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Abstract

The organizer is a ciliated signalling transient organ, responsible for the patterning of
embryo tissues during embryonic development. In higher vertebrates, such as mouse and chick,
this organizer (the node and the Hensen’s node, respectively) performs dorsalventral and
anteriorposterior axis definition, as well as left-right patterning of the internal organs. In lower
vertebrates, such as frog and zebrafish, there is a separate specialized organ for left-right
purposes called the Gastrocoel Roof Plate (GRP) and Kupffer’s Vesicle (KV), respectively.

It is known that mouse and chick organizer cells give rise to structures like floor plate,
notochord, hypochord and somites. Frog GRP originates all these but floor plate. In zebrafish, at
13-14 somite stage (ss) the KV finished its left-right patterning but what happens to this

organizer’ cells is still poorly studied.

This research attempts to understand the fate and behaviour of the KV cells. We followed
the fate of KV cells by live imaging and by tight time-courses with fixed larvae. We assessed in
detail their proliferative and death profile, as well as cilia length progression from 9-10 ss until
29-30 ss.

We conclude that the KV cells mostly follow the evolutionarily conserved fates described
for other organizers. These cells mainly incorporate the notochord and hypochord; few cells
incorporate the floor plate and the somites. As a novelty, it is also hypothesized that the hypural

cell fate may be among the KV cell fates.

Keywords: Kupffer’s vesicle, fates, floor plate, notochord, hypochord, somite, cilia.

VI



Resumo

O organizador é o orgdo temporério ciliado responsavel pela padronizacdo dos varios
tecidos que constituem o embrido. Em vertebrados superiores, tal como ratinho e galinha, o
organizador para além de estabelecer os eixos dorsoventral e anteroposterior, também
estabelece o eixo esquerda direita dos 6rgdos internos. Em vertebrados inferiores, tal como sapo
e peixe zebra existe uma outra estrutura especializada na padronizacdo esquerda direita,

chamada chéo do gastrocele (GRP) e a vesicula de Kupffer (KV), respectivamente.

Sabe-se que em ratinho e galinha o organizar da origem a estruturas como chédo do tubo
neural, notocorda, hipocorda e somitos. O GRP do sapo, origina todas estas estruturas a
excepcdo do chao do tubo neural. Em peixe zebra, no estadio de 13-14 somitos (ss) a vesicula
de Kupffer estéa a finalizar a sua fungdo na padronizagéo esquerda direita, mas o que acontece as

células que constituem este organizador estd muito pouco estudado.

Esta investigacdo prendeu-se pelo objectivo de perceber o destino e comportamento das
células da KV. Usando imagiologia em live e complementacdo com técnicas moleculares,
podemos aferir em detalhe o destino destas células, o seu perfil proliferativo e apopt6tico, bem

como a progressdo do tamanho ciliar dos 9-10 ss até aos 29-30 ss.

Concluimos que a maioria as células da KV segue um destino evolucionariamente
conservado entre organizadores, incorporando a notocorda e a hipocorda, em nimero reduzido
ha também a integracdo no chdo do tubo neural e nos sémitos. Foi também admitida a hip6tese

do destino de algumas destas células ser como hipural.

Palavras-chave: Vesicula de Kupffer, destinos celulares, chdo do tubo neural, notocorda,

hipocorda, somitos, cilios.
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Introduction

1. Embryonic development

Embryogenesis is a process whereby an embryo develops and forms. This process comprises
several common developmental phases among most vertebrate organisms, being zygote stage the
first. The zygote results from the egg fertilization by the sperm and fusion of paternal with maternal
genetic material. In mammals, the zygote (Figure 1.1 A) enters a series of quick divisions without
growth called the cleavage stage’.

In the end of this stage, the zygote is called morula (Figure 1.1 B). Through compaction and
differentiation of these cells is formed an outer layer — throphoblast — and an inner layer —
embryoblast® (Figure 1.1 C). The embryoblast starts to cluster at the animal pole, forming the inner

cell mass and leaving a blastocoel cavity in the vegetal pole.

At this point the embryo is called the blastocyst and the process is called blastulation (Figure
1.1 C).With differentiation of the blastocyst, the inner cell mass becomes divided in epiblast and the
hypoblast (Figure 1.1 D) °. At the same time, the amniotic cavity is formed near the animal pole
(Figure 1.1 E).
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Figure 1. 1 - Mammalian early development. A — Zygote; B — Morula stage; C — Blastocyst after compaction
and formation of the inner cell mass. D — Further differentiation of the inner cell mass in epiblast and
hypoblast; E - Formation of the amniotic cavity. Image adapted from website
http://www.yourarticlelibrary.com/biology/ *

With further development, the epiblast and hypoblast form the bilateral disk. When the

primitive streak is formed the gastrulation begins (Figure 1.2)°.

"IT IS NOT BIRTH, MARRIAGE, OR DEATH, BUT GASTRULATION, WHICH IS TRULY THE
MOST IMPORTANT TIME IN YOUR LIFE." LEWIS WOLPERT (1986)

The epiblast cells migrate from the lateral sides, through the primitive streak, in the direction
of the hypoblast layer®. The epiblast cells, as a consequence of ingression have a mesendoderm fate,
since the hypoblast cells are replaced by ingressing cells that become endoderm 2. These epiblast
cells continue to migrate through the primitive streak and form an intermediate layer called
mesoderm. At this point, with all the three germ layers formed, the gastrulation is complete and the
earlier top epiblast layer is now the ectoderm, the intermediate layer is the mesoderm and the bottom
layer is the endoderm?.



[Tl ectoderm  [7] mesoderm || prospective endoderm [ ] endoblast

Figure 1. 2 - Gastrulation process in the chick embryo. In mouse the process occurs in the same manner, but
the Hensen’s node is called Node. Image taken from Wolpert, Tickle (2011), “Principles of Development

In the beginning of neurulation, some central cells in the mesoderm start to differentiate to
form the notochord, which is a rod-like structure along the embryo responsible to signal and pattern

several tissues around it®.

This structure will send differentiation signals to the upper tissue — ectoderm — inducing its
thickening and formation of the neural plate, at whose edges are neural crest cells (Figure 1.3). The
infolding of the neural plate forms the neural groove and the correspondent lateral folds. These
neural folds keep converging until they touch each other and completely detach form the epidermis,

forming the neural tube.

At the same time this process happens, the notochord is signalling the mesoderm. Further
differentiate into paraxial or presomitic, intermediate, lateral plate mesoderm and further
differentiation of presomitic mesoderm will lead to somitogenesis. The final process of the embryo

development is the organogenesis, where the internal organs are formed®.



Figure 1. 3 - Neurulation process. A - With differentiation signals from the notochord (red) to the ectoderm tissue, the
neural plate (blue) is formed and starts to fold within. B — Further folding of the neural folds, with attention to its
borders — neural crest (green). C — Total closure and detachment of the neural plate, forming the neural tube. In most
vertebrates, neural crest cells migration starts upon closure of the neural tube. Image adapted from Huang et al.(2004)°

The processes described before are typical of mammalian embryonic development * but in
spite of the similarities®, specific characteristics such as the yolk amount, its distribution in the

zygote, as well as the angle of the mitotic spindle, dictates distinct developmental patterns (Figure
1.4).
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Figure 1. 4 - Comparison of vertebrate cleavage patterns. Adapted figure from “A comprehensive approach to Life
Science, Second Edition, University of Tokyo *

Chicken (Gallus gallus) is the closest vertebrate to mouse (Figure 1.5) but the cleavage pattern
is similar to the fish. Nevertheless, from the blastodisc stage on (equivalent in mouse to the bilateral

disk), the developmental pattern, in spite of quicker, is much similar to the mouse embryo®.
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Figure 1. 5 - Phylogenetic tree showing the most common model organisms used in research. The divergence
times in millions of years ago (Mya) are shown based on multigene and multiprotein studies. Branch lengths
are not proportional to time. Image taken from Wheeler, Brandli (2009) ’

In frog (Xenopus laevis), there is the blastula (with the characteristic blastocoel) but with no
primitive streak formation, the cellular movements observed from early gastrula, are very different
from chick and mouse. In this case, the major cell movement observed is epiboly and involution
(Figure 1.6 A,B), while in mouse and chick is ingression through the primitive streak.
Notwithstanding, a fairly similar event to ingression is the migration of the cells through the dorsal
blastopore lip. This involution will generate the endoderm and mesoderm, while the epiboly

happening in the outer layer will lead to the ectoderm formation (Figure 1.6 C) °.

Zebrafish (Danio rerio), being the most phylogenetically distant from the organisms described
previously (Figure 1.5), is also the one with a more distinct development (Figure 1.7 A-D). Even
with very different cleavages patterns (Figure 1.4) comparing with frog, there are several similarities.
Both have the external epiboly of the enveloping layer, that forms the ectoderm and both have

involution movements of the epiblast cells, forming the mesoderm and ectoderm.



Figure 1. 6 - Frog early development,
gastrulation process. A — Beginning of outer layer
epiboly and involution of cells through the dorsal
blastopore lip. B - Archenteron formation, C —
Final phases of gastrulation, already with the

three germ layers formed. Adapted from Gilbert
Key N Future ectoderm Bl Future mesoderm Future endoderm (2008) 1
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Although the fate map varies between organisms, there is a general agreement regarding this
point. The three germ layers formed will make up all the embryonic structures and organs. It is
thought that at very early stages these cells are already specified to fates like notochord, head, heart,
gut, among the rest (Figure 1.8) ®. The ectoderm, being the most external layer, originates the outer
layer of the skin, skin related structures and nervous system °. Mesoderm, the intermediate layer,
gives rise to inner layers of the skin, muscles (including the cardiac muscle), skeletal system,
kidneys, circulatory system, bladder and genitalia *°. Endoderm, the most internal layer, gives rise to

the gastrointestinal track, lungs, liver, pancreas and gut®*.

|:l Endoderm . Ectoderm n Neural ectoderm . Notochord
. Extra-embryonic mesoderm [:] Mesoderm — Site of ingression

Figure 1. 8 - Fate map of model organisms (Xenopus laevis, Danio rerio, Gallus gallus and mus musculus).
Image adapted from Wolpert(1998)

2. Left-Right Organizer

Most of these tissues and organs are organized in a bilateral way. Indeed, the axis formation is
one of the first events in the embryo development. Each bilateria organism has its own axis
organizer. For instances, in mouse is the node, in chick is the Hensen’s node, in frog is the Niewkoop
center and in zebrafish is the shield. In terms of gene expression, the one gene mostly associated with
axis definition is Wnt ™. This signalling pathway is characterized by its implication in cell-fate

specification, proliferation and differentiation, cell polarity, and morphogenesis ***.

All these organizers, pattern the embryo cells movements through physical and genetic
changes in order to form the anteriorposterior (AP) and dorsalventral (DV) axis. But when

considering internal organs, the symmetry pattern as evolved differently. It is generally assumed that
7



deuterostomes (a subtaxon of bilateria, where during development the first opening becomes the
anus, in opposition to prostostomes where the first opening, during embryonic development,
becomes the mouth) have an asymmetrical patterning of the internal organs. These asymmetries are
governed by the left-right organizer. Which is also the node in mouse and Hensen’s node in chick,
but in frog is a different organ from the Niewkoop center, called the gastrocoel roof plate (GRP) and
in zebrafish is the Kupffer’s vesicle (KV). These temporary organs were collectively named the left-
right organizer (LRO) in mouse, chick, frog and fish. The LRO has motile cilia (Figure 1.9), whose
function is to create a flow and start a series of asymmetrical events that ultimately lead to the

asymmetrical build and placement of the heart, gastrointestinal tract, liver, lungs and pancreas'**°.

Asymmetry importance goes far beyond organ morphogenesis and function. It was reported,
for instances, that asymmetry can also be related with animal behaviour *°. Taking as an example an
event occurring in all vertebrates, the nutrient recovery in the gastrointestinal tract wouldn’t be so

efficient if this organ wasn’t asymmetrically packed *'.

