence of fmnZbtranscripts specifically in motor

neurons expressing mnx1:GFP strengthened this hypothesis (Figure 4.3).

The fmnZb mutants show defects in motor behaviours during early development.
Spontaneous tail coiling frequency was reduced in 22-26 hpf fmn2b mutant embryos and
touch evoked swimming was affected in 60 hpf fimn2b mutants. The behavioural defects

were corroborated by outgrowth and branching defects in motor neurons (Figure 4.2).

Live imaging of 22-26 hpf fimn2b*/* and fmn2b%27 embryos in the background
Tg(mnx1:GFP) revealed that the growth cone translocation speed of CaP motor neurons
is decreased in fmn2b %47 embryos (Figure 4.4). The delayed outgrowth of CaP motor
neurons at this early stage pointed towards a potential role of fimnZ2b in the further
development of motor neurons. Recent studies in chick spinal neurons implicate Fmn2 in
growth cone translocation (Sahasrabudhe et al.,, 2016; Ghate et al., 2020). Fmn2 is shown
to regulate growth cone motility by acting as a molecular clutch and stabilizing point
contacts in migrating neurons. Therefore, the slow growth cone translocation speeds
observed in zebrafish CaP neurons could be attributed to the requirement of Fmn2 in
exerting traction force at the adhesion sites for adequate motility (Sahasrabudhe et al,,
2016; Ghate et al,, 2020). Another aspect to consider is the microtubule deregulation
caused due to Fmn2 knockdown, as reported previously in the growth cones of chick
spinal neurons. Microtubules' innervation of growth cone filopodia provides
directionality and stability to the branches (Kundu et al., 2020). Microtubule dynamics
visualized using EB3 comets in zebrafish Rohon Beard (RB) neurons revealed that Fmn2
knockdown causes a reduction in stability of microtubule innervation and therefore
underscore its requirement in microtubule regulation /n vivo (Kundu et al,, 2021). The
experiments in this study showing EB3 labelling and visualization in zebrafish RB
neurons were performed by me and are discussed briefly in the future directions. Similar

experiments could provide insights regarding the role of cytoskeletal dynamics in motor
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neuron development. Growth cone motility requires coordinated actin and microtubule
rearrangements in response to the guidance cues in which formins play an active role
(Fernandez-Barrera and Alonso, 2018; Kawabata Galbraith and Kengaku, 2019). These
observations are worth investigating in the context of motor neuron development defects

in fmnZ2b mutants.

Motor neurons develop in two distinct phases in zebrafish embryos. Primary motor
neurons are the first to be born, undergo axonogenesis and start innervating the target
muscle fibers by 24 hpf to form transient synapses. On the other hand, secondary motor
neurons extend their axons only after 26 hpf and form synapses by 60 hpf (Myers et al.,
1986). The experiments done in this chapter were performed at 24 hpf and 60 hpf to
selectively look at primary motor neurons at 24 hpf and collectively look at primary and
secondary motor neurons at 60 hpf. In addition, the 60 hpf embryos have elaborate
branching and fully functional NM] synapses made by all the classes of primary motor
neurons, CaP, MiP and RoP, allowing characterization of fmnZ2b in outgrowth, branching

and synapse formation in motor neurons.

The behaviour defects are corroborated by outgrowth and branching defects in motor
neurons of fmn2b%47 embryos. In 24 hpf finn2b mutant embryos, branch density along
the fascicle extended by CaP, MiP and RoP and the fascicle length itself was reduced,
suggesting a decrease in the innervation of the intended fast muscle fibers. The decreased
branching is manifested as the reduction in spontaneous tail coiling frequency. Further,
the branch density and fascicle outgrowth phenotypes are rescued by the expression of
mouse Fmn2 in the fmnZb mutants. However, the nucleation dead version of mouse

Fmn2 could not rescue the defects (Figure 4.5).

Similarly, the 60 hpf fmn2b*#427 embryos have reduced branch density and fascicle
outgrowth compared to wild-type embryos and are likely to be causing the reduction in
speed and distance covered by fmnZb mutants. The motor neuron branching and
outgrowth defects in 60 hpf fmn2b mutants could be rescued by full-length mFmn2 but
not the nucleation dead version, mFmn2-11226A (Figure 4.6). The rescue of phenotypes
in the fmnZb mutants by mouse Fmn2 suggests a conserved role of Formin-2 in motor

neuron development across vertebrates.
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The RoP soma and RoP outgrowth were severely affected in fmnZb mutants. At 24 hpf,
multiple hemisegments in fmnZb mutants did not have RoP soma at its characteristic
position in the spinal cord (Figure 4.9). The role of Fmn2 in the regulation of
differentiation or specification of progenitors is not formally tested despite several
studies indirectly indicating pathways involving Fmn2 in cell differentiation. In a recent
report, Fmn2 has been shown to cause neural progenitor differentiation defects Fmn2
and Flna double knockout mice in a synergistic manner (Lian et al., 2016). However, this
hypothesis has not been formally tested in zebrafish. The absence of RoP soma in
zebrafish fmnZb mutants shown here hints at a possible role of fmnZb in neural
progenitor specification or differentiation. The RoP soma were seen in the expected
location in fmn2b*447 embryos injected with mFmn2 mRNA, but the injection of mFmn2-
[1226A mRNA could not rescue the defect. It is interesting to note that the F-actin
nucleating activity of Fmn2 is required for the differentiation of motor neuron
progenitors or their specification. These results open up new possibilities to uncover the
mechanistic role of Fmn2 in neural development.

In wild-type zebrafish embryos, the lateral projections from RoP motor neurons and follower
follower secondary motor neurons begin outgrowth later than CaP and MiP neurons (Kuwada,
(Kuwada, 1993; Liu et al,, 2016). In 60 hpf finnZh mutants, the side branches of RoP motor
neurons innervating the horizontal myoseptum were either not observed or appeared to be

be stalled at the choice point, i.e., the horizontal myoseptum (Figure 4.9 RoP soma are affected in
fmn2b mutants at 24 hpf

Representative micrographs of motor neurons labelled by Tg(mnx1:GFP) in 24 hpf A) fmn2b+/+
and B) fmn2b24/47 embryos. Representative micrographs of motor neurons labelled by
Tg(mnx1:GFP) in 24 hpf old fmn2bA44/A7 mutant embryos injected at 1-cell stage with C) full-
length mouse Fmn2 (mFmn2) mRNA and D) nucleation dead version, mFmn2-11226A mRNA. The
red arrowheads point towards the RoP soma. E) Bar graph summarizing the percentage of
embryos with defects in RoP soma in 24 hpf fmn2b+/+ (n=18) and fmn2b24/47 embryos (n=23).
The defects were rescued in fmn2b44/47 embryos injected with mFmn2 mRNA (n=12) but not in
the embryos injected with mFmn2-11226A mRNA (n=10). F) Violin plots depicting the variation
in data summarized in the bar graphs for 24 hpf embryos. (**** p-value <0.0001; ns - not
significant; Kruskal Wallis test followed by Dunn’s post-hoc analysis) Scale bar is equivalent to
20 pm.

