N

N

Characterization of the cholinergic system and its role in
spontaneous neural activity in the spinal cord of
zebrafish embryo

Maroun Abi Younes

» To cite this version:

Maroun Abi Younes. Characterization of the cholinergic system and its role in spontaneous neural
activity in the spinal cord of zebrafish embryo. Neuroscience. Sorbonne Université, 2023. English.
NNT: 2023SORUS431 . tel-04571104

HAL Id: tel-04571104
https://theses.hal.science/tel-04571104

Submitted on 7 May 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-04571104
https://hal.archives-ouvertes.fr

SORBONNE
UNIVERSITE

Sorbonne University Doctoral Thesis

Doctoral Degree in Neuroscience
Cerveau — Cognition — Comportement Doctoral School (ED158)
Presented by
Maroun ABI YOUNES

Characterization of the cholinergic system

and its role in spontaneous neural activity in
the spinal cord of zebrafish embryo

Thesis Defense on November 6, 2023

Jury Members:

Antonny Czarnecki Reporter
Muriel Thoby-Brisson Reporter
Jamilé Hazan Examiner
Examiner

Claire Wyart

Elim Hong Thesis Director



A dedication to my near and dear
without whom | wouldn’t be here



| never imagined how bittersweet it would be to finish this chapter in my life. Going
through the PhD has been an unforgettable experience. A lot of life-changing events
happened in these four years, and | emerged from them as a new person. | have all
the amazing people who supported me to thank for making it a bit easier and a lot
more special.

First, | want to thank my PhD supervisor, Dr Elim Hong for accepting me into
her lab. You saw my enthusiasm for learning and for research. | am grateful to you for
pushing me towards self-education, autonomy, and independence, both in thinking
and in working.

| also want to thank the members of my PhD follow-up committee, Dr Claire
Wyart and Dr Coralie Fassier. | remember how nervous | was presenting my work to
you for the first time, yet your friendly smiles and positive vibes made the following
committee meeting discussions something to look forward to. | hope that one way or
another, our paths cross again.

To all the lab members who made and still make the work ambiance a very light
one, thank you for helping make this experience a bit easier. To Soumaiya, Nicole,
Ninon, and Dania, it's a pleasure to have met all of you and I’'m looking forward to your
bright futures. To Jean-Pierre and Erika, thank you for the techniques you have taught
me and for the laughs we had while working together.

| want to also extend my undying gratitude to Mrs Zeina Karam EI-Khoury as
well as the Alexis and Anne-Marie Habib foundation for awarding me the scholarship
which allowed me to pursue my PhD.

On a more personal note, | want to thank my friends and loved ones, old and
new, for being a very positive vibe in my life and a true backbone throughout this
journey. To my partner, mwen malad aw.

To my family, past and present, | couldn’t have made it this far without you.
We’ve been through a lot, but what makes us strong is our resilience and our bond.

To my father, mother, and brother ... | hope I've made you proud!






List of Abbreviations

ACh — Acetylcholine

AChBP — ACh Binding Protein

AChE — Acetylcholine Esterase

AChRs — Acetylcholine Receptors
Ca?*- Calciumion

Ch — Choline

chat a - cholineacetyltransferse a
Cl - Chloride ions

CNS - Central Nervous System
Cys-loop — Cysteine loop

DHBE — Dihydro Beta Erythroidine

dpf — days post fertilization

dTC —d Tubocurarine

FISH — Fluorescent in situ hybridozation
GABA — Gamma amino butyric acid
GAD - Glutamic Acid Decarboxylase
HACT — High Affinity Choline Transporter
hpf — hours post fertilization

IN — interneuron

ISH — immunohistochemistry

ISH — in situ hybridization

LGIC - Ligand gated ion channel

LGN — Lateral Geniculate Nucleus
MAChR — muscarinic acetylcholine receptor
MN — motoneuron

NAChR - nicotinic acetylcholine receptor
NMJ — Neuromuscular junction

OPC - Oligodendrocyte Precursor
PNS — Peripheral Nervous System

RGC - Retinal Ganglion Cells

SC - Superior Colliculus



SNA — Spontaneous Neural Activity
VACHT — Vesicular Acetylcholine Transporter
WT — wildtype



Abstract

Cholinergic signaling plays a critical role in numerous biological processes throughout
development. In rodents and chick, cholinergic signaling is involved in the initiation
and maintenance of spontaneous neural activity, which refers to the coordinated
activation of large groups of neurons without external input. Spontaneous neural
activity is observed in many areas in the vertebrate nervous system, including the
spinal cord. Multiple studies have demonstrated that the disruption of cholinergic
signaling during development leads to neural tube defects, developmental delays,
cognitive deficits, and behavioral abnormalities. Maternal exposure to smoking causes
nicotine to enter the fetal circulation and interact with nicotinic acetylcholine receptors,
which leads to disturbances in cholinergic signaling to impact the development and
function of the nervous system. While studies have shown the adverse effects of
nicotine in the peripheral nervous system and in muscles, how it and other disruptors
of cholinergic signaling affect the spinal central nervous system development is less

understood.

We characterized the spatio-temporal regulation of the cholinergic system in early
zebrafish spinal cord using in situ hybridization and immunohistochemistry. We found
that genes that encode pre- and post-synaptic elements are expressed as early as 20
hours post fertilization. Surprisingly, the expression of presynaptic components
decreases after 3 days suggesting that cholinergic signaling plays an important role

during early embryonic development.

By carrying out calcium imaging on large groups of neurons in the 1 day old embryonic
spinal cord, we discovered that neurons display different patterns of synchronized
activity, consisting of high or low frequency activity. We utilized a transgenic line to
label motoneurons and found that groups of neurons displaying high or low frequency
activity contain both moto- and interneurons. In addition, we found that neurons that

display low frequency activity contain earlier born primary motoneurons, whereas



those with high frequency activity contain later born secondary motoneurons. These
results suggest that neurons that are born together form microcircuits that first exhibit
high frequency activity, which then transitions to low frequency activity. To investigate
the role of cholinergic signaling during spontaneous neural activity, we performed
calcium imaging in the mutant for cholineacetyltransferse a (chata), which encodes an
enzyme for acetylcholine synthesis. We found that the emergence of correlated activity
is altered in mutants. The highly rhythmic events observed in WT siblings are not found
in the chata mutants as they display higher interval variability between calcium
transients. Application of nicotine increased neural activity, suggesting a role of
nicotinic acetylcholine receptors in regulating high frequency activity. The results
attribute a yet undescribed role for cholinergic signaling through the nicotinic
acetylcholine receptors in modulating highly rhythmic activity during early spontaneous
activity. Taken together, we show that both genetic and environmental factors that
modify cholinergic signaling alter early spontaneous neural activity, suggesting that
the cholinergic system plays a critical role in the recruitment of neural circuits in the
developing zebrafish spinal cord. This work establishes the zebrafish embryo as a
model system to study the relationship between cholinergic signaling-mediated neural
activity and the cellular processes underlying the establishment of neural circuits and

its long-term implications in behavior.
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1. Cholinergic Transmission

1.1 Acetylcholine

Acetylcholine (ACh) was the first neurotransmitter to be discovered in the first quarter
of the 20" century (Valenstein, 2002). ACh is found in a multitude of species including
bacteria, fungi, plants and animals (Horiuchi et al., 2003). This discovery came from
the works of Henry Hallet Dale and Otto Loewi. Dale accidentally discovered the
molecule due to a contamination in the ergot he was working on caused by the
bacterium Bacillus acetylcholini (Dale, 1914). It was later shown that it is synthesized
in and acts on the nervous system due to the works of Loewi on the vagus nerve
(Loewi, 1921). He showed that electrical communication between cells of the nervous
system can be induced by chemical substances.

Cholinergic signaling has been historically studied at the neuromuscular junction
(NMJ). The skeletal neuromuscular junction is composed of 3 main elements: the
presynaptic component, which is the motoneuron terminal end, the postsynaptic
component which is the muscle end plate, and the synaptic cleft which is between the
pre and post synaptic components (Slater, 2017). At the NMJ, ACh functions as a
neurotransmitter to mediate fast synaptic transmission. However, there is less
evidence that ACh has a similar function in the CNS. ACh appears to be a
neuromodulator in the brain; it changes neuronal excitability, neurotransmitter release
and neuronal firing (Picciotto, Higley and Mineur, 2012).

Cholinergic signaling is mediated by the action of pre- and post-synaptic
components found in the pre- and post-synaptic cells, respectively (Figure 1). The
presynaptic cells are cholinergic and release ACh, while the pre- and post-synaptic
cells express either nicotinic or muscarinic ACh receptors, respectively named after
the agonists that bind to and activate them (Dale, 1914). In presynaptic neurons,
Choline Acetyl Transferase (ChAT) mediates the synthesis of ACh from Choline and
AcetylCoA. Vesicular Acetylcholine Transporter (VAChT) then packages the ACh into

vesicles, which are transported to the synaptic membrane to await release. After
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release, ACh binds to cholinergic receptors expressed on the membranes of the pre-

and postsynaptic cells. ACh then gets degraded into acetate and choline by

Acetylcholine Esterase (AChE). 50% of the choline is then recycled and its reuptake

into the presynaptic neuron is achieved by the High Affinity Choline Transporter
(HACT) (Taylor and Brown, 1999; Abreu-Villaga, Filgueiras and Manhéaes, 2011).

postsynaptic

Cholinergic Receptor

\ci
T4
* VAChT

presynaptic

Figure 1. Synthesis, storage, and release of
Acetylcholine. Acetylcholine (ACh) is synthesized in
cholinergic neurons from choline and AcetylCoA, catalyzed by
the enzyme choline acetyl transferase (ChAT). It is then
packaged into vesicles by the Vesicular Acetylcholine
Transporter (VAChT). After its release, it binds to cholinergic
receptors on the postsynaptic neurons, where it degraded by
Acetylcholine Esterase (AChE) shortly after. This results in
two byproducts: acetate and choline — where choline is taken
back into the presynaptic cell by the High Affinity Choline
Transporter (HACT). Adapted from Rima et al., 2020. From
Rima M., Lattouf Y.*, Abi Younes M.* et al, 2020.

1.2 The cholinergic system

Achieving proper chemical neurotransmission in the nervous system requires the

precise expression of genes coding for the synthesis, packaging, release, and

reception of the neurotransmitter. Cholinergic cells are distributed throughout the

central and peripheral nervous systems, and components of cholinergic signaling are

present during pre- and postnatal stages. During development, transcripts of ChAT,
VAChT, AChE and AChRs are found in tissues of flies, insects, echinoderms, fish,
birds, and mammals (Bataillé et al., 1998; Enjin et al., 2010; Cho et al., 2014).

Presynaptic components

Transcripts for chat and ache were detected in gastrulating sea urchin and in E3 chick

embryos (Gustafson and Toneby, 1970; Smith et al., 1979; Reich, Drews and Caesar,

1983; Schmidt et al., 1984). In the developing chick spinal cord, genes that specify
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motoneuron identity and regulate the expression of cholinergic genes are expressed
as early as E3 (Cho et al., 2014). In the spinal cords of developing mice, the expression
of ChAT, ACh and AChE is detected as early as E14 (Enjin et al., 2010), and in rat
spinal cords as early as E15 (Bataillé et al., 1998). While ChAT expressing cells are
found in the brain and spinal cord of the developing zebrafish (Seredick et al., 2012;
Arenzana et al., 2005), the emergence of the cholinergic system was not systemically
studied.

Nicotinic acetylcholine receptors: Structure and conformational changes

Cholinergic receptors are found both on pre- and post-synaptic cells (Rima et al.,
2020). There are two families of AChRs: nicotinic (nAChR) and muscarinic (MAChR)
acetylcholine receptors. The nicotinic receptors are ionotropic ligand gated proteins
while the muscarinic receptors are G-coupled proteins (Wess, 1996; Changeux and
Edelstein, 2001). Here, | will focus on the nAChRs.

Understanding the function, structure and allostery of the nAChRs largely came
from the accumulation of works in the neuromuscular junction of the Torpedo ray
electric organ, and the ACh binding protein (AChBP) secreted by glial cells of snails
(Karlin and Akabas, 1995; Smit et al., 2001). nAChRs are part of the Ligand Gated lon
Channels (LGIC), a superfamily of Cys-loop receptors (Changeux, 2010). This family
of receptors has a characteristic extracellular domain, four or five transmembrane
domains that line the channel and an intracellular domain (Karlin, 2002). The receptor
is composed of five subunits positioned pseudo-symmetrically around an axis that
forms the water filled channel (Figure 2) (Toyoshima and Unwin, 1988). There are two
types of NAChRs: the muscle N1 located at the NMJs and the neuronal N2.

There are 5 muscle nAChR subunits (a1, 1, vy, 8, €) (Lindstrom, 1997). Prenatal
and fetal muscle nAChRs have a (a1)21yd subunit assembly, then they undergo a
switch in subunit expression where the y subunit is substituted with €, where adult
muscle NAChRs have the (a1)231ed subunit assembly. Both the y/e and & subunits
play crucial roles, in conjunction with the a1 subunits, in determining the configuration

of the ligand-binding sites and maintaining cooperative interactions among the a1
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subunits (Kalamida et al., 2007). Without the binding of a ligand, the nAChR is in a
resting state where the channel is closed. At low concentrations of ligand, the nAChR
is in an active state where the channel is open and conducting ions. This state of the
NACHhR is short-lived; if the ligands are at a high concentration in the medium and
occupy the binding site for a long time, the receptor becomes desensitized and non-
conducting (Katz and Thesleff, 1957).

Neuronal nAChRs are distributed throughout numerous regions of the CNS.
Their structure is also pentameric whereby the heteropentamers consist of two a- 3
units (a2- a10, 2- f4) forming ligand binding domains, and the fifth subunit composed
of either an a or 3, while the only exception is the a7 homopentamer (Zoli, Pistillo and
Gotti, 2015). Pentameric combinations constitute a wide variety of receptor subtypes
with different affinities to binding ligands, calcium permeability and distinct activation
and desensitization kinetics (Disney and Higley, 2020) (Figure 3). For example, the
a7 homopentamers in the CNS have rapid activation and desensitization kinetics and
have the highest permeability for calcium (Albuquerque et al., 1997). Heteropentamers
have lower desensitization kinetics than a7 receptors, but their sensitivity to ACh and
nicotine is higher (Albuquerque et al., 1997). ACh in the brain has been implicated in
the release of other neurotransmitters from presynaptic cells, lending more to its role
as a neuromodulator (Picciotto, Higley and Mineur, 2012). In the CNS, ACh release
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o7 «3p4, o7

/ Pineal gland
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occurs via both synaptic and volumetric release, and nAChRs were located on
neurons that are not directly adjacent (post-synaptic) to ACh releasing neurons
(Picciotto, Higley and Mineur, 2012; Disney and Higley, 2020).

All receptor subunits expressed in mammals such as rats and humans have also
been cloned in zebrafish and display high degree of homology with mammalian
NAChRs (Zirger et al., 2003; Papke et al., 2012). In situ hybridization experiments have
revealed that B subunits (B1a and B1b) are expressed in zebrafish brain and spinal

cord in 1 dpf embryos (Papke et al., 2012).

1.3 Functional role of the cholinergic system during neural

network formation

| will focus on the role of ACh in the formation of neural networks by mediating axonal
projection, synaptogenesis, and spontaneous neural activity (Dahm and Landmesser,
1988; Behra et al., 2002; Misgeld et al., 2002; Myers, 2005).

Axonal Projection

In chick embryos, the use of nAChRs antagonists to block cholinergic activity showed
an increase in the number of axonal projections from spinal motoneurons (MNs) to
muscle targets (Hanson and Landmesser, 2004). Cholineacetyltransferase (chat)
mutant mice embryos also showed similar results (Figure 4) (Dahm and Landmesser,
1988; Brandon et al., 2003). Two day old zebrafish embryos with a loss of function
mutation in acetylcholinesterase (ache) show defective motoneuron projections and
NAChR clustering on muscle cells (Behra et al., 2002). These studies suggest a role

for cholinergic signaling in axonal projection and pathfinding in locomotor circuits.
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Figure 4. Hyperinnervation of chat mutant muscle.
Diaphragm muscle samples from WT (A) and chat
mutant (B) where the mutant is showing increased
axonal branching (D) compared to WT (C) shown by
neurofilament (NF) labeling. S100, a marker to label
Schwann cells, is increased in the mutant (F) compared
with WT (E). Adapted from Brandon et al., 2003.

The role of cholinergic signaling in axonal
projections was also shown in other circuits during
development. Exposing rat and mice amacrine retinal
ganglion cells to ACh free medium or to nAChR
antagonists significantly increased axonal growth in
these cells (Lipton et al., 1988). This is consistent with
experiments on E15 dissociated rat retinal ganglion
cells exposed to AChE inhibitors, where they saw

increased outgrowth of neurites from the cells

(Bigbee et al., 1999).

Synaptogenesis

Cholinergic signaling also influences synaptogenesis; the formation of synapses
between cells which allows for chemical neurotransmission. In mice, axons targeting
muscles form synapses on a distinct area rich in nAChRs known as the endplate band.
In chat mutant mice, the area of the endplate band is almost twice that of the control
embryos suggesting that axons reaching their target sites extend more terminals than
in WT (Brandon et al., 2003). Analysis of Bcl2-associated X protein (BAX) in mice
mutants that lack proapoptotic proteins and have more axonal projections to muscles
showed no increase in size of the endplate band between wildtype and BAX mutants.
Taken together, these studies suggest that perturbing cholinergic signaling also
increases the number of synapses in the endplate band area (Misgeld et al., 2002;
Brandon et al., 2003).

16



Spontaneous Neural Activity

Spontaneous neural activity (SNA) is the activation of groups of neurons
independently of external stimuli (Hamburger, Wenger and Oppenheim, 1966). In
several vertebrate species like chicks and rodents, the main neurotransmitter
mediating SNA during early stages of development is ACh (Kirkby et al., 2013).
Briefly, pharmacological and genetic manipulations of the cholinergic system
have underscored the significance of ACh in either initiating or sustaining SNA in
diverse developing circuits. For instance, in the developing motor system of chick
embryos, administration of Dihydro Beta Erythroidine (DHBE) and d-Tubocurarine
(dTC), antagonists for nAChRs, led to the cessation of activity, which suggested that
non-a7 receptor subunits are involved in modulating SNA (Milner and Landmesser,
1999). In chat” mutant mouse embryos, where the rate limiting enzyme for ACh
synthesis is nonfunctional, spontaneous activity emerges a day later (E13.5)
compared to control mice (E12.5) and is mediated by glutamatergic instead of

cholinergic signaling (Myers, 2005) (Figure 5).

. 125" Figure 5. chat” mutants a_lctivity emergence is
| delayed compared to their WT siblings.
"_'+-"+-‘-ﬁ' Electrophysiological recordings from WT (A) and
chat mutant (B) embryonic mouse spinal cords at
Cm.s“‘ Dm‘# E12.5. Recordings show rhythmic activity in the

' | WT (A), while activity is not detected in the chat
mutants (B) at the same developmental stage
under similar conditions. (C) shows a recording
from an E13.5 WT mouse embryo and (D) from a
chat mutant. Although there is activity in the

mutant, it is less frequent than in WT. Adapted
from Myers et al., 2005.

In the following section, | will discuss spontaneous neural activity in detail, focusing on

its emergence and functional roles in the spinal cord.
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2 Spontaneous Neural Activity

2.1 History of Spontaneous Neural Activity

A conserved phenomenon seen across terrestrial and aquatic vertebrate embryos is
that they exhibit spontaneous movements that are generated in the spinal cord or
trunk. This movement is seen in embryos even before the complete formation of the
central and peripheral nervous systems. In the 1800s, William T. Preyer described
these movements in several developing organisms and particularly in the chick. It
wasn'’t until later in 1965 that Victor Hamburger and his colleagues demonstrated for
the first time that there is motility in the developing chick embryo without sensory
stimulation. They removed spinal segments 23 up to 27 of the developing chick spinal
cord, and for the segments caudal to 27, they completely removed the dorsal part of
the developing segments ensuring that no sensory ganglia could reach the segments
that innervate the legs. The embryos with the removed thoracic segments and sensory
ganglia showed similar activity in their limbs compared to the controls. From these
studies, it was concluded that embryonic motility at early stages is not solely due to
sensory stimulation (Hamburger, 1963; Hamburger, Wenger and Oppenheim, 1966).
Based on the results, they coined the term non-reflexogenic or spontaneous neural
activity (SNA) referring to the firing of a group of nervous system cells prior to the input
of external stimuli. These early studies inferred that this type of activity is restricted to
a short period of time during development and that it is comprised of bouts of activity
separated by periods of inactivity. Major characteristics of this activity are its
rhythmicity, pattern, and propagation across large groups of cells (Momose-Sato and
Sato, 2013).

