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ABSTRACT
Brain connectivity and function depend on the precise formation of neuronal

connections during development. In the central nervous system, most axonal projections
are organized into topographic maps according to the spatial organization of the neurons
they originate from or the type of stimulus they respond to. Topographic mapping is in
large part established by interactions between axons and their target as well as by
activity-dependent pruning of mistargeted or excessive arbors. Another important
mechanism contributing to topographic map formation is pre-target axon sorting, where
axons become pre-ordered en route to their destination. Both topographic mapping and
pre-target sorting involve the pruning and refinement of mistargeted axons and arbors,

however the mechanisms underlying these processes have yet to be elucidated.

In the visual system, retinal axons are topographically sorted along the dorso-
ventral axis in the optic tract before reaching the optic tectum. Previous studies in
zebrafish have shown that optic tract sorting is achieved through the selective
degeneration of missorted dorsal axons that have erroneously misrouted along the dorsal
branch of the tract. Heparan sulfate (HS), a type of sugar chains carried by core proteins
known as heparan sulfate proteoglycans (HSPGs), acts non-cell-autonomously along
ventral axons to regulate the degeneration of these missorted dorsal axons. How HSPGs
act to regulate pre-target sorting and the pruning of missorted axons still remains

unknown. Here, we have identified the HSPG Glypican-3 (Gpc3) as specifically

Vi



expressed in ventral retinal ganglion cells (RGCs) throughout development. Using
CRISPR/Cas9 genome editing, we have generated several gpc3 mutant alleles encoding a
truncated, non-functional protein. Analysis of retinal axon sorting in gpc3 mutants
reveals that some dorsal retinal axons are missorted along the dorsal branch of the optic
tract, demonstrating a novel function for Gpc3 in axon-axon interactions. Interestingly,
Gpc3 seems to genetically interact with Tenm3, a transmembrane protein that is also
expressed in the ventral retina. Tenm3 mutants also display missorted dorsal retinal axons
as do embryos that are heterozygous for both gpc3 and fenm3. Overall, our study unravels
a novel function for both Gpc3 and Tenm3 in trans-axonal signaling and developmental

axon pruning during neural circuit formation.

The refinement of mistargeted axonal arbors is another crucial step for
topographic mapping and maturation. Unfortunately, our understanding of topographic
map formation and refinement has been limited by our inability to observe these
mechanisms directly in vivo. To overcome that challenge, we used Cre-mediated
recombination of a new colorswitch reporter to generate a transgenic model that allows
for the analysis of retinotopic map formation and maturation in vivo. We found that while
the antero-posterior retinotopic map forms early in development, it remains dynamic with
nasal and temporal retinal arbors expanding their projection domains over time. While
temporal retinal axons seem to arborize directly at their proper target in the anterior
tectum, nasal projections initially arborize in the anterior tectum as well as the posterior
tectum. Over time, mistargeted nasal projections in the anterior tectum refine in an
activity-dependent process, driving the sharpening of the antero-posterior map. With our

novel line, we provide the first unbiased and quantitative analysis of topographic
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mapping and refinement in real time in vivo. Altogether, our studies unraveled novel
mechanisms of axonal pruning during neural circuit development and provide a solid
platform for futures studies to determine the signaling pathways and complex

mechanisms governing these processes.
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CHAPTER 1
GENERAL INTRODUCTION



1.1 GENERAL PRINCIPLES OF NEURAL CIRCUIT WIRING

The precise formation of neural circuits during development is a complex process
that is essential for a properly functioning brain. Within these circuits, neurons are
connected via projections called “axons”, allowing these cells to communicate with one
another. Most neural circuits in the central nervous system (CNS) are wired using four
common mechanisms: axon guidance to the proper target, pre-target axon sorting along
tracts, topographic mapping at the target, and the refinement of mis-targeted or
unnecessary axonal branches !. Axons navigate along specific pathways to their final
target by responding to attractive or repulsive cues present in the environment. Several
families of guidance factors have been well-established in their roles for governing circuit
development by providing long-range and/or contact-mediated signals. These include the
classical “canonical” guidance cues Ephrins, Slits, Netrins, and Semaphorins 2; adhesion
molecules *; neurotrophic and growth factors #; and morphogens such as Sonic Hedgehog
(Shh), Bone morphogenetic proteins (BMPs), and Wnts >’ . Once at their target, axonal
projections are organized into maps according to the spatial orientation of the neurons
they originate from or the type of stimulus they respond to. By preserving the
organization of neurons between two brain regions, these topographic maps mediate an
efficient transfer of information, allowing our brains to perceive the outside world and
process information accurately ' #!!. In most circuits, axons pre-sort into distinct bundles
before reaching their topographic position at their brain target. This topographic
organization is also based on the spatial orientation of the neurons the axons originate
from or the type of stimulus they respond to. The precise ordering of axons before

reaching their target strongly suggests that this mechanism is required for proper



topographic mapping !> !°, however this has not yet been demonstrated outside of the

olfactory system.

Over the past several decades, our understanding of the molecular mechanisms
guiding axons to their target has grown immensely. To date, the majority of these
findings have focused on axon-target and axon-extracellular interactions. However it has
recently been discovered that trans-axonal signaling — i.e. signaling between axons that
come into contact with one another — is a critical part of neural circuit development ',
The main purpose of my thesis is to better understand how trans-axonal signaling dictates
visual system development, focusing mostly on how axons communicate to regulate the
refinement of mistargeted projections through both molecular and activity-based
mechanisms. This chapter will present an overview of the molecular mechanisms
underlying key steps of neural circuit wiring in the visual system. The rationale for

undertaking the research described in this thesis will also be presented.
1.2 NEURAL CIRCUIT DEVELOPMENT IN THE VISUAL SYSTEM

The visual system has been a predominant model for studying neural circuit
development over the past several decades because it is experimentally accessible and
connectivity can be analyzed anatomically and functionally '>'8. While the development
of the mammalian and chick visual system differs slightly from that of the frog and fish,
many of the molecular mechanisms governing axonal processes are highly conserved
between vertebrate species. In non-mammalian vertebrates, axons from retinal ganglion
cells (RGCs) exit the eye, extend along the optic nerve, cross the midline at the chiasm,

elongate along the optic tract, and topographically project to the contralateral optic



tectum (OT) in the midbrain (Figure 1.1A). Mammals undergo a similar process with the
majority of axons crossing the midline at the chiasm to project to the contralateral
superior colliculus (SC) in the midbrain and the dorsal lateral geniculate nucleus (ALGN)
in the thalamus, however a subset of retinal axons do not cross the chiasm and instead
project to the ipsilateral SC. In all vertebrates, once retinal axons have reached their
target, they map topographically along both the anterior-posterior (A-P) axis and the
dorsal-ventral (D-V) axis based on the position of the RGC they originate from in the
retina (Figure 1.1A). Retinal axons originating from RGCs in the nasal retina project
specifically to the posterior half of the tectum while axons from temporal RGCs project
to the anterior tectum. Similarly, along the D-V axis, axons from dorsal RGCs project to
the ventral half of the tectum while ventral RGCs project their axons to the dorsal tectum.
The topographic mapping along the D-V axis is further facilitated by the sorting of retinal
axons into distinct bundles of the optic tract before reaching their target. Axons
originating from the dorsal retina sort along the ventral branch of the optic tract while
ventral retinal axons sort along its dorsal branch. '°. While several aspects of retinotopic
mapping have been determined in recent years, the molecular mechanisms underlying

pre-target sorting are still poorly understood.
1.3 PRE-TARGET TOPOGRAPHIC RETINAL AXON SORTING

Pre-target axon sorting and axon-axon interactions are important and
underappreciated aspects of neural circuit development. Pre-target axon sorting is a
critical step in the organization of axons within their circuits and is thought to be
necessary for topographic mapping at the target in both the visual system and other

circuits as well 1% 13:20_ In the retinotectal system, the first axons to exit the retina and
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elongate towards the tectum, known as “pioneer axons”, guide follower axons as they
elongate along the optic nerve, cross the chiasm, and elongate along the optic tract 2!+ 22,
While many aspects of retinotopic axonal order are the same across all vertebrates, there
are a few slight differences between species, especially during early development. In
mammals, while retinal axons do tend to concentrate towards one half of the optic nerve
depending on RGC position in the retina, retinotopic order is virtually nonexistent in the
optic nerve >*24. In zebrafish and xenopus, retinotopic order along the optic nerve is
dependent on the axis being analyzed. Along the A-P axis, nasal and temporal retinal
axons appear segregated along the optic nerve but this separation is lost along the optic
tract as axons become intermixed 2> 2°. Along the D-V axis, dorsal and ventral axons
remain fairly segregated along their respective halves of the optic nerve. In all
vertebrates, this order flips after crossing the optic chiasm. Once retinal axons cross the
midline and enter the optic tract, they become pre-ordered along the dorsal and ventral
parts of the tract, with dorsal axons elongating along the ventral tract and ventral axons
along the dorsal tract 1223 25:27-28 Interestingly, crossing at the optic chiasm is not
necessary for the proper sorting of retinal axons. Indeed, in belladonna zebrafish mutants,
axons project directly to the ipsilateral tectum, however they maintain their proper
topographic projections ¥. In all species, it is known that retinal axons take incredibly

precise routes along the optic tract, but how they do so remains largely unknown to this

day.

Pioneer axons in most vertebrate species, including chick, frog and mammals,
originate from the dorso-central part of the retina 2%3%32 however in zebrafish, ventro-

nasal axons are the first to exit the retina and elongate along the tract 2* 3, Follower



axons then fasciculate and elongate along the pioneers. Interestingly in zebrafish
embryos, several dorsal retinal axons initially misroute along the D-V axis of the optic
tract and elongate along the dorsal branch instead of the proper ventral branch. These
misrouted axons then selectively degenerate, leaving a properly sorted tract in place >*.
The signaling mechanism triggering the degeneration of missorted axons has yet to be
elucidated, however it has been established that heparan sulfate (HS) somehow regulates
this process '* 34, In embryos lacking HS due to mutations in either glycosyltransferase
Ext2 or Ext3 !%:34 33 the missorted dorsal axons do not degenerate and remain improperly
sorted as they elongate along the dorsal tract to their proper location in the ventro-lateral

tectum.

Heparan sulfate proteoglycans (HSPGs) comprise a large family of core proteins
carrying highly variable HS sugar chains covalently attached to them **. The membrane-
bound HSPGs consist of transmembrane Syndecans (Sdcs) and
glycophosphatidylinositol- (GPI) anchored Glypicans (Gpcs). During their synthesis, core
proteins undergo a number of posttranslational modifications in the Golgi apparatus
including the addition of HS chains as well as modifications of the HS chains such as
sulfation, epimerization, and de-acetylation. These multiple enzymatic changes generate a
vastly diverse number of HS structures and therefore functions carried out by HSPGs 7.
The sulfation patterns of HS guide several aspects of retinal axon guidance. For example,
HS sulfation is needed for retinal axons to properly navigate to the tectum in Xenopus **-
40 Additionally, mutations in two heparan sulfate sulfotransferases (HSTs) cause distinct
guidance defects at the optic chiasm *!. In Hs2st mutants, the optic chiasm is

disorganized, with retinal axons growing up the ventral midline. In Hs6s¢/ mutants, some



retinal axons enter the contralateral optic nerve and grow towards the contralateral eye,
instead of entering the contralateral tract. These studies indicate that the sulfation pattern
on HS chains is instructive for proper axon navigation at important choice points,
potentially through functional interactions with guidance molecules such as Slits or

Netrins.

While the importance of HS in the early steps of retinotectal development has
been fairly well established, its role in the selective degeneration of missorted retinal
axons was novel finding 3*. Beyond the role of HS in pre-target retinal axon sorting, very
little is known about the signaling mechanism regulating sorting. Signaling through
Neuropilin-1 (Nrp1), a receptor to the guidance cues Semaphorin-3s, has been suggested
42 Knockdown of the RNA-binding protein Hermes leads to the missorting of dorsal
retinal axons at least in part through an upregulation of Nrpl expression, which suggests
that Nrpl may be involved in optic tract sorting. In vitro studies analyzing axon-axon
interactions between dorsal and ventral retinal axons have discovered a range of growth
cone behaviors upon axon contact, most notedly axon crossing and/or fasciculation
between homotypic axons (dorsal-dorsal or ventral-ventral interactions) and axon stalling
and/or retraction between heterotypic axons (dorsal-ventral interactions) **. Both of these
interaction types appear to be regulated by the cytoplasmic FMR1-interacting protein 2
(CYFIP2) and in vivo, CYFIP2 is required for proper sorting of dorsal axons along the
tract **. While these studies provide insight into the regulation of pre-target sorting in the
visual system, the ligand-receptor interactions needed for triggering the degeneration of
missorted axons have yet to be determined. One of the main goals of my thesis was to

elucidate the signaling mechanism initiating that selective degeneration.



1.4 MOLECULAR MECHANISMS OF RETINOTOPIC MAPPING

In 1963, Sperry hypothesized that complementary gradients of guidance
molecules at the brain target and their receptors expressed by elongating axons is what
determines the topographic mapping of neural circuits such as the retinotopic map **. In
the visual system, topographic mapping occurs along the A-P and D-V axes, with both
axes being established largely independently of each other *°. Since Sperry’s hypothesis
was first formulated, several classes of guidance receptors and their ligands have been
identified as the molecular tags regulating axon guidance and topographic mapping. The
Eph receptor tyrosine kinases and their Ephrin ligands are some of the most well-
characterized of these guidance cues in the context of topographic mapping. Members of
the Ephrin-A family and the EphA3 receptor were the first molecular candidates

4749 and were later found to be

discovered to be expressed in a graded manner in RGCs
required for topographic mapping at the tectum/SC %2, Interestingly, both Ephrins and

Eph receptors are membrane-bound proteins and thus require cell-cell contact in order to

signal (Figure 1.1B) !.

The graded expression of Ephrins, Ephs and other guidance factors in the retina is
induced during early eye development by various spatiotemporally regulated morphogens
and transcription factors that establish and maintain retinal polarity along the nasal-
temporal (N-T) and D-V axes >. Proper patterning of the retina is thus absolutely
required for the expression of topographic molecules, such as Ephrins and Ephs that are
needed for the targeting and mapping of retinal axons **°°. Two classes of Eph receptors
and Ephrin ligands are known to specifically regulate retinotopic mapping along the A-P

or D-V axis. Along the A-P axis, multiple EphA receptors are expressed in a high-
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temporal to low-nasal gradient in the retina and in a high-anterior to low-posterior
gradient in the OT/SC while Ephrin-A ligands are expressed in a complementary gradient
(Fig. 1.1C) ! #7:4%:30.57 In vitro experiments have revealed that Ephrin-As act as a
repellent guidance factor to retinal axons >*>2. Specifically, temporal axons expressing
EphA receptors are repelled by the posterior tectum expressing high levels of Ephrin-A
ligands, thus restricting temporal axons to the anterior part of the tectum >% >°.
Conversely, nasal retinal axons with low levels of EphAs are not repelled by the Ephrin-
As in the posterior OT/SC and so they terminate specifically at that posterior target.
Interestingly, several studies have shown that it is the relative and not absolute levels of
EphA expressed between neighboring RGCs that regulates topographic mapping along
the A-P axis of the tectum >, Increasing EphA expression in just a subset of RGCs
creates two intermixed populations of RGCs with differing EphA gradients . The two
populations of corresponding retinal axons produce separate maps at the SC, indicating
that the maps form due to the EphA receptor level that a given axon expresses relative to
that of its neighboring axons. Additionally, when Ephrin-A is inactivated only in the SC,
temporal axons are properly targeted to the anterior SC, however when Ephrin-A is
removed from both the SC and RGCs, the temporal axons project to the posterior SC .
Ephrin-A/EphA signaling can function bi-directionally — Ephrins can induce signaling
through Ephs (forward signaling) or Ephs can induce signaling through Ephrins (reverse
signaling) (Figure 1.1B). Since Ephrin-As are GPI-anchored proteins and thus lack the
ability to transduce an intracellular signal, reverse signaling requires a co-receptor in
order to generate a repulsive signal necessary for mapping %*. Indeed, in mice lacking

EphA7 (which is expressed in an anterior to posterior gradient at the SC but is not



expressed in the retina), both temporal and nasal retinal axons form extended termination
zones at the SC %. Altogether, these studies indicate that signaling between axons
contributes to topographic mapping and suggest that other mechanisms beyond molecular

graded signals are necessary to this developmental process.

Additional molecules also contribute to A-P mapping at the tectum. In Xenopus
and chick, the transcription factor Engrailed-2 (En-2) is expressed in anterior-to-posterior
gradient in the tectum and acts to repel temporal retinal axons while attracting nasal
axons %% In vitro studies suggest En-2 acts to modulate the sensitivity of axons to
Ephrin-As at the tectum. Repulsive guidance molecule (RGM) and its receptor neogenin
are expressed in complementary gradients in the OT and retina of the chick ¢7- %, RGM is
highly expressed in the posterior tectum and neogenin is expressed in a high-temporal to
low-nasal gradient in the retina. In vitro stripe assays demonstrated that temporal retinal
axons avoid stripes expressing RGM while nasal axons do not. Additionally, knockdown
of RGM disturbs the topographic mapping at the tectum in chick. Interestingly, in mice,
RGM is expressed by the SC but not in a graded manner and RGM mutants do not
display mapping defects . Other in vitro studies have suggested that Semaphorins
(Sema) can also repel retinal axons expressing the co-receptors, Nrps and Plexins "°.
Nrp2 is expressed in an increasing nasal to temporal gradient in the retina of mice and its
ligand, Sema3F is expressed in an increasing anterior to posterior gradient in the SC .
Collapse assays revealed that temporal retinal growth cones expressing high levels of
Nrp2 collapse when presented with Sema3F while nasal retinal growth cones do not.
These data suggest a potential role for semaphorin signaling in retinotopic mapping at the

SC.
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Early studies in several vertebrate species discovered that EphBs and Ephrin-Bs
are also expressed in complementary gradients in the retina, but along the D-V axis
instead of the N-T. Ephrin-Bs are expressed in a high-dorsal to low-ventral gradient in
the retina while EphB receptors are distributed in a complementary gradient (Figure
1.1C) "*7. However, these molecules are not as obviously graded at the SC/OT. Ephrin-
B1 in the mouse and the chick displays a dorsal-high to ventral-low gradient in the
SC/OT 7> 7 but the gradient is restricted to the ventricular zone of the SC and the radial
glia in the OT. EphBs are expressed in an overall dorsal-high to ventral-low gradient of
the OT in Xenopus and zebrafish 7> 7778, Mutants with disrupted Ephrin-B/EphB

signaling display mapping defects along the D-V axis > 7

indicating the importance in
Ephrin/Eph signaling in D-V mapping. Interestingly, Ephrin-B/EphB signaling in
retinotopic mapping is bifunctional (i.e. it can be either attractive ore repulsive depending
on the levels of Ephrin-B relative to that of EphB) and bidirectional (forward signal from
Ephrin-Bs to EphBs or reverse signaling from EphB to Ephrin-Bs) !”. For example, in the
mouse, Ephrin-B1 is expressed in a ventral-low to dorsal-high gradient in the SC while
EphB2/B3 are expressed by RGCs in a dorsal-low to ventral-high gradient. EphB1 is
expressed uniformly throughout the RGC layer, giving the retina an overall dorsal-low to
ventral-high gradient 7> 7°. EphB2/EphB3 double mutants display topographic mapping
defects along the D-V axis of the SC with ventral axons projecting into an expanded
region of the ventral SC. Additionally, blocking the ability of EphB to initiate a reverse
signal through Ephrin-B1 also results in similar defects. Mutants lacking the C-terminal

of Ephrin-B2 (i.e. mutated Ephrin-B2 unable to transduce reverse signaling but capable

of forward signaling) also display mapping defects at the SC, demonstrating a role for
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EphB/Ephrin-B reverse signaling in mapping ”°. Assessing different combinations of
EphB1, EphB2, and EphB3 nulls demonstrated that while each individual EphB null
mouse displays similar defects in D-V mapping at the SC, the frequency and severity of
mapping errors increases with the number of null alleles (i.e. in double and triple

mutants), indicating that the overall level of EphBs is what mediates proper signaling .

Along with Ephrin-Bs and EphBs, a few other molecules have been implicated in
the regulation of retinotopic mapping along the D-V axis. Indeed, Wnt3 and its receptors
Ryk and Frizzled were also found to regulate D-V topographic mapping 8!. Wnt3 is
expressed in a dorsal-high to ventral-low gradient in the chick OT and mouse SC while
its receptor, Ryk, is expressed in a ventral-high to dorsal-low gradient in the retina. In
vitro assays showed that Wnt3 repulsion is mediated by high levels of Ryk, whereas axon
attraction is mediated by activating the Wnt3 receptor Frizzled. Since ventral RGCs
express more Ryk than dorsal RGCs, ventral axons are repelled by the high expression of
Wnt3 in the medial OT while the dorsal axons expressing an overall higher level of
Frizzled are attracted to the medial OT. In vivo studies confirmed that ectopic expression
of Wnt3 in the tectum or of a dominant negative Ryk in RGCs both caused mapping
defects along the D-V axis of the OT. Additionally, the cell adhesion molecules LICAM
and ALCAM contribute to proper D-V mapping 34, L1 is known to interact with
ankyrin, a scaffolding protein that links membrane-bound proteins to the cytoskeleton. A
point mutation in L1 abolishing L1’s interaction with ankyrin causes ventral retinal axons
to map to abnormally ventral zones in the SC 2. Interestingly, EphB phosphorylates L1 at
the ankyrin binding motif to promote its binding to ankyrin, thereby directing ventral

axons towards the high expression of Ephrin-B in the dorsal SC ®. Additionally, retinal
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axons in ALCAM null mice project to the proper dorsal zone in the SC but also mis-
project to the ventral SC as well, similar to L1CAM mutants *> and EphB2/B3 null mice.
ALCAM is expressed in retinal axons along the optic nerve, but once axons cross the
chiasm, ALCAM is no longer present while L1 remains strongly expressed along the
length of the retinal axons. ALCAM is also strongly expressed in the SC. Thus, these
studies provide a scenario in which ALCAM acts as a substrate to guide L1-expressing
axons. Another member of the L1 family, neuron-glia related cell adhesion molecule
(NrCAM), is uniformly expressed in the developing retina but also needed for proper D-
V mapping 3. NrCAM null mice displayed laterally displaced projections from the
ventro-temporal retina. Like L1, NrCAM is also phosphorylated by EphB, but this time,
the phosphorylation decreases its ability to bind ankyrin. In this model, EphB
phosphorylation of NrCAM would promote attraction of retinal axons toward the dorsal-

high concentration of Ephrin-B1 at the SC *°.

Finally, the adhesion molecule Teneurin-3 (Tenm3) has been shown to
specifically regulate the topographic mapping of ipsilaterally projecting axons along both
the A-P and D-V axes of the mouse SC and dLGN #%#7 potentially through interactions
with EphAs and EphBs along their corresponding axes %%. Tenm3 is specifically
expressed in the ventral retina and the dorsal part of the SC and dLGN — areas where
ipsilateral retinal projections originating from in the ventro-temporal retina terminate ¢
87 In Tenm3 knockout mice, ipsilaterally but not contralaterally projecting ventral axons
erroneously terminate into the ventral SC/dLGN. Tenm3 is a type II transmembrane
protein known to typically promote homophilic interactions between cells, suggesting

that it might regulate the guidance of ventral retinal axons by promoting an attractive and
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adhesive signal from the dorsal SC/dLGN. Interestingly though, in Tenm3 knockout
mice, EphA7 expression is downregulated while EphB] is upregulated *®. In these mice,
the ipsilateral axons extending from RGCs in the ventro-temporal retina project to the
ventral part of the dLGN, where they are normally excluded from because of repulsive
Ephrin-Eph signaling. These data suggest a model in which Tenm3 may interact with
Eph/Ephrin signaling to mediate proper topographic mapping. While evidence supports a
role for Tenm3 in topographic mapping at the target, whether it is involved in pre-target

sorting has yet to be tested.
1.5 NEURAL ACTIVITY AND THE REFINEMENT OF MISTARGETED PROJECTIONS

Along the A-P axis of the visual system of amphibians and fish, retinal axons
project and halt at their posterior-most position at, or just past, the proper termination
zone in the OT *-°° with mistargeted branches refining after initial mapping °'*°.
Meanwhile in birds and mammals, the majority of RGC projections overshoot their
termination zone and then are pruned back during a refinement process 2* %%’ In all
vertebrate species, the posterior-most extension of retinal arbors is largely regulated by
repellent Ephrin-A/EphA signaling along the A-P axis *%39529-98 However, the
remodeling that occurs after the initial overshoot of the termination zone (TZ) depends on
spontaneous neuronal activity. Indeed, the correction and reorganization of retinal arbors

99-102

in mammals , as well as the refinement of proximal branches in fish '3, occur during

developmental time periods when spontaneous retinal waves occur and is prevented when

neuronal activity is blocked ' 104,

14



While blocking global neuronal activity does not affect the crude mapping of
retinal arbors at their target, it does alter the refinement of mistargeted axonal branches
and the creation of a precise map > 1919 Several early studies utilized tetrodotoxin
(TTX) to block global activity during retinotectal development. TTX is a neurotoxin that
blocks sodium channels and therefore the firing of action potentials. TTX application in
developing chick embryos prevents the refinement of retinal fibers that overshoot their
termination zone at the tectum '%. In frogs, application of TTX increases branch
dynamics and arbor size at the tectum % ', In zebrafish, blocking neural activity with
TTX also leads to a more diffuse projection field of retinal arbors > 1°¢-1%8 Specifically
blocking the activity of either single or a subset of RGCs by overexpressing the inward-
rectifying potassium channel Kir2.1 also leads to a larger and more diffuse arborization
field at the tectum of zebrafish and SC of mice ' '2. Interestingly, several of these
studies indicate that even though the arborization field was larger in zebrafish embryos
lacking activity, the number of terminal branches and total branch length was unchanged
while the number of transient filopodia increased > 19619 11 providing more questions
about how neuronal activity and arbor dynamics exactly contribute to map formation and

refinement.

The formation of the retinotopic map is an incredibly dynamic process. In both
mice and zebrafish, spontaneous retinal waves originate in the temporal retina and travel
towards the nasal retina with neighboring cells having the same synchronous pattern of
activity. These waves then propagate to the anterior OT/SC, carrying patterned activity
that governs activity-dependent mechanisms during visual system development %% 1%4,

During zebrafish retinotectal development, axons continuously add and retract branches,
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elongating through selective branch stabilization !'* 14, At their target, axons continue to
add and retract branch tips and filopodia with only a small fraction being maintained as
mature arbors °!- 9% %4 115-117 Bjocking either presynaptic activity in RGCs or postsynaptic
activity in tectal cells greatly affects those arbor dynamics %% 18120 N_methyl-D-
aspartate type glutamate receptors (NMDARSs) are ion channels that allow the influx of
Calcium (Ca*") when activated by glutamate. Blocking NMDAR activity in postsynaptic
tectal cells of Xenopus abolishes the preferential elimination of mistargeted retinal
branches '?° and similarly, in zebrafish global pharmacological blockade of NMDARs
causes larger retinal arbors 2!, Synchronous firing, i.e. neurons firing at the same time
and with the same frequency, through NMDAR activity creates fewer and more stable
new branches by suppressing the exploratory behavior of axons as they innervate the
tectum *°. Intriguingly, pre- and postsynaptic NMDAR activities act to counterbalance
morphology and synaptic maturation in the developing Xenopus retinotectal system '!°,
When postsynaptic NMDARs are knocked down in tectal cells, increased spontaneous
events in RGCs occur and retinal axonal arbor complexity increases. When presynaptic
NMDARs are knocked down in RGCs, retinal axons display larger evoked responses and
decreased axonal complexity. These results indicate that postsynaptic activity contributes
to synaptic maturation and the morphology of retinal arbors while presynaptic activity
guides the strength of retinotectal inputs while counterbalancing postsynaptic activity to

direct axonal arbor morphology.

An elegant in vivo study in Xenopus demonstrated the importance of synchronous
activity and found that patterned retinal activity is required for the elimination of

branches whose firing pattern does not match that of its neighbors. Interestingly, the
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temporal order of activity regulates arbor dynamics and position '*2. When a sequential
stimulus is presented in the nasal-to-temporal direction of the retina, retinal arbors are
refined. However, this refinement does not occur when the stimulus is presented in the
opposite direction, further indicating the importance of the spatiotemporal pattern of
activity in driving mapping mechanisms. Studies in mammals have also highlighted the
importance of activity pattern in refining maps. Mice lacking the 2 subunit of the
nicotinic acetylcholine receptor (nAChR) have altered spatiotemporal dynamics of
spontaneous retinal waves compared to wild type (WT) mice. Indeed, correlated retinal
activity in 2-/- mice occurs much less frequently than in WT and the retinal waves are
much more brief, are of low amplitude, and display a larger wave size '?*. In contrast to
WT mice, whose retinorecipient projections remodel into a refined map with neighboring
axons forming overlapping but focal TZs, B2 knockout mice display larger TZs with
broadly distributed axonal arbors in both the SC and the dLGN '>*+!27, While
pharmacologically restoring the frequency of spontaneous neuronal activity in 32
knockout mice fails to restore refined retinotopy !, restoring the B2 subunit in RGCs,
which restores some correlation in the pattern of firing, is sufficient to restore the
refinement of retinal fibers at the SC %% 2. Additionally, when p2-nAChR is knocked
out specifically in RGCs, similar defects in retinal wave activity patterns and in the
refinement of retinal axon projections at the SC are observed '2*. However, spontaneous
activity and retinotopic mapping is unaltered when B2 is specifically knocked out of SC
neurons. Overall, these studies indicate that it is the pattern of spontaneous activity in
presynaptic RGCs that is needed for proper refinement of the retinotopic map. Indeed,

studies manipulating the firing patterns of RGCs indicate that asynchronous firing
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weakens synaptic inputs and destabilizes branching while coincident bursts of activity
and synchronous firing leads to a decreased exploratory branch remodeling of retinal
fibers at the OT and dLGN and therefore promotes the maintenance of synaptic integrity
130-132 Together, these studies indicate that it is the spatiotemporal pattern of neural
activity that instructs the refinement of arbors and therefore the formation of a precise

retinotopic map.

Evidence strongly points to a mechanism whereby molecular guidance by Ephrin-
A/EphA first regulates topographic map formation along the A-P axis of the OT/SC and
neural activity is then needed for the refinement of mistargeted projections. Several
studies have further indicated that molecular- and activity-dependent mechanisms may
act synergistically to regulate mapping. For example, BMP is expressed in the dorsal
retina and transgenic mice overexpressing BMP display topographic mapping defects
with ventral axons projecting more laterally in the SC than in WT siblings '*’.
Interestingly, BMP transgenic mice in a 2-/- background have a significantly larger
target zone filling nearly the entire SC compared mice only overexpressing BMP,
indicating that molecular signaling and neuronal activity have a cumulative effect on map
formation. Ephrin-A signaling also works in concert with spontaneous retinal activity '>*
134 Ephrin-A2/A3/AS triple knockout mice have severe A-P mapping defects at the SC
with arbors diffusely spreading through the anterior SC while 2-/- mice have normal
topography but lack refinement. Mice lacking both Ephrins-A2/A5 and B2 displayed a
much more severe disruption of A-P mapping. Interestingly, ectopic expression of EphA6
and simultaneous overexpression of Kir2.1 on retinal axons did not alter the termination

zone of retinal fibers, indicating that EphA signaling can occur in the absence of neuronal
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activity ''2. These studies support a model in which Ephrin-A signaling guides the
formation of a coarse A-P map at the SC and then neuronal activity clusters axonal arbors

based on the patterns of their firing activity, thus refining the map.

The biochemical pathway downstream of neuronal activity, and therefore how
exactly neuronal activity mediates refinement of mistargeted projections, is poorly
understood. Many of the molecular signals and activity-dependent mechanisms of neural
circuit development depend on both cyclic adenosine monophosphate- (cAMP-)
dependent upstream signaling at the level of the RGC body and/or the convergence onto
cAMP-dependent downstream signaling cascades at the level of the axonal terminals. For
instance, the generation to retinal waves in the mammalian visual system is dependent on
cAMP signaling. The spatiotemporal properties of spontaneous retinal waves is
dependent on cAMP levels through the activation of A2 adenosine receptors on amacrine
cells and RGCs 3% 136, Increasing cAMP levels results in increased size, speed, and
frequency of retinal waves. Additionally, inhibiting adenylate cyclase (AC) activity (the
enzyme that catalyzes the production of cAMP from adenosine triphosphate (ATP) in a
calcium/calmodulin-dependent manner) or protein kinase A (PKA — one of the main

effectors of cAMP signaling) activity prevents spontaneous retinal waves.

Signaling downstream of neural activity is also dependent on cAMP signaling
through adenosine. Several studies have sought to assess the pre- vs. postsynaptic
contribution of cAMP signaling and the function of AC activity in retinotopic mapping.
At least ten ACs are expressed in the brain and of those ten, only AC1 and AC8 are
directly modulated by calcium and calmodulin while the others are typically modulated

by G-proteins '*7, making them particularly interesting in the context of neural plasticity.
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AC1 is highly expressed in RGCs of developing mice and ACS is expressed in the SC !*8.
In mice carrying an inactivating mutation of the AC1 gene, Ca**-stimulated AC activity
is decreased 40-60% and topographic defects in the confinement of axonal arbors to their
appropriate domains can be detected at the SC and dLGN. Conditional knockout of AC1
in RGCs mimics this refinement defect in the dLGN !*. In addition, in an organotypic
co-culture system that reproduces the topographic mapping along the A-P axis of the SC
by enabling the elimination of exuberant retinal axon branches '*°, excess axonal
branches are maintained in explants from AC1 deficient mice. Ephrin-AS signaling
blockade in WT co-cultures results in a similar phenotype, with axonal branches failing
to undergo refinement. AC1 mutant retinal axons have modified responses to Ephrin-AS,
with growth cones collapsing but failing to retract backwards as seen in WT axons. The
response to Ephrin-A is enabled by neuronal activity and Ca?" in that system- when either
are blocked, the growth cone fails to collapse in response to Ephrin-A '#!. Periodic
oscillations of cAMP in the retinal growth cone is able to rescue the activity blockade,
but stable increases or decreases in cAMP levels are not able to do so, suggesting that
cAMP oscillations generated by the activity of retinal waves is needed for refinement of
axonal arbors. Interestingly, it is likely that cAMP modulation near lipid rafts regulates
the pruning of excess axonal branches '*?. Lipid rafts are plasma membrane domains
enriched with cholesterol, glycosphingolipids, and GPI-anchored proteins. Ephrin-As are
GPI-anchored proteins and are thus likely to be localized in lipid rafts. Accordingly,
Averaimo and colleagues presented a role for lipid raft-specific cAMP signaling in
regulating both Ephrin-A-induced axon retraction and the pruning of retinal arbors at the

SC.
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Spontaneous oscillations in PKA activity, one of the main effectors of cAMP
signaling, are temporally correlated with spontaneous depolarizations associated with
retinal waves and PKA activity is preceded by Ca?" transients in rat retinal explants '
144 Neural activity causes an increase in both cAMP levels and PKA activity and removal
of extracellular Ca®* blocks its activity. Together, these studies designate cAMP/PKA
signaling as a link between neuronal activity and the restructuring of retinal arbors at
their target. The biochemical pathway downstream of cAMP/PKA signaling has yet to be
elucidated in the context of retinal axon refinement. However, it has been hypothesized
that this signaling could involve small GTPases such as Rho, Rac, and Cdc42 — all of

which have been involved in growth cone collapse in response to Ephrin-As 41 145 146,

1.6 PROJECT SUMMARY

Axon-target and axon-environment interactions have long been studied in the
context of brain development, however very little is known about how axons interact with
one another in order to maintain precise spatiotemporal organization during circuit
development. Additionally, selective degeneration during neural circuit development is a
poorly understood field and very little is known about the underlying mechanism for such
a process. Zebrafish are a unique and powerful model system for studying retinotopic
formation during development —embryos are transparent, allowing for a direct
visualization of retinal projections through high-resolution confocal microscopy and
timelapse imaging; the zebrafish genome has been sequenced and fully annotated,
providing us with information needed for genetic manipulation and analysis; and the
zebrafish visual system development is fairly rapid . First retinal axons exit the retina

around 32 hours post fertilization (hpf), arrive at the tectum by 48 hpf, and innervate the
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tectum around 72 hpf %, with pre-target sorting along the tract occurring between 48 and
72 hpf **. My project employed the unique advantages of zebrafish embryos to analyze
two aspects of neural circuit development in vivo — pre-target topographic sorting along

the optic tract and topographic mapping along the A-P axis of the tectum.

In Chapter 2, I first include a survey of the literature to address the role of axon-
axon interactions in neural circuit wiring. While axon-target and axon-environment
interactions have long since been of interest in the field of developmental neurobiology,
the communication between axons themselves has only recently emerged as crucial
mechanism for proper circuit development. Earlier studies provided insight into trans-
axonal signaling mediating the fasciculation of axonal tracts for proper guidance to their
target and for the defasciculation of axonal bundles at important choice points. However,
it is now known that axon-axon interactions govern almost every aspect of circuit
development including repulsion along and within tracts needed for proper target
selection, repulsion at the target mediating precise synaptic connectivity, and potentially

even selective degeneration for circuit refinement.

Chapter 3 focuses on the trans-axonal signaling mechanism mediating pre-target
topographic sorting of retinal axons. Given the underappreciated field of trans-axonal
signaling, there are many open questions that need to be answered in order to fully
understand neural circuit development. Studies from our lab have shown that HS
functions non-cell-autonomously, either in the environment around the optic tract or in
the pioneer ventral axons signaling to missorted dorsal axons, to regulate pre-target
retinal axon sorting. However, the specific components of this signaling complex have

yet to be identified. The first part of my project focused on determining the trans-axonal
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signaling mechanism triggering the selective degeneration of missorted dorsal axons.
Understanding the signaling mechanism by which selective degeneration enables the
formation of a precise circuit can provide broader insight into proper circuit formation
and potentially into neurodevelopmental and degenerative disorders. In this study, |
found that Glypican-3 (Gpc3) is the only membrane-bound HSPG to be expressed
specifically by ventral RGCs. Like mutants lacking HS ! 3% Gpc3 mutants have
missorted dorsal axons along the dorsal optic tract, indicating that Gpc3 is the main
HSPG regulating the degeneration of missorted retinal axons. Surprisingly, Tenm3
mutants also display a similar phenotype and interestingly, Gpc3 and Tenm3 interact, at
least genetically, to mediate pre-target sorting of retinal fibers. These results are the first
to determine a role for Gpc3 in neural circuit wiring along with a novel role for Tenm3 in

axon pruning.