Figure 4.10). RoP-like secondary motor neurons, which follow the same trajectory as RoP
primary motor neurons, have previously shown pathfinding and stalling defects at the

horizontal myoseptum in Fidgetin like-1 and Kiflb mutants (Fassier et al., 2018; Atkins
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et al,, 2019). Similarly, the stalling of RoP axons appears as defasciculation of axons in
fmnZ2b mutants implicating Fmn2b in axonal pathfinding in response to guidance cues at
the choice point. The absence of RoP outgrowth could also be because of the lack of RoP
soma, as observed in 24 hpf mutants. This caused a noticeable reduction in the
innervation of the mid-dorsal and mid-ventral region of the myotome. The RoP may be
more severely affected than the CaP neurons due to their late axonogenesis concomitant

with the pleiotropic function and late expression of fmnZbin the spinal cord at 48 hpf.

Axonal outgrowth and branching relies on coordinated actin and microtubule dynamics
and is further regulated by extrinsic cues (Ketschek and Gallo, 2010; Gallo, 2011, 2016;
Coles and Bradke, 2015; Ketschek et al., 2015; Armijo-Weingart and Gallo, 2017; Menon
and Gupton, 2018). Cytoskeletal proteins like Arp2/3, Rho family GTPases, Drebrin, WVE-
1/WAVE regulatory complex (WRC) and septins have been shown to regulate actin
cytoskeleton required for adequate axonal branching (Spillane et al., 2011; Hu et al,,
2012; Chia et al., 2014; Spillane and Gallo, 2014; Ketschek et al., 2016; Balasanyan et al.,
2017).In addition, the F-actin nucleation activity of formins has recently been implicated
in the maintenance of actin trails and patches necessary for axon branching (Ganguly et
al,, 2015; Kundu et al., 2020). Abrogation of F-actin nucleation activity of Fmn2 can be
achieved by mutating the Isoleucine residue at 1226 amino acid position to Alanine
(Quinlan et al., 2007; Roth-Johnson et al.,, 2014; Kundu et al,, 2020). Remarkably, the
failure of mFmn2-11226A in rescuing the defects underscores the significance of the actin
nucleating activity of Fmn2b in motor neuron outgrowth and branching consistent with
reports from primary neuronal cultures of chick spinal cord reported previously (Kundu
et al,, 2020). Therefore, the motor neuron development in zebrafish is dependent on the

F-actin nucleation activity of Fmn2b.

Analysis of NM] synapses using znp-1 and a-bungarotoxin double staining in fmnZ2b
mutants showed no changes in the number of synapses along the total length of the motor
neuron branches. Still, it showed a reduction in the total number of synapses when
normalized to the area of the target myotome. This observation suggests that the primary
role of Fmn2b is in regulating motor neuron branching and not in the formation of NM]
synapses. The behavioural defects in fmnZb mutants are likely due to the muscles not

receiving sufficient input due to inadequate branching (Figure 4.12).
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Intriguingly, the overexpression of mouse Fmn2 in fmn2b*/# (wild-type) embryos causes
opposite effects compared to fmnZb knockout manifested as hyperbranching. Although,
the nucleation dead version of mFmn2 does not cause any changes, again pointing
towards the involvement of actin nucleation activity of Fmn2. Fmn2 knockout and
overexpression are similar in spinal neuron cultures from chick embryos, bolstering the

role that fmnZ2b plays in neuronal outgrowth and branching.

In a recent study, prolonged exposure of zebrafish larvae to strong and variable water
currents caused upregulation of Fmn2b, as observed in a proteomic screen (Langebeck-
Jensen et al.,, 2019). The rapid upregulation of Fmn2b in response to environmental
stressors involving swimming and force generation in larvae with pre-established motor
neural circuits invoke the possible involvement of /mnZ2b in neuronal plasticity. It will be
interesting to note if the upregulation of Fmn2b upon exposure to strong water flow

causes any changes in the motor neuron branching or their functional activity.

Mutations in human Fmn2 have been reported to cause sensory process dysfunction
(Marco et al,, 2018). Although indirectly, the role of Fmn2 in sensorimotor integration
could be tested in future to obtain insights regarding the sensory processing and
integration defects seen in humans with mutations in Fmn2. This apart, there is
increasing evidence to suggest the need for adequate cytoskeletal dynamics in health and
disease concerning motor neurons. Amyotrophic Lateral Sclerosis (ALS) and Spinal
Muscular Atrophy (SMA) are genetic diseases affecting motor neurons with several
cytoskeletal proteins implicated in their pathology. Proteins like Pfn1, which work with
close cooperation from formins, are very well characterized in the pathogenesis of
familial ALS (Wu etal., 2012). However, the role of formins in motor neuron degeneration
or motor neuron disease pathogenesis is not characterized. The anatomical and
behavioural defects related to motor neurons observed in fmnZb mutants present a
unique opportunity to test the role of formins in disease progression of neuropathies,

including but not limited to ALS and SMA.

In conclusion, this is new evidence supporting the notion that fmnZ2b, particularly its actin
nucleating activity, has a critical role in regulating motor neuron development and

associated motor behaviours.
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Role of Fmn2b in
development of visual
circuits
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5.1 Introduction

The retinal ganglion cells (RGCs) relay visual information from the eyes to the
contralateral optic tectum in a topographic manner. In zebrafish, the visual connections
start forming between 3 and 5 dpfand remain plastic throughout the life span of zebrafish
(Stuermer, 1988; Hutson and Chien, 2002b; Kita et al., 2015). RGCs are midline crossing
neurons that make an elaborate arbor onto the contralateral side of the optic tectum in
the developing zebrafish embryo. RGCs are late pioneering neurons that start outgrowth
around 34-36 hpf, form the optic nerve, crossing the optic chiasma to reach the tectum
by 46-48 hpf and make first functional connections in the optic tectum by 72 hpf
(Stuermer, 1988; Kita et al., 2015). RGCs defasciculate into branches predestined to their
final targets in the optic tectum based on their relative position in the retina (Mumm et
al.,, 2006; Scott and Baier, 2009). The arborization is followed by activity-dependent
pruning of the connections made previously to accommodate visual experience-
dependent plasticity (Hua et al., 2005; Mumm et al., 2006; Avitan et al., 2017; Xie et al.,
2019). Therefore, RGCs are an interesting population of neurons for investigating the role
of fmnZ2b mediated outgrowth and development because they are midline crossing and
late pioneering neurons, like the spiral fiber neurons in the hindbrain. The requirement
of active remodelling of the branched structures of the RGC arbor would require dynamic
cytoskeletal remodelling, making the role of fmnZb in RGC development particularly
exciting. The information relayed by the RGCs to the tectum needs further processing,
which is undertaken by various tectal neurons dependent on the stimulus (Scott and

Baier, 2009; Nevin et al,, 2010; Kita et al., 2015).