SNA is conserved and found in many species including rodents, ferrets, fish,
birds and primates (Hamburger, Wenger and Oppenheim, 1966; Hubel and Wiesel,
1970; Galli and Maffei, 1988; Nishimaru et al., 1996; Saint-Amant and Drapeau, 2000)

and occurs in various parts of the nervous system including but not limited to the visual
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system, auditory system, motor system, and the hippocampus (Feller, 1999; Kirkby et
al., 2013).

2.2 Functional role of SNA in spinal cord formation

Formation of neural networks was thought to occur in two stages: in the early stage,
genetic and molecular cues would dictate the differentiation of neurons as well as their
projection and synapse formation, while in later stages the network would be refined
based on sensory input. This view was first challenged by Hubel and Wiesel who
studied the effect of activity during critical periods on the formation of proper neural
circuits (Hubel and Wiesel, 1970). Pharmacological, genetic and optogenetic
approaches were used to understand the role of SNA in building a functional neural
network (Kirkby et al., 2013).

Differentiation

Activity dependent cell differentiation has been demonstrated in different areas of the
nervous system. In the chick spinal cord, blockade of early spontaneous activity with
picrotoxin resulted in differentiation defects seen after motoneuron axons projected to
the wrong muscles (Hanson and Landmesser, 2004). Briefly, activity disruption
resulted in the misexpression of the homeodomain transcription factor LIM, leading to
the differentiation of neurons in incorrect sections of the spine that resulted in improper
axonal projections. Another study demonstrated that mRNA transcripts of GAD67 are
not expressed in the absence of calcium transients, negatively affecting the release of
GABA in GABAergic neurons (Watt et al., 2000). Activity may also influence cellular
differentiation by increasing the time it spends in the cell cycle designed for progenitor
cell proliferation. Oligodendrocyte precursor cells (OPC) express purinergic receptors
that are activated by Adenosine released from presynaptic cells. Inhibition of activity
in the presynaptic cells negatively affects the differentiation of OPC which is marked

by lower levels of myelination of axons (Stevens et al., 2002).
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Neurotransmitter specification

Cell excitability and neurotransmitter specification are also influenced by SNA.
Cultured Xenopus cells show GABA immunoreactivity when cultured in Ca?
containing medium and in Ca?" -free medium where cells were stimulated to the
frequency seen in their soma, whereas unstimulated cells cultured in Ca?*-free
medium showed less GABA immunoreactivity (Gu and Spitzer, 1995). In another
study, Borodisnky et al. studied the effect of disrupting neural activity on
neurotransmitter phenotypes in Xenopus neural tube. Enhancing frequency of the
activity by overexpression of Na* channels or insertion of veratridine beads into the
neural tube resulted in a decrease in excitatory neurons and an increase in inhibitory
neurons. Conversely, inhibiting the activity in spinal neurons by overexpressing K*
rectifier channels or inserting calcium blocker containing beads into the neural tube

resulted in an increased number of excitatory synapses (Borodinsky et al., 2004).

Axon pathfinding

In the E4 chick embryo, blockade of early synchronized activity with picrotoxin resulted
in motoneuron axons projecting to the wrong target muscle. Immunohistochemistry
experiments revealed that the axons targeted the wrong muscles due to incorrectly
positioned soma and the inability to properly defasciculate (Hanson and Landmesser,
2004). Alternatively, enhancing the frequency of activity resulted in motoneurons of
the same segment innervating only one type of muscle (Hanson and Landmesser,
2006). Conversely, restoration of the normal frequency of activity using optogenetic
stimulation under picrotoxin application resulted in proper motoneuron axon extension

(Figure 6) (Kastanenka and Landmesser, 2010).
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A MN pathfinding in WT B MmN pathfinding in picrotoxin C MmN pathfinding in picrotoxin with
ChR2 stimulation

|
/ | | i
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v ‘
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Figure 6. Motoneuron pathfinding in the developing spinal cord under different
activity conditions. lllustration of motoneuron pathfinding under undisturbed activity
conditions in developing spinal cord (A), in the presence of activity disruption in (B)
leading to aberrant axon pathfinding. (C) is under the same activity disruption
conditions as in (B) but with the proper activity frequency restored via optogenetics
leading to proper axon pathfinding. V: ventral, D: dorsal, MN: motoneuron, RC:
Renshaw cell, 1a: 1a inhibitory interneuron; ChR2: channelrhodopsin-2. Adapted from
Kastanenka and Landmesser, 2010.

2.3 Common features of SNA across vertebrates with

emphasis on the motor system

Spontaneous movements of embryos were described to a great extent by William T
Preyer (Preyer, 1885) but it wasn’t until almost a century later that scientists were able
to identify the molecular mechanisms underlying spontaneous activity. The output of
spinal SNA can be seen as movements of the trunk of the body across many
developing vertebrates. Several common features of SNA are also present in other

central nervous system regions, but I will focus on the motor system below.

Chick and rodents

The emergence of SNA occurs in a rostral to caudal direction, likely reflecting the

developmental progression of the rostral to caudal axis of the spinal cord (Ensini et al.,
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1998). Recordings of population activity in the spinal cords of several terrestrial
vertebrates have shown that SNA is first initiated at the rostral spinal cord that
propagates in a wavelike pattern to the caudal axis (Kirkby et al., 2013). As the
embryos develop, the activity is mostly initiated and detected in the caudal segments
of the spinal cord. Later, SNA is rarely detected in the caudal spinal cord and activity
is observed only in response to sensory stimulation (Yvert, Branchereau and Meyrand,
2004; Ren et al., 2006). SNA emerges prior to the motoneurons contacting their
muscle targets. Electrophysiological recordings showed the emergence of rostral
spinal activity in chick embryos at E3.5, in mice at E11.5, and in rats at E12.5
(O’'Donovan and Landmesser, 1987; Hanson and Landmesser, 2003; Ren et al.,
2006). SNA is also observed in other developing nervous system regions, including
the retinal ganglion cells (birds, ferrets, rodents, cats) (Feller, 1999; Kirkby et al., 2013)
and in the inner hair cells and spiral ganglion cells of the developing cochlea (Kandler,
Clause and Noh, 2009; Tritsch et al., 2010).

As the embryos develop, the frequency of SNA gradually decreases and is then
replaced by sensory stimulation, while the duration of the episode increases. Chick,
mouse, and rat embryo spinal recordings showed a frequency of 1 episode every 1,
1-2, and 2-3 minutes, respectively (Nishimaru et al.,996; Milner and Landmesser,
1999; Hanson and Landmesser, 2003).

In chicks and rodents, the activity is initially driven by excitatory cholinergic
transmission, and to a lesser extent GABAergic and glycinergic transmission (Chub
and O’Donovan, 1998; Myers, 2005; Gonzalez-Islas and Wenner, 2006; Ren et al.,
2006; Czarnecki et al., 2014). In these studies, blockade of hAChRs resulted in
abolishing the activity. Additionally, the blockade of glycinergic and GABAergic
receptors decreased the frequency of activity. During early embryonic stages, the
activity of GABA and glycine is excitatory because the chloride equilibrium potential is
more positive than the resting membrane potential of neurons, leading to an efflux of
Cl" ions through the ionotropic glycine and GABA receptors and resulting in
depolarization of neurons (Ben-Ari, 2002; Vinay and Jean-Xavier, 2008). Gap
junctions also play a role in activity progression, whereby they mediate activity from

descending inputs and their blockade resulted in a decrease of activity frequency
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(Momose-Sato and Sato, 2013). Pharmacological experiments have shown that as
development progresses in chicks and rodents, the major excitatory drive switches
from ACh to glutamate in the spinal cord (Momose-Sato and Sato, 2013). This switch
between acetylcholine to glutamatergic signaling mediating SNA is also observed in
the developing visual system (Catsicas et al., 1998; McLaughlin et al., 2003; Wosniack
et al., 2021).

The activity is synchronized between both sides of the spinal cord at the onset
of SNA, and then transitions to alternating between the left and right sides (Momose-
Sato and Sato, 2013). This seems to be attributed to the switch of glycine and GABA
from being excitatory neurotransmitters to becoming inhibitory neurotransmitters. It
also happens in parallel to the switch in the main excitatory drive from cholinergic

signaling to glutamatergic signaling.

Zebrafish

Spontaneous activity in the zebrafish spinal cord emerges at around 17 hours post
fertilization (hpf) and is composed of depolarizing potentials and synaptic bursts. A
depolarizing potential is a short-lived increase in the voltage of a neuron lasting about
half a second giving rise to the tail coils, while a synaptic burst is a similar increase in
the activity of a neuron but doesn’t cause the spiking of motoneurons and in turn
doesn’t lead to contractions (Saint-Amant and Drapeau, 2000, 2001). These two
activity types are sequential, and periodic depolarizations on one side of the spinal
cord occur simultaneously with the synaptic bursts on the contralateral side. In
zebrafish embryos, the early born motoneurons and interneurons are the active cells
at the emergence of spontaneous activity. The frequency of episodes decreases with
time from 0.4 Hz at 19 hpf to 0.1 Hz at 24 hpf, while the number of spikes within the
episode increases between 19 hpf and 24 hpf (Saint-Amant and Drapeau, 2000).
Transection of the zebrafish spinal cord at the edge of the hindbrain did not abolish
the activity, suggesting that it is independent of descending inputs from supraspinal
regions (Saint-Amant and Drapeau, 2001; Wan et al., 2019). Additionally, transection

of the spinal cord between segments 5 and 7 at the emergence of correlated activity
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results in correlated population activity in both anterior and posterior segments, yet the
transection at other sites only yields population activity in the section containing
segments 5 to 7 (Wan et al., 2019). These results further validate that the activity is
independent of descending inputs, and suggests the presence of either: 1. Pacemaker
cells within these rostral segments such as the IC neurons that contain sodium
channels implicated in having pacemaker properties in other systems, and their
blockade resulted in a non-sustained motor output (Tong and McDearmid, 2012), or
2. The activation of enough cells to reach threshold giving rise to population activity as
seen in the spinal cords of developing mice where the activation of enough local
circuits triggers a propagating wave of activity along the spinal cord (Hanson and
Landmesser, 2003).

Pharmacological agents aimed at blocking chemical neurotransmission did not
abolish spontaneous activity. Electrophysiological recordings while applying specific
and non-specific NAChR blockers did not inhibit SNA (Saint-Amant and Drapeau,
2001), unlike in other vertebrates (Momose-Sato and Sato, 2020). Only strychnine
application led to the abolishment of synaptic bursts that were shown to not trigger
action potentials in the recorded neurons. These glycinergic inputs are hypothesized
to be descending inputs from the rostral spinal cord of the developing zebrafish
(Higashijima, Mandel and Fetcho, 2004). On the other hand, gap junction uncouplers

abolished spontaneous activity in the zebrafish spinal cord (Figure 7) (Saint-Amant
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Figure 7. Rhythmic Activity Is Abolished by Gap Junction Blockers. Electrophysiological
recordings showing the normal spontaneous activity (A1, B1) and a touch-evoked response
(A2, B2) in an embryonic zebrafish interneuron before the application of a gap junction
blocker (heptanol(A) & ammonia rebound (B)). Application of heptanol(A) & ammonia (B)
(bottom traces of A1l & B1) show that spontaneous activity is abolished, while sensory
stimulation remains (A2 & B2). From Saint Amant and Drapeau, 2001.
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and Drapeau, 2001). Calcium conductance appears to be driving the synaptic bursts
while calcium driven potassium conductance terminates them.

At the onset of SNA at 17 hpf, there is no correlation between the active groups of
neighboring cells on the ipsilateral side nor between the two sides of the spinal cord
(Warp et al., 2012). At around 20 hpf, the activity becomes ipsilaterally correlated and
contralaterally anticorrelated (Figure 8) (Saint-Amant and Drapeau, 2001; Warp et al.,
2012). Conversely to other animal models, SNA in the zebrafish spinal cord does not

disappear at the onset of sensory stimulation since touch-evoked movement
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Figure 8. GCaMP3 activity in single neurons in one representative embryo at 18 hpf (left) and 20
hpf (right). (A, D) show calcium imaging recording from a dorsal view-point of an embryonic zebrafish
spinal cord. (B) shows the emergence of activity at 18 hpf, whereby it is not correlated among neighboring
groups of cells (C) and does not follow a specific pattern. (E) shows the start of correlated activity around
20 hpf, demonstrating that cells on the same side of the spinal cord display correlated activity at this

developmental stage, and the two sides of the spinal cord firing pattern is anti-correlated (F). From Warp
et al., 2012.
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responses have been characterized as early as 21 hpf when SNA is still well detected
(Saint-Amant and Drapeau, 2001).

Although there may appear to be many differences in SNA between zebrafish
and terrestrial vertebrates, it is important to note that there are also differences
between terrestrial animals that are not discussed at length here. Distinct animal
models display different pros and cons and the advantages of using the zebrafish as
a model system to study neural circuits will be described in the following chapter.
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3 Zebrafish as a model for the study of motor

circuits

Zebrafish, Danio rerio, is a small freshwater species native to south Asia. They have
become a popular model organism in scientific and medical research due to their small
size, fast reproduction, and genetic similarities to humans (Weber et al., 2005).
Zebrafish development is characterized by rapid embryonic growth and early
organogenesis, which occurs within the first 5 days post fertilization (dpf). The
transparency of the embryos allows for non-invasive observation of internal structures,
and genetic tools enable the manipulation of gene expression and cell behavior during
development (Long et al., 1997). Zebrafish development is a valuable model for
studying fundamental processes of vertebrate development, including organogenesis,
morphogenesis, and neural development. | will discuss general aspects of zebrafish
nervous system development while focusing on the development of the embryonic

spinal neural circuit.

3.1 Development of the spinal neural network

Early zebrafish neural development is a highly dynamic process that involves the
formation of the neural plate, which then folds to form the neural tube. This process is
tightly regulated by a complex interplay of signaling pathways, transcription factors,
and morphogens. The neural tube ultimately gives rise to the brain and spinal cord
(Lewis and Eisen, 2003). After neural tissue specification, the spinal cord is segmented
into different domains that are occupied by specific neuronal cell types and glial cells
(Park et al., 2002; Shirasaki and Pfaff, 2002; Appel, 2004). Floor plate cells at the base
of the spinal cord releasing sonic hedgehog (shh) and roof plate cells at the top of the
spinal cord releasing bone morphogenic protein (bmp) are crucial for patterning and
differentiation of adjacent neural cells (Jessell, 2000; Odenthal et al., 2000; Etheridge

et al., 2001). Different concentrations of these morphogens along the dorsal-ventral
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(DV) axis leads to the expression of different transcription factors, and the interplay
between these two groups of molecules divides the ventral spinal cord into VO, V1, V2,
MN, and V3 domains which will be discussed in more detail below.

3.2 Organization of the zebrafish neural spinal circuit

Genome sequencing of various animals has supported the idea that the
transcription factor code remains similar across the vertebrate lineage during the
developmental stages of the spinal cord (Grillner and Jessell, 2009). The transcription
factor code is responsible for determining the different cardinal domains within the
spinal cord that gives rise to distinct cell populations (Figure 9). Studies in chick,
mouse, zebrafish, and other vertebrate spinal cords have shown that the ventral spinal
cord is patterned into 11 progenitor cardinal domains where the five ventral (pMN, pO,
pl, p2, & p3) give rise to MNs in the MN domain, in addition to distinct classes of INs
in the VO, V1, V2, and V3 domains (Corral and Storey, 2001). Within each domain

there are several classes of interneurons with varying functions (Wilson and Sweeney,
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Figure 9. Homology between cardinal neuron domains and neuronal classes across vertebrates. A:
Cross section of a developing mouse spinal cord displaying the 11 cardinal progenitor domains in the
embryonic spinal cord. dl1-dI5 neurons occupying the dorsal spinal cord participate in sensory
transduction, whiledl6, MN, and VO-V3 neurons, arising from intermediate/ventral progenitors, are crucial
for locomotor circuitry. Certain postmitotic transcription factors that help identify these eleven early neuron
populations in various vertebrates are to the left. B: Comparison of homologous interneuron subtypes and
projection patterns in the spinal cord of zebrafish versus mice. Colors represent different neuron classes;
gray represents neurons without a clear cardinal class. Adapted from Wilson and Sweeny, 2023.
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2023). Conservation of cell types among vertebrates has also been shown in several
studies, where neurons in specific domains share the same set of transcription factors.
Although the species are different from one another, the neurons in the same domains
expressing the same set of transcription factors adopt the same neurotransmitter
phenotype and are implicated in similar functions in locomotion (Goulding, 2009). The
homology among different classes of spinal neurons could provide the link between
shared vertebrate movements and their underlying circuits from early development

until adult stages.

Motoneurons

The zebrafish spinal circuit is stereotypically divided into different domains along the
dorsoventral axis and becomes active early in development. Most ventrally above the
floor plate cells are the motoneurons. There are two classes of motoneurons in
zebrafish, known as primary (PMN) and secondary (SMN) motoneurons, distinguished
by their differentiation timing, axonal projection, soma and axon sizes (Myers, 1985).
Primary motoneurons that innervate axial muscles are born around 14 hours post-
fertilization (hpf), while secondary motoneurons that innervate both axial muscles and
pectoral fins, are born after 22-24 hpf (Eisen, 1991; Kimmel, Warga and Kane, 1994).
The differentiation of primary motoneurons is regulated by hedgehog (hh) signaling
and the expression of olig2 (Park et al., 2002). An important feature of the zebrafish
motor circuit is the conservation of primary motoneuron number and position along the
anteroposterior axis. Specifically, every hemisegment of the spinal cord contains three
primary motoneurons, which are arranged in a consistent pattern from rostral to
caudal: the rostral (RoP), middle (MiP), and caudal (CaP) primary motoneurons
(Figure 10).

The primary motoneurons in zebrafish exhibit a precise pattern of myotomal
innervation and have been shown to exhibit different electrical properties (Moreno and
Ribera, 2009). Specifically, the RoP MN innervates the middle part of the myotome,

the MiP MN innervates the dorsal myotome, and the CaP MN innervates the ventral
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myotome. A fourth primary motoneuron, known as the variable primary motoneuron
(VaP), adjacent to the CaP, often fails to extend an axon and dies at 2-3 days post-
fertilization (dpf) as it competes with the CaP for innervation of the ventral myotome
(Eisen, 1992).

Figure 10. Development of primary
o . : motoneurons (PMNSs) in zebrafish
3 i spinal cord. PMNs CaP, MiP, RoP,

/ ‘ and sometimes VaP are born at
around 14 hours post fertilization (hpf).
By 17-19 hpf, all three PMNs have
started extending their axons. The
axons pause momentarily at the
ventral midline marked by the
horizontal line beneath the MN soma.
The CaP axon travels ventrally to
innervate the ventral myotome, the
MiP axon bends upwards and
innervates the dorsal myotome while
the RoP extends laterally at the ventral
midline. By 24 hpf, the axons are at
their target sites innervating muscles.

] . From Seredick et al., 2012.

Spinal cord

Notochord

Ventral myotome

The CaP is the first primary motoneuron to extend its axon at around 17 hpf, followed
by the MiP and RoP at around 19 hpf. Additionally, up to twenty-two secondary
motoneurons (SMNSs) are present per hemisegment, and they project their axons and
innervate the same parts of the myotome as the adjacent primary motoneurons (Pike,
Melancon and Eisen, 1992). Interestingly, rodents and zebrafish express a conserved
transcription factor, mnx1, in MNs (as well as one class of ventral INs), which can be
used to identify and label them (Goulding, 2009).

Interneurons

Adjacent and dorsal to the MNs are the interneurons (IN) and sensory (SN) neurons.
INs are adjacent or dorsal to the MNs depending on their class, while SNs occupy the
dorsal most domain of the spinal cord. INs are named based on their axonal

trajectories, side of the spinal cord they innervate, and soma positions. Longitudinal
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axons project directly from their soma to the target, unlike the circumferential and

commissural INs, which first project to the ventral midline (Bernhardt et al., 1990).

Dorsal interneurons process sensory information,

while more ventral

interneurons control motor output. Commissural interneurons connect the two sides of

the spinal cord and are involved in coordinating bilateral movements. Longitudinal

interneurons are involved in coordinating the movements of different segments of the

body. Inhibitory interneurons regulate the activity of other neurons, while excitatory

interneurons initiate and amplify signals (Table 1).