I

MOTILE

I I
A Planarmotion (8+2) B Rotary motion (9+0) C NON-MOTILE (9+0)
Multiple cilia on a cell “Primary” monocilium “Primary" monocilium (sensory)

Figure 1. 9 - Scheme of transverse section of different types of cilia regarding its motility and the relative
position in the cell. A — Motile cilia present in the brain, airways and reproductive tract. B — Motile cilia
present the laterality organ. C — Immotile cilia present in the kidney tubules, bile duct, pancreatic duct, eye,
ear and fibroblast. Image taken from Leigh et al. (2009) *°



2.1  Left-Right Asymmetry

According to Collins et al. *® the left-right patterning events can be summarized in four steps:

“(1) BREAKAGE OF BILATERAL SYMMETRY TO MOLECULARLY DEFINE THE
LEFT AND RIGHT SIDES OF THE EMBRYO, (II) TRANSFER OF INFORMATION FROM
THE SITE OF SYMMETRY BREAKAGE TO THE LEFT AND RIGHT SIDES OF THE
EMBRYO, (II1) MAINTAINING AND REINFORCING LEFT AND RIGHT IDENTITY IN THE
LATERAL PLATE MESODERM, AND FINALLY, (IV) TRANSLATION OF THE LEFT
VERSUS RIGHT INFORMATION INTO ASYMMETRIC ORGANOGENESIS. GIVEN THAT
VERTEBRATES HAVE WELL-CONSERVED BODY PLANS WITH RESPECT TO THE FINAL
POSITIONING AND ASYMMETRIC DEVELOPMENT OF INDIVIDUAL ORGANS, IT IS
LOGICAL TO ASSUME THAT THE MOLECULAR EVENTS IN LEFT-RIGHT PATTERNING
WOULD BE EQUALLY WELL CONSERVED."

How asymmetric events start is still in debate, but the consequences of its beginning are
consensual. Once the asymmetric information is transmitted to the left side of the laterality organ, the
Nodal and Lefty expression are induced in loco. These are diffusible proteins belonging to the
transforming growth factor B (TGFP) superfamily *°. The self-enhancement and lateral inhibition
system (Figure 1.10) is formed together by Nodal acting as an activator and Lefty as an inhibitor 2%,
Nodal and Lefty cascade are constricted on the left lateral plate mesoderm. Furthermore, Nodal
induces the expression of several genes that will lead to asymmetric morphogenesis of internal

organs *®.

Self-enhancement and lateral inhibition (SELI)

Figure 1. 10 - Self-enhancement and lateral
inhibition  mechanism  activated  with
asymmetry breakage in the left-right
organizer. Image taken from Nakamura et
al (2012) #




2.1.1 Hypothesis and Models

The breakage of symmetry through the

A Ancestral chordate mode (fish, Xenopus, mouse} . . .
leftward fluid flow is the most common mechanism

described, but there is the curious exception of chick.
|

Instead of a fluid flow there is the physical rotation

Node =
organizer

of the Hensen’s node which will create an

| asymmetrical Nodal expression (Figure 1.11 B)

i 17,2223
B \ Divergent mode {chick, pig?)

Figure 1. 11 - Asymmetry breakage mechanisms. A —
conserved left-right asymmetry breakage with nodal flow
in mouse, frog and fish. B — Divergent model for
asymmetry breakage in chick with node rotation. Image
g taken from Blum (2014) V'

Several hypotheses have arisen to explain how leftward fluid flow would break the symmetry

in the left-right organizer.

The Morphogen Gradient Model was the first model emerged . This model suggests that
morphogens released in the ventral side of the organizer would be subjected to a flow that will take

them to the opposite side, leading to the creation of a gradient, and its accumulation on the left side
24,25

In 2003, McGrath et al.?® suggested that the asymmetry was exclusively created by two types
of cilia — the motile and non-motile or sensory cilia. The motile cilia would create a leftward flow
that the immotile cilia, acting as mechanosensors, on the left side would sense and response with Ca
?* release on that side, leading to nodal asymmetrical expression. This is now known as the two-cilia

hypothesis.

2.1.2 Problems with Asymmetry

This flow mechanism of symmetry breakage is error prone and consumes a lot of the gastrula
embryo energy, so how did it evolve? The majority of non-chordate organisms have epidermal
motile cilia adapted for locomotion and swimming. According to Blum et al. 2014 ', these cilia
were re-adapted upon internalization during the gastrulation phase to serve as a symmetry breakage

mechanism.
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If the left-right patterning occurs normally, the internal organs are placed as in Figure 1.12 -
Situs Solitus. But when this patterning is not correctly preformed, several disorders arise. Situs
inversus is a condition where the organs are placed in a reversed order, while heterotaxia is
characterized by the complete randomization of visceral organ placement. Heterotaxia is usually

associated with higher death rates.

Situs solitus

Figure 1. 12 - Scheme of normal left—right
asymmetry (situs solitus) and in left-right
abnormal situation (situs inversus). Image

adapted from Patel et al. (2010)%°.

Stomach

Particularly related with cilia, there are several pathologies like Bardet-Biedl syndrome,
Joubert Syndrome, Polycistic kidney disease, among many others #?. The study of cilia, its
functions and mechanism is crucial to biomedicine in order to have better tools to fight these types of

diseases.

2.2 Organizer’s fates

In this study | am focused on the fate of the KV cells, in zebrafish, after their role in the left-
right asymmetry patterning. In chick, frog or zebrafish these fates are not well studied. However,

there are many studies regarding the mouse node cells fate.

In mouse there are several organizer populations according to the developmental stage. These
populations are differentiated between each other by their lineage contributions, molecular profile,
and function. The Early Gastrula Organizer (EGO) contributes to the formation of the prechordal
plate, foregut endoderm, and cranial mesenchyme, according to Kinder et al 2001 *. With the
change in function and molecular profiling of the organizer, it is formed the Mid-Gastrula Organizer

(MGO). This organizer also contributes to prechordal plate and foregut endoderm but also to the
11



head process, notochord and the ventral midline of the neural tube. Plus differentiation of the MGO
will lead to the formation of a late organizer — the Node * . The node is double layered constituted
by mesoderm and neuroectoderm, unlike the zebrafish which is just mesoendoderm. The cells from
the ventral region of the mouse node are monociliated and will contribute to the notochord, while the
cells from the dorsal region of the node will contribute to the ventral neural tube — floor plate. These

contributions are essentially to the posterior trunk of the embryo®".

It is known that in chick, the Hensen’s node cells mostly integrate the notochord and the
somites and at least the lateral regions of the node, have the capacity of originating more than one

tissue type *. In frog, the GRP will give rise to notochord, somites and hypochord *.

Studies regarding the KV fate were done separately by Cooper and D’Amico® and Melby et
al. 1996 . Firstly, they described that the shield cells will mostly contribute to notochordal fates and
a minority to the floor plate. Performing lineage tracing experiments they identified a specific group
of forerunner cells (DFC) derived from the dorsal blastoderm margin. According to Cooper and
D’Amico®, approximately at 20 somite stage, part of this DFC cluster enters mesendodermal organ
rudiments whereas others remain in the base of the chordalneural hinge (Figure 1.13). At later stages
these cells segregate from the tissues and incorporate the notochord, somites and tail mesenchyme

However, this was not demonstrated by the authors®, justifying the present work.

Figure 1. 13 - Embryo at approximately 26 ss. A - The Kuppfer’s Vesicle has disappeared by this stage and the
forerunner cell cluster remains ventral to the chordalneural hinge during tail extension. Hypochordal rod
(black arrow). B — Same embryo as in A at higher amplification. Scale bar - 50 um. Image adapted from
Cooper and D’Amico (1996) **.
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These result are coincident with the ones from Melby et al. *°, which according to his work,
the DFCs have a tail mesodermal fate, incorporating the notochord, tail muscle and tail mesenchyme
(Figure 1.14).

Figure 1. 14 - Dorsal forerunner cells tracing in the tail. Scale bar 50 um. A — Tail with labelled muscle cells
(arrows), B — Posterior tail tip with labelled notochord (arrowhead), body wall mesenchyme (arrows) and fin
mesenchyme (small arrow). Image and subtitle adapted from Melby (1996)"°.

Knowing in detail the fates and behaviour of these cells will not only enrich the current
knowledge on this topic, but will also help to make new connections and raise more important

questions regarding the organisms’ organizers.

3. Zebrafish Left-Right Organizer

Danio rerio, a.k.a zebrafish, is a 4-5 cm in length tropical fresh-water fish native to rivers of
northern India, northern Pakistan, Nepal, and Bhutan in South Asia.

This species is a model organism that offers several advantages as a tool in research, including
a short generation time, production of large clutches of eggs, external fertilization and rapid
embryogenesis, which is similar to that of higher vertebrates and that, can be monitored through the
transparent egg and embryo. It is a widely used model organism for genetic studies in vertebrate
development, developmental biology and a variety of human congenital and genetic diseases.

The zebrafish development comprises a life cycle from fertilized egg to adult of 90 days, but
in this study we only looked at the embryonic development from 9-10 until 29-30 somite stage (ss).

13



During this period, major events occur in the embryo such as left-right patterning by the Kupffer’s

vesicle, tail extension, somite formation, notochord vacuolation, among others.

3.1 Development of Kupffer’s Vesicle

In 1996, Mark Cooper and Leonard D'Amico * described for the first
time the dorsal forerunner cells (DFC), which we know now as the

precursors of Kupffer's vesicle.

It was evident that between 50-60% epiboly a small group of cells
was distinguished from the rest. These cells didn't suffer involution or
ingression into the embryonic shield during germ ring formation. Instead
these Noninvoluting Endocytic Cells (NEM) stayed as a cluster loosely
adherent in the distal edge of the more adherent dorsal blastoderm (Figure
1.7 C).

In 2008, Oteiza et al. * described the complete process of KV
formation. At sphere stage (4 hours post fertilization - hpf), there are the
enveloping layer cells (EVL - which is an epithelial monolayer) and deep
cells (DEL) (Figure 1.7 A). At this stage, there is also a group of cells called
Dorsal Surface Epithelial Cells (DSE) in direct contact with the yolk
syncytial layer (YSL). As the embryo develops, in the beginning of epiboly,
there is a coordinated movement of EVL cells, DSE and marginal deep
cells, as they start to migrate towards the vegetal pole (Figure 1.7 B). When
EVL surpasses DSE (which migrates slower) these are forced to ingress. At
50% epiboly (right after formation of shield) they are totally converted to
Dorsal Forerunner Cells (Figure 1.15).

Dome stage

Figure 1. 15 - Scheme of dorsal forerunner cells (DFCs) formation during gastrulation phase. EVL —

Enveloping layer, DSE — dorsal surface epithelium; YSL — Yolk syncytial layer. Adapted from Oteiza et al.

(2008)*
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This conversion implies cell division and mesenchymal behaviours (Figure 1.16 I1), like
existence of protrusions. The initial number of DFC increases in this process and goes from
approximately 30 to approximately 60, at 80% epiboly. With a higher cell number the wide
morphology of these cluster becomes more narrow and the DFC intercalate with each other. At the
end of epiboly, the DFC detach from the EVL layer. Studies revealed that the ZO-1 attachments
points (tight junction) were responsible to keep these cells in touch with the upper layer. Once they
detach, the ZO-1 creates multiple focal point on the apical side of the DFC and more unpolarised
DFC joins the cluster to create a rosette rearrangement (Figure 1.16 1l1). At this point these cells
suffer a mesenchymal to epithelial transition (Figure 1.16 Il). This structure quickly expands, with
the ZO-1 fusion, and with the lumen filling until it reaches twelve times its original size (Figure 1.16
IV, V). From tail bud to 4 ss, there is no more cell recruitment of cells and the characteristic cilia

start to appear. At 9-10 ss the left-right organizer is fully formed and finishes its function around 13-

14 ss.
. DFC
Migration m Eud afepiboly
Il. MET @ Bud stage
I1I. Apical
Clustering % 8

Figure 1. 16 - Scheme of Kupffer’s Vesicle formation. | — 1

DFCs migration at 80% epiboly; Il — mesenchymal to

epithelial transition (MET); 11l — Apical clustering, fusion %#:;i’; @ 4ss

of ZO-1 focal points; IV — Lumen formation; V — Lumen

expansion. ntl — no tail gene, correspondent to brachyury

in mouse; tbx6 — T box 6 gene correspondent to spadetail

in mouse. ntl and tbx6 are required for the transitions -

. . 97 V. Lumen
referred in the image. Adapted from Amack 2007 Expansion 6 ss
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3.2 Development of posterior body

The embryo development also comprises the growth of the posterior body. Arguments in the
scientific community varied when trying to understand how this phenomenon happens.

Holmadhl, in 1925, suggested that the formation of anterior regions, like head and trunk, was
ruled by a different program than the one controlling the posterior body formation *. In opposition,
Pasteels, in 1943, described the tail formation as a continuation of gastrulation, not qualitatively
different from the rest of the body (head and trunk) *. With research ®, not just in zebrafish but also
in mouse and chick, it was possible to define that several events were specific of the tail region.
Mutants like wnt3a with severe defects in the posterior body but relatively normal head and trunk *,
proved that the development of the tail has distinct processes from the anterior body *. Nevertheless,
the actual posterior body formation is a combination of both hypotheses.