One such group of neurons is the commissures connecting the two optic tecta in zebrafish,
akin to the superior colliculus in mammals (Gebhardt et al, 2019). The function of
Intertectal neurons (ITNs), previously termed as Intertectal commissures (ITCs) (Wilson
et al,, 1990), has recently been characterized in zebrafish in mediating relay of visual
information between the two optic tecta enabling binocular vision (Gebhardt et al,
2019). The ITNs receive the retinotectal inputs from the contralateral RGCs and do not
require the ipsilateral connectivity to achieve binocular vision integration during prey
capture (Gebhardt et al., 2019). The ITNs are also late pioneering commissural neurons

and present an opportunity to study the role of Fmn2b in their development.
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The data presented in this chapter is from preliminary experiments suggesting a
potential role of Fmn2b in the development of neural circuits underlying vision in
zebrafish. The leads presented in this chapter need to be systematically tested along with

the consequences of abnormalities in the neural circuits on behaviour.
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Figure 5.1.1. Schematic showing the RGCs, ITNs and optic tectum in a zebrafish larva
(adapted from (Gebhardt et al., 2019))

129



5.2 Results

5.2.1 Expression of imnZ2b mRNA in the Retinal Ganglionic Cell layer in zebrafish

The expression of fimnZb mRNA is broadly seen in the central nervous system, including
the spinal cord. Interestingly, fmnZ2b mRNA was also seen to be expressed in the retinal
ganglionic cell layer of zebrafish embryos from 24 hpf up to 96 hpf (Figure 5.1 A-D). The
micrographs in Figure 5.1 show fmnZb expression restricted to the RGC layer. They
marked expression in the optic nerve of 96 hpf embryos, pointing towards a specific

function of fmnZ2bin RGC neuron development.

A . 24hpf B 48 hpf

C 72 hpf D 96 hpf

fmn2b mRNA

Figure 5.1 Expression of fmn2b mRNA in RGC layer of A) 24 hpf B) 48 hpf C) 72 hpf and D) 96 hpf
embryos. The arrowhead points towards the RGC layer.
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5.2.2 fmn2b mutants show thinning of the optic nerve

Fmn2 is involved in outgrowth and pathfinding of commissural neurons in chick spinal
cord in ovo (Sahasrabudhe et al.,, 2016) and zebrafish commissural interneuron, spiral
fiber neuron in vivo (Chapter 2). Whole mount immunostaining using anti-acetylated
tubulin antibody was done with fmn2b*/* and finn2b27/47 embryos to label axonal tracts
at 48 hpf stage. The optic nerve labelled by acetylated tubulin was found to be thinner in
the fmn2b*7/27 embryos. The anterior and post-optic commissures also appeared thinner
in the fimn2bk"7/47 embryos. The thinning of one of the earliest axonal tracts indicate that
fmnZ2bis necessary in axonogenesis. The thinning of the tracts could be due to outgrowth
or differentiation defects in the respective neuronal cell bodies but remains to be tested

(Figure 5.2).

A~

> Wpna— "
= PSS N Acetylated tbulin

Figure 5.2 Optic nerve thinning in fmn2b mutants. A) fmn2b+/+ embryos B) fmn2bA7/47 embryos.
AC: Anterior Commissure, POC: Post-optic Commissure, OC: Optic chiasma, ON: Optic nerve. Scale
bar is 20 pm.
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5.2.3 Arborization of Retinal Ganglionic cell (RGC) axons is reduced in the optic tectum
of fmnZ2b mutants

The Tg(brn3c:GAP43-GFP) line labels a subpopulation of RGC neurons allowing live
imaging of axonal outgrowth and arborization of the retinotectal projections (Xiao et al.,
2005a). As described in Chapter 3, the fmnZb27/27 embryos were crossed to the
Tg(brn3c:GAP43-GFP)line and screened for embryos homozygous for the fmnZb mutant
allele and expressing GFP in the RGC subpopulation. These embryos were used to
investigate the role of fmn2b in RGC development. The RGCs visualized at 4 dpf in
fmnZb*/* embryos appeared to have formed the characteristic arborization pattern onto
the optic tectum (Figure 5.3 A). However, the arborization of RGCs was severely reduced
in the fmn2b"7/47 embryos (Figure 5.3 B). Further, live imaging experiments need to be
done to track the development of RGCs starting at 48 hpf up to 120 hpf and beyond.
Similar defects in RGC arborization were observed in fmnZb morphants (data not

shown).

B fmn2b*/87

Tg(brm3¢:GAP43-GFP)

Figure 5.3 RGC arborization in A) fmn2b+/+ embryos B) fmn2bA7/47 embryos visualized with the
Tg(brn3c:GAP43-GFP) line. Scale bar is 20 um. Lateral view.