Soma _ _ _
IN type o Neurotransmitter Homologue in mice
position
Kolmer Aghdur neurons
Ventral SC GABA -
(KA)
Ventral Longitudinal v sC GABA/GIVCI V2b INs
_ entra cine Al-M ie, Wil d
Descending (VeLD) Y (Al-Mosawie, Wilson an
Brownstone, 2007)
Circumferential _ _ V1 INs
) _ Medial SC Glycine
Ascending (CiA) (Wilson and Sweeney, 2023)
Circumferential . Vv2aINs
_ _ Medial SC Glutamate (Al-Mosawie, Wilson and
Descending (CiD)
Brownstone, 2007)
Commissural Dorsomedial _ dl6 INs
_ ) Glycine
Bifurcating (CoB) SC (Goulding, 2009)
Commissural . VO INs
_ Dorsomedial .
Secondary Ascending sc Glycine/Glutamate (Menelaou, Kishore and
(CoSA) McLean, 2019)
Commissural Primary dl1 INs
) Dorsal SC Glutamate
Ascending (CoPA) (Wilson and Sweeney, 2023)
Dorsal Longitudinal
Dorsal SC GABA -

Ascending (DoLA)

Table 1. Zebrafish embryonic spinal interneurons.
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The first primary interneurons to project axons are the DoLA, CoPA, CiD, and
VelLD at around 16-17 hpf. Their axons traverse several segments and the DoLA and
CoPA axons reach the hindbrain at around 26 hpf (Kuwada, Bernhardt and Nguyen,

Zebrafish ) < -
¢ )
C

Mouse e di1
s —

Figure 11. Similar neuronal cell types are present in the embryonic spinal cords of aquatic
and terrestrial vertebrates. lllustration of larval zebrafish and embryonic mouse spinal cord
showing homologous interneurons (same color) arising in the V3, V2,V1,MN, and VO domains.
From Goulding, 2009

1990) (Figure 11). Of all the embryonic primary INs, DoLA is the only one that is

inactive at 1 dpf after extending their axons (Saint-Amant and Drapeau, 2001).

Neurotransmitter phenotypes were characterized in zebrafish embryos and
larvae through in situ hybridization and immunohistochemistry.
Cholineacetyltransferase immunoreactivity was found in motoneurons, GAD65/67
transcripts were found in KA, DoLA, and VelLD, VGLUT transcripts were found in CiD,
CoPA, and a subset of CoSA, and GLYT2 transcripts were found in CoB, CiA, and
another subset of CoSA (Bernhardt et al., 1992; Clemente et al., 2004; Higashijima,
Mandel and Fetcho, 2004; Higashijima, Schaefer and Fetcho, 2004).
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Sensory neurons are not implicated in spontaneous activity, so | will just briefly
mention them. The mechanosensory Rohon-Beard neurons play a crucial role in
detecting touch and proprioception, and their axons extend both rostrally and caudally
along the spinal cord. They persist until larval stages and are important for the
swimming behavior and response to tactile stimuli (Williams and Ribera, 2020).

The motor circuit is involved in zebrafish trunk movement and small bouts of
locomotion, and at early stages of development is active independently of descending
inputs from the hindbrain or higher regions (Saint-Amant and Drapeau, 2001; Wan et
al., 2019). After selective ablation of segments along the AP axis of the spinal cord, it
was hypothesized that population activity is either triggered by segments in the middle
of the spinal cord capable of generating rhythm, or it is dependent on a sufficient
number of active cells to allow its propagation (Hanson and Landmesser, 2003; Tong
and McDearmid, 2012; Wan et al., 2019). Indeed, ipsilateral caudal (IC) cells in the
rostral zebrafish spinal cord display pacemaker properties (Tong and McDearmid,
2012). Additionally, the theory proposing that a sufficient number of active cells trigger
population activity can also hold true since it was shown that in mice, the activation of
enough local circuits elicits the propagating wave of activity sweeping the spinal cord
(Hanson and Landmesser, 2003).

The first movements observed in zebrafish embryos arise around 17hpf, and
from that time until larval stages (around 3 dpf), three types of movement are recorded:
spontaneous contractions, touch evoked responses and swimming (Saint-Amant and
Drapeau, 1998). Spontaneous contractions arise at 17hpf at 0.5Hz and peak at 1Hz
at 19hpf, touch evoked responses appear around 21 hpf while the spontaneous
contractions persist but at a lower frequency, and swimming behavior appears around
the time they hatch out of the chorion at 3 dpf (Pike, Melancon and Eisen, 1992; Saint-
Amant and Drapeau, 1998). The spinal motor circuit undergoes changes in the
neuronal populations from embryonic to larval stages. At these stages, new cell types
are added to the spinal cord such as UCoD, MCoD, CoLA, CoLo, VeSe and VeMe
(Hale, Ritter and Fetcho, 2001; Goulding, 2009; Satou et al., 2009). UCoD, MCoD,
and VeMe are glutamatergic while CoLA and ColLo are glycinergic (Higashijima,
Schaefer and Fetcho, 2004; Satou et al., 2009).
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3.3 Advancements in research tools for the study of neural

circuit development in vivo

The nervous system is made up of a meshwork of connected neurons underlying the
ability of animals to maintain homeostasis, move around, and discover their
environment. At the basis of these complex behaviors are specialized cells with finely
tuned connections that excite and inhibit one another to achieve the proper behavioral
outcome. Understanding the proper organization of the brain or spinal circuit depends
on understanding the interactions and connections of the tens of billions of neurons.
To this end, we need methods to record the activity in the neuron or neural circuit of
interest, process the electrical and chemical activities of each cell, identify which other
neurons it connects to, and locate every synapse it makes with the cells it projects
onto. We now have access to methods to probe neural circuits including transgenic
lines to express specific genes to record neural population dynamics by calcium
imaging or activate specific neurons by optogenetics (Antinucci et al., 2020). Other
than having certain IN types that are homologous to other vertebrates in a simple
nervous system, the zebrafish embryo offers several other advantages. Zebrafish are
easier to maintain than mammalian animal models in the lab, and a single female can
lay up to 100 eggs per week. The embryos are accessible to live imaging from the
moment of fertilization since they are transparent and are concealed in a transparent
chorion. The embryos remain relatively transparent until they reach 3 days old. This
makes them a perfect candidate for the analysis of developing circuits through different
live imaging techniques. | will focus on two techniques that are widely used in the
developing zebrafish to dissect neural circuits: Gal4-UAS system and the genetically

encoded calcium indicators.

Gal4-UAS system allows for cell type specific identification

Methods have been developed to target specific cell types to modify its activity and/or

gene expression, including the cre/lox system, viral injections, and the GAL4-UAS
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system. The Gal4-UAS system is a means to express reporter proteins in a cell-type
specific manner. Gal4 is a regulatory protein identified in yeast and binds to short DNA
strands termed Upstream Activating Sequences (UAS) located upstream of target
genes (Halpern et al., 2008; Kawakami et al., 2016). The Gal4 protein contains a DNA-
binding domain at its N-terminus and a transcription activation domain at its C-
terminus that recruits transcriptional machinery after binding to the UAS on target
genes. The Gal4-UAS system emerged as a prominent tool in Drosophila and is
currently being widely used also in zebrafish. The advantage is that any gene can be
expressed in a Gal4-UAS containing cell. Briefly, the Gal4 sequence inserted
downstream of a cell- or tissue- specific transcription factor will be transcribed and
translated at the same time. Then, the Gal4 protein enters the nucleus and in turn
binds to the UAS upstream of the reporter gene, thereby recruiting the transcriptional
machinery to that site, leading to the expression of the reporter gene in the cell or
tissue of interest. Despite the popularity and ease of use of the Gal4-UAS system,
scientists have reported variegated expression of their genes of interest (Brand and
Perrimon, 1993). Mosaic expression of the gene is due to DNA methylation on the
UAS sequences, inhibiting the Gal4 protein from binding to it and recruiting
transcriptional machinery. Although there may be mosaic expression of the gene the
creation of stable Gal4-UAS lines offers a non-invasive and accurate method to locate
and track specific cells or tissues of interest. Another advantage is that different
transgenic lines can be created by simply crossing a tissue or cell specific Gal4-
containing line with a reporter gene UAS- containing line, resulting in the generation
of a transgenic line that reports the expression of a different gene of interest.

This technique facilitates the study of different biological processes and different
organ systems throughout development. Of interest to us are several lines that label
specific cells in the zebrafish spinal cord and hindbrain allowing us to study the
premotor and locomotor circuits. A few of these lines are summarized in the table
below.

The expression of reporter genes in cells of interest can be used to track cellular
differentiation and cell lineages but could also be used to locate specific cell types to

measure their activities, or express opsins to specifically activate cell types (Antinucci
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et al., 2020). | will focus on calcium sensors since it was the major tool used in our
study on SNA.

Line name Expression Pattern Reference

Hb9:Gal4 (mnx1:gal4) | Spinal motoneurons and VelD interneurons (Flanagan-Steet et al., 2005)
Gadlb:Gal4 GABAergic interneurons Filosa et al., 2016
SAGFF31B spinal cord motor- and interneurons Asakawa et al 2008
SAGFF36B RB sensory neurons Asakawa et al 2008
Elavl3:GCaMP6f Pan-neuronal expression of calcium sensor GCaMP6f Wolf et al., 2017

mnGFF7 Ventral spinal cord Asakawa et al 2013
SAIGFF213A Ventral spinal neurons Muto et al 2012

Table 2. Gal4-UAS transgenic lines labelling specific cell types located in the zebrafish spinal cord and

hindbrain

Calcium sensors to study circuit activity

While electrophysiology is an extremely powerful method to analyze neural activity, it
is invasive and difficult to carry out in vivo recordings. Furthermore, despite the
development of multi-electrode arrays to analyze activity in a large group of neurons,
the spatial resolution is poor (Spira and Hai, 2013). Synthetic calcium sensors
emerged as a tool for measuring neural activity by detecting changes in intracellular
calcium concentrations during an action potential. However, the technique is invasive
because synthetic calcium sensors have to be injected, running the risk of diffusing
away from the injection site (Whitaker, 2010).

To overcome these limitations, it was necessary to develop a tool with high
spatial resolution that is also non-invasive. In 2001, Junichi Nakai developed a
genetically encoded calcium indicator (GECI), more specifically the GCaMP family of
calcium indicators to track intracellular changes in Ca?* concentrations (Nakai, Ohkura

and Imoto, 2001). GCaMP is a multicomplex protein composed of circularly permuted
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Green Fluorescent Protein (cpGFP), Calmodulin (CaM), and the CaM-interacting
myosin light chain 13 peptide (M13). Conformational change in the protein complex
caused by the binding of calcium ions increases the fluorescence of the cpGFP
(Figure 12) (Zhang et al., 2023). The transgenic calcium sensor GCaMP offers the
advantage of being inserted under a promoter region coding for a transcription factor
that is expressed solely in the cell population of interest. As with other technologies,
the GCaMP family of calcium sensors has undergone modifications to improve their

sensitivity, kinetics, and the signal to noise ratio (Chen et al., 2013).

GCaMP

(inactive)

GCaMP

(active)

CaM

Figure 12. Mechanism of GCaMP activation. GCaMP is composed of improved GFP, Calmodulin
(CaM, calcium-binding protein) and M13 peptide. Upon the binding of calcium ions, a conformational
change in GCaMP leads to an increase in fluorescence. When the ions are no longer bound,
fluorescence goes back down to baselines levels. (Visualization and analysis of neural activity|l
I aboratorv)

The ease of transgenesis to express cell-type specific calcium sensors and
reporter genes, combined with its transparency and external development make the
embryonic zebrafish the ideal animal model system to study the formation and function

of neural circuits using live in vivo imaging.

37



Aims of the thesis

Cholinergic signaling plays a role in several biological processes like axon pathfinding,
synaptogenesis, cell survival, and spontaneous neural activity. Spontaneous neural
activity (SNA) is involved in the formation of functional neural networks in many
species and its disruption leads to aberrant network formation. Additionally, cholinergic
signaling is the main excitatory drive behind SNA in different vertebrate species such
as the chick and mouse embryos.

SNA was detected in the zebrafish spinal cord around 17 hours post fertilization
(hpf). Pharmacological studies suggest that SNA is mainly dependent on gap junctions
and glycinergic transmission. Interestingly, cholineacetyltransferase immunoreactivity
was detected in the primary and secondary spinal motoneurons as early as 20hpf
zebrafish embryos. However, the cholinergic signaling system and its contribution to
spontaneous neural activity in the zebrafish spinal cord remain unclear. For my thesis,
| wanted to re-explore the role of cholinergic signaling during SNA in the zebrafish

spinal cord.

In this thesis | aimed to:

- Characterize the spatio-temporal expression of cholinergic signaling
components in the spinal cord of 1 to 6 dpf =zebrafish using
immunohistochemistry and in situ hybridization.

- Study the progression of SNA in the zebrafish spinal cord at a population level
down to a single cell resolution using calcium imaging.

- Study the contribution of cholinergic signaling to SNA by using pharmacological

and genetic manipulations.

Overall, this work will contribute to the broader understanding of the role of

cholinergic signaling during SNA in the zebrafish embryo.
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Chapter 2:

Dynamic regulation of the cholinergic system in the
spinal central nervous system
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For the first aim of my PhD, we sought to characterize the spatiotemporal
expression of cholinergic signaling genes in the embryonic and larval zebrafish spinal
cord. To achieve this goal, we employed various techniques such as
immunohistochemistry, colorimetric and fluorescent in situ hybridization on both
whole-mount and spinal cord sections of zebrafish aged 1 to 6 days post fertilization.
In situ hybridization results showed that pre- and postsynaptic cholinergic signaling
transcripts are expressed in the zebrafish spinal cord starting 20hpf. We then
confirmed that presynaptic transcripts are expressed in motoneurons while
postsynaptic transcripts are expressed in interneurons. Interestingly, we saw that
presynaptic mRNA transcripts and protein levels started to decrease at 3dpf in a
rostrocaudal manner, while the expression level of postsynaptic transcripts remained

constant.

For this publication, | carried out bacterial transformation to increase the copy
number of the plasmids of interest. | then performed probe extraction, linearization,
and synthesis to obtain the mRNA probes. Subsequently, | performed colorimetric in
situ hybridization on whole-mount zebrafish aged 1-, 3-, and 6-days post fertilization
(dpf) to determine the expression of cholineacetyltransferase a, vesicular acetylcholine
transporter b, nicotinic acetylcholine receptor a3, nicotinic acetylcholine receptor a2B
and nicotinic acetylcholine receptor a7 mRNA transcripts (Figures 1-2, S1, S4-5 in
Rima et al.,, 2020). Following the observation of downregulation in presynaptic
components at 3 dpf, | carried out immunohistochemistry using ChAT and VAChT
antibodies in 6 dpf larvae and larval spinal cord sections to determine whether the
downregulation in mRNA concentration was reflected in proteins. | found that protein
levels of ChAT and VaChT are consistent with the decrease in mRNA levels (Rima et
al., 2020). Subsequently, I conducted fluorescent in situ hybridization using the
NAChRa3 probe coupled with immunohistochemistry using the HuC (pan-neuronal
marker) antibody to check whether postsynaptic components were expressed in

neural or glial cells. | found that postsynaptic cholinergic signaling components are
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expressed in HuC-positive cells in the ventromedial spinal cord, indicating that nAChR
subunits are expressed primarily in interneurons (Rima et al., 2020). | subsequently
checked for the reason we see a decrease in cholinergic signaling components by
crossing the mnx1:GFP line with the vgluT:DsRed to check if there is colocalization

between ACh synthesizing machinery and glutamatergic synthesizing machinery (S7).

52



Dynamic regulation
of the cholinergic system

in the spinal central nervous
system

Mohamad Rima*?, Yara Lattouf*3, Maroun AbiYounes™3, Erika Bullier*, Pascal Legendre?,
Jean-Marie Mangin® & Elim Hong***

While the role of cholinergic neurotransmission from motoneurons is well established during
neuromuscular development, whether it regulates central nervous system development in the spinal
cord is unclear. Zebrafish presents a powerful model to investigate how the cholinergic system is set
up and evolves during neural circuit formation. In this study, we carried out a detailed spatiotemporal
analysis of the cholinergic system in embryonic and larval zebrafish. In 1-day- old embryos, we show
that spinal motoneurons express presynaptic cholinergic genes including choline acetyltransferase
(chata), vesicular acetylcholine transporters (vachta, vachtb), high-afinity choline transporter (hacta)
and acetylcholinesterase (ache), while nicotinic acetylcholine receptor (nAChR) subunits are mainly
expressed in interneurons. However, in 3-day- old embryos, we found an unexpected decrease

in presynaptic cholinergic transcript expression in a rostral to caudal gradient in the spinal cord,
which continued during development. On the contrary, nAChR subunits remained highly expressed
throughout the spinal cord. We found that protein and enzymatic activities of presynaptic cholinergic
genes were also reduced in the rostral spinal cord. Our work demonstrating that cholinergic genes
are initially expressed in the embryonic spinal cord, which is dynamically downregulated during

development suggests that cholinergic signaling may play a pivotal role during the formation of intra-
spinal locomotor circuit.

Acetylcholine (ACh) is an ancient molecule found throughout most life forms including bacteria, fungi, plants
and animals®. In vertebrates, cholinergic neurons, which release ACh during neurotransmission, are found in
both the spinal cord and also in distinct areas of the brain, including the basal forebrain, brainstem and the
habenula?. Brain cholinergic systems regulate many cognitive processes including learning, memory, attention
and sleep and as such, has been targeted to treat various diseases including Alzheimer’s, Huntington’s and Par-
kinson’s diseases?®. During development, cholinergic signaling, the binding of ACh to its receptors, is essential
for physiological processes necessary for the formation of the peripheral and central nervous systems (CNS),
including spontaneous neuronal activity, axon pathfinding and synaptogenesis®. As nicotine binds with high
affinity to the endogenous nicotinic ACh receptors (NAChRs) and is able to cross the placenta and the blood brain
barrier, many studies have described the detrimental impact of early nicotine exposure on fetal development in
humans and animal models resulting in neurobehavioral and locomotion defects™®.

In the nervous system, cholinergic signaling generally occurs by the coordinated action of the ACh-releasing
pre-synaptic and ACh-receiving postsynaptic cells (Fig. 1A). Cholinergic neurons are characterized by the pres-
ence of Choline AcetylTransferase (ChAT), which mediates ACh synthesis and the Vesicular AcetylCholine
Transporter (VAChT), which loads ACh into vesicles. Presynaptic vesicular release of ACh into the synaptic cleft
binds to and activates ACh receptors before being degraded by Acetylcholinesterase (AChE) into acetate and
choline. The latter is carried into the presynaptic neurons by the High-Affinity Choline Transporter (HACT). In
vertebrates, the effects of ACh is mediated by two pharmacologically-distinct families of receptors; namely,
nicotinic and muscarinic ACh receptors (NAChR and mAChR, respectively). Cholinergic signaling has also been
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shown to occur prior to synapse formation. For example, ACh-release was detected at the growth cone of growing
spinal neurons®, and ACh somatic exocytosis has also been reported®®. These findings suggest a functional role
of ACh even before the onset of synaptogenesis. As such, it has been shown that cholinergic signaling mediates
the emergence of spontaneous neuronal activity during embryonic development of many animal models, and
regulates circuit formation in the spinal cord™-*3. However, how the cholinergic system develops during the early
phases of neuronal circuit formation is still poorly understood.

Previous studies have shown that both pre- and postsynaptic cholinergic genes are expressed in the spinal
CNS during development. Presynaptic cholinergic genes start being expressed at early embryonic stages in chick
(stage 26) and mouse (E10.5)*** spinal cord. In parallel, nAChRs are also expressed in different regions of the
embryonic spinal cord in human, mouse and chick¢-28, However, a systemic study to investigate whether there
are any changes in the cholinergic system throughout spinal CNS development has not been carried out.

The embryonic zebrafish has emerged as an attractive vertebrate model system to study the development and
function of neural circuits'®?, It is easy to observe and manipulate the embryos during development as they are
externally fertilized. In addition, the small size and transparency of the embryo allows the observation of various
experimental techniques without the need to dissect the embryo. Therefore, the embryonic zebrafish presents
an ideal model system to probe the development of the cholinergic system in the whole organism during early
development. Furthermore, the spinal neuronal circuit is well characterized and specific neuronal populations
express transcription factors that are conserved in vertebrates?>?. In the embryonic zebrafish, motoneurons start
expressing chat transcript from 16 hours post fertilization (hpf)®and ChAT protein is found in 2-day- old
embryos?®. In addition, ache and various NAChR subunit transcripts are present in the spinal cord during early
development?-?°. However, the precise spatial and temporal resolution of many cholinergic genes are still
unknown. Therefore, we carried out a detailed analysis on the spatiotemporal expression of the pre- and post-
synaptic cholinergic system during early development.

We found high levels of presynaptic cholinergic gene expression in motoneurons and nAChR subunits in
interneurons in the embryonic spinal cord, suggesting cholinergic transmission between motoneurons and
interneurons in the CNS. During development into larval stages, the cholinergic phenotype in spinal motoneu-
rons is downregulated and gradually becomes restricted to the tail tip, while interneurons continuously express
nAChRs throughout the spinal cord. In addition, we found that ChAT-expressing neurons, VAChT puncta on
muscles and AChE activity were all decreased in the rostral compared with the caudal spinal cord. Our findings
show an unexpected transition of the cholinergic system during development and suggests a pivotal role for
cholinergic signaling in the formation of the intra-spinal locomotor circuit.