The tail formation in zebrafish can be described essentially in four different steps: 1) Tail bud
formation, with the fusion of the marginal cells with the ventral yolk plug; 2) Extension phase, with
tail elongation along the ventral side stopping when reaching the ventral side midpoint; 3) Protrusion
phase, when there is an accumulation of cells in the tail bud region and 4) Tail eversion, where the

tail grows away from the yolk cells. The characteristic cell movements during the tail formation are
represented in Figure 1.17.
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Figure 1. 17 - Characteristic mass cell movements during tail formation in zebrafish. Posterior is
upwards. The two-colour arrows indicate the transition of cells from superficial regions (dark colour)
into the deeper hypoblast (light colour). Top to bottom corresponds to posterior and anterior,
respectively. Image and subtitle adapted from Kanki and Ho (1997).



In spite of the differences in the timing of tail formation, at late stages of neurulation in frog
and at the end of gastrulation in zebrafish, is observed that the differentiation wave still occurs in the

anterior to posterior direction®.

In zebrafish, the ventral midline of the tail bud anterior regions only contributes to the
formation of the notochord. During early gastrula, the precursor of notochord — chordomesoderm —
receives differentiation signals and suffers cellular rearrangements that force this tissue to become
elongated in a rod-like shape (Figure 1.18) “. The characteristic stiffness occurs during the
segmentation period, when the central cells of the notochord acquire a large vacuole. The pressure

created by these vacuoles against the surrounded tissue sheath grants this property to the notochord.
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Notochord
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Figure 1. 18 - Notochord structural aspects in a Prim-5 zebrafish embryo. A - Tail region structures — floor
plate, notochord and hypochord; B - Representative scheme with the floor plate, notochord and hypochord
represented, as well as its cross-section. Image taken from Stemple et al. (2005)*.

In zebrafish, its extension along the tail derives from ingression/involution of precursor cells
in the dorsal position, formed during gastrulation **. It is described that cells at the tail demonstrate
rearrangements and intercalations, which differentiate to provide the notochord extension “**.
Interestingly, in no tail mutants, where there is no notochord formation, the tail extension is severely
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affected *. This implies that, until some extent the notochord may contribute to the tail elongation **.
In mouse and chick, the notochord is a transient signalling structure that will contribute to the
nucleus pulposus in the adult (structure integrated in the intervertebral discs) *. In zebrafish, for
instances, the notochord sheath suffers mineralization during the skeleton system formation *. A
curiosity regarding this structure was reported by Bogina et al *’ in amphioxus where the notochord
presented some cilia-like organelles. Could these cilia-like structures be present in other model
organisms, like zebrafish?

In addition tail, the head is formed from the paraxial mesoderm, as well as the somites. The
somites, in turn, will give rise to sclerotome (cartilage), myotome (skeletal muscle) and
dermamiotome (dermis) 2. It is described that at early stages of segmentation the somitogenesis
begins with a clock wave like development “**. In the chick tail bud was observed that paraxial
mesoderm, from the dorsal regions, gives rise to different structures like muscle precursors (somites)
and neural precursors (spinal cord). In zebrafish the most dorsal cell population in the tail will give

rise to the spinal cord *.

While in chick and mouse the neural tube is formed by the neural folds and its closure over the
neural groove, in zebrafish the neurulation process is different. Instead of creating the neural tube
through the folding of the neural plate, it is first created a neural rod from epithelial sheets and with
cell rearrangements and cavitation processes it becomes a tube with lumen — neural tube *°. The floor
plate is the ventral region of this neural tube and it is above the notochord as shown in Figure 1.3 and
1.18. It is described that the neural tube possesses different size cilia, according to its relative
position **. Particularly, the floor plate, expressing foxjl presents longer cilia than the lateral sides of

the neural tube **, possible motile and responsible for the brain spinal fluid flow.

Beneath the notochord is another structure called the hypochord (Figure 1.18). From what it is

52,53 In

known, this structure is well conserved among axolotls, frogs and fish (Figure 1.19)
zebrafish, its derives from the lateral side of the organizer and one of its known functions is to signal
to the aorta, via secretion of Vascular Endothelial Growth Factor (VEGF), to correctly differentiate
and form **. At pharyngula stage this structure starts to recede until it totally disappears *°. Cilia are
spread all along the organism (Figure 1.9) and accordingly, in the hypochord cilia were also reported

(in this case primary cilia) .
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Figure 1. 19 - Ambystoma mexicanum. Transmission
electron microscopy (TEM) micrograph of a hypochord
cell (H), Notochord (N), somites (S), Prominent
extracellular matrix fibrils (F), dorsal aorta (A) and
endoderm (E). Image adapted from Lofberg and
Collazo( 1997) *'.

The proliferative profile so far described for
the zebrafish tail is represented in Figure 1.20.
Kanki and Ho (1997) the

proliferation in the tail at 10 ss and 18 ss. The total

assessed cell
number of cells per defined region (Figure 1.20 —
regions 1 to 5) was counted and the ratio of mitotic
cell/cell nuclei counted was calculated. It was
observed that the tail tip has a low proliferation
rate, this results is expected since the elongation

cell supply does not come from the tip.
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Figure 1. 20 - Mitotic indices within zebrafish tailbud. Top — dorsal views along A-P axis (left) and medial-
lateral axis (right) with subdivisions 1-5. Down — Graphs with mitotic indices of each subdivision of the tail.

Image adapted from Kanki and Ho (1997) *

On the other side of the coin, programmed cell death is an old topic and many studies have

been done in this regard **. Gluskmann defined several types of apoptosis depending on the

context™. The phylogenetic apoptosis is the elimination of a structure that has evolved with the
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organism but that no longer has an active function or contribution. The morphogenetic apoptosis,
happens for instances, during interdigital cell elimination along the embryo development. And the
last type is the histogenetic apoptosis, that occurs when a cell is misplaced in a structure or isn’t
preforming its function as it should, for instances, when a neuron doesn’t make the appropriate

synaptic connection or when a notochord cell doesn’t vacuolated properly.

The deepest study regarding apoptosis in zebrafish embryos was conducted by Cole and
Ross, in 2001 (Figure 1.21)*°. They described that apoptosis occurred from 18 ss to Prim-5, with a
peak at 22 ss, in both ectodermal and mesodermal layers. Beyond Prim-15 stage, no more apoptosis
was detected. These scientists hypothesised that the apoptosis observed in the tail could be in order
to increase the space in the tail for morphogenesis of the mesenchymal cells around the notochord
and spinal cord. They also assessed the notochord apoptosis rate from 10 ss until Prim-5. They
noticed a peak at 26 ss, but with no specific location pattern of the apoptotic bodies. Between 14 ss
and 22 ss, according to Kimmel et al (1995)*, at 21 ss the notochord finished the patterning of the
neural ectoderm, and its cells vacuolate and swells. It could be that this elimination is representative

of the cells that failed differentiation and/or vacuolation.
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Figure 1. 21 - Apoptotic studies in zebrafish. A — Graph with zebrafish tailbud apoptotic rates throughout
development; B — Each dot represents an apoptotic cell, embryo with 12, 16 and 20 hpf, respectively from left
to right. Image adapted from Cole and Ross (2001)%.

Many aspects of the zebrafish development are still unrevealed. For instances, the KV cells are
crucial for the correct development of the embryo, but will they be important after the KV closes or
will they die? Will they acquire and perform other functions? This thesis attempts to fulfil a gap in
knowledge regarding the Kupffer’s vesicle cell fates, their contribution and possible influence in the

zebrafish larvae tail development..
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Aims

It is known that the KV is a crucial, temporary organ that coordinates the correct embryo
development. The contribution that these KV cells have in later embryonic stages is not properly
studied and with the use of a transgenic line we wanted to investigate and understand the fate of
these cells in zebrafish. For that purpose, | used a transgenic line (foxjla:GFP) available in our
laboratory, that labels the zebrafish Kupffer’s vesicle cells. Using two-photon microscopy and the
help from ImageJ, Huygens and Imaris software was possible to do the 3D tracking of these cells

movements.

To have a detailed description of these cells and to complement the live imaging information,
proliferation and death assays were performed. With a molecular approach, we aimed to determine
the final position of KV cells, using immunofluorescence studies and In situ hybridizations to assess
the co-localization of the GFP marked cells (from the foxjla:GFP line) with markers for different

embryonic tissues.

Considering the determinant role of cilia in the Kupffer’s vesicle, the cilia length progression
was studied by immunofluorescence assays to assess the potential functional contribution of the KV
to the embryo tail. Through laser ablation, was also an aim to assess the potential contributions of the

KV cells to the tail environment and tail structures.

Ultimately, the goal, after gathering all this information, is to better understand the fate of the
KV cells, their potential functional contribution to the embryo once the left-right patterning is
established; the cilia that these cells have and the overall influence and contribution to the zebrafish

tail.
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Materials and Methods

To meet this project aims we used Danio rerio (zebrafish) as a model organism. All the

reagents used were from Sigma — Aldrich, except when mention otherwise.

1. Zebrafish husbandry and maintenance

Adult zebrafish were raised and maintained at 28 °C with 14h light/ 8h dark photoperiod ®.
After crossing the progenitors, embryos were collected in embryonic medium (E3) and raised at 25
°C or 28 °C incubator until they achieved the desired developmental stage, according to Kimmel et
al., 1995 *.

For this research, the transgenic reporter line Tg(0.6foxjla:gfp) was used. In this transgenic
zebrafish line, was introduced a 0.6 kb fragment of foxjla promoter, located approximately 5.2 kb
to —4.6 kb upstream of the ATG start codon, driving the expression of GFP ®2. This line labels all
ciliated cells that have a motile cilia and was used in order to distinguish the Kupffer’s vesicle (KV)
cells from the remaining ones. In order to label the KV cells and cell membranes ® for the laser

ablation we also used the Tg(Ras:mGFP) to outcross with Tg(0.6foxjla:GFP).
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2. Live Imaging and Microscopy

To study the movements and migration of the KV cells, we used two-photon microscopy. This
type of microscopy allows a deeper penetrance in the tissues with low photo-toxicity and bleaching.
This results from the usage of near-infrared radiation for excitation, which is much less absorbed by
the embryo, reducing the noise and the need for a pinhole aperture for that purposes. Also, because
bigger wavelengths are used the sample penetration increases, thus more fitted for whole mount live
imaging. In order to understand if the KV cells have an important contribution to the tail we
performed laser ablation using the Andor Spinning Disk. This microscope has the capacity of single

cell ablation, allowing a more precise ablation.

2.1  Two-Photon Microscope — Migration studies

2.1.1 Whole Mount

The embryos that were fluorescent in the KV were analysed in the stereoscope and the ones
with stronger fluorescence were selected. These were manually dechorionated with forceps under the
stereoscope with minimum light. Five of these embryos were collected to a 1,5 mL tube, using a
glass pasteur pipette. To each tube was added 1% Low Melting Agarose (LMA: 1g Low Melting
Agarose - Fisher Scientific and 100 mL Embryonic Medium), previously heated and cooled down to
a temperature that did not destroy the embryos. In a petri dish coated with the same 1% LMA or
Agarose (1g Seakem LE Agarose — Lonza and 100 mL Embryonic Medium), each embryo was
placed in an individual agarose drop and the position rearranged to allow the best. The petri dish was
covered with 1X Tricaine (1 mL 25X Tricaine and 24 mL of dH,0) at 28 °C and kept in dark until

usage in the two-photon, few minutes after.

2.1.2 Image Acquisition

For time-lapse imaging the embryos were filmed with two-photon microscope (model Ultima
from Praire) controlled by Prairie View v4.0.0.53 software. The 20X water lenses (Olympus

XLUMPLFLN) with 1.00 numerical aperture (NA) was used and the embryos were anesthetized
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with 1X Tricaine. The lens and the stage were warmed at 27,5°C, with minimum variations. The
image acquisition conditions, like pocket cell throughput, photon multiplier tubes (PMT), step size,
Z-stack, pixel size, optical zoom, period and repetitions, varied between embryos due to different

developmental stages and fluorescence signal intensity.

After acquiring the images, as a control, some of the embryos were let to grow in a 28 °C
incubator and others were fixed with PFA 4% for further analysis.

2.2 Andor Spinning Disk — Cell Ablation

2.2.1  Whole Mount

As for the two-photon, the embryos were analysed in stereoscope and the ones with stronger
fluorescence in the KV were selected. These were then manually dechorionated with forceps under
the stereoscope with minimum light. Several of these embryos were transferred to an agarose mold,
using a glass pasteur pipette. The agarose molds were done previously using 1% agarose and after
the mounting the embryos were covered in 1X Tricaine.

2.2.2 Cell laser Ablation

For KV cells ablation the embryos were analysed with Nikon Eclipse Ti-E (model Revolution
XD) controlled by Andor Qi software. The 10X (PLAN FLUOR) 0.3NA and 20X (PLAN APO VC)
0.75NA objectives were used to select the best mounted embryos and the water immersion objective
60X (PLAN APO VC) 1.20NA was used to ablate the cells of interest.