Chapter 4 includes a study on the unbiased analysis of retinotopic mapping and
refinement in vivo. Previously, the only approach to study these processes was injecting
lipophilic fluorescent dyes into specific quadrants of the retina. Retinal axons elongating
from these topographic locations are then labeled as the dyes diffuse along them. While
informative, this method does not allow for consistent live imaging and for the genetic
manipulation of different RGC populations. It therefore restricts us in the types of
questions we would like to answer, in particular how axon-axon interactions contribute to
retinotopic mapping and the refinement of mistargeted axons during visual system
development. We have developed a novel transgenic line that allows for visualization of
the A-P retinotopic map, and used that line for the unbiased and quantitative analysis of

retinotopic map development and maturation. I discovered that map development is a
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dynamic process. Initially, nasal retinal axons project and arborize within the anterior
tectum and to the posterior half of the tectum. As development continues, the mistargeted
nasal projections in the anterior half of the tectum undergo an activity-dependent
refinement to create a more precise retinotopic map. [ was able to, for the first time,
analyze the dynamicity of map formation in a quantitative and impartial manner, thereby
paving the way for future studies on activity-dependent and molecular mechanisms of

retinotopic mapping.
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A Retinotectal Development [15-18] B Ephrin Signaling [17,64, 79]
Reverse
Ephrin-B Signaling
co-receptor A

\

Forward
Signaling

EphA EphB

C Ephrin Signaling in the Visual System [1, 47-49, 72-76]

Retina Tectum/SC
Figure 1.1: Retinotectal development and topographic mapping. (A) During visual

system development, RGC axons exit the eye, elongate along the optic nerve, cross the

midline at the chiasm, and project along the optic tract to the optic tectum. At the optic
tectum, retinal axons arborize in distinct termination zones depending on the position of
their cell body along the A-P and D-V axes in the retina. Axons originating from RGCs in
the nasal retina project to the posterior tectum and axons from temporal RGCs project to
the anterior tectum. Along the D-V axis, dorsal RGCs project their axons to the ventral
tectum and ventral RGCs project to the dorsal tectum. (B) Ephrin/Eph signaling can
function bi-directionally. Forward signaling occurs when Ephrins induce a signal through
Eph receptors and reverse signaling occurs when Ephs induce a signal through Ephrins.
Class A Ephrins are GPI-anchored proteins and thus require a co-receptor to transduce a
reverse signal. (C) EphA receptors are expressed in a high-temporal to low-nasal gradient
in the retina and in a high-anterior to low-posterior gradient in the tectum. Ephrin-As are
expressed in complementary gradients in the retina and tectum. Similarly, EphBs are
expressed in a high-ventral to low-dorsal gradient in the retina and tectum while Ephrin-
Bs are expressed in a high-dorsal to low-ventral gradient in the retina and tectum.
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CHAPTER 2
TRANS-AXONAL SIGNALING IN NEURAL CIRCUIT WIRING'!

! Spead O and Poulain FE. 2020. International Journal of Molecular Sciences
21(14):5170.
Reprinted here with permission from the publisher.
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2.1 ABSTRACT

The development of neural circuits is a complex process that relies on the proper
navigation of axons through their environment to their appropriate targets. While axon-
environment and axon-target interactions have long been known as essential for circuit
formation, communication between axons themselves has only more recently emerged as
another crucial mechanism. Trans-axonal signaling governs many axonal behaviors,
including fasciculation for proper guidance to targets, defasciculation for pathfinding at
important choice points, repulsion along and within tracts for pre-target sorting and target
selection, repulsion at the target for precise synaptic connectivity, and potentially
selective degeneration for circuit refinement. This review outlines the recent advances in
identifying the molecular mechanisms of trans-axonal signaling and discusses the role of
axon-axon interactions during the different steps of neural circuit formation.
2.2 INTRODUCTION

The formation of neural circuits is a complex developmental process that gives
rise to intricate and precise networks essential for brain function ' '%7. Defects in axonal
connectivity have been associated with a number of neurological disorders including

148, 149

Autism Spectrum Disorders , congenital mirror movements '°% 3! horizontal gaze

palsy with progressive scoliosis 2, and others '°31%

, making it crucial to better
understand the mechanisms governing axon guidance and neural circuit wiring.

During development, axons navigate along precise pathways to reach their final target by
responding to attractive or repulsive guidance cues present in their environment. This

navigation is ensured by motile structures at their leading ends, the growth cones, which

possess numerous receptors at their surface allowing them to respond to the various
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extra-cellular signals they encounter '°% 7. A panoply of factors are known to provide
long-range and/or contact-mediated signals, including the classical guidance cues

Ephrins, Slits, Netrins, and Semaphorins 2, adhesion molecules * 138

, neurotrophic and
growth factors *, or morphogens such as Sonic Hedgehog (Shh), Bone morphogenetic
proteins (BMPs), and Wnts . The activity of these signaling factors has mostly been
studied in classical model systems for axon guidance such as the sensory and motor
innervation of the limb '*°, the midline '%* 16! and the retinotectal and olfactory systems
17.18,162, 163 'These models have been instrumental in defining the general rules of axon
navigation and targeting. For instance, studying the formation of retinotectal maps in the
frog led Sperry to formulate his chemoaffinity hypothesis *°, whereby retinal axons with a
unique profile of receptors interpret guidance cues distributed in a gradient at their target.
While axon-target and axon-extracellular environment interactions have been widely
recognized as essential for the formation of circuits, communication between axons
themselves has recently emerged as another crucial, yet understudied, mechanism 64 16,
The first indication for a role of axon-axon communication, or trans-axonal
signaling, in circuit wiring came from early experiments in chick, amphibians and mice
showing that sensory projections in the limb were disturbed following motor neuron

ablation 66-168

, or that retinal and olfactory axons were still able to order themselves in
the absence of their respective target 1 17°, Additional studies in vertebrates and
invertebrates have highlighted the importance of neuronal birth timing and age-related
axonal elongation in axon-axon communications, with early-born pioneer axons often

dictating the trajectory of later-born axons that follow them !”! 172, In the retinotectal

system, for instance, pioneer retinal axons guide follower axons out of the eye, at the
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midline and along the optic tract 2!*?2, In addition to the temporal control of axon
outgrowth, the temporal regulation of receptor availability at the surface of axons is
critical in determining the sensitivity of axons to signals presented by other axons. It also
allows axons to change their responsiveness to a cue in a precise spatial and temporal
manner °% 73, While homotypic and heterotypic interactions between axons have been
recognized as essential for proper neuronal connectivity for more than four decades, our
understanding of the cellular and molecular mechanisms at play has only more recently
progressed. In this review, we describe specific examples that highlight the importance of
trans-axonal signaling in circuit wiring during development, focusing on the mechanisms
underlying selective fasciculation and adhesion, repulsion, and selective defasciculation.
2.3 AXON FASCICULATION AND ADHESION

Homotypic and heterotypic fasciculation between axons facilitates and
coordinates the formation of tracts en route to a common target or between inter-
connected brain regions. Early studies demonstrating the importance of pioneer-follower
axon interactions in neural circuit formation have suggested a crucial role for adhesion
and fasciculation between axons as they navigate towards their target. For example, in the
Drosophila olfactory system, ablation of early-born olfactory receptor neurons, whose
axons act as pioneers, prevents the targeting of later-born axons to the antennal lobe
structure '74. Similarly, ablation of early-born pioneer neurons in the olfactory '” or
visual 2! systems in zebrafish causes later-born follower axons to misroute on their way to
their target and fail to establish proper connections. Interestingly, in the zebrafish
forebrain commissure, leading and following commissural axons show a difference in

kinetics at the midline: while leading axons pause slightly before speeding back up to
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cross the midline, followers do not slow down and continue across the midline at a
constant speed 76, Follower axons notably change their kinetics at the midline and adopt
a leader behavior upon ablation of leading axons, suggesting a direct interaction between
leading and following axons, with follower axons fasciculating and navigating along the
pioneering axons. Interestingly, axon fasciculation can not only occur after a growth cone
encounters the shaft of a neighboring axon and moves along it, but also through a
“zippering” mechanism involving direct interactions between axonal shafts !”7. Overall,
interactions between axons are facilitated by cell birth order, expression of adhesion
molecules, and conserved signaling pathways that mediate proper fasciculation as axons
elongate to their target.
2.3.1 HOMOTYPIC FASCICULATION

Cell adhesion molecules (CAMs) are highly conserved across species and have
been found to regulate both homotypic and heterotypic axon-axon interactions in several
circuits (Figure 2.1) > %178 For example, Neuroglian (Nrg), the Drosophila orthologue
of L1-CAMs in vertebrates, is required for the fasciculation between axons projecting to
the peduncle of the mushroom bodies !”. Two intracellular adaptor proteins, Ankyrin-2
and Moesin, interact with Nrg to cluster it along the axonal surface, thereby allowing for
stable homophilic Nrg complexes to form between axons as they elongate (Figure 2.1A).
Similarly, the adhesion molecule L1 facilitates fasciculation between sensory axons
during hindlimb development in chick, allowing them to form bundles important for the
guidance of later-growing axons '*°. Indeed, injecting an anti-L1 antibody into the chick
hindlimb at a timepoint when all motor axons, but only a few sensory axons, have

reached the plexus, causes sensory axons to defasciculate and fail to navigate along their
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proper peripheral nerve '8!

. While injecting an antibody against the neural cell adhesion
molecule NCAM does not alter sensory axon projections, the enzymatic removal of
polysialic acid (PSA) from NCAM causes an increase in sensory axon fasciculation,
demonstrating that post-translational modifications of CAMs can modulate axon-axon
interactions. Similar observations have been made in the neuromuscular and visual
systems: in ovo injection of an anti-L1 or an anti-NCAM antibody directly into the
iliofibularis muscle in chick leads to the defasciculation of motor axons, while removal of
PSA from NCAM increases their fasciculation %2, Likewise, injecting an anti-NCAM
antibody into the developing chick retina causes a disorganization of the optic nerve
suggestive of retinal axon defasciculation '*°.

Along with L1 and NCAM, early studies in the chick and goldfish retinotectal
systems indicate that the adhesion molecule ALCAM (also called BEN, DM-GRASP,
SC1, or Neurolin) is also necessary for the proper bundling of retinal axons into fascicles
184,185 ° Adding an antiserum against ALCAM to chick retinal explants in culture blocks
the elongation of retinal axons on other retinal axons, but not on laminin '3%. Similarly,
injecting an anti-ALCAM antibody into the eyes of growing goldfish causes retinal axons
to defasciculate, leading to disorganized optic nerves '*°. Interestingly, ALCAM mRNA is
locally translated in growth cones of retinal axons, and reducing ALCAM local
translation in chick retinal axons in culture prevents axons from elongating on ALCAM,
but not laminin, coverslips '*°. Retinal axons also show fasciculation defects in Alcam
knock-out mice %7, indicating that ALCAM’s function in mediating adhesion between

axons is conserved across species.
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Other members of the immunoglobulin superfamily of CAMs are also known to
regulate axon fasciculation. In the mouse visual system, DSCAM (Down Syndrome Cell
Adhesion Molecule) is necessary for the fasciculation of retinal axons along the optic
tract [53]. Retinal axons defasciculate in Dscam mutants, causing them to stray from their
normal path. In the chick peripheral system, the Synaptic cell adhesion molecules
SynCAMs were found to regulate axon-axon contacts between afferent fibers as they
enter the dorsal root entry zone (DREZ) of the spinal cord '®8. Both overexpression and
knockdown of SynCAMs lead to disorganized axon-axon contacts between sensory
afferents. In particular, knockdown of SynCAM2 and SynCAM3 leads to the
segmentation of axon bundles and mistargeting of axons to the dorsal part of the spinal
cord as well as aberrant pathfinding at the DREZ. Finally in the mouse motor system,
Contactin-2 (also known as TAG-1) has been detected in the distal segment of motor
axons as they elongate into the periphery '%°. Specific inactivation of TAG-1 in motor
neurons causes a thickening of the ventral root of the spinal cord and a defasciculation of
motor axons in Vitro.

In addition to the immunoglobulin superfamily of CAMs, members of the
cadherin superfamily form another class of CAMs that mediate neural circuit formation
through axon-axon interactions. In C. elegans, fmi-1, the ortholog of vertebrate Celsr and
Drosophila flamingo, is needed for adhesion between pioneer and follower axons that

form the ventral nerve cord '°

. More recently in the mouse, Protocadherin-17 (Pcdh17)
has been shown to be required for growth cone migration at axon-axon contact sites

between amygdala axons as they extend to the hypothalamus and ventral striatum !,

Pcdh17 accumulates at homotypic contacts between cells, and growth cones lacking
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Pdch17 are no longer able to migrate properly along other axons both in vivo and in vitro.
Conversely, ectopic expression of Pcdh17 in axons that do not normally express Pcdh17
causes these axons to mix with axons expressing endogenous Pcdh17. Elegant live
imaging and biochemical experiments further showed that Pcdh17 recruits the WAVE
complex and the actin-associated proteins Lamellipodin (Lpd) Ena/VASP to axon-axon
contact sites, thereby promoting the motility of growth cones as they make contact with
other axons of the same tract.

The function or abundance of adhesion molecules at the axonal surface is tightly
regulated by classical guidance cues (Figure 2.1AIV-VII). In particular, Semaphorins
have been identified as major regulators of axon fasciculation. In the Drosophila visual
system, transmembrane Semala and PlexA are both expressed on the surface of
photoreceptor axons that project to the medulla of the optic lobe. While Semaphorins

usually act as ligands activating Plexin receptors '*% %3

, in this system Semala reverse
signaling mediates axonal adhesion as photoreceptor axons extend through intermediate
target zones to the lamina of the optic lobe '°*1°°, Interestingly, Semala reverse signaling
increases the adhesive function of Fascilin 2 (Fas2) at the surface of photoreceptor axons
by down-regulating the activity of the small GTPase Rhol '°°. This is in sharp contrast to
its role in the Drosophila motor system, where Semala reverse signaling activates Rhol
to promote axon-axon repulsion, thus balancing the adhesive activity of Fas2 and another
CAM, Connectin (Conn), for proper motor axon targeting '*°. A similar mechanism
whereby Semaphorin signaling regulates the expression of an adhesion molecule has

been described in zebrafish '°7. Knockdown of both Sema3D and L1-CAM leads to a loss

of adhesion between medial longitudinal fascicle (MLF) axons. Importantly, Sema3D
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regulates the axonal levels of L1: Sema3D overexpression increases L1 protein levels,
whereas Sema3D knockdown decreases them. Which signaling pathway is activated by
Sema3D to regulate L1 protein levels remains unclear, but it could involve the
Semaphorin-3 receptor Neuropilin-1 (Nrpl). Interestingly, Nrpl and L1 were found to
associate via their extracellular domains '8, and Nrp1 is known to be required for proper
homotypic fasciculation of both motor and sensory axons in the developing limb in mice
199 Altogether, these different studies highlight the control of adhesion molecules by
Semaphorin signaling as a key conserved mechanism for regulating homotypic axon
fasciculation.

Other classical guidance cues have been shown to mediate homotypic
fasciculation, however it remains unknown whether they do so directly or by regulating
adhesion molecules (Figure 2.1AVIII-X). For example, fasciculation in the sensorimotor
system of mice is, at least in part, mediated through Ephrin-B/EphB signaling >*°. Ephrin-
B1 is present on developing sensory axons as well as in the surrounding limb bud
mesenchyme while its receptor, EphB2, is expressed on both sensory and motor axons.
Mice lacking Ephrin-B1 exhibit defasciculated sensory and motor axons, supporting a
model whereby Ephrin-B1 signaling from the mesenchyme maintains the fasciculation of
peripheral projections through a surround-repulsion mechanism. However,
defasciculation appears more robust in full knock-out embryos compared to conditional
knock-outs lacking Ephrin-B1 from the mesenchyme, suggesting that Ephrin-B1 might
also promote the fasciculation of sensory axons via a distinct mechanism involving axon-
axon communication 2%°. In addition to EphB2, the guidance cue Slit2 and its receptors,

Robol and Robo2, are expressed by motor neurons in mice as well. Inactivation of any of
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these three proteins causes motor axons to prematurely defasciculate before reaching

their muscle target at the diaphragm 2°!

. While it remains unclear how Slit2, a secreted
factor, promotes motor axon fasciculation, signaling could possibly involve N-cadherin,
whose distribution at the surface of placodal cells in chick is increased by Slit/Robo
signaling 2°2. Finally, another classical guidance pathway that has recently been
implicated in mediating axon fasciculation involves the secreted factors Netrin and
Draxin and their receptor DCC 2%, Draxin was first identified as a repulsive guidance
cue that also promotes homotypic fasciculation between commissural axons in the mouse
corpus callosum 2%, A screen for large extracellular protein interactions and
immunoprecipitation assays later demonstrated that Draxin interacts with both DCC and
Netrin 2%%-2%_ Crystal structures of Draxin/DCC and Draxin/Netrin-1 complexes were
recently analyzed and suggest that Draxin tethers Netrin-1 and DCC together to promote
axon fasciculation 27,

Along with classical guidance cues, other signaling molecules regulate axon
fasciculation in addition to their other better-known functions. Endocannabinoids, for
instance, have been identified as guidance cues regulating axon pathfinding and
elongation in mouse and xenopus 2%, and deletion of the cannabinoid receptor CBiR
from mouse cortical neurons in vivo causes a defasciculation of their axons *%. A recent
study reported that Kinesin-1 regulates the trafficking and sub-cellular localization of
CBiR in mouse cortical neurons, thereby modulating endocannabinoid signaling and

axon fasciculation 2'°,
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2.3.2 HETEROTYPIC FASCICULATION

The nervous system comprises many axonal tracts formed by different neuron
types. Selective heterotypic fasciculation between different axon types coordinates the
development of these tracts into neural circuits (Figure 2.1B). For example, in the
developing cerebral cortex, pioneer axons that form the corpus callosum originate from
neurons in the cingulate cortex and guide follower axons arising from the neocortex.
While cingulate axons are guided toward and across the midline by cues present in the
environment, neocortical axons fasciculate with pioneer axons and use them as a guide
211 Innervation of the habenula is another developmental process that relies on
heterotypic axon fasciculation. The habenula includes the lateral habenula (IHb) that
projects axons to monoaminergic nuclei, including dopaminergic nuclei, in the ventral
tegmental area (VTA). Conversely, the IHb receives reciprocal dopaminergic inputs from
the VTA 212214 Interestingly, the genetic ablation of the habenula in the mouse leads to
the loss of dopaminergic projections to the IHB [81]. Furthermore, physically preventing
the outgrowth of habenular axons from the 1Hb also inhibits the elongation of
dopaminergic axons to the IHb in mouse brain hemisections, indicating that IHb axons
extending to the ventral midbrain sort and guide afferent dopaminergic axons to the IHb
215 This pre-target reciprocal trans-axonal signaling is mediated by the adhesive molecule
Limbic-system-associated protein (LAMP) present at the surface of IHb axons. LAMP
likely engages in homophilic interactions to mediate adhesion, as it is also expressed by
dopaminergic neurons projecting to the 1Hb.

Another example of interactions between reciprocal, afferent and efferent axons

involves thalamocortical and corticothalamic axons that meet in the subpallium to form
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the internal capsule before projecting to their respective targets 2!6. Several studies have
suggested that cortical and thalamic axons may rely on each other for proper guidance in
the internal capsule. Mutations affecting thalamic axons were shown to alter cortical
axons, and conversely 2. Further studies later confirmed that reciprocal interactions
between thalamocortical axons and pioneer cortical axons that are generated by cells in
the subplate are required for the guidance of both thalamocortical and corticothalamic
projections in the subpallium and within the neocortex. Genetically ablating the thalamus
in vivo causes corticothalamic axons to be misguided along a different trajectory towards
the cerebral peduncle. The interaction between thalamocortical axons and pioneer cortical
axons in the subpallium is required for proper guidance but relies on a tight temporal
control of axon elongation 2'*. Pioneer cortical axons indeed reach the lateral subpallium
before thalamic axons and must halt their elongation and pause until thalamic axons
reach the proper location in order to guide them. This waiting period is triggered by the
transient expression of PlexinD1 by pioneer cortical axons that allows them to pause in
response to Sema3E secreted by the radial glia. Conversely in the neocortex, cortical
efferent axons are required for thalamic axons to cross the pallial-subpallial boundary 2'°.
In the peripheral nervous system, sensory and motor axons also use heterotypic
interactions to extend to their appropriate targets. Along with mediating homotypic
fasciculation of motor and sensory axons, Nrpl regulates heterotypic fasciculation
between motor and sensory axons in the developing limb of the mouse '*°. Specific
ablation of Nrpl from sensory axons causes not only sensory but also motor axons to
defasciculate. This observation suggests a model whereby Nrpl acts with a yet

unidentified ligand on sensory and motor axons to mediate their fasciculation.
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Interestingly, Nrpl and Sema3A are both expressed by motor and sensory neurons,
suggesting that motor axons might also defasciculate in response to increased extra-
cellular levels of Sema3A that would occur upon Nrpl ablation from sensory axons.
Additional studies in the chick hindlimb have further demonstrated that motor axons
extend first and provide a guiding path for the follower sensory axons '®’. It was later
found in vertebrates that earlier-projecting motor neurons express EphA3 and EphA4,
while sensory axons express Ephrin-A 22°. Inactivation of EphA3 and EphA4 in mouse
motor neurons leads to the loss of sensory axon projections. Moreover, the EphA3
ectodomain was shown to promote sensory axon elongation in an Ephrin-A-dependent
manner in vitro, suggesting that Ephrin-A reverse signaling mediates interactions
between sensory and motor axons. Altogether, these studies highlight the importance of
heterotypic axon-axon fasciculation in the establishment of peripheral nerves.
2.4 TRANS-AXONAL REPULSION

As important as selective homotypic and heterotypic fasciculation, trans-axonal
repulsive interactions mediate the segregation of axons within a tract or the dissociation
of axons into distinct tracts forming different circuits. Typically, repulsion between
homotypic axons leads to their segregation and sorting en route to or at their target, while
heterotypic repulsion generates independent axonal tracts '6°. Repulsion between axonal
arbors from same-type neurons also leads to the formation of separate projection fields at

the target, thereby ensuring optimal spatial coverage required for efficient connectivity

164, 221
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2.4.1 REPULSION AND SELECTIVE DEFASCICULATION AT CHOICE POINTS

As they navigate to their final destination, axons often encounter several
successive choice points where intermediate targets such as guidepost cells steer them
along the proper path. Interestingly, axons themselves also provide directional
information to other axons at choice points (Figure 2.2A). In the mouse visual system,
axons from retinal ganglion cells (RGCs) either cross the midline at the optic chiasm to
project contralaterally to the opposite optic tract or do not cross and project ipsilaterally.
A recent study demonstrated that contralateral retinal axons that reach the chiasm first
transport and secrete Shh at the optic chiasm, thereby repelling later-extending ipsilateral
axons that express the receptor Boc (Figure 2.2AI) %2, Thus, in this system, trans-axonal
repulsive signaling between contralateral and ipsilateral axons provides a spatiotemporal
regulation of axon segregation at the optic chiasm that ensures proper subsequent axonal
targeting.

Axon-axon repulsion and selective defasciculation at choice points also allow a
subgroup of axons to segregate from the main bundle to navigate to an independent
target. Periphery muscle innervation by motor axons, for instance, requires selective axon
defasciculation. It has been extensively studied in Drosophila, where motor axons
initially exit the central nervous system (CNS) as the intersegmental nerve (ISN) and
segmental nerve (SN) before further dividing into five distinct motor branches — the ISN,
ISND, ISNd, SNa, and SNc¢ ?2*. Each of these five bundles defasciculates again, so that
motor axons innervate individual muscle targets. Semala signaling has been shown to
regulate the defasciculation of motor axons at specific choice points 2. Both Semala

and its receptor PlexA are expressed by motor neurons, and ISN and ISNb axons fail to

39



defasciculate from each other and project to improper targets in semala and plexA
mutants. Interestingly, forward and reverse signaling are both required for motor axon
defasciculation, with Semala reverse signaling being modulated by two counteracting
Rhol GTPase regulators 2%, In particular, the Rho guanine nucleotide exchange factor
Pebble (Pbl) acts downstream of Semala to promote the defasciculation of ISNb axons at
their choice points (Figure 2.2AII). In absence of Pbl, ISNb motor axons become
hyperfasciculated, leading to improper targeting. What mechanism could control the
specific activation of Semala signaling at choice points? Interestingly, a secreted member
of the heparan sulfate proteoglycan (HSPG) family, Perlecan, is found at higher levels in
the extracellular matrix (ECM) at defasciculation choice points and appears to be
expressed by a subset of motor neurons 2?°. Like in semala and plex4 mutants, motor
axons fail to defasciculate in perlecan mutants, and re-expressing perlecan in neurons
rescues axon fasciculation defects. Whether Perlecan is selectively secreted by motor
axons at choice points to regulate Semala/PlexA signaling and motor axon
defasciculation remains to be established.

Complementary to Semaphorin signaling, the cell adhesion receptors Integrins
have also been reported to regulate motor axon defasciculation in Drosophila ?*’. Mutants
lacking Integrin al or Integrin a2 have increased fasciculation of ISNb and SNa axons
that causes a lack muscle innervation. Interestingly, DCas, the Drosophila member of the
Crk-associated substrate (Cas) family known to act downstream of Integrins, is highly
detected in developing motor axons 2?7, Like in Integrin mutants, ISNb axons fail to
defasciculate from the ISN bundle in DCas mutants and double Dcas/+;Integrin/+

heterozygotes, suggesting that Integrin signaling through Dcas is needed for proper motor
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axon defasciculation. Surprisingly, overexpressing DCas in neurons causes a similar
hyperfasciculation defect in an Integrin-dependent manner, suggesting that Integrin/DCas
signaling regulates both axon-axon and axon-ECM interactions at choice points. How
integrin signaling and other pathways co-regulate axon-axon repulsion to direct
defasciculation has yet to be determined.

2.4.2 AXON-AXON REPULSION BETWEEN AND WITHIN TRACTS

Trans-axonal repulsive signaling between heterotypic tracts allows axons to form
distinct bundles and take different trajectories towards their respective targets. In the
sensorimotor system, for instance, motor and sensory axon bundles elongate closely to
each other in a coordinated manner but remain physically segregated through contact-
dependent repulsive interactions as they elongate to the muscle and dermis, respectively
167,180 ‘Interestingly in mice, EphA3 and EphA4 are present at the surface of motor axons
while DRG sensory neurons express high levels of Ephrin-A. Disrupting Ephrin signaling
by selectively inactivating EphA3 and EphA4 in motor neurons leads to the intermingling
of adjacent motor and sensory axons 228, indicating that Ephrin-A/EphA trans-axonal
signaling mediates the repulsion between motor and sensory axons required for their
segregation.

Similar trans-axonal repulsive interactions are observed in the developing corpus
callosum, where axons from the medial and lateral regions of the cortex project to the
contralateral medial and lateral cortical regions, respectively. As they elongate across the
midline, medial and lateral cortical axons are organized into separate bundles, with
medial axons passing through the dorsal part of the corpus callosum and lateral axons

elongating through its ventral part. EphA3 is expressed on lateral-projecting axons and
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repels medial-projecting axons upon contact, thereby ensuring the segregation of the two
axonal tracts 2% Interestingly, Sema3A-Nrp1 signaling also regulates the topographic
ordering of callosal axons >**. Axons extending from the motor and sensory cortex are
spatially segregated into distinct bundles in the corpus callosum. Selectively inactivating
Nrpl or Sema3A in neurons from the motor or sensory cortex, respectively, causes
defects in axon segregation, with motor and sensory cortical axons intermixing within the
corpus callosum. Disruption of callosal axon organization further leads to subsequent
defects in contralateral projections and mapping, highlighting the importance of pre-
target topographic ordering of axons for proper brain wiring.

Outside of the corpus callosum, pre-target topographic axon sorting has been
observed in many other systems and shown indeed to be an essential step for map
formation. For example, thalamocortical axons originating from distinct thalamic nuclei
are already ordered in the subpallium before reaching the cortex 2*!. Selectively
disturbing subpallium development without affecting the thalamus or cortex causes
thalamocortical axons to intermix en route to their target and subsequently fail to form
functional topographic maps in the cortex 2. Similarly, pre-target axon sorting is critical
for the formation of a functional topographic map in the vertebrate olfactory system !*. In
the mouse olfactory system, about one thousand types of olfactory sensory neurons
(OSNs) convey odor information perceived in the olfactory epithelium (OE) to the
olfactory bulb (OB). Each OSN expresses a single type of G protein-coupled odorant
receptor (OR), and same-type OSNs expressing the same OR extend axons that converge
onto common individual target sites called glomeruli in the olfactory bulb ?*2. As the

organization of glomeruli does not correlate with the position of the OSNs in the OE,
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convergence of olfactory axons onto specific glomeruli along the antero-posterior axis is
ensured by pre-target axon sorting (Figure 2.2B). Interestingly, ORs themselves have an
instructive role in the sorting and targeting of axons that is independent of their odor
ligand specificity 2> 23*. The spontaneous activity of each OR generates a unique level of
cyclic adenosine monophosphate (cAMP) that in turn, initiates signal transduction

cascades activating the transcription of specific genes 2323

. CAMP notably positively
regulates the expression of Nrpl, causing OSNs to express variable Nrpl levels.
Interestingly, Nrp1 and Sema3A are expressed in a complementary manner in the
olfactory nerve. Axons with high levels of Nrp1 elongate along the outer, lateral part of
the bundle, while axons with high levels of Sema3A are confined within its center '°.
Specific inactivation of Nrpla or Sema3A in OSNs causes axons to intermingle and lose
their topographic order within the nerve, indicating that repulsive trans-axonal signaling
mediated by Sema3A/Nrp1 determines the relative positioning of olfactory axons. A
similar repulsive signaling mediated by Eph-Ephrin has been suggested to regulate the
segregation of olfactory receptor cell axons in the moth ¥’

Pre-target axon sorting has also been extensively studied in the visual system. In
vertebrates, retinal axons are preordered along the dorso-ventral axis in the optic tract
before reaching the tectum, with dorsal and ventral axons elongating along the ventral
and dorsal branches of the tract, respectively '>2*2%27.28 ' Ag in the olfactory and
thalamocortical systems, pre-target ordering of retinal axons is thought to facilitate proper
topographic mapping at the target '2. The signaling mechanism mediating optic tract

sorting has not yet been determined, but several studies in zebrafish have highlighted an

essential role for heparan sulfate (HS) '>3* 238 In embryos lacking HS due to mutations
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in the glycosyltransferases Ext2 and Extl3, pre-target sorting is disrupted, with several
dorsal axons misrouting along the dorsal part of the optic tract. Although the mechanism
by which HS regulates retinal axon sorting is not well understood, it might involve Nrpl
signaling #. Indeed, knockdown of Hermes, an RNA-binding protein expressed in RGCs,
leads to partial missorting of dorsal axons through the upregulation of Nrp1 expression,
suggesting that Nrp1 levels must be temporally regulated for proper sorting. Interestingly,
a micro-RNA, miR-124, indirectly regulates the onset of Nrp1 expression in retinal axons
in Xenopus, thereby controlling the sensitivity of retinal growth cones to Sema3A 3.
While Sema3A, Nrpl and several Plexins are known to be expressed in RGCs, their
contribution to retinal axon sorting, and possibly trans-axonal signaling in that system,
remains to be tested. Additional studies in Xenopus have highlighted the role of axon-
axon interactions in optic tract sorting **. In vivo, growth cones of dorsal and ventral
axons show a range of behavior upon contact with other axons along the tract, including
crossing over the contacted axon, fasciculating with it, or following it at a distance.
Further experiments in vitro revealed that homotypic contacts between either dorsal or
ventral axons usually lead to axon crossing or fasciculation, while heterotypic contacts
are usually followed by axon crossing, stalling or retraction. Interestingly, both
homotypic fasciculation and heterotypic repulsion appear to be regulated by the
cytoplasmic FMR 1-interacting protein 2 (CYFIP2). CYFIP2 translocates to the growth
cone periphery upon axonal contact, where it interacts with members of the WAVE
regulatory complex (WRC) to regulate actin dynamics. Knockdown of CYFIP2 reduces
homotypic fasciculation events and increases axonal stalling and retraction after a growth

cone contacts an axon in vitro. In vivo, interaction between CYFIP2 and the WRC is
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required for the sorting of dorsal axons along the tract, which is disrupted in cyfip2
zebrafish mutants **. While the role of CYFIP2 provides insight into the regulation of
heterotypic and homotypic axonal interactions during optic tract sorting, the ligands and
receptors upstream of CYFIP2 that would mediate trans-axonal signaling in that system
remain unidentified. The importance of axonal birth order and the potential role of
pioneer vs. follower axon interactions for the segregation of ventral and dorsal axons
have also yet to be addressed.
2.4.3 AXON REPULSION AT THE TARGET

Axon-axon interactions continue to dictate the pathway taken by axons as they
reach their target and subsequently arborize. In the mouse olfactory system, for instance,
olfactory axons are segregated along the dorso-ventral axis and maintain their relative
position from their exit from the OE to their entry of the OB. Axons from the
dorsomedial zone of the OE project to the dorsal part of the OB first and are followed by
axons from the ventrolateral zone that project to the ventral OB % 232240 Interestingly,
Sema3F and its receptor Neuropilin-2 (Nrp2) are expressed in a complementary graded
manner along the dorso-ventral axis in OSNs. Early-arriving dorsomedial axons exhibit
high levels of Sema3F, and later-arriving ventrolateral axons express high levels of Nrp2
241 Selective inactivation of Sema3F in OSNs does not affect the sorting of dorsomedial
and ventrolateral axons en route to the OB, but it causes Nrp2-expressing axons to
mistarget to the dorsal region of the OB upon arrival. The detection of Sema3F protein,
but not of Sema3F transcript, in the outer nerve layer of the dorsal OB suggests an
“indirect” trans-axonal signaling model, whereby pioneer dorsomedial axons produce and

deposit Sema3F in the dorsal OB, which in turn repels ventrolateral axons and restricts
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them to the ventral OB ?*?. A similar trans-axonal signaling mechanism between early-
and later-arriving axons has been described in the Drosophila olfactory system, where
antennal ORN axons expressing high levels of SemalA reach the peripheral antennal
lobe first and repel later-arriving maxillary palp olfactory axons, constraining them to
central glomeruli 2%,

Trans-axonal signaling also dictates the fine mapping of axons at their final
destination. Once axons have elongated and reached their target, they form elaborate
axonal arbors within specific territories or termination zones, establishing precise
synaptic connections essential for an efficient transfer of information. Several studies
have demonstrated that competitive axon-axon interactions facilitate different steps of
circuit development, including topographic order and mapping !’. Repulsive interactions
between axons at the target regulate the size and shape of individual axonal arbors,
thereby restricting them to precise termination zones. In zebrafish, for instance,
interactions between sensory axon arbors limit the size of individual arbors and confine
them to restricted territories. In the absence of neighboring neurons, sensory axon arbors
continue to grow without restriction >**. Similarly, retinal axons form larger and more
complex arbors at the tectum in the absence of neighboring axons >* 24, Consequently,
disturbing axon-axon interactions independently of the target modifies the formation of
precise topographic maps at the target. In the mouse visual system, for instance, trans-
axonal signaling between nasal and temporal retinal axons contributes to retinocollicular
mapping along the antero-posterior axis (Figure 2.2CI) 5. Temporal retinal axons that
express high levels of EphA project to the rostral superior colliculus (SC) that expresses

Ephrin-As at low levels. Conversely, nasal retinal axons with low levels of EphA project
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to the caudal SC that expresses high levels of Ephrin-As. Interestingly, the targeting of
temporal axons is not affected after selectively inactivating EphrinAS5 in the SC, but
becomes altered and posteriorly shifted to the caudal SC (that is, the area targeted by
nasal axons), upon EphrinA5 ablation in both the SC and the retina. Thus, target-
independent trans-axonal signaling prevents temporal and nasal axons from forming
overlapping termination zones, thus ensuring proper mapping.

Homotypic axon-axon repulsive interactions finally ensure that axonal arbors
from neurons sharing the same function do not overlap with each other and are properly
spaced. This “tiling” mechanism allows axons to maximize the coverage of an area while
minimizing redundancy of targeting 2*!. Interestingly, different types of neurons that
innervate a common target tile independently of one another, implicating a specificity of
signaling and suggesting an essential role for contact-mediated repulsion. Live imaging
studies of trigeminal and spinal cord sensory neurons in zebrafish have indeed confirmed
that axons repel each other and limit the size of their arborizations through direct contact-
mediated repulsion 2**. Several studies in Drosophila have highlighted the role of
adhesion molecules in mediating proper spacing between axonal arbors (Figure 2.2CII).
In the visual system, for instance, the atypical cadherin Flamingo (Fmi) enables proper
spacing between R8 photoreceptor axons in the medulla by facilitating competitive
interactions between adjacent R8 axonal arbors 2*”. When fini is mosaically knocked out
in R8 cells, growth cones become irregularly spaced and often overlap, suggesting that
Fmi mediates repulsive interactions between RS cells in a cell-autonomous manner.
Interestingly, aggregation assays in vitro and clonal analyses in vivo have recently

revealed that Fmi interacts in cis with another transmembrane receptor, Golden goal
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(Gogo). Like Fmi, Gogo mediates repulsive axon-axon interactions between R8 axons >*,
and fimi and gogo genetically interact to regulate R8 axon targeting in the medulla >*. As
both Fmi and Gogo colocalize at cell-cell contacts when expressed in cultured cells 24,
the formation of Fmi-Gogo complexes might be needed for the proper spacing of R8
axonal arbors. Along with photoreceptor cells, L1-L5 neurons in the lamina also project
axons to spatially restricted columns in the medulla, with each column containing only
one axon of each neuron type 2°°. Homophilic binding between Dscam2, a member of the
DSCAM family, mediates repulsion between L1 axonal arbors, thereby restricting them
to specific columns. In dscam?2 mutants, L1 axons still target the correct layer of the
medulla but are no longer restricted to a single column.

In addition to mediating the correct spacing of axonal arbors in the Drosophila
visual system, atypical cadherins have recently emerged as regulators of axonal tiling in
vertebrates 2°1*2%2, Among the 70 different protocadherins (Pcdh) identified in mammals,
PcdhaC2 is the only Pcdha isoform expressed in serotonergic neurons. While
serotonergic axon terminals are precisely ordered and evenly spaced in their target fields
in the basal ganglia and hippocampus, they appear disorganized, tangled and clumped
together in mice lacking PcdhaC2. This phenotype could also be observed upon specific
ablation of PcdhaC2 in serotonergic neurons 2*!, suggesting that Pcdhac2 mediates
homophilic repulsive interactions to promote tiling between serotonergic axon terminals.
Interestingly, the Pcdha gene cluster has been associated with schizophrenia and autism

spectrum disorders, suggesting the possible involvement of defective trans-axonal

signaling in the etiology of these neurodevelopmental disorders.
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2.5 CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Trans-axonal signaling regulates a striking number of developmental processes
that are essential for neural circuit wiring. Both homotypic and heterotypic axon-axon
interactions not only mediate axon adhesion and bundling for guidance to the proper
target, but also defasciculation for pathfinding at important choice points, repulsion
within and between tracts for pre-target sorting and target selection, and repulsion at the
target for precise synaptic connectivity. Interestingly, one axonal behavior that is notably
lacking from this list is selective axon degeneration. Local axon degeneration refine
nervous system connectivity in many species, for instance by remodeling axonal
projections during metamorphosis in insects, or by pruning mistargeted axons or axonal
branches in vertebrates 2>, In the zebrafish visual system, for example, some dorsal
retinal axons initially misroute along the dorsal branch of the optic tract, indicating that
pre-target sorting of retinal axons is not precisely established during initial pathfinding.
Topographic order is eventually achieved through the selective degeneration of these
missorted dorsal axons **. The observations that axon-axon interactions participate in the
segregation of retinal axons along the tract ** and that ventral axons elongate along the
tract first in zebrafish ¥, raise the intriguing possibility that ventral axons might trigger
the selective degeneration of missorted dorsal axons. As HS functions non-cell-
autonomously to trigger this degeneration 4, testing its role in trans-axonal signaling
between ventral and dorsal axons might provide clues about the molecular mechanism
involved.