Results

Pre- and postsynaptic cholinergic genes are expressed in the embryonic spinal cord. To under-
stand the spatiotemporal relationship of the different cholinergic genes during early development, we firstly car-
ried out whole mount in-situ hybridization (ISH) in 22-24 h post fertilization (hpf) embryos. We found that pre-
synaptic cholinergic genes chata, hacta, vachta and vachtb are expressed in the spinal cord of 22-24 hpf embryos
(Fig. 1A, C, Supplementary Fig. 1A-C). The presynaptic cholinergic genes chatb (Supplementary Fig. 1E) and
hactb (data not shown) are not expressed in the spinal cord at this stage. nNAChR a3 subunit (chrna3), o7 subunit
(chrna7) and o2 subunit (chrna2a) transcripts are also expressed in the 22—24 hpf spinal cord (Fig. 1E, F, Sup-
plementary Fig. 1D). ache was present in the spinal cord, and ubiquitously expressed in the muscles (Fig. 1D). In
the spinal cord, all cholinergic genes show a rostral (high) to caudal (low) expression pattern that coincides with
the rostral to caudal sequential development of zebrafish spinal cord®.

In the zebrafish embryo, the spinal cord shows a ventral to dorsal organization consisting of motoneurons,
interneurons and sensory neurons (Fig. 1B). The expression pattern of presynaptic genes chata, hacta, vachta
and vachtb appeared different from that of chrnas and chrnaza. Presynaptic genes, chrna7 and ache were located
more ventrally compared to chrna3 and chrna2a (Fig. 2A). We carried out transverse sections of embryos and
found hacta, ache and chrna7 expression in the ventral area, while chrna3 was found in the medial area of the
spinal cord (Fig. 2A). These results suggest that the presynaptic cholinergic genes, ache, and chrna? are expressed
in motoneurons while chrna3 and chrna2a are expressed in interneurons. This was confirmed by carrying out
fluorescence in situ hybridization (FISH) in a transgenic line that expresses the green fluorescent protein (GFP)
under the promoter for the Motor Neuron and Pancreas Homeobox 1 (mnx1) gene [Tg(mnx1:GFP)], which is
commonly used to identify motoneurons®. We found that hacta, ache and chrna7 expressing cells co-express
mnx1:GFP, indicating that they are indeed expressed in motoneurons. Interestingly, less than half of mnx1:GFP
neurons co-express chrna?, suggesting that while most motoneurons express hacta and ache, chrna? is found
only in a subpopulation of motoneurons (Fig. 2D). Conversely, most chrna3 expressing cells did not co-express
mnx1:GFP, suggesting that they are expressed mainly in interneurons (Fig. 2B-D). To confirm that chrna3 is
expressed in neurons and not in neural progenitor cells, we carried out FISH and labeled neurons using anti-Hu
antibody, a marker for differentiated neurons in zebrafish®33, We found that all chrna3-expressing cells were also
positive for anti-Hu labeling (Supplementary Fig. 2). Based on the medial location of chrna3-expressing neurons
along the dorsal—ventral spinal cord (Fig. 2A), we conclude that chrna3 is indeed expressed in interneurons in
the embryo.

In adult zebrafish and rats, there is no evidence for cholinergic descending projections from the brain to
the spinal cord but only intraspinal cholinergic innervation®-%. However, to test for the possibility of transient
cholinergic neurons from the brain that project to the nAChR-expressing interneurons in the spinal cord, we
also examined the expression of cholinergic genes in the brain. We found faint ubiquitous expression of vachtb,
ache, chrna3 and chrna? transcripts at 22—-24 hpf in the embryonic brain (Fig. 1D, F, Supplementary Fig. 1B,
D), suggesting that they were not specific to cholinergic neurons. Only chatb was expressed in distinct nuclei
adjacent
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Figure 1. Transcript map of cholinergic genes in the 22—24 hpf embryo. (A) Simplified illustration of ACh
signaling between pre- and postsynaptic neurons. Choline Acetyltransferase (ChAT), Vesicular Acetylcholine
Transporter (VAChHT), Acetylcholinesterase (AChE), High Affinity Choline Transporter (HACT), acetyl (A),
Choline (Ch), Acetyl Coenzyme A (AcetylCoA). (B) Schematic representation of embryonic zebrafish spinal
cord organization, showing lateral view of a 24 hpf zebrafish embryo (top), and an illustration of transverse
section of the spinal cord (bottom). (C—F) Lateral view of 2224 hpf embryos processed by in situ hybridization
showing expression for chata (C) in the spinal cord (arrows), ache (D) in the spinal cord (arrows), muscles
(arrowheads) and the brain (bracket), chrna2a (E) in the spinal cord (arrows), chrna3 (F) in the spinal cord
(arrows) and brain (bracket). The rostro-caudal expression pattern of the transcript is represented by the colored
gradient bar on top of each image. Magnification is the same for all images in (C—F). Scale bar: 200 um. Cartoon
from (B) was modified from Biorender.

to the eyes (Supplementary Fig. 1E), suggesting the presence of the putative oculomotor cholinergic neurons.
These results showing a lack of clear presynaptic gene expression in the brain combined with the strong expression
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Figure 2. Spatial expression pattern of cholinergic genes in spinal inter- and motoneurons at 24 hpf. (A) Lateral view (left)
and cross sections (right) of embryos processed by in situ hybridization showing hacta, chrna3, ache, and chrna7 transcripts
inthe spinal cord. While hacta, ache, and chrna7 transcripts are expressed in the ventral spinal cord (black arrowheads) that
contains motoneurons (MNs), chrna3 is expressed in intermediate spinal cord (red arrowheads) consistent with location

of interneurons (INs). The spinal cord is outlined by dashed lines. Scale bar: 30 um. (B) Representative confocal images
of fluorescent in situ hybridization of 24 hpf Tg(mnx1:GFP) embryos showing MNs in green (GFP) and hacta (first row),

chrna3 (second row), ache (third row), and chrna7 (fourth row) transcript in magenta (white arrows). Scale bar: 15 um. (C)
Classification of hacta, chrna3, ache, and chrna7 expression in MNs (green) or non-MNs (grey). (D) Percentage of hacta,
chrna3, ache, and chrna7 expressing mnx1:GFP neurons. hacta: N=5 embryos (176 mnx1:GFP* neurons, 171 hacta* neurons).
chrna3: N = 4 embryos (214 mnx1:GFP* neurons, 77 chrna3* neurons). ache: N = 5 (132 mnx1:GFP* neurons, 128 ache*
neurons). chrna7: N=8 embryos (223 mnx1:GFP* neurons, 59 chrna7* neurons).



of both presynaptic and nAChR subunits in the spinal cord suggest that the nAChRs in the interneurons may
detect ACh released from motoneurons during early embryonic development.

Presynaptic cholinergic genes and ache transcripts are decreased in the spinal cord from
3 days. We found that chata, hacta and vachtb are expressed in the brain of 2-day-old embryos (Supplemen-
tary Fig. 3). chata was expressed in oculomotor (asterisk), secondary gustatory (arrowhead), trigeminal motor
nuclei (arrow) and cluster of hindbrain neurons. hacta and vachtb transcripts were found in midbrain nuclei
(brackets). Additionally, vachtb transcripts were detected in the habenula (white arrowhead). The expression
ofcholinergic genes did not differ greatly in 2-day-old spinal cord compared with that in 24 hpf embryos (data
not shown).

In 3- and 4-day old embryos more areas in the brain start expressing chata, hacta and ache. However, ISH
staining for these genes start to become fainter at the rostral spinal cord (arrowhead) (Fig. 3A, Supplementary
Fig. 4A, B). In addition, while chatb transcript remained absent in the spinal cord, vachtb expression decreased
drastically and is barely detectable in the spinal cord by 3 days (Supplementary Fig. 4C, D). By contrast, nAChR
subunits a3 and o7 transcripts remain uniformly highly expressed throughout the spinal cord (Fig. 3B, Supple-
mentary Fig. 4E). These results suggest that from 3 days, there is a decrease of presynaptic cholinergic transcripts
and ache in a rostral to caudal gradient.

In 6-day-old larvae, ISH staining for chata, vachta, hacta and ache in the spinal cord is mainly expressed in
the caudal spinal cord (Fig. 3C, Supplementary Fig. 5A—C). Conversely, nAChR subunits a3 and a7 transcripts
remain expressed along the spinal cord (Fig. 3D, Supplementary Fig. 5D). chata transcript expression continues
to decrease in the rostral spinal cord of 10-day-old larvae and becomes limited to the tip of the tail in juvenile
fish (15 days) (Supplementary Fig. 6). These findings suggest that only presynaptic cholinergic genes in the spinal
cord undergo the rostral to caudal downregulation during development, which continues until juvenile stages.

Rostro- caudal gradient of ChAT and VAChT in larvae. To verify if the downregulation of presynaptic
cholinergic mRNA transcript expression is consistent with a decrease in protein levels, we carried out immu-
nohistochemistry (IHC) for ChAT in the Tg(mnx1:GFP) transgenic line. First, we found in 24 hpf embryos that
while the rostral spinal cord contained higher number of motoneurons (17.14+4.14 vs. 10.27+3.8 |; p=0.0009),
there was no difference in the number of ChAT* neurons between the rostral and caudal spinal cord (Fig. 4A-C;
13.17+3.13 vs. 11.19+5.01; p=0.444). In addition, we found that ChAT is expressed in most motoneuron soma
and axons in the spinal cord at this stage of development (Fig. 4A, D; 87 £ 17%). In 6-day-old larvae, while the
number of motoneurons in the rostral vs. caudal spinal cord was similar (23+8.92 vs. 26 +5.74; p=0.417), there
was almost twice as many ChAT* neurons in the caudal spinal cord (Fig. 4E-G; 15 + 2.8 vs. 29 + 8.26; p =
0.0028). In fact, the caudal motoneurons mostly co-expressed ChAT (93+9.1%), as found in 24 hpf embryos.
However,the rostral spinal cord showed a decrease in the percentage of motoneurons that co-express ChAT
(Fig. 4H;63 £ 18%; p = 0.005). These results show that ChAT protein expression is correlated with its mMRNA
transcript expression, and suggest that ChAT is downregulated in the rostral spinal cord during larval
development.

To see whether the difference in the number of ChAT* neurons in the spinal cord affects the number of
putative ACh release sites, we next carried out IHC for VAChT, which functions to package ACh into vesicles at
its release sites. We quantified the number of VAChT puncta at the neuromuscular junctions in the rostral vs.
caudal myosepta, which have been shown to contain high levels of nAChRs*. Again, we found that there was a
significantly lower number of VAChT puncta in the rostral compared to caudal myosepta (Fig. 5; 6.68 + 2.4 vs.
16.788+4.56; p=2.67391E-08), suggesting a rostro-caudal gradient of VAChT in the spinal motoneuron projec-
tions to the myosepta in 6-day-old larvae. This gradient is consistent with vachta ISH results (Supplementary
Fig. 5A) further providing evidence that downregulation of presynaptic cholinergic component mRNA expres-
sion does indeed result in decreased protein levels.

Reduced AChE activity in the rostral spinal cord. Another cholinergic gene that was decreased in the
rostral spinal cord in larvae is ache. We carried out Karnovsky staining to assay for esterase activity®. First, we
performed this in 24 hpf embryos where we found stronger staining in the rostral compared with the caudal
spinal cord (Fig. 6A), which is consistent with ache expression pattern (Fig. 1D). This staining was completely
lost when embryos are treated with eserine (Fig. 6B), an esterase inhibitor, showing the specificity of the staining.
In 6-day-old larvae, we found stronger staining in the caudal compared with the rostral spinal cord (Fig. 6C—F),
which is lost when treated with eserine (Fig. 6D’, F’). This result is consistent with the rostro-caudal gradient in
ache expression (Supplementary Fig. 5C), and indicates that the level of AChE enzymatic activity is determined
by ache transcript expression.

Downregulation of cholinergic signaling is not due to neurotransmitter switch in motoneu-
rons. Downregulation of presynaptic cholinergic gene expression during development may be explained by
a change in the neurotransmitter type utilized by motoneurons in the spinal cord during later stages of develop-
ment. Indeed, studies have shown co-release of ACh and glutamate in motoneurons in the perinatal and adult
mouse®**“° and in the adult zebrafish®. Only the vesicular glutamate transporter 2 (vglut2), and not vglutl is
expressed in the zebrafish spinal cord in embryo and larvae*. We assayed whether motoneurons co-express
vglut2 by analyzing the Tg(mnx1:GFP;vglut2:DsRed) double transgenic line. Our results show that in 24 hpf
embryos vglut2:DsRed neurons are located dorsal to the mnx1:GFP neurons (Supplementary Fig. 7A), con-
sistent with a previous study suggesting that only interneurons utilize glutamate as their neurotransmitter in
the zebrafish embryo®. In 6-day-old larvae, interneurons continue expressing vglut2, while less than 5% of
mnx1:GFP* neurons co-express vglut2:DsRed (Supplementary Fig. 7B, C; 2.9+ 2.5%). Together, these
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Figure 3. Downregulation of presynaptic cholinergic gene transcript in larval spinal cord. (A, C) Lateral view
of 3-4 and 6-day-old larvae processed by in situ hybridization showing a rostro-caudal gradient for chata.
Arrowheads point toward reduced transcript levels in rostral spinal cord. (B, D) chrna3 remain expressed

in a uniform pattern along the entire spinal cord. The rostro-caudal expression pattern of the transcript is
represented by the colored gradient bar on top of each image. Note that there is no change in transcript levels in
the brain. Magnification is the same for all images in (A-D). Scale bar: 200 pm.

findings suggest that the decrease in cholinergic phenotype in motoneurons is not due to the acquisition of the
gluta-matergic phenotype.

Discussion

We carried out a detailed spatiotemporal analysis of one of the most ancient signaling systems in living forms, the
cholinergic system, which can be perturbed by external sources including nicotine and neonicotinoid pesticides.
This spatiotemporal map revealed that while 1-day-old embryos express the full machinery for ACh release in
motoneurons and interneurons express different subunits for the nicotinic ACh receptors, there is an unex-
pected decrease in presynaptic cholinergic components in the rostral spinal cord during development (Fig. 7).
The downregulation of presynaptic cholinergic transcripts was validated by the reduction in ChAT -expressing
neurons, as well as the number of VAChT puncta along the myosepta in the rostral versus caudal spinal cord.
Finally, acetylcholinesterase activity staining confirmed that the rostral to caudal gradient of ache transcript
translates to reduced AChE function in the rostral spinal cord.

In the spinal cord, there is a rostral to caudal delay in the differentiation of neurons during development. In
other words, rostral neurons are more mature than caudal neurons®. The higher number of ChAT* neurons,
VACHT" protein puncta and AChE activity in the caudal compared with the rostral spinal cord suggest that there
is a dynamic downregulation of cholinergic neurons during development. It is possible that the downregulation
of cholinergic neurons may be due to programmed cell death (PCD) as around 40% of cells from the lateral
motor column undergo PCD in the chick embryo®2. However, studies in rat, mouse or chick show conflicting
results on whether there is indeed a rostro-caudal gradient of PCD**“®, Furthermore, PCD was not observed
in motoneurons* and appears to mainly occur in sensory neurons in the zebrafish spinal cord during early
development®. Regardless, even if the reduction in ChAT™* neurons in the rostral spinal cord may be partly due
to PCD, this cannot fully explain the lower levels of mMRNA transcript staining, which becomes even more dif-
ficult to detect in juvenile larvae (15-days-old), except at the tip of the tail. As the staining is maintained at high
levels in the brain throughout development, the difference in staining intensity is unlikely due to technical issues.
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Figure 4. Expression of ChAT in Tg(mnx1:GFP) spinal motoneurons. (A) Confocal images of a lateral view of 24 hpf embryos processed
with antibody labeling showing ChAT in MN soma and axons (arrows). Arrowheads point to ChAT-mnx1:GFP* cells. (B-D)
Quantification of ChAT and mnx1:GFP labeled cells in 24 hpf Tg(mnx1:GFP) embryos. (B) ChAT* and (C) mnx1:GFP labeledcell numbers
in 100 um segment in rostral and caudal spinal cord of 24 hpf embryos. (N=10 embryos; 527 mnx1:GFP* neurons,

307 ChAT*neurons). (D) Percentage of ChAT expressing mnx1:GFP neurons in rostral and caudal spinal cord. (N = 7 embryos; 186
mnx1:GFP* neurons, 172 ChAT* neurons). (E) Confocal images of a lateral view of a 6-day-old larva processed with antibody labeling
showing that ChAT-mnx1:GFP*cells (arrowheads) are found more in the rostral than caudal spinal cord. (F-H) Quantification of ChAT
and mnx1:GFP labeled cells in 6-day-old Tg(mnx1:GFP) larvae. (F) ChAT* and (G) mnx1:GFP labeled cell numbers in 100 um segment in
the rostral and caudal spinal cord of 6-day-old Tg(mnx1:GFP) larvae. (H) Percentage of ChAT expressing mnx1:GFP neurons in rostral
and caudal spinal cord. (N = 6 larvae; 499 mnx1:GFP*neurons, 381 ChAT*neurons). All images are oriented with rostral towards the left
and dorsal to the top. Scale bar: 20 um. 2-tailed non-paired Student’s t test; n.s.: not significant; *p<0.05;**p <0.005.
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Figure 5. Decreased VAChT expression along the rostral myosepta of 6-day-old larva. (A) Schematic
representation of the imaged areas in (B, C). (B, C) Confocal image of a lateral view of larva showing a rostro-
caudal gradient of VAChT puncta in MN axons projecting along the dorsal myosepta. Nuclei are labeled by
Hoechst (blue). (B', C’) Zoomed in images of the boxed areas in (B, C). White arrows point toward VAChT
positive signals along the myosepta. Scale bars: 50 um. (D) Quantification of VAChT puncta in the dorsal
myosepta. N=4 larvae (15 rostral axons, 17 caudal axons). 2-tailed non-paired Student’s t test; ****p <
0.0001.

Studies in perinatal and adult mouse have shown that spinal motoneurons exhibit developmental plasticity
by co-releasing acetylcholine and glutamate in the CNS®“, Recent study in adult zebrafish found evidence that
motoneurons co-release glutamate at the neuromuscular junction depending on their physiological and
pathophysiological conditions to regulate motor behaviors®. We hypothesized that the reduction in cholinergic
neurons in the rostral spinal cord may be due to a transition to a glutamatergic neurotransmitter phenotype.
However, as less than 5% of mnx1:GFP* neurons appear to be glutamatergic, this cannot fully account for
the ~30% reduction in ChAT-expressing motoneurons in the rostral spinal cord.

One characteristic of ACh is that it functions as both a neurotransmitter, mediating fast synaptic transmission
and a neuromodulator, to alter neuronal excitability and/or coordinate firing of groups of neurons®. It functions
as a neurotransmitter at the neuromuscular junction (NMJ) between the motoneuron and muscles. In the brain,
evidence of ACh function as a neurotransmitter is scarce, instead, it is released at non-synaptic sites through
exocytosis and/or volume transmission and is believed to function as a neuromodulator*“’, In vertebrates includ-
ing rodents and chick, cholinergic signaling mediates the emergence of spontaneous neuronal activity (SNA) in
the embryonic spinal circuit*%, However, this effect is transitory as ChAT mutant mice recover their SNA,
albeit at reduced levels compared with wild-type animals'?. We propose that in embryonic stages, ACh released
by MNs functions as a neuromodulator for the synchronized activation of interneurons. Indeed, ACh released
from motoneurons is necessary for the activation of GABAergic and glutamatergic interneurons in the embryonic
mice spinal cord®, Later, as spinal neurons mature in a rostral to caudal sequence, ACh may be mainly released
by motoneurons at the neuromuscular junction and functions as a neurotransmitter in regulating fast synaptic
currents, necessary for the precise control of locomotion.

The relationship between gene expression patterns with mRNA levels, decay, stability or protein levels appear
complex as it varies depending on many factors including the developmental stage and cellular location, as well
as function of the protein“®%, An interesting hypothesis to explore in future studies would be to test whether the
high and low levels of presynaptic mMRNA transcript result in either neuromodulation or neurotransmitter
functions during cholinergic signaling, respectively.
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Figure 6. Spatiotemporal Acetylcholinesterase enzymatic activity pattern in the spinal cord during

early development. (A, B) Lateral view of 24 hpf embryos processed with Karnovsky staining showing
Acetylcholinesterase enzymatic activity (bracket) in the absence (A), but not in presence (B) of eserine, an
AChE inhibitor. (C) Schematic representation of the imaged areas in (D—F"). Lateral view of 6-day-old larvae
showing a rostro-caudal gradient of AChE activity revealed by Karnovsky staining (D-F"). (D, D') Anterior
trunk in the absence (D) or presence (D’) of eserine. (E) Mid trunk in the absence of eserine. (F, F’) Tip of the
tail in the absence (F) or presence (F') of eserine. Brackets indicate high levels of Karnovsky staining in (E, F).
Magnification is the same for all images in (A, B) and (D—F"). Scale bar: 200 pm.