The protocol used is described in Figure 2.1. The Repetition Rate, number of repeats and laser

strength was variable among embryos.
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Figure 3. 1 - Protocol used for laser ablation. The
program runs the protocol from up to bottom, passing
through start and end of the stack position — doing a z-
stack before the ablation, ablation plan and region of
interest (selected in a parallel window), cell ablation
(Frappa — Ablation) and repetition of the stack in

order to confirm the result.

Confocal Microscopy — Fixed Samples

The embryos were mounted for an inverted microscope using a slide and a coverslip spaced by

silicone (Dow Corning). The image acquisition for fixed embryos, where immunostaining or
TUNEL was preformed, was done using the confocal Zeiss LSM710 controlled by the Zen 2010 b

SP1 software. | used a water immersion lenses 40X 1.2 NA at room temperature.

26



3. Molecular Techniques

The aim of the molecular techniques described below was to assess the programmed cell death
and proliferation of the KV cells and evaluate the cilia length. In addition, by colocalization studies
of the foxjla:GFP with a few in situ probes, | aimed to identify the fate of subsets of KV cells.

3.1  Fixation of Embryos

All the molecular techniques were performed in fixed embryos. The criterion to choose the
time window for the fixation was to cover most of the developmental stages spanning the duration of
the live imaging videos. Starting from 9/10 somites and ending in Prim-5 developmental stage, the
embryos were fixed hour by hour with PFA (Paraformaldehyde) 4% overnight (or even over
weekend) and then dehydrated by transfer to 100% methanol. The embryos were stored at —20°C for
several weeks.

3.2 Insitu Hybridization

For a better understanding of the molecular signature of subsets of KV cells we performed In
situ hybridization. This technique uses anti-sense mRNA labelled with DIG (digoxigenin) that binds
to the native MRNA present in the cells that are expressing that gene, giving qualitative information

about the expression pattern of a gene of interest *.

The following molecular markers were used: ntl, Col2ala, foxjla, shh, msgnl, dnah7, for

original references see ®".

The probes used in this work are described in Table 1. It is important to understand that the
nomenclature of the different development stages was standardized for a matter of simplicity and
easy reading, i.e., if the original paper qualifies the developmental stage as 20 hpf in this Thesis it

was converted to 21s, according to Kimmel et al., 1995 .

27



3.2.1.

Probe information and Synthesis

Table 3.1 — Description of the In situ probes. WT — wild type; ss or s — somites; fp — floor plate; hy —
hypochord; no — notochord; col — collagen.

Structure/Region
Name Figure of the expression pattern Reference
Marked
Schulte et al., 1994 65
no tail (ntl) Notochord
Essner et al. 2005 56
21ss
D f no col
Hypochord and Yan et al. 1995 67
col2ala
Floor plate - - wwwwew | Dal-Praetal. 201168
wWT hy 28s
Neugebauer et al.
KV, floor plate and
foxjla 20092
pronephric duct
Yu et al., 200870
Essner et al. 2005 %6
sonic
Talbot et al. 19954
hedgehog Floor plate
Krauss et al. 199374
(shh)
mesogenin
Tail bud Fioretal. 20127*
1(msgni) ‘
PS - personal
dnah7 Hindbrain, tail bud “
communication
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The probe Col2ala was kindly given by Dr. Bernard Thisse from University of Virginia. The
plasmid pBSIISK+ was transformed into the DH5a competent bacteria, multiplied and extracted by
Promega Wizard Plus SV Miniprep DNA Purification System (#TB225). All steps were done as
described in the protocol except the first centrifugation that was done at 4000 rpm for 10 min and in
step 3, besides the tube inversion was also done a 5 min incubation period with Cell Lysis Solution.
After the plasmid extraction, purification and quantification with Nanodrop, the sequence of interest
was amplified through PCR (NZY Taq Polimerase) with the correspondent primers (forward — 5
GTA AAA CGA CGG CCA GT 3’; reverse — 5> AAC AGC ATG ACC ATG ATT AC 3°). The PCR
conditions were 5 UL NZY reaction buffer 10X ; 2 mM MgCl,; 10 mM dNTPs; 0,4 mM Primer Mix
Stock 5mM; 0,5 uL NZY Taq polymerase 5U/uL; water up to 50 pL. The cycles were done as
follow: 5 min at 95 °C, 30 times repetition of 1 min 95 °C, 1 min 50 °C and 2 min 72 °C, to end the
cycle 10 min 72 °C and 4 °C forever.

3.2.2. Protocol description

As a starting point, the embryos were dehydrated in 100% methanol and kept at -20°C.
Embryos were rehydrated through a series of methanol dilution in a phosphate saline buffer (PBS —
80g NaCl, 2g KCI, 2g KH,PO,, 7.17g HNa,O4P.2H,0O, MiliQ Water up to 1L, adjust pH and
autoclave) - 75% - 50% - 25% Methanol - waiting 5 min in between each substitution. Next, the
embryos were washed 4 times in freshly made PBT (5 mL PBS, 250 uL Tween20 10%, 44,750 mL
miliQ Water) during 5 min each. In PBT the embryos were dechorionated with forceps. Accordingly
to the developmental stage a solution of Proteinase K (10 mg/mL) was added to the samples during
15 min (if late somitogenesis stages), 3 min (if mid somitogenesis stages) or 1 min (if early
somitogenesis stages). This is an important step since it is through protein digestion that the embryos
become more permeable to the future treatment (therefore this being a common step between
molecular techniques). After removing the Proteinase K solution the embryos were fixed in PFA 4%
during 25 min at room temperature. This step allowed the tissue to recover hardness. The embryos
were washed 5 times during 5 min with PBT and then pre-hybridized in 100% Hybridization-Mix
[25 mL formamide, 12,5 mL Saline-Sodium Citrate (SSC) 20X (175,3 g NaCl, 88,2 g Sodium
Citrate dehydrate, 1 L miliQ water), 500 pL Tween20 10%, 460 pL Citric Acid 1M pH 6.0, 4 mL
Heparine 0.63 mg/mL, 7,540 mL MiliQ Water] for 2 to 5 hours at 70 °C. After this period the probe
(previously diluted in Hyb-Mix in a concentration of 2 ng/ pL) was added and the samples were

incubated overnight at 70 °C.
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After incubation the probe was recovered and a series of washes at 70 °C occurred. To start, a
brief wash with 100 % Hyb-Mix was performed. Posteriorly, was made a wash with a solution made
of 75% Hyb-Mix plus 25% SSC 2X for 15 min. This was removed and added for 15 min a solution
made of 50% Hyb-Mix plus 50% SSC 2X. Next a solution made of 25% Hyb-Mix plus 75% SSC 2X
was added to the samples during other 15 min, then removed and SSC 2X at 70 °C was added during

15 min. To finalize the warm washes, two washes were done, during 30 min, each with SSC 0,2 X.

All SSC 0,2X dilutions were freshly made. At room temperature a solution of 75% SSC 0.2X
plus 25% PBT was added to the samples for 10 min, afterwards was added a solution made of 50%
SSC 0.2X plus 50% PBT for other 10 min., and the last of the dilutions (25% SSC 0.2X plus 75%
PBT) was added. The last wash was made with PBT for 10 min. After the washing steps, the
blocking solution [0,1 g Bovine serum albumin (BSA), 1 mL goat serum, 49 mL PBT) was added
during 2h to 5h to decrease the unspecific binding of the antibody anti-Digoxigenin (DIG). After
removing it, the solution of blocking solution plus anti-DIG antibody (1 pL of antibody anti-DIG per
5 mL Blocking Solution) was added to the samples and incubated overnight at 4 °C.

The antibody staining was discarded and the samples rinsed in PBT. Afterwards the samples
were washed six times with PBT during 15 min each wash. The embryos were incubated in staining
buffer (5 mL TRIS 1M pH 9,5, 2,5 mL MgCI 1M, 1 mL NaCl 5M, 500 pL Tween20 10%, 41 mL
MiliQ Water) at rrom temperature during 5 min, three times, and then transferred to a 12 well plate,
carefully labelled as in the original tubes. With a glass pipette the staining buffer was gently removed
and immediately replaced with substrate solution [22,5 uL Nitro-blue tetrazolium chloride (NBT), 35
uL 5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt (BCIP), 10 mL Staining Buffer]. The plate
was protected from bright light with foil paper and incubated at 37°C for several minutes or hours
according to the probe developing times. To stop the reaction, the staining solution was removed and
PFA 4% was added for 20 min. Next was performed a PBT wash during 5 min and the samples were
kept in a solution made of 50%PBT and 50% Glycerol for 1h.Photograph and store at 4°C.

The embryos treated for whole mount In situ hybridization were mounted, photographed and

stored afterwards at 4°C.
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3.3  Immunostaining

Immunostaining is an antibody based technique, which allows the visualization of certain
protein epitopes upon recognition by a specific antibody. In this study, this technique was used to

assess the cilia length and localization in the embryo.

Embryos previously fixed in PFA 4% and dehydrated in 100% methanol for several time
points were rehydrated through a series of methanol dilution in a phosphate saline buffer (PBS), as
described above for In situ hybridization. Next, the embryos were washed 4 times in PBT during 5
min each. In PBT the embryos were dechorionated with forceps. Accordingly to the developmental
stage a solution of Proteinase K (10 mg/mL) was added to the samples during 15 min (if late
somitogenesis stages), 3 min (if mid somitogenesis stages) or 1 min (if early somitogenesis stages).
After removing the Proteinase K solution the embryos were fixed in PFA 4% during 25 min at room
temperature. As before, this step allowed the tissue to recover some hardness and resistance. The
embryos were washed 5 times during 5 min with PBSX (250 pL Triton X-100 10%, 49,750 mL PBS
1X) and then rinse in miliQ water. For additional fixation the samples were fixed with acetone for 7
min at — 20 °C. The samples were washed with PBSX to remove the acetone and a solution of PBDX
(5 mL PBS 10X, 0,5 g BSA, 500 pL DMSO, 500 pL Triton X-100 10%, 44 mL miliQ water) plus
fetal bovine serum (FBS - 15 pL of serum per mL of PBDX to use) was added to block for at least 1
hour. The primary antibodies were diluted in PBDX plus FBS solution as described in Table 2 and
incubated overnight at 4 °C.

When performing a PCNA immunostaining, after the dechorination of the embryos it was
necessary to perform extra steps before continuing to the proteinase K digestion. To the embryos |
added 10 mM sodium citrate, incubated at 90 °C for 5 min and washed the embryos three times in
PBT, during 5 minutes.

Table 3.2— Description of the primary antibodies used for the immunostainings.

. . . . Supplier/
Primary Antibody Epitope Host | Concentration Company
Anti - Acetylated . . Sigma -
alphaTubulin Acetylated alpha Tubulin Monoclonal | Mouse 1:400 Aldrich

. . . Abcam

Anti — GFP GFP Polyclonal Rabbit 1:400 Ab290

Anti - PCNA Proliferating Cell Nuclear Antigen Mouse 1400 Dako
Monoclonal
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Next day, the samples were washed 4 times in PBDX during 30 min each. The secondary
antibodies were diluted as described in Table 3, added to the samples and incubated overnight at 4
°C.

Table 3.3— Description of the secondary antibodies used for the immunostainings.

Secondary Antibody Fluorophore Host | Concentration gzﬁ]p;;er:{/
Anti - MougiéAlexa Fluor Alexa Fluor 546-conjugated | Goat 1:500 Invitrogen
Anti — RabtiiééAlexa Fluor Alexa Fluor 488-conjugated | Goat 1:500 Invitrogen
Anti - Mougiﬁlexa Fluor 1 Alexa Fluor 647-conjugated | Goat 1:500 Life Technologies

In the third day, the samples were incubated in 4',6-diamidino-2-phenylindole (DAPI - 250 pL
PBDX, 250 pL DAPI) for 2 hours. The samples were washed in PBDX 2 times for 10 min each and
then washed in PBSX for 30 min. Afterwards, the embryos were fixed in PFA 4% for 5 min and

washed in PBSX 3 times for 5 min each.

The embryos stained for whole mount immunostaining were mounted for confocal microscopy
as mentioned before. When the results could not be analysed in the following hours after finalizing

the protocol the samples were washed 3 times with PBS during 5 min each and stored at 4°C.

34 In situ Hybridization  combined  with

Immunostaining

Since the In situ protocol, removes most of the fluorescent signal inherent to the
Tg(0.6foxjla:GFP) line, it is necessary to retrieve the staining with a GFP specific antibody.

Therefore we had the need to combine these two techniques.