While many studies have highlighted the importance of axon-axon interactions,

the signaling mechanisms and cellular dynamics governing trans-axonal communication

49



are only beginning to emerge in vivo. The recent development of innovative genetic,
molecular and imaging techniques will undoubtedly open new avenues of research by
enabling the molecular profiling of single neurons, the selective manipulation of specific
axons, and the visualization of axon-axon dynamics at high resolution. Characterizing the
molecular and cellular mechanisms by which axons communicate with each other
remains a key question to address for better understanding how precise and efficient

neural circuits are formed and maintained.

50



IS

Adhesion Molecules

l. Ankyrin-2 Il. Licam syncam ||[Il. \*./
\ﬁ i i Pcdh17
/ ii c

/ Nrg
. . . / WAVE Lpd
A' HomOtyplc FaSCICUIatlon// Drosophila sensory axons [179] Chick sensory axons [180,188] Mouse amygdala axons [191]
// Crosstalk between Adhesion Molecules and Guidance Cues
/ \"A V. PlexA?
/ soma ¥ t
_______ ; Y, emala f J,
I A
| | | Y@ Rhot Conn Fas2® Semata
Drosophila photoreceptor axons [195] Drosophila motor axons [196]
I VL. L1CAM ViL.
| i Sema3D
——————— Or
. Nrp1
\ Plexin?
h Nrp1? ligand?
\ \ Zebrafish MLF axans [197] Mouse motor & sensory axons [199]

Guidance Cues

). & Robo1/2 X.

Slit2

Netrin-1
Draxin

DCC
N-cadherin?
Mouse sensory axons [200] Mouse motor axons [201] Mouse callosal axons [204,207]
B. Heterotypic Fasciculation _ - - .
- Guidance Cues
_______ — -
I 1
| I
Nrp1

I

I ligand?
_______ _L Mouse motor & sensory axons [199]( | Chick motor & sensory axons [220]

-
-~
— -~ — -

Figure 2.1: Trans-axonal signaling mediates homotypic and heterotypic fasciculation.
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Figure 2.1 (Continued): surface of Drosophila sensory axons to mediate homotypic
fasciculation . (AIl) LICAM and SynCAM both mediate homotypic fasciculation of
chick sensory axons '3%!88 (AIII) Pcdh17 facilitates trans-axonal homotypic fasciculation
in mouse amygdala axons by recruiting the WAVE complex, Lpd, and VASP !, (AIV-
VII) Crosstalk between CAMs and classical guidance cues regulate homotypic axon-axon
interactions. (AIV) Semala reverse signaling increases the adhesive function of Fas2 in
Drosophila photoreceptor axons '°°, while it balances the adhesive functions of Conn and
Fas2 in motor axons (AV) . (AVI) Sema3D signaling likely involving Nrp1 and Plexin
co-receptors regulates the expression levels of L1ICAM to mediate homotypic fasciculation
of zebrafish MLF axons 7. (AVII) In mouse motor and sensory axons, Nrp1, either on its
own or with an unknown ligand, facilitates homotypic axon-axon fasciculation'®”. (AVIII-
X) Other classical guidance cues also mediate homotypic trans-axonal signaling. (AVIII)
Ephrin-B1 and EphB2, expressed on mouse sensory axons, may regulate homotypic axon
fasciculation by binding in trans 2*°. (AIX) Slit/Robo signaling mediates homotypic
fasciculation of motor axons, possibly by regulating the surface levels of N-cadherin 2!,
(AX) Interactions between Netrin-1, Draxin and DCC facilitate fasciculation of mouse
callosal axons 24297 (BI-II) Classical guidance cues also mediate heterotypic trans-axonal
signaling. Nrpl, through an unknown ligand, as well as Ephrin-A/EphA signaling, mediate
trans-axonal heterotypic fasciculation of motor and sensory axons 27?220
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Figure 2.2 (Continued): later-arriving ipsilateral axons that express the
Shh receptor Boc 2?2, (AIl) Both forward and reverse Semala signaling
regulate motor axon repulsion in Drosophila. Reverse signaling relies on the
activation of Rhol by Pbl, and possibly secreted Perlecan 22*22% (B) In the
mouse, axon-axon repulsion establishes pre-target axon sorting of olfactory
sensory axons. ORs produce patterns of spontaneous activity that generate
different levels of cAMP. cAMP then activates transcription of Nrp1, which
is expressed in a complementary manner to its ligand, Sema3A, in the
olfactory nerve. Repulsive signaling between Nrpl- and Sema3A-
expressing axons sorts axons as they extend to the OB !3%3223¢ (CI)
Repulsion between nasal and rostral retinal axons at the SC contributes to
topographic mapping. EphrinA5 is highly expressed by nasal retinal axons
while EphA is high on temporal retinal axons. Temporal axons are repelled
from the caudal SC by EphrinAS5 present in both the environment and at the
surface of nasal axons . (CII) In the Drosophila visual system, Dscam2
interactions mediate repulsion and proper spacing of L1-L5 axon arbors in
the medulla. Spacing of R7/R8 axon arbors is mediated by Fmi and Gogo
interactions 24724,
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CHAPTER 3
GPC3 MEDIATES TENM3 TRANS-AXONAL SIGNALING TO PRUNE

TOPOGRAPHIC SORTING ERRORS?

2 Spead O, Weaver CJ, and Poulain FE. To be submitted Fall of 2021.
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3.1 ABSTRACT

An important mechanism contributing to topographic map formation and neural
circuit development is pre-target axon sorting, during which axons become pre-ordered
en route to their destination. A salient example is the visual system, where retinal axons
are topographically sorted along the dorso-ventral axis in the optic tract before reaching
the optic tectum. While optic tract sorting contributes to the topographic fidelity of
retinotectal connections, little is known about how it is established. Our previous studies
in zebrafish have shown that optic tract sorting is achieved through the selective
degeneration of missorted dorsal axons that have erroneously misrouted along the dorsal
branch of the tract. Heparan sulfate (HS), a type of sugar chains carried by core proteins
known as heparan sulfate proteoglycans (HSPGs), acts non-cell-autonomously along
ventral axons to induce the degeneration of these missorted dorsal axons. We have now
identified Glypican-3 (Gpc3) as the only HSPG specifically expressed in ventral retinal
ganglion cells (RGCs) at the time of pre-target retinotectal sorting. Analysis of retinal
axon sorting in gpc3 mutants reveals that some dorsal retinal axons are missorted along
the dorsal branch of the optic tract, demonstrating a novel function for Gpc3 in the
nervous system. Interestingly, the adhesion molecule Tenm3 is also found in the ventral
RGC layer, and tenm3 mutants also display defasciculated and missorted dorsal axons.
We provide evidence that gpc3 and fenm3 genetically interact to mediate the
degeneration of missorted dorsal retinal axons. Overall, our study unravels a novel
function for Gpc3 and Tenm3 in trans-axonal signaling and developmental axon

degeneration during neural circuit formation.
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3.2 INTRODUCTION

During nervous system development, axons elongate and take complex routes in
order to form proper connections at their target. In the central nervous system, most
circuits are organized into topographic maps that maintain the neighboring relationship of
axons from their origin to their target. For example, in the visual system, the retinotopic
map develops depending on the position of the retinal ganglion cells (RGCs) in the retina
— RGCs from the nasal retina project axons to the posterior tectum while temporal RGCs
project to the anterior tectum; similarly along the dorsal-ventral axis, dorsal RGCs project
axons to the ventral tectum and conversely .

Axon-target interactions have been widely recognized as the main contributor to
the formation of topographic maps. However, studies have more recently realized the
importance of communication between axons themselves as they traverse their
environment. Trans-axonal signaling appears especially important for pre-target axon
sorting, a process whereby axons become pre-ordered before reaching their destination !4,
Pre-target axon sorting occurs within several circuits and is necessary for the proper
mapping of axons at their target '*2% 23!, For example, olfactory system neurons (OSNs)
express specific odorant receptors (ORs). OSN axons form distinct bundles along the
olfactory nerve depending on the type of OR they express and this pre-ordering is
necessary for their mapping at the olfactory bulb '*23% 2% In the visual system, RGC
axons are pre-ordered along the optic tract according to the D-V position of the RGCs
they originate from in the retina '>2>27- 28, Dorsal retinal axons elongate along the ventral
branch of the optic tract to reach the ventral tectum while axons from ventral RGCs

navigate along the dorsal tract. The pre-ordering of axons within these circuits is highly
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conserved among vertebrates and relies on mechanisms that are independent of the target
— pre-target sorting remains intact in both the olfactory system and visual system when
the olfactory bulb and tectum are removed, respectively ! 1% 170,

Pre-target sorting has been extensively studied in the visual system, however the
molecular signaling pathway regulating this process still remains elusive. One interesting
study suggested that Semaphorin-Neuropilin (Sema-Nrp) signaling may mediate retinal
axon sorting **. Knockdown of the RNA binding protein Hermes results in an
upregulation of Nrp1 expression and partial missorting of dorsal retinal axons *.
Sema3A-Nrpl signaling also regulates the topographic ordering of axons in the corpus
callosum 2*°. Indeed, when Nrpl and Sema3A are inactivated in motor and sensory
cortical neurons, respectively, axons intermix within the corpus callosum instead of
forming distinct axonal tracts and do not map properly at the contralateral cortex.
Additionally, in the olfactory system, complementary expression of Nrpl and Sema3A
along the olfactory nerve contributes to proper pre-target axon sorting and topographic
mapping at the olfactory bulb !°. Axons with high levels of Nrp1 elongate along the
outer, later part of the olfactory nerve while axons expressing high levels of Sema3A are
confined to the center part of the bundle. When Nrpl or Sema3A are inactivated in
OSN:ss, olfactory axons become intermixed along the olfactory nerve, indicating that
repulsive trans-axonal signaling mediates pre-target sorting in the olfactory system.
While it is known that Sema3A, Nrpl, and several Plexins are expressed in RGCs, a
direct role for Sema-Nrp signaling has yet to be tested in retinal axon sorting.

However, several studies have shown an essential role for heparan sulfate (HS) in

pre-target sorting along the optic tract in zebrafish '* 4. In embryos lacking HS due to
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mutations in the glycosyltransferases Ext2 and Ext31 (dak and box mutants, respectively),
dorsal retinal axons misroute along the dorsal branch of the optic tract '°. Interestingly, in
WT embryos, several dorsal axons missort along the dorsal optic tract early on but then
selectively degenerate, leading to a properly sorted tract **. HS actually functions non-
cell-autonomously to trigger the selective degeneration of these missorted dorsal axons.
HS chains are attached to the core proteins of heparan sulfate proteoglycans (HSPGs) and
HSPGs are largely known to regulate signaling pathways during many aspects of
neurodevelopment *’. For example, many guidance cues require HS during axon
elongation and guidance. The guidance molecules Netrin, Slit, and Sonic Hedgehog (Shh)
all require HS at the midline for proper signaling through their respective receptors —
Dcc, Robo, and Patched 276262, HS also regulates Sema-Nrp signaling in several systems.
Secreted Sema3A interacts with HS with high affinity 2% and this interaction has been
shown to promote Sema3A binding to Nrpl, leading to growth cone collapse 2°* 26>, In
these systems, HSPGs regulate well-known signaling pathways either directly by acting
as co-receptors or indirectly by modulating the expression of the guidance molecule
and/or receptor. While HS regulates pre-target retinal axon sorting'®: 34, the molecular
signaling pathway that triggers the degeneration of missorted dorsal axons is still
unknown and many questions remain unanswered. Which HSPG is mediating pre-target
sorting in the visual system? What are the other molecular players regulating the selective
degeneration of missorted axons?

Several molecules involved in visual system development show restricted
expression patterns along the D-V axis and therefore may be important for pre-target

sorting and/or topographic mapping. Ephrin-Bs are expressed in a high-dorsal to low-
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ventral gradient in the retina while their receptors EphBs are expressed in an opposing
gradient 2627 However, while Ephrin-B/EphB signaling does indeed play a role in
topographic mapping at the tectum, it does not appear to regulate retinal axon sorting
along the optic tract %%, Additionally, the Wnt receptor Ryk, is expressed in a high-
ventral to low-dorsal gradient in the retina 3!. Wnt signaling has been shown to have a
neuroprotective role during developmental pruning in both the olfactory system of

269 and in the C. elegans 2’°. However it has also recently been shown that

Drosophila
Whnt signaling can mediate neurite pruning >’!, providing a potentially interesting
signaling pathway in pre-target retinal axon sorting. While Wnt signaling has been shown
to regulate topographic mapping, its function in pre-target sorting has not been tested.
Another interesting molecule, Teneurin-3 (Tenm3) has more recently been discovered to
be expressed specifically in the ventral retina 8727273, Teneurins are a family of type II
transmembrane proteins which typically mediate homophilic recognition and adhesion
274 Studies have provided evidence of a diverse number of roles teneurins have in
nervous system development including synaptic partner matching 27> 276, the specification

and mapping of ipsilaterally projecting retinal axons %’-273-277

, and topographic circuit
assembly in the hippocampus ?’®. The involvement of teneurins in the developing visual
system and the specific expression of Tenm3 in the ventral retina lead us to hypothesize
that Tenm3 signaling could be involved in pre-target retinotopic axon sorting.

In this study, we report that glypican-3 (gpc3), a member of the HSPG family
attached to the plasma membrane by a glycophosphatidylinositol- (GPI-) anchor, is

specifically expressed by ventral RGCs. Embryos with non-functional gpc3 display

missorted dorsal axons along the dorsal branch of the optic tract, a phenotype that
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resembles that in dak mutants. Gpc3 mutants do not display retinal patterning defects
along the D-V axis, indicating that Gpc3 is directly involved in the signaling pathway
that regulates the degeneration of missorted dorsal retinal axons. Interestingly, tenm3 is
also expressed in the ventral retina and fenm3 mutant embryos also have missorted and
defasciculated axons. We further show that gpc3 and tenm3 genetically interact to
regulate retinal pre-target sorting. Considering the known roles for Teneurins in
mediating cell adhesion and stabilizing synapses [43], it is surprising that Tenm3 is
necessary for the pruning of missorted axons. However, given these data, we propose a
model in which Gpc3 regulates Tenm3 signaling to trigger the degeneration of missorted
dorsal retinal axons, ensuring the development of a properly sorted optic tract. This study
provides the first evidence for a role of Gpc3 in CNS development and reveals a novel
function for Tenm3 in developmental axon pruning.
3.3 METHODS
Zebrafish Husbandry

This research was approved by the University of South Carolina IACUC
Committee. Embryos were obtained from natural matings, raised at 28.5°C in E3 medium
(5 mM NaCl, 0.17 mM KClI, 0.33 mM CaCly, and 0.33 mM MgSQO4) in the presence of
150 mM of 1-phenyl-2-thiourea (PTU) (Sigma) to prevent pigment formation, and staged
by age and morphology 2. WT embryos were from Tubingen or AB strains. Tenm3
mutants were a generous gift from Dr. R. Hindges (Kings College, London, UK) and
lakritz (lak) mutants were a generous gift from Dr. F. Del Bene (Institut Curie, Paris,

France). Embryos were anaesthetized in tricaine (Western Chemicals) before fixation or
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imaging. Zebrafish larvae and young fish were nurtured using rotifer suspension and dry
food (Gemma). Adult fish were fed with dry food (Gemma).
Cloning & In Situ Hybridization

cDNA templates cloned into pCRII-TOPO were amplified by PCR using M13fw
and M13rv primers and were purified on gel. In vitro transcription of dioxigenin-labeled
probes was performed using the RNA Labeling Kit (Roche Diagnostics Corporation)
according to manufacturer’s instructions to generate antisense and sense probes for gpc3,
thbx5a, vax2, and tenm3. Embryos were dechorionated at the appropriate developmental
stages and fixed in 4% paraformaldehyde in phosphate bufter saline (pH 7.4) for 2 hours
at room temperature and then 4°C overnight. Whole mount in situ hybridization was
performed as previously described 8. After staining, embryos were cleared in 80%
glycerol for imaging using an Olympus SZX16 stereomicroscope equipped with Olympus
DP80 dual color camera and Cellsens standard software. Digital images were cropped
and aligned using Adobe Photoshop.
Quantification of Retinal Gene Expression

Quantification of gene expression in the retina was carried out according to Picker
& Brand, 2005 2% with the following modifications: Eyes were dissected after in situ
hybridization using a sharpened tungsten needle and imaged in 80% glycerol from a
lateral view. Images were imported into Fiji ImageJ analysis software 23! 282 transformed
to 8-bit grayscale images, and then inverted. An oval selection was made halfway
between the lens and the RGC layer periphery and the Oval Profile Plot plugin was used
to determine signal intensity along a 360°trajectory. Values were exported and further

analyzed in Microsoft Excel. To analyze the Gene Expression Coverage (Figure 4.9) in
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the dorsal and ventral halves of the retina, the signal intensity along a 180° radial
trajectory in the dorsal retina (for tbx5a) and in the ventral retina (for vax2) was measured
using Oval Profile Plot plugin as described above (at 24 hpf, the selection is made
halfway between the lens and the outer edge of the eye). We determined the position (°)
of maximum (Max) intensity. Then we determined the position of the minimum intensity
nasal (MinN) and temporal (MinT) to the maximum value. The position halfway between
the maximum and the MinN and the position halfway between the maximum and the
MinT were then determined. We then defined the Gene Expression Coverage as the
difference between these halfway-radial positions.
Generation of gpc3 Mutant Lines

gRNAs were designed to target gpc3 Exon 2 and Exon 7. The target sequences
(with PAMs in brackets) used in this study were gpc3 Exon 2:
GCTTATTGCCAAACAGAATA[TGG] and gpc3 Exon 7:
GGTGCGAGAAGAAACCCATC[CGQG]. Oligos were designed with an Nhel restriction
site followed by the sequence for the T7 promoter, the gRNA target sequence, and a
HindIII restriction site. Oligos were digested and ligated into the pPSMART-KJ vector
using the Quick Ligation Kit (New England BioLabs). The MEGAshortscript T7
Transcription Kit (Thermo Fisher) was used to synthesize gRNAs from the plasmid
templates. 500-600 ng of gRNA and 800-900 ng of Cas9 protein (PNA Bio Inc.) were co-
injected at the one cell stage in WT embryos. Efficiency of CRISPR injections was
analyzed on injected embryos at 28 hpf by high resolution melting analysis (HRMA) 2%
with the primers 5’-ATGGAGGAGCGTTACCTG-3" and 5°-

GATGATGAGCCCTTTGAGC-3’ for Exon2 target and 5°-
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GATGGAGGGCTCGACAAGG-3’ and 5’-CCTCCTCATCCTCATCTGTCTG-3’ for
Exon7 target. Once adult, fish that had been injected with gRNA + Cas9 were outcrossed
to WT fish and mutations in the F1 generation were detected using the described HRMA
analysis. Mutated sequences detected by HRMA were further amplified using the
following primers: Exon2: 5’-GCGGTCTGTTTACTTGTTTATTG-3" and 5°-
GCCCAAGGGGATGCTAAAG-3’; Exon7: 5’-CCACTGGCATAGAACATTGAATC-
3> and 5’-ACCTGCAAAGATGCGCAGTC-3’). Amplicons were cloned in pCRII using
the TopoTA kit (Thermo Fisher) and analyzed by sequencing.
Genotyping of Mutant Lines

Lakritz (lak) and dackel (dak) mutants were previously described 2**. To genotype
lak, genomic DNA was amplified by PCR using the primers: 5°-
CCGGAATTACATCCCAAGAAC-3’ and 5’-GGCCATGATGTAGCTCAGAG-3".
Amplicons were then digested with Stul (which cuts WT but not lak mutant DNA) and
run on a 2% agarose gel. WT genomic profiles had bands at 200 and 100 bp while /ak
mutants had a single band at 300 bp. To genotype dak, the following dCAPS primers
were used to amplify genomic DNA: 5’-TGGACAGGCTCATCATGTGT-3’ and 5°-
CGGTCCAGACTCCATTCGGCTGAAGACTT-3’. PCR products were digested with
Msel (cuts dak but not WT) and run on a 3% Metaphor gel (Lonza). WT profiles had a
band at 193 bp while mutants had a band at 163 and 30 bp. Tenm3 mutants were
genotyped by HRMA using the following primers: 5°-
CAAGTTCAAGAAGTCCTCAAAG-3’ and 5’-TACGGAGAGCAGTATGGAG-3".
To genotype gpc3 Exon 2 mutants, genomic DNA was amplified using the dCAPS

primers 5’-CAAAATGGAGGAGCGTTACCTGCTTATTGCCAACCCGA-3’ and 5°-
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CTTGACTCTAAGCATTTCAGCTTTCCGCCCAAGGGGATG-3’. Amplicons were
digested with Aval (which cuts the mutant but not WT DNA) and run on a 3% Metaphor
gel (Lonza). Exon2 mutants were identified by the presence of a band at 192 bp and WT,
by a band at 225 bp. Gpc3 Exon 7 mutants were genotyped by HRMA using the
following primers: 5’-GATGGAGGGCTCGACAAGG-3’ and 5’-
CCTCCTCATCCTCATCTGTCTG-3".
DNA Plasmid Constructs

All expression vectors were generated using the Tol2Kit Gateway cloning system
285 The pME-EGFPgpc3 entry plasmid was generated by cloning EGFPgpc3 from PCS-
EGFP-GPC3 (courtesy of the Topczewski lab, Northwestern University), in which EGFP
was placed at the 5’-end of gpc3 after the sequence coding for the signal peptide. Primers
were designed with att sequences for pME-entry sites 2% (fw-5"-
GGGGACAAGTTTGTACAAAAAAGCAGGCTGGGCAAACATGCCAGGTTTAAA
ACTATATGGTGC-3’ and rv-5’-
GGGGACCACTTTGTACAAGAAAGCTGGGTGTCACTGAAGACCCAGTGTTATG
AAG-3’). A two-step PCR was performed to generate a form of EGFPgpc3 lacking its
heparan sulfate chains (pME-EGFPgpc3AHS) in which three predicted HS attachment
sites coding Serines were mutated to Alanines (S489A, S503A, S516A). pME-EGFPgpi
was generated to express only the signal peptide, EGFP, and the GPI-anchor of Gpc3
using the same forward primer mentioned above along with the reverse primer: 5’°-
GGGGACCACTTTGTACAAGAAAGCTGGGTGTCACTGAAGACCCAGTGTTATG
AAGATGATGATGGTGATGGTGAAGATGAAGGCTGCAGTAGGAACATGTGCTG

CTCCAGGTATTGATGATCCACCGTGTGCGTCTGTGGCCAGTCTGGGTAGGGCT
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GCAGAATCTAGAGGCTC-3". Since the subcellular localization and function of Ext2
are not modified by the addition of GFP to Ext2 C-terminal 2%¢, pME-ext2-EGFP was
generated by adding the EGFP coding sequence to the 3’-end of ext2 coding sequence by
PCR. A sequence encoding the flexible linker [GGGRS] was inserted between ext2 and
EGFP to ensure that the addition of EGFP did not alter Ext2 function. pME-EGFP-gpc4
and pME-EGFP-gpc5a were generated using a two-step PCR that inserted the EGFP
coding sequence after the sequences coding the signal peptides for gpc4 and gpcSa.
pCS2+-gpc4 and pCS2+-gpc5 plasmids (courtesy of Dr. Ken Kramer, Creighton
University) were used as templates. A modified pSE-is/2b-gata? entry clone encoding a
7.6 kb genomic fragment upstream of the isI2b start codon fused to the 1 kb promoter of
gata2a 2! was used to generate all constructs. Final plasmids (is/2b:EGFPgpc3,
isI2bEGFPgpc34HS, isl2b: EGFPgpi, isl2b: EGFPgpc4, isl2b: EGFPgpc5a and
isI2b:ext2EGFP) were generated by LR reactions with the pDestTol2pA2 backbone 2*°.
Generation of stable transgenic lines

Stable transgenic lines were generated using the Tol2 transposon methods as
described previously 2*7. 10 to 40 pg of DNA (pTol2pA2-isi2b:EGFPgpc3,
isI2bEGFPgpc34HS, isl2b: EGFPgpi, isl2b: EGFPgpc4, isl2b: EGFPgpc5a and
isl2b:ext2EGFP) were co-injected with 25 pg of synthetic mRNA encoding Tol2
transposase at one-cell stage. Injected embryos with transient expression of the
transgenes were raised to adulthood as the FO generation. FO fish were outcrossed to WT
to screen for positive F1 embryos expressing the desired transgene. Transgenic F1
carriers were subsequently outcrossed to WT to generate stable lines with a single-copy

insertion of the transgene.
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Visualization of Optic Tract Sorting

DN and VT retinal axons were labeled as described previously (10). Briefly, glass
microneedles were coated with the lipophilic dyes DiO and DiD (Molecular Probes,
Invitrogen) and introduced in the ventral-temporal and dorso-nasal parts of the retina,
respectively, of embryos fixed at 4 dpf. Dyes were let to diffuse overnight, and the
contralateral eye was then removed for confocal imaging from a lateral view. Embryos
were embedded in 1% low melting point (LMP) agarose in PBS on a membrane-
bottomed petri dish and imaged using a TCS SP8X laser-scanning confocal microscope
equipped with LAS X software, HyD and PMT detectors, and a 20x objective (digital
zoom 1.5 for LV, 1 for DV). The entire optic tract and tectum was imaged with a Z-series
interval of 1.5 um.
Quantification of Missorting Phenotype

To quantify the missorting phenotype in gpc3 mutants, confocal stacks were
rotated along the X, Y, and Z axes in ImagelJ using the TransformJ Plugin 2% so that the
width of the tectum was at its widest point. Rotated stacks were maximally projected and
then the Enhance Local Contrast (CLAHE) plugin was used to better detect
defasciculated missorted dorsal fascicles. Max projected images of the dorso-nasal (DN)
axons were then binarized using Auto Threshold, and binarized images were used for all
analyses. Only embryos with a missorting phenotype were analyzed. To analyze the
Displacement of missorted fascicles, measurements were taken along a line perpendicular
to the entrance of the optic tract, positioned at the point where dorsal and ventral axons
are entering the tectum. The distance from the ventral most point of the properly sorted

dorsal axons (ventral branch of the optic tract) to the furthest dorsal missorted fascicle
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was measured and was then reported over the width of the properly sorted dorsal axon
bundle (ventral branch). A Displacement Index greater than 1 indicates missorting while
an index averaging 1 indicates no missorting. To analyze how many fascicles were
missorted in each embryo, the perpendicular line was positioned across the dorsal branch
of the optic tract and the Plot Profile Plugin was used to determine the number of
missorted fascicles (indicated by the number of peaks in the Plot).
Statistical Analysis

Data were analyzed and graphs were produced using Microsoft Excel and Prism
(GraphPad Prism 9 Software). Data are presented as the mean = SEM (unless otherwise
noted). Statistical tests were applied as indicated in the Results and Figure Legends. To
compare multiple groups, we performed one-way ANOVA followed by Tukey’s multiple
comparisons post-hoc test. To compare mutant and WT phenotypes at the described
timepoints, a Two-Sample t-Test for Equal Means was performed between mutant and
WT values. For the Displacement Index, a Two-Sample t-Test for Equal means was
performed between each genotype and a value of 1 (1 indicating no missorting occurs).
Finally, to compare the percentage of embryos with a missorting phenotype across
genotypes, a Chi-Square test with Yates’ correction was performed. The number of larvae
analyzed and the statistical methods used to compare groups are described in each figure

legend.
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3.4 RESULTS
HS functions non-cell-autonomously in ventral retinal axons to regulate axon

sorting.

HS functions non-cell-autonomously in the retinotectal system to induce the
degeneration of missorted dorsal retinal axons during pre-target sorting. **. This means
HS could be functioning at the surface of the cells surrounding the optic tract or along
ventral axons signaling to the missorted dorsal axons, as ventral axons are the pioneer
axons elongating first along the dorsal branch of the optic tract **. In order to determine if
HS functions along retinal axons, we generated a Tg[is/2b:ext2 EGFP] stable transgenic
line that expresses ext2 fused to EGFP in RGCs but not in the optic tract region). We then
established this line in a dak mutant background !> ?*%, As a control we established a
Tglis/2b:EGFP] stable line in a dak mutant background. Dak mutants expressing EGFP
only in RGCs showed strong expression of EGFP in RGCs and along retinal axons
(Figure 4.1A). dak mutants expressing ext2 fused to EGFP in RGCs also showed strong
expression in the cell bodies as well as a fainter expression along the retinal axons
(Figure 4.1B). To analyze axon sorting along the optic tract, we injected lipophilic dyes
into the dorso-nasal (DN) and ventro-temporal (VT) quadrants of the retina of dak
mutants at 4 dpf '°. We observed missorted DN axons in dak mutants expressing EGFP in
RGCs (Figure 4.1C, yellow arrowheads). However, we did not detect any missorted
dorsal retinal axons in dak mutants expressing ext2 in RGCs. Indeed, 79.3% of
dak;isl2b: EGFP embryos had missorted DN axons while only 6.5% of dak;is/2b.ext2-
EGFP embryos had missorted axons. Together with our previous results demonstrating

that HS acts non-cell-autonomously for proper sorting of dorsal axons®*, our results
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demonstrate that HS functions along ventral retinal axons to trigger the degeneration of

missorted dorsal axons during pre-target optic tract sorting.
Gpc3 is exclusively expressed by ventral RGCs.

Since HS is functioning along ventral retinal axons to regulate pre-target sorting,
we then sought to determine whether a specific HSPG is expressed in the retina during
pre-target sorting. We analyzed the expression of membrane-bound HSPGs by whole
mount in situ hybridization (ISH) to assess which are expressed in the visual system at
the time when pre-target sorting is occurring. Ten Glypicans ?*° and three Syndecans >*°
have been identified in zebrafish. Among them, we found that gpc3 is expressed in the
ventral half of the retina. At 48 hpf, when pre-target retinal axon sorting is just beginning
34 gpc3 is highly expressed in the nervous system (Figure 4.2A-A) and begins to be
expressed in the ventral half of the RGC layer (Figure 4.2A”). By 60 hpf (Figure 4.2B-
B”) and through 72 hpf (Figure 4.2C-C”), when missorted dorsal axons are actively
degenerating **, gpc3 is strongly and specifically expressed in just the ventral half of the
RGC layer (Figure 4.2B”, 2C”). To determine if RGCs are the cells expressing gpc3, we
repeated ISH in /ak mutants that carry a mutation in atoh?7, a transcription factor needed
for the determination of RGC fate 2%*. Lak mutants therefore do not have RGCs. While
gpc3 remained strongly expressed throughout the nervous system in /lak mutants at 72 hpf
(Figure 4.2D), it is no longer detected in the retina (Figure 4.2D”) while its strong
ventral expression is apparent in lak siblings (Figure 4.2E”). These results indicate that
gpc3 is specifically expressed by ventral RGCs during the time missorted dorsal retinal

axons degenerate.
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To identify the signaling pathway restricting gpc3 expression to ventral RGCs, we
investigated the role of (bone morphogenetic protein) BMP signaling, which is known to
mediate the dorsalization of the retina 3% 2°1- 22, Gdf6a, a member of the BMP family,
regulates the polarized expression of known axon guidance molecules, such as EphBs
and Ephrin-Bs along the D-V axis of the retina 22. We therefore tested the role of BMP
signaling by analyzing gpc3 expression in the gdf6a mutant, radar (rdr), by ISH at 72
hpf. As expected, WT embryos displayed gpc3 expression only in the ventral half of the
RGC layer (Figure 4.2F”). In contrast, rdr embryos had gpc3 expressed throughout the
entire retina (Figure 4.2F), indicating that gdf6a is required for restricting gpc3
expression to ventral RGCs during retinal development. We further quantified gpc3
expression intensity along a 360° radius (Figure 4.2G), half-way between the outer RGC
layer and the lens (Figure 4.9A) at 48, 60 and 72 hpf. In WT embryos, gpc3 is highly
expressed only in the ventral retina and is absent in the dorsal retina at all stages. Radar
showed high expression of gpc3 throughout the retina and the expression profile looks
similar to that of is/2b, which is known to be expressed throughout the RGC layer 2!. On

the other hand, lak mutants did not display any expression of gpc3 in the retina.
Gpc3 is required for the degeneration of missorted dorsal retinal axons.

Given its selective expression in ventral RGCs, we hypothesized that Gpc3 might
be needed for proper retinotopic sorting along the optic tract. To test its role in
retinotectal development, we generated gpc3 mutants using CRISPR-Cas9-mediated
mutagenesis 2> 2**, We designed two independent gRNAs (Figure 4.3A, red bars) to
target Exon 2, which encodes part of Gpc3’s large globular domain, and Exon 7, right

upstream the sequences coding for Gpc3’s HS attachment sites (blue triangles on
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schematic). We obtained two mutant alleles, one with a two nucleotide insertion followed
by a mismatch in Exon 2 (+2MM) that leads to the addition of several missense amino
acids before a premature stop codon, and the other with a 4-nucleotide deletion in Exon 7
(A4) that leads to a truncated protein without any HS attachment site (Figure 4.3A-B).
To test whether gpc3 is required for optic tract sorting, we injected the lipophilic dyes
DiD and DiO in the DN and VT quadrants of the retina at 4 dpf in gpc3 mutants and WT
siblings (Figure 4.3C-E). Both gpc3 mutants had missorted dorsal retinal axons along the
dorsal tract (Figure 4.3C-D, yellow arrowheads) while WT embryos had properly sorted
dorsal axons (Figure 4.3E). 55% of +2MM mutant embryos and 65% of A4 mutant
embryos had missorted dorsal retinal axons while only 7% of WT embryos showed this
phenotype (Figure 4.3F). To further analyze the extent of missorting in gpc3 mutants, we
developed two quantifications. We first quantified the number of missorted dorsal
fascicles in mutants that had a missorting phenotype (Figure 4.3G). +2MM embryos had
an average of 3.7 £ 0.3 missorted fascicles and A4 mutants had an average of 4.6 + 0.4
missorted fascicles while WT had an average of 0.5 & 0.2 missorted axons. We then
calculated a Displacement Index (Figure 4.3H) that corresponds to the distance between
the furthest missorted dorsal fascicle and the ventral tract over the width of the properly-
sorted dorsal axon bundle. A value close to 1 indicates that there are no “displaced”
dorsal axons while a value above 1 indicates missorted fascicles. +2MM and A4 mutant
embryos with missorted dorsal axons have a Displacement Index of 2.62 + 0.15 and 2.83
+ 0.39, respectively, both showing a significant displacement of dorsal fascicles. WT

embryos have a Displacement Index of 1.25 & 0.1, indicating that WT embryos do not
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have missorted dorsal axons. Altogether, our results indicate that Gpc3 is required for the

proper sorting or dorsal axons during pre-target optic tract sorting.

Sorting defects observed in gpc3 mutants could be caused by either disrupted D-V
patterning of the retina or disrupted signaling between ventral axons and missorting
axons during pre-target sorting. To determine if gpc3 mutants have altered D-V retinal
patterning, we analyzed the expression of thxJ5a, a transcription factor required for the

expression of dorsal-specific genes 2%

, and of vax2, a homeodomain transcription
factor required for ventralization of the retina °*>°, in WT and gpc3-/- embryos. Like WT
embryos, gpc3-/- showed thx5a expression in the dorsal part of the retina at 24, 48, and
72 hpf (Figure 4.4A). We quantified the Gene Expression Coverage of tbx5a in the
dorsal retina (Figure 4.9B), which showed no significant difference between WT and
gpc3-/- at 24, 48, or 72 hpf (Figure 4.4B). Similarly, gpc3-/- had ventral-specific vax2
expression in the retina, much like WT embryos, at 24, 48, and 72 hpf (Figure 4.4C).
The Gene Expression Coverage of vax2 (Figure .4D) also showed no significant
difference between WT and gpc3-/- at these three time points. Therefore, gpc3 mutants

do not have altered D-V patterning, suggesting that Gpc3 plays a direct role in pre-target

axon sorting along the optic tract.
Altering HS levels in RGCs disrupts retinal axon sorting along the tract.

Since gpc3 is restricted to ventral RGCs, we then wanted to determine if levels of
HS across the D-V axis of the retina are important in the regulation of pre-target sorting.
To test whether expressing gpc3 throughout the entire RGC layer causes missorting along
the tract, we generated several stable transgenic lines that express transgenes in all RGCs

thanks to the RGC-specific is/2b promoter?'. The first line, Tg/isI2b: EGFPgpc3],
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expressed EGFP fused to gpc3 (Figure 4.5A). These embryos, with gpc3 now expressed
in the dorsal retina and also over-expressed in the ventral retina, had missorted dorsal
retinal axons (yellow arrowheads). We also expressed gpc4 and gpcSa in a similar
manner — compared to Gpce3, Gpc4 has a very different HS chain pattern along its core
protein, whereas GpcSa is the most closely related glypican and therefore has a similar
HS attachment pattern 2%. Furthermore, neither gpc4 nor gpc5a are expressed in RGCs in
WT embryos (data not shown). Expressing gpc4 and gpcS5a (Figure 4.5B-C) in all RGCs
also caused missorted dorsal retinal axons. However, embryos expressing a form of gpc3
in which the Serine residues to which HS chains are attached *°® were mutated to
Alanines (Tg/isl2b: EGFPgpc34HS]) had properly sorted dorsal axons (Figure 4.5D),
indicating that HS at the surface of Gpc3 is required for its effect along the tract. As a
control, we generated a line expressing only EGFP fused to the
glycophosphatidylinositol- (GPI-) anchor of Gpc3 (Tg/isl2b: EGFPgpi]). These embryos
also had properly sorted dorsal retinal axons (Figure 4.5E). Altogether, these data
suggest that the levels of HS across the D-V axis of the retina is important for the
degeneration of missorted dorsal axons and altering these levels likely interferes with the
signaling needed for retinotopic axon sorting along the tract. It is therefore important for
gpc3 to be restricted to ventral RGCs in order for it to function in pre-target axon sorting.
However, our data, also suggest that the nature of the core protein itself presenting HS is
not that important for activating the signaling pathway mediating selective degeneration.
It is likely that gpc3 is expressed at the right place and at the right time to mediate pre-

target sorting in the visual system.
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Gpc3 genetically interacts with Tenm3 to regulate pre-target retinal axon sorting.

Glypicans are known to regulate various signaling pathways in several ways,
mainly by acting as co-receptors, regulating receptor trafficking, or by controlling the
secretion of ligands into the extracellular space *’. To test whether Gpc3 regulates the
signaling pathway required for pre-target retinotectal axon sorting, we aimed to find other
molecules known to be differentially expressed along the D-V axis of the retina that
could be candidates for interacting with Gpc3. Surprisingly, the adhesion molecule
Teneurin-3 (Tenm3) has an extremely similar expression pattern to that of gpc3 in the
retina at 72 hpf 2727, We confirmed tenm3 expression in the ventral RGC layer at 72
hpf by ISH in WT embryos (Figure 4.6A), indicating that Tenm3 might regulate the
sorting of dorsal retinal axons. To determine if fenm3 is required for sorting along the
optic tract, we injected DiD into the DN quadrant of the retina of tenm3-/- embryos 2%
fixed at 4 dpf. Tenm3-/- embryos lacking functional Tenm3 (Figure 4.6B) displayed
severely defasciculated dorsal axons that missort along the dorsal branch of the optic tract
(yellow arrows) (Figure 4.6C-C’), while WT embryos have properly sorted dorsal axons

(Figure 4.6D). Thus, Tenm3 is required for proper sorting of dorsal retinal axons along

the tract.