The emergence of spinal SNA in 16 h to 1-day-old zebrafish embryo®52, when cholinergic genes start being
expressed, suggests that cholinergic signaling plays a role in the generation of SNA and spinal circuit formation,
as have been described in other vertebrate animals'*-*%, However, previous studies have concluded that this may
not be the case as they failed to observe an effect on embryonic spinal neuron activity upon application of cho-
linergic antagonists in zebrafish®5%4, Our work unequivocally shows that the cholinergic machinery is present
in 1-day-old embryos, which is then downregulated during development. These results strongly suggest that
cholinergic signaling may indeed play a key conserved role during embryonic CNS development.

Together, these findings showing the complexity, dynamics and conservation of zebrafish spinal cholinergic
neurons during development, warrant further investigation on the role of cholinergic signaling in SNA and
circuit formation in the zebrafish embryo.

Materials and methods

Zebrafish embryos. All animals were maintained at 28 °C in a 14/10 h light/dark cycle at the IBPS core
facility according to established procedures. Wild-type AB strain, Tg(mnx1:GFP)%, and Tg(vglut2:DsRed)%
lines were used in this study. Maintenance of zebrafish stocks and experiments on larvae were carried out in
accord-ance with the “Comité d’éthique Charles Darwin” (APAFIS#15,909-2,018,070,912,072,530 v5). The
fish facility has been approved by the French “Service for animal protection and health” (A-75-05-25).
Zebrafish embryos
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Figure 7. Spatiotemporal cholinergic gene map in embryonic and larval zebrafish. (A, B) lllustration of 24
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(green) and interneurons (blue). The rostro-caudal expression pattern of the transcripts is represented by the
colored gradients on the right. Abbreviations: sensory neurons (SN), interneurons (IN), motoneurons (MN).

were collected and allowed to develop at 28.5 °C. To prevent pigment formation, 0.2 mM phenylthiourea (PTU)
was added to the fish water starting 24 h post fertilization (hpf).

RNA colorimetric and fluorescent In-situ hybridization (ISH). Colorimetric ISH on whole-mount
zebrafish embryos and larvae was performed as described in%. Plasmids used for antisense RNA probes prepara-
tion were described in*’. Restriction enzymes and RNA polymerases used to synthesize the probes were: vachta
(BamH1/SP6), vachtb (EcoRI/T7), chata (Not1/Sp6), chatb (Not1/Sp6), hacta (Not1/SP6), chrna2a (Not1/Sp6),
chrna3 (BamHL/T7), chrna7 (Not1/Sp6), and ache (Hindl11/T7). Briefly, probes were labeled with UTP-digoxi-
genin and incubated with embryos overnight in 50% formamide-containing hybridization solution. Probes were
then detected using alkaline phosphatase conjugated anti-Digoxigenin antibodies (Roche) and visualized by 5-
bromo-4-chloro-3-indolyl-phosphate (BCIP) and 4-nitro blue tetrazolium (NBT) staining. When the desired
labeling intensity is reached, embryos/larvae were washed extensively and stored in PBS at 4 °C until imaging.

Fluorescent in situ hybridization (FISH) was performed on 24 hpf embryos as described in*’. Briefly, UTP-
digoxigenin labeled probes were incubated with embryos overnight in 50% formamide-containing hybridization
solution. Probes were then detected using horseradish peroxidase conjugated anti-Digoxigenin antibody (Roche)
in Maleic acid blocking buffer (150 mM Maleic acid, pH 7.5 & 100 mM NaCl). To amplify the signal,
homemade tyramide-FITC was used as described in®. Embryos were incubated with tyramide-FITC (1:250) in
TSA reactionbuffer (100 mM borate pH 8.5, 0.1% tween-20, 2% dextran sulfate, 0.003% H203, and 200 pg/ml 4-
iodophenol) for 30-45 min in the dark. The reaction was then stopped by abundant washes of 0.1% Tween-20 in
PBS (PBT). Embryos were incubated overnight at 4 °C in PBS, 0.1% Triton, 10% sheep serum with rabbit anti-
GFP antibody (Thermofisher) or mouse anti-HuC/HuD antibody (Life Technologies) to detect GFP or neurons,
respectively. Embryos were washed in PBT and incubated at 4 °C overnight with goat anti-rabbit Alexa594
antibody or goat anti-mouse Alexa555 antibody (Thermofisher), respectively. Finally, embryos were abundantly
washed and stored in PBS at 4 °C in the dark until imaging.

Immunohistochemistry. Immunohistochemistry (IHC) was performed either on whole-mount or sec- tioned
larvae as described in%, with some modifications. Larvae were fixed for 1.5 h at 4 °C in 4% paraformalde-hyde,
then washed (3 x5 min) in PBS with 0.2% Triton X-100 (PBST). Samples were then blocked on shaker for
3 hin PBS with 1% BSA, 1% DMSO, 5% Normal Sheep Serum, and 0.2% Triton X-100. Larvae were then incu-
bated with rabbit polyclonal anti-VAChT antibody (1:500, Synaptic systems) in PBST with 1% BSA, overnight
at 4 °C on a shaker. Samples were washed in PBST, and incubated with anti-rabbit Alexa594 for 5 h, then Hoechst
(Thermofisher) for 30 min at room temperature on a shaker. After several PBST washes, larvae were stored in
PBS at 4 °C until imaging. ChAT IHC was performed on whole-mount embryos and larvae. Briefly, embryos/
larvae were fixed for 5 h at 4 °C in 4% paraformaldehyde, washed with PBS, and then permeabilized with 0.8%
PBST for 1 h on shaker. Samples were then incubated with goat anti-ChAT (1:100, Millipore) for 72 hat 4 °C on



shaker. After 3 washes of PBS, samples were incubated with anti-goat Alexa594 overnight at 4 °C on shaker.
After several PBST washes, larvae were stored in PBS at 4 °C until imaging.

Detection of AChE enzymatic activity. AChE activity was detected using a method adapted from Kar-
novsky and Roots®. Briefly, larvae were fixed for 7 h in BT-Fix* at room temperature, then washed in PBS with
0.1% Triton X-100. Larvae were then incubated 4-5 h in 60 mM sodium acetate buffer (pH 6.4), 5 mM sodium
citrate, 4.7 mM CuSOs, 0.5 mM Ks(Fe(CN)s), and 1.7 mM acetylthiocholine iodide. When the desired labeling
intensity was reached, larvae were washed extensively and stored in PBS at 4 °C until imaging. To check for
the specificity of the staining, acetylcholinesterase inhibitor eserine was used at a final concentration of 10 M.

Sectioning and microscopy. To prepare sections, embryos processed with ISH or IHC were embedded in
4% low-melt agarose prepared in PBS and sectioned at 35 um (transverse) or 50 pum (sagittal) using a vibratome
(LEICA VT1000S). ISH sections were then mounted in Mowiol (Sigma-Aldrich) on glass slides, covered with
coverslips and stored at 4 °C in the dark until imaging.

Embryos/larvae processed with ISH or Karnovsky staining were transferred to a glass microscope slide with
single cavity well containing 50% glycerol. Bright-field images were acquired on Nikon Eclipse E800
microscope equipped with a Nikon DXM1200 digital camera using Lucia G software. The same system was
used to imageslides with sections.

Larvae processed with FISH and IHC were mounted laterally in a drop of 2% low-melt agarose in medium
petri dishes, then covered with PBS. Fluorescent Z-stack images were captured at 0.5-3 wm increments with a
Leica SP5 confocal microscope using a 20X water immersion objective. Acquisition parameters were identical
when imaging rostral and caudal areas of the same fish.

Fluorescent in situ hybridization and immunohistochemistry analysis. Quantifications of
hacta*/mnx1:GFP, chrna3*/mnx1:GFP, ache*/mnx1:GFP, chrna7‘/mnx1:GFP, chrna3*/HuC, ChAT*/mnx1:GFP
neurons and VAChT puncta were performed manually using Image). VAChT analysis was performed on axon
branches of the rostral and caudal motoneurons along the dorsal myosepta. For each axon, the length of the
myosepta was measured and VAChT* puncta were counted. Labeled puncta were defined as areas containing
at least four attached pixels. At least three rostral and three caudal myosepta segments were analyzed per fish.

Statistical analysis. Results are represented as mean * standard deviation (SD). Differences among groups
were analyzed with GraphPad Prism 6.0 software (GraphPad Software Inc., San Diego USA) using a Student’s t
test.
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Supplementary Figure 1. Expression pattern of cholinergic markers in the 22-24 hpf embryonic spinal cord.(A-D) Lateral view of 22-24 hpf
zebrafish embryos processed by in situ hybridization showing presynaptic cholinergic transcripts vachta (A), vachtb (B), and hacta (C) in spinal
neurons. NAChRs subunit transcript forchrna7 (D) is expressed in spinal neurons and ubiquitously in the brain. The rostro-caudal expression pattern
of the transcript is represented by the colored gradient bar on top of each image. Magnification is the same forall images in (A-D). Scale bar: 200 um.
(E) Dorsal (left panel) and lateral (middle, and right panels) view of 22-24 hpf zebrafish embryos processed by in situ hybridization showing
presynaptic cholinergic transcript chatb in the putative oculomotor neurons, but not in the spinal cord. Magnification is the same for all imagesin
(E). Scale bar: 200 pum.
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Supplementary Figure 2. Nicotinic acetylcholine receptor subunit chrna3 is expressed in interneurons. Lateral view of a 24 hpf zebrafish embryo
processed by fluorescent in situ hybridization for chrna3 (green) followed by anti-Hu labeling (magenta) shows co-localization of the two signals
(white arrows) in 100% of the chrna3™ cells. Far right panel (Zoom) shows a close-up image of the white boxed region in the third panel.N = 9 embryos

(197 chrna3™ cells). Scale bar: 10 um. Scale bar (Zoom): 5 um.
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Supplementary Figure 3. Cholinergic gene expression in the brain. Dorsal view of 2-day-old embryos processed by in situ hybridization showing
chata, hacta and vachtb transcripts bilaterally in the midbrain (brackets). chata is expressed in the oculomotor (asterisk), secondary gustatory
(arrowhead) and trigeminal motor (arrow) nuclei. vachtb is detected symmetrically in the habenula (white arrowhead) at this stage. L: left;R: right.

Scale bar: 200 pum.
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Supplementary Figure 4. Downregulation of presynaptic cholinergic gene expression in the spinal cord of 3-day-old embryos. (A-E) Lateral view
of embryos processed by in situ hybridization showing rostro-caudalgradient for hacta (A), and ache (B). These transcripts remain highly expressed
in the brain. chatb (C) and vachtb (D) are only expressed in the brain. Transcript for the nAChRs subunit chrna7 (E) remain expressed all along the

spinal cord and is also found in the brain and neuromasts (arrows). The rostro-caudal expressionpattern of the transcript is represented by the colored

gradient bar on top of each image. Magnification is the same for all images in (A-E). Scale bar: 200 pm.
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Supplementary Figure 5. Progressive downregulation of presynaptic cholinergic gene expression in 6-day- old larvae. (A-D) Lateral view of
zebrafish larvae processed by in situ hybridization showing the rostro-caudalexpression gradient of cholinergic transcripts vachta (A), hacta (B), and
ache (C). Note the strong expressionof the transcripts in the brain. nAChRs subunit transcript for chrna7 (D) is also found in the brain, in neuromasts
(arrows) and remain uniformly expressed all along the spinal cord. The rostro-caudal expression pattern of the transcript is represented by the colored

gradient bar on top of each image. Magnification is the same for all images in (A-D). Scale bar: 200 pum.
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Supplementary Figure 6. Low levels of chata expression in the spinal cord persists in 15-day-old larvae. (A,B) Lateral and (C) dorsal view of a 10-
day-old larva processed by in situ hybridization showing the decreasein chata expression at the rostral spinal cord (A, B), while the transcript remains
highly expressed in the brain(C). Panel (B) shows a close-up image of the boxed region in panel (A). Scale bar: 200 um. (D) Lateral viewof the
rostral spinal cord and (E) the tip of the tail of 15-day-old larva processed by in situ hybridization showing very faint chata expression at the rostral

spinal cord, while it remains present at the tip of the tail. Magnification is the same for images in (D, E). Scale bar: 200 um.
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Supplementary Figure 7. Most mnx1:GFP neurons are not glutamatergic in the 6-day-old larvae. (A-
B) Confocal images of the spinal cord in Tg(mnx1:GFP,;vglut2:DsRed) line showing no or very few
cells co- expressing mnx1:GFP (green) and vglut2:DsRed (magenta) in 24 hpf embryo (A) or 6-day-
old larva (B), respectively. Scale bar: 15 um in (A) and 20 um in (B). (C) Percentage of
mnx1:GFP,vglut2:DsRed cells in 6-day-old larvae. N=5 larvae (487 mnx1:GFP*neurons, 590

vglut2:DsRed* neurons).
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Abstract

Cholinergic signaling plays a critical role in numerous biological processes throughout
development. In rodent and chick, cholinergic signaling is crucial for the initiation and
maintenance of spontaneous neural activity, the coordinated activation of large groups
of neurons during embryogenesis. Maternal smoking causes nicotine to enter the fetal
circulation and interact with nicotinic acetylcholine receptors (nNnAChR), leading to
disturbances in cholinergic signaling that can negatively impact the development and
function of the nervous system. While studies have shown the adverse effects of
nicotine in the peripheral nervous system and muscles, how it affects the spinal central

nervous system development is less understood.

By carrying out calcium imaging on large groups of neurons in the spinal cord of 1 day
old zebrafish embryos, we discovered that neurons display different patterns of neural
activity, consisting of high or low frequency activity. Using a transgenic line that labels
motoneurons revealed that groups of neurons displaying high or low frequency activity
contain both moto- and interneurons. In addition, we found that neurons that display
low frequency activity contain earlier born primary motoneurons, whereas those with
high frequency activity contain later born secondary motoneurons. These results
suggest that neurons that are born together form microcircuits that first display high
frequency activity, which transitions to low frequency activity. To investigate the role
of cholinergic signaling during spontaneous neural activity, we performed calcium

imaging in the mutant for cholineacetyltransferse a (chata), which encodes an enzyme
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for acetylcholine synthesis. We found that the emergence of correlated activity is
altered in mutants. The highly rhythmic events observed in WT siblings are not present
in the chata mutants as they display higher interval variability between the calcium
transients. Application of nicotine increased the frequency, suggesting that the high
frequency activity is mediated by nicotinic acetylcholine receptors. The results attribute
a yet undescribed role for cholinergic signaling through the nicotinic acetylcholine
receptors in modulating highly rhythmic activity during early spontaneous neural
activity. Taken together, we show that both genetic and environmental factors that
modify cholinergic signaling alter early spontaneous neural activity, suggesting that
the cholinergic system plays a critical role in the formation and recruitment of neural
circuits in the developing zebrafish spinal cord.

Introduction

Common to all vertebrates is the ability to move and navigate through the environment
to seek shelter, forage for food, and find mates. Understanding the complex interplay
between neural circuits and motor behavior has long been a focus of interest in the
field of neuroscience. Spontaneous movements of the trunk of the body have been
observed in developing embryos and fetuses across different species (Preyer, 1885;
Hamburger, 1963) and studies in embryonic chick spinal cords showed that this
activity is non-reflexogenic as it occurs independently of external stimuli (Hamburger,
Wenger and Oppenheim, 1966). Over the years, pharmacological, genetic, and
optogenetic approaches combined with electrophysiological recordings and calcium
imaging revealed the occurrence of spontaneous neural activity (SNA) across a
multitude of species in different developing circuits, including the retina, cochlea and
the spinal cord (Feller, 1999; Blankenship and Feller, 2010; Kirkby et al., 2013). SNA
plays a role in the maturation of neural circuits (Kirkby et al., 2013) as perturbing SNA
during critical developmental periods in the spinal cord and other developing systems
resulted in aberrant effects on axonal projection (Hanson and Landmesser, 2006;
Kastanenka and Landmesser, 2010; Tezuka et al., 2022), neurotransmitter
specification (Gu and Spitzer, 1995; Watt et al., 2000; Borodinsky et al., 2004), cellular
differentiation (Stevens et al., 2002) and cell death (Warm et al., 2022).
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In the developing spinal cords of chick and mouse embryos, SNA is initiated when
motoneurons start extending their axons toward the muscles (O’Donovan and
Landmesser, 1987; Hanson and Landmesser, 2003). SNA consists of patterned
recurring activity that progresses from synchronized activity in the whole spinal cord
to alternating between the left and right sides (O’Donovan and Landmesser, 1987;
Momose-Sato and Sato, 2013). SNA is initially dependent on cholinergic signaling as
blocking nicotinic acetylcholine receptors using pharmacological agents including
nicotine results in silencing SNA (Milner and Landmesser, 1999; Momose-Sato and
Sato, 2020). However, knockdown of the cholineacetyltransferase (chat) gene, which
encodes an enzyme necessary for the synthesis of acetylcholine, delayed and altered
the patterned activity of SNA in mice (Myers, 2005), suggesting the presence of

redundant mechanisms in maintaining SNA.

In the zebrafish spinal cord, SNA is first observed at 17 hours post fertilization (hpf),
and is primarily dependent on gap junctions and calcium ion conductance (Saint-
Amant and Drapeau, 2001). Calcium imaging shows that the activity begins around 17
hpf in groups of neighboring cells, which become ipsilaterally correlated and
contralaterally anti-correlated within a few hours (Warp et al., 2012; Wan et al., 2019).
The frequency of left right alternating SNA decreases during the first day of
development to eventually become silent (Saint-Amant, 2010). Due to the rapid
development of the zebrafish embryo, several rounds of neurogenesis occur within the
first day. However, whether and how different groups of sequentially born neurons
incorporate into the spinal circuit have not been investigated. Moreover, in contrast to
mammals, pharmacological application of antagonists for nicotinic acetylcholine
receptors (NAChRs) showed no effect on SNA in the zebrafish embryo (Saint-Amant
and Drapeau, 2001; Warp et al., 2012). Given the conservation of the locomotor spinal
circuit in vertebrates (Goulding, 2009), as well as the presence of pre- and
postsynaptic cholinergic components in the zebrafish spinal cord as early as 20 hpf
(Rima et al., 2020), we aimed to reassess the role of cholinergic signaling during SNA
in the zebrafish embryo.

We performed calcium imaging recordings of neurons in the spinal cord of zebrafish
embryos co-expressing GCaMP in most post-mitotic spinal neurons and red
fluorescent protein (RFP) in motoneurons Tg(elavl3:GCaMP6f ;

mnx1:Gal4;UAS:RFP). Calcium recordings of rostral spinal segments reveal that
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spontaneous neural activity consists of rhythmic calcium peaks occurring around every
4 seconds (high frequency), which then transitions to long lasting bursts of activity
separated by long quiescent periods lasting around 30 seconds (low frequency). The
transition from early to late type activity is accompanied by the emergence of another
microcircuit consisting of newly born motoneurons and interneurons displaying high
frequency activity. Chronic perturbation of cholinergic signaling in the
cholineacetyltransferase (chat) mutants resulted in increased variability between
calcium events during high frequency activity, suggesting cholinergic signaling is
necessary in maintaining stable rhythmic early spontaneous activity. Nicotine
perfusion increased activity frequency, suggesting that cholinergic signaling via the
nicotinic acetylcholine receptors is crucial in promoting high frequency activity during
early SNA. Taken together, our results demonstrate that cholinergic signaling plays a
yet undescribed role in maintaining rhythmic activity during early spontaneous neural
activity in the zebrafish embryo. This study shows that acetylcholine plays an essential
role in shaping neural circuit dynamics during spontaneous neural activity, highlighting
a conserved role of cholinergic signaling in the embryonic vertebrate motor circuit and
firmly establishes the zebrafish embryo as an in vivo model for elucidating the role of

cholinergic signaling in spinal neural circuit formation.