All the steps from In situ hybridization protocol were performed as described before until
removal of blocking solution in the second day. Besides adding blocking solution plus anti-DIG, in
this step the primary antibodies were diluted in this solution and added to the samples. Proceeding to

an overnight incubation at 4 °C.
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After the incubation, the solution was discarded and the samples rinsed in PBT. Was done a
series of six washes, 15 min each, with PBT. Then the secondary antibodies were added (also diluted
in Blocking Solution plus anti-DIG) and incubated overnight at 4 °C.

In the fourth day the antibodies were removed and the samples rinsed in PBT. | next did a
series of six washes, 15 min each, with PBT and then the samples were equilibrated in staining
buffer (5 mL 1 M Tris-HCI pH 9,5, 45 mL ddH20, final pH adjusted to 8,0) three times of 5 min
each. The embryos were transferred to a 12 well plate and carefully labelled as the original tubes.
The staining buffer was gently removed with a glass pipette and was immediately replaced with the
staining solution (1 Fast red tablet per 2 mL of staining buffer, the tablets were dissolved in staining
buffer, filtered with a 0.2 um filter and a syringe to a new falcon). The 12 well plate was protected
from bright light with foil paper and incubated at 37 °C accordingly to the probe developing time.

The next steps are equal to the In situ hybridization protocol.

3.5 TUNEL Assay

TUNEL stands for Terminal deoxynucleotidyl transferase dUTP nick end labelling. This is a
technique based on the terminal deoxynucleotidyl transferase activity, that incorporates dUTPs

marked with fluorescein to the 3* end of nicked DNA, characteristic of an apoptotic cell.

As the starting point, the embryos were dehydrated in 100% methanol and kept at -20°C. The
chosen stages embryos were rehydrated through a series of methanol dilution in a phosphate saline
buffer (PBS) - 75% - 50% - 25% Methanol - waiting 5 min. in between each substitution. Next, the
embryos were washed two times in PBS Triton 0.1% (50 mL PBS, 50 uL Triton X-100 10%) during
5 min each. In PBS Triton 0.1% the embryos were dechorionated with forceps. Then the samples
were rinsed in ddH,O and incubated in acetone for 7 min at -20 °C. Afterwards, the samples were
washed in PBS 1X. Accordingly to the developmental stage a solution of Proteinase K (10 mg/mL)
was added to the samples during 15 min (if late somitogenesis stages), 3 min (if mid somitogenesis
stages) or 1 min (if early somitogenesis stages). After removing the Proteinase K solution the
embryos were washed two times with PBS Triton 0.1% and fixed in PFA 4% during 20 min at room
temperature. The embryos were washed during 5 min in PBS and then a minimum of 20 uyL and a
maximum of 50 pL of the TUNEL reaction solution (1:10 of Label solution and enzyme) was added.

The samples were incubated overnight at 4 °C.

In the second day the samples were washed three times with PBS 1X during 5 min each. The

samples could continue to immunostaining as described below or stored at 4 °C.
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3.6 TUNEL followed by immunostaining

Once again, to increase the fluorescent signal of the GFP-marked cells and be able to correlate
apoptosis with the cells of interest, the combination of the TUNEL Assay and the immunostaining

was necessary.

To proceed from TUNEL assay to the immunostaining protocol, after the three washes with
PBS 1X during 5 min each the embryos were washed 5 times during 5 min with PBSX and then rinse

in miliQ water.

The remaining steps of the immunostaining protocol were performed as described before.

4. Data Analysis

All the data collected from the two-photon, spinning disk and confocal microscope were

analysed in the programs described below.

4.1  Fiji / Image J software

To analyse the output data (tiff files present several times points per z-stack) from two-photon
microscope, the tiff files were opened in Fiji. These files were analysed with different programs and

not all of them accepted tiff files, so the tiff files were saved by time points.

A macro (Appendix A) was created and applied to the hyperstack (with the default variable
order: xyczt; which means fixed z-stack and variable time points) with time points separated (under
the “Plugins” tab I chose the “Bioformats” and “Stack slicer” in order to make this individualization

of the hyperstack time points).

The cilia measurements were done in 3D with the plugin “Simple Neurite Tracer”. Since this
plugin only accepts one channel, the one with the marked cilia was duplicated and applied the plugin
too. Comparing with the hyperstack in a parallel window was possible to determine which cilia
belonged to the GFP marked cells (KV cells). All the measurements were introduced in Excel and

the statistical analysis done with Software Prism 5.
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4.2  Huygens Professional software

Huygens professional is a software used to deconvolute images. Deconvolution is the
process by which an image is trimmed to remove the noise and blurring gathered during image
acquisition. There are several parameters to access the image quality that need to be taken into
account when deconvoluting an image, like nyquist rate, saturation, bleaching, noise, background
value and signal to noise ratio. The files saved by time points in Fiji were introduced in Huygens
Professional software and the deconvolution quality parameters were accessed. The deconvolution
was executed through the deconvolution wizard. The values introduced during the process were

variable among images since the movies differed in quality.

4.3 Imaris Software

Imaris is a software developed for 3D image analysis, including cell tracking, filament tracer,

surface detection, among others.

Once the image quality was improved and therefore, the objects under study were more prone
to tracking, the data was uploaded to Imaris. The image parameters were confirmed and the

luminosity, opacity and gamma factor was optimized for each video.

A spot wizard was created and the tracking was done partially by the Imaris programme. The
cell average detection size was 6-7 um and there was the need to correct the KV drifts. For that, the
same spot wizard was created but the cell detection size was 80 um in order to recognize the major
group of cells as only one moving object, removing its drift afterwards, with the drift correction

option.

The suggested tracking was trimmed to fit the realistic cell movement and the final tracking

was recorded in .avi format.
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Results

1. Live 1imaging revealed that KV cells
incorporate the notochord, hypochord, floor

plate and tail mesenchyme

In order to understand the behaviour and fate of the Kupffer’s vesicle cells, after its role in the
left-right body patterning, foxjla:GFP line embryos were filmed with a two-photon microscope.
Previous observations from our laboratory in fixed embryos (unpublished data) showed that the GFP
marked cells of this transgenic line would migrate and incorporate different tail structures.

1.3* and Melby et al.”® findings made us conclude that,

Combining this information with Cooper et a
live imaging studies were the best approach to the question: “What happens to the KV cells after it

closes?”.

The movies were made from 11-12 ss to 29-30 ss (not necessarily in one movie but in a

combination of sequential movies), with a total of 24 movies.

The KV at 13-14 ss is finishing its role as the left-right organizer. At this stage is observed
several apoptotic cells, identifiable by the apoptotic vesicles formed (Figure 4.1 — A’ *)(Movie 1 and
2).
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17-18 ss

23-24 ss
29-30 ss

13-14 ss
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Figure 4. 1 — KV and GFP marked cells location throughout development. A and A’ — Embryo at 13-
14 ss. A — 2D view of the still open KV. A’ — 3D view of the KV with apoptotic vesicles (*). The cells
exhibit exploratory movements (arrow). B and B’ — Embryo at 15-16 ss. B — 2D view of the closed KV.
B’ — 3D view of the KV with apoptotic vesicle s (*). Cells exhibit exploratory movements (arrow). C
and C’ — Embryo at 17-18 ss. C — 2D view showing the beginning of migration of KV cells
(arrowhead).C’ — 3D view with a migrating cell prior to notochord incorporation (arrowhead). D and
D’ — Embryo at 19-20 ss. D — 2D view of fixed embryo showing GFP marked cells incorporated into
the notochord (arrow). D’ — 3D view with GFP marked cells along the ventral side referred as “comet
tail” (White line). E — Embryo at 21-22 ss. Cells after division (arrowhead). F and F’ — Embryo at 23-
24 ss. F — 2D view with GFP marked cells incorporated hypochord (arrowhead). F’ — 3D view
correspondent to the F, with multiple cells incorporated into the hypochord and apoptotic vesicle (*).
G and G’ — Embryo at 25-2 ss. G — 2D view with multiple cells incorporated into the notochord
(examples: arrow). G’ — 3D view with a cell incorporating the floor plate (Arrowhead). H and H’ —
Embryo at 27-28 ss. H — 2D view of embryo tail illustrating migration at later stages (arrow). H’ — 3D
view correspondent to H but emphasizing the apoptotic vesicles(*), the cells incorporated into the
notochord(arrow) and migrating cells(arrowhead). | — Embryo at 29-30 ss showing the 3D view of the
tail where in the notochord are visible GFP marked cells incorporated(example: arrow), GFP marked
cells integrated into the hypochord(arrowhead), migrating cells (white line) and KV compact group in

the tail tip.

At 15-16 ss the KV starts to close, the lumen disappears and the once fluid filled sphere
becomes a compact group (Compare Figure 4.1:A and A’ with B and B’) (Movie 1 and 2). During
this closure, it was consistently observed some degree of apoptosis (Figure 4.1 — B’ *). Strikingly,
most of the KV cells that successfully migrated away from the compact group, died (Figure 4.1 — B’
*) (Movie 1, 2 and 3). This type of event was observed throughout the somite stages covered, so it
would be very interesting to quantify in detail the apoptosis level to understand until which degree
apoptosis influences the KV cell number, ultimately leading to the understating of their contribution

to the tail structures.

At 17-18 ss was observed for the first time the migration away from the KV compact group
without apoptosis occurrence (Figure 4.1 — C and C’). When the migration started, it was not easy to
discern a migrating cell from one that is just left behind due to tail elongation. Imaris drift correction
was not sufficient to correct this error. Therefore it will be assumed that these cells have two types of
movements: 1) passive movement - left behind due to tail elongation and 2) migration away from the

KV compact group.
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The cells that migrated first, readily started to incorporate the notochord (Figure 4.1 — C and
C’ arrowhead). On one hand, this incorporation was executed as a collective behaviour, where a
group of cells incorporated the notochord from the ventral towards the dorsal side (Figure 4.2; Movie
4). On the other hand, was also observed individual incorporations into this structure from the same
direction (Movie 6). | also observed incorporation from the tip of the notochord (posterior) towards
the anterior side. It is indistinguishable if it is a group or an individual incorporation (Movie 7), since

the high fluorescence intensity did not allow this characterization.

The cells left the KV compact group with a round cell shape with protrusions, but prior to
incorporation into the notochord. As expected, the cell shape became very elongated, and they
squeeze in the notochord, vacuolating after incorporation (Figure 4.2). To understand the molecular
profile of the GFP marked cells, would be interesting to perform an In situ hybridization with a

notochord marker and see if there is a co-localization with the GFP marked cells.

19-20ss B

Figure 4. 2 — Transgenic line foxjla:GFP at 19-20 ss, with GFP marked cells incorporating the
notochord. A — Collective migration of GFP marked cells towards the anterior region through the
ventral side (white line). B — Collective incorporation into the notochord (white line), where the cells

acquire a elongated shape.

In a total of 8 movies, where the notochord is clearly seen, a maximum of 12 cells were
counted from 17-18ss until 25-26 ss (Figure 4.3) and from the 25-26 ss until 29-30 ss other 25 cells

were counted incorporating this structure (Figure 4.C; Movie 7, 18, 19).
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Figure 4. 3 — Transgenic line foxjla:GFP
with GFP marked cells incorporated into the
notochord from 17-18 ss until 25-26 ss. A

total of 12 GFP marked cells were counted in

the notochord.

Figure 4. 4 — Zebrafish foxjla:GFP line, GFP marked cells incorporated into the notochord from
25-26 ss auntil 29-30 ss. A — At 25-26 ss were counted a total of 19 GFP mared cells. B — In the

latest stage covered were counted 25 GFP marked cell in the notochord.
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At this stage, the KV compact group was located in the ventral side of the chordalneural hinge
(CNH). From this region, the cells migrated in the anterior direction along the midline, mostly

through the ventral side.

As tail elongation occurred, the KV compact group became more central, until it reached a

position totally aligned with the end of the notochord (Figure 4.5). A later position of the KV

compact group was better seen in fixed samples, at Prim-5 (Figure 4.6).

Figure 4. 6 - Migration of Kupffer’s vesicle compact group in foxjla:GFP zebrafish transgenic line. KV cells

(green).Lines draw represent the notochord position. Scale bar 40 pum.

Figure 4. 5 - Image acquired with
confocal microscope, 40X. Embryo in
Prim-5 developmental stage. Nuclei —
DAPI (blue); GFP marked cells —
green. A — D: Same embryo tail
showed in different z position. It’s
evident the presence of GFP marked
cells and their different positions and
orientations over the tail region and
along z. Clear presence of GFP
marked cells incorporated in the
notochord cells (arrow) and floor
plate (arrowhead). Scale bar 30 pm.
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Curiously, apoptosis continued to occur to some of the cells that left the KV compact group. This
cells, together with the migrating ones and the cells left behind, created a “comet tail” display
(Figure 1 — D white line). A number of cells remained in the ventral area (Figure 4.7). These cells
started migrating away from the KV compact group at 17-18 ss along with the others, but instead of
incorporating any structure or die, these cells persisted in the ventral region (Movie 11 and 12),

ending up losing their fluorescence.