5.2.4 The outgrowth of Intertectal neurons (ITNs) is affected in fmn2b mutants

RGCs are first-order neurons that project to the optic tectum. Inadequate retinotectal

innervation could lead to defects in the downstream neurons. There are several types of
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neurons in the tectum that perform various visual processing tasks dependent on the
visual input. ITNs are responsible for binocular vision by relaying the visual information
regarding small moving objects received via the RGCs to the contralateral tectum.
Immunostaining of 96 hpf embryos with an antibody against acetylated tubulin revealed
outgrowth defects in the inter-tectal neurons (ITNs) in finn2bh*7/27 embryos (Figure 5.4
A-C). The number of Intertectal neuron tracts was reduced in both the heterozygous and
the homozygous fmnZ2b mutants (Figure 5.4 D). The role of FmnZ2 in growth cone motility
as observed in fmnZbmutants (Chapter 4) and chick spinal neurons (Sahasrabudhe et al,,
2016; Ghate et al., 2020) could explain the ITN tract outgrowth defects. Similar defects in

the ITN neurons were observed in fmnZb morphants (data not shown).
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Figure 5.4 Intertectal neurons (ITNs) connecting the two optic tecta visualized by anti-acetylated
tubulin immunostaining in A) fmn2b+/+ embryos (n=14), B) fmn2b+/47 embryos (n=19) and C)
fmn2bA7/47 embryos (n=26) D) Quantification of number of ITN tracts per embryo. Scale bar is 20
pum. (**** p-value <0.0001; Kruskal Wallis test followed by Dunn’s post-hoc analysis)

133



5.3 Discussion

In the in situ hybridization experiments, a prominent signal of fmn2b mRNA could be
seen in the RGC layer (Figure 5.1) across developmental stages. To pinpoint the defects
at the level of the neural circuits associated with visual processing in the Fmn2
morphants, Retinal ganglionic cells (RGCs) were visualized using the 7g(brn3c:GAP43-
GFP) line in the fmnZ2b mutant background. The fmnZb mutants showed arborization
defects at 96 hpf (Figure 5.3). Further, immunostaining with the anti-acetylated tubulin
antibody revealed thinning of the optical nerve, post-optic commissure (Figure 5.2) and
outgrowth defects in the Intertectal neuron (ITNs) in fimnZ2b mutants (Figure 5.4). The
ITNs are a unique set of commissural neurons connecting the two optic tecta and help
with the inter-hemispheric relay of visual information (Gebhardt et al., 2019). Selective
branching is imperative for initial pathfinding and arborization in the zebrafish
retinotectal projections (Chalmers et al., 2016). Given the involvement of Fmn2 in
outgrowth, pathfinding and branching shown in chick spinal neurons (Sahasrabudhe et
al,, 2016; Kundu et al., 2020) and zebrafish motor neurons (Chapter4), the role of fmnZ2b
in RGC and ITN development needs to be investigated further. Rescue experiments
remain to be done to see if Fmn2 expression in the finnZb mutants can reverse the
phenotypes. Additionally, the consequence of RGC and ITN defects combined on the

visual acuity of fmnZb morphants should be tested in future.
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Future Directions

135



The work presented in this thesis underscores the role of Fmn2b in regulating outgrowth,
pathfinding and branching of neurons to aid in establishing precise neuronal connectivity
eventually. The requirement of Fmn2b in the development of the excitatory interneuron,
spiral fiber neuron in the acoustic startle circuit and the consequent role in mediating
short latency escape responses is highlighted (Chapter 2). Generation of transgenic
CRISPR mutants (Chapter 3) allowed for detailed characterization of motor neuron
development and motor behaviours in fmnZb mutants (Chapter 4). Preliminary leads
suggest that FmnZb could be involved in the development of neural circuits underlying
visual acuity (Chapter 5). Nevertheless, there is more that remains to be explored. Some

of the future directions that could be explored are outlined here.

6.1 Behavioural characterization of fimn2b mutants

This thesis focuses on neural circuits and the underlying behaviours in embryonic or
larval zebrafish. Predominantly, the effect of Fmn2b depletion on acoustic startle and
locomotor behaviours has been shown. However, other neural circuits could be affected,
causing behavioural deficits in fimn2b mutants. One example is the visual processing
circuits that need to be studied in more detail and quantification of any defects caused in

the visual acuity of fmn2b mutants in the context of prey capture.

Behaviour abnormalities in the finnZb mutants can be explicitly screened for cognitive
abnormalities. Loss of Fmn2 has been shown to cause intellectual disability and age-
related dementia in Fmn2 null mice (Perrone etal.,, 2012; Law et al., 2014; Agis-Balboa et
al, 2017; Anazi et al,, 2017; Marco et al,, 2018; Gorukmez et al., 2020). Larval, juvenile
and adult zebrafish mutants can be used to assess the effect of Fmn2b depletion in social

interactions, learning and memory. Figure 6.1
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Figure 6.1 Behavior assays for adult zebrafish. (A) Conditioned place preference (CPP) test (B)
Novel tank test to assess anxiety and fear (C) Social interaction tests like schoaling, social
preference for conspecific fish and mirror tests. Image reproduced from (Vaz et al., 2019)

6.2 Functional imaging of the neural circuits in fmn2b mutants

Depleting Fmn2b in developing zebrafish embryos either by transient knockdown by
morpholinos or by CRISPR-Cas9 mediated mutagenesis causes neuro-anatomical defects
in various neural circuits outlined in this thesis. Although many components of the
affected neural circuits do not exhibit structural defects, their function may be
compromised in fmnZb mutants. The absence of innervation from the inadequately
developed neurons like spiral fiber tracts, primary motor neurons, and intertectal
neurons is bound to affect their downstream targets. Furthermore, the structural defects
seen in these neurons could be accompanied by changes in the activity of neurons
upstream or downstream in the neural circuit. To address this, functional imaging of
neural circuits using genetically encoded calcium indicators or calcium responsive dye

injections in fmnZ2b mutants could be done in future.
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6.3 Molecular mechanisms underlying outgrowth defects due to FmnZ2
depletion
Outgrowth defects are common in both Fmn2b morphants and mutants. Previous work
in primary cell cultures and 7n ovo experiments using chick spinal cord implicate Fmn2
in axonal outgrowth, mechanotransduction, growth cone turning, pathfinding and
branching. The investigation of the molecular mechanism behind these defects revealed
that the F-actin nucleating activity by the FH2 domain, actin-microtubule crosstalk by the
FSI domain and the molecular clutch activity of Fmn2 in growth cone motility are
important (Sahasrabudhe et al.,, 2016; Ghate et al.,, 2020; Kundu et al.,, 2020, 2021).
However, the consequences of depletion of Fmn2 on subcellular cytoskeletal dynamics in

vivo remains largely unknown.