Materials and Methods

Zebrafish

Adult fish were reared at 28°C in a 14/10h light/dark cycle in a fish facility approved by
the French Service for animal protection and health (A-75-05-25), and the experiments
were performed in compliance with relevant regulations and guidelines. Fish were
paired overnight using separators and dividers in mating tanks, and the eggs were
collected the following morning after removing the separators. Wild-type AB strain, the
cholineacetyltransferase (chat) mutant fish (Granato et al., 1996), Tg(mnx1:GFP)
(Flanagan-Steet et al., 2005), Tg(NeuroD:GCaMP6f°™%) (Rupprecht et al., 2016),
Tg(elavli3:H2B-GCaMP6f) (Chen et al, 2013), Tg(elavl3:GCaMP6stY14)
Tg(elavl3:GCaMP6scY44) (Vladimirov et al., 2014), Tg(elavi3:;jRGECO1b) (Mu et al.,
2019), Tg(elavi3:GCaMP6f)3122%0 (Wolf et al., 2017), Tg(mnx1:Gal4) (Flanagan-Steet
et al., 2005), Tg(UAS :RFP) (Asakawa and Kawakami, 2009) were used in this study.
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Fluorescent in situ hybridization with antibody labeling

Fluorescent in situ hybridization (FISH) was performed on 24 hpf embryos as
described in Rima et al., 2020. Notl and Sp6 were used to linearize and synthesize
the UTP-digoxigenin labelled chrna7 probe, respectively. Briefly, dehydrated embryos
in methanol were rehydrated by successive washes of decreasing ratio of
methanol:PBS solutions. They were then permeabilized and incubated in 50%
formamide containing hybridization mixture for three hours before an overnight
incubation with UTP-digoxigenin labelled probes. Probes were then detected using
horseradish peroxidase conjugated anti-Digoxigenin antibody (Roche) in Maleic acid
blocking buffer (150 mM Maleic acid, pH 7.5 & 100 mM NacCl). Signal amplification
was performed using homemade tyramide-FITC as described in Davidson & Keller,
1999. Embryos were incubated with tyramide-FITC (1:250) in TSA reaction buffer
(100 mM borate pH 8.5, 0.1% tween-20, 2% dextran sulfate, 0.003% H202, and
200 pg/ml 4-iodophenol) for 45 min in dark. The reaction was stopped by washing in
0.1% Tween-20 in PBS (PBT). Embryos were incubated overnight at 4 °C in PBS,
0.1% Triton, 10% sheep serum with rabbit anti-GFP antibody (Thermofisher) to detect
GFP. Embryos were washed in PBT and incubated at 4 °C overnight with goat anti-
rabbit Alexa594 antibody (Thermofisher). Finally, embryos were washed and mounted
laterally in a drop of low melt agarose (2%) and imaged using the Leica SP5 confocal

microscope using a 20X water immersion objective.

Genotyping

DNA was extracted from tail biopsies (adults) or whole embryos using DNA extraction
buffer (10mM Tris pH 8.2, 10 mM EDTA, 200mM NaCl, 0.5% SDS, 200ug/mi
proteinase K). PCR amplification of the chat gene was carried out using primers from

(Wang, Wen and Brehm, 2008) and the mutation was confirmed by sequencing.

Pharmacology

Nicotine (Acros Organics) was prepared at a concentration of 10uM in E3 the day of
the experiment. For the first 15 minutes of acquisition, E3 was pumped into the petri
dish using a perfusion peristaltic pump (Ismatec) at a rate of 1.47 mL/min. 15 minutes

into the acquisition, nicotine was perfused into the petri dish for the next 15 minutes.
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The tubes of the peristaltic pump were thoroughly cleaned with E3 between each

acquisition.

Calcium imaging

Embryos were individually transferred to a 70mm petri dish and mounted using a drop
of low melt agarose (2% in E3) with pancuronium bromide (300uM). Calcium imaging
recordings were carried out on a spinning disk microscope (Zeiss Axio Examiner.Z1)
using a 40X water immersion objective (NA = 0.95) acquired at a rate of 3.3 Hz
[Tg(elavi3:GCaMP)] or 10Hz [Tg(elavI3:GCaMP;mnx1:gal4;UAS:RFP)] using the 480
nm laser. The 532 nm laser was used for the z-stack acquisition of mnx1:RFP* cells.

The duration of acquisition ranged from 12 — 30 min depending on the experiment.

Calcium imaging analysis

FlJI

Regions of interests (ROIs) were manually drawn on the soma of neurons exhibiting
GCaMP fluorescent transients and the average fluorescence intensity was extracted
for all recorded frames using FIJI (Schindelin et al., 2012). Further analysis was done

on MATLAB (The MathWorks, Inc. 2022).

MATLAB
The values for the average fluorescence intensity for each ROI per frame were
imported into MATLAB using custom written scripts. Z-score was used to analyze

calcium activity according to the formula:

AF _ Fi—Fp
F Fstd

F; is the mean intensity in a single ROI at a single time point while E,, is the moving
mean in a single ROI for 500 frames and F,;, is the standard deviation for the entire
recording. Clustering of neurons was performed using k-means function and manually
verified based on pairwise linear correlation coefficients. Each calcium event was
identified using findpeaks (Signal Processing Toolbox, MATLAB) function in MATLAB

and verified manually. All plots and graphs were made on MATLAB.

Alternation index was calculated as:
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events, + eventy

eventr — 1
where event,, is the total number of time when calcium transient in the ipsilateral soma
is followed by an event in the puncta, event,, is the total number of time when calcium

transient in the puncta is followed by an event in the ipsilateral soma and event is the

sum of events in the ipsilateral soma and puncta.

Symmetry index was calculated as:

|levent, — event,|

events + event,
where eventis the total number of events in the ipsilateral soma, event, being the

total number of events in the puncta displaying contralateral activity.

Muscle contraction imaging and analysis

Microscope and mounting setup were identical to calcium imaging (10Hz) with the
exception of using bright field to image muscle contractions in non-paralyzed embryos
mounted in low melt agarose (2% in E3). Prior to imaging muscle contractions, z-stack
acquisition of mnx1:RFP* cells was performed using the 532 nm laser. The recordings
were analysing using FIJI where a ROl was drawn in an area that displayed a distinct
morphology (i.e. muscle segment, edge of embryo, etc.) and manually verified for a

change in pixel intensity upon movement.

Heartbeat and length acquisition and analysis

Embryos were phenotyped into moving (WT sibling) and non-moving (mutant) and
laterally mounted and embedded in 1.5% low melt agarose. 1 min recordings were
taken using a color camera (Leica IC80 HD) mounted on a stereomicroscope (Leica
M80). Heartbeat was manually counted for the duration of the recording. The outline
of the embryo from the nose tip to the tail tip were traced using FIJI to calculate the

length of the embryos.

Statistics
Statistical comparisons between two independent groups were conducted using a

Wilcoxon rank sum test. Comparison between more than 2 dependent groups were
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conducted by a Kruskal-Wallis test followed by a Bonferroni test. Statistical tests were
performed on MATLAB. Specific information on statistical test, sample size, value

representation (mean * std) and p values are indicated in the figure legends.

Results

Spinal neurons display distinct patterns of spontaneous activity

To analyze spontaneous neural activity (SNA), we first carried out calcium imaging on
embryos expressing GCaMP under different pan-neuronal promoters. While all 6
transgenic lines displayed calcium transients at 5 days, only one line
[Tg(elavi3:GCaMP6f 122008)] (Wolf et al., 2017) showed activity at 1 day (Supplemental
Table 1). This result was surprising as at least two other transgenic lines were shown
to display calcium activity in 1 day old embryos in a previous study (Wan et al., 2019).
These results suggest that the signal-to-noise ratio of GCaMP activity differ between
individuals but becomes more robust during development.

We carried out calcium imaging of 2-3 segments of the rostral spinal cord (above the
beginning of the thin yolk sac) in 1 day old laterally mounted Tg(elavi3:GCaMP6f 122002
embryos expressing the GCaMP transgene in most spinal neurons, including the
motoneurons (Figure 1A). We found that around 35 (34.5 £ 8.9%) percent of imaged
neurons showed at least one calcium transient during the 10 min recording (Figure
1B). We also found that the ventral spinal cord, consisting of motoneurons and
interneurons, contained more active neurons compared with the dorsal domain, which
largely contains sensory neurons easily identifiable due to their rounder soma
(Williams and Ribera, 2020) expressing higher baseline GCaMP fluorescence (Figure
1A), consistent with what has been reported in other studies (Saint-Amant and
Drapeau, 2001). In contrast to previous studies showing that all active spinal neurons
display synchronized activity (Saint-Amant and Drapeau, 2001; Warp et al., 2012), we
observed groups of neurons exhibiting distinct patterns of activity. We carried out k-
means clustering analysis and determined that k = 3 was sufficient to group neurons
into highly correlated clusters with each cluster containing at least 10 % of active
neurons (Figure 1C-E). The calcium transients consisted of at least two distinct
profiles: 1. Calcium event consisting of fluorescence increase followed by a decay to

the baseline (peak) and 2. Fluorescence increase immediately followed by a series of
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events resulting in a sequence of peaks (burst) before decreasing to baseline levels
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Figure 1. 1 day old embryos display distinct patterns of spontaneous activity

(A) Schematic of a lateral view of a 1 day old embryo indicating the calcium imaging area (dotted box).
Close up z composite image of the recorded area along the spinal cord in a Tg(elavi3:GCaMP6) embryo.
Orange horizontal line demarcates dorsal (d) vs. ventral (v) regions quantified in (B). Note the
motoneuron axons exiting the spinal cord (arrows). Double arrowheads indicate rostral, caudal, dorsal,
ventral axis of the embryo. Scale bar = 20 um.

(B) Graphs showing the percentage of total elavi3:GCaMP" cells displaying calcium events (active
neurons) 34.2 + 6.37% (left) and those located in the dorsal (23.6 = 3.4%) vs. ventral (10.6 £ 6.1%) spinal
cord domains (right). mean + SD. N =9 embryos, n. = 419 total neurons, n, = 144 active neurons.

(C-E) k-means clustering (k = 3) reveals neuron groups tat display distinct patterns of calcium activity in
a representative 1 day old Tg(elavli3:GCaMP6) embryo. 8 min recording. 3Hz.

(C) Spinning disk image of the imaged region showing the location of the different neuron groups overlaid
by colored circles. (D) Correlation coefficient matrix of active neurons indicating the degree of correlation
between neurons within each group and with other groups. (E) Z-score plot of the 3 groups of neurons
revealed by k-means clustering. Neurons in different clusters are indicated by the color coded bar on
left.

(F) Plot of one representative neuron from the green cluster displaying calcium peaks (blue circle) or
bursts (orange line).
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with low correlated activity within the cluster as well as with the first two groups (Figure
1D). In general, we found that while neurons in the third group were located mostly in
the dorsal area, neurons in the first and second groups were intermingled in the ventral
spinal cord (Figure 1C). As motoneurons are largely restricted to the most ventral
spinal cord, the result suggests that neurons in the first and second clusters are

composed of both interneuron and motoneurons.

Microcircuits with high and low frequency activity are co-active during
spontaneous activity

To confirm whether the first two clusters consist of motoneuron and interneurons, we
imaged spontaneous activity in embryos that co-express red fluorescent protein (RFP)
mainly in motoneurons (Flanagan-Steet et al., 2005; Asakawa and Kawakami, 2009)
[Tg(elavl3:GCaMPf;mnx1.gal4;UAS:RFP)]. The three primary motoneurons that are
the first born neurons in each hemisegment of the spinal cord are the CaP, MiP and
RoP MNs that target the ventral, dorsal and medial muscle fibres, respectively (Figure
2A) (Myers, 1985; Moreno and Ribera, 2009). Zebrafish embryos undergo rapid
development, with approximately 2 somites added to their trunk every hour during
somitogenesis (D’Costa and Shepherd, 2009). To tightly control the developmental
stage of the embryos, we used the number of RFP™ cells per hemisegment to compare
calcium transients between embryos. Consistent with our previous observation (Figure
1), we found that spinal neurons could be grouped into 3 different clusters based on
their activity pattern in embryos with 4-5 motoneurons per hemisegment (Figure 2B-
E). The first two clusters showed high levels of correlated activity within each cluster
as well as between the clusters (Figure 2E). First group of neurons displayed low
frequency (LF) activity consisting mainly of bursts whereas the second group of
neurons showed high frequency (HF) activity consisting of peaks and bursts (Figure
2C-C”). The two neuronal clusters contained both RFP* and RFPnegative neurons
(Figure 2B-C”), suggesting the presence of distinct motor microcircuits containing
motoneurons and interneurons that display LF or HF activity. The third cluster of
neurons showed low correlation with the first two clusters and did not contain any RFP*
cells (Figure 2B,E), suggesting that these are interneurons that are not yet recruited

into the LF or HF circuits.

86



notochord

; i11 MWM‘\Jw

m5 i 0l il 1w J i12 u...ﬁ‘\s_.;‘_,‘. ,,,-_,‘L. =T
B A ot o O A W K
168, ity Ml § A s A
. ' W 1 | IS .
AR

. M 01 th o
i9 : D ‘
g AL e LF s U Mt
p1 eyl | A‘I, I " HF

|

p2 sl AL IN2
M MN LF MN HF D’
@®INLF IN HF 1)

y T T T T J
0.0 02 04 06 os 10

normalized amplitude

Figure 2. Functionally distinct microcircuits are present during spontaneous activity

(A,A’) Schematic of primary (CaP, MiP, RoP) and secondary (orange) motoneurons and
their axon projections displaying stereotypical organization within the hemisegment (A).
Note that the proximal axons represent those from both the primary and secondary
motoneuron, whereas, the distal axons represent mainly the CaP axon in <36 hour old
embryos based off of confocal image in (A’) with proximal and distal axons in white squares.

(B) Composite image of 7.5 um in the z axis of the recorded area in the spinal cord of a
Tg(elavl3:GCaMP6 ; mnx1l:RFP) embryo showing mnx1:RFP" (left panel, magenta),

elavi3:GCaMP6" (middle panel, white) and elavi3:GCaMP6 ; mnx1:RFP’ (right panel)
neurons. Neuron type are color-coded (motoneurons: magenta, interneurons: green, blue)
and identifiers noted (m: motoneuron, c: CaP, i: interneuron, p: proximal axons, d: distal
axons). Scale bar = 20 um.

(C-C”) Activity plot of a 5-minute calcium imaging recording. Neurons types are color-coded
(motoneurons: magenta, interneurons: green, blue, axons: grey) and identifiers noted to
the left of the panel (m: motoneuron, c: CaP, i: interneuron, p: proximal axons, d: distal
axons). Neurons belonging to distinct circuits are color-coded in different shades of grey to
the right of the panel (HF: high frequency circuit, LF: low frequency circuit).

(D,D’) Average plots of neurons in LF (purple), HF (orange) circuits and IN2 type (grey) (D),
and close up overlay of the average plots in dotted rectangle (D’).

(E) Pairwise correlation coefficient matrix between neurons. Neurons in functional circuits
are indicated by grey bars left and above the matrix.

(F) Histogram showing the distribution of normalized amplitudes from MNs and INs in the

HF and LF circuits. n=10 embryos, n = 1101 events. 87



One possibility for the presence of microcircuits is that they consist of neurons that are
born and recruited at different times. We consistently found that the first-born primary
CaP motoneurons, easily identified based on the location of the soma directly over the
axon bundle exiting the spinal cord, displayed LF activity. By contrast, motoneurons
with smaller soma and fainter RFP expression showed HF activity (Figure 2A-C’). We
next analyzed calcium transients in the proximal and distal areas of the motoneuron
axon bundles. The distal part of the motoneuron axon fascicles contains mainly CaP
axons whereas the proximal motoneuron axon fascicles contains both MiP and RoP
axons as well as later born secondary motoneuron axons that exit the spinal cord to
target the ventral muscles (Figure 2A,A’). If the LF circuit consists of earlier born
neurons while the HF circuit contains later born neurons, we expected to observe LF
activity in the distal axons and HF activity in the proximal axons. Indeed, we found that
the distal area showed LF activity while the proximal area displayed HF activity (Figure
2B-C’). Taken together, these results suggest that the LF and HF circuits consist of
earlier born (older) and later born (younger) MNs, respectively.

Overlaying the average traces between the LF and HF circuits revealed that when
neurons displaying LF activity have calcium events, those in the HF circuit are also
active. However, calcium events that occur in neurons with HF activity are not always
observed in neurons with LF activity (Figure 2D, D’). We next analyzed the amplitude
of calcium events and found that the HF circuit consisted of events that were more
uniform between each other, whereas neuron activity in the LF circuit showed events

with variable amplitudes (Figure 2F).

Early spontaneous activity consists of synchronized high-frequency activity

If in embryos with 4-5 motoneurons per hemisegment contains a LF circuit composed
of early-born older neurons and a HF circuit composed of late-born younger neurons,
we expected that younger embryos with 3 or less motoneurons would only have one
circuit exhibiting HF activity. We analyzed the frequency and pattern of calcium activity
in embryos with 1 motoneuron per segment consisting only of the primary CaP neuron.
We found that the motoneurons displayed only one type of HF calcium activity: highly
rhythmic HF peaks (Figure 3A-D). We found two types activity in interneurons (IN);
one that synchronized (IN1) and another that had low correlation (IN2) with
motoneuron activity (Figure 3A-D). These results show that neurons that are recently

born exhibit HF rhythmic activity. In addition, we analyzed the activity type in the CaP
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primary motoneurons in younger (1-3 motoneurons) or older (4-7 motoneurons)
embryos. We found that CaP neurons exhibit HF activity in the younger embryos,
whereas in older embryos, they largely showed LF activity (Figure 3E), supporting our
hypothesis that the HF and LF circuits are composed of younger and older neurons,
respectively. One surprising noteworthy observation was the presence of puncta
and/or axons that displayed alternating activity with the neurons in the HF circuit (F-
F”). We suspected that the alternating activity in these puncta and/or axons was due

to the activation of the contralateral motor circuit.

Spontaneous calcium activity corresponds to trunk contractions

The earliest spontaneous movement occurring around 17 hpf in the zebrafish embryo
is left-right coiling, whereby muscle contractions alternate with a regular delay between
the left and right sides at around 0.5 Hz frequency (Saint-Amant and Drapeau, 1998).
This movement transitions to a double coiling behavior at approximately 21 hpf and
occurs at 0.75 Hz frequency, which is characterized by the occurrence of multiple
consecutive coils on one side of the body, followed by a series of coiling movements
to the other side. (Saint-Amant and Drapeau, 1998). To test whether the alternating
activity in the puncta may be due to the contralateral activation of the motor circuit due
to left-right coiling of the embryo, we first analyzed muscle contractions in non-
paralysed agarose-restrained embryos expressing RFP in MNs. In embryos with 1-2
motoneurons per segment, we identified two types of alternating contractions around
every 2 sec, likely corresponding to the ipsilateral vs. contralateral muscle contractions
that occur during left-right coiling (Figure 5A-B). Next, to confirm that the calcium
events in motoneurons correlate with muscle contractions, we carried out
simultaneous calcium imaging of motoneuron calcium events with muscle contractions
(Figure 5C-D). We found that calcium events in motoneurons co-occurred with around

half of the muscle contractions. This result suggests that the motoneuron activity
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Figure 3. Early-stage embryos exhibit fast rhythmic activity

(A) Composite image of 7.5 um in the z axis of the recorded area in the spinal cord of a
representative Tg(elavl3:GCaMP6 ; mnx1:RFP) embryo showing mnx1:RFP" (magenta,

top panel), elavi3:GCaMP6" (white, middle panel) and elavli3:GCaMP6 ; mnx1l:RFP :
(bottom panel) neurons. Active neuron soma of motoneurons (MNs, magenta), interneuron
type 1 (IN1, green), interneuron type 2 (IN2, blue) and their identifiers are indicated (middle
panel). Scale bar = 20 pum.

(B,B’) Z-score plot of a 3.5 minute calcium activity recording. Neurons are ordered by type:
MNs (magenta), interneurons that display correlated activity with motoneurons (IN1, green)
and interneuron with no correlation to motoneuron activity (IN2); blue). Neuron type
(colored bars on left) and identifiers are indicated.

(C,C’) Average (D) and close up overlay (D’, dotted rectangle) activity plots of MNs
(magenta), IN1 (green) and IN2 (blue).

(D) Correlation coefficient matrix of active neurons. MNs (magenta), IN1 (green), and IN2
(blue) are are indicated by colored bars on top and left of the matrix.

(E) Bar graph displaying the percentage of primary CaP neurons displaying HF activity in
early vs late embryos. (N=17 embryos, n= 28 CaP neurons).

(F-F”) (F) Close up image of MN soma (asterisk) and puncta (purple arrow) outlined in (A)
that display alternating calcium activity. MN soma (black plot) and puncta (purple plot) (F’).
(F”) Close up of activity plot in the dotted rectangle in (F’). Colored circles above the activity
plot indicate soma (black) or puncta (purple) activity.
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Figure 4. Muscle contractions correlate with motoneuron calcium activity and
frequency

(A) Muscle contractions during a 5-minute recording of an early-stage embryo.
(A’) Zoomed in muscle activity plot from time shown in (A, rectangle). Putative ipsilateral
(magenta) and contralateral (green) contractions are indicated by colored circles. Cartoon
of zebrafish embryo from a frontal view showing left-right coiling corresponding to ipsilateral
(magenta) or contralateral (green) contractions.

(B) Lateral view showing motoneurons (magenta) and muscle (grey) in an early stage
Tg(mnx1:RFP) embryo containing 2 MNs per hemisegment. White dotted lines delineate
the somite boundaries.

(C) Ipsilateral motoneuron activity (top, green) and muscle contraction (bottom, grey)
during a 5-minute recording of a late-stage embryo. Scale bar = 20 um.