+65h

Figure 4. 7 — Movie snapshots of foxjla:GFP zebrafish transgenic line from 17-18 ss until 29-30 ss. Migration

of GFP marked cells (green) towards the anterior region through the vetral side of the embryo. Scale bar 50 pm.

As embryo development continued and tail elongation was more evident, more cells integrated
the notochord (Figure 4.1 —D and D’) and at 21-22 ss cell division was observed for the first time
(Figure 4.1 — E and E’ arrowhead) (Figure 4.8)(Movie 13 and 14).

This event was not registered in all movies that covered this somite stage, so another approach
to assess the number of dividing cells was needed (see section 2.1). Moreover, in live imaging the
cell number increase was not, overall, obvious. For instances, and like mentioned before, within the

KV compact group was not possible to discern individual cells to be able to count them.
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17-18 ss

Figure 4. 8 — Movie snapshot of foxjla:GFP transgenic line. Starting at 21-22 ss the arrowheads indicate

GFP marked cells dividing from A to D. Scale bar 30 pum.

At 23-24 ss occurred the first incorporation into the hypochord (Figure 4.1 — F and F’; Movie
8). This incorporation was done both through the ventral and dorsal sides of the embryo (Figure 4.9 -
Arrowhead). In a total of 4 movies where this incorporation was clear, 6 cells were counted to
integrate this structure (Figure 4.10). The cell shape acquired was similar to the structure that they
incorporate (Figure 4.9), meaning elongated, as a single row of cells and in the ventral side of the
notochord. In Figure 4.9, some of the cells with an elongated shape were not yet placed under/ventral
to the notochord, so it was assumed that these cells may still be migrating. Was also observed

collective (Figure 4.H - arrowhead) and individual (Figure 4.H - arrow) migration.
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23-24 ss

Figure 4. 9 — Movie snapshot of foxjla:GFP transgenic line. Starting at 23-24 ss the arrowheads indicate GFP marked cells

incorporating the hypochord. Scale bar 30 pum.

Figure 4. 10 — Transgenic line
foxjla:GFP with GFP marked cells
incorporated into the hypochord
from 23-24 ss until 27-28 ss. A total
of 6 GFP marked cells were counted

in the hypochord.
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At 25-26 ss occurred the first incorporation into the floor plate (Figure 4.1 — G and G’;Movie
9,10). The cells incorporating this structure were just two in a total of 6 movies (Movie 9 and 10).
These can also be seen in fixed samples, with the exception that in fixed samples it was possible to
observe more cells in this structure (Figure 4.6 — Arrowhead). The first event of cell incorporation
happened at 25-26 ss (Movie 5) through the ventral region (ventral towards dorsal) (Figure 4.11).

The cells conserved their round shape characteristic of this structure.

Figure 4. 11 — Transgenic line foxjla:GFP with GFP marked cells incorporated into the floor

plate. A maximum of two GFP marked cells were counted in the floor plate.

By live imaging was not possible to observe incorporation in the somites once the stack did
not include these structures. Nevertheless, it was shown in fixed embryos the presence of GFP
marked cells in the somites (Figure 4.22). Also, in an In situ hybridization using presomitic markers
one would expect to see co-localization if the GFP marked cells would be prone to incorporate the

somites

Several aspects were taken into consideration regarding the GFP-marked cells. These cells

fluorescence decreased after incorporating the notochord, while the fluorescence of the ones that
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remained outside the notochord, stayed equally strong to the rest of the GFP marked population
(Figure 4.1 — A to I’; Movie 15). This fact is a hint to answer the question: “Do cells lose
fluorescence over time and therefore is not possible to trace them properly?” Once the fluorescence
is decreased only after incorporation, probably the fluorescence of these cells remains long enough to
allow a complete tracking until their final position.

Overall, the KV cells incorporated the notochord, hypochord, floor plate and tail mesenchyme.
Part of the KV population also remained in the ventral region of the embryo and in fixed samples
was also observed GFP marked cells in the somites.

Table 4. 1 — Summary of GFP marked cells incorporation and positions at 29-30 ss in the foxjla:GFP
transgenic line.

Structure Maximum n° of cells Nembryos
Notochord 25 8
Hypochord 6 4
Floor plate 2 6
Ventral region Several 15
Somites 3 (in fixed samples) 3
Tail and notochord tip Several 18

The embryos mounted for live imaging with two-photon microscope were fixed after filming
in order to perform more experiments.

A distinction was made between the filmed embryos (defined from now on as “Filmed”), the
agarose embedded (defined from now on as “Agarose”) and the embryos that were mounted but that

during the process were released from the agarose (defined from now on as “Released”).

This distinction was necessary because the tail extension was somewhat altered in the embryos
that developed while embedded in agarose and even more in the embryos filmed, i.e. in direct
exposure to the laser (Figure 4.12). Nevertheless, and in spite of the difficult development stage

classification, the live imaging results can be confirmed when compared to the fixed samples results.
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Figure 4. 12 - Examples of embryos after live imaging. A — Embryo filmed during 3,30h with two-photon

microscope. B — Embryo embedded in agarose during 3,30h but not directly exposed to the laser and

therefore to photo toxicity.

2. Complementary information from fixed

samples

To characterize in more detail the Kupffer’s vesicle cell behaviour, several molecular
techniques were performed. Accordingly, from the same batch of filmed embryos, several were let to

grow in the incubator and fixed in groups of 20 as they developed.

2.1  Kupffer’s vesicle cells undergo proliferation and

programmed cell death

In a cell tracking study, for a more complete characterization, it is important to know the
dynamics of proliferation versus apoptosis along the migratory process. In that regard, estimation of

this population contribution to the embryo development can be estimated.

The PCNA (Proliferating cell nuclear antigen) is a protein that binds to the DNA and is

essential for replication, being highly expressed during the S phase .

Performing an
immunostaining with an antibody against PCNA allowed us to see which cells are in that phase. In
this particular case, | also used an antibody against GFP so that KV cells could be seen, to assess the
co-localization with PCNA. Thereby, understanding the proliferative profile of the KV cells after

their function in left-right patterning.
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2.1.1 KV cell proliferation occurs between 21-22 and

25-26 somite stage

The PCNA immunostaining was performed at several time-points with a minimum of 5
embryos per developmental stage. | have recorded 34 stained embryos acquired with two-photon
microscope. One example per developmental stage is summarized in Table 5, the correspondent

population size and the co-localization of GFP marked cells with PCNA antibody.

At 21-22s, 23-24s and 25-26s the GFP marked cells co-localized with the PCNA antibody and
were counted on average 8,25, 16,5 and 6,5 proliferating cells, respectively (Table 4.2). The PCNA
positive cells are shown in Figure 4.13. In any other developmental stage dividing cells were not

found.

Table 4. 2 - Number of PCNA positive cells counted per embryo within a somite stage (Ss). Total number of

embryos — N.
Ss 9-10 | 11-12 | 13-14 | 15-16 | 17-18 | 19-20 | 21-22 | 23-24 | 25-26 | 27-28 | 29-30
N 2 | 4 6 2 3 2 4 4 2 2 3
.| 0] o0 0 0 0 0 | 15 | 23 | 8 0 0
B« B0 o 0 0 0 0 0 [ 10 | 5 0 0
cZ 9
39 ;% 0 | 0 0 0 | o 0
8 0 0 0 0
Mean | 0 | 0 0 0 0 0 825|165 65 | O 0

30
w 20
S Figure 4. 13 - PCNA positive cells
N
< 10 throughout  development. Each value
zZ
@) represents the mean of PCNA positive
o
01 cells counted per developmental stage.
-10
SN S oSN N I SR A VO B N
LN N N . A A AT S A4
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After perceiving that the GFP marked cells divide we wanted to see if it was reflected in the

total number of GFP marked cells. By that logic, the total number of GFP marked cells per

developmental stage was counted (Table 4.3 and Figure 4.14). Using this approach was possible to

see an overall increase in cell number. We used the t-test for statistical analysis, where it was

observed a significant increase at 11-12 ss, 21-22 ss and 29-30 ss. The increase in cell number at 21-

22 ss is expected once at this stage we counted PCNA positive cells thus, cells entering S-phase (as

seen in Figure 4.13). Contrary to the 29-30 ss, the increase at 11-12 ss was not expected. This could

be explained by low sample number or by less likely reactivation of the foxjla promotor. The cell

number fluctuations, in spite of non-significant could be explained due to biological variance.

Table 4. 3 - Number of GFP marked cells counted per embryo within a somite stage (Ss). Total number of

embryos — N and the mean values for each somite stage.

Ss 9-10 | 11-12 | 13-14 | 15-16 | 17-18 | 19-20 | 21-22 | 23-24 | 25-26 | 27-28 | 29-30
N 7 5 6 8 3 7 7 5 4 5 4
35 70 46 32 38 31 76 68 34 61 80

g 52 40 33 34 37 21 89 36 32 60 89

g 43 50 33 28 38 36 65 42 51 63 60

So [24a] 55 | 38 | 28 3% | 46 | 37 | 80 | 54 | 58

E% 33 | 48 | 24 | 40 45 | 61 | 26 28

o 27 45 37 29 34

o]

g 29 45 38 50

< 37 83

Mean | 34,7 | 526 | 36,5 | 351 | 37,7 | 399 | 60,1 | 41,8 | 493 | 532 | 71,8

100 .

80 *
E * Figure 4. 14 - Cell number throughout the
E o developmental stages. Within a somite stage
% 40 each value represents the average number of
© GFP  marked cells per embryo. *

20 Significantly different with p>0,05.

0
o \},»"V \,b,“ é’@ N«,»Q’ @.Q 0,%'” q:bnf‘ rf),'»"’ q:\,’b% ’Lq,"?

Somite Stage
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Figure 4. 15 - Summarized table with examples per developmental stages of GFP marked cells
(green), PCNA marked cells (Red), co-localization of the two markers (Merge) and total number of 51
embryos (N). Images acquired with 20X magnification in two-photon microscope. Anterior to the left
and dorsal to the top.



Comparing cell number throughout development (Figure 4.14) with PCNA positive cells
(Figure 4.15) we could observe that the increase in PCNA around 23-24 ss was reflected in the

increase of cell number towards the end of the experimental period.

2.1.2 Kupffer’s vesicle cells show low levels of
apoptosis

In opposition to the proliferation we wanted to analyse the apoptosis of the GFP marked cells,
understanding in that regards the population dynamics. The TUNEL assay marks the nicked DNA,
characteristic of apoptotic cells. With this technique plus the immunostaining to enhance the GFP
signal was possible, through co-localization, to understand which GFP marked cells were dying and

when.

This assay was performed at several time-points with a minimum of 5 to 10 embryos in each
developmental stage. The developmental stages covered a window from 9-10 ss to 29-30 ss. | have

recorded 80 fixed embryos acquired with a confocal microscope.

The number of TUNEL marked cells dying was variable between developmental stages. A
certain number of these apoptotic cells were also variable between replicates in the same

developmental stage.

For evaluation of apoptotic rates in each developmental stage, see Table 4.4. The formula used
to calculate the apoptotic rates was: total number of TUNEL marked cell per stage / total number of
GFP marked cells per somite stage. For apoptosis examples per developmental stage, see Figure
4.17.

In addition, embryos mounted for live imaging with the two-photon microscope were fixed
after filming in order to understand if the photo toxicity was inducing abnormal levels of apoptosis.
As mentioned before the terms ‘filmed’, ‘agarose’ and ‘released’ were used. For description of
apoptotic rates in embryos subjected to live imaging, see Table 4.4. For examples of apoptosis also

for these embryos, see Figure 4.18.
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Apoptotic Rate (%)

Table 4. 4 - Apoptotic rates (%) found for each developmental stage, in embryos used for live imaging with

two-photon microscope and total number of embryos (N).

Somite stage | Apoptotic Rate (%) | N | Somite stage | Apoptotic Rate (%) | N
9-10 3,29 7 25-26 8,45 4
11-12 3,04 5 27-28 3,38 5
13-14 4,11 6 29-30 1,74 4
15-16 4,63 8
17-18 1,77 3 | Live Imaging | Apoptotic Rate (%) | N
19-20 1,57 7 Filmed 1,31 4
21-22 1,90 7 Agarose 2,52 7
23-24 3,83 5 Released 1,38 8

Regarding these data, t-test analyses indicated that the apoptotic rates were overall not
significantly different from each other (Figure 4.16), but had some fluctuation in significance that
may be solve with population size increase and biological variance. With a ROUT test no outliers
were identified.

1007

Figure 4. 16 - Apoptotic rate throughout

developmental. Each value is calculated

as follows: total number of TUNEL
marked cell per stage / total number of
GFP marked cells per stage. *

significantly different with p>0,05; **

significantly different with p>0,01.