A recent effort in this direction was made by visualizing the EB3 (End Binding 3) comet
dynamics to test the effect of fmn2b depletion on Rohon Beard (RB) sensory neurons in
zebrafish (Kundu et al., 2021). RB neurons are sensory neurons innervating the muscles
and skin of zebrafish and have extensive branches (Liu and Halloran, 2005; Umeda and
Shoji, 2017). I tested the role of fmn2b in maintaining microtubule dynamics in the
growth cones of RB neurons by expressing EB3-GFP under the ngnl promoter in
collaboration with Tanushree Kundu (Kundu etal., 2021). The fmn2b morphants showed
increased growth speeds and decreased track lifetimes for the EB3 comets in the RB

neuron growth cones compared to the control morphants. Figure 6.2
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Figure 6.2 EB3 dynamics in zebrafish RB neurons are affected by FmnZ2b knockdown. Image
reproduced from (Kundu et al., 2021). J) Schematic showing the location of RB neurons in the
zebrafish embryo at 22 hpf. The inset shows EB3 comets in a peripheral RB growth cone in vivo.
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Scatter plot showing K) Growth speed and L) Track lifetime of EB3 comets in RB growth cones in
vivo.

In future, subcellular imaging of tagged actin and microtubule cytoskeleton in vivo will
provide insights into the mechanistic function of Fmn2b in the development of neural
circuits. Further, the fmnZb mutants reported in this thesis will serve as an essential tool
to investigate subcellular cytoskeletal dynamics and can be expanded to test the domain-
specific activities of Fmn2b. In particular, the cytoskeletal dynamics can be visualized by
labelling subcellular actin and microtubules in motor neurons in vivo to test their
spatiotemporal organization in fmnZb mutants causing the outgrowth and branching

defects.

6.4 The outgrowth defects could be due to loss of progenitors

Another aspect that is less studied is the role of Fmn2 in the differentiation and
specification of progenitors. A report from mice shows that the Fmn2 null mice do not
show microcephaly or gross morphological defects unless in the context of Finaand Fmn2
double knockout (Lian et al., 2016). On the contrary, fmn2b mutants and morphants
consistently show morphological defects during early development, including but not
limited to microcephaly. A preliminary experiment was done with fmn2b mutants
generated in Chapter 3, to stain the nuclei with DAPI. The fmn2b mutants showed
decrease and disorganization of the nuclei in the retina and the central nervous system
(Figure F.2). The involvement of Fmn2b in neural progenitor differentiation or
specification could be tested by doing EAU pulse treatment across developmental stages
coinciding with the birth of neurons being tested and co-labelling of progenitor
population using suitable molecular markers. This would allow marking the progenitor
pool in a specific neuronal population. For example, retinal progenitor pool can be
labelled around 26-28 hpf by EAU pulse and co-stained with a neuronal marker (HuC) or
RGC marker (atoh7) at a later stage to assess the status of differentiation in the retina
(Hu and Easter, 1999). A similar approach can be taken for other neurons affected in

fmn2b mutants like the motor neurons and intertectal neurons. Figure 6.3
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Figure 6.3 Representative micrographs of DAPI stained retina of A) fmn2b+/+ embryos B)
fmn2bA7/A7 embryos. Representative micrographs of dorsal view of DAPI stained C) fmn2b+/+
embryos D) fmn2bA7/47 embryos. Scale bar is 20 pm.

6.5 Delineating the function of fmn2b in neuronal vs non-neuronal
development

The Fmn2b loss-of-function models described in this thesis do not specifically target the
nervous system. The effect of FmnZbdepletion in morphants and CRISPR mutants is seen
in neuronal as well as non-neuronal tissues. To delineate the function of Fmn2b and
specifically test its role in the nervous system, [ designed conditional knockout strategies
to express a combination of sgRNAs and Cas9 in a spatiotemporally controlled manner
which is outlined below. Briefly, plasmid constructs, as shown below, were made in a
backbone containing Tol2 ITR sites to enable Tol2 transposase mediated transgenesis.
The idea is to differentially express Cas9-(2A)-GFP (2A: self-cleaving peptide) under HuC
(pan-neuronal) or Hsp70 (Heat shock inducible) promoters. Similarly, sgRNAs
multiplexed by HH and HDV self-cleaving ribozymes could also be expressed under the

U6 (ubiquitous), HuC or Hsp70 promoters. Transgenesis of these constructs is aided by
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transgenesis markers like Lens-Cerulean (LC), Lens-mCherry (LM) and cm/cZ:GFP (CG).
Intersectional expression of Cas9 and sgRNA in a tissue-specific or developmental stage-

specific manner will allow conditional knockout of fmnZ2b as required. Figure 6.4
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Figure 6.4 Schematic showing the plasmid constructs for the conditional knockout. A) Constructs
for sgRNA and Cas9 expression. B) Possible combinations of expression of Cas9 and sgRNAs using
the conditional knockout constructs.

In addition to making conditional knockouts, the neural circuit specific role of FmnZ2bin
morphogenesis and associated behaviour can be assessed by restricted expression of
mouse Fmn2 in neurons affected in morphants and/or mutants. Neuron specific
expression can be achieved by driving the expression of mouse Fmn2 under the hcrtr
promoter that can be obtained from (Tg(-6.7FRhcrtR:gal4VP16)) to selectively label
spiral fiber neurons (Lacoste et al., 2014). Similarly, the specific role of FmnZ2bin motor
neuron development and motor activity can be investigated using the mnx1 promoter

specific for motor neurons driving the expression of mouse Fmn2.
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6.6 Compensation by other formins

The loss of Fmn2b results in early mortality and embryonic developmental defects in
both morphants and mutants, pointing towards a significant role of Fmn2b in
development. Despite 40% of the fmnZb mutant progeny exhibiting mortality or gross
morphological defects, around 50-60% of the population survives to become adults
suggesting the fmnZb depletion phenotypes have partial penetrance. There are fifteen
classes of formins with overlapping spatiotemporal expression and function (Higgs,
2005; Breitsprecher and Goode, 2013; Kawabata Galbraith and Kengaku, 2019). The
expression of multiple formins in the nervous system and their temporal overlap begs

the question of functional redundancy, which remains unexplored.

Due to genome duplication in teleosts, most genes have two paralogs in zebrafish. The
role of Fmn2a, the paralog of Fmn2b in zebrafish, has not been tested in the context of
neurodevelopment or embryogenesis. There was no tangible expression of fmnZa mRNA
in the zebrafish nervous system, as seen by in situ hybridization experiments. More
experiments are needed to assess the expression of fmnZ2a in zebrafish in non-neuronal
tissues and if the expression changes upon fmnZbknockout. Expression levels of formins
that are found to be expressed in the nervous system and are phylogenetically related to
Fmn2b should also be checked in fmnZb mutants to investigate the functional
redundancy of formins. Phylogenetic analysis of formins in zebrafish shows the following
tree. The closest relatives of Fmn2b are Fmn2a, Fmn1. The next set of formins that were
closely related in the phylogenetic analysis were Fhod1l, Fhod3a and Fhod3b. These
preliminary leads could be followed to compare the relative expression of these formins
in wildtype fish and fmnZb mutants in a tissue-specific and developmental stage-

dependent manner. Figure 6.5
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Figure 6.5 Phylogenetic analysis of formins expressed in the zebrafish nervous system. The
formins under the pink bubble are the closest relatives of the zebrafish fmn2b.