As with gpc3-/-, the missorting phenotype in fenm3-/- could be a result of
disrupted D-V patterning in the retina or disrupted signaling between ventral axons and
missorted dorsal axons. To determine if fenm3-/- have altered D-V retinal patterning, we
again assessed the Expression Coverage of thx5a and vax2 in WT and tenm3-/- embryos.
Thx5a was expressed specifically in the dorsal retina at 24, 48, and 72 hpf of tenm3-/- and

WT embryos (Figure 4.7A) and there was no significant difference between the Gene
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Expression Coverage at any of these timepoints (Figure 4.7B). Similarly, vax2 was
expressed in the ventral retina in tenm3 -/- and WT embryos (Figure 4.7C), and its
expression coverage did not significantly differ between mutants and WT at any of the
three timepoints (Figure 4.7C). Thus, the axon sorting defects seen in tenm3-/- do not
result from disrupted D-V patterning of the retina, indicating that fenm3 must be directly

involved in the signaling pathway mediating axon sorting.

We then assessed whether gpc3 and fenm3 act in the same pathway by analyzing
retinotopic sorting in double heterozygous embryos (fenm3-/+;gpc3-/+). Embryos
heterozygous for only tenm3 (Figure 4.6E) or only gpc3 (Figure 4.6E”) showed properly
sorted dorsal axons. However tenm3-/+,;gpc3-/+ embryos had missorted dorsal axons
(Figure 4.6E”, yellow arrowheads), much like the phenotype seen in gpc3-/~, indicating
that gpc3 and fenm3 genetically interact to regulate pre-target retinal axon sorting along
the optic tract. We then ensured that the missorting phenotype observed is not due to altered
gpc3 expression in tenm3-/- or altered tenm3 expression in gpc3-/- (Figure 4.7E). Tenm3-
/- embryos at 72 hpf express gpc3 in the ventral retina and this expression pattern is
unaltered from that seen in WT embryos. Conversely, gpc3-/- embryos do not have altered
expression of tenm3 compared to WT. Therefore, Gpc3 and Tenm3 do not affect each
other’s expression pattern in the ventral retina and the missorting phenotype seen in gpc3-

/- and tenm3-/- is not due to altered retinal expression.
3.5 DISCUSSION

Pre-target axon sorting and the elimination of mistargeted axons via pruning are
crucial steps to neural circuit development, however the molecular mechanisms
mediating these processes are still not well understood. We previously discovered a non-

cell-autonomous
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role for HS in triggering the selective degeneration of missorted dorsal retinal axons
during pre-target retinotopic sorting **. We then confirmed that HS functions specifically
in RGCs to regulate this process, suggesting a mechanism in which HS-dependent trans-
axonal signaling from pioneer ventral retinal axons to missorted dorsal axons mediates
the degeneration of dorsal retinal axons. Here, we discovered that Gpc3 is the only HSPG
that is expressed specifically by ventral RGCs, and that Gpc3 is required for the
degeneration of missorted dorsal retinal axons. Tenm3 is also expressed specifically in
the ventral RGC layer at the time of pre-target retinotectal axon sorting. Tenm3-/-
embryos have severely defasciculated and missorted dorsal retinal axons. In addition,
embryos that are heterozygous for both gpc3 and tenm3 also display missorted dorsal
retinal axons, proving a genetic interaction between gpc3 and tenm3 that is necessary for
the degeneration of missorted dorsal retinal axons. Our results lead us to propose a model
in which Gpc3 and Tenm3 are likely to interact as a complex on the surface of ventral
retinal axons (Figure 3.8), positioning Tenm3 so that it can interact with its unknown

ligand at the surface of the missorted dorsal retinal axons.

The most well-characterized role for Gpc3 in vivo has been its regulation of
Hedghog (Hh), Wnt, BMP, and fibroblast growth factor (FGF) signaling 2% In
particular, Gpc3-null mice have altered Hh and Wnt signaling *°!:3%. Gpc3 knockout in
mice leads to the inhibition of non-canonical Wnt/JNK signaling while in parallel
activating canonical Wnt/B-catenin signaling *°!. These mice also have increased Hh
signaling *°® and display developmental overgrowth 37, This phenotype is characteristic
of that seen in patients with Simpson Golabi Behmel Syndrome (SGBS), who carry

mutations or duplications in gpc3 3% 3% Along with pre- and post-natal overgrowth,
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SGBS patients exhibit a myriad of other symptoms including mild to moderate
intellectual disability. However how Gpc3 directly contributes to this neurological
disability is unknown. Here we have described a first role for Gpc3 in the nervous system
by demonstrating its requirement in pre-target retinal axon sorting, which highlights the

importance of Gpc3 in circuit wiring.

The requirement of Tenm3 for the pruning of missorted retinal axons came as a
surprise given that Teneurins are mostly known for mediating cell-cell adhesion during
synaptic partner matching 27> 27631 However, recent studies are unveiling other
functions that Teneurins can carry out in the nervous system. Along with adhesion during
synapse formation, Teneurins have also been implicated in axon fasciculation during
neurite outgrowth and axon pathfinding in both invertebrate and vertebrate species 3!!-312,
In the zebrafish visual system, Tenm3 is needed for proper RGC dendrite stratification in
the retina as well as laminar arborization at the tectum *’2, Knockdown of Tenm3 leads to
RGC and amacrine cell dendrite stratification defects in the inner plexiform layer as well
as in the outer retina. In the mouse visual system, Tenm3 is required for the proper
topographic mapping of ipsilaterally projecting retinal axons -2’3, Tenm3 also guides
the proper topographic mapping of proximal CA1 hippocampal axons to the distal

subiculum 278

. While the full understanding of how Tenm3 is mediating topographic
mapping and the laminar distribution of axons at the target in these systems is still
unknown, it is likely that axon targeting is established through homophilic Tenm3
adhesion as Tenm3 is expressed in a complementary manner along axons and at their

target in these circuits 87-27% 273,278,298,
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Along with homophilic interactions in ¢rans, Teneurins interact in trans with
Latrophilins (Lphns), a group of adhesion G-protein-coupled receptors (GPCRs) 313317,
The classically viewed role for Teneurins is in synaptic partner matching and trans-
synaptic adhesion during synapse development which has been demonstrated in both
Drosophila and mammals 27> 276:314316 Ap interaction between Teneurin and Latrophilin
has also been shown to mediate axon attraction in vitro 3!”. In this system, Tenm2 is
proteolytically released into the intercellular space where it binds to Lphnl on axonal
growth cones to induce axon attraction and fasciculation. While all of the aforementioned
functions for Tenm3 are in synaptic partner matching or possibly as attractive cues during
axon guidance, Tenm3 might also provide a signal for other cellular functions. Indeed, a
recent study discovered that Tenm?2 is needed for proper cortical neuron migration via a
contact-mediated repulsion mechanism >!8. Teneurins are expressed in migrating cortical
neurons while Lphnl is expressed in radial glial cells of the developing cortex. Tenm2
and Lphnl interact, initiating a repulsive signal from radial glial cells to the migrating
cortical neurons (so in that case, Tenm2 transduces a signal from Lphnl). This recent
study shows that Teneurins can function in other roles besides adhesion and therefore it is

possible that Tenm3 regulates other developmental processes such as pre-target sorting

and pruning during visual system development.

How can Teneurins have such a diverse repertoire of functions during nervous
system development? Teneurins are large type II transmembrane glycoproteins that are
composed of an N-terminal intracellular domain, a hydrophobic transmembrane region,
and a large extracellular domain 3!-32°, The interactions and therefore cellular responses

mediated by Teneurins depends on the binding domains involved. Indeed, alternative
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splicing of Teneurins regulates Teneurin interactions. For example, Tenm2 contains a
seven-residue region in its extracellular domain that acts as a switch to regulate trans-
cellular adhesion between Tenm?2 and Lphn *2!. The splice variant lacking the seven
amino acids binds full-length Lphn and activates trans-cellular signaling while the splice
variant without those seven amino acids fails to do so. Interestingly, the same splice
variant lacking the seven amino acids cannot mediate trans-homodimerization while the
other variant can 2’8, The members of the Teneurin family are highly conserved within
and between species. Tenm3 has also been identified as having alternatively spliced
isoforms in mice and chicken 27® 322, One isoform differs by the inclusion or exclusion of
exon 12, encoding 9 amino acids in the EGF-like region of the extracellular domain. The
other isoform differs in the inclusion/exclusion of exon 20 which encodes 9 amino acids
in the NHL region of the extracellular domain. These regions are both highly conserved
in zebrafish and therefore it is possible that zebrafish express different isoforms of
Tenm3. Discovering which splice variants of Tenm3 are expressed in the zebrafish retina

would allow us to further understand the signaling mechanism regulating this process.

It is possible that the unknown ligand binding to Tenm3 could trigger the
endocytosis of the Gpc3-Tenm3- receptor complex in the ventral axons, thereby leading
to the destabilization of the contacts between ventral and missorted dorsal axons and
allowing for missorted axons to degenerate. Such mechanism has been seen in Ephrin-B/
EphB signaling 32*3**, Upon contact between EphB-expressing cells and Ephrin-B-
expressing cells, Ephrin-B is trans-endocytosed into the EphB-expressing cell *2*. The
internalization of the receptor-ligand complex leads to the destabilization of cell-cell
contacts. A similar phenomenon is seen in the reverse direction with the trans-

endocytosis of the Ephrin-B/EphB complex into the Ephrin-B-expressing cell, again
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aresulting in axon withdrawal and growth cone collapse *?. In this model for pretarget
sorting, once Tenm3 binds its ligand (presumably Lphn), the complex of Gpc3-Tenm3-
Lphn would become endocytosed, allowing for the retraction and degeneration of the
missorted dorsal axons. Alternatively, and most likely, the Tenm3-Lphn interaction could
directly initiate a transduction signal for the missorted dorsal axons to degenerate. Recent
studies in C. elegans, Drosophila, and in vitro studies in mammalian cells have provided
evidence supporting a role for Lphn in modulating intracellular cAMP signaling during
different developmental processes **!* 325327 Interestingly, in the mouse visual system,
cAMP modulation downstream of Ephrin-A signaling controls the pruning of ectopic
retinal axonal branches '*?. These cAMP signals are restricted to the lipid rafts along
retinal growth cones and are required for Ephrin-A induced axon retraction and the
pruning of mistargeted projections at the superior colliculus (SC). This offers an
intriguing pathway to investigate in pre-target retinotectal axon sorting in zebrafish.
Upon Gpc3-Tenm3 interacting with Lphn, Lphn could modulate cAMP signaling in the
missorted dorsal axons, leading to their degeneration. While both presented hypotheses
are intriguing, the ligand on the missorted dorsal axons first needs to be defined.
Zebrafish express a member of the Latrophilin family, adgri3.1 in the RGC layer during

t 328329 and therefore is an interesting candidate for Tenm3’s ligand during

developmen
pre-target retinotopic sorting. Futures studies will evaluate the expression and function of

adgrl3.1 in pre-target retinal axon sorting and determine if it indeed interacts with Gpc3/

Tenm?3.

Although our data indicate a genetic interaction between Gpc3 and Tenm3, how
Gpc3 regulates Tenm3 signaling during pre-target retinotopic sorting remains

unanswered. Gpc3 is attached to the plasma membrane by a GPI anchor and depending
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on the context, glypicans can stimulate or inhibit signaling pathways 37 33°. Many in vitro
studies have been conducted to better understand how Gpc3 interacts with Wnt and Hh
signaling pathways. Gpc3 stimulates Wnt signaling by binding Wnt at the plasma
membrane while simultaneously interacting directly with the Wnt receptor, Frizzled *!.
The binding of Gpc3 to Wnt triggers the endocytosis of the Gpc3/Wnt/Frizzled complex
which then stimulates Wnt signaling. A similar phenomenon has been shown for the
interaction between Gpc3 and Hh, however this mechanism acts to inhibit Hh signaling
306,332 Gpc3 competes with Patched (Ptc), a receptor for Hh, for binding with Hh 3%,
When Gpc3 and Hh bind, the Gpc3/Hh complex is endocytosed and subsequently
degraded *°% 332, While informative on the mechanistic function of Gpc3, the majority of
these studies have been conducted in vitro and the in vivo studies have only scratched the
surface at understanding the signaling pathways mediated by Gpc3. Glypicans typically
interact with other proteins to sequester and present those proteins along the cell
surface®” however they can also act to aid in the trafficking of receptors at the
membrane’?® 333334 Interestingly, Tenm1 has been shown to interact with heparin via its
C-terminal extracellular YD-repeat domain **°. Plating dorsal root ganglion (DRG)
neurons on substrates containing recombinant proteins mimicking the YD-repeat domain
of Tenm1 induced neurite fasciculation and outgrowth. However, addition of heparin to
these cultures caused the neurites in direct contact with the YD-repeat substrate to retract.
As Teneurins are highly conserved within and between species *?2, it is probable that
Gpc3 and Tenm3 interact through the C-terminal domain of Tenm3 and the HS chains on

Gpc3. Gpc3 would then act to present Tenm3 along the plasma membrane, thus
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presenting Tenm3 to its unknown ligand on the missorted dorsal axons. Future studies
will focus on determining the ligand expressed in missorted dorsal retinal axons as well
as the intracellular signaling pathway needed for the degeneration of missorted dorsal

retinal axons.
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Figure 3.1: Ext2 is required in RGCs to regulate pre-target sorting. (A) Dorsal
view of a dak mutant embryo expressing EGFP under the control of the RGC-
specific promoter isi2b. (B) Dorsal view of a dak mutant embryos expressing ext2-
EGFP in RGCs. (C) dak mutants expressing EGFP in RGCs have missorted dorso-
nasal axons (yellow arrowheads). (D) dak mutants expressing ext2-EGFP in RGCs
do not have missorted dorsal axons. Confocal microscopy, scale bar: 50 pum. (E)
79.3% of isl2b: EGFP;dak mutant embryos displayed missorted DN axons while
only 6.5% of dak;isl2b:ext2-EGFP embryos had missorted DN axons. Statistical
analysis: Chi-square test with Yates’ correction showed a significant difference

between the two groups. X2 (1, N =47) =20.72, p< 0.001.
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Figure 3.2: gpc3 is expressed specifically by ventral RGCs. (A-A”) WT embryos stained
for gpc3 by ISH at 48 hpf from a lateral view (A), dorsal view (A’) and a dissected eye
(A”). gpc3 is strongly expressed in the nervous system and expression starts to be detected
in the retina at 48 hpf (arrow). (B-B”) WT embryos at 60 hpf show strong signal for gpc3
in the nervous system and in the ventral RGC layer in the retina (arrow). (C-C”) gpc3
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Figure 3.2 (Continued): continues to be strongly expressed in the nervous system and
ventral RGC layer at 72 hpf (Arrow). (D-E’) gpc3 expression in /ak mutants and siblings
at 72 hpf. gpc3 is expressed in the nervous system of /ak mutants but no expression is
detected in the eye (D’) whereas it is strongly expressed in the ventral RGC layer in /lak
siblings (E’). (F-F’) gpc3 expression in rdr mutants and WT at 72 hpf. gpc3 is expressed
throughout the entire retina in 7dr mutants (F) while it is expressed in only the ventral RGC
layer in WT (arrow) (F’). (G) Quantification of signal intensity along a 360° trajectory
shows that gpc3 expression is restricted to the ventral RGC layer during retinotectal
development. gpc3 is not expressed in /ak mutants at 72 hpf and its expression becomes
dorsalized in rdr mutants at 72 hpf. Dissected WT retinas stained by ISH for is/2b were
quantified as a positive control. See Figure S1 for description of quantification method.
Scale bars: 200 um in A-C’ and D-E, 50 pm in A”-C” and D’-E’.
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Figure 3.3: Gpc3 is required for proper sorting of dorsal retinal axons. (A) Schematic
of gpc3 gene. Gpc3 contains 7 Exons. CRISPR gRNAs were designed to target sites (red
bars) in Exon 2 and in Exon 7, just upstream codons encoding the HS attachment sites
(indicated by blue arrows). Two mutants were analyzed in this study: mutants with the
(+2MM) allele have a two-nucleotide insertion followed by a mismatch in Exon 2. Mutants
with the (A4) allele have a four-nucleotide deletion in Exon 7 located just upstream of the
codon encoding the first HS attachment site. The corresponding amino acid sequences for
each allele are shown below the mutations: +2MM leads to the addition of 40 amino acids
(in red) followed by a premature stop codon, and the A4 mutation leads to the addition of
11 amino acids and a premature stop that remove the first HS attachment site. (B)
Schematic of Gpc3 protein structure. Gpc3 is a GPI-anchored protein with a large globular
domain at the N-terminus and three HS attachment sites in its C-terminal region. Red
arrows indicate regions corresponding to the CRISPR target sites. (C-E’) VN and DN
retinal axons along the optic tract were labeled by topographic injections of DiD in the DN
retina (blue) and DiO in the VT retina (red) of embryos fixed at 4 dpf. Confocal
microscopy, maximal projections. (C’-E’) DN retinal axons labeled with DiD. (C-D’)
Gpc3 mutants have missorted dorsal axons along the dorsal branch of the optic tract

1
WT
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Figure 3.3 (Continued): (yellow arrowheads) while WT embryos have properly sorted
dorsal axons (E-E’). Confocal microscopy, scale bar: 50 pm. (F) 55% of (+2MM) and 65%
of (A4) gpc3 mutants have missorted DN axons, compared to only 7% of WT embryos (n
=20 +2MM embryos, 17 A4 embryos, 12 WT embryos). (G) Number of missorted dorsal
fascicles along the dorsal bundle of the axon tract. +2MM mutant embryos with a
missorting phenotype have an average of 3.73 + 0.33 missorted fascicles, A4 mutants have
an average of 4.64 + 0.39 missorted fascicles, and WT have an average of 0.5 = 0.19
missorted fascicles (n = 11 +2MM embryos, 11 A4 embryos, 12 WT embryos). (H) The
Displacement Index corresponds to the distance between the furthest missorted fascicle
and the ventral tract (blue bar) over the width of the properly sorted dorsal axon bundle
along the ventral tract (red bar). A Displacement Index of one indicates no missorting.
+2MM mutants with a missorting phenotype have a Displacement Index of 2.62 + 0.15 and
A4 mutants have a Displacement Index of 2.83 = 0.11 while WT embryos have an index
of 1.25 + 0.11 (n = 11 +2MM embryos, 11 A4 embryos, 12 WT embryos). Statistical
Analysis: (F) Chi-square test with Yates’ correction showed a significant difference
between the two groups. X2 (2, N = 34) = 11.58, p< 0.01; (G) One-Way ANOVA with
Tukey’s posthoc test (H) Two-sample t-test compared to a control value of 1 (1 indicating
no missorting); ** p <0.01, ***p <0.001.
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Figure 3.4: Gpc3 mutants do not have retinal patterning defects
along the D-V axis. (A) Dissected eyes of gpc3-/- (+2MM allele) and
WT embryos stained for thx5a by ISH at 24, 48, and 72 hpf. In both WT
and mutants, tbx5a is expressed in the dorsal retina at all timepoints and
becomes more restricted throughout development. (B) Quantification of
tbx5 expression coverage in the dorsal retina. See Figure S1 for
description of quantification method. The expression coverage of thx5
is not changed in gpc3-/~- compared to WT. (C) Eyes of gpc3-/- and WT
embryos stained for vax2 by ISH at 24, 48, and 72 hpf. vax2 is highly
expressed in the ventral eye at 24 hpf. Its expression decreases but
remains specific to the ventral retina at 48 and 72 hpf. (D) Quantification
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Figure 3.4 (Continued): of vax2 expression coverage in the ventral
retina. The expression coverage is unchanged in gpc3-/~- compared to
WT embryos. Scale bars: 50 um. Statistical analysis: Two-Sample t-
Test between mutant and WT at each timepoint.
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Figure 3.5: Altering HS levels in RGCs disrupts retinal axon sorting along the tract.
DN retinal axons were labeled by topographic injection of DiD in the DN retina of embryos
fixed at 4 dpf. WT embryos expressing gpc3 (A) gpc4 (B) or gpes (C) fused to EGFP in
all RGCs have missorted dorsal axons (yellow arrowhead). (D) WT embryos expressing
gpc3 with mutated HS attachment sites have properly sorted dorsal axons. (E) Control WT
embryos expressing EGFP fused to the GPI anchor of gpc3 also have properly sorted dorsal
axons. Dorsal views, confocal microscopy, maximal projections. Scale bar: 50 pm.
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A 72 hpf B WT 5’ -CATGGAGGTGCACAGCCCTCAGTGCCATGGCCGTCTC-3'
mut 5’ -CATGGAGGTGC——-—-———————==—== CATGGCCGTCTC-3’
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‘ WT WRCTALSAMAVSILLSVLLCYCIAMHLFGLNWQLQOETEGYA
D } mut WRC----HGRLHTALRTALLLHCHASLWTELAAAGDGGLCF-

tenm3-/+

Figure 3.6: Tenm3 and Gpc3 genetically interact for proper retinal axon sorting. (A)
Dissected WT eye at 72 hpf stained for tenm3 by ISH. Tenm3 is expressed specifically in
the ventral RGC layer. (B) Schematic of the 14 base pair deletion present in the tenm3 gene
in tenm3-/- | and leading to structural changes in the Tenm3 protein. Since Tenm3 is a
type Il transmembrane protein, the 14 base pair deletion creates a truncated protein lacking
the entire extracellular domain. (C-C”) Topographic injections of lipophilic dyes show
missorted dorsal axons (arrowheads) in tenm3 -/~ mutants compared to WT embryos (D-
D’) that have properly sorted dorsal axons. (E-E”) tenm3 and gpc3 genetically interact to
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Figure 3.6 (Continued): regulate sorting. Tenm3-/+ (E) and gpc3-/+ (E’) have properly
sorted dorsal axons, whereas fenm3-/+;gpc3-/+ embryos have missorted dorsal axons
(arrowheads). Confocal microscopy. Scale bars: 50 um.
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Figure 3.7: Tenm3 mutants do not have retinal patterning
defects along the D-V axis. (A) Dissected eyes of tenm3-/- and
WT embryos stained for thbx5a by ISH at 24, 48, and 72 hpf.
thx5a is expressed in the dorsal retina at all timepoints and
becomes more restricted throughout development. (B)
Quantification of thx5 expression coverage in the dorsal retina,
which is not changed in tenm3-/- compared to WT. (C)
Dissected eyes of ISH staining for vax2 in tenm3-/- and WT
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Figure 3.7 (Continued): embryos at 24, 48, and 72 hpf. vax2 is
highly expressed in the ventral eye at 24 hpf. Its expression
remains specific to the ventral retina at 48 and 72 hpf. (D)
Quantification of vax2 expression coverage in the ventral retina,
which is unchanged in tenm3-/- compared to WT embryos. (E)
Eyes dissected from tenm3-/- and WT embryos at 72 hpf and
stained for gpc3 by ISH. gpc3 expression is highly expressed in
the ventral RGC layer and is not altered in tenm3-/-. (F) Eyes
dissected from gpc3-/- and WT embryos and stained for tenm3
by ISH at 72 hpf. tenm3 is expressed specifically in the ventral
RGC layer and is not altered in gpc3-/~. Scale bars: 50 um.
Statistical tests: t-test between mutant and WT at each time
point. Statistical analysis: Two-Sample t-Test between
genotypes at each timepoint.
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Figure 3.8: Trans-axonal signaling mediates the selective degeneration of missorted dorsal axons. Schematic of the
potential signaling mechanism regulating the sorting of retinal axons along the optic tract. Gpc3 and Tenm3 are both present
at the surface of pioneer ventral retinal axons. Gpc3 may interact with Tenm3 through its HS chains, presenting Tenm3 to its
receptor on the missorted dorsal axons and initiating a signal for the missorted axon to degenerate. While the receptor has yet
to be identified, Tenm3 is known to interact with Lphn3, which is also expressed in the retina at the time of pre-target sorting.
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Figure 3.9: Quantification of gene expression in the retina. (A)
Quantification of gene expression in the RGC layer along a 360° trajectory.
Grayscale images of dissected eyes are first inverted in Fiji. Then an oval
selection half-way between the lens and the outer-most point of the RGC layer
(yellow dashed lines) is selected and the Oval Profile plugin is run along 360°.
Oval Profile gives an expression profile based on pixel intensity. We can then
analyze where in the axis a gene is expressed. (B) Quantification of retinal
expression coverage for patterning experiments. All quantifications were
performed on inverted grayscale images as described above. The signal
intensity along a 180° radial trajectory in the dorsal retina (for tbx5a) and in the
ventral retina (for vax2) was measured using Oval Profile Plot plugin. We
determined the position (°) of maximum (Max) intensity. Then we determined
the position of the minimum intensity nasal (MinN) and temporal (MinT) to the
maximum value. The position halfway between the maximum and the MinN
and the position halfway between the maximum and the MinT were then
determined. We then defined the Gene Expression Coverage as the difference
between these halfway-radial positions.
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CHAPTER 4
ACTIVITY-MEDIATED REFINEMENT OF NASAL RETINAL
PROJECTIONS DRIVES TOPOGRAPHIC MAP SHARPENING IN

THE TELEOST VISUAL SYSTEM’®

3 Spead O and Poulain FE. 2020. Available on bioRxiv doi: 10.1101/2020.12.14.422653.
Reprinted here with permission from the publisher.
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4.1 ABSTRACT

Topographic maps in the brain are essential for processing information. Yet, our
understanding of topographic mapping has remained limited by our inability to observe
maps forming and refining directly in vivo. Here, we used Cre-mediated recombination
of a new colorswitch reporter in zebrafish to generate the first transgenic model allowing
the dynamic analysis of retinotopic mapping in vivo. We found that the antero-posterior
retinotopic map forms early but remains dynamic, with nasal and temporal retinal axons
expanding their projection domains over time. Nasal projections initially arborize in the
anterior tectum but progressively refine their projection domain to the posterior tectum in
an activity-dependent manner. This activity-dependent refinement drives retinotopic map
sharpening along the antero-posterior axis. Altogether, our study provides the first
analysis of a topographic map maturing in real-time in a live animal and opens new
strategies for dissecting the intricate mechanisms of precise topographic mapping in

vertebrates.
4.2 INTRODUCTION

Organization of neuronal connections into topographic maps is essential for the
efficient transfer of information between brain regions. In the visual system, retinal
projections transmit a precise and continuous representation of the external world by
maintaining the neighboring relationship of the neurons they originate from in the retina
1.9, 11,336 * Along the antero-posterior axis, retinal ganglion cells (RGCs) in the nasal retina
project axons to the posterior tectum (or superior colliculus -SC- in mammals), whereas
temporal RGCs innervate the anterior tectum. As Sperry first postulated in his

chemoaffinity hypothesis *°, studies in mouse, chick, xenopus and fish have demonstrated
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that this precise retinotopic map is first established by specific axon-target interactions,
whereby axons with a specific set of receptors interpret guidance cues distributed in a
gradient at the target. The repellent cues ephrin-As, for instance, are the main factors
mediating topographic mapping along the antero-posterior axis. Subsequently to this
guidance process, retinotopic projections are refined by activity-dependent mechanisms

triggered by spontaneous waves of retinal activity or visual experience 2374

It is now well accepted that both guidance cues at the target and patterned retinal
activity act together in an instructive manner to establish a precise retinotopic map ''% 3%
134 However, increasing evidence also implicates additional mechanisms in the
establishment of retinotopy. Repulsive, competitive and stabilizing interactions among
axons themselves are thought to play an important role in both initial mapping and
refinement !4 63 11,131,245, 331343 "yet our understanding of how and when trans-axonal
signaling contributes to retinotopic map formation and maturation has remained limited
by our inability to selectively manipulate RGCs in a topographic and reproducible
manner. It also remains unclear how the retinotopic map becomes sharper as a whole, as
we currently lack the ability to observe the map forming and refining over time in the
same embryo in vivo. Fourier optical imaging of intrinsic signals allows for the
visualization of functional collicular maps in the mouse but can only be employed once
animals have developed vision, well after the retinotopic map has formed and refined '*°.
On the other hand, retinotopy can be analyzed at earlier stages by injecting lipophilic

dyes or electroporating DNA plasmids in specific retinal quadrants. However, both

approaches often require fixing specimen for analysis and have some degree of
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variability, which precludes the study of mapping dynamics and the detection of subtle

topographic changes between times or conditions.

Because of its rapid external development and transparency, the zebrafish larvae
has become a model of choice for the study of retinotopy '3 3# 343 Injections of
lipophilic dyes in opposite regions of the retina have been used extensively to label
retinotopic projections at different stages of development or regeneration and identify
mutants with retinotopic defects 2% 3% 340348 Using that approach, early studies have
shown that nasal and temporal retinal axons are localized at retinotopic sites as early as 3
days-post-fertilization (dpf), with temporal and nasal axons innervating the anterior and
posterior tectum, respectively 2> 1%, Labeling a subset of RGCs in larvae fixed at 4 and 6
dpf has also revealed that projections cover a smaller territory at later stages, suggesting a
refinement of the retinotopic map over time ' That reduced coverage is not observed in
embryos treated with the voltage-gated sodium channel blocker tetrodotoxin (TTX),
indicating a role for neuronal activity in retinotopic map maturation. While these
observations highlight similar mechanisms underlying precise retinotopy in zebrafish and
other species, we still do not know exactly when and how the retinotopic map refines and
matures in teleosts. Advances in molecular genetics have allowed the generation of
multiple transgenic lines for analyzing the lineage and functions of neuronal populations
in zebrafish 333! but the lack of enhancer driving transgene expression in specific
retinal quadrants has precluded a similar unbiased analysis of retinotopic mapping over

time in vivo.

Here, we report the generation of the first genetic model allowing the dynamic

and quantitative analysis of retinotopic map formation and refinement directly in vivo.
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We show that an enhancer located up-stream of Amx/ and hmx4 genes on chromosome 14
drives selective transgene expression in the nasal retina. We used Cre-mediated
recombination of an RGC:colorswitch reporter to specifically label nasal and temporal
retinal axons in vivo and image their projection domains at the tectum from 3 to 6 dpf by
live confocal microscopy. Our analysis reveals that while the antero-posterior retinotopic
map is formed at early developmental stages, it remains dynamic, with nasal and
temporal axons expanding their projection domains over time. We further show that nasal
retinal projections initially arborize in the anterior half of the tectum but progressively
refine and condense their projection domain to the posterior tectum in an activity-
dependent manner from 4 to 5 dpf. We finally demonstrate that the refinement of nasal
projections drives the sharpening of the antero-posterior retinotopic map, and that both

are prevented by genetically blocking neuronal activity in RGCs.
4.3 MATERIALS AND METHODS

Zebrafish Husbandry and Maintenance

All experiments and procedures were approved by the Institutional Animal Care
and Use Committee of the University of South Carolina. Zebrafish WT, mutant and
transgenic embryos were obtained from natural matings, raised at 28.5°C in E3 medium
(5§ mM NacCl, 0.17 mM KCI, 0.33 mM CaCly, and 0.33 mM MgSOQs) in the presence of
150 mM of 1-phenyl-2-thiourea (PTU) (Millipore Sigma, Burlington, MA) to prevent

pigment formation, and staged by age and morphology 27

. WT embryos were from the
Tiibingen or AB strains. Maco %! heterozygous fish (generous gift from Dr. A. Ribera,

University of Colorado School of Medicine) were identified by high-resolution melting

analysis (HRMA) 2** using the following primers: maco-hrma-fw: 5’-
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TTGTACCGGTGACGAACG-3’, maco-hrma-rv: 5’-
AACAGAAGAAGGCATGAATACAC-3’. Maco mutant embryos were identified based
on their lack of touch response at 48 hours post-fertilization (hpf) *>2. Embryos were
anaesthetized in tricaine-S (Western Chemicals, Ferndale, WA) before fixation or
imaging. Zebrafish larvae and young fish were nurtured using rotifer suspension and dry
food (Gemma 75 and 150, Skretting USA, Westbrook, ME). Adult fish were fed with dry

food (Gemma 300, Skretting USA).
Cloning of Amx cDNAs and putative enhancers

For cloning Amx1 and hmx4 cDNAs, zebrafish mRNA was isolated from embryos
at 24 and 48 hpf, respectively, using Trizol and the RNeasy mini kit (Qiagen, Hilden,
Germany), and cDNA was prepared from RNA using the SuperScriptlIll First-Strand
Synthesis system (Invitrogen, Carlsbad, CA). Hmx1I and hmx4 cDNAs were amplified
using the following full length primers: AimxI-fw: 5’>-ATGCATGAAAAAAGCCAG-
CAACAGC-3’, hmxI-rv: 5>-TCAGACAAGGCCTGTCATCTGC-3’, hmx4-fw: 5’-
ATCTAACGGAGAATATGAG-CAAGGAG-3’, hmx4-rv: 5°-
TCATATATCTCCATCAAACAGGCTGAAATAC-3’. Amplicons were subcloned into
PCRII-TOPO (Invitrogen) and sequenced to verify gene identity and confirm sequence
orientation. Hmx1 putative enhancer elements were amplified by PCR from total genomic
DNA using the LA Taq PCR kit v2.1 (TaKaRa, Mountain View, CA) and the following
primers: hmxI-Enl-fw: 5’-ACCGCACCACTAAA- GAGTCACAG-3’, hmxI-Enl-rv: 5’-
GGGTGATACGTGAATACCTCTAAGCA-3’, hmxI1-En2-fw: 5’-
GAGGGTGCCAGATGGAGATACAC-3’, hmxI-En2-rv: 5’-

ACTGGCTCTGCTATGCTTCTGTTTC-3’, himx1-En2s-fw: 5-
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GAACGGTACCGAACCGTCTATTAAAAGATTACACTAC-3’ (Kpnl restriction site
added in primer), hmx1- En2s-rv.: 5’-
GAACGGATCCAATAAACAAGGGACTAATAATTCAAGG-3’ (BamHI restriction
site added in primer), hAmx-En3-fw: 5’-
GAACGGTACCTCTTTGGAGACTGGCTGAACTGAC-3’ (Kpnl restriction site added
in primer), hmx1-En3-rv: 5>-GAACGGATCCATTCTCCGTTAGATGCGGGTCC-3’
(BamHI restriction site added in primer). Amplicons were purified on gel using the
Qiaquick gel extraction kit (Qiagen), subcloned into PCRII-TOPO (Invitrogen) and
sequenced before being digested and ligated into the Gateway pSE-MCS entry vector 2%°
using the following restriction endonucleases: Xhol / BamHI (for Amx1- Enl), Drall

(for hmx1-En2), and Kpnl / BamHI (for ~Amx1-En2s and hmx1-En3).
Generation of transgenesis vectors

All transgenesis constructs were generated using the Tol2kit Gateway cloning
system 2%°. To generate hmxI reporter constructs, pSE-hmx1-Enl, pSE-hmxI-En2, pSE-
hmx1-En2s, pSE-hmx1-En3, pME-EGFPCAAX and p3E-polyAv2 were recombined into
the pDestTol2pA2 destination vector using a Gateway Multisite LR reaction 2%
(Invitrogen). pSE-hmx1-En2, pME-iCre and p3E-polyAv2 were recombined into
pDestTol2CR3 (pDestTol2pA3 with myl7:TagRFP transgenesis marker) to generate
the hmx1-En2:iCre construct. The sequence encoding loxP-TagRFPCAAX-polyA-
loxP was amplified by PCR, purified on gel using the Qiaquick gel extraction kit
(Qiagen), and recombined into the pPDONR221 destination vector to generate the pME-
loxP-TagRFPCAAX-polyA-loxP entry vector. A modified pSE-is/2b-gata2a entry clone

encoding a 7.6 kb genomic fragment upstream of the is/2b start codon fused to the 1 kb
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promoter of gata2a *"%°, pME-loxP-TagRF- PCAAX-polyA-loxP, and p3E-EGFPCAAX-
polyA were recombined into the pDestTol2pA2 destination vector to generate

the isi2b.:loxP-TagRFPCAAX-loxP-EGFPCAAX (RGC:colorswitch) reporter

construct. p5SE- isi2b-gata2a, pME-gal4VP16 **° and p3E-polyAv2 were recombined
into pDestTol2CG?2 to generate the is/2b:gal4 construct. The sequence encoding Kir2.1-
2A4-mKateCAAX flanked by Fsel and Dral restriction sites was amplified by PCR

using pME-Kir2.1-24-mGFP 33 (generous gift from Dr. J. Fetcho, Cornell University)
and p3E-mKate2CAAX-polyA as templates, purified on gel and recombined into
pDONR221 to generate the pME-Kir2.1-2A-mKateCAAX entry vector. A non-con-
ducting version of Kir2.1, KirMUT, was constructed similarly to generate the pME-
KirMUT-24-mKate- CAAX entry vector. pSE-UAS *%, pME-Kir2.1-24-

mKateCAAX (or pME-KirMUT-2A-mKate- CAAX), and p3E-polyAv2 were recombined

into pDestTol2pA2 to generate the UAS:Kir2. 1/KirMUT-2A- mKate2CAAX construct.
Generation of stable transgenic lines

Stable transgenic lines were generated using the Tol2 transposon method as
described previously 2*7. 10 to 40 pg of purified DNA (pTol2pA2-hmx1-
Enl:EGFPCAAX, pTol2pA2-hmx1- En2:EGFPCAAX, pTol2pCR3-hmx1-En2:iCre,
RGC:colorswitch, pTol2CG2-isl2b:gal4) were co-injected with 25 pg of synthetic mRNA
encoding Tol2 transposase at one-cell stage, and injected embryos with transient
expression of transgenes were raised up to adulthood as FO generation. FO fish were then
out- crossed to WT to screen for positive F1 embryos expressing the transgenes.

Expression of EGFP and TagRFP driven in the heart by the my/7 promoter was used to
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identify isl2b:gal4 and hmx1-En2:iCre carriers, respectively. Transgenic F1 carriers were

subsequently out-crossed to WT to generate stable lines with a single-copy insertion.
Transient expression of Kir2.1 and Kir2.1MUT

For transiently expressing Kir2.1 or KirMUT together with mKate2CAAX in
RGCs, 40 pg of UAS:Kir2.1-24- mKate2CAAX or UAS:KirMUT-24-mKate2 CAAX were
co-injected with Tol2 transposase mRNA at one cell stage in zygotes obtained from a
cross between [is/2b:gal4] and [hmx1:iCre; RGC colorswitch] stable transgenic lines.
Triple transgenic embryos identified by the expression of both TagRFP and EGFP in the
heart and RGCs were selected for imaging and quantification. As reported in other
systems 433 about 5% of [hmx1:iCre; RGC colorswitch] double transgenic embryos
showed aberrant Cre-mediated recombination that was first observed in the trigeminal at

24 hpt. These embryos were discarded from our analysis.
Whole-mount In Situ Hybridization

For making ISH probes, cDNA templates cloned into pCRII-TOPO were
amplified by PCR using M13fw and M13rv primers and purified on gel.
In vitro transcription of digoxigenin-labeled probes was performed using the DIG RNA
Labeling Kit (Millipore Sigma) according to manufacturer’s instructions. Embryos were
dechorionated at the appropriate developmental stages and fixed in 4% paraformaldehyde
in phosphate buffered saline (pH 7.4) for 2 hours at room temperature and overnight at
4°C. Whole-mount in situ hybridization was performed as previously described 7. After
staining, embryos were cleared in 80% glycerol for imaging. Sense probes were used as

controls and did not reveal any staining. Images were acquired using an Olympus SZX16
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stereomicroscope equipped with an Olympus DP80 dual color camera and Cellsens

standard software. Digital images were cropped and aligned using Adobe Illustrator.