Somite Stage
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Figure 4. 17 - Examples of apoptosis for each somite stage. GFP marked cells (green), apoptotic cells
(TUNEL - red), nuclei (DAPI — blue). ss — somite stage. N — Total number of embryos. Anterior to the left

and dorsal to the top.
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Figure 4. 18 - Examples of apoptosis for embryos used in live imaging. GFP marked cells (green), apoptotic cells

(TUNEL - red), nuclei (DAPI — blue). ss — somite stage. N — Total number of embryos. Anterior to the left and

dorsal to the top.

The apoptotic rates of these embryos were not significantly different within the categories

“Filmed”, “Agarose” or “Released”, using t-test analyses. With the same statistical analyses, the

values of these categories were also not significantly different from the apoptotic rates found in

several developmental stages (Table 4.4 and Figure 4.19). Regarding the live imaging embryos, no

outlier was found.
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Figure 4. 19 - Apoptotic rates for embryos used in live imaging with two-photon microscope. The “Filmed”
embryos used were 25-30 ss. The “Agarose” embryos were 27-30 ss and the “Released” were 25-30 ss. Each

value represents the mean of the apoptotic rates found for these stages.

Recalling the proliferation and cell number throughout development the apoptotic rates were
very low all over the experimental period (Figure 4.16). Subtracting the apoptotic rate to the number
of cells counted is observed the same curve pattern where the cell number increases slowly over time

(Figure 4.17). In conclusion, apoptosis was not high enough to affect it.
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601 taking into account the apoptotic rates.
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2.2 KV cell fates

Besides the proliferation and death dynamics, one major aim of this thesis was to discover the
fates of the KV cells and their molecular profile. As said before, the question was firstly addressed
with Live Imaging where we understood which structures in the tail the GFP marked cells would
incorporate. Having this in mind, with the fixed samples, we wanted to complement this information

through co-localization of the GFP marked cells with specific tail structure markers.

The markers used were notochord marker (no tail), a presomitic mesoderm marker
(mesogeninl), a hypochord and floor plate marker (shh) and a cilia motility marker (dnah7) (Table
3.1 Materials and Methods).

In situ hybridization is a technique used, through hybridization of an antisense mRNA probe,
to assess the presence of specific mMRNAs in a cell, tissue or individual. In this way, it is possible to

study the molecular profile of KV cells by characterize the genes they express.

2.2.1 no tail marker co-localizes with KV cells
The no tail marker expression pattern is described in Figure 4.21.

It was possible to observe that ntl co-localized with KV marked cells in all the studied
developmental stages. This co-localization may indicate that these cells have a higher probability of

incorporating the notochord, as it was indicated by the live imaging results.
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Figure 4. 21 - Summarized table with developmental stages correspondent to ntl (red) and GFP marked
cells (green), co-localization of the two markers (Merge) and total number of embryos (N). Images were

acquired with 20X magnification in the two-photon microscope. Anterior to the left and dorsal to the top.



2.2.2 mesogenin-1 partially co-localizes with KV
cells

The co-localization with mesogeninl may indicate that these cells are fated to integrate the
presomitic mesoderm "* and later on the somites (Figure 4.22). As it is described in Figure 4.24, the

co-localization with this probe is partial in all the developmental stages. This partial overlap is

progressively less from 25-26 ss until 29-30 ss. Very few cells incorporated the somites (Figure
4.22).

Figure 4. 22 - Immunostaining with antibody against GFP, performed in fixed embryos with 25-26 ss. GFP marked
cells (green) and DAPI staining (blue).
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microscope. Anterior to the left and dorsal to the top.
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2.2.3  Shh marker for hypochord and floor plate

416674 "as showed in Table 3.1

The shh marker would mark the hypochord and floor plate
Materials and Methods. It would be expected some co-localization with this marker once some of
the KV cells integrate these structures. However, this marker did not work (Figure 4.25), probably

due to human error, more experiments will be needed to assess this gene expression.

Figure 4. 24 - Image acquired with two-photon microscope, 20X. Embryo at 19-20 ss. It is possible to

observe a very faint shh staining (red) and GFP marked cells (green).

As an alternative marker for hypochord and floor plate, Col2ala has been developed, but still

needs optimization.

In conclusion, the notochord marker ntl was very helpful and allowed to confirm the
notochordal fate of the majority of cells that once were part of the KV. The msgnl probe showed that
some cells are more prone to incorporate the PSM (presomitic mesoderm) but more live imaging
studies are needed. On the other hand, the hypochordal and floor plate fates were not yet confirmed

by molecular markers but were confirmed by their position in the embryo.
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3. Long motile cilia retract  with

developmental progression

One of the main characteristics of the Kupffer’s vesicle is the fact that it is made of
monociliated cells. The majority of these cells having long and thick motile cilia . These beating
cilia produce a fluid flow that ultimately will lead to the left-right patterning of internal organs *'.
These cilia are specialized and different in length from the primary cilia that surround the KV. For
this reason, as the KV closes and becomes a compact group we asked whether cilia become shorter
and similar to the surrounding ones. So, we analysed the cilia length progression throughout several

developmental stages.

3.1  Kupffer’s vesicle cilia length decreases with

developmental progression

In the KVs from embryos with 12-14 ss cilia length is on average 6-7 um, but once the KV
lumen starts to disappear and the KV starts to close, these long cilia also start to retract. The cilia
length per developmental stage is possible to assess in Figure 4.25. The histograms correspondent to

each developmental stage are in annexe B.

At each somite stage, several embryos were observed and the cilia were measured using
“Simple Neurite Tracer”, allowing a 3D measurement. A pool of cilia per developmental stage was

assessed and the statistical analysis was performed over these pools (Table 4.5 and Figure 4.26).

Table 4. 5 - Table with developmental stages, total number of embryos used, total number of cilia per

developmental stage and cilia length average.

Somite stage | Nioas EMbryos | Niow Cilia | Cilia Length(Average)
11-12 5 158 7,23 um
13-14 5 129 6,90 pm
15-16 10 297 3,45 um
17-18 3 57 3,44 um
19-20 3 86 2,48 um
21-22 4 253 2,85 um
23-24 10 434 2,96 um
25-26 5 223 2,63 um
27-28 3 180 2,99 um
29-30 5 282 1,95 um
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Figure 4. 25 - Cilia length throughout the analysed somite stages. Within a somite stage is represented a pool
of cilia lengths from several embryos and each value represents one cilia length. These values are all
significantly different from each other.

After statistical analysis using the t-test, the cilia length throughout development was found to
be significantly different from each other. At 15-16 ss, there is a pool of long and short, as well as
retracting cilia; this is a clear intermediate stage. There are slightly differences among developmental
stages due to natural sample variation.

After careful observation it was possible to understand that overtime cilia from the (once) KV
cells will resemble the cilia length range of the population of surrounding cells. For instance, the
cells incorporating the notochord had long cilia at 13-14 ss, these retracted and once they incorporate
the notochord, the cilia length is similar to the adjacent cells (Figure 4.26), which is on average 2,78

um 7
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Figure 4. 26 - Image acquired with confocal
microscope, 40X. Embryo with 25-26 ss. GFP
marked cells (green), cilia (acetylated tubulin — red),
nuclei (DAPI — blue). Notochord cilium (arrow
head).

With the possibility of increased cell number due to the existing proliferative window, we
investigated the number of cilia along development (Figure 4.27). The similarities between cilia and
cell number (Figure 4.14 or 4.17) are obvious. As expected, the cilia number reflects the cell number,
confirming that these cells are monociliated. These two aspects were addressed independently with
different techniques and in different embryos. Nevertheless, there is a consistent peak at 21-22s and

29-30s (Figure 42). For more details read Discussion.
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Figure 4. 27 - Cilia number throughout development. Each value represents the mean of cilia number within a
somite stage. Using the t-test, all values were overall significantly different from each other. As an exception

where identified pairs of non-significance between: 11-12 ss and 13-14 ss; 15-16 ss and 17-18 ss; 21-22 ss and
23-24 ss; 23-24 ss and 25-26 ss; 27-28 ss with 17-18 ss, 21-22 ss and 23-24 ss.
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4. Laser ablation and suction of KV cells

The general contribution of the KV cells to the tail and to the structures they integrate can be
assessed in several ways. For instances, through more detailed gene expression analysis or further
studies of KV specific genes. Another way, is to understand what happens to the development of the

embryo once these cells are ablated, removed by suction and/or transplanted into another embryo.

Thus, we ablated KV cells between 13-14 ss, when it was morphologically possible to
visualize the Kupffer’s vesicle, using the transmitted light of the Andor Spinning Disk (Figure 4.28
A-C). For this set of experiments we used the transgenic line Ras:mGFP in order to better visualize
the cell membranes (Figure 4.29 A). As described before in the Materials and Methods Section,
several laser conditions were tried but neither gave the desired result since only two or three cell

membranes were destroyed while the remaining cells suffered from photo bleaching (Fig 4.29 A, B).

Figure 4. 28 - Kuppfer vesicle at 13-14 ss stage. Visualize with andor spinning disk, transmitted light. A — Kuppfer

vesicle with 10X magnification. B — Kuppfer vesicle with 20X magnification. C - Kuppfer vesicle with 60X

magnification.

One possible explanation for this frustrating result is that the distance between the surface of
the embryo and the KV is too large. In fact, from measurements in 6 embryos we concluded that on
average there was 70 um from the surface of the embryo to the KV. This depth is too large and did

not allow the efficient laser ablation.
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Figure 4. 29 - Laser ablation process in a 13-14 ss stage embryo. A — Kupffer vesicle before ablation. B — Kupffer
vesicle after ablation. Because the Ras:mGFP was used it was possible to see the membrane retraction after the
ablation (black arrow). Nevertheless, some of the membranes just showed bleaching (white arrow) as it is possible

to understand from the unaltered membrane structure.

Ideally, the ablation should be performed at 15-16 ss stage. At this stage the KV already
executed its left-right function and cell migration did not start yet.

Therefore, the ablation was also tried at 15-16 ss, where the KV is a compact group of cells,
only distinguishable with foxjla:GFP transgenic line. However, since this transgenic line has a very
weak fluorescence (Figure 4.30) even the minimum bleaching effect from the laser caused these cells

to be no longer detectable and ablation efficiency could not be assessed.

Figure 4. 30 - Kupffer vesicle at 13-14s stage using foxjla:GFP transgenic line. Visualization with

fluorescence light Andor Spinning Disk. A — C Several examples of the Kupffer vesicle with 60X magnification.
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Discussion and Conclusion

KV cells have a function in left-right asymmetry but surprisingly these cells persist after LR
function finishes. Why? In this project we set out to investigate what is the fate and the contribution

of the (once) KV cells to the fish larvae.

Two attempts to describe the fate of the KV after its closure were done in 1996 3, but in spite
of the elegant techniques employed for the time, the developmental stages covered were only until
26s. Nowadays, better tools are available to study this topic. No more attempts were done to validate
the information provided by these scientists or to understand the importance of KV cells after its

closure.

In this research study the KV cell fates were addressed with a specific transgenic line —
foxjla:GFP, which labels very well KV cells. There was an alternative line, sox17:GFP but the cells
marked by this gene included also the endoderm around the KV. The foxjla is a ciliogenesis
transcriptional factor associated with motile cilia fate specification ®. This transgenic line allowed

the tracking of KV cells after its closure.

1.KV cells show collective and individual
migration

Among many cells tracked, some of them could be followed along the whole movie duration,

but others go out of the stack plane, depending on the embryo position and stack size. The difference
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between time points is a fine balance between a time interval that is small enough (15 to 20 min) to
allow the correct tracking of the cell and not too much laser intensity that would cause photo

bleaching and photo toxicity to the embryos.

In this project two-photon live imaging allowed the observation of different types of cell
movements. With this in mind, we observed collective migration of KV cells after its closure (Figure
4.5) and also individual cell migration. Within individual cell migration, there is the passive cell
movement away from the KV compact group due to tail elongation and the actual migration of KV
cells, once again, away from the compact group and into structures (Figure 4.3, 4.4, 4.10 and 4.11).
Special emphasis was put into this individual cell migration to better understand the variety of KV

cells fates.

1.1. The KV compact group of cells becomes part of

the midline

Regarding the collective migration, it was very interesting to analyse that there is always a
group of cells that stays together (Figure 4.5). Around this group there are exploratory movements of
cells, which are described as a single cell movement away from the KV compact group that
consistently return to it (Figure 4.1 arrow). During the optimization of live imaging conditions, when
the warming system was not available, the embryo developed at a much slower rate and these types
of movements were more evident. At 15-16 ss, when a cell managed to leave the group it would be
entering an apoptotic phase shortly after (Figure 4.1 *). With a normal growth rate at 27-28 °C

temperature this was also observed.