In conclusion, the work presented in the thesis opens up many possibilities for testing the
role of fmnZ2b in neural development beyond locomotor neural circuits. Given the
contribution of Fmn2 in neurodevelopmental disorders, fmn2b mutants could be used to
model neurodevelopmental disorders and motor neuron diseases. The fmnZb mutants
will be a valuable tool to dissect the molecular function of Fmn2b using subcellular
cytoskeletal imaging in a neuron-specific manner. Unlike transient knockdown, genetic

null mutants of fmnZ2b will aid characterization of neural circuits and associated

behaviours in larval and adult zebrafish.
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Reagents and Procedures
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7.1 Zebrafish maintenance and procedures

Locally sourced wildtype strain of zebrafish was used in all the experiments. Adult
zebrafish were raised in a recirculating aquarium system (Techniplast) at 28.5 °C under
a 14-hour light and 10-hour dark cycle. Embryos were collected and raised in E3 buffer
(5 mM Nac(l, 0.33 mM MgS04, 0.17 mM KCl, 0.33 mM CaCl2, 5 % Methylene Blue) at 28.5
°C and used at different stages as previously described (Kimmel et al.,, 1995). All the
protocol concerning zebrafish handling, maintenance, breeding and manipulations have
been cleared by the Institute Animal Ethics Committee (IAEC), IISER Pune. The following
transgenic zebrafish lines were used: 7g(cldn-b:Lyn-GFP) (Haas and Gilmour, 2006),
Tg(brn3c:GAP43-GFP) (Xiao et al,, 2005b) and 7g(mnx1:GFP).

7.2 Whole mount in situ hybridization

Total RNA was isolated from 48 hpf wildtype embryos using the RNeasy mini kit (Qiagen)
and reverse transcribed using the SuperScript IV RT Kit (ThermoFisher) to obtain cDNA.
The cDNA was amplified for a 366 bp long gene specific region of Fmn2 corresponding
the 5" UTR and exon 1 flanked with T7 and T3 promoter sequences in the antisense and

sense direction respectively. Primer sequences are given in the table below.

Fmn2b_5"_T3 GCAATTAACCCTCACTAAAGGGATGCGTTGTTGTGTTTGTG
Fmn2b_5"_T7 TAATACGACTCACTATAGGGGCTCTCGCTGTCTGATGAAG

The amplified product was purified and used as the template for in vitro transcription of
antisense and sense probes against Fmn2 mRNA. Zebrafish embryos ranging from 1 cell
stage to 96 hpf were used for whole mount in situ hybridization experiments as described
previously (Thisse and Thisse, 2008). BM Purple was used as a chromogenic substrate

for detection.

7.3 Isolation of motor neurons from transgenic embryos, FACS, RT-PCR

Single cell suspension was made from 200 7g(mnx1:GFP) embryos as previously
described (Bresciani et al., 2018). Briefly, the embryos were dissociated by trypsinization
and filtering through a 70 pm sieve to obtain single cell suspension in 1X DMEM

containing 10% FBS. The cells were sorted using a BD Biosciences fluorescence-activated
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cell sorting (FACS) equipment selecting cells expressing GFP, i.e., the motor neurons. RNA
was extracted using Qiagen RNeasy Kit and cDNA was prepared using the SuperScript IV
RT Kit (ThermoFisher). The cDNA was used for amplifying fmnZbtranscripts in the mnx1
positive motor neurons. Primers and PCR protocol used to test the presence of fmn2b
transcripts in motor neurons tagged by 7g(mnx1:GFP) were the same as the ones used

for amplification of ISH probes from cDNA.

7.4 Morpholino and RNA injections

Two morpholinos targeting fmnZb were obtained from Gene Tools. The splice blocking
morpholino targets the intron between exons 5 and 6 and ensures the inclusion of a stop
codon in the translation frame. The translation blocking morpholino binds early on in the
first exon. The control morpholino targets the beta-thalassemia causing mutation in the
human beta-globin gene. The control morpholino has no reported off-target effects and

is used as a negative control. The sequences of the morpholinos used are given below.

MO Control 5’-CCTCTTACCTCAGTTACAATTTATA-3’
MO SB Fmn2b 5’-ACAGAAGCGGTCATTACTTTTTGGT-3’
MO TB Fmn2b 5’-ATGAGCGGCGGCGGTTTCAAGCCAT-3’

All experiments were done by injecting 2 nl volume of the MO Control and MO SB fmn2b
(1 ng/nl; 2 ng per embryo) in the cytoplasm of the 1-cell stage embryos. For MO TB fmn2b
dose dependence, 4 ng/embryo and 8 ng/embryo doses of the morpholino were injected
in the yolk of embryos in addition to the cytoplasmic injection of 2 ng/embryo. The
injection volume was calibrated at 2 nl per embryo for each needle before injection. Post
injections, embryos were washed and raised in E3 buffer (supplemented with methylene
blue) at 28.5 °C till the desired developmental stage with regular cleaning. For
immunostaining and live imaging experiments, the buffer was supplemented with
0.003% Phenylthiourea (PTU; Sigma) to remove pigmentation from the skin. For rescue
experiments, capped mRNA was synthesized using the SP6 mMessage mMachine RNA
synthesis kit (Ambion) from pCS2-mFmn2-GFP plasmid (provided by Prof. Philip Leder,
Harvard Medical School). After purification using RNeasy MinElute Cleanup Kit (Qiagen),
300 pg of mFmn2-GFP capped RNA was co-injected with MO SB Fmn2b morpholino per

embryo.
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7.5 Validation of splice blocking morpholino

The spice blocking morpholino MO SB Fmn2 was validated by RT-PCR. Total RNA
isolated from morpholino injected 48 hpf embryos (RNeasy mini kit, Qiagen) was
reverse transcribed using the using the SuperScript IV RT Kit (ThermoFisher). The
cDNA obtained was amplified by the following primers flanking the intron between
exon 5 and 6. Primer sequences are given below.

MOSBFmn2_RT_FWD 5-TCTGTTTGCATTGGGAGC-3’
MOSBFmn2_RT_REV 5-CTTGGTCTTTGACCTGCTGAT-3’

In control morphants, the expected amplicon size is 251 bp whereas in Fmn2 morphants
the amplicon size was expected and found to be 550 bp due to blocked splicing of the

intron between exons 5 and 6.