Quantification of retinal gene expression

Quantification of gene expression in the retina was carried out according to 2%

with the following modifications. Eyes were dissected from embryos stained by ISH
using a sharpened tungsten needle and imaged in 80% glycerol in a lateral view as
described above. Images were imported into Fiji ImageJ analysis software 281282,
transformed to 8-bit grayscale images, and inverted. An oval selection was applied half-
way between the lens and the RGC layer periphery, and signal intensity was measured

along a 360° trajectory using the Oval Profile Plot plugin. Values were exported and

analyzed in Microsoft Excel.
Immunolabeling

Embryos were fixed in 4% PFA in Phosphate-buffered saline (PBS) for two hours
at room temperature and then overnight at 4°C. Embryos were washed three times in PBT
(PBS + 0.5% Triton X-100). Antigen retrieval was done in 150 mM Tris, pH 9 for 5
minutes at room temperature followed by 20 minutes at 70°C. Embryos were then
permeabilized at room temperature for 15 minutes in water first, and then for 30 minutes
in PBS with 1% Triton and 0.1% collagenase. Embryos were blocked for one hour at
room temperature with blocking buffer (PBS with 0.5% Triton, 1% DMSO, 1% BSA,
and 2% normal goat serum). Primary anti-EGFP (ab290, Abcam, Cambridge, UK) and
anti-TagRFP (M204-3, MBL International, Woburn, MA) antibodies were applied at
1:500 dilution in PBT supplemented with 1% DMSO and 1% BSA overnight for 4°C.

Embryos were washed three times in PBT. Secondary Alexa Fluor 488 Goat anti-Rabbit
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(111-545-003, Jackson Immuno Research, West Grove, PA) and Alexa Fluor 594
Donkey anti-Mouse (715-585-150,Jackson Immuno Research) antibodies were diluted
1:500 in PBT with 1% DMSO and 1% BSA and applied together with TO-PRO-3
(T3605, Thermo Fisher, Waltham, MA) diluted 1:1000 over- night at 4°C. Embryos were
washed five times in PBT and mounted in 1% ultrapure low melting point (LMP) agarose

(16520050, Thermo Fisher) for confocal imaging.
Confocal Microscopy

For time-course imaging of live embryos from 3 to 6 dpf, embryos were
anesthetized in 0.015% tricaine- S and embedded dorsally in 1% LMP agarose in E3
medium + PTU in a lumox membrane-bottomed dish (Greiner Bio-one, Monroe, NC).
Images were acquired on a Leica TCS SP8X laser-scanning confocal microscope
equipped with LASX software, HyD detectors, and a 20X objective. Z-series of the entire
retinotectal system were acquired at 512 x 512 pixel resolution with a zoom of 1 and Z-
intervals of 1.5 um. After imaging, embryos were kept individually in a 12-well dish and
allowed to recover for 24 hours before being re-anesthetized and mounted dorsally for the
next day of imaging. Maximal and sum intensity projections were compiled at each time

point in ImagelJ software.

For high resolution imaging of the retinotectal system at 4 dpf, immunolabeled
embryos were mounted either laterally after removing the contralateral eye or dorsally in
1% LMP agarose and imaged as described above with a Z-interval of 1 um. 3D

reconstructions of the retinotectal system were generated using FluoRender ¥°7-3%8,
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Quantification of Topographic Mapping at the Tectum

All quantitative analyses of topographic mapping were conducted using Imagel
software. For unbiased analysis, dorsal view Z-series were consistently rotated along the
X, Y, and Z-axes using the TransformJ Plugin 2% so that the left and right tecta were
aligned horizontally, both optic tracts intersected at an angle of 60°, and the roundness of
the right tectal neuropil was equal to 1. To analyze the area of coverage, rotated images
were maximally projected and binarized using a threshold of 80 for TagRFP and of 75 for
EGFP. Thresholds were chosen to best represent the raw images acquired. Using the
TagRFP channel, we delineated the anterior tectal boundary as the anterior line where
retinal axons enter the tectum, and the TagRFP posterior boundary. Using the EGFP
channel, we delineated the posterior tectal boundary as the caudal-most border where
retinal axons arborize at the tectum. We defined the Equator (E) as '% the length of the
tectum measured along the antero-posterior axis between the anterior and posterior tectal
boundaries. We used the Analyze Particles tool in ImagelJ to measure the tectal coverage
(area) of the TagRFP-positive temporal axons, of the EGFP-positive nasal axons in the
anterior half of the tectum (rostral to the Equator), and of the EGFP-positive nasal axons
in the posterior half of the tectum (caudal to the Equator). We calculated The Total Tectal

Coverage as the sum of the TagRFP and posterior-EGFP axonal coverages.

To further analyze retinotopic mapping along the antero-posterior axis, we
defined an Equatorial Alignment Index as the ratio between the antero-posterior length (1)
of the TagRFP coverage (measured between the anterior tectal boundary and the TagRFP
boundary) and the Equator. We established a Nasal Axon Mistargeting Index as the ratio

between the EGFP area of coverage in the anterior half of the tectum and the EGFP area
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of coverage in the posterior half of the tectum. We calculated a Refinement Index as the

ratio change of the Nasal Axon Mistargeting Index between two consecutive days.

To quantify the sharpness of the boundary between the TagRFP and EGFP
projection domains, rotated images were sum-projected for measuring the mean
fluorescence intensity of the TagFRP and EGFP signals. We divided the antero-posterior
length of the tectum into 10 bins of equal height on merged images using the Polygon
Selection tool in ImageJ, and measured the mean fluorescence intensity of each channel
in each bin using the Measurement function in ImagelJ. Binl was defined as the anterior-
most tectal bin and Bin10, as the posterior-most tectal bin. Intensity values were
normalized to the maximum value for each channel and plotted along the antero-posterior
axis. We determined the point at which fluorescence intensity reached 50% of its
normalized maximum value for each channel, and defined the Sharpness Index as the
absolute distance between the EGFPsoo, and TagRFPso, positions at 4 and 5 dpf.

(See Figure 4.7 for a detailed illustration of our quantifications).

For analyzing retinotopic mapping in maco mutants, we imaged embryos from
a maco/+ incross in blind conditions and genotyped embryos after imaging. Only mutants
and WT siblings were kept for quantification. A few maco mutants developed periocular

edema by 5 dpf and were discarded from our analysis.

For analyzing retinotopic mapping in embryos expressing Kir2.1 or KirMUT in
RGCs, we imaged mKate2CAAX at the tectum of injected embryos (see previous section
on transient expression of Kir2.1 transgene) at 4 dpf using an excitation wavelength
shifted to 615 nm to prevent any bleed-through of the TagRFP signal. We measured the

mean fluorescence intensity of mKate2CAAX over the total tectal area and selected
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embryos with an average intensity over 400 for our analysis (referred to as “high
mKate2” embryos). Of note, mKate2CAAX could be visualized along the optic tracts in
“high mKate2” embryos but not in “low mKate2” embryos with these imaging

conditions.
Visually-mediated Background Adaptation (VBA) Assay

Larvae were exposed to bright illumination from the bottom for 30 minutes to
light-adapt and then imaged from a dorsal view at 5 dpf. Images were binarized using a
threshold of 40, and pigmentation of larvae was assessed by measuring the area of
melanophore coverage in a region caudal to the eyes and rostral to the medulla oblongata

(See Figure 4.12).
Western Blotting

Embryos were anaesthetized at 5 dpf and lysed in RIPA buffer (Millipore Sigma).
Protein concentrations were measured using a Pierce BCA Protein Assay Kit (Thermo
Fisher), and 50 pg of denatured proteins were run on a 12% acrylamide gel and
transferred to a 0.2 um nitrocellulose membrane (BioRad, Hercules, CA). We blocked
membranes in 5% Milk in TBST (Tris Buffer Solution + 0.1% Tween) and applied
primary antibodies overnight at 4°C. Secondary antibodies were applied for 1.5 hours at
room tempera- ture, and proteins were detected using Amersham Western Blotting
Detection Reagent (GE Healthcare, Chicago, IL). Western blot membranes were probed
with mouse anti-RFP (RF5R Invitrogen, 1:500 dilution), rabbit anti-Kir2.1 (APC-026,
Alomone Labs, Jerusalem, Israel, 1:500 dilution), and rabbit anti-GAPDH (14C10, Cell

Signaling Technology, Danvers, MA, 1:2000 dilution). Secondary HRP-conjugated
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horse-anti-mouse (7076S, Cell Signaling Technology) and goat-anti-rabbit antibodies

(70748S, Cell Signaling Technology) were used at a 1:2000 dilution.
Statistical Analysis

All statistical analyses were performed with GraphPad Prism 9 software
(GraphPad, San Diego, CA). We define biological replicates as individual larvae from a
mixed clutch born from pairings of at least two males and two females. Each experiment
was repeated at least three times under similar experimental conditions. Sample size was
decided was based on the low variability detected in pilot studies. Data are presented as
mean = SEM. For better communicating variability across samples and experimental

» 359 in which biological replicates

reproducibility, graphs are represented as “SuperPlots
representing independent experiments are color-coded, with circles representing
individual embryos tested and triangles representing averages. To compare groups with
repeated measures over time, we performed repeated measures one-way ANOVA
followed by Tukey’s multiple comparisons post-hoc test. To compare data with both
“within-subjects” and “between-subjects” factors (i.e. maco and Kir2.1 data), we
performed mixed effects one-way ANOVA followed by Tukey’s multiple comparisons

post-hoc test. The number of larvae analyzed and the statistical methods used to compare

groups are described in details in each figure legend.

4.4 RESULTS

hmx]1 is expressed in the nasal retina throughout development

With the aim of identifying potential enhancers that would drive specific

expression in the nasal or temporal retina throughout development in zebrafish, we first
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assessed genes that were previously described as selectively expressed in the nasal or
temporal retinal half in vertebrates. Among them, the transcription factor ~mx/ has been
specifically detected in the nasal retina of zebrafish, chick, and mice and was reported to
regulate the retinal expression of EphA receptors >%3¢0-3%4 Given its role in retinal
patterning, we decided to further analyze and quantify 4zmx/ expression throughout
retinotectal development by in situ hybridization (ISH). At 24 hpf, when optic cup
morphogenesis is complete **°, hmx1 was strongly expressed in the nasal retina and the
lens and was also faintly detected in the otic vesicle (Figure 4.1A, A”). At 48 hpf, when
first retinal axons elongate along the tract and reach the tectum 223, Amx/ remained
strongly expressed in the nasal retina and otic vesicle and could also be detected in the
pharyngeal arches (Figure 4.1B, B’, E). Interestingly, while Amx/ expression remained
stable in the otic vesicle and pharyngeal arches over time, it became restricted to the RGC
layer in the nasal retina at 72 hpf (Figure 4.1C, C’, F) and 96 hpf (Figure 4.1D, D, G).
Hmx1 expression could also be detected at lower levels in the nasal inner nuclear layer at
both stages (Figure 4.1F, G). We further quantified the expression levels of ~mx/ along
a 360° clockwise trajectory in the RGC layer at 48, 72, and 96 hpf (Figure 4.1H) and
found a sharp gradient of expression along the nasal-temporal axis, with Amx/ being
highly expressed in the nasal half of the retina but absent from the temporal half at all
three stages (Figure 4.11). Since ~mx/ and its paralog Aimx4 arose from tandem
duplication and are tightly linked on the same chromosome in chick and zebrafish 36367,
we also analyzed the expression of ~mx4 during retinal development (Figure 4.2). As

previously described in chick %3 hmx4 had a similar expression to that of smx/ and

113



was strongly detected in the nasal retina, otic vesicle and pharyngeal arches from 24 to 96

hpf.
A distal hmx1 enhancer drives selective expression in nasal progenitors and RGCs

The restricted expression of ~imxI and hmx4 in the nasal retina prompted us to
search for potential enhancers regulating their expression. Transcriptional enhancers are
cis-regulatory elements containing short DNA sequences bound by specific transcription
factors. Their activity has been correlated with the enrichment of specific post-
translational modification of histones, allowing the prediction of their position in the
genome. Active enhancers are notably associated with the presence of histone H3 lysine 4
monomethylation (H3K4mel) and H3K27 acetylation (H3K27ac), while H3K4me3 is
predictive of active promoters 3*-372, We thus analyzed the genomic tracks of H3K4me3,
H3K4mel, and H3K27ac modifications previously generated by *”* to identify putative
distal regulatory elements in the Amx1/4 locus region. Hmx1 and hmx4 are tightly linked
on chromosome 14 and are both composed of two exons and one intron (Figure 4.3A).
We identified two regions upstream hmx/ that were characterized by the genomic co-
localization of H3K4mel and H3K27ac marks at 24 (data not shown) and 48 hpf (Figure
4.3A). We delineated a first putative element, imx[-Enl, as a 7 kb region right upstream
the ~imx1 gene, and a second putative element, ~imx/-En2, as a 7 kb region located more
distally. A third putative regulatory element of 1.8 kb, hmx1-En3, was located in-
between hmx I and hmx4 genes. We tested the enhancer activity of these potential
elements by generating stable transgenic lines expressing EGFP targeted to the plasma
membrane by the CAAX prenylation motif of Ras 3’* under the control of each of these

elements. While #mx-En3 did not exhibit any enhancer activity, hmx-Enl and hxmI-
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En2 drove EGFPCAAX expression in specific and partially overlapping regions at 96
hpf. Both enhancers were active in the pharyngeal arches and lips, but only Amx1-
En2 drove EGFP expression in the nasal retina and lens (Figure 4.3B-C”). Since

developmental enhancers can be found in evolutionary conserved regions 37> 376

, we used
a multi-species alignment (visualized in UCSC genome browser) to identify conserved
domains within ~mx1-En2. We delineated a 3 kb region, hmx1-En2s, that was conserved

across teleosts and amphibians. However, that region did not exhibit any enhancer

activity despite its location within AmxI-En2.

As hmxI-En2 was the only enhancer driving expression in the nasal retina at 96
hpf, we analyzed its activity throughout retinal development in more detail (Figure 4.4).
At 24 hpf, before RGCs differentiate 3’7", EGFP expression was strongly detected in
the nasal retina and lens of Tg[hmx[-En2: EGFPCAAX] transgenic embryos (Figure
4.4A, A’). This restricted expression was maintained at 48 and 96 hpf, with EGFP
remaining selectively expressed in the nasal half of the retina at both stages (Figure
4.4D-E’). Interestingly, while Amx 1 transcripts were only detected in the RGC layer at 72
and 96 hpf (Figure 4.1F, G), EGFP remained visible in the entire nasal retina, likely
because of its lasting stability in vivo. Like Amx1 transcripts, EGFP was also found in
several other structures including the pharyngeal arches at 48 and 96 hpf. It was also
noticeably detected in the midbrain at 96 hpf (Figure 4.4E, E’). To determine
whether Aimx1-En2 could drive transgene expression in nasal RGCs, we crossed our
Tg[hmxI-En2:EGFPCAAX] transgenic line to Tg[is/2b: TagRFP] transgenic fish that
express TagRFP under the control of the RGC-specific is/2b promoter 2> **. Confocal

analysis of double transgenic embryos at 96 hpf revealed that EGFP partially overlapped
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with TagRFP in the nasal retina (Figure 4.4G-H’). Importantly, we could also detect
EGFP in nasal retinal axons innervating the posterior half of the optic tectum in the
midbrain (Figure 4.4G, G’), indicating that smx/-En2 is effective in driving selective

expression in nasal RGCs at late stages of retinotectal development.

Hmx1:cre-mediated recombination of an RGC:colorswitch reporter enables the

visualization of the antero-posterior retinotopic map in vivo

Since the entire nasal retina and several brain structures beside the optic tectum
were labeled in Tg[hmxI-En2:EGFPCAAX] transgenic larvae, we next sought to generate
a stable transgenic line that would allow the direct visualization of the antero-posterior
retinotectal map in vivo. The Cre/loxP system has been employed extensively in
zebrafish for conditional expression and lineage tracing analyses using single-insertion
loxP cassettes generated through Tol2-mediated transgenesis *°-3%2, We thus took
advantage of that system to restrict transgene expression to nasal or temporal RGCs only.
We generated a Tg[hmx1-En2:cre] stable transgenic line that expresses cre in the nasal
retina, and a Tg[is/2b:loxP-TagRFPCAAX-loxP-EGFPCAAX] stable reporter line that
expresses a switch transgene in RGCs (hereafter referred to as Tg[RGC:colorswitch]). To
ensure that the RGC:colorswitch reporter transgene has integrated in an optimal genomic
location for Cre-dependent recombination and to eliminate any functional positional
effect, we established three independent Tg[RGC:colorswitch] stable transgenic lines and
tested their responsiveness to Cre by crossing them to Tg[Asp70I:cre] transgenic fish
(data not shown). We selected the Tg[RGC:colorswitch] reporter line whose progeny
showed complete change of fluorescence in all RGCs following heat shock at 24 hpf

(data not shown). We then crossed that line to generate a Tg[hmxI-En2:Cre;
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RGC:colorswitch] double transgenic line, and analyzed double transgenic embryos by

immunolabeling for EGFP and TagRFP at 4 dpf (Figure 4.5).

High resolution confocal imaging and 3D-rendering of double transgenic embryos
revealed a bi-colored retinotectal map along the antero-posterior axis (Figure 4.5). We
found that embryos had a bi-colored RGC layer in the retina, with nasal and temporal
RGCs expressing EGFP and TagRFP, respectively (Figure 4.5A, D-D”). We confirmed
by ISH that tagRFP was specifically expressed by temporal and not nasal RGCs at 4 dpf
(Figure 4.5D°”*). We then analyzed the projection domains of nasal and temporal retinal
axons at the tectum. After elongating together along both branches of the optic tract
(Figure 4.5C), TagRFP-positive temporal retinal axons terminated in the anterior half of
the tectum (Figure 4.5B”, C’) while GFP-positive nasal axons projected through the
anterior tectum to reach the posterior tectum (Figure 4.5B””°, C”). The sharp boundary
between the nasal and temporal projection domains appeared to split the tectal neuropil
into two equivalent halves (Figure 4.5B””*). Thus, our observations indicate
that ~imx 1 :cre-mediated recombination can be used to drive selective transgene
expression in nasal vs temporal RGCs. Our results also establish the Tg[Amx-En2:Cre;
RGC:colorswitch] transgenic line as the first genetic model allowing the direct

visualization of retinotopic mapping in vivo throughout development.

The antero-posterior retinotopic map is established at early developmental stages

We next analyzed retinotopic mapping in living larvae from 3 to 6 dpf (Figure
4.6). Like larvae fixed and immunolabeled at 4 dpf, living larvae had a bi-colored antero-
posterior retinotectal map at all stages analyzed. To analyze retinotectal map

development in a reproducible and unbiased manner, we established a consistent imaging
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and quantification method across embryos (Figure 4.7). Confocal stacks of the
retinotectal system taken from a dorsal view were consistently rotated along the x, y, and
z axes to orient all embryos in a similar and comparable manner (Figure 4.6A,

A’; Figure 4.7). We then used maximal projections of rotated stacks to delineate several
landmarks at the tectum and analyze the projection domains of nasal and temporal retinal
axons (Figure 4.6A”). We used binarized maximal projections of TagRFP stacks to
define the anterior-most boundary of the tectal neuropil (hereafter referred to as anterior
tectal boundary) and the caudal boundary of the TagRFP-positive projection domain that
we named “TagRFP Boundary”. We measured the distance (1) between the anterior tectal
and TagRFP boundaries to determine the length of the TagRFP projection domain along
the antero-posterior axis (Figure 4.7B-B”). We used binarized maximal projections of
EGFP stacks to set the posterior-most boundary of the tectal neuropil, and measured the
total length of the tectum (L) as the distance between the anterior and posterior tectal
boundaries. We also defined the Equator (E) as '4L, and used it to delineate the anterior

(rostral to E) and posterior (caudal to E) halves of the tectum (Figure 4.7B-B”).

At 3 dpf, when the retinotectal map can first be visualized in fixed embryos 2> 33,

we found that EGFP-positive nasal retinal axons had already elongated through the
anterior half of the tectum to innervate the posterior half (Figure 4.6B). Some nasal
axons also seemed to arborize in the anterior tectal half, just rostral to the Equator. On the
other hand, TagRFP-positive temporal retinal axons projected specifically to the anterior
tectum and were not observed in the posterior half (Figure 4.6B). The TagRFP
Boundary was rostral to the Equator at that stage (Figure 4.6B°, B”). From 4 to 6 dpf, the

projection domain of TagRFP-positive temporal axons expanded within the anterior half
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of the tectum, thereby pushing the TagRFP Boundary towards the Equator (Figure
4.6C’-E”). Conversely, the projection domain of EGFP-positive nasal axons appeared
denser and progressively more restricted to the posterior half of the tectum (Figure 4.6C-
E). To better analyze the dynamics of retinotopic map formation, we quantified the tectal
area covered by nasal and temporal axons over time (Figure 4.6F-1, Figure 4.7B-B”).
Overall, the total tectal coverage (area of the tectum covered by nasal and temporal
axons) significantly increased from 8,578.89 +202.23 um? at 3 dpfto 14,287.80
243.06 um? at 6 dpf (p < 0.001), indicating a continuous growth and innervation of the
tectum as development proceeds (Figure 4.6F). The area covered by TagRFP-positive
temporal axons in the anterior half of tectum also steadily and significantly increased
from 3,989.22 £+ 99.55 um? at 3 dpf to 7,824.67 = 130.46 um? at 6 dpf (p < 0.001)
(Figure 4.6G), suggesting that the increasing innervation by temporal axons greatly
contributes to the tectum growth. We further quantified the expansion of the area covered
by temporal axons by measuring the position of the TagRFP Boundary in relation to the
Equator (Figure 4.6J). The Equatorial Alignment Index corresponding to the ratio of the
TagRFP coverage length (1) to the Equatorial length (E) gradually increased from 79.54 +
1.0% at 3 dpfto 94.89 £ 1.2% at 5 dpf (p < 0.001). It eventually reached 100 + 0.9% at 6
dpf, indicating that the TagRFP boundary progressively shifts posteriorly until its
position matches that of the Equator. Finally, the area covered by EGFP-positive nasal
axons in the posterior half of tectum also steadily and significantly increased from
4,589.66 + 135.87 pm? at 3 dpfto 6,381.07 + 134.64 um? at 5 dpf (p < 0.001), but then
remained stable from 5 to 6 dpf (Figure 4.6H). Thus, our results demonstrate that the

antero-posterior retinotopic map is formed early on during development but remains
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dynamic, with the projection domains of both nasal and temporal axons expanding over

time.
Nasal retinal projections refine over time and generate a more precise map

In contrast to temporal axons that reach the anterior tectum immediately, nasal
retinal axons must navigate through the anterior half of the tectum to reach their correct
target in the posterior half. Interestingly, we noticed that some nasal axons seemed to
arborize in the anterior tectal half just rostral to the Equator at 3 and 4 dpf (Figure 4.6B,
C). However, these arborizations were not as clearly observed at 5 dpf, as shown by the
apparent decrease in EGFP fluorescence intensity between 4 and 5 dpf (arrows in Figure
4.6C, D). We analyzed in more detail the tectal coverage of EGFP-positive nasal axons in
the anterior half of the tectum. Strikingly, the area covered by nasal axons in the anterior
tectum significantly decreased between 3 and 4 dpf (from 3,668.46 + 119.45 pm? to
3,175.32 £ 146.91 um?, p < 0.001) and between 4 and 5 dpf (from 3,175.32 + 146.91
um? to 2,840.33 + 108.94 um?, p < 0.001), but remained stable between 5 and 6 dpf
(Figure 4.61). While the values obtained at 6 dpf likely represent fluorescence from the
nasal axonal bundles that have extended through the anterior tectum, the significant
decreased in tectal coverage observed from 4 to 5 dpf suggests that nasal retinal
projections in the anterior tectal half might refine during that time period. We thus
calculated a Nasal Axon Mistargeting Index as the ratio between the anterior and
posterior tectal areas covered by EGFP-positive nasal axons (Figure 4.6K). That index
significantly decreased between 3 to 4 dpf (from 80.34 + 1.93% to 56.76 + 2.58%, p <
0.001) and between 4 to 5 dpf (from 56.76 + 2.58% to 44.76 = 1.72%, p < 0.001), but

remained stable between 5 and 6 dpf (46.93 + 1.83%). We also established a Refinement
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Index corresponding to the change in the Nasal Axon Mistargeting Index between two
consecutive days (Figure 4.6L). The Refinement Index was superior to one between 3
and 4 dpf and 4 and 5 dpf (1.48 = 0.07 and 1.27 £ 0.03, respectively), indicating a
refinement of nasal retinal projections between these stages. In contrast, it averaged a
value of 1 between 5 and 6 dpf (0.97 + 0.04), indicating that no change or refinement
occurred during that time period. Thus, our results indicate that nasal retinal axons refine

and condense their projection domain to the posterior tectum from 3 to 5 dpf.

To determine the effect of that refinement on the retinotopic map, we decided to
analyze the sharpness of the map at 4 and 5 dpf. We used sum projections of rotated
stacks to measure the mean fluorescence intensity of EGFP and TagRFP in bins of equal
height distributed along the antero-posterior axis of the tectum (Figure 4.7C-C”).
Interestingly, the mean EGFP intensity significantly decreased between 4 and 5 dpfin
bins 3 and 4 in the anterior tectal half while it significantly increased in bins 6-9 in the
posterior tectum (Figure 4.6M). We further analyzed the sharpness of the EGFP-TagRFP
boundary by normalizing fluorescence intensities to their maximum values at 4 and 5 dpf,
and plotting them along the antero-posterior axis of the tectum (Figure 4.6N, O). We
then determined the distance from the anterior tectal boundary at which EGFP and
TagRFP intensities reached 50% of their maximal value (dashed lines in Figure 4.6N,
0). Interestingly, EGFPso, shifted from an averaged position of 40.73 = 13.16 um at 4
dpf (anterior region of Bin 3) to 53.45 +£9.92 um (Bin 4) at 5 dpf. In contrast,

TagRFPso, kept a similar location between Bins 4 and 5 from 4 to 5 dpf (54.76 £ 5.22
um and 59.76 + 5.15 pum, respectively). We next calculated a Sharpness Index

corresponding to the absolute value of the distance between EGFPs¢, and
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TagRFPsoy (double arrows in Figure 4.6N and O). That index significantly decreased
between 4 and 5 dpf (from 16.56 = 1.95 um to0 9.63 = 1.30 um, p < 0.001) (Figure 4.6P),
demonstrating that the boundary between nasal and temporal projection domains
sharpens during that interval. Thus, our results demonstrate for the first time that the
zebrafish retinotectal map sharpens and becomes more precise as nasal retinal projections

refine and disappear from the anterior tectum.
Maco mutants have retinotopic mapping and refinement defects

Previous studies have demonstrated a role for neural activity in regulating retinal
axon arbor size and dynamics °* %% 107 111 113,120 \ye thys decided to test whether neural
activity was required for the refinement of nasal axons in the anterior tectum by
analyzing the retinotopic map of macho (maco) mutants at 4 and 5 dpf 2% 35346,

Maco mutants harbor a mutation in the pigk gene that encodes a
glycosylphosphatidylinositol (GPI)-anchor transamidase involved in GPI anchor
synthesis and attachment to nascent proteins *** 3%, That mutation also causes a down-
regulation of voltage-gated sodium channels leading to a lack of neural activity in
peripheral sensory neurons and RGCs '°7-352:385 Both maco mutants and their wild-type
(WT) siblings had a bi-colored antero-posterior retinotectal map at 4 and 5 dpf (Figure
4.8A-D”), with EGFP-positive nasal axons innervating the posterior tectal half (Figure
4.8A-D) and TagRFP-positive temporal axons, the anterior half (Figure 4.8A°-D”).
However, we noticed differences in the anterior tectal coverage of nasal axons between
WT and mutants. While nasal retinal projections seemed to disappear from the anterior
tectum at 5 dpfin WT, they did not in maco mutants (Figure 4.8C, D). We quantified the

tectal coverage of nasal and temporal axons at 4 and 5 dpf. While maco had a
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significantly smaller tectal neuropil than their WT siblings, the total tectal coverage
significantly increased in both mutants and WT (Figure 4.8E). The area covered by
EGFP-positive nasal axons in the posterior half of the tectum also significantly increased
between 4 and 5 dpf in both maco and WT, although it was overall smaller

in maco mutants (Figure 4.8G). In contrast, the area covered by nasal axons in the
anterior half of the tectum significantly decreased from 4 to 5 dpfin WT but remained
constant in maco mutants (Figure 4.8H). The Nasal Axon Mistargeting Index similarly
decreased in WT (from 0.60 £ 0.02 at 4 dpfto 0.48 = 0.02 at 5 dpf) but not in maco (0.60
+ 0.03 at both 4 and 5 dpf) (Figure 4.8J), demonstrating that the refinement of nasal
projections does not occur in maco (Figure 4.8H). Lack of refinement was further
confirmed by the Refinement Index that averaged 1 in maco (Figure 4.8K). Since we
have shown that the refinement of nasal projections correlates with a sharpening of the
retinotopic map (Figure 4.6), we next examined how the refinement defects observed

in maco mutants might affect topographic mapping. Analysis of the EGFP-TagRFP
boundary sharpness at 4 and 5 dpf revealed that the distance between EGFPso, and
TagRFPso, did not change in maco mutants (Figure 4.9). The Sharpness Index even
slightly increased in maco (from 20.11 = 1.97 um at 4 dpfto 21.85 = 2.05 um at 5 dpf)
instead of decreasing like in WT siblings (from 19.01 = 1.75 um to 15.13 £2.04 um, p <
0.05) (Figure 4.8L). Thus, our results demonstrate that the lack of refinement of nasal

retinal projections in maco prevents the sharpening of the retinotopic map over time.

In addition to the refinement defects affecting nasal axons, we unexpectedly
observed subtle defects in the TagRFP-positive temporal projections in maco. We noticed

that temporal axons arborized in a larger area in maco mutants than in WT siblings and
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expanded their area of coverage beyond the Equator (Figure 4.8A°-D’). We calculated a
Temporal Arborization Field index as the ratio of the TagRFP area of coverage to the
total tectal area, and found that it was indeed significantly higher at 4 and 5 dpf

in maco compared to WT siblings (58.15 + 0.77% vs 52.57 £ 0.51% at 4 dpf, and 58.80 +
0.62% vs 53.44 £ 0.5% at 5 dpf) (Figure 4.8F). Moreover, the Equatorial Alignment
Index exceeded 1 in maco at both 4 and 5 dpf (1.05 £ 0.2 and 1.09 + 0.02, respectively)
while remaining inferior to 1 in WT siblings at both stages (0.93 = 0.01 and 0.94 + 0.01,
respectively) (Figure 4.81). Our analysis thus revealed a slightly expanded mapping of
temporal retinal axons in maco mutants. We could not observed any retinal patterning
defects in maco (Figure 4.10), suggesting that this topographic mapping defect results

from local guidance errors at the tectum.

Blocking neural activity in RGCs prevents the refinement of nasal retinal

projections

The pigk mutation in maco not only affects other neurons besides RGCs but also
likely prevents receptors other than voltage-gated sodium channels from being targeted to
the plasma membrane. We thus decided to express the inward-rectifying potassium
channel Kir2.1 (or a non-conducting form of Kir2.1, KirMUT, as a control) selectively in
RGCs to test whether neuronal activity was required cell-autonomously for refining nasal
retinal projections in the anterior tectum. We injected a UAS:Kir2.1-24-mKate2CAAX or
a UAS:KirMUT-2A-mKate2 CAAX transgene in zygotes from an [is/2b:gal4] outcross, and
analyzed whether transient expression of Kir2.1 blocked RGC activity by conducting a
visually-mediated background adaptation (VBA) assay at 5 dpf (Figure 4.12) 3%. The

VBA is a physiological response dependent on RGC function during which zebrafish
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larvae adapt to changing levels of light by adjusting the distribution of melanin pigments
(also known as melanosomes) in their skin 2%, During normal VBA, melanosomes
aggregate in response to bright illumination, giving larvae a pale appearance. We found
that larvae expressing Kir2.1 in RGCs (thereafter referred to as Kir2.1 embryos)
demonstrated two levels of dark, expanded pigmentation despite bright illumination
(Figure 4.12). Some Kir2.1 embryos retained dispersed melanosomes (embryos with
“large melanophores™) in response to light, indicating a lack of VBA, while others had
more restricted but yet abnormally expanded melanin (“smaller melanophores”),
indicating a reduced VBA. In contrast, embryos expressing KirMut and uninjected
embryos showed fully aggregated melanosomes in response to bright illumination
(Figure 4.12). We quantified the area covered by pigmented melanophores in these four
groups and found that it was significantly larger in Kir2.1 embryos than in KirMUT or
uninjected embryos (Figure 4.12). Transient expression of Kir2.1 in RGCs is thus

sufficient to block neuronal activity in RGCs.

We then tested whether blocking RGC activity was sufficient to prevent the
refinement of nasal retinal projections in the anterior tectal half. We selected embryos
with high mKate2CAAX expression for our analysis (see Material and Methods for the
definition of high mKate2 expression), and ensured by Western blot that high mKate2
expression correlated with high expression of Kir2.1 blocking RGC neural activity
(Figure 4.12). As reported previously %, blocking neuronal activity in RGCs did not
prevent the overall formation of the retinotectal map (Figure 4.13). The total tectal area
covered by retinal axons significantly increased between 4 and 5 dpf in Kir2.1, KirMUT

and uninjected embryos, with no significant difference between groups at either time
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point (Figure 4.11A). Similarly, no difference could be observed in the Temporal
Arborization Field index (Figure 4.11B) or the Equatorial Alignment Index (Figure
4.11C). The area covered by EGFP-positive nasal axons in the posterior half of the
tectum significantly increased between 4 and 5 dpf in all groups (Figure 4.11D). In
contrast, the area covered by nasal axons in the anterior half of the tectum significantly
increased from 4 to 5 dpf in Kir2.1 embryos (from 2,818.35 + 130.98 pm? to 3,140.43 +
154.2 pm?, p < 0.05), while it decreased (from 2,933.79 + 101.46 um? to 2,663.95 +
89.66 um?, p < 0.05) in uninjected embryos and tended to diminish (from 3,110.74 +
133.37 um? t0 2,950.5 £+ 101.25 um?) in KirMUT embryos. Consequently, the Nasal
Axon Mistargeting Index remained constant in Kir2.1 embryos (from 0.61 £ 0.04 to 0.58
+ 0.03) instead of decreasing like in KirMut (from 0.63 £+ 0.02 to 0.51 £ 0.02) and
uninjected (from 0.53 + 0.01 to 0.43 + 0.05) control embryos (Figure 4.11F). Kir2.1
embryos had a Refinement Index averaging 1 (1.06 + 0.03), demonstrating that their
nasal projections did not refine in the anterior tectum between 4 and 5 dpf (Figure
4.11G). In contrast, KirMut and uninjected embryos had a Refinement Index of 1.24 +
0.04 and 1.26 + 0.04, respectively, indicating that refinement occurred during that time
period. We finally examined the precision of the retinotopic map in Kir2.1, KirMUT and
uninjected embryos (Figure 4.13). While the Sharpness Index significantly decreased
between 4 and 5 dpf in KirMUT (from 26.14 £ 1.72 to 17.82 = 1.36 um, p <0.01) and
uninjected (from 18.21 = 1.36 um to 11.64 = 1.44 um, p < 0.05) embryos, it remained
stable (from 23.76 = 3.31 um to 20.19 = 2.23 um) in Kir2.1 embryos (Figure 4.11H).

Thus, our results demonstrate that selectively blocking neural activity in RGCs prevents
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the refinement of nasal retinal projections and the sharpening of the retinotopic map

during development.
4.5 DISCUSSION

Our understanding of topographic map development and maintenance has so far
been limited by a lack of genetic models allowing the direct observation of maps over
time. Here, we report the generation of a novel zebrafish transgenic line that, for the first
time, allows for the unbiased and quantitative analysis of retinotopic map formation and
refinement directly in vivo. Using live confocal imaging of transgenic larvae from 3 to 6
dpf, we show that the antero-posterior retinotopic map is formed at early developmental
stages but remains dynamic as both retina and tectum grow, with the projection domains
of nasal and temporal axons expanding over time. We further demonstrate that nasal
retinal projections initially arborize in the anterior half of the tectum but progressively
refine and condense their projection domain to the posterior tectum in an activity-
dependent manner from 4 to 5 dpf. We finally show that the refinement of nasal retinal
projections mediates the sharpening of the antero-posterior retinotopic map, and that both

are prevented by blocking neuronal activity in RGCs.

In agreement with previous studies in zebrafish and other species 6 360 364, 368, 387-

389 our data reveal that the homeobox transcription factors zmx/ and hmx4 are expressed
in a sharp nasal-high to temporal-low gradient in the retina throughout development
(Figure 4.1, 4.2). The detection of Amx1 and hmx4 throughout the nasal retinal
neuroepithelium at early stages indicates that both genes are expressed in proliferating
neuroblasts and might regulate their positional identity and differentiation. Supporting

that hypothesis, reduced hmx 1 expression has been shown to block retinal cell
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h 360, 387

differentiation in zebrafis and cause microphthalmia in mouse **° and human %"

391,392 Although zebrafish embryos injected with #mxI morpholino oligonucleotides do

t 360

not exhibit any eye patterning defect °*", misexpression of amx1 or hmx4 does alter the

regional specification of the retina along the nasal-temporal axis in chick % 363,
suggesting that smx/ and Amx4 have redundant functions in teleosts. Interestingly, our
analysis shows that the expression of both Amx/ and hmx4 becomes restricted to the nasal
RGC and inner nuclear layers at later stages. We have also identified a distal regulatory
element upstream amx/ and hmx4 genes that drives expression in nasal RGCs at 4 dpf
(Figure 4.4). Altogether, these data suggest that ~imx/ and hmx4 are expressed by mature
RGCs themselves at late stages of development. In support of that observation, recent
studies using single cell profiling of the adult human retina have reported hmx1
transcripts in RGCs as well as horizontal cells and Muller glia *°*%. Future studies
examining the effects of manipulating ~Amx1 expression directly in nasal or temporal
RGCs will thus be of great interest to better understand the progression of the

oculoauricular syndrome caused by smx mutations in human 7-391:392,

Using hmx 1 :cre-mediated recombination of an RGC:colorswitch reporter, we
have generated a novel transgenic line that enables the unprecedented visualization of the
antero-posterior retinotopic map in vivo. We were able to image and analyze for the first
time retinotectal map development within the same embryo over successive days. This
unparalleled temporal resolution allowed us to observe dynamic changes in retinotopic
mapping that could not be seen previously in fixed embryos (Figure 4.6). We found that
while the antero-posterior retinotopic map is established early on, it progressively shifts

caudally as temporal axons expand their innervation of the anterior tectum. This caudal
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shift is accompanied by the progressive refinement of nasal projections that condense
their projection domain to the posterior tectum. The consistent expression of EGFP

and tagRFP transgenes in the nasal and temporal retina, respectively, allowed us to
analyze in a reproducible manner multiple parameters of retinotopic mapping.
Interestingly, these parameters did not show much variability across embryos with the
same genetic background, indicating that retinotopic mapping is a robust and highly
stereotyped process. That property allowed us to discover subtle phenotypes in mutants
that were not detected in previous studies (Figure 4.8). We notably observed that
temporal retinal axons arborize in a larger area and expand their coverage beyond the
neuropil equator in maco mutants compared to WT siblings. This subtle mapping defect
was not detected in embryos lacking neuronal activity in RGCs, suggesting that it might
result from axon misguidance at the tectum. Interestingly, maco mutant harbor a mutation
in Pigk, a component of the transamidase complex responsible for GPI anchor synthesis
and attachment to nascent proteins %% %4 Although it remains unknown which GPI-
anchored proteins are impaired by Pigk deficiency, ephrin-As are good candidates.
Ephrin-As and their receptors EphAs are indeed expressed in counter-gradients across the
nasal-temporal axis in the retina and antero-posterior axis in the tectum and SC #7- 483051,
57.76,77,396-398 'Ephrin-A2 and ephrin-AS5 are notably expressed at high levels in nasal
RGCs and posterior tectum, while temporal RGCs express high levels of EphA receptors.
Temporal axons are repelled by ephrin-As present in the posterior tectum and project
more caudally in the SC of mice lacking different combination of ephrin-As 5% 52 134,
Temporal axons also invade the target of nasal axons when ephrin-AS5 is removed from

both the retina and SC but not if ephrin-AS5 is only lacking in the SC, indicating that nasal
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axons themselves participate in the repulsion of temporal axons from the caudal tectum
83 A dysregulation of ephrin-A targeting to the plasma membrane at the tectum and/or

along nasal axons could thus explain the subtle phenotype we observed in maco.