(C’) Zoomed in muscle activity plot from time shown in (D, rectangle). Ipsilateral (magenta)
and contralateral (green) contractions are indicated by colored circles.

(D) Lateral view showing motoneurons (magenta) and muscle (grey) in late-stage embryo
containing 5 MNs per hemisegment. White dotted lines delineate the somite boundaries.
Scale bar = 20 um.

(E) Scatter plot showing negative correlation between developmental stage (identified by

number of mnx1" cells per hemisegment) and frequency of muscle contraction. n=15
embryos.
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induces ipsilateral muscle contractions whereas the muscle contractions that occur
without calcium events are due to the activation of contralateral motoneurons.
Altogether, the results demonstrate that the calcium activity in the motor circuit
translates to muscle contractions and suggest that the alternating calcium activity
observed in the puncta is due to the activation of the contralateral motor circuit. Finally,
we analyzed the frequency of muscle contractions with the number of motoneurons
and found a negative correlation (Figure 5E), consistent with that observed during
calcium activity.

In summary, we propose a model for the evolution of spontaneous activity in the motor
circuit. During the first wave of neurogenesis (1-3 motoneurons per hemisegment),
primary motoneurons and INs display near-synchronous oscillating activity consisting
of calcium peaks that occur at regular intervals and amplitudes. As the embryo
develops following the second wave of neurogenesis (=4 MNs per hemisegment), the
older microcircuit transitions to exhibit LF activity while the newly born microcircuit

displays HF activity (Figure 5).

A Early SNA : 1-3 motoneurons Figure 5. Schematic model for the
—— evolution of spontaneous neural
activity (SNA) in zebrafish spinal

neurons.

1 MMMWAMW\MN\MM\WMMW (A) Early SNA occurs in embryos
? 1-3

, containing motoneurons  per
J 40 s8c hemisegment, consisting of cells
displaying high frequency rhythmic peaks
that correlate with left-right muscle
contractions. (B) Late SNA occurs in
embryos containing over 4 motoneurons
per hemisegment, which consists of early
born (mature) neurons that display low-

JM frequency (LF) activity characterized by

B Late SNA : > 4 motoneurons

i\‘ﬁ Early born MN : LF activity
\¢}

X b:f 5, — _— calcium bursts (orange line) separated by
\*—j - long quiescent periods (red line) and late-

‘; (s L born (young) neurons displaying high-

J wEEE B A ©© | frequency (HF) activity containing bursts

(orange line) nested within peaks (blue
dots).
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Cholinergic signaling is required for symmetric rhythmic activity at the onset of
spontaneous neural activity

To investigate whether cholinergic signaling plays a role during spontaneous neural
activity, we performed calcium imaging in mutants for cholineacetyltransferase a (chat)
(Wang, Wen and Brehm, 2008) expressing GCaMP in most neurons and RFP in most
motoneurons [Tg(elavi3:GCaMP6f;mnx1:gal4;UAS:RFP); chat’]. First, we confirmed
that there was no overt difference in the development of the embryos by measuring
the length and heartbeat frequency between the mutant and WT siblings. Next, we
guantified the percentage of active cells and found no significant difference between
mutant and WT siblings (29.2+16.7% vs. 34.5 = 7.9 %) (Supplemental Figure 1A-C).
We analyzed the calcium activity pattern and also found similar percentage of active
motoneurons, IN1 and IN2 in the chat mutants to that in the WT embryos
(Supplemental Figure 1E). We found that with the exception of one embryo, the early
(1-3 motoneurons) chat mutant embryos mostly showed one type of HF activity, as in
WT siblings. In later developmental stages (over 4 motoneurons), embryos contained
distinct microcircuits showing HF and LF activity, similar to that in WT embryos

(Supplemental Figure 1F).

However, a careful inspection of the calcium events revealed that the rhythmic
oscillatory activity appeared less regular in chat mutants compared to WT embryos
(Figure 6A-A’). Indeed, analysis of the interval time between consecutive calcium
events revealed that the duration between the events was more widespread in the
chat mutants compared to the WT embryos (Figure 6A-B). We wondered whether the
longer interval time between events was due to absence of general activity or rather
because the contralateral side was active. We calculated the alternation index by
analyzing the number of alternations between the ipsilateral soma activity and
contralateral puncta activity (Figure 6C-D). If there is perfect alternation between the
ipsi- and contralateral sides, the alternation index would be 1. In WT embryos, we were
able to fit a linear regression model between the alternation index and number of
motoneurons. Alternatively, we found that the chat mutants had a lower alternation
index compared with WT of a similar developmental stage that could not be fit via
linear regression, suggesting that chat mutants exhibit less consistent left right
alternating activity. Although the left right alternation may be defective in the chat

mutants, the total number of events in the left vs. right sides could still remain the
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Figure 6. Cholinergic signaling is required for maintaining early rhythmic
spontaneous activity.

(A,A’) Images of recorded spinal area showing MNs (magenta) (A) with plots of
representative neurons in WT (top) or chat” (bottom) embryos (A).

(B) Scatter plots showing the interval time between two consecutive peaks (red double
arrow in A’) WT (black) or chat” (red) embryos. WT : n = 4 embryos, n = 720 events; chat
"6 embryos, n = 720 events. Wilcoxon rank-sum test ** p = 1.3e-5.

(C,C’) Image showing neuron soma (asterisks) and puncta (purple arrow) outlined in white
dotted rectangles in (A, A’) that display alternating activity (C’). Close up of calcium activity

in soma (black) and puncta (purple) in WT (top) and chat” (bottom) embryos outlined by
grey dashed rectangle in A’.

(D) Linear regression of alternation index between developing WT (black) and chat” (red).

(E) Symmetry index show chat” embryos display less left right symmetry in calcium events
compared with WT siblings. Each circle represents the symmetry index for an embryo,

triangles show mean value. WT vs. chat’” : 0.056 + 0.062 vs. 0.114 + 0.038 (mean + std).

WT: n =8 embryos, n =555 events, chat'/' : n =6 embryos, n =566 events. Wilcoxon rank-
sum test. * p = 0.0256
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same. We analyzed the symmetry index where if there are the same number of events
between the left and right sides, the value would be 0. We found that the chat mutants
have a higher value for their symmetry index compared with their WT siblings,
suggesting that the left and right sides are less symmetrically active in the mutants
compared to their WT siblings. These results indicate that cholinergic signaling is
necessary for modulating rhythmic high frequency activity as well as left right
symmetric activity in the zebrafish embryo.

Nicotinic receptors modulate high frequency activity
If cholinergic signaling does play a role in modulating rhythmic high frequency, we

hypothesized that application of an agonist would increase spontaneous activity. As
nicotinic acetylcholine receptor (nAChR) subunits a2 and a3 are expressed in the INs
and a7 in motoneurons at 20 hpf (Rima et al., 2020), we sought to determine whether
activation of these receptors via nicotine could increase the frequency of spontaneous
activity. We carried out calcium imaging while perfusing the embryo with nicotine or
control medium. In embryos with more than 4 motoneurons containing the HF and LF
microcircuits, spinal neurons did not show any changes in their activity patterns during
the first 5 min following nicotine perfusion. However, between 5-10 min in nicotine, the
frequency of calcium events increased by around 1.3-fold in both HF and LF
microcircuits. After 10- 15min in nicotine, some embryos showed a further increase in
their frequency whereas others became inhibited (Figure 7A-B’). These results show
that nicotine activates nAChRs in embryos that display HF and LF circuit activity to

increase their frequency.

Discussion

Emergence of distinct functional microcircuits in the developing embryo
By carrying out calcium imaging in a large group of spinal neurons with labelled

motoneurons, we found the presence of functional micro motor circuits with distinct
patterns of activity that have low-frequency (LF) or high-frequency (HF) activity. While
all events that occur in the HF circuit are not observed in the LF circuit, all activity in
the LF is correlated with that in the HF circuit. In other words, the LF activity is nested
within the HF activity. There are several rounds of neurogenesis in motoneurons
resulting in primary vs. secondary motoneurons (Lewis and Eisen, 2003) and the

spontaneous activity frequency has been shown to decrease during development
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(Momose-Sato and Sato, 2013). Based on the morphology and topography of
motoneuron soma and axons, we found that the older motoneurons display LF activity
whereas the younger motoneurons show HF activity (Figure 2). Calcium imaging in
younger embryos revealed the presence of only one type of HF oscillatory activity,
containing strikingly rhythmic activity (Figure 3). Taken together, our model for the
emergence of spontaneous neural activity depicts that upon primary neurogenesis, a
group of primary INs and motoneurons establish a microcircuit consisting of rhythmic
HF activity driven by gap junctions coupled to a ‘pacemaker cell’. Later, the decrease
t0 t1 t2 t3 N
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Figure 7. Nicotine increases spinal neuron activity during SNA

(A, B) Activity plots of representative neurons in the high frequency (HF) and low frequency
(LF) circuits during baseline (t0), 0-5 min (t1), 5-10 min (t2), and 10-15 min (t3) after the
start of perfusing control E3 medium (A) or nicotine (B). (A’, B’) Graph showing the number
of calcium events normalized by the number of events during t0 for the four sections (tO,
t1, t2, t3, t4). Each color and line type represent events in HF and LF circuits in the same
embryo. Mean values are plotted in red. (B’) t2/t0 = 1.48 + 0.32 (mean * std). n = 4 (control),
n =5 (nicotine), HF and LF circuits analyzed for each embryo. Kruskal-Wallis followed by
Bonferroni test * p = 0.0055.

in gap junctions between earlier born neurons and accordingly, the influence of the
‘pacemaker cell’ between these neurons leads to decreased activity in them,
resulting in the LF circuit. Meanwhile, upon secondary neurogenesis, a group of
secondary INs and motoneurons form another distinct microcircuit with HF activity.
The HF microcircuit activity does not appear to be as regular as in the younger

embryos that contain only one rhythmic HF activity. This may be due to the
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competing influence of gap junctions and chemical synapses that are rapidly
modified during development (Knogler et al., 2014).

Fast and slow swimming behavior have been shown to be mediated by a dorsal-
ventral topological map of neurons that correspond to birth date order (McLean et al.,
2007). One intriguing future study would be to test whether the different microcircuits
are maintained throughout development to contribute to the distinct fast and slow

swimming movements.

Validating ipsilateral calcium activity with left-right muscle contractions

We performed high resolution calcium imaging on laterally mounted embryos, which
allowed us to simultaneously record the activity in ipsilateral spinal neurons and
ipsilateral motoneuron axons. Surprisingly, we also observed the presence of puncta
and axons that display anti-correlated activity to the ipsilateral neurons, suggesting
that these signals correspond to the activation of contralateral neurons. Analysis of
muscle contractions in unparalysed embryos showing two distinct types of alternating
muscle contractions strongly supports this notion. The signals pertaining to the
contralateral activity enabled the reconstruction of the left-right coiling behavior during
SNA in the zebrafish embryo. Combining muscle contractions and calcium imaging

data demonstrate that movement can be inferred from calcium imaging.

Role of cholinergic signaling in maintaining rhythmic activity and left right
alternation in early spontaneous neural activity

In contrast to rodent and chick, studies using cholinergic antagonists in the zebrafish
embryo failed to disturb SNA (Saint-Amant and Drapeau, 2001), suggesting that the
neurotransmission mechanisms underlying SNA is different in the zebrafish to other
vertebrates. However, due to the many similarities between the vertebrate spinal
circuits (Goulding, 2009) including the expression of early cholinergic markers in the
zebrafish embryo (Rima et al., 2020), we wanted to re-examine the role of cholinergic
signaling in SNA in the zebrafish. For this purpose, using a non-invasive calcium
imaging approach, we analyzed neural activity in mutant embryos for the
cholineacetyltransferase a (chat) gene, which encodes an enzyme for acetylcholine
synthesis. Due to the lack of the chata gene, the embryos are unable to exhibit any
motor movements. Through detailed analysis of neural activity, we found that in

contrast to the highly uniform activity in the WT embryos, the mutants exhibited a larger
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degree of variability in the duration of intervals between events as well as in the
sequence of activity between the left and right sides. Interestingly, mouse chat mutants
also exhibit different frequency in activity as well as defects in left right coordination
(Myers et al., 2005), suggesting that contrary to previously thought, the role of
cholinergic signaling is highly conserved in the embryonic spinal cord during SNA.

During SNA, most neurons in the spinal cord are still extending their axons and
dynamically forming and pruning synapses onto their targets (see Supplemental
Figure 2A). The presence of ipsilaterally synchronized activity that is alternating
between the left and right sides indicate that both excitatory and inhibitory neurons are
functional. However, due to the rostral to caudal development of the spinal cord,
different number and types of neurons are present for each repeating circuit modules
in the segments. In other words, one segment may contain more excitatory synapses
onto one neuron type, while in the other segment, there may be more inhibitory

synapses.

How do these differing segments communicate to maintain uniform activity in
frequency, interval periods and left-right coordination? Inhibiting cholinergic signaling
results in aberrant non-rhythmic activity and asymmetry between the left and right
circuit activity. These results suggest that cholinergic signaling is necessary to
maintain uniform symmetric activity in frequency and left-right alternation during early
SNA. We have previously shown that different NAChR subunits are expressed in INs
at this stage of development (Rima et al.,, 2020). We propose a model where
acetylcholine released from motoneurons during SNA activates nAChRs in ascending,
descending and commissural INs to strengthen their connection with other neurons,
allowing yet weakly connected neurons to exert their full weight in influencing each
others’ activity. In the absence of acetylcholine, neurons that have more inhibitory
inputs would fire less, resulting in longer intervals between events while neurons with
more excitatory inputs would exhibit higher frequency in their activity. Overall, we
propose that cholinergic signaling plays a role in enhancing the uniformity of events,

both at the level of intersignal duration and left right alternation during early SNA.

Where is the source and site of acetylcholine release? To our knowledge, there is no

descending cholinergic neurons from the brain at this stage of development (Rima et
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al., 2020), which suggests that the only neurons that release acetylcholine are the
motoneurons. We propose that the rhythmic activity during early SNA results in the
release of acetylcholine from motoneurons that is augmented via the activation of a7
NAChRs first in the primary CaP and later in all motoneurons (Rima et al., 2020;
Supplemental Figure 2B). Acetylcholine release could be from two non-mutually
exclusive sites: from either the soma of the motoneurons or at the axo-dendritic site
between the motoneuron and INs, modulating IN activity via their presynaptic nicotinic
acetylcholine receptors (Rima et al., 2020). In the CNS, ACh is released at non-
synaptic sites through volumetric release (Picciotto, Higley and Mineur, 2012).
Moreover, somatic release of ACh was reported in cultured Xenopus motoneurons
(Young, 1986; Sun and Poo, 1987; Welle et al., 2018). Future studies using an
acetylcholine sensor will help determine the release site for acetylcholine from
motoneurons during SNA (Jing et al., 2020).

Modulation of high frequency activity by cholinergic signaling

In our model, the high frequency rhythmic activity occurring during early SNA
transitions to LF activity while the newly born neurons display HF activity. However,
the HF activity in developed embryos is not as uniform in frequency and left-right
alternation as during early SNA. We proposed above that the difference may be due
to the change in the chemical composition of the environment due to increased and/or
modification of old and/or new genes. Interestingly, the HF microcircuit activity during
late SNA in WT embryos resembles the activity profile of the chat mutants during early
SNA, suggesting that this is due to a decrease in the influence of cholinergic signaling.
If so, increasing cholinergic signaling should convert the late HF activity to the early
rhythmic HF activity. To test this hypothesis, we perfused nicotine, an
agonist/antagonist for the nAChRs. We found a general increase in the frequency of
activity, providing support to our hypothesis. Due to the variability in their response,
more studies are necessary to fully conclude that enhancing cholinergic signaling can

revert the activity to the highly rhythmic HF activity occurring during early SNA.

In conclusion, we found that birth-date formed microcircuits emerge during
spontaneous activity: firstly, a group of early-born motoneuron and INs display
synchronized rhythmic oscillatory activity that later, transitions into lower frequency

activity (LF circuit). Later-born motoneurons and INs form another microcircuit
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exhibiting high frequency activity (HF circuit), which co-exist with the early-born LF
circuit. We also found that cholinergic signaling plays a crucial role in maintaining fast
rhythmic oscillatory activity. Overall, our work illustrates the emergence of birth-date
determined functional microcircuits, highlighting the role of cholinergic signaling in the
maintenance of rhythmic oscillatory activity in newly born neurons and provides

support for a conserved role of cholinergic signaling in vertebrates.
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Supplementary Figures

Calcium events

Calcium events

Transgenic line (1 dpf) (5 dpf) N Reference
Tg(elavi3:H2B-GCaliP6f) no yes 3 Chen et al., 2013
Tg(NeuroD:GCalP6ficm05) no yes 3 Rupprecht et al., 2016
Tg(elavi3-:GCalMPB6sCY4) no yes 3 Vladimirov et al |, 2014
Tq(elavi3:GCalPBsCcY44) no yes 3 Viadimirov et al, 2014

Tg(elavi3jRGECO1b) no yes 3 Mu etal, 2019
Tg(elavi3:GCaldPGf12200s) yes yes =3 Wolfet al., 2017

Supplemental Table 1. Transgenic lines expressing calcium sensors that were
tested for calcium transients in 1 day post fertilization (dpf) embryos
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Supplemental Figure 1. chat mutants do not display overt differences with their WT siblings.

(A) Scatter plot showing the percentage of active cells in WT and chat "1 dpf embryos (WT = 12, chat”
=10, Mann-Whitney test p=0.1915).

(B) Scatter plot showing the percentage of neuron types (MN, IN1, & IN2) in active cells between WT and

chat” embryos (WT (n =12) vs. chat’” (n= 10), MN: 43+9.5 vs. 44.4+12.21 %, IN1: 46.7+11.1 vs. 46.17+12
%, IN2: 12.9+7.3 vs. 15.648 %).

(C) Scatter plot of the the distribution of activity types in embryos staged by the number of mnx1 " cells
per hemisegment. Activity types on the left y-axis correspond to rhythmic peaks, high frequency (HF) or
low frequency (LF) activity. Later stage embryos displaying microcircuits are indicated by a line between

HF and LF activity. WT = 12, chat’ = 11.

(D) Number of heartbeats in 1 min WT (n = 27) vs. mutant (n = 32) embryos: 54.4 + 23.9 vs. 55.9 + 29.1.
Length of embryos in WT (, n = 21) and mutant (n = 20) embryos: 3 + 0.21 vs. 3.1 £+ 0.16 mm. Embryos
were also divided into those with regular or irregular heartbeats.

Regular heartbeats: WT (n = 21) vs mutant (n = 20), 62 + 21.1 vs. 69.2 + 27.4 heartbeats per min; 3
0.22 vs. 3.1 + 0.15 mm length.

Irregular heartbeats: WT (n = 6) vs mutant (n = 12), 28 + 10.3 vs. 33.8 = 10.3 heartbeats per min. 3.1
0.16 vs. 3.2 + 0.18 mm length. Mean = SD.
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Supplemental Figure 2. Dynamic changes occur during early embryonic stages.

(A) Axon elongation and dynamic protrusions occur in many spinal neurons during the evolution
of  spontaneous neural activity. Z-stack composite  confocal image @ of
Tg(elavl3:GCaMP6f;mnx1:gal4;UAS:RFP) embryo showing motoneurons (magenta) and spinal
neurons (green). White arrows point to putative growth cones. Scale bar = 10 um.

(B,B’) Fluorescent in situ hybridization of chrna7 (magenta) in Tg(mnx1:GFP) (green) embryos.
Note that chrna7 is first expressed only in CaP motoneurons (B) but later becomes expressed
in most motoneurons (B’). Arrows indicate chrna7 labeling. Scale bar = 50 pm.
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Chapter 4: Thesis Discussion
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The aim of this thesis was to study spontaneous neural activity (SNA) during the first
day of embryonic development and study the influence of cholinergic signaling during
SNA. SNA is a phenomenon that occurs across multiple regions of the nervous system
and in a multitude of organisms (Hamburger, Wenger and Oppenheim, 1966; Hubel
and Wiesel, 1970; Galli and Maffei, 1988; Nishimaru et al., 1996; Saint-Amant and
Drapeau, 2000). It is important because it influences certain biological processes
related to the assembly of functional neural networks (Feller, 1999; Kirkby et al., 2013).
One of the prominent neurotransmitters to influence the initiation and maintenance of
SNA is acetylcholine (ACh). In the chick spinal cord, the emergence of SNA is
dependent on cholinergic signaling as blocking cholinergic signaling led to the total
abolishment of activity (O’'Donovan and Landmesser, 1987; Milner and Landmesser,
1999). In mice, SNA is initially mediated by electrical and cholinergic transmission,
whereby blocking cholinergic transmission led to the abolishment of activity at early
stages and disruption of frequency at later stages (Hanson and Landmesser, 2003;
Myers, 2005). However, studies in zebrafish suggest that cholinergic signaling does
not play a role SNA (Saint-Amant and Drapeau, 2001). This discrepancy was
surprising since there is a conservation in transcription factor gradients that specify
cellular domains in the spinal cord among vertebrates (Jessell, 2000; Grillner and
Jessell, 2009). There is also homology among different spinal interneuron types
between vertebrates. For instance, the CiA, CiD, and VeLD interneurons are some of
the first INs to differentiate and be active in the zebrafish spinal cord, and are
homologous to the V1, V2a, and V2b INs in the mouse spinal cord, respectively
(Alvarez et al., 2005; Goulding, 2009). In short, there is conservation of pathways and
genes that guide the assembly of the spinal circuit in vertebrate animals. For this
reason, we wanted to revisit the contribution of cholinergic signaling during embryonic

SNA in the zebrafish spinal cord.