7.6 sgRNA and Cas9 preparation and injections for crispants and CRISPR
mutants

Two sgRNAs targeting exon 1 of fimnZbwere designed as previously described (Varshney
et al.,, 2016). sgRNAs were designed as oligonucleotides with a T7 promoter upstream
and annealed to obtain DNA template for in vitro transcription using T7 HiScribe kit
(NEB). Cas9 mRNA was synthesized using the T3 mMessage mMachine RNA synthesis kit
(Ambion) from pT3TS-nCas9n plasmid (provided by Dr. Shawn Burgess, NHGRI, NIH).
After purification of the sgRNAs and Cas9 mRNA, 300 pg of Cas9 mRNA was injected as

control.

Name Genomic location Sequence

12:47451436-
Fmn2b_sgRNA 1 5’- GGGCGAGAGGCCTCGGCTGG -3’
47451459 (+)

12:47450847-
Fmn2b_sgRNA 2 5’- GCGGATCCTCCCTCTGCATG -3’
47450870 (-)

12:47471895-
Fmn2b_sgRNA 3 5’- GGACGCTCGAGTGACGGCGG -3’
47471918 (-)
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CRISPR Cas9 based mutagenesis
To generate fmn2b CRISPR mutants, the following strategy based on previous work was
followed (Carrington et al., 2015; Varshney et al,, 2015, 2016).

T7Promoter Target RNA
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Figure RP.1. Schematic outlining the mutagenesis strategy. (Varshney et al,, 2015)
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7.7 FO0 sgRNA injection and analysis in fmn2b crispants

To generate crispants, 30 pg or 100 pg of both sgRNAs were injected along with the Cas9
mRNA. Sequences for the sgRNAs are given below. We injected Cas9 mRNA with or
without the two sgRNAs (sgRNA-1 and sgRNA-2 together) at the 1 cell stage. To ascertain
the activity of the sgRNAs, we extracted the genomic DNA from 24 hpf crispants using a
modified HotSHOT protocol for zebrafish (Meeker et al., 2007). The genomic DNA from
the Cas9 mRNA only control (n=8) and the crispants (n=15) was used for amplifying the
region flanking each of the sgRNA loci by PCR and Sanger sequencing was performed on
the amplicons. We observed mutations in all the crispant embryos that were sequenced.
Out of the 15 embryos, 93.3% crispants showed indels at the sgRNA-1 locus and 53.3%
crispants showed indels at the sgRNA-2 locus. Furthermore, all the remaining crispants
without indels also showed base changes with some of them causing premature stop
codons to occur. The Cas9 mRNA only control showed no indels or base changes at both
the sgRNA loci. This suggests that the two sgRNAs injected in the crispants cause indels
or premature stop codons in a substantial fraction of the population potentially causing

frameshift mutations and therefore, a truncated protein.

7.8 Genotyping fmn2b crispants and CRISPR mutants

Genotyping for fmnZb crispants and CRISPR mutants was done in two ways. The
crispants were genotyped using Sanger sequencing to visualize indels created in the FO
injected zebrafish embryos. For identifying founder lines for fimn2b mutants, fluorescent
PCR was performed and analyzed by capillary gel electrophoresis using the ABI
GeneAnalyzer 3730XL, as previously described (Carrington et al., 2015; Varshney et al,,
2015, 2016). Identification of homozygous mutant lines was also done using Sanger
sequencing. Primer sequences for sanger sequencing of genomic DNA amplicons from

crispants are as follows:

Fmn2b_PCR_F_sgRNA1 AAGCGTAAGAACCAGAATAAGC
Fmn2b_PCR_R_sgRNA1 TCATCCGAATGGCTTGC
Fmn2b_PCR_F_sgRNA2 GAGTGTGCAGGAAGATGC
Fmn2b_PCR_R_sgRNA2 GTGACGAAGGAGAGGTACAG
Fmn2b_PCR_F_sgRNA3 AAGAAGCCCACTGTCACG

149



Fmn2b_PCR_R_sgRNA3 CTACTTTCAGCCGTGAGTTG

7.9 Whole mount immunostaining

PTU treated embryos were collected at desired stages and fixed in 4% formaldehyde
overnight at 4°C. The fixed embryos were stained as described earlier (Hatta, 1992) using
3A10 (DSHB) (1:50) antibody in blocking buffer. The larvae were washed with PBS-triton
(0.5%) followed by blocking in 5% BSA. For RMO-44 immunostaining, embryos at the
desired stage were fixed using 2% Trichloroacetic acid (TCA) at room temperature for 3
hours, washed with PBS followed by acetone permeabilization for 30 minutes at -20°C.
The embryos were then washed with distilled water, incubated in blocking buffer for 1
hour and transferred to RM0O-44 (1:100) and incubated at room temperature for 12
hours. The larvae were then stained with anti-mouse AlexaFluor-568/488 (1:200)

overnight at 4°C in blocking buffer.

For acetylated tubulin staining, embryos were fixed in Dent’s fixative (80% Methanol and
80% DMSO) at RT for 4 hours. The embryos were rehydrated through a methanol/PBS
gradient and permeabilized with Proteinase K (10 mg/ml - 40 mg/ml depending on the
stage of embryos 1dpf to 4 dpf) for 10-20 minutes. After washing with 0.5% PBS-Triton,
embryos were fixed in 4% PFA for 20 minutes at RT, washed again with 0.5% PBS-Triton
for 10 minutes and incubated in blocking buffer. Blocked embryos were incubated in anti-
acetylated antibody (1:1000) in blocking buffer at 4°C overnight. The larvae were then
stained with anti-mouse AlexaFluor-568/488 (1:200) overnight at 4°C in blocking buffer.
For staining actin structures, embryos were fixed in 4% PFA at 4°C overnight and washed
with 0.5% PBS-Triton. The fixed embryos were permeabilized with 2% PBS-Triton for 2
hours at room temperature and then incubated in Phalloidin Alexa Fluor 568 diluted 1:50
in 2% PBS Triton overnight at 4 °C in dark. After extensive washing with PBS-triton
(0.5%), the embryos were cleared in 50% glycerol and mounted dorsal side down on a

glass bottom petri dish using low gelling agarose (Sigma).