While temporal axons expand their projection domain within the anterior tectum,
we found that nasal retinal projections initially covering the caudal part of the anterior
tectum refine and progressively condense their domain to the posterior half between 3
and 5 dpf. This refinement is unlikely to be caused by cell death in the retina, as
apoptosis in the RGC layer peaks from 1.5 to 3 dpf before sharply decreasing from 4 to 6
dpf %49 Instead, it is likely driven by the dynamic rearrangement of axonal branching
pattern as nasal axons extend caudally and arborize in their final zone in the posterior
tectum. In xenopus, nasal axons retract their branches from the anterior tectum after
initiating branches in both anterior and posterior tectal halves °!. While retinal axons in
zebrafish were initially thought to elongate along straight trajectories and only arborize
after reaching their target area ''>, more recent studies using high-resolution time-lapse
imaging have revealed a different mode of elongation where axons continuously extend
and retract branches, and navigate by selective branch stabilization !'* % Once in their
termination area, axonal arbors remain highly dynamic and frequently elongate and
retract filopodia and branch tips, with only a small fraction of them being maintained in
the mature arbor 939 117-401.402 " A retraction of proximal branches or filopodia that have
extended in in-appropriate areas coupled with a constant remodeling of arborizing axons
might thus redistribute the position of branches and cause arbors to shift caudally, leading

to the progressive refinement of nasal projections we observed.
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Our results demonstrate that the refinement of nasal projections requires neuronal
activity in RGCs, as it does not occur in maco mutants lacking voltage-gated sodium
channels or in embryos expressing the inward-rectifying potassium channel Kir2.1 in
RGCs (Figures 4.8 and 4.11). Several studies have highlighted a role for neuronal
activity in refining the size and morphology of terminal retinal arbors in the tectum and
SC. Application of TTX increases branch dynamics and causes enlarged axonal arbors in
xenopus and frog %% 1'%, TTX also prevents the refinement of retinal fibers that overshoot
their termination zone in chick '°°. Similarly in the mouse, axons appear more diffuse and
occupy a larger area in the SC after RGCs have been silenced by in utero electroporation
of Kir2.1 2. Studies in zebrafish, however, have not detected any consistent changes in
the size or morphology of terminal arbors after globally silencing RGCs. While the
projection field of retinal axons appears more diffuse in maco mutants and embryos with
silenced RGCs *> %> 197 the number of terminal branches or their total length does not
appear to change at 5, 6 or 7 dpf, even though the formation of transient filopodia is
increased %> 106-108. 111 ‘\What could explain these differences across species? First, the
exact timing of analysis might have not allowed for the detection of subtle changes in
arbor coverage. Analysis of retinal arbors in relation to their time of arrival at their
termination zone has indeed revealed that silenced arbors continue to steadily and slowly
expand their coverage after reaching their target instead of expanding and retracting like
WT arbors '!3. This continued expansion leads to a significant increase in coverage that
was only detectable 14 hours after axons had reached their target. Alternatively, localized
changes in a subset of branch tips could lead to a spatial rearrangement of axonal arbors

without modifying the average branch number and length. Several studies in xenopus and
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the mouse have demonstrated that the pattern of neuronal activity has an instructive role
in locally remodeling axonal arbors ° 12%-126. 131 " Activity is notably required for the
elimination of branches whose firing pattern does not match that of their neighbors. An
elegant study in xenopus has further demonstrated that the temporal order of retinal axon
activity also regulates arbor dynamics and position '?2. Sequentially activating RGCs by a
stimulus moving in an anterior-to-posterior (RGC activity propagating from the temporal
to nasal retina), but not in a posterior-to anterior direction refines the topographic
distribution of retinal axons along the antero-posterior axis. Axons stimulated earlier than
convergent arbors (i. €. temporal axons) shift their arbors towards the anterior tectum,
while axons stimulated later (i.e. nasal axons) shift their arbors posteriorly. In both cases,
arbors modify their position by structurally rearranging their branches, with the spatial
distribution of branch retraction dictating the direction of the shift. Nasal arbors that are
stimulated after temporal arbors in forward-moving larvae lose branches located rostrally
to their center of mass. Interestingly, spontaneous waves of retinal activity that
preferentially initiate in the temporal retina and propagate to the anterior SC/OT have
been described in both the mouse and zebrafish !9 1%, These directional waves are
present as early as 2.5 dpf in zebrafish, suggesting that they might drive similar structural

rearrangements of retinal arbors as those observed in the tadpole.

By promoting structural rearrangements of axonal arbors, spatiotemporal patterns
of retinal activity drive the sharpening of visual circuits 2% 125 127. 129, 132,136,403 "y data
similarly show that blocking the refinement of nasal projections prevents the sharpening

of the antero-posterior retinotopic map. While a lack of neuronal activity was known to

cause less defined projection fields in zebrafish *> %7, our study provides the first
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unbiased and precise quantification of topographic mapping over time in vivo, both in
WT and after silencing RGCs. By analyzing the fluorescence intensity of nasal and
temporal projection domains along the antero-posterior axis of the tectum, we were able
to detect a gradual shift of nasal projections over time (reflected by a slope of
fluorescence intensity becoming steeper) that is absent when RGCs were silenced.
Overall, our observations and results from other studies suggest that the mechanisms of
retinotopic map formation and refinement in teleosts and other species are more similar
than previously thought. Retinal projections in mammals and chick eliminate misplaced
branches in an activity-dependent manner after initially over-shooting their termination
zone. Similarly, in zebrafish, nasal retinal projections initially arborizing in anterior areas
refine their projection domains in an activity-dependent manner. While increasing
evidence indicate that both competitive and stabilizing interactions between axons play
an important role in re-shaping arbors !> 131:245.341 "how axons communicate and
influence each other for refining their projection domains remains an important question.
By enabling the selective manipulation of nasal and temporal RGCs, our new genetic
model will provide new strategies for analyzing the molecular mechanisms by which

axon-axon interactions contribute to precise retinotopic mapping in vertebrates.
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Figure 4.1: Hmxl1 is expressed in the nasal RGC layer throughout development.
Lateral (A-D) and dorsal (A’-D’) views of whole embryos stained for zmx/ by ISH. (A,
A’) At 24 hpf, hmx1 is strongly expressed in the anterior retina (r) and lens (1) and weakly
detected in the otic vesicle (ov). (B, B’) At 48 hpf, himxI expression remains strongly
detected in the anterior retina and is also seen in the otic vesicle and pharyngeal arches
(pa). (C, C’) HmxlI expression remains consistent at 72 hpf. (D, D’) By 96
hpf, hmx1 remains strongly expressed in the anterior retina and is still detected in the otic
vesicle, and to a lesser extent, in the pharyngeal arches. (E-G) Lateral views of eyes
dissected from embryos stained for imxI by ISH. (E) At 48 hpf, hmxI is specifically
detected in the nasal half of the retina. (F, G) This regionalized expression becomes
restricted to the anterior RGC layer, and to a lesser extent the anterior inner nuclear layer,
at 72 and 96 hpf. A similar expression is observed for Amx4 (Figure 4.2). (H, I)
Quantification of hmxI expression in the RGC layer. (H) Intensity profiles of hmxI
expression are measured on inverted grayscale images along a line (yellow) drawn half-
way between the lens and the RGC layer periphery (delineated with red lines). (I)
Quantification of signal intensity along a clockwise 360° trajectory shows
that hmx1 expression is restricted to the anterior RGC layer during retinotectal
development. Means = SEM are shown. Scale bars: 200 um in A-D’; 50 um in E-G. (A:
Anterior, P: posterior, D: dorsal, V: ventral, N: nasal, T: temporal, VN: ventro-nasal, DN:
dorso-nasal, DT: dorso-temporal, VT: ventro-temporal).
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Figure 4.2: Hmx4 is expressed in a nasal-high to temporal-low gradient
in the retina. Lateral (A-D) and dorsal (A’-D’) views of whole embryos
stained for hmx4 by ISH. (A, A’) At 24 hpf, hmx4 is expressed in the
developing lens (1) and is also weakly expressed in the retina (r) and otic
vesicle (ov). (B, B’) At 48 hpf, hmx4 expression is strongly detected in the
anterior retina, the otic vesicle and pharyngeal arches (pa). (C, C*) Hmx4
expression remains consistent at 72 hpf. (D, D) By 96 hpf, himx4 remains
strongly expressed in the anterior retina and is still detected in the otic vesicle
and pharyngeal arches, although to a lesser extent. (B”-D”) Lateral views
of eyes dissected from embryos stained for imx4 by ISH. Hmx4 has a
high-nasal to low-temporal graded expression in the RGC layer of the retina
at 48, 72 and 96 hpf. Scale bar: 200 um in A-D’; 50 pm in E-F.
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Figure 4.3: HmxI enhancers recapitulate zmxI endogenous expression. (A) Schematic representation of
the hmx4 and hmx1 genomic locus on chromosome 1 (Zv9 assembly, UCSC Genome browser) “**. The distribution of
H3K27ac, H3K4mel, and H3K4me3 modifications along 18 kb spanning the Amx1-hmx4 locus at 48 hpf is shown (tracks
from Bogdanovic et al., 2012 7). Four putative regulatory regions annotated as hmxI-Enl, hmxI-En2, hmxI-En2s and hmxI-
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Figure 4.3 (Continued): En3 were tested for enhancer activity in stable transgenic embryos. (B, B”) The Amx-Enl enhancer
drives EGFPCAAX expression in the pharyngeal arches (pa) and the lip (Ip) region at 96 hpf. (C, C’) The hmx[-En2 enhancer
drives EGFPCAAX expression in the anterior retina (arrow), lens (1), midbrain (mb), pharyngeal arches (pa), inferior lip (ilp)
and pericardic (pc) region at 96 hpf. Epifluorescence microscopy, scale bar: 200 um.
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Figure 4.4: The Hmx1-En2 enhancer drives expression in the anterior retina
throughout development. (A-F’) EGFPCAAX expression in [AmxI-En2:EGFPCAAX]
transgenic embryos (A,C,E) and dissected eyes (B,D,F) at 24, 48 and 96 hpf. Fluorescence
is detected in the anterior half of the retina (arrows) and the lens at all stages. No expression
is observed in the posterior retina. Epifluorescence microscopy, scale bar: 200 um in
embryo pictures, 50 um in eye pictures. (G-H”) Lateral (G, G’) and dorsal (H, H’) views
of a double transgenic embryo expressing EGFPCAAX driven by the Amx[-En2 enhancer
and TagRFP driven by the RGC-specific isl2bh promoter at 96 hpf. EGFPCAAX is
observed in nasal RGCs (arrows) and nasal retinal axons projecting to the posterior tectum
(arrowheads). Confocal microscopy, scale bar: 100 um.
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Figure 4.5: Hmx1:cre-mediated recombination of an RGC:colorswitch reporter enables the visualization of
the antero-posterior retinotopic map in vivo. (A) Schematic of the hmxI-En2:cre transgene and is/2b:loxP-

TagRFPCAAX-loxP-EGFPCAAX (RGC:colorswitch) reporter expressed in double transgenic embryos. (B)
Dorsal view of a double transgenic embryo immunostained for TagRFP and EGFP at 4 dpf. ToPro-3 was used as
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Figure 4.5 (Continued): a nuclear counterstain to delineate the tectal neuropil. Corresponding 3D rendered
movie of the antero-posterior retinotopic map is shown in Figure 4 - supplement movie 1. (B’-B’””) 3D renderings
of the tectum from a dorsal view. (B”) TagRFP-positive temporal retinal axons project specifically to the anterior
half of the tectum. (B’””) EGFP-positive nasal retinal axons project through the anterior tectum to the posterior
tectum. (C-C”) 3D rendering of the optic tract and tectum from a lateral view. (C) Nasal and temporal retinal
axons intermingle within the tract but project to distinct tectal areas. (C”) TagRFP-positive temporal axons project
to the anterior half of the tectum. (C”) EGFP-positive nasal axons project to the posterior tectum. (D-D”) Eye of
a double transgenic embryo immunostained for TagRFP and EGFP at 4 dpf. (D’) EGFP-positive RGCs are
restricted to the nasal retina. (D”) TagRFP-positive RGCs are observed in the temporal half of the retina. (D”*”)
Eye of a double transgenic embryo stained for fagRFP by ISH at 4 dpf. TagRFP expression remains restricted to
the temporal retina. Confocal microscopy (B-D”), scale bar: 50 um.
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Figure 4.6: Nasal retinal axons refine their tectal projection domain between 4 and 5
dpf. (A-A”) Summarized quantification method to analyze retinotopic map development
and refinement. A detailed description of quantification method is provided in Figure
4.7. (A-A’) Z-series were opened in Imagel and rotated so that both optic tracts intersect
at an angle of 60°, and that the tectal roundness was equal to 1. (A”) After rotation,
TagRFP and EGFP channels were separately maximum projected and thresholded for
analysis of area coverage in the tectum. Four boundaries were defined to delineate the
anterior and posterior halves of the tectum, with the anterior boundary corresponding to
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Figure 4.6 (Continued): the rostral limit of the tectum (line where retinal axons enter the
tectum), the posterior boundary corresponding to the caudal end of the tectum, the TagRFP
boundary (red dashed line) corresponding to the caudal boundary of the TagRFP signal
from temporal axons, and the Equator (E; yellow dashed line) corresponding to 2 of the
total tectum length (L) measured from the rostral to the caudal tectal boundary. The tectal
area rostral to the Equator was defined as the anterior half of the tectum, the tectal area
caudal to the Equator, as the posterior half. (B-E”) Development of the antero-posterior
retinotopic map from 3 to 6 dpf. (B-E) EGFP-positive nasal axons innervate the posterior
half of the tectum by progressively refining their targeting domain. Between 4 and 5 dpf,
nasal axons mis-targeting to the anterior half of the tectum seem to disappear (arrows). (B’-
E’) TagRFP-positive temporal axons specifically and precisely target the anterior half of
the tectum. (B”-E”) The antero-posterior topographic map is established fairly early on
and maintained as retinal axons continue to innervate the tectum during development. As
the tectum develops, the temporal retinal arborization field expands to fill the anterior half
of the tectum, reaching the Equator position (yellow dashed lines) by 6 dpf. Confocal
microscopy, scale bar: 50um. (F) The total area of the tectum covered by TagRFP-positive
and EGFP-positive axons significantly increases from 3 to 6 dpf. (G) The anterior area of
the tectum covered by TagRFP temporal axons also steadily increases from 3 dpf and 6
dpf. (H) EGFP-positive nasal axons terminating in the posterior half of the tectum cover a
significantly larger area between 3 and 4 dpf, and 4 and 5 dpf, before the area of coverage
stabilizes between 5 and 6 dpf. (I) The anterior tectal area covered by EGFP nasal axons
significantly decreases between 4 and 5 dpf, indicating a refinement of the nasal projection
domain. (J) The Equatorial Alignment Index (I/E) corresponding to the ratio of the TagRFP
coverage length (1) to the Equatorial length (E) steadily and significantly increases to a
value around 1 from 3 to 6 dpf, indicating that the TagRFP boundary progressively shifts
posteriorly until its position matches that of the Equator. (K) The Nasal Axon Mistargeting
Index, defined as the ratio between the anterior and posterior tectal areas covered by EGFP-
positive nasal axons, shows a significant decrease between 3 and 4 dpf as well as 4 and 5
dpf. (L) The Refinement Index that corresponds to the change in the Nasal Axon
Mistargeting Index between two consecutive days is superior to one between 3 and 4 dpf
and 4 and 5 dpf, indicating a refinement of nasal projections between these stages. It
averages a value of 1 between 5 and 6 dpf, indicating that no refinement occurs during that
time frame. (M) The mean fluorescence intensity of EGFP was measured in 10 bins of
equal height along the length of the tectum at 4 and 5 dpf (a detailed description of
quantification method is provided in Figure 4.7). Bins 3 and 4 in the anterior half of the
tectum show a significant decrease in signal between 4 and 5 dpf, while bins 6-9 in the
posterior half of the tectum display a significant increase. (N, O) Normalized fluorescence
intensities of EGFP and TagRFP were plotted along the antero-posterior axis of the
tectum, and the distance from the anterior tectal boundary at which EGFP and
TagRFP intensities reached 50% of their maximal value is marked by dashed lines. The
distance between EGFPs¢v, and TagRFPs¢+, decreases between 4 and 5 dpf (double arrows),
indicating that the boundary between EGFP and TagRFP projection domains becomes
sharper over time. (P) The Boundary Sharpness Index corresponding to the absolute value
of the distance between EGFPs¢, and TagRFPsoo, (double arrows in N and O) significantly
decreases between 4 and 5 dpf. (F-L, P) Data represent mean + SEM. n = 27 embryos. In
each graph, three biological replicates representing independent experiments are color-
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Figure 4.6 (Continued): coded in grey, teal and orange, respectively. Circle plots
represent each data point, and triangle plots represent the averages of each biological
replicate 3%°. Statistical Analysis: (F-K) repeated measures one-way ANOVA with Tukey’s
posthoc test; (L) paired t-test compared to a control of 1 (1 representing no change); (M)
paired t-test between 4 and 5 dpf within each bin; (P) paired t-test; *p < 0.05, ** p <0.01,
**%p <0.001.
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Figure 4.7: Visualization and quantification of antero-posterior retinotopic mapping.
(A, A’) Confocal stacks taken from a dorsal view were rotated along the X, Y, and Z-axes
using the TransformJ plugin in ImageJ to obtain a consistent orientation between embryos.
All stacks were rotated so that the left and right tecta were aligned horizontally, both optic
tracts intersect at an angle of 60°, and the tectal roundness was equal to 1. (B-B”)
Quantification of tectal area coverage. (B, B’) Rotated stacks were first maximum-
projected. (B”) TagRFP and EGFP maximal projections were binarized with a threshold
of 80 and 75, respectively. The binarized TagRFP maximal projection was used to delineate
the anterior tectal boundary, the TagRFP boundary position, and the distance between the
anterior tectal and TagRFP boundaries (I). The tectal coverage area of TagRFP-positive
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Figure 4.7 (Continued): temporal axons was measured using the Analyze Particles tool in
ImagelJ. The binarized EGFP maximal projection was used to delineate the posterior tectal
boundary. The total tectum length (L) between the anterior and posterior tectal boundaries
was measured, and the Equator (E) was set at '2 the total tectum length. The Analyze
Particles tool was used to measure the tectal coverage area of the EGFP-positive nasal
axons in the anterior (rostral to E) and posterior (caudal to E) halves of the tectum. (C-C”)
Analysis of fluorescence intensity at the tectum. (C) Confocal stacks were sum-projected.
(C?) The tectum was divided into 10 bins of equal height using the polygon selection tool,
with Binl being the anterior-most bin and Bin10 being the posterior-most bin. (C”) The
mean fluorescence intensity of TagRFP and EGFP signals was measured within each bin
using Imagel.
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Figure 4.8: Maco mutants have retinotopic mapping and refinement defects. (A-D”) Development of
the antero-posterior retinotopic map in maco mutants (A-B”) and WT siblings (C-D”’) from 4 to 5 dpf.
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Figure 4.8 (Continued): (A-D) EGFP-positive nasal axons innervate the posterior half of the tectum in
both maco and WT. The anterior tectal area covered by nasal retinal axons does not seem to change
between 4 and 5 dpf in maco while it appears to decrease in WT siblings (arrows). (A’-D’) TagRFP-
positive temporal axons specifically target the anterior half of the tectum in maco and WT siblings, but
their projection domain expands caudally beyond the Equator (dashed line) in maco (arrowheads).
Confocal microscopy, scale bar: 50um. (E) Although maco have a significantly smaller tectum than WT
at 4 and 5 dpf, the total area of the tectum covered by nasal and temporal axons significantly increases in
both maco and WT between 4 and 5 dpf. (F) The Temporal Arborization Field index, defined as the ratio
of the TagRFP area of coverage to the total tectal area, is significantly higher at 4 dpf and 5 dpf
in maco compared to their WT sibling, indicating an expanded mapping of temporal retinal axons
in maco mutants. (G) The area covered by EGFP-positive nasal axons in the posterior half of the tectum
significantly increases from 4 to 5 dpf in both maco and WT. Maco have however a significantly smaller
area of coverage in the posterior half of the tectum than WT at both stages. (H) The area covered by nasal
axons in the anterior half of the tectum significantly decreases between 4 and 5 dpf in WT but not
in maco, indicating an absence of refinement of the nasal projections in the mutant. (I) The Equatorial
Alignment Index is greater than 1 at both 4 and 5 dpf in maco, indicating that the TagRFP boundary
extends beyond the Equator in maco mutants. (K) The Nasal Axon Mistargeting Index decreases in WT
but not in maco between 4 and 5 dpf, indicating a lack of refinement of the nasal projections in the mutant.
(L) While the Refinement Index between 4 and 5 dpf is superior to 1 in WT, it averages 1
in maco, confirming the absence of refinement of the nasal projection domain in the mutant. (M) The
Boundary Sharpness Index significantly decreases in WT but remains constant in maco, indicating that
the boundary between EGFP and TagRFP projection domains does not refine over time in the mutant.
Graphs representing the boundary sharpness at 4 and 5 dpf in maco are provided in Figure 4.9. (E-L)
Data represent mean + SEM. n = 20 embryos per genotype. Four biological replicates representing
independent experiments are color-coded in grey, teal, purple and orange, respectively. Statistical
Analysis: (E-J, L) mixed-effects one-way ANOVA with Tukey’s posthoc test; (K) paired t-test compared
to a control of 1 (1 representing no change); *p < 0.05, ** p <0.01, ***p <0.001.
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Figure 4.9: The antero-posterior retinotopic map does not sharpen over time
in maco mutants. (A-B) Mean fluorescence intensities of EGFP and TagRFP were
normalized to their respective maximum value and plotted along the antero-posterior axis
of the tectum. The distance between EGFPso, and TagRFPs0, does not change between 4
and 5 dpf in maco. (C-D) The distance between EGFPsoy, and TagRFPsoy, decreases
between 4 and 5 dpf in WT siblings, demonstrating that the boundary between EGFP and
TagRFP projection domains becomes more precise over time. Data represent mean + SEM.
n = 20 embryos per genotype.
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Figure 4.10: Retinal patterning is not disrupted
in maco mutants. (A, B) Lateral views of eyes dissected
from maco and sibling embryos stained for ~zmx/ by ISH
at 3 dpf. Hmx1 expression is restricted to the nasal retina
in both maco and siblings. (C-D”) Eye of a [hmxI-
En2:cre; RGC:col- orswitch] double transgenic maco or
WT sibling embryo at 4 dpf. (C, D) EGFP-positive
RGC:s are restricted to the nasal retina. (C°, D) TagRFP-
positive RGCs are observed in the temporal half of the
retina. (C”, D”) No differences in EGFP or TagRFP
expression in the retina are observed between maco and
WT. Confocal live microscopy, maximal projections,
scale bar: 50 um.
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Figure 4.11: Blocking neuronal activity in RGCs prevents the refinement of nasal
projections. (A) Like uninjected control embryos, embryos expressing Kir2.1 or KirMut
in RGCs (thereafter referred to as Kir2.1 or KirMUT embryos) display an increase in total
tectal coverage between 4 and 5 dpf. (B) The Temporal Arborization Field index is similar
in Kir2.1, KirMUT and uninjected embryos at 4 and 5 dpf. (C) The Equatorial Alignment
Index does not significantly differ between days or between experimental groups. (D) The
area covered by EGFP-positive nasal axons in the posterior half of the tectum significantly
increases between 4 and 5 dpf in Kir2.1 embryos but remains significantly smaller than
that in the uninjected controls at both time points. (E) The anterior tectal area covered by
EGFP-positive nasal axons slightly increases between 4 and 5 dpf in Kir2.1 embryos while
it decreases in KirMut and uninjected embryos, suggesting a lack of refinement of the nasal
projections in Kir2.1 embryos. (F) While the Nasal Axon Mis- targeting Index significantly
decreases between 4 and 5 dpf in KirMut and uninjected embryos, it remains stable in
Kir2.1 embryos, indicating a lack of refinement of the nasal projections. (G) While the
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Figure 4.11 (Continued): Refinement Index between 4 and 5 dpf is greater than 1 in
KirMut and uninjected embryos, it averages 1 in Kir2.1 embryos, confirming the absence
of refinement of the nasal projection domain. (H) The Boundary Sharpness Index
significantly decreases in KirMut and uninjected embryos but remains stable in Kir2.1
embryos, indicating that the boundary between the EGFP and TagRFP domains does not
refine over time in embryos expressing Kir2.1 in RGCs. (A-H) Data represent mean +
SEM. n =15 Kir2.1 embryos, 12 KirMut embryos, 15 uninjected embryos. Four biological
replicates representing independent experiments are color-coded in grey, teal, purple and
orange, respectively. Statistical Analysis: (A-F, H) mixed-effects one-way ANOVA with
Tukey’s posthoc test; (G) paired t-test compared to a control of 1 (1 representing no
change); *p <0.05, ** p <0.01, ***p <0.001.
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Figure 4.12: Expressing Kir2.1 in RGCs blocks larvae’s visually mediated
background adaptation. (A) Experimental work-flow to assess the functionality of Kir2.1
transgene in injected embryos. A UAS:Kir2.1-24-mKate2CAAX or a UAS:Kir2. IMUT-24-
mKate? CAAX transgene was injected in zygotes from an [is/2b:gal4] outcross at one-cell
stage. Embryos were divided into two groups: one raised in the absence of PTU for
conducting a Visually-mediated Background Adaptation (VBA) assay at 5 dpf, and another
raised with PTU for the analysis of mKate2 expression at 4 dpf by confocal microscopy.
Based on the VBA assay, embryos were sorted into four groups: embryos expressing Kir2.1
that had expanded pigmentation (“large melanophores™”) despite bright illumination,
embryos expressing Kir2.1 that had “smaller melanophores”, embryos expressing KirMut,
and uninjected embryos as another control group. After confocal imaging at 4 dpf, embryos
were sorted into three categories based on the intensity of mKate2 expression: embryos
expressing Kir2.1 that had high mKate2 expression (see Material and Methods for high
mKate2 expression definition), embryos expressing Kir2.1 that had low mKate2
expression, and embryos expressing KirMut. All embryos were then used for analyzing
Kir2.1/Kir2. IMUT and mKate2 expression by Western blot at 5 dpf. (B-E’) VBA in
embryos expressing Kir2.1 or KirMut in RGCs (thereafter referred to as Kir2.1 or KirMUT
embryos) and uninjected embryos. Pictures of embryos in a dorsal view (B, C, D, and E)
were binarized using a threshold of 40 (B’, C’, D’ and E’). The area covered by pigmented
melanophores was measured in a region caudal to the eyes and rostral to the medulla
oblongata (orange box). (B-C”) Kir2.1 embryos demonstrated two levels of dark, expanded
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Figure 4.12 (Continued): pigmentation despite bright illumination. (B, B”) Some Kir2.1
embryos retained dispersed melanosomes (“large melanophores™) in response to light,
indicating a lack of VBA. (C, C’) Other Kir2.1 embryos had more restricted but yet
abnormally expanded melanin in response to light (“smaller melanophores”), indicating a
reduced VBA. (D-E’) In contrast to Kir2.1 embryos, KirMut and uninjected embryos
showed fully aggregated melanin in response to bright illumination. (F) The area covered
by pigmented melanophores (pigmentation measured in the region delineated by orange
boxes in B’-E’) is significantly larger in Kir2.1 embryos with large or smaller
melanophores than in KirMUT or uninjected embryos. Statistical analysis: One-way
ANOVA with Tukey’s posthoc test; *p < 0.05, ** p <0.01, ***p <0.001. (G) Expression
of Kir2.1 or KirMUT and mKate2 assessed in the different groups by Western blot at 5
dpf. High expression of Kir2.1 is detected in Kir2.1-expressing embryos with large
melanophores and high mKate2 levels. Kir2.1 is also detected at lower levels in Kir2.1-
expressing embryos with smaller melanophores or with low mKate2 and in KirMut-
expressing embryos. Similarly to Kir2.1, mKate2 is detected in all embryos expressing
Kir2.1 or KirMUT but at reduced levels in Kir2.1 embryos with low mKate2, indicating
that mKate2 expression can be used as an indicator of Kir2.1 expression. Kir2.1 and
mKate2 signal intensities were normalized to that of GAPDH used as a loading control.
High levels of Kir2.1 expression correlate with high levels of mKate2 expression. Data
represent mean + SEM. n = 12 Kir2.1 large melanophore embryos, 10 Kir2.1 small
melanophore embryos, 12 KirMut embryos, 10 uninjected embryos.
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Figure 4.13: Blocking neuronal activity in RGCs prevents the
sharpening of the antero-posterior retinotopic map.
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Figure 4.13 (Continued): (A-F”) Development of the antero-posterior
retinotopic map in Kir2.1 (A-B”), KirMUT (C-D”), and uninjected embryos
(E-F”) from 4 to 5 dpf. (A-F) EGFP-positive nasal axons innervate the
posterior half of the tectum in all three experimental groups. The area
covered by nasal axons in the anterior half of the tectum appears to decrease
between 4 and 5 dpf in KirMut and uninjected embryos (arrows) but does
not seem to change in Kir2.1 embryos. (A’-F’) TagRFP-positive temporal
axons specifically target the anterior half of the tectum. Confocal
microscopy, scale bar: 50 pm. (G-H) Mean fluorescence intensities of
EGFP and TagRFP were normalized to their respective maximum value and
plotted along the antero-posterior axis of the tectum. The boundary
sharpness between the temporal and nasal arborization domains (shown as
the distance between EGFPso, and TagRFPs9) does not change between 4
and 5 dpf in Kir2.1 embryos. (I-L) The boundary sharpness between the
temporal and nasal arborization domains decreases between 4 and 5 dpf in
KirMUT (I, J) and uninjected (K, L) embryos, indicating the formation of a
more precise antero-posterior retinotopic map. Data represent mean = SEM.
n =15 Kir2.1 embryos, 12 KirMut embryos, 15 uninjected embryos.
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CHAPTER 5
GENERAL DISCUSSION AND FUTURE
DIRECTIONS
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5.1 GENERAL CONCLUSIONS

This dissertation focuses on the mechanisms regulating the formation of neural
circuits and, in particular, how axons communicate with one another in order to establish
proper connections. In Chapter 3, we discovered a novel role for Gpc3 and Tenm3 in
pre-target retinotectal axon sorting. Gpc3 and tenm3 are both expressed in ventral RGCs
and genetically interact to regulate the degeneration of missorted dorsal retinal axons.
While many questions surrounding the signaling mechanism underlying that process have
yet to be answered, this study has advanced our knowledge of the trans-axonal
mechanism mediating axon degeneration during development. In Chapter 4, we
generated a novel transgenic line that allows for the visualization of the A-P retinotopic
map at the tectum. We analyzed the generation of the retinotopic map in an unbiased and
quantitative manner and revealed the dynamic nature of map formation in vivo. Finally,
we discovered a role for neural activity in the refinement of mistargeted axonal
projections. Overall, the results from both projects described here offer novel insights
into the molecular and activity-based mechanisms underlying developmental axon

pruning.

5.2 TRANS-AXONAL SIGNALING DURING RETINOTOPIC PRE-TARGET SORTING

In Chapter 3, we discovered a novel role for both Gpe3 and Tenm3 in retinotopic
pre-target axon sorting along the optic tract. It was previously shown that HS is needed
non-cell-autonomously for the selective degeneration of missorted dorsal retinal axons,

leaving a properly sorted optic tract by the end of retinotopic development !%-34,
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However, which HSPG is regulating this process was unknown. Gpc3 is expressed
specifically by RGCs in the ventral half of the retina and is the only HSPG with this
unique expression pattern. In gpc3-/- embryos, missorted axons fail to degenerate, similar
to the phenotype seen in dak in which ext2, a gene that encodes a glycosyltransferase
necessary for HS biosynthesis, is mutated '°. These results highlight that Gpc3 is needed
for proper axon sorting and led to the first role for Gpc3 in nervous system development
to be unveiled. Interestingly, fenm3 has the same expression pattern in the retina as gpc3
— it 1s expressed exclusively in the ventral RGC layer during the time when axon sorting
is taking place. Tenm3-/- mutants also have missorted dorsal axons. Finally, we
discovered a genetic interaction between gpc3 and tenm3 by showing that gpc3-
/+,tenm3-/+ embryos display the same phenotype as gpc3-/- and tenm3-/- embryos.
While we showed this interaction on a genetic level through epistasis experiments, [ have
also spearheaded the implementation of biochemical techniques to test whether Gpc3 and
Tenm3 physically interact in vivo. I have developed a new protocol for the
immunoprecipitation (IP) of Gpc3 from RGCs of zebrafish larvae using the

Te[isl2b: EGFPgpc3] transgenic line I established. An early study discovered that Tenm1
interacts with heparin through the YD-repeats in the C-terminal extracellular domain and
that this interaction actually inhibited neurite outgrowth in culture **°. As Teneurins are
known to be highly conserved 3?2, it is likely that the HS chains of Gpc3 interact with the
same C-terminal domain of Tenm3. Current and future studies can use this protocol to
determine whether Gpc3 interacts with Tenm3 by either co-IP or mass spectrometry

analysis.
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One of the most pressing questions to answer is what ligand do Gpc3 and Tenm3
interact with to initiate the degeneration of missorted dorsal retinal axons? Interestingly,
an interaction between Teneurin and Latrophilin has been shown to mediate repulsion
between migrating cortical neurons and radial glia. There, Lphn1 expressed on radial
glial cells signals to the migrating cortical neurons expressing Tenm?2 '8, Zebrafish
express a member of the Latrophilin family, adgr/3.1, in the retina during early
development *?%32°, We confirmed that adgri3.1 is strongly and uniformly expressed
throughout the RGC layer during the time of retinotectal pre-target sorting (Figure 5.1A-
B). Additionally, preliminary experiments suggest that adgr/3.1 regulates axon sorting
along the optic tract. We injected DiD in the DN retina of embryos from an adgri3.1-/+
incross and observed several embryos (about 25%) that had missorted dorsal axons
(Figure 5.1C). These data suggest that adgr/3.1 may be the receptor that interacts with
Gpc3 and Tenm3 during pre-target sorting. Future studies will analyze the presence of
this phenotype in an established adgri3. 1 mutant line and will also determine if this
adgrl3.1 genetically interacts with gpc3 and tenm3 through epistasis experiments.
Antibodies for adgri3.1 can also be tested for use in zebrafish and if one is found, co-IP

experiments can be performed to confirm an interaction with this complex.

Along with the abovementioned experiments, determining the domain facilitating
Tenm3 signaling during optic tract sorting would also help determine its potential ligand.
Teneurins are highly conserved, large Type Il transmembrane glycoproteins with several
different domains *'% 32 4% (Figure 5.2). For example, the intracellular domain can
mediate interactions with the actin cytoskeleton *® while the extracellular domain

contains a linker region that may serve as a proteolytic processing site as well as another
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potential cleavage site 2% 3?2, Additionally, several studies have shown that the YD-
repeat domain of Teneurins (Figure 5.2) interacts with Latrophilin 3! 321407 to mediate
synapse formation and repulsion during cortical neuron migration. Since Tenm3 is a
Type II transmembrane protein, CRISPR genome editing can be used to target these
different domains and generate mutants expressing truncated forms of Tenm3 lacking
these different domains. This will allow us to better understand which domain of Tenm3
is interacting with Gpc3 and possibly Latrophilin to regulate topographic axon sorting.
Additionally, Teneurins can be alternatively spliced and the splice variants have different
affinities for binding in trans with other Teneurins or Latrophilins *’. Analysis of tenm3
cDNA in WT zebrafish RGCs would offer more information on the splice variants

present at timepoints of retinotectal development.

Once the receptor-ligand interaction has been fully elucidated, the next question
to answer would be the downstream intracellular signaling that is mediating the
degeneration of missorted dorsal retinal axons. Very little is known about selective
degeneration during nervous system development. While apoptotic activity via Casp3 and
Casp6 regulates axon pruning in the mouse SC *%%4%° degeneration during optic tract
sorting of zebrafish does not require activation of apoptotic pathways involving P53,
Casp3 or Bax **. However an interesting study revealed that Casp6 activation can trigger
axon degeneration independently from apoptosis *'°, providing us with an interesting
hypothesis as to whether non-apoptotic Caspase signaling could function downstream of
HS-mediated retinal axon degeneration signaling pathway. Our understanding of the
spatiotemporal expression and activation of Caspases in the nervous system is still

lacking and as such, we sought to analyze the Caspase family in zebrafish embryos *!!
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(Appendix A). We fully characterized the expression of the 19 zebrafish caspases from
24 — 96 hpf in zebrafish, revealing distinct expression patterns for each, providing a solid
foundation for testing the role of non-apoptotic caspases in selective degeneration during

retinotopic development.

While there is growing evidence suggesting that selective axon degeneration
during development is independent from neuronal apoptosis, many of these studies have
only been carried out in vitro *!2. If Caspase signaling is involved in retinal axon
pruning, it would involve upstream effectors that would induce the Caspase signal.
Several studies have suggested a role for Kinase signaling in triggering local axon
degeneration. For example, dual leucine zipper kinase (DLK) is activated in cultured
sensory neurons in a model of developmental axon degeneration triggered by
neurotrophic growth factor (NGF) withdrawal 41> #!4. DLK activation leads to the
phosphorylation of INK which then initiates a signal for degeneration *'4. Additionally,
glycogen synthase kinase 3 beta (GSK3p) is required for axonal pruning both in dorsal
root ganglion (DRG) cultures and in the visual system in vivo, and GSK3f signaling
most likely acts in parallel to JNK signaling to regulate pruning *!°. In addition, p38
mitogen-activated-protein-kinase (MAPK) activity has been shown to act upstream of
Caspase signaling in retinal axons during both axon guidance and pruning *' 417 As

such, investigating the role of Caspase and Kinase signaling in the degeneration of

missorted axons could be an interesting pathway to investigate.

Latrophilins have recently been shown to regulate cAMP signaling 32!-325-3%7,

cAMP signaling regulates numerous cellular functions and has been shown to have both

pro-apoptotic and anti-apoptotic functions depending on the cell type and signaling
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cascades involved *!8. Additionally, cAMP signaling downstream of GPCRs activates
two main effectors: PKA or Epac, a Rap1 guanine nucleotide exchange factor *!°, and
which pathway is activated seems to determine if elevated cAMP promotes cell survival
or induces cell death. For example, increased levels of cAMP induce PKA
phosphorylation of GSK3B which promotes survival of cerebellar granule cells *°. On
the other hand, cAMP signaling through Epac in cortical neurons leads to increased
expression of the pro-apoptotic Bcl2-interacting member protein (Bim), inducing
apoptosis “*!. Retinal axon retraction in mice is also dependent on cAMP signaling
downstream of EphA/Ephrin-A %2, however the signaling cascade involved has yet to be
determined. As such, cAMP signaling downstream of Latrophilin is an interesting
candidate to investigate in the degeneration of missorted dorsal retinal axons during

zebrafish retinotectal development.