Cholinergic signaling components are expressed in the embryonic spinal cord
at the time of the emergence of correlated spontaneous activity

We first characterized the cholinergic system in wild-type (WT) zebrafish embryos. We
saw that pre- and post- synaptic components are expressed as early as 20 hours post
fertilization (hpf) (Rima et al., 2020), around the emergence of correlated activity (Warp

et al.,, 2012). Motoneurons express all components necessary for the synthesis,
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packaging, release, and hydrolysis of acetylcholine as well as the machinery to uptake
choline (VAChT, ChAT, ACHE, HACT). MNs also express one of the receptor
subunits, the nAChRa7, while interneurons express receptor subunits a2, and a3
(Rima et al., 2020). Presynaptic components remain expressed in the spinal cord until
3 days post fertilization (dpf), where they become confined to the tip of the tail, while
the expression of genes that encode the receptor subunits remain unchanged and are
expressed throughout the entire spinal cord (Rima et al., 2020).

Knowing that cholinergic system is involved in several biological processes
involved in neural network formation, and establishing that it is expressed during early
embryonic development at around 20hpf indicates that it could play a role in spinal
spontaneous neural activity. To study the role that cholinergic signaling plays in spinal
SNA, we decided to use a cholineacetyltransferase (chat”) mutant where cholinergic
signaling is abolished. But before that, we needed to further study the progression of
SNA in the spinal cord down to a single cell level to better understand the contribution
of ACh to SNA.

Birthdate determined microcircuits emerge among active neurons in the
zebrafish spinal cord

We recorded calcium transients during SNA in WT zebrafish spinal cords during day
1 of embryonic development. The line we utilized is the Tg(elavli3:GCaMP&6;
mnx1:Gal4;UAS:RFP) which expresses GCaMP in most post-mitotic neurons and
RFP in MNs. Even when the time of egg fertilization was controlled and monitored, we
saw embryos with different developmental stages even though they were born within
the same clutch. To better control for the developmental stage of the embryos we
imaged, we opted to use the number of MNs per hemisegment as a marker of
developmental stage since MN soma occupy stereotypical positions in the developing
zebrafish spinal cord. The zebrafish spinal cord goes through several rounds of
neurogenesis during embryonic development. The first round of neurogenesis results
in the differentiation of primary MNs and a few INs that mediate early locomotor
behavior and spontaneous activity, while the second round of embryonic spinal
neurogenesis results in the differentiation of secondary MNs and other classes of INs
(Lewis and Eisen, 2003). After the first round of neurogenesis between 20-24hpf (1-3

MNs per hemisegment), cells only display high frequency oscillatory activity. This
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oscillatory activity arises due to the linking of the active cells to each other via gap
junctions, among these cells being a subset of INs with pacemaker properties (IC
neurons), which may drive the patterned activity (Tong and McDearmid, 2012).
Following the second round of neurogenesis at around 25 hpf (4+ MN per
hemisegment), we observed that even within the population of MNs (RFP labeled
cells), there are two types of activity (consisting of low frequency (LF) or high frequency
(HF) activity), which are correlated yet occurring at different frequencies. When
neurons in the LF microcircuit are active, neurons in the HF microcircuit are also active.
However, not all events in the HF circuit co-occur with those in the LF microcircuit. The
activity pattern of the HF microcircuit differs from the rhythmic oscillatory activity
observed in younger embryos. The difference is that upon the emergence of
microcircuits, neurons begin to exhibit trains of activity that occur with shorter intervals,
resulting in a ‘burst’-like activity. The primary MNs (RFP*) in the embryos with
microcircuits predominantly display LF activity. These neurons are easy to identify
based on their soma positions and axonal trajectories. On the other hand, secondary
MNs born during the subsequent round of neurogenesis display HF activity. These
neurons are identified based on their smaller soma nested within the intensely labelled
and bigger soma of the stereotypically positioned primary MNs. The identification of
two distinct activity patterns within the MNs, with LF activity attributed to primary MNs
and HF activity to secondary MNs, suggests that the microcircuits are forming based
on the birthdates of the neurons. The molecular mechanisms that underly the transition

from rhythmic HF to LF activity should be addressed in future studies.

What changes in the spinal circuit induce the emergence of microcircuits? The
dynamical behavior of developing systems means that they are constantly forming and
removing connections. In the mouse embryo, SNA is initially mediated through
cholinergic signaling and later through glutamatergic transmission, while in chick
embryos the GABAergic and glycinergic systems take over the activity after
cholinergic signaling (Kirkby et al., 2013). The establishment of new connections and
the differentiation of additional IN classes signifies an increased input to the
postsynaptic cell which might change its firing pattern. The earlier born neurons
including the CaP MNs establish connections with or express receptors that respond
to inhibitory neurons which decrease the frequency of firing, as well as to excitatory

neurons that excite them for a longer time period allowing them to display bursts. This
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happens while the neurons in HF circuit still rely mainly on gap junctions to propagate
and synchronize the activity as previously described in younger embryos (Saint-Amant
and Drapeau, 2001). It is still unclear whether the HF neurons establish chemical
synapses with the same neurons that induce bursting activity in the LF neurons, or if
the bursts of activity the HF neurons display are due to the gap junctions they have
with the LF neurons. It is unlikely due to gap junctions, as this would imply that the gap
junctions between the HF and LF neurons are different from those between the HF
neurons themselves, otherwise the entire system would display one activity pattern

and frequency.

To test the neurotransmitter responsible for activating the LF circuit, we would
need to conduct calcium imaging recordings while applying receptor antagonists for
glycinergic and glutamatergic neurotransmission after the emergence of microcircuits.
An alternative method would be cell-type specific laser ablation, however, the caveat
is that the effects cannot be reversed. Another way would be to express opsins that
either depolarize (channelrhodopsin) or hyperpolarize (halorhodopsin) specific
neurons (glycinergic or glutamatergic) upon illumination. If the activity changes, that
would confirm our hypothesis on which neurotransmitter-releasing neurons are

activate the LF circuit.

After observing the microcircuits, another question is raised: Are the neurons in
either microcircuit during embryonic development part of the same circuit that controls
specific aspects of locomotion or speed of swimming in larval fish? Zebrafish
hatchlings and young larvae exhibit a singular swimming mode, characterized by high-
speed bouts of swimming. This high speed is mediated by the early-born primary MNs
and INs mentioned earlier (Saint-Amant and Drapeau, 2000; McLean et al., 2007).
Based on the bursting activity (longer lasting depolarization of the neuron) observed
in the LF microcircuit neurons, it is likely that they drive the fast swimming bout.
Additionally, as swimming speed increases, excitatory INs in higher domains of the
spinal cord get recruited (McLean and Fetcho, 2009). For example, the CiD INs (alx")
are among the first excitatory INs to be born and to become active. They are located
in the dorsal half of the spinal cord and are implicated in fast swimming bouts in
zebrafish larvae (Kimura, Okamura and Higashijima, 2006). Knowing that the CiD INs

are active during early SNA (Saint-Amant and Drapeau, 2001), are glutamatergic
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(Kimura, Okamura and Higashijima, 2006), and are correlated with the MN activity
(Knogler et al., 2014), it would be interesting to investigate their activity pattern
progression at different embryonic stages.

Prior to the functional study, | first wanted to investigate whether the CiD INs
were indeed recruited in the LF microcircuit. | crossed the Tg[alx:Gal4;UAS:RFP] that
labels the V2a glutamatergic INs (mostly CiD INs) that are homologous to the chx10
neurons in mice (Kimura, Okamura and Higashijima, 2006) with the pan-neuronal
calcium sensor line to analyze their activity. Unfortunately, | did not see expression of
the transcription factor mediated reporter protein at the developmental stage of
interest. | used other IN lines to see which IN types are recruited during SNA. The INs
lines | used were the following: Tg[evx2:Gal4;UAS:RFP] that labels the inhibitory INs
in the VO domain (Menelaou, Kishore and McLean, 2019), Tg[engl:Gal4;UAS:RFP]
which labels a single subset of glycinergic ipsilaterally ascending INs (CiA)
(Higashijima et al., 2004), Tg[vgluT:DsRed] that labels excitatory glutamatergic INs
(Kinkhabwala and Fetcho, 2011), and finally the Tg[gadlb:Gal4;UAS:RFP] which
labels the GABAergic INs (Filosa et al., 2016). Again, the majority of transgenic lines
started to express the reporter protein at 3 dpf. The only transgenic line to show
expression of the reporter protein at around 1 dpf was the Tg[gadlb:Gal4;UAS:RFP]
line. After performing calcium imaging on these embryos, | did not observe any calcium
transients in cells that are double positive for GCaMP and RFP. This result suggests
that gadlb-expressing GABAergic neurons are not recruited at this stage of
development. However, further experiments need to be conducted to confirm this

finding.

What could be the role of the HF microcircuit? We recorded activity within the
distal axons of CaP MNSs, which innervate the ventral myotome, and captured the
activity in proximal axon bundles—the location where the three primary MN axons and
secondary MN axons bundle together as they exit the spinal cord. Our observations
revealed LF activity in the distal axons that connect with the ventral muscle. In contrast,
we noted HF activity within the proximal axon bundle, where the secondary MNs are
still extending their axons to reach their respective muscle targets. Thus, | propose
that the HF activity could be a main factor for the proper extension of axons to their
targets, either the muscles (MN axons) or other neurons within the spinal cord (IN

axons). To test this hypothesis, | would express opsins under the mnx1 promoter that
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would lead to the hyperpolarization of MNs upon illumination. Possible candidates
would be either an anion channelrhodopsin or an inward chloride pump (Antinucci et
al., 2020). | would then analyze the length of the MN axon and the location of the MN
axon target site. In chick embryos, this hypothesis was tested by pharmacological
inhibition of SNA during the period when axons were extending towards muscle
targets. This blockade of activity resulted in faulty axonal projections. However, when
the appropriate frequency of activity was optogenetically reinstated within the
motoneurons under the same conditions of activity suppression, a positive outcome
was observed: the axons projected accurately towards the intended muscle targets
(Kastanenka and Landmesser, 2010). Conversely, enhancing the frequency of activity
also led to improper axonal projection in a manner different from what was seen under

activity blockade (Hanson and Landmesser, 2006).

Why have researchers studying zebrafish spinal SNA not reported the
existence of microcircuits? Originally, the first lab to describe SNA in the zebrafish
spinal cord utilized paired electrophysiological recordings to study the correlation
between cells (Saint-Amant and Drapeau, 2001). Although a very powerful tool in
recording neural activity, this method is not very effective to studying large groups of
neurons, as only the activities of a few cells can be recorded at once. Other labs that
have performed calcium imaging used a-Bungarotoxin while we used Pancuronium
Bromide to paralyze the fish and record calcium transients. One team cut the tail tip of
the embryos, subsequently incubating them in fish medium mixed with a-BTX (Warp
et al., 2012). Meanwhile, the other team injected a-BTX mRNA into fertilized eggs at
the one-cell stage, resulting in the widespread expression of the protein, most likely
within the CNS (Wan et al., 2019). The difference between the two paralyzing agents
is that Pancuronium Bromide predominantly binds to nAChRa1 subunits that are
exclusively found at the NMJ (Gotti et al., 2021), while a-Bungarotoxin also binds to
NAChRa7 subunits which are found in the NMJ and in the MNs of the embryonic spinal
cord (Rima et al). The experiments assessing receptor affinity for antagonists were
initially performed on mammals (Gotti et al., 2021). However, it is worth noting that the
receptor subunits that were cloned in mammals have also been cloned in zebrafish.
These cloned subunits display a significant degree of similarity in terms of both

structure and physiological distribution (Zirger et al., 2003; Papke et al., 2012).
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A model for the progression of SNA in the embryonic zebrafish spinal cord

We propose a model for how microcircuits emerge during embryonic zebrafish spinal
cord development (Figure 1): As the embryos undergo the first round of neurogenesis
in the spinal cord, this leads to the differentiation of primary MNs and a few classes of
INs that will modulate early motor activity. These are the first cells to be active in the
spinal cord, and at the emergence of correlated activity, they all display oscillatory HF
peaks of activity with an average duration of 2 seconds between peaks. The early
activity among them is highly correlated, patterned, synchronized among cells on one
side of the spinal cord, shows relatively uniform amplitudes, and is mainly dependent
on gap junctions. Subsequent rounds of neurogenesis generate the secondary MNs
and additional classes of INs. The emergence of microcircuits occurs at this stage. We
propose the cells that resulted from the first round of neurogenesis have established
new connections with earlier and/or later born neurons, and are now operated by a

chemical/electrical hybrid circuit, and gradually adopt a LF activity pattern.
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Figure 1. Schematic model for the progression of spontaneous activity in the embryonic zebrafish spinal cord.
At the 1-3 MN per hemisegment stage, only the primary MNs and a few classes of INs are born and display HF
activity. After the second round of neurogenesis, secondary MNs and additional classes of INs are born, adopting
a HF activity pattern, while the earlier born neurons transition to a LF activity pattern after forming chemical
synapses with other neurons.

The LF activity consists of both bursts and peaks of activity, which are more widely

spaced in time and exhibit less uniform amplitudes. Meanwhile, the neurons from the
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second round of neurogenesis display a HF activity which is similar but not identical
to the early activity previously described for the early born neurons.

Cholinergic signaling is involved in maintaining the rhythmicity of activity
Previous studies suggest that cholinergic signaling is not involved in early SNA and
only mediated via gap junctions in the zebrafish embryo (Saint-Amant and Drapeau,
2001). However, cholinergic signaling mediates early SNA in several other vertebrates
(Chub and O’Donovan, 1998; Hanson and Landmesser, 2003; Blankenship and Feller,
2010). Due to the conservation of transcription factor gradients, homology between
different IN types, and the close resemblance of several SNA features across
vertebrates, we explored the role of ACh during SNA in zebrafish.

Our results demonstrated that ACh signaling is not necessary for emergence of SNA
in the embryonic zebrafish spinal cord, in contrast to other vertebrates (Chub and
O’Donovan, 1998; Hanson and Landmesser, 2003). We found no developmental
differences between WT and chat” mutant embryos. The size, heartrate, and
percentages of active cells are similar. However, we found that the early rhythmic
activity during early SNA in the chat” embryo is less uniform. The activity in chat”
mutants shows irregularly spaced peaks of activity separated by longer quiescent
periods, unlike in the WT siblings where the interval between peaks is small and
uniform. Additionally, cholinergic signaling plays a role in the establishment of proper
left-right alternation. During rhythmic HF activity in early SNA, WT embryos display
consistently alternating activity between the left and right sides, which decreases over
the course of development. In the mutants, left-right alternation is not as regular even
during early SNA. Furthermore, the number of calcium transients between the left and
right sides are less symmetric in mutants than their WT siblings. Our results show that
cholinergic signaling modulates early spinal SNA in the embryonic zebrafish spinal
cord.

Lack of cholinergic signaling in the chat’ mutant embryos resulted in irregular
activity during early SNA. The irregular pattern of activity may be due to the lack- or
reduced firing rate of a subset of neurons that maintain the rhythmicity of firing during
early development, relying on cholinergic signaling to strengthen its firing rate. Certain
channels like the ones producing the persistent Na* currents (Rybak et al, 2004) also
found in the caudal spinal cord of mammals contribute to sustained depolarizations

(Crill, 1996). This was also demonstrated in two zebrafish mutants, whereby a
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mutation in the scn8aa gene caused lack of sustained motor response upon sensory
stimulation (Low et al. 2010). These sodium channels were found in the IC INs during
embryonic development and SNA in zebrafish, suggesting that these neurons could
act as pacemaker neurons to drive the activity which is independent of any descending
inputs or sensory stimulation at that developmental stage (McDearmid et al., 2012). |
hypothesize that IC neurons expressing NAChRs play a crucial role in modulating the
firing patterns of both excitatory and inhibitory neurons. In the CPG model of simple
aquatic vertebrates, glutamatergic neurons project ipsilaterally onto MNs and
inhibitory INs, which in turn extend their axons to the contralateral side to inhibit it
whenever the side they project their axons from is active (Grillner and El Manira, 2020)
(Figure 2). Lack of cholinergic signaling leads to reduced firing of the IC neurons. The
IC neurons project onto excitatory INs in the CPG, affecting firing frequency but not
contralateral inhibition, as inhibitory INs respond to excitatory INs modulated by the IC
neurons. This results in proper contralateral inhibition but disrupts left-right firing
balance and rhythmicity in firing frequency.

Lamprey CPG )
Figure 2. The segmental locomotor

network in lamprey. lllustration of

cell types forming the central pattern

generator (CPG) in lamprey.

— o a — Excitatory neurons (red) synapse
@’ @ onto ipsilateral MNs and

— .- — contralaterally projecting inhibitory
(Mﬁ) @Pb INs (blue). (Grillner and ElI Manira,
P s 2020) .

We did not find any INs that express the machinery for ACh synthesis and
release as they only expressed receptor subunits (Rima et al., 2020). We only located
ACh synthesis machinery in mnx1+ cells. Although the mnx1 line labels VeLD INs in
addition to MNs, these INs were shown to be inhibitory (Higashijima, Schaefer and
Fetcho, 2004). Additionally, we did not detect any neurons in the brain expressing the
machinery responsible for the synthesis and release of ACh. Therefore, we propose
that the source of ACh release in the motor circuit is from the MNs. Spontaneous
somatic release is a possibility since it was seen in cultured Xenopus cells (Young,
1986; Sun and Poo, 1987; Welle et al., 2018). One way to test for the release site of

ACh from MNs would be through the expression of an ACh sensor. Briefly, recently

117



developed ACh sensors are composed of a cholinergic receptor subunit fused to a
cpGFP which undergoes conformational changes and increases its fluorescence upon
the binding of ACh to the receptor subunit (Jing et al., 2020).

The alternation index in 1-3 MNs per hemisegment chat’”- mutant embryos does
not resemble that of similarly aged WT siblings but is closer to that of more developed
WT embryos. In birds and rodents, glutamatergic signaling replaces cholinergic
signaling as the main excitatory drive during later stages of development (Momose-
Sato and Sato, 2013). It has been reported that glutamatergic signaling is the main
excitatory transmission in the zebrafish spinal cord starting 1.3 dpf (Ali, Buss and
Drapeau, 2000). It would be interesting to test if chronic perturbation of the cholinergic
system leads to abnormal neuronal specification or to premature emergence of
neurotransmitter systems, as has been reported in the embryonic mouse spinal cord
(Myers, 2005). These results can be obtained either by immunohistochemistry or in
situ hybridization experiments to test whether other neurotransmitter systems emerge

earlier in the chat” mutant embryos compared with their WT siblings.

Conversely, could the chronic perturbation of cholinergic signaling lead to
differences in cellular properties such as membrane and input resistances in cells
expressing nAChRs in the premotor circuit? To study the effect of cholinergic signaling
on establishing proper cellular properties, we would need to perform
electrophysiological recordings in mutants to determine the membrane and input
resistances of the neurons we know are active during early stages of SNA, such as
the VelLD, IC, CoPA, and primary MNs.

This study highlights that the disruption of the cholinergic system, either
enhancing or reducing its function, leads to effects on neural activity which could be
translated into the improper construction of the neural circuit. In the introduction |
addressed maternal exposure to nicotine coming from cigarette or vape smoke since
they are highly accessible and available to anyone. Yet, there are numerous other
substances such as certain pesticides and medications that can affect the cholinergic
system and disrupt its activity, subsequently disrupting SNA. Therefore, we shed light

on the importance of ensuring a proper environment during the entirety of embryonic
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development in which disturbances in neurotransmission and activity may lead to

adverse effects.

In conclusion, due to the conservation of transcription factor gradients and
homology of several spinal IN types among vertebrates, the zebrafish is a prominent
model to study the anomalies that might arise due to the disruption of
neurotransmitters and of SNA in vivo. This model can answer some of the questions
arising on the impact of disturbances in spontaneous activity caused by genetic,
intrinsic factors (inflammation), or extrinsic factors (such as maternal medication or
drug abuse) on different activity-dependent processes during the formation of the
spinal circuit. Longitudinal studies on this animal model can also shed light on the

prolonged effects of these disruptions. These questions remain for future studies.
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