7.10 FM 4-64 labelling

To label the hair cells of the inner ear cristae, 1 nl solution of 3 pM FM 4-64 (Molecular
Probes, Invitrogen) dissolved in DMSO was injected in the otic cavity of 96 hpf zebrafish
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embryos mounted laterally in low gelling agarose (Sigma). The injected embryos were

removed from the gel using E3 buffer and imaged within 1 hour of injections.

7.11 TMR Dextran labelling

Retrograde labelling of the reticulospinal neurons was done using
Tetramethylrhodamine Dextran (TMR Dextran) (3000 MW) by microinjection of three
pulses of 1 nl each in the ventral side of the spinal cord of 3 dpf zebrafish larvae mounted
in 1% low gelling agarose. The injected larvae were allowed to recover in E3 medium
overnight at 28°C and fixed with 4% PFA at 4dpf for 3 hours at room temperature. The
fixed larvae were cleared using 50% glycerol and mounted in a coverslip sandwich for

imaging.

7.12 Neuromuscular junction labelling and quantification

For neuromuscular junction staining of embryos, znp-1 antibody (DSHB; 1:100) and
Tetramethyl Rhodamine labelled a-bungarotoxin (Invitrogen; 1:200) were used as pre-
synaptic and post-synaptic markers respectively. Whole mount immunostaining
procedures described in previous section were followed as described. The synapses were
counted using the SynapCount] plugin after making the traces of arbors in Neuron] plugin

in Fiji.
7.13 Fluorescence microscopy, live imaging and mounting procedure

All the microscopic imaging was performed on the inverted LSM 780 confocal microscope

(Zeiss) with a 25x oil immersion objective (NA 1.4).

The growth cone of motor neurons was visualized using the 7g(mnx1:GFP) in wildtype
or mutant background by mounting the live embryos laterally in 0.5% low melt point
agarose (Sigma) in a coverslip bottom 35 mm petri plate. The embryos were imaged
starting at 22 hpf for 4-6 hours every 3 minutes. The growth cone translocation was
analyzed using the Manual tracking plugin in Fiji to track the movement of the leading
edge across time. The coordinates obtained were analyzed using the ibidi Chemotaxis tool

to calculate the average growth cone translocation speed.

7.14 Behaviour experiment set up and behaviour analysis

151



7.14.1 Automated acoustic startle assay

We designed a behavioural assay as described previously (Lacoste et al.,, 2014) to screen
larvae based on their response to a mechano-acoustic stimulus. The control and Fmn2b
morphants were anaesthetized using 0.03% tricaine (MS-222, Sigma), head-restrained
using 1% low gelling agarose and their tails were suspended in E3 buffer, in a 35 mm
petri dish. All the fish were habituated for 30 minutes in the behaviour room maintained
at a temperature of 27°C. Individual dishes containing one larva were placed and taped
onto the behavioural setup, as shown in Figure 2 A. Up to 6 taps were delivered using a
14 V DC solenoid (obtained from a local store) to the dish at an interval of 10 seconds at
an intensity corresponding to 14 V from a power supply. The setup comprises of an
automated stimulus delivery control unit (Arduino), a solenoid with a piston driven by a
variable power supply, a piezo sensor (SparkFun) to detect the stimulus, and a feedback
TTL pulse to the camera to mark the reception of the stimulus. This allowed precise
marking of the stimulus delivery directly onto the images acquired using a high-speed
video camera (AVT Pike, F-032B) at 640 fps. The secure image signature (SIS) feature of

the camera was used to put a time-stamp on individual frames acquired.
7.14.2 Analysis of tail movement using a custom Python software

The recordings were analyzed using a custom-written Python program to extract the
time-stamp, time of stimulus delivery and skeletonizing the fish to obtain coordinates of
a spline curve fit to the fish shape in every frame. The skeleton was segmented into 20
points, and the last five points were used for further calculations. The program calculates
the tail angle from last five points on the fish skeleton with respect to the restrained head
segment. An event qualifies as an escape response if the angle crosses a threshold of 60
degrees from the rest position (Lacoste et al.,, 2014). The following parameters have been

quantified, as mentioned below:

Latency to first movement. Time taken by the fish to initiate movement post stimulus

delivery, marked by an angle change greater than five degrees.

C-bend Max. Maximum angle of C-bend escape (with respect to the head restrained

segment)

152



Latency to C-bend Max: Time taken by the fish to reach the maximum C-bend escape angle,
calculated by subtracting latency to first movement from the total time taken to reach

maximum angle.
Spontaneous tail coiling (STC) assay

Embryos (22-24 hpf) within their chorions were transferred to a 35 mm petri plate
containing E3 buffer at of 28.5°C. A video camera (AVT Pike, F-032B) was used to record
the spontaneous tail coiling behaviour of the embryos for a time period of 3 minutes at
15 fps. The videos were processed and analysed using a MATLAB script ZebraSTM
published previously (Gonzalez-Fraga et al., 2019).

7.14.3 Touch evoked escape response (TEER) assay

60 hpf zebrafish embryos were housed in a 35 mm petri plate containing pre-warmed E3
buffer at 28.5 °C. A tuberculin needle was repurposed by attaching a soft nylon fiber in
front of the syringe holding the needle, to deliver tactile stimuli to zebrafish embryos. A
soft touch was delivered to the head of the zebrafish once and their behaviour was
recorded using a high-speed video camera (AVT Pike F-032B) at 208 fps. The videos
obtained were analyzed using the Manual tracking plugin in Fiji to mark the trajectories
of the zebrafish embryos upon receiving the tactile stimulus. The tracks were further
analyzed using the ibidi Chemotaxis tool to calculate the distance travelled and average
speed. The maximum instantaneous speed was calculated manually from the coordinates

obtained from the manual tracking output.

7.15 Figures and Statistical analysis

All the analysis was performed in a genotype blinded manner. The images were
processed in Fiji and assembled as figure panels using Inkscape. The data for all
measurements are represented as (median; [95% confidence intervals]; number of
events) for Chapter 2 in the results section. For Chapters 3, 4 and 5, the data was
represented as (mean + SEM). Data obtained from various experiments were analyzed
using an estimation statistics approach (Ho et al, 2019) and the median difference values
and respective permutation test p-values are indicated in the figure legends. All data
points have been presented as a swarm plot for individual values displaying the

underlying distribution. The effect size is presented as a bootstrap 95% confidence
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interval (95% CI) below the swarm plots showing the median differences obtained by
resampling the data 5000 times. The plots were generated using the web application

available at https://www.estimationstats.com/#/. The Violin plots were plotted in

GraphPad Prism 8 and indicated statistical tests were performed using GraphPad Prism

8.
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