5.3 NEURAL ACTIVITY AND REFINEMENT DURING MAP FORMATION

In Chapter 4, we established a novel transgenic line that allows for the
visualization of the antero-posterior retinotectal map in real time. Additionally, I
developed an unbiased and quantitative method for analyzing the dynamics of map
formation and refinement. Together, this provides a powerful tool that can be used to
address questions that have been otherwise difficult to delve into due to a lack of
approaches and techniques. Additionally, we provided a time course analysis of
retinotectal formation and demonstrated that while the A-P map develops fairly early on,
it remains dynamic. The temporal axons arborize in the anterior half of the tectum while

the nasal axons steadily refine their projections to the posterior tectum in an activity-
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dependent manner. This progressive refinement of mistargeted nasal retinal arbors in the

anterior half of the tectum leads to a sharper, more precise retinotectal map.

While our study was the first quantitative assessment of topographic mapping
over time in vivo, our results mostly reaffirmed previous studies assessing the role of
neural activity during refinement. Several studies have shown that a lack of neural
activity causes less-defined projection fields in the retinotectal system °> 1°7 and that the
spatiotemporal pattern of activity in the retina drives the sharpening of visual circuits !>
125,127,129, 132, 136,403 ' Ope very interesting question that our new tool is perfectly designed
to answer is how does the development of nasal arbors affect that of temporal arbors and
vice versa. There is increasing evidence that both competitive and stabilizing interactions
between axons play an important role in shaping arbors at the tectum '3!-24%341 byt how
these axons are communicating to each other remains unknown. Our transgenic line
allows for the selective manipulation of nasal vs. temporal RGCs, providing new
strategies for analyzing axon-axon interactions during retinotopic mapping. For example,
we can use this line to block neural activity in just the nasal RGCs or just the temporal
RGCs and assess how silencing these different groups of RGCs influences map formation
and refinement. While these experiments have not yet been carried out, we can expect
that the initial A-P map would still form in embryos with silenced nasal or temporal
RGCs, however the refinement would be similarly affected as we saw in our experiments
silencing all RGC:s. It is likely that silencing nasal RGCs would prevent the refinement of
mistargeted nasal arbors in the anterior tectum. Without activity from neighboring RGCs,

the retinal arbors would likely be larger and more complex because there would be no

signal to stabilize and arrest their growth > 197 111.245 Simjlarly, silencing temporal
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RGCs would likely lead to an enlargement of their arborization fields as well. We can
also block activity in single or a small subset of nasal- or temporal-specific RGCs and
analyze the differences in arbor dynamics as these axons arborize at their targets. These
experiments can be assessed as a time course, taking snapshots over time of individual
embryos, or we can use high resolution timelapse imaging to see how the dynamics of

nasal vs. temporal retinal arbors influence each other during retinotectal mapping.

Patterned activity and guidance cues at the target, mainly EphA/Ephrin-A
signaling, act together to establish a precise retinotopic map !'% 13> 134 However, axon-
axon interactions are also beginning to emerge as an important mechanism in retinotopic
map formation '*. An in vivo study went on to demonstrate a role for Eprhin-A signaling
between axons ®. In the retina, nasal RGCs express high levels of Ephrin-As and low
levels of EphAs while temporal RGCs express low levels of Ephrin-As and high levels of
EphAs. During A-P mapping in the mouse visual system, temporal retinal axon
expressing high levels of EphA project to the rostral SC that expresses low levels of
Ephrin-As. When EphrinAS is inactivated only in the SC, targeting of temporal axons is
not affected, but temporal arbors shift posteriorly when EphrinAS is inactivated in both
the SC and the retina %. These results suggest that trans-axonal EphrinAS5 signaling from
nasal retinal axons to temporal retinal axons prevents overlapping termination zones at
the SC. However, these observations were obtained indirectly by removing EphrinAS
from the entire retina as well as from the SC. Moreover, whether a converse signaling
from temporal axons to nasal axons is also needed for proper targeting of nasal axons (or
of temporal axons themselves) during retinotopic mapping has not yet been addressed.

Our novel transgenic line offers a unique system in which we can alter expression of
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guidance cues in just the nasal or temporal retina so that we can begin to address these

questions.

While investigating potential mechanisms of topographic mapping and
refinement, we decided to analyze the role of Contactin-2 (Cntn2). Cntn2 is GPI-
anchored adhesion molecule that is known to promote axon growth and fasciculation in

several neural circuits 4%

and it is expressed specifically in the nasal retina of developing
zebrafish 4-*?° (Figure 5.4A-B). Despite this restriction expression, its role in the
retinotectal system has been surprisingly uncharacterized to this point. We employed the
two-RNA component version of CRISPR/Cas9 genome editing **® to induce mutations in
our RGC-colorswitch transgenic line at two different target sites in cntn2 (Figure 5.3A).
The CRISPR system proved to be highly efficient (Figure 5.3B-C”) and allowed us to

analyze retinotectal map formation in injected “crispant” embryos alongside control

embryos injected with Cas9 only.

Overall tectal coverage by nasal and temporal axons did not differ between
crispants and control embryos. We also did not observe any differences in the temporal
arborization field between crispants and control (Figure 5.4G-I) indicating that Cntn2
likely does not regulate the mapping of temporal arbors. Interestingly, we did detect
differences in the mapping and refinement of nasal arbors. We observed a significant
difference in the anterior tectal coverage by nasal arbors between crispants and controls
(Figure 5.4K). While the mistargeted nasal axons in the anterior half of the tectum
decreased between 4 and 5 dpf in controls, it remained constant or even slightly increased
in the cntn?2 crispants (Figure 5.4K), revealing that refinement does not occur when

cntn2 1s mutated (Figure 5.4L). This lack of refinement in crispant embryos was
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accompanied by a lack of sharpening between the temporal and nasal arborization fields
in the tectum (Figure 5.5). These results demonstrate that cntn?2 is necessary for the

refinement and sharpening of the A-P retinotectal map.

While we have discovered a novel role for Cntn2 in the nervous system, these
results only provide a foundation for understanding its role in retinotectal development
and the next goal is to understand how Cntn2 is regulating the refinement of mistargeted
nasal arbors. Our data confirm the expression of cntn2 in the nasal retina at times of
retinotectal development and furthermore, it has been shown that Cntn2 is expressed in
nasal RGCs and along retinal axons *2. It is therefore likely that Cntn2 is functioning
cell-autonomously in nasal retinal axons to regulate the refinement of the mistargeted
arbors in the anterior half of the tectum. To test this hypothesis, we could use our hmx1-
En2:Cre transgenic line to re-express cntn2 in just the nasal RGCs and assess if this

rescues the lack of refinement in cntn2 mutants.

Interestingly, the phenotype we observed in cntn2 crispants is reminiscent of that
seen in maco mutants (Figure 4.8). Maco mutants carry a mutation in pigk which
encodes a member of the transamidase complex needed for GPI-anchor synthesis and
attachment to nascent proteins *** %4, This mutation also causes a lack of neuronal
activity in RGCs and peripheral sensory neurons due to a downregulation of voltage-
gated sodium channels '°7-35% 385 Although several studies have shown that proper GPI-
biogenesis is needed for targeting sodium channels to the plasma membrane, the
mechanism is still unknown 107-35% 385427 Interestingly, another member of the Contactin
family, Cntnl, does indeed interact with voltage-gated sodium channels, increasing their

428-434

density at the plasma membrane and so Cntn2 could function in a similar manner
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during retinotectal development showing a direct interaction between a GPI-anchored
protein and sodium channels. It is therefore possible that maco mutants have impaired
biogenesis of Cntn2 that causes the downregulation of sodium channels that subsequently

leads to the lack of refinement.

The first question to address is to test whether neuronal activity in RGCs is
affected when cntn2 is mutated. To do so, we could collaborate with another lab with
expertise in electrophysiology to conduct whole-cell recordings of RGCs in cntn?2
mutants. Additionally, we could produce a stable transgenic line to express a calcium
indicator, GCaMP, in RGCs and in a cntn2 mutant background. We would then perform
calcium imaging to assess spontaneous neural activity in their RGCs to determine if
neuronal activity is blocked in cntn2 mutant RGCs. We could also determine if Cntn2
and sodium channels interact by performing co-IP in WT embryos. Along with our novel
transgenic line and unbiased quantification method, these studies would begin to unravel
that potential interactions between neuronal activity and molecular-based mechanisms

regulating retinotectal map development and refinement.

Overall, these studies have provided novel mechanisms mediating the selective
pruning of retinal axons both en route to their target and at their target. In Chapter 3, I
demonstrated a novel genetic interaction between Gpc3 and Tenm3 that regulates the
degeneration of missorted dorsal retinal axons, a phenomenon that is not well understood
to this day. Additionally, in Chapter 4, I generated a novel transgenic line that allows for
visualization of the A-P retinotectal map. We used this line to analyze map formation and
the refinement of mistargeted retinal axons in an unbiased and quantitative way. With this

line, we confirmed the activity-dependent refinement of mistargeted retinal arbors and
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were able to quantitatively assess the dynamic processes of map formation for the first
time. These two projects provide better understanding as well as new methods and
techniques for beginning to elucidate axon-axon interactions and how they contribute to

neural circuit formation.
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Figure 5.1 Adgri3.1 is expressed in the retina and may regulate pre-target retinotectal axon sorting. (A)
Dissected eyes from WT embryos stained by ISH for adgri3.1 at 60 and 72 hpf. adgri3.1 is strongly expressed
throughout the RGC layer (experiments by Trevor Moreland). (B) Quantification of signal intensity along a
360° trajectory shows that adgri3.1 is uniformly expressed throughout the RGC layer at 48, 60, and 72 hpf.
(C) Embryos from an incross of adgr/3.1-/+ were injected with DiD in the DN retina at 4 dpf. About 25% of
embryos from the incross displayed missorted dorsal axons (yellow arrowheads).
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Figure 5.3 (Continued): detected in 18/19 (94.7%) gRNAIl-injected larvae and in 21/21 (100%) gRNA2-
injected larvae. (B’,C’). Sequences of mutations in cntn2 crispants. The sequence of each target site is indicated
in green (with PAM shown in blue). Two examples of mutated regions detected in individual larvae are shown.
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Figure 5.4: Cntn2 is required for the refinement of nasal projections and map
sharpening. (A,A’) Larvae and dissected eye stained for cntn2 by ISH at 5 dpf. Cntn2 is
strongly expressed in the nasal RGC layer. Scale bars: 100 um (A), 50 um (a’). (B) Cntn2
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Figure 5.4 (Continued): expression is restricted to the nasal RGC layer at 4, 5 and 6 dpf.
(C-F’) Development of the A/P retinotopic map in cntn2 gRNA-injected (C-D’) and Cas9-
injected control larvae (E-F’) from 4 to 5 dpf. The anterior tectal area covered by EGFP-
positive nasal axons does not change between 4 and 5 dpf'in cntn2 crispants while it appears
to decrease in control larvae (E-F, arrows). Confocal microscopy, scale bar: 50 um. (G)
The total tectal area significantly increases in crispants injected with gRNAT or gRNA2
and in control larvae between 4 and 5 dpf. (H) The anterior area of the tectum covered by
temporal axons significantly increases between 4 and 5 dpf in both crispants and controls.
(I) The Temporal Arborization Field is similar between cntn2 crispants and controls. (J)
The area covered by nasal axons in the posterior half of the tectum significantly increases
in cntn2 crispants and controls. (K) The area covered by nasal axons in the anterior tectal
half significantly decreases between 4 and 5 dpf in controls but not in crispants, indicating
an absence of refinement in crispants. (L) The Nasal Axon Mistargeting Index decreases
in controls but remains unchanged in crispants. (M) The Boundary Sharpness Index
remains constant in cntn2 crispants, indicating that the boundary between EGFP and
TagRFP projection domains does not refine over time (see also Fig. S5). (N) The
refinement Index is superior to 1 in controls but averages 1 in crispants, confirming the
absence of refinement of the nasal projection domain. Means + SEM. n = 19 gRNAI
crispants, 21 gRNA2 crispants, 19 controls. Statistical Analysis: (G-L, N) mixed effects
one-way ANOVA with Tukey’s posthoc test; (M) paired t-test compared to a control of
one (1 representing no change); *p < 0.05, **p <0.01, ***p <0.001.
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Figure 5.5: Cntn2 is necessary for the sharpening of the A/P retinotopic map.
Mean fluorescence intensities of EGFP and TagRFP were normalized to their
respective maximum value and plotted along the A/P axis of the tectum. (A-
D) The boundary sharpness between the temporal and nasal arborization
domains (shown as the distance between EGFPsoy, and TagRFPsoy) does not
change significantly between 4 and 5 dpf in larvae injected with cntn2 gRNA1
(A,B) or gRNA2 (C,D). (E,F) The boundary sharpness significantly decreases
between 4 and 5 dpf in Cas9-injected control larvae, indicating the formation of a
more precise antero-posterior retinotopic map. Data represent mean £ SEM. n = 19
gRNAT1-injected larvae, 21 gRNA2-injected larvae, 19 control larvae.
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A.1 ABSTRACT

First discovered for their role in mediating programmed cell death and
inflammatory responses, caspases have now emerged as crucial regulators of other
cellular and physiological processes including cell proliferation, differentiation,
migration, and survival. In the developing nervous system, for instance, the non-
apoptotic functions of caspases have been shown to play critical roles in the formation of
neuronal circuits by regulating axon outgrowth, guidance and pruning. How caspase
activity is spatially and temporally maintained at sub-lethal levels within cells remains
however poorly understood, especially in vivo. Thanks to its transparency and
accessibility, the zebrafish offers the unique ability to directly visualize caspase
activation in vivo. Yet, detailed information about the caspase family in zebrafish is
lacking. Here, we report the identification and characterization of 19 different caspase
genes in zebrafish, and show that caspases have diverse expression profiles from cleavage
to larval stages, suggesting highly specialized and/or redundant functions during

embryonic development.
A.2 INTRODUCTION

Caspases are highly conserved intracellular cysteine-dependent proteases best
known for their critical role in mediating apoptosis and inflammatory responses +3> 436,
As transducers and executioners of programmed cell death, caspases are especially
important during development, when the elimination of unnecessary cells contributes to
tissue morphogenesis **’. In the nervous system, for instance, apoptosis has been detected

438

in neural precursor cells, postmitotic neurons and glial cells **°, and a lack of caspase-3 or

-9 has been shown to cause brain hyperplasia and neural overgrowth in mice **°**2. More
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recently, caspases have also emerged as central mediators of non-apoptotic signaling
pathways regulating a large variety of cellular and physiological functions *+**46. How
caspase activation is induced and maintained at sublethal levels within cells remains

however poorly characterized.

Caspases are synthesized as zymogens that become activated upon
oligomerization or cleavage at specific aspartate residues. They comprise an N-terminal
prodomain of varying size and a catalytic CASc domain that includes a large P20 and a
small P10 subunits. So far, 12 caspases have been identified in human (Caspases-1 to 10,
-12, and -14, with -12 being inactive due to deleterious mutations), and additional
caspases including Caspases-11 and -13 (murine and bovine orthologs of human
Caspase-4, respectively), -15, -16, -17 and -18 have been detected in other vertebrates *47-
451 Based on their functional and structural similarities, caspases have generally been
classified as inflammatory (Caspases-1, -4, -5 and -12) and initiators (Caspases-2, -8, -9
and -10) or executioners of apoptosis (Caspases-3, -6 and -7). However, this subdivision

has progressively become obsolete with the discovery of functions in additional processes

453, 454 445, 455
b

including cell proliferation *2, differentiation , motility and migration

survival **® and tissue regeneration and repair +*’.

Essential non-apoptotic functions of caspases have especially been demonstrated
in the developing and mature nervous system 4 446458459 Caspase-3, for instance, has
been implicated in the regulation of neural stem cell differentiation *°°, Bergman glia

differentiation 46> 462

synaptic plasticity, learning and memory ***¢’. More recently,
caspases have also been identified as important regulators of axon outgrowth and

pathfinding. The role of caspase activity in axon guidance was first suggested by the
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observation that growth cone responses to netrin or lysophosphatidic acid were blocked
in the presence of caspase inhibitors in vitro . Since then, caspases have been shown to

regulate NCAM-dependent axon outgrowth 468

, axon targeting in the auditory brainstem
and the olfactory bulb *¢% 47 and retinal axon arborization *!”. Caspases have also
emerged as playing a crucial role in the refinement of neuronal connectivity by regulating

axonal and dendritic pruning 408410471473 'For instance, pruning of retinal axons

projecting to the superior colliculus is delayed in mice lacking caspase-3 or -6 43409,

How the non-apoptotic activity of caspases is spatially and temporally induced
and restricted in cells or axons is not yet well understood. Several mechanisms have been

proposed, including subcellular regulation by inhibitors such as XIAP #74

or post-
translational modifications **°. Yet, our understanding of when, where and how caspases
are locally activated and controlled in vivo remains rudimentary due to a limited number
of models suitable for high resolution in vivo imaging. Thanks to their advantageous
accessibility and transparency, zebrafish embryos offer the unique ability to directly
visualize axon development and degeneration in vivo and address these questions %34,
The recent use of genetically encoded biosensors to detect caspase activation in real time
in this model has revealed an important function of Caspases-3 and -9 in axon remodeling
47 and will likely provide new insight into the fine spatio-temporal activation of
caspases in other contexts. Yet, detailed information about caspases in zebrafish is
surprisingly lacking. To gain insight into the functions of caspases during axon guidance
and pruning in vivo, we first carried out a comprehensive analysis of the caspase family

in zebrafish. We report here the identification and characterization of 19 different caspase

genes including known orthologs of human caspases as well as new members of this
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family. We also show that zebrafish caspases have distinct expression patterns during

development, suggesting both specific and conserved functions among vertebrates.

A.3 MATERIALS AND METHODS

Zebrafish husbandry

This research was approved by the University of South Carolina Institutional
Animal Care and Use Committee (IACUC) (protocol number: 2398-101289-111717).
Wild type (WT) embryos (Tubingen and AB strains) were obtained from natural matings,
raised at 28.5°C in E3 medium (5 mM NacCl, 0.17 mM KCI, 0.33 mM CaCl2, and 0.33
mM MgSO04) in the presence of 150 mM of 1-phenyl-2-thiourea (PTU) (Sigma) to
prevent pigment formation, and staged by ge and morphology *”°. Embryos were

anaesthetized in tricaine (Western Chemicals) before fixation or RNA extraction.
Identification and cloning of caspase coding sequences

GenBank and the Ensembl Danio rerio (GRCz10) databases were used to identify
genomic loci for all zebrafish caspase genes. Mus musculus, Homo sapiens, Bos taurus,
and Gallus gallus caspase gene sequences were blasted against the databases and the
zebrafish sequences identified were confirmed for the presence of a CASc domain
(SMART accession number SM00115). Zebrafish mRNA was isolated from embryos at
cleavage, blastula sphere, gastrula shield, gastrula bud, pharyngula prim-5 (24 hours-
post-fertilization (hpf)), long-pec (48 hpf), protruding mouth (72 hpf) and larval day 4
(96 hpf) stages using Trizol and the RNeasy mini kit (Qiagen), and cDNA was prepared
from RNA using the SuperScriptllI First-Strand Synthesis system (Invitrogen). Full

length primers (Figure A.1) were used to amplify zebrafish caspase cDNAs. Amplicons
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were subcloned into PCRII-TOPO (Invitrogen) and sequenced to verify gene identity and
confirm sequence orientation for the generation of sense and antisense RNA probes.
Protein sequences were analyzed using the Eukaryotic Linear Motif (ELM) resource
prediction tool and Motif Scan (MyHits, SIB, Switzerland) to identify and annotate

functional domains 47°.
Sequence comparison and phylogeny

Zebrafish caspase protein sequences were compared to the following protein
sequences using the MatGAT (Matrix Global Alignment Tool) software *7° with a
BLOSUM 62 scoring matrix (gap opening and gap extending penalties of 4): Homo
sapiens Caspase-1 (NP_150634), Caspase-2 (NP_116764), Caspase-3 (NP _116786),
Caspase-4 (NP_001216), Caspase-5 (NP_001129584), Caspase-6 (NP_001217),
Caspase-7 (NP_001253986), Caspase-8 (NP_001073594), Caspase-9 (NP_001220),
Caspase-10 (NP _116759), Caspase-12 (NP_001177945), and Caspase-14 (NP_036246),
Bos Taurus Caspase-15 (NP_001029681), Mus musculus Caspase-16 (XP_003945628),
Gallus gallus Caspase-17 (UniProt A9YDV3), and Caspase-18 (NP_001038154).
Phylogenetic analyses were conducted using the Mega 7 software *’7 and included the
following additional sequences: Gallus gallus Caspase-1 (XP_003642432.2), Caspase-2
(NP _001161173), Caspase-3 (NP_990056.1), Caspase-6 (NP_990057), Caspase-7
(UniprotFINV61), Caspase-8 (NP_989923.1), Caspase-9 (Uniprot FINL59), Caspase-10
(XP_421936.4), Latimeria chalumnae Caspase-1 (Uniprot H3B2V3), Caspase-2 (Uniprot
H3A019), Caspase-3 (Uniprot H3ACLYS), Caspase-6 (Uniprot H2ZXXS5), Caspase-7
(Uniprot M3XIX0), Caspase-8 (Uniprot H3A526), Caspase-9 (Uniprot H3BFWS5),

Caspase-10 (Uniprot H2ZXES), Caspase-141 (XP_014344655.1), Caspase-17 (Uniprot
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H3AXGO0), Caspase-18 (H3A2R2), Oryzias latipes Caspase-1 (Uniprot H2LPF5),
Caspase-2 (XP_011483724.1), Caspase-3a (NP_001098168.1), Caspase-3b

(NP _001098140.1), Caspase-6 (Uniprot H2MXM9), Caspase-611 (XP_023813211.1),
Caspase-612 (XP_023813213.1), Caspase-7 (XP_023805391.1), Caspase-8

(NP _001098258.1), Caspase-9 (Uniprot H2LBD7), Caspase-17 (Augustus g31162.t1),
Caspase-20 (XP_023820994.1), Takifugu rubripes Caspase-1 (Uniprot H2SKU3),
Caspase-11 (Uniprot H2UDK1), Caspase-2 (H2UKY4), Caspase-3 (NP_001027871t),
Caspase-6 (Augustus g16014.t2), Caspase-7 (Uniprot H2U497 and H2U498), Caspase-8
(Uniprot H2TIGS), Caspase-9 (Uniprot H2V836), Caspase-10 (Uniprot H2V630 and
H2V635), Caspase-17 (Uniprot H2ZVEU?2), Caspase-20 (Uniprot H2THL4), Gasterosteus
aculeatus Caspase-1 (Uniprot G3P6HS8), Caspase-11 (Augustus g16792.t3), Caspase-2
(Uniprot G3P808), Caspase-3a (Augustus g8732.t3), Caspase-3b (Uniprot G3Q4KS5),
Caspase-3¢ (Uniprot G3Q4L2 and BT027477), Caspase-6 (Uniprot G3PZL5), Caspase-7
(Augustus g18074.t1), Caspase-8 (NP_001254591), Caspase-9 (Augustus g27457.t1),
Caspase-10 (NP_001254593), Caspase-17 (Augustus gl16285.t1) and Caspase-20
(Augustus g4015.t1). Multiple alignment of 90 caspase protein sequences was generated
with Muscle *’® and visualized with Jalview software *’°. The evolutionary history was
inferred by using the Maximum Likelihood method based on the Whelan And Goldman +
Freq. model . Initial trees for the heuristic search were obtained by applying the
Neighbor-Joining method to a matrix of pairwise distances estimated using a JTT model.
A discrete Gamma distribution was used to model evolutionary rate differences among

sites (5 categories (+G, parameter = 1.4388)). 500 bootstrap replications were used as a
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test of phylogeny, with values indicated next to the branch. The tree is drawn to scale,

with branch lengths measured in the number of substitutions per site.

RT-PCR

cDNA was prepared from different developmental stages as mentioned above and
used for RT-PCR. Full length primers (Figure A.1) were used to amplify caspl, casp3a,
casp3b, caspba, caspbb, casp7, caspl7, caspl9a, caspl9b, casp?l and casp22. Different
primers were used for the following caspases: casp2 fw:
TAATGTGAGGTTCGACTCAG; casp6c_rv: TCCAGTTGTGAACGATAACG;
casp8a_fw: CTACGATGTGATAATTCTCGT; casp8b_fw:
ACAGATGAACCGAAGAGG; casp9 fw: AATACAGAGCAAGGCAACCG;
caspl0 _fw: CACGAGACCTCAACACTG; caspl0 _rv:
GTGAATGTCTGAGGAAACAG; casp20_tw: TGACTACAATAACCTCTCTGATG;
and casp23 tw: TCCAATTCTGAAGTGCAACT. The following primers were used to
amplify actin as a control: actin_fw: ATCCCAAAGCCAACAGAGAG:; actin_rv:

CAACGGAAACGCTCATTGC.PCR reactions were conducted using 30 to 36 cycles.

In situ hybridization

In vitro transcription of digoxigenin-labeled probes was performed using the RNA
Labeling Kit (Roche Diagnostics Corporation) according to manufacturer's instructions.
Embryos were dechorionated at the appropriate developmental stages and fixed in 4%
paraformaldehyde in phosphate buffered saline (pH 7.4) for 2 hours at room temperature

and overnight at 4°C.
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Whole-mount in situ hybridization was performed as previously described %.
Sense probes were used as controls for all caspases and did not reveal any staining. After
staining, embryos were cleared in 80% glycerol for imaging. Images were acquired using
an Olympus SZX16 stereomicroscope equipped with an Olympus DP80 dual color
camera and Cellsens standard software. Digital images were cropped and aligned using

Adobe Photoshop.
A.4 RESULTS AND DISCUSSION
Identification of zebrafish caspases

13 caspase genes (casp) have been identified in human, including casp1 to 10, 12,
14 and 16p (caspl6p being a pseudogene) *** 4! Additional caspases have been detected
in other vertebrates and include mammalian casp/5 (absent in the human and mouse
genomes) **°, caspl7 (present in all vertebrate lineages except for therian mammals), and
caspl8 (present in chicken but absent in placental mammals) “°°. We blasted these
sequences against GenBank and Ensembl Danio rerio (GRCz10) EST databases to
identify corresponding zebrafish caspases and found 19 casp genes (Figure A.2). Some
of these genes were reported previously but were not always named according to the
accepted caspase nomenclature 4°% 481-484 Other genes we identified have never been
described before. We named all caspase genes according to their similarity to the
vertebrate orthologs, and attributed new numbers based on the taxonomy proposed in
previous studies **°. The accession numbers of all genes from the different databases are

shown in Figure A.2, and new GenBank accession numbers were obtained for all

sequences.
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For simplicity, we analyzed zebrafish caspases based on the initial classification
of caspases into inflammatory, initiator and executioner groups (Figure A.6). In human,
genes encoding inflammatory caspases include caspl, casp4, casp5, and caspl2 and are
clustered on chromosome 11, suggesting they may have originated from gene duplication
events. In contrast, we found zebrafish caspl, casp19a, casp19b and casp23 genes on
three different chromosomes (Figure A.2) and did not observe any conserved
chromosomal synteny with human caspases (data not shown). Surprisingly, we could
only find one or two inflammatory caspase genes in other teleost species (caspl in
medaka and caspl1/11 in stickleback and fugu) and did not identify any casp23 ortholog.
Phylogenetic analysis of caspase sequences across vertebrates revealed that zebrafish
inflammatory caspases cluster in a separate group, suggesting the occurrence of
duplication events specific to that lineage (Figure A.7). Interestingly, comparison of
caspase protein sequences shows that zebrafish Caspase-1 (previously known as Caspy
481y is the most similar to human Caspase-1, sharing 38% identity and 56% homology
(Figure A.3). Analysis of the conserved catalytic CASc domain also indicates that
zebrafish Caspase-1 has a His at position 318 that is not conserved in Caspases-19a, -19b
and -23 (Figure A.8). His 318 is similar to His 342 in human Caspase-1 that binds the
specific P3 alanine residue of Caspase-1 substrates **, suggesting functional
conservation. Caspases-19a and 19b are 70% identical (Figure A.4) and phylogenetically
cluster together, indicating they are recent duplicated isoforms. While mammalian
inflammatory caspases are characterized by the presence of a caspase-recruitment domain
(CARD) in their N-terminal region *%¢, Caspases-1, -19a and -19b share a pyrin (PYR)
domain in its place. Interestingly, these PYR domains appear specific to zebrafish

caspases, as Caspases-1
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and -11 in other teleosts possess a CARD domain similar to mammals. Although in the
same group, Caspase-23 differs from the other inflammatory caspases by the absence of a
PYR or CARD domain in its N-terminal region (Figure A.6). Caspase-23 also possesses
an unusual QSCRG cysteine active site (positions 340-344) in its CASc domain instead of
the conserved QACRG pentapeptide found in other caspases (Figure A.8). Interestingly,

487,488

a similar QSCRG is found in amphoxius and sea snail caspases , suggesting an

ancient origin.

Genes encoding initiator caspases in mammals include casp2, casp9, and the
subfamily of casp8 and casp 0. Another caspase belonging to the caspase-8 subfamily,
casp18, has been detected in chicken and opossum but is not present in eutherian
mammals *°. As previously reported 431483484489 \ye identified orthologs for casp2,
casp9, casp8 (as casp8a and casp8b), and casp10 but not for caspl8 in zebrafish (Figures
A.2, A3, A.7). We also detected additional caspase genes belonging to the caspase-8
subfamily that we named casp20 and casp22. Like in mammals, zebrafish Caspase-2 and
Caspase-9 are characterized by the presence of a CARD in their N-terminal region
(Figure A.6). Caspase-8a and Caspase-10, on the other hand, possess two death-effector
domains (DEDs). Interestingly, the N-terminal pro-domain of Caspase-8b is much shorter
and lacks these DED motifs. It notably includes two nuclear localization signals not
detected in Caspase-8a (Figure A.6). Despite these differences, the CASc domains of
Caspase-8a and Caspase-8b are very similar (62% identity and 77% homology) and
possess the QACQG active site characteristic of human Caspase-8 (Figure A.8),
indicating that both caspases are duplicated isoforms. The adjacent localization of casp8a

and casp8b genes on chromosome 6 further suggests a common origin from a recent

251



gene duplication event. This duplication appears specific to the zebrafish lineage, as no
casp8b could be identified in other teleosts including fugu, medaka and stickleback
(Figure A.15). In addition to casp8a and casp8b, we detected another paralog on
chromosome 6 that we named casp20. This paralog has been described in previous studies
as CARD-Casp8 due to the presence of a CARD in the N-terminal pro-domain instead of
the two DED domains present in Caspases-8, -10 and -18 *33** (Figure A.6).
Interestingly, comparative genomics and phylogenetic analyses suggest that casp$,
caspl0, caspl8 originate from a common ancestor during vertebrate evolution (Figure
AT) 484 Casps, caspl8 and caspl0 genes are clustered on the same chromosome in
chicken, coelacanth and spotted gar genomes (Figure A.15 and 484).

While casp18 has been lost in the human genome (and in other eutherian
mammals), casp8 and casp 10 remain clustered on chromosome 2 (Figure A.15). In
contrast, casp8 and casp 10 have been segregated on different chromosomes in the teleost
lineage after extensive chromosomal rearrangements during evolution (Figure A.15).
Similarly to caspl8 in other species, casp20 is found in close proximity to casp§ in all
teleost genomes (casp8b in zebrafish) but could not be identified in other vertebrates
including shark, lamprey and gar. The clustering of casp$8, casp18 and casp10 in the
genome of spotted gar, whose lineage represents the unduplicated sister taxon of teleosts
490 suggests that casp8, caspl8 and caspl0 genes formed an ancestral cluster in
vertebrates that has been dispersed during teleost evolution. Casp20 might have derived
from casp 18 by domain shuffling from DED to CARD or might have arisen as a new gene
after duplication in teleosts. In addition to casp20, we discovered a previously unknown
caspase on chromosome 5 that we named casp22 (Figure A.2, A.7). Surprisingly, we

could not identified any casp22 ortholog in other teleost genomes. Analysis of the
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chromosomal synteny around the casp22 locus revealed a partial conservation among
teleosts, with casp22 neighboring genes being dispersed on different chromosomes in
species other than zebrafish (data not shown). Like Caspase-20, Caspase-22 possesses a
CARD in its N-terminal region (Figure A.6). Phylogenetic analysis revealed that casp20
and casp2?2 segregate together (Figure A.7), suggesting they might originate from a

duplication event unique to the zebrafish lineage.

The last classical functional group of caspases in vertebrates includes apoptosis
executioners Caspases-3, -6 and -7 that are characterized by a short pro-domain. Another
caspase sharing a similar structure, Caspase-17, has been identified in vertebrates other
than therian mammals **°, but its function in programmed cell death has not been defined.
We identified two orthologs for caspase-3 (casp3a and casp3b), three orthologs for
caspase-6 (caspba, casp6b and casp6c), and one ortholog each for caspase-7 (casp7) and
caspase-17 (casp17) (Figure A.3, A7). We also discovered a novel uncharacterized
caspase on chromosome 21 that we named casp2! (Figure A.2). Protein sequence
comparison revealed a high level of conservation between human and zebrafish
Caspase-3, -6 and -7 (Figure A.3). Casp3a and casp3b are located on different
chromosomes, suggesting they have arisen from the whole genome duplication that
occurred in the teleost lineage *°!. Supporting that hypothesis, several casp3 genes were
also found on different chromosomes in medaka and stickleback and clustered in two
distinct groups in our phylogenetic analysis (Figure A.7). We could only identify one
casp3 in fugu and tetraodon, suggesting a specific gene loss in the pufferfish lineage. In
contrast to casp3a and casp3b, caspba, casp6b and caspb6c were found in adjacent
positions on chromosome 3. Interestingly, we only identified one casp6 gene in

stickleback, fugu or tetraodon, but three potential casp6 paralogs on independent
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scaffolds in medaka. Phylogenetic analysis showed that zebrafish and medaka casp6
paralogs cluster in separate groups, suggesting independent gene duplication events in
these two lineages. Analysis of the chromosomal synteny at the casp6 locus further
revealed a conservation of casp6 flanking genes among teleosts except in zebrafish,
suggesting extensive chromosomal rearrangements in addition to duplications (Figure
A.16). Interestingly, the three zebrafish Caspase-6s share a Traf2 (TNF receptor
associated factor 2) binding site in their pro-domain that is also found in Caspases-8a, -8b
and -2 but not in other executioner caspases (Figure A.6), suggesting they might
participate in the regulation of tumor necrosis factor (TNF) signaling. As reported

430 we also identified caspl7 as a distinct caspase that does not

previously
phylogenetically segregate with the group of executioner caspases (Figure A.7).
Remarkably, Caspase-17 has a Met in its CASc domain at position 197 instead of the Arg
conserved in all other caspases that is involved in substrate binding (Figure A.8). Finally,
we discovered a novel caspase, Caspase-21, that segregates with the group defined by
Caspases-3 and -7 in our phylogenetic analysis (Figure A.7). Casp21 appears specific to
the zebrafish lineage, as we could not identify any casp21 ortholog in other teleost
genomes. Protein sequence comparison between Caspase-21 and the other zebrafish

caspases further showed a higher similarity with Caspase-3a and Caspase-3b (Figure

A.4), suggesting they might share common functional properties.

Spatiotemporal expression of caspases during development
To characterize the expression of caspases during development, we analyzed the
temporal and spatial expression of all caspase genes from cleavage to larval stages using

reverse transcription PCR (RT-PCR) and in situ hybridization (ISH).
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Inflammatory caspases. RT-PCR analysis revealed that casp!, caspl9a, casp19b
and casp23 have different temporal expression profiles during development (Figure
A.9). Expression of caspl and casp19a begins at the pharyngula stage (24 hpf) and is
maintained at 48, 72 and 96 hpf. In contrast, casp9b expression was only weakly
detected at 48 and 72 hpf and became clearly visible at 96 hpf. Remarkably, casp23
expression could only be detected at cleavage and sphere stages, indicating that casp23 is
only maternally expressed. ISH further revealed common and specific expression
domains for caspl and caspl9a at 48, 72 and 96 hpf (Figure A.10). While both caspases
were detected in the pharyngeal arches as previously described **!, casp1, but not
caspl19a, was also found in the intestinal bulb at 72 and 96 hpf (Figure A.10C, A.10D,
A.10G and A.10H). In contrast, caspl9a was specifically detected in the epidermis at 48
and 72 hpf as well as in the proctodeum at 48 hpf (Figure A.10J-A.100), suggesting
distinct functions in these specific organs. Casp9a expression became notably restricted
to the pharyngeal arches at 96 hpf (Figure A.10L and A.10P). Our attempts to detect
casp19b with probes directed against the coding sequence or the 5'UTR of the transcript
were unfortunately unsuccessful, suggesting that casp9b expression levels might be

below the detection threshold of ISH.

Initiator caspases. Initiator caspases including casp2, casp9, and the members of
the caspase-8 subfamily casp8a, casp8b, casp10, casp20 and casp22 share a similar
temporal expression profile during development, as shown by RT-PCR (Figure A.9).

Expression of casp?2, casp9, casp8a, casp8b and casp10 was detected throughout
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embryonic development from cleavage to larval stages, indicating both maternal and
zygotic expression. Casp8a and casp8b expression appeared notably stronger at maternal
stages, suggesting an important function for these caspases during early development.
Casp20 expression was not detected at cleavage stage but was observed at very low
levels at sphere and shield stages. It was then strongly detected from bud stage to 96 hpf.

In contrast, Casp22 expression was only observed at lower levels from 24 to 96 hpf.

ISH revealed distinct expression patterns for casp2 and casp9 from 24 to 96 hpf
(Figure A.11). While casp?2 appeared selectively expressed in the midbrain and
hindbrain at 24 hpf (Figure A.11A), casp9 expression was strongly detected in the
olfactory placode and was observed at lower levels in the gut and proctodeum (Figure
A.11D). Casp?2 continued to be expressed in the midbrain and hindbrain at 48 and 72 hpf
and was also detected in the retina and pharyngeal arches at these stages (Figure A.11B
and A.11C). Expression in the intestinal bulb appeared at 72 hpf (Figure A.11C).
Compared to casp2, casp9 appeared ubiquitously expressed at low levels at 48 and 72
hpf (Figure A.11E and A.11F). Stronger expression was detected in the retina and
different regions of the brain including the diencephalon, midbrain and hindbrain, which
is consistent with the reported role of Caspase-9 in retinal axon arbor dynamics *7. At
96 hpf, casp2 and casp9 became more similarly expressed and were strongly detected in
the intestinal bulb, the nervous system and the retina (Figure A.11D and A.11H).

Casp2, but not casp9, was notably observed in the liver at that stage (Figure A.11D).

Members of the caspase-8 subfamily demonstrated a different spatial expression
compared to casp2 and casp9 (Figure A.12). While we were unable to detect casp8b and

casp22 despite using multiple probes directed against the coding sequence, 3'UTR, or
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5'UTR of both transcripts, we observed a strong expression of casp8a in the muscles,
retina and nervous system at 24, 48 and 72 hpf (Figure A.12A-A.12C). Casp8a
expression decreased in the muscles but remained high in the nervous system and retina
at 96 hpf and became prominent in the intestinal bulb (Figure A.12D). Casp10 appeared
to be expressed at lower levels and was notably detected at the floorplate at 24 and 48
hpf (Figure A.12E and A.12F). Its expression became apparent in the pharyngeal arches
at 48 and 72 hpf (Figure A.12F and A.12G) and was strongly detected in the muscles
and intestinal bulb at 72 hpf (Figure A.12G). Similarly to casp8a, casp10 expression
decreased in the muscles and became strongly detected in the intestinal bulb at 96 hpf
(Figure A.12H). In contrast to the low expression of caspl0 at 24 hpf, casp20 was
strongly detected in the nervous system, throughout the gut and in the proctodeum at that
stage (Figure A.12I). Interestingly, casp2() expression was also observed in the vascular
system at this time point. At 48 hpf, however, casp20 expression became restricted to the
pharyngeal arches and the intestinal bulb (Figure A.12J), where it remained strongly

detected at 72 and 96 hpf (Figure A.12K and A.12L).

Executioner caspases. Known as the principal mediators of apoptosis in all
tissues, executioner caspases appeared to have variable spatiotemporal patterns of
expression during development. Casp3a, caspba, casp6b and casp6c were detected at
relatively constant levels from maternal to late stages of development by RT-PCR
(Figure A.9). In contrast, only low levels of expression were observed for casp3b and
caspl7 from 24 to 96 hpf. Casp7 expression was detected at low levels from cleavage to
bud stages but increased from 24 to 96 hpf. Interestingly, a shorter casp?7 transcript was

detected at all stages by RT-PCR and appeared to encode a protein with a shorter pro-
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domain. The functional significance of this isoform remains however unclear. Casp21
was barely detected at shield and bud stages but became clearly expressed from 24 to 96

hpf.

ISH analysis revealed specific and complementary expression patterns of
executioner caspases at 24, 48, 72 and 96 hpf (Figure A.13). While casp3b could not be
clearly detected at 24 hpf (Figure A.13E), strong expression of casp3a was observed in
the olfactory placodes, diencephalon, midbrain and hindbrain at that stage (Figure
A.13A). As reported in previous studies *!”, casp3a remained strongly expressed in the
brain and retina at 48, 72 and 96 hpf, but was not detected in the trunk (Figure A.13B-
A.13D). In contrast, casp3b appeared ubiquitously expressed, albeit at low levels, at 48
hpf, with a higher expression in the pharyngeal arches (Figure A.13F). Expression levels
appeared to increase at 72 hpf, being higher in the pharyngeal arches, muscles and
intestinal bulb (Figure A.13G). Both casp3a and casp3b became expressed at high levels
in the intestinal bulb at 96 hpf (Figure A.13D and A.13H). While we have not been able
to detect casp6b and cas6c, we observed a specific and dynamic expression of casp6a at
24,48, 72 and 96 hpf. Casp6a expression was detected in the lens, gut, proctodeum and
to a lower extent in the epidermis at 24 hpf (Figure A.13I). It became restricted to the
pharyngeal arches at 48 hpf (Figure A.13J), but then expanded and was strongly visible
in the liver and intestinal bulb at 72 and 96 hpf (Figure A.13K and A.13L). While
casp3a, casp3b and casb6a are expressed in several tissues and organs, casp7 was
exclusively detected in the lens at 48 and 72 hpf (Figure A.13N and A.130). Although
surprising, such restricted expression has also been observed in the salmon embryo **2,
suggesting a highly specific and conserved function among teleosts. Like casp3a, casp3b

and caspb6a, casp7 expression became also detected in the intestinal bulb at 96 hpf
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(Figure A.13P. Casp21 expression was not detected at 24 hpf (Figure A.130 but
became visible in the primary head sinus (phs at 48 hpf (Figure A.13R. Expression

was maintained in the phs at 72 hpf and became also visible in the primordial hindbrain
channel and the muscles (Figure A.13S. It became detected in the pharyngeal arches
and intestinal bulb at 96 hpf (Figure A.13T. Finally, casp!7 expression could not be
observed by ISH at 24, 48 or 72 hpf (Figure A.14A, A.14C, A.14E and A.14G but was
strongly and exclusively detected in the liver and intestinal bulb at 96 hpf (Figure
A.14D and A.14H. Previous studies have also detected casp!7 in the liver of

chicken*’, suggesting functional conservation among vertebrates.
A.5 CONCLUSIONS

Our study reveals that the zebrafish caspase family is much larger than
anticipated, including 19 distinct caspase genes. As summarized in Figure A.5,
zebrafish caspases have both shared and specific expression profiles that suggest distinct
and complementary functions during development. It is interesting to note that only a
restricted number of caspases including casp2, casp3a, casp8a, casp9 and casp20 are
strongly expressed in the developing nervous system. Other caspases may not be
expressed there or may be expressed at such low levels in normal conditions that they
would escape detection by ISH. We also discovered that some caspases such
as caspba or caspl9a have dynamic expression patterns that change over time, while
others such as casp7 are unexpectedly expressed in a restricted number of structures or
tissues. Altogether, our analysis offers a starting point for future studies investigating the
functions of caspases during embryonic development. Our characterization of zebrafish

caspases will be especially useful for the generation of new caspase mutants or the
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development of genetically encoded biosensors expressed in a cell- or tissue-specific

manner.
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Gene name

forward primer

reverse primer

caspl ATGGCCAAATCTATCAAGG TCAGAGTCCGGGGAA
caspl9a ATGGAGGATATTACCCAG TCACAGTCCAGGAAAC
caspl19b ATGGAGGATATTACCAAGTTG TCACTGTCCAGGGAAC
_______________ cap2s | AATCGTCGTTTAGOGCTTTAG | GCAGATATATATIGCACITGCTATG
casp2 ATGTTGGGAGAGTGC TTAGTTGCTGGGGTAG
casp9 ATGGAGCAGAAACACAG TCATGACTGTGAAGACTG
casp8a ATGGATCCTCAGATCTTTCACG TCAGTCTATGGGCAGCACT
casp8b ATGGATAAAACTAGTAATCCTA TTAGGAGACTCCATTCAT
caspl0 GACATGGACATGTGTTTTCAGAG GAGCATCATCAAGGAAGCC
casp20 ATGAGTAAAAAGGAATCAACTC TCAGTTATTCACTGGCG
_______________ cap22 | ATGGCAGATCAACTTTIGG | CTGITTAAGAGAACCGGC
casp3a ATGAACGGAGACTGTGTG TTAAGGAGTGAAGTACATCTCTTTG
casp3b ATGTCGCACGTGAAACCA TTATTTAGGGAAGTAGAGTTCTTTGG
caspé6a ATGGCAAGTCACACT TTACTTTTTGGGCCTG
casp6b ATGGCAACTAACACCAGAAGC CTATTGGATCTGAGTATTGTCTCTG
caspée ATGCACCACAACAAATCAATAATG GTAGGGATTAGGTATGGATTAG
casp7 ATGAATAAAGAAGCCCTTACTTCC TCAGTTGAAGTAGAGCTCTTTAG
_______________ cap2l | ATGAGTTTACAAGCTICTAAAGAC [ TTACAATTTCTTATTCTTCTCTGCAAC
caspl7 CAACACAAGCACTAATGTCAG TCCTCATTTCTGTGATCTTCAG

Figure A.1: Primers used for caspase cloning.
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Gene other / previous names GRCz10 chromosome location Ensembl Gene ID Genbank Acc # (old) Genbank Acc #
name (strand) (new)
caspl ‘ caspase-a, caspy, zgc:109869 chr16:42,043,825-42,054,428 (-) ENSDARGO00000008165 BC095022 M@G957992

caspl9a* caspase-b, caspy2, zgc:109807 chrl1:57,315,773-57,323,452 (-) ENSDARGO00000052039 BC095000, MG958005

caspase-14, si:ch211-233g6.8 ENSDARGO00000075270 DQO022755

casp19b* \ caspase-bl, caspase-bl, si:ch211-15j1.6 chr1:57,370,656-57,376,144 (-) ENSDARGO00000094433 - MG958006

casp23* caspase-c, zgc:113326, zge: 171731 chr7:19,348,435-19,352,383 (+) ENSDARG00000014657 BC151948 MG958010
casp2 caspase-2 chr16:17,643,307-17,669,604 (-) ENSDARG00000062052 BC163115 MG957993
casp9 im:7136887,zgc:101776 chr23:25,047,448-25,058,524 (+) ENSDARGO00000004325 BC097103 MG958002
casp8a \ zgc:92075 chr6:12,811,868-12,821,422 (+) ENSDARGO00000058325 BC081583 MG958000
casp8b caspase-811 chr6:12,862,945-12,867,126 (+) ENSDARGO00000058341 DQ812121 MG958001
caspl0 { caspase-812, caspase-8b chr9:1,343,221-1,355,521 (+) ENSDARG00000070272 | DQ812123 (partial) MG958003

casp20* caspxa,caspxb, zgc: 194469, chr6:12,878,158-12,881,286 (-) ENSDARGO00000058347 BC163666 MG958007

CARD-Casp8

casp22* ‘ si:dkey-103e21.5 chr5:22,081,469-22,086,320 (-) ENSDARG00000091926 BC133883 MG958009
casp3a caspase-3a, zgc:100890 chr1:16,835,237-16,841,582 (+) ENSDARGO00000017905 BC078310 MG957994
casp3b ‘ caspase-3b chr14:4,022,953-4,036,126 (-) ENSDARG00000055045 DQ812120 MG957995
caspéa _ caspase-6a, zgc:112960 chr3:32,830,371-32,834,050 (-) ENSDARG00000093405 BC094299 MG@G957996
casp6b \ caspase-6b, zgc:103604 chr3:32,822,780-32,826,756 (-) ENSDARG00000025608 BC083437 MG957997
casp6e caspase-6c, zgc: 136946 chr3:32,837,963-32,841,789 (-) ENSDARGO00000070368 BC114318 MG957998
casp7 \ zgc:110595 ¢chr12:30,456,171-30,467,659 (-) ENSDARGO00000091836 BC095327 MG957999

casp2I* CABZ01041682.1; FO834888.1 chr21:8,440,994-8,445,761 (+) ENSDARGO00000055550 - MG958008
caspl7 CU467905.1 chr10:42,334,831-42,350,374 (+) ENSDARG00000086266 - MG958004

(partial)

* new number attributed

Figure A.2: Nomenclature and accession numbers for zebrafish caspases.
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Hs. Hs. Hs. Hs. Hs. Hs. Hs. Hs. Hs. Hs. Hs. Hs. Bt. Mm. Gg. Gg.
CASP1 | CASP2 | CASP3 | CASP4 | CASP5 | CASP6 | CASP7 | CASP8 | CASP9 | CASP10 | CASP12 | CASP14 & CASP15 | CASP16 | CASP17 | CASP18

Caspl | 38/55 | 29/47 | 27/45 | 35/56 | 33/51 | 24/42 | 25/48 | 26/42 | 30/49 23/40 32/51 28/42 26/47 23/47 19/33 26/44
Caspl9a| 33/56 | 25/49 | 25/41 | 32/54 | 30/53 | 19/41 | 26/51 | 24/42 | 27/49 24/45 30/50 23/39 26/46 25/48 20/36 24/46
Caspl9b | 32/52 | 26/49 | 27/42 | 33/55 | 31/49 | 21/39 | 26/49 | 24/42 | 27/46 23/42 33/50 25/41 27/48 25/50 19/34 27147
Casp23 = 33/50 | 26/46 | 23/38 | 31/50 | 31/51 | 20/35 | 22/41 | 21/42 | 23/41 22/44 28/44 20/34 24/42 22/40 18/33 24/48
Casp2 | 26/47 | 48/65 | 27/40 | 26/47 | 28/51 | 25/40 | 26/45 | 27/44 | 32/52 27/45 26/42 24/36 27/43 26/45 22/32 24/48
Casp9 | 25/47 | 30/52 | 29/42 | 24/45 | 25M45 | 27/41 | 31/49 | 30/47 | 49/67 30/49 22/42 23/38 27/45 26/44 20/35 30/52
Casp8a | 27/46 | 28/49 | 27/39 | 27/45 | 27/47 | 26/38 | 29/45 | 38/55 | 32/50 37156 23/41 22/34 25/42 25/41 21/34 40/60
Casp8b | 28/46 | 25/42 | 31/53 | 27/48 | 25/41 | 31/49 | 30/48 | 30/43 | 27/46 29/43 25/46 26/43 25/45 25/39 22/39 32/46
Caspl0 | 24/43 | 25/46 | 25/37 | 23/41 | 24/47 | 22/36 | 30/44 | 35/57 | 30/46 37/60 22/39 22/33 23/41 24/42 19/33 33/52
Casp20 | 28/47 | 30/44 | 34/48 | 28/46 | 27/43 | 28/44 | 30/51 | 29/43 | 31/51 32/46 26/47 28/42 28/47 23/44 21/38 29/46
Casp22 | 31/50 | 27/48 | 29/46 | 28/50 | 27/46 | 29/46 | 32/51 | 32/46 | 34/52 33/48 30/51 29/43 27/47 25/49 27/42 31/52
Casp3a | 27/40 | 25/40 | 56/71 | 29/42 | 24/37 | 38/58 | 41/54 | 24/36 | 28/45 23/36 28/42 33/47 27/45 23/41 29/48 26/38
Casp3b | 27/42 | 23/40 | 56/70 | 29/42 | 25/39 | 38/54 | 45/57 | 26/36 | 27/44 24/36 27146 31/49 26/43 20/38 28/50 26/37
Casp6a | 26/38 | 24/38 | 41/61 | 28/42 | 24/40 | 65/77 | 33/48 | 25/37 | 29/44 23/34 26/45 29/50 27/45 24/42 27/42 25/38
Caspéb | 19736 | 23/34 | 37/60 | 25/40 | 20/35 | 53/68 | 29/43 | 20/32 | 26/42 21/33 21/42 30/54 25/42 22/40 29/51 22/34
Casp6c | 22/36 | 23/35 | 39/59 | 25/40 | 22/34 | 54/67 | 29/41 | 25/32 | 26/42 22/34 22/43 32/54 25/41 23/40 28/50 25/36
Casp7 | 28/45 | 28/45 | 46/60 | 29/48 | 29/45 | 37/51 | 54/67 | 30/45 | 30/50 28/42 27147 29/45 26/47 23/43 27/45 31/44
Casp2l | 25/41 | 23/38 | 38/60 | 29/42 | 25/37 | 37/51 | 32/46 | 20/33 | 24/40 24/35 28/44 31/47 26/41 22/37 32/53 26/39
Caspl7 | 20/37 | 21/35 | 28/49 | 21/38 | 19/36 | 27/49 | 28/44 | 21/34 | 21/36 21/35 21/39 28/44 22/40 22/35 37/54 21/37

Highest percentages of identity and similarity are highlighted in grey.

Identity and similarity between orthologs are indicated in bold.

Hs: Homo sapiens; Mm: Mus musculus; Bt: Bos Taurus; Gg: Gallus gallus

Figure A.3: Protein sequence identity (%) and similarity (%) with other vertebrate caspases.
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Caspl 100 | Caspl9a
Caspl9a | 41/61 100 | Caspl9b
Caspl9b | 42/60 | 70/82 100 | Casp23
Casp3 | 3652 | 32 3us | 100 Casp2
Casp2 | 26/48 | 26/50 27/45 26/46 | 100 | Casp9
Casp9 | 28/48 | 27/45 27/48 24/46 | 30/54 | 100 @ Casp8a
Casp8a | 26/45 | 25/46 25/45 23/46 | 31/52 | 29/49 | 100 | Casp8b
Casp8b | 25/50 | 25/47 23/44 22/39 | 29/44 | 30/46 | 40/53 100 | Caspl0
Caspl0 | 23/40 | 28/45 26/44 25/46 | 29/46 | 30/49 | 35/53 | 28/39 100 | Casp20
Casp20 | 29/47 | 24/46 23/45 25/43 | 28/46 | 31/50 | 34/47 | 35/56 | 31/43 100 | Casp22
Casprz | 2951 | 2051 | 26/51 | 26/4s | 3049 | suse| 330 | 3354 | 37 | 38155 | 100 Caspla
Casp3a | 26/42 | 23/39 22/40 24/35 | 26/41 | 27/42 | 28/40 | 31/51 | 25/38 | 32/48 | 32/47 100 | Casp3b
Casp3b | 26/45 | 25/42 26/40 23/34 | 26/40 | 26/41 | 25/39 | 32/52 | 23/37 | 32/49 | 33/49 | 61/77 100 | Caspo6a
Caspba | 25/43 | 20/40 24/41 23/37 | 26/40 | 27/42 | 26/38 | 31/48 | 24/36 | 31/49 | 30/45 | 38/57 | 39/59 100 | Caspéb
Casp6b | 22/38 | 21/39 18/38 21/34 | 24/36 | 26/35 | 25/36 | 30/46 | 20/35 | 31/46 | 28/43 | 37/57 | 36/54 | 66/77 100 | Caspbe
Casp6e | 25/40 | 20/39 20/38 22/31 | 24/36 | 27/40 | 26/35 | 32/46 | 23/35 | 31/45 | 31/45 | 36/55 | 36/54 | 63/73 | 80/89 100 | Casp7
Casp7 | 25/48 | 27/49 26/47 25/42 | 27/44 | 32/47 | 30/46 | 33/56 | 30/44 | 35/54 | 33/52 | 47/62 | 49/63 | 37/53 | 35/48 | 35/47 | 100 | Casp2l
Casp2t [ 2742 | 2601 239 | 25/37 | w7 | 2539 | 2se | sl | 236 | 3as | dsd | s2le0 | aois0 | 3w | /s | 37156 | 37/s2 | 100 Caspl7
Caspl7 | 20/37 | 20/37 20/37 19/35 | 23/38 | 21/34 | 22/35 | 28/48 | 20/34 | 28/42 | 26/43 | 31/52 | 29/53 | 28/50 | 31/47 | 31/45 | 27/49 | 34/53 100

Identity and similarity between duplicated isoforms are highlighted in grey and bold.

Figure A.4: Protein sequence identity (%) and similarity (%) among zebrafish caspases.
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Cep opob i mb Wb r I mpms phophbe v pa W b g pr
INFLAMMATORY | caspl | 24 hpf
48 hpf +++
72 hpf +++ ++
96 hpf +H+ +++
caspl9a | 24 hpf
48 hpf | +++ o +++ s
72 hpf + +++
96 hpf +++
INITIATOR casp2 24 hpf — ++
48 hpf ++ ++ ++ ot
72 hpf ++ | +++ ++ +++
96 hpf +H+ | +++ +++ | |+t +
casp9 24 hpf +++ +++ |+
48 hpf +4++ +++ | o+ |t +++ +++
72 hpf +++ e R +++ o
96 hpf ++ ++ ++ +++ + ++ ++
casp8a 24 hpf + + +++ +++ + +
48 hpf g | oAb | etk Al +++
72 hpf + + +++ +++ +++
96 hpf ++ ++ +4+ ++ +++
caspl0 24 hpf ++
48 hpf + 44
72 hpf +++ +++ +++
96 hpf ++ ++ +++ ++
casp20 24 hpf +++ +++ | At +++ ++ +++ | +++
48 hpf +++ +++
72 hpf +++ +++
96 hpf ++ ++ ++ +++ +++ +

Figure A.5: Developmental expression patterns of zebrafish caspases.
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EXECUTIONER casp3a 24 hpf +++ +H+ | A |t
48 hpf +4+ +H+ |+t ++ ++

72 hpf ++ +++ | 4+ ++ +++

96 hpf ++ faEr | amae S Ghet +++ ++ ++
casp3b 24 hpf
48 hpf + +
72 hpf ++ R +++

96 hpf ++ -

caspba 24 hpf + ++ +++ |+
48 hpf +++
72 hpf + | |

96 hpf + ++ +++
casp7 24 hpf
48 hpf +++
72 hpf +++

96 hpf +++ +++ +++
casp21 24 hpf
48 hpf + +

72 hpf + 4+

96 hpf + + ++ ++
OTHER caspl7 | 24hpf

48 hpf
72 hpf
96 hpf +++ |+

Figure A.5: Developmental expression patterns of zebrafish caspases (Continued) Expression levels detected by ISH are
indicated by +, ++, or +++. ep: epidermis, op/ob: olfactory placodes/bulb; di: diencephalon; mb: midbrain; hb: hindbrain; fp:
floorplate; r: retina; In: lens; mp/ms: muscle pioneers/muscles; phs/phbc: primary head sinus/primordial hindbrain channel; vs:
vascular system; pa: pharyngeal arches; lv: liver; ib: intestinal bulb; g: gut; pr: proctodeum



Prodomain CASc domain

Casp1 — II F20 [ [Fo ] 383aa
Casp19 <——" 11 1 | 404aa
Inflammatory Casp19l o I [1 |  40%aa.
Casp23 I T T | 446aa.
Casp?2 I NI 1 I 435aa.
Casp9 O [ 1 1 336aa
Casp8 L B _ N 1 I 476aa
Initiator Casp8l [ WET 1 | 330aa
(apoptosis)
Casp10 — 11 ] I s22aa
Casp20 (1T 1 | 347aa
Casp22 [ EE 1 | 366 aa.
Casp3 1 [T | 282aa.
Casp3l | | | | 285aa.
Caspb [ . 1 | 29%2aa.
Executioner
(apoptosis) Caspéil 1 1 Il 249aa
Caspbl2 [ [ 1 | 244aa
Casp7¥ I 1 | 350aa.
Casp21 I 1 [ 2665aa
Casp17 1 1 [1 280aa.

1 CASc domain with P20 and P10 subunits | Traf2 binding site
<l Pyrin domain # Nuclear localization signal
@ CARD domain
-l DED domain

Figure A.6: Domain structure of zebrafish caspases. Caspases are presented based on
the classical classification of caspases as inflammatory, initiator, or executioner. The
catalytic CASc domain is indicated in yellow, with large and small subunits in orange.
CARD: caspase recruitment domain; DED: death-effector domains.
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Fig A.7: Phylogenetic tree of zebrafish and other relevant vertebrate caspases. A
phylogenetic comparison was conducted for caspase protein sequences from zebrafish
(Dr), human (Hs), mouse (Ms, used for Casp16), cow (Bt, used for Casp15), chicken (Gg),
coelacanth (Lc), medaka (Ol), stickleback (Ga) and fugu (Tr). Teleost species are

indicated in blue, with zebrafish in bold. 500 bootstrap replications were used as a test of

phylogeny, with values indicated next to the branch.
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DrCASC 1 - - -poKAMKNS EENMEKLLME VERPHMLS AKEMDEAIRDF AQREEHKYSDSAFVY IM H
DrCASC1S 1 - - -ANTOHNREN EENAEWLLRS I; IKYRNLSGKDIRRAVENFSKRREHEDADSTF IV IM 5
DrcascIo 1 - - -ANKGDDREA EENMEWLLENEN TEYRNLTGNE ISRAVODFSRRHEHODADSTFVVIM L]
DrcAScid 1 KD - - - - - NV RT ELSMERLLEG ¥ESMVTLRDLS AQGMSTAMRODFSORKEHADSDSCFVVLM IF
DrCAsc? 1 DS ANTDLD IR EETLRRLFTERDEEKMS LHRDLTAEAMRRCLEQFAQOQQEHAAYDCAVVCLL --GEVY [
DrCASS 1 EK-ASELNDREK COKLEKRFKABMNBEMT VKRNLKSKR IRMEMASLAKK -DHSTYDCCVV 1L TEASHHNRFPGAVHEVD
DrCASCE 1 LKE-STHLLEKMT KDORLAKLFSRMHEQ IEVRNDLE AWA | KDE I KQF ANR - NHASMGAFYCCILSHBEY - - - - - - - GTVLETD
DrCAscEl 1 -E-SASLADRR KoDLTKVEEKMY FXxHEVRDDLOAS DMANY IKEFAEK -DHSOMNAFVCCILT --GTVLETD
DrCASCIO 1 -5 -ACGWL NRIE HDSLRDVEE EILTRRDCTGDO ILQALMDLSTO -DHTQADCYYCCIL --NDII@VD
DrCASCHD 1 - --TSMKE MR KEYLAKVER EMVAHRNETAAEMENILOALGRT - - -VDGDCFVCCVLESHEVE - - - - - - - EGVC@TD
DrCASCRY 1 == -TNPEME MR TASLEDLFE SMEITKQDOQTVS AMKMTLEEYSE - -DREHGDCFVCCVLSHENE - - - - - - - SGVLES D
DrCASCE 1 DR -RTGMNE RN AGHNVMHNYFRE IMEVYNDOTVAG IMOQVLTTVAHD -DHSRCASLVEVLL - -GVFFETD
DrCAS 1 HK - RTGMG VRN AKEVFETFSQ EMEPYHNDLTVSOMMALLTKASEE -DHSKSAMFACYVLLSHBDD - - - - - - - GLIY@TD
DrCASCE 1 Fw-KLGLGYRMS KENL IRRFREBNEEMK AFDDYKRHEVLSKITEAAAA -DHVDADCFVCVFLEHBEN - - - - - - - GHVYAND
DrCASCEN 1 DW-KLGLETRN RODLVSREOENNEEMKAYNDYSRODVLLE IQEASAA -DHVDADCFVCIFLENBED - - - - - - - GHVYAND
DrCAScEL? 1 S-S -LLGLETREE RDSLVSRFEERDREMEAYNDYSROKVLEE IKEVAAA -DHVDADCFVCIFLSHRED - - - - - - - GHVY AND
DrCAscT 1 DE -KETGMNV RN AGELFECFES DMAVYNDOTCRNMERLLEKAVSEE -DHSDSSCFACILL --GMIY[D
DrCAsc ] “P-DSPRLYRK ERRLSSTEKS HMEVENNLS ANOMIDALRTVSEE -DHTDNSCFVEVLM «-GTILES D
DrCASCI? 1 YP-DALLRNEP TORLHEK | LME SMDIRVDMEAGE | IEAFKQESEQ - - -TVKECFNG 11§ EE:------GVVFECD
DrCAsc] B YHRTHMNPSDSFPVDNVYRHLNSENCPA v ILl EH-GRVWASDGEFP DEPME |EDDDFVHEEK
DeCASele 91 - - - - - - - DOVYFIEETFSHLNSVNCPA VLl QS SGVWLAQDSVF A - - - - - - - - - - oo oo oo SDSWVHMEK

DrCasciol 91 YHWLONRNDVYFVEDTFSHLNSVNCPA
DrCAScHd B - -DESSOQDDVFPPDE IFKCLNTPNCAG
DrCASch L. B GOQLLELDWVFEVEDNARCFL FF1
DrCASCH GE e cGPAVPIQIITHNYLNGONCPS LFF 1
Dr.CASCE B - GKFVEIREVTLPFAG - -CRT LFEF I
DrCAScEl B ------- GKQWPIRELSQPFFAE - -CRS LEF I
DrCASCID 8 ------- GKAVPFEELMETLSPFRECSS LFF I
DrCASCHD L GSLWSVDE IRDPFTGVNCOK LFFI
DrCASCRY BS e EQICPVDDITSPENGANCS A VEF I

QL -GGVPVEDCVF
KEFGNVDVIPDSVRI

DENOQAGYWTSDGRE
NMROOGLWMAHE RE
TONORAVFPFOQTFTE
REQLREVNAOGADGP
HE IO0SKENMVADDSG

ESDEWVHEEK
RGTRREHKEK

EEMDNGVDOLDGOQERTQSPGCEQRDAGREGERDNREKKEEKERERLRVELPORS
EKDIGFEVESPDDVOPS IGG IDDEMDA IPMSSSSDSLSTASDELDARASLIPTRS
DAPEEDEKYEEDAGI IVLREIPIEA
SHTTEEEAYEEDAHAAGHNYS IPMDA
----DEDVLASDAGVPRDS IPEMA
--GDGESEMEVDGDDFDITIPSDT
------ GSRTOKPGRVSVWS IPEDS

EETQRIPYVEA

- - -SOVTNDMVVDAGVLYTLPAGA

DrCASCE B8 - TS-VWODLKSLTSLFERGDRCPS LEF I TELDPGYETDHPDH = = = = = s = s s s s wnsmeessa==n===PDIPDGRVRIPVEA
DrCASc 8 cxrr=== DS - IELKRLFAHFRGDRCTS LFEF I TOLDSGIECDGYGD == s s s s s s s s ssmssssmcamennnmns

Di.CASOE M === GO-IEIPEITDLFEGDKCRS 1F1 DEHDDPVTPMDVV D

DrCASEN B KEK-IEIPEITDLFEGDKCRS 1B DELDDAVTEMSVED - - - - - - - - - - - - - - oo oo o VEMAVDAGVLYTLPAGA
DrCASCELR g7 ------- EK-IKIPEITDLFKGDKCRG 1E1 DKKDDPYAPMSAED - - - - - - - - - - - - - - - - - - - SDDEMAVDSGVSNHNTLPAGA
DrcAsT L I GA-MPIKTMTSLEKGDVCKS LFFI SEFDDGVATDSGPP

VEYDPGVEADSVEA
DLOGGNOQVETDSS

NDT IETDANPRHEIPVEA
SEDFFGISDVP -EL
SSEEQDILSELLSIP- -1

DrCASc] 58 FISLMSCTPDT - | TFY\I’QT.\PDVFIK(l-HEDHIFElFRK lIIRFI.'I-------NPNHIGNF[Q“ACI----DR!'I.F LFYL
DeCASCIS 149 FVCFMSTMPNT - SYIVDVFCSSA-HRDDIMELFREMTLRME « - - « - -KDORFOGOAKLLPC] - - - -ERTS ISKRFYL
DeCAScISl 156 FVCFHSIMPI}\‘- SYIVDVFOCSSA-CKDHIMELFREMAARME - - - - - - KDERFRROAKLLPCI - - - -ERTSEVEKFYL
DiCASEIE 149 FCCFRSESTPDT - VEIFHRHA -YEDDIEELFREMIMEKFR -----------ETHDEQMPCEK - - - -ERTTHCKKFYL
DiCASe? e ICGFATLKGFSTAAM EENTAIRORA -NNTHLSDILVOMNGO 1K - - - - - - SREGYAPGSAHHRCEEMSEFTSSBCRDLYL
D CASC 84 ILVSYSTFPGY - YVENBODRVLEENA - ITDDLYTMLMLENDAWS - - - - - - - QGISAKGLYEKQMPG - - - - - SFNFEREKLLYF
D CASH 160 FLIGMARVEHY - ERCEKKMEELCPEKEDMLS ILTEMNFEWS - - - - - - - - KRILEGYKQMPE - - - - - PRYTETEKLVL
D CAScHl 158 FLFAIARVEHF - VEBCKQLERGCAQKKEDILS ILTARNGVWG - - - - - = = = SKILOQGYKQMPE - - - - - VEYTETEALVL
DrCASclO 156 YLMAMST V PFWY - SECONMLRLLVPRGNDLLSILTEMNADWS - - - - - -KKSDEKSGLEKQMPQ - - - - -PEFSETRTVVF
DeCAScHO 154 FLIARSTTDGH - SECANLEKHCPLGADILTILL SBMNNEWS - - - - - - - - - IQGLHS KQMPY - - - - - HEVAMRMEKL I L
DeCAScI? 152 FLIARSTVEGY - SBCENLEEGSKRGHDILTILTEMNNDWS LEEGYLEVKNE INDAKVTRED - - - - - FIFTERELLIF
DrCASCE 150 FLYAYSTVPFGY - SBCEMMTKYG -SELELLOIMTRMNHKVMALDFESTSHNMPGFDAKED IPC - - - - - IVEMBTEEMY F
DrCASc3l 146 FLYAYSTAPGY - SSBCDOMLLEYG -EQLE IMOVMTAMNHEVALEFESSSNLPGFDGEED | FC - - - - - IVEMBETEELYF
D CASof 157 FIMCYSWVAEGY - CEILRRYG -SELEFAEILTLMNREVSLASVLNCEDRS AVGEKEQYPRC - - - - - FASMETEKLFF
DeCAScEIl 153 FIMCYSTAEGF - CEILGRYH -SELOQFTDILTLMNMRVSLASYVPNCRNARAMA IGKEEKQGMPC - - - - -FASMETKERLFF
DeAScE? 154 FIMCYSTAEGF - CEILGRYR -SOLEFTHILTLMNRENSLAS | - -CODLSATGT KQMPC - - - - - FASMETKRLFF
D CASeT 154 FLFAYSTVPGY - FVOABCHVLSEFG -KEQLEIMOILTAMNYMVATSFESWSEDPRFSEKEQIPC - - - - - VVSMETKELYF
D CASE2 149 FLCCYSTVEGY - EBCETLMD - - -CRLET IQLTRENHLYMAYCFOSYTLELETNRKRQMPC - - - - - FASRETKDFYL

DvCASCIT 148 TAVIYARSPGY - -AAFMHP -L TEHCDLEESDGGPDLEITELETRLNHOMAYNFG - -ARGE ILGGKEQMPC - - - - -

FVTRFTREVFP

Figure A.8: Multiple protein sequence alignment of zebrafish caspase CASc catalytic domains.

Residues highlighted in blue are conserved across caspases.
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casp1
casp19a
casp19b
casp23

casp2
casp9
casp8a
casp8b
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casp20

!

casp22

casp3a

casp3b

caspba
caspbb
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casp’
casp21
casp17

B-actin
Figure A.9: Temporal mRNA expression of caspases during
embryonic development. RT-PCR was performed for all 19 caspase
genes using cDNA from specified developmental stages. B-actin was
used as a control.
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Figure A.10: Spatial expression of caspl and casp19a at 24, 48, 72 and 96 hpf. Lateral (A-D) and dorsal (E-H) views of whole
embryos stained for casp! by ISH show expression in the pharyngeal arches (pa) at 48, 72 and 96 hpf and in the intestinal bulb (ib) at
72 and 96 hpf. Caspl9a expression is strongly detected in the pharyngeal arches (pa) at 48, 72 and 96 hpf, and is also seen in the
epidermis (ep) at 48 and 72 hpf (lateral views in J and K, dorsal views in N and O). Expression is also observed in the proctodeum (pr)

and at lower levels in the muscles pioneers (mp) at 48 hpf. Scale bar: 200 um.
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24 hpf 48 hpf 72 hpt 96 hpf

casp?2

casp9

Figure A.11: Spatial expression of casp2 and casp9 at 24, 48, 72 and 96 hpf. Lateral views of whole embryos stained for casp?2
(A-D) and casp9 (E-H) by ISH. Casp?2 is expressed in the midbrain (mb) and hindbrain (hb) at all stages analyzed. Expression is also
observed in the pharyngeal arches (pa) and retina (r) at 48, 72 and 96 hpf (B-D), and in the intestinal bulb (ib) at 72 and 96 hpf (C, D).
Casp?2 becomes strongly detected in the liver (Iv) at 96 hpf (D). Casp9 is expressed at high levels in the olfactory placodes (op) and at
levels in the gut (g) and proctodeum (pr) at 24 hpf (E). Casp9 appears ubiquitously expressed at low levels at 48 and 72 hpf and is
strongly detected in the retina, diencephalon (di), midbrain, hindbrain and gut from 48 to 96 hpf (F-H). Scale bar: 200 pum.
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casp8a

casp10

casp20

Figure A.12: Spatial expression of the caspase-8 family members casp8a, casp10 and casp20 at 24, 48, 72 and 96 hpf. Lateral
views of whole embryos stained for casp8a (A-D), casp10 (E-H) and casp20 (I-L) by ISH. Casp8a is expressed in the hindbrain (hb),
muscles (ms) and at the floorplate (fp) at 24 hpf (A). Its expression is then strongly detected in the retina (r), diencephalon (di),
midbrain (mb), hindbrain and muscles (ms) at 48 hpf (B). Additional expression in the intestinal bulb (ib) is observed at 72 and 96
hpf (C, D). Caspl0 expression is detected at the floorplate at 24 and 48 hpf (E, F) and in the pharyngeal arches (pa) at 48 hpf (F). A
strong expression is detected in the pharyngeal arches, muscles and intestinal bulb at 72 hpf (G). Caspl0 remains highly detected in
the pharyngeal arches and intestinal bulb at 96 hpf (H). Casp20 is strongly expressed in the nervous system (ns), vascular system
(vs), proctodeum (pr) and throughout the gut (g) at 24 hpf (I). Its expression ecomes restricted to the pharyngeal arches and the

intestinal bulb at 48, 72 and 96 Ipf (J-L). Scale bar: 200 pum.
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casp3a

casp3b

caspba
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phs
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Figure A.13: Spatial expression of the executioner caspases casp3a, casp3b, caspba, casp7 and casp21 at 24, 48, 72
and 96 hpf. Lateral views of whole embryos stained for casp3a (A-D), casp3b (E-H), casp6a (I-L), casp7 (M-P), and
casp?1
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Figure A.13 (Continued): (Q-T) by ISH. Casp3a is expressed in the olfactory placodes (op), diencephalon (di),
midbrain (mb) and hindbrain (hb) at 24 hpf (A). Expression remains high in the nervous system at 48, 72 and 96 hpf and
is strongly detected in the olfactory bulb (ob), retina (r), and optic tectum (ot) (B-D). Casp3a becomes strongly
expressed in the intestinal bulb and liver at 96 hpf (D). Casp3b expression is not detected at 24 hpf (E) but becomes
visible at 48 and 72 hpf, notably in the pharyngeal arches (pa), muscles (ms) and intestinal bulb (ib) (F, G). Expression
becomes restricted to the pharyngeal arches and intestinal bulb at 96 hpf (H). Casp6a expression is mostly detected in the
lens (In), gut (g) proctodeum (pr) and epidermis (ep) at 24 hpf (I). It becomes restricted to the pharyngeal arches at 48 hpf
(J), and is strongly detected in the pharyngeal arches, intestinal bulb and liver (lv) at 72 and 96 hpf (K, L). Casp7
expression appears restricted to the lens at 48 and 72 hpf (N, O). It expands to the intestinal bulb at 96 hpf (P). Casp21
expression is not visible at 24 hpf (Q) but is detected in the primary head sinus (phs) at 48 hpf (R). It is maintained in the
primary head sinus and is also observed in the primordial hindbrain channel (phbc) and the muscles at 72 hpf (S). Casp21
expression becomes visible in the nervous system, pharyngeal arches and intestinal bulb at 96 hpf (T). Scale bar: 200 um.
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Figure A.14: Spatial expression of caspl7 at 24, 48, 72 and 96 hpf. Lateral (A-D) and dorsal (E-H) views of a whole embryo

stained for casp7 by ISH show a strong and specific expression of caspl7 in the liver (Iv) and intestinal bulb (ib) at 96 hpf (D, H).
Scale bar: 200 um.
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Figure A.15: Syntenic conservation between casp8, caspl0, caspl8 and
casp20 orthologs. Caspase genes are represented in red. Genes conserved among
coelacanth and tetrapods are represented in green while genes conserved among teleosts
are shown in blue. Non-conserved genes are in white. Chromosomes are indicated on the
left for each species, with zebrafish chromosomes highlighted in grey. Hs: Homo
sapiens, Gg: Gallus gallus; Lc: Latimeria chalumnae, Dr: Danio rerio, Tr: Takifugu
rubripes, Ga: Gasterosteus aculeatus, Ol: Oryzias latipes.
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Figure A.16: Syntenic conservation between casp6 orthologs. Caspase-6 genes are
represented in red. Genes conserved among coelacanth and tetrapods are represented in
green while those conserved among teleosts are shown in blue. Non-conserved genes are
in white. Chromosomes are indicated on the left for each species, with zebrafish
chromosomes highlighted in grey. Hs: Homo sapiens, Gg: Gallus gallus; Lc: Latimeria
chalumnae, Dr: Danio rerio, Tr: Takifugu rubripes, Ga: Gasterosteus aculeatus, Ol:
Oryzias latipes, Tn: Tetraodon nigroviridis.
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