It is hypothesized here that there is an attractant responsible for this group of cells cohesion
and that when the cells are specified for a certain fate, this attractant effect no longer works.
Attractants in the KV cells have been reported ’" and may be responsible for this behaviour during
KV formation. The same type of cohesive mechanism would be expected to act in this group during
tail elongation. To test this hypothesis, antibody detection of several reported chemokines, such as

Cxcr4 would be an option.

The KV compact group, throughout development, became more central to the midline and the
apparent cell number that constitutes it decreases. In fixed samples was observed a later position of
these cells is in the tail tip (Figure 4.6). In the tail tip there is no foxjla reported expression, at this

developmental stage, so the fluorescence seen must be from the GFP perdurance, detected with the
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immunostaining anti-GFP. Not necessarily meaning that the cells have a KV origin but rather a
foxjla expressing background. Obviously, more live imaging movies should be done to cover later

developmental stages.

Extrapolating information from frog, studies say that the cells of the dorsal margin of the
blastopore (equivalent of the shield), during tail elongation retain their organizer capacity and are
located at the chordalneural hinge *. Curiously in zebrafish, the K\ compact group was observed in
the chordalneural hinge during development. If this was evolutionarily conserved, as it seems, one
would hypothesise that these cells retain their organizer capacity. Transplantations experiments
should be performed with these cells to further investigate their capacity. In chick and mouse
transplantation experiments with the chordalneural hinge cells, showed that these cells could induce

notochordal and floor plate fates’™ .

1.2. KV individual cell migration leads to integration

in several tail structures

Regarding the individual cell migration it was observed three distinct situations: death (Figure

4.18), incorporation into a structure or fluorescence decay (Figure 4.7 and Movie 15).

In our study no tail (ntl) marker was used to identify KV cells that incorporated the notochord.
As reported by Amacher * ntl marker is a transcriptional factor related with mesoderm formation,
anterior somite patterning, among others ®. It is known that since sphere stage the region where the
shield and the DFC will rise co-localizes with no tail, it is also known that the KV cells at 13-14s
express no tail ®, but further on in development it was not assessed. From our studies it is possible to
say that the (once) KV cells co-localize with no tail in more developmental stages than the ones
described before (Figure 4.21).

Equally informative as a molecular marker to determine the cell fate, is cell shape and position
(Figure 4.3 and 4.4). The cells that leave the compact group as round cells and completely change
their shape into thin elongated cells are clearly differentiating into notochord cells. This cell shape
fate is in accordance with mouse, chick and frog, as also its LRO cells fates include incorporation in

the notochord. Also the shield in zebrafish was previously incorporated into the anterior notochord
54

If we look from an organizer point of view, it is nonetheless curious that part of the first

organizer (shield) will constitute part of the notochord *° and that the cells from the second organizer
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formed (KV), that is induced by this notochord, will ,once its function ends, mainly “return” to the
notochord. Do the KV cells have two main fates, one temporary (KV) and one permanent
(notochord)? Or these cells unique fate is the notochord with transient formation of temporary

organizers?

An interesting observation is that the KV — a signalling center, is displaced along the
development but the majority of its cells incorporate other signalling center — the notochord. This
result was expected if we compare it with previous research in other model organisms *°**. Besides
the notochord, it is known that the tail bud is a progenitor region governed mainly by the expression
of fgf, ntl and wnt’*. From this region notochord, somites, hypochord and floor plate cells are
originated. The GFP marked cells in the tail bud co-localize with ntl, this may indicate that the GFP

marked cells in this region have, to some extent, a role in progenitor maintenance.

It was so far described in amphioxus, the presence of cilia-like structures */, but in zebrafish or
other model organisms no study revealed their present in the notochord. With our research, it was
possible to state that also in zebrafish, there is a cilia-like structure in the notochord, with a specific
orientation towards the center of this structure (Figure 4.26). The study of its function and motility

would be of interest.

Although in different proportions, the next most common fate we detected was incorporation
of GFP marked cells into the hypochord (Figure 4.9). It was reported that a ntl positive cell can also
become hypochordal fated *>*%, Since most of the GFP marked cells throughout development co-
localize with ntl, these findings support the two most common fates among KV cells, which are
notochord and hypochord. Like with the notochord, the hypochord cell shape and localization is the
best marker we can use. The cells integrating this structure acquire a perpendicular orientation to the
notochordal cells and are positioned below the notochord, as described by Eriksson et al (2000) *°.
These cells start migrating with a round cell shape with protrusions, but once incorporated in this
structure they become elongated ** (Figure 4.10). In the live imaging movies it is possible to observe
several transversal cells to the notochord, not exactly in the hypochord region but in parallel with it
(Figure 4.9 and 4.10). It is known that the hypochord is made of a single line of cells, so the parallel
cells are most probably still migrating to integrate the hypochord. Regarding fates, the origin of the

5253 and others

hypochord is still debated since there is evidence that point to a mesodermal origin
point to an endodermal origin *#°°. Once all the KV cells co-localize with no tail, we can propose

that the hypochord cells are of mesodermal origin °.

In spite of ntl expression correlates with notochord and hypochord fates, cells expressing this
gene can even adopt other fates, therefore a more specific probe marking each structure would be

required to understand the specification and differentiation timings of these cells. For notochordal
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fates it could be used the lysyl oxidases, particularly loxI5b that is robustly expressed in the tail tip at
least at 20s stage *°. For hypochordal fates it could be used the hairy-related gene her 4 > or
Collagen, type Il alpha I, col2al "%,

The contribution of the KV cells to the floor plate is very small and it is not visible in all the
movies. Even so, the cell shape and location recapitulates the one described for floor plate . These
GFP marked cells are also present in fixed samples. Until 29-30 ss they are observed in several
embryos in the same quantity (one or two cells, Figure 4.11), but in Prim-5 an embryo presented ten
cells in the floor plate location (Figure 4.6). Unfortunately this stage was not included in our live
imaging study. Prolonged live imaging with coverage of Prim-5 developmental stage would solve
this question. In spite of the few cells incorporating the floor plate, this number agrees to what is
described in other organisms ®. It is known that the shield contributes to the floor plate, but also the
shield itself is constituted by ectoderm. In this case, the KV being mostly of mesodermal origin, we

do not expect to acquire high numbers of cells fated to become floor plate.

In all the model organisms described, the organizers incorporated the paraxial mesoderm, from
where the somites are formed. In the case of the zebrafish shield, it is known that it contributes to
these tissues but from the (once) KV cells, this integration seems rather restricted. Although the co-
localization with msgnl was positive for some cells expressing foxjla, in the zebrafish embryo the
KV contribution to somitic fates is not so evident. More specific markers could also be tested in the

future, such as myoD ™.

One curious unknown cell fate is formed by the group of ventral cells that end up losing
fluorescence (Figure 4.7). These cells seem to be an example of passive cell movement; since
comparing its relative position towards the notochord, it looks that they are just left behind when the

KV compact group of cells moves with tail elongation.

It is described that the juvenile fin is constituted of mesenchymal cells involved in a thin
epithelial sheet. In spite of the similarities, the juvenile fin is a transient structure. From the tail
ventral region (somites or notochord), a population of proliferating cells emerge. With the notochord
bend and tilt toward the dorsal side, the fin-ray precursors move in the caudal and dorsal direction,
replacing the larval finfold ®. In the adult tail fin, there is a source of stem cells, thought to be
responsible for fin regeneration, called hypural cells. These cells belong to the tail mesenchyme
described before, as the bone that is attached to spiny rays of the caudal fin®. For a long time the tail
mesenchyme was thought to have a neural crest origin, but recent findings by Carney et al (2013) ®,

claimed that the fin mesenchyme is exclusively of mesodermal origin.
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So, can these ventral cells be the precursors of the hypural cells, whose origin is unknown?
Later developmental stages would need to be assessed and probably a different type of KV cell
labelling, such as Kaede photo conversions, should be used. Also, laser ablation of these cells and

regeneration studies in adult caudal fin could be an interesting project.

As mentioned before, a distinction was made between filmed, agarose embedded and embryos
released from the agarose (Figure 4.12). Several differences were noticed, like the developmental
velocity - which is faster in released — and tail morphology — which is deformed in agarose
embedded embryos (either filmed or not). The minimum possible agarose density was used (0,5%)
once lower than that would not immobilize the embryos, so other techniques should be tried to avoid
this effect.

It is known that specific pressures or forces can change gene expression in embryos through
mecanosensation ®. Hypothetically, the pressure done by the agarose could provoke or alter cell
migration or even lead to its arrest. Once the ventral cells found in live imaging were not often
encountered in fixed samples, these could result of defective development due to truncations in tail
elongation. As said before, laser ablation of KV cells and testing different embryo mounting settings,

where the tail is not constricted in agarose would elucidate this matter.

On the other hand, these ‘agarose’ studies were complemented with fixed samples, which
were never exposed to the laser and have grown freely in E3 medium. In general the results were
similar. The fates observed in live imaging — notochord, hypochord, floor plate and tail mesenchyme
— were also observed in fixed samples. The comparison between these two techniques allows us to
have a high degree of confidence in stating that, in general, the development of the embryo and cell

migration is not affected by the deformed tail growth.

But there are some differences worth mentioning between live and fixed embryos, such as the
meaning of a GFP marked cell. In live imaging it’s possible to see the cells migrating from/to a
region/structure and therefore we promptly see its KV origin. On the other hand, in fixed samples,
the migration path of a GFP marked cell, already incorporating a structure, or in a certain region is
not known and thus it is not possible to be sure that it is a KV cell. A very powerful technique that
could be used would be the Kaede injections at 1 or 2 cell stage and photo conversion of DFC at

shield stage. This would allow us to know the cells origin even in fixed samples.

Several setbacks were encountered during this study, such as low fluorescence intensity and its
highly sensitivity to light. One such drawback is if KV cells are not followed from the begging of its
closure (where these cells are the only ones expressing foxjla) it is not possible to discern if the GFP

marked cells observed, are originated from the KV or if they just started expressing foxjla. In spite
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of KV cells are not the only cells expressing foxjla ¥, they are the first cells to express this gene and

GFP intensity in these cells is visibly higher than in the others.

An advantage of GFP is the high protein life time, i.e. even if foxjla is no longer being
expressed, the GFP will remain in the cell, allowing a longer tracking due to perdurance. In live
imaging it was possible to observe that after 40-60min of KV cells incorporate new tissues, cell
fluorescence started to decrease. The GFP half-life varies according to the context but it’s generally

very stable %.

Nevertheless, there are alternative tools to this line, like foxjla:CreER'™ transgenic line
crossed with a heat shock induced loxP line. This line was available for this study and an
optimization was carried out. Unfortunately, it was unsuccessful since the promoter sequence of the
Cre line was incorrect. The Kaede injection and photo-conversion of DFC was also considered but

due to time limitations only foxjla:GFP line was used.

Overall, we could answer some interesting questions. Even within the KV population the fates
differ, there are notochordal fates, hypochordal fates, floor plate fates, tail mesenchyme and maybe
hypural cell fates. What determines which cell follows which fate, is still a very intriguing and

exciting developmental question.

2.KV cells present a proliferative and death

dynamics

2.1  There is a proliferative window for the GFP

marked cells

Kanki and Ho * reported the proliferative profile of the tail region at 14 ss and 18 ss (Figure
1.20). As it is easily observed the proliferation is higher as closer to the midline the cells are. In
accordance with this information and, since the position of the KV cells is in this region; there is a
short window of proliferation from 21-22 ss to 25-26 ss. The total number of cells per developmental
stage was counted and there was a significant increase in cell number at 11-12 ss, 21-22 ss and 29-30
ss. Nevertheless, the total estimated number of cells is not expected to be much higher since most of

the observed cells along the development present a cilium, which is indicative that these cells are not
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dividing since for that, the cilium should be retracted *. The initial KV cohort is composed of 30-60
cells ® and with our detailed study we conclude that overall the cell number significantly increases
from 9-10 ss until 29-30 ss (Figure 4.15).

2.2 The apoptosis rate varies little between

developmental stages

As defined by Glucksmann and explained previously, there are three different contexts of
apoptosis. The one observed in the KV cells is histogenetic, since it’s generally low along the

developmental stages and seemingly random.

The apoptotic rate is slightly (but not significantly) higher at 15-16 ss, and this was also
corroborated by live imaging movies (Figure 4.1 *). Indeed at this stage, while the KV is closing and
the cells did not yet start migrating, several cells die (distinguished by the characteristic apoptotic
small round vesicles ®). It was curious to observe that most of the cells that enter apoptosis first
migrated away from the KV compact group and shortly after the apoptotic vesicles were formed. In
the live imaging, at 17-18 ss, with the “comet tail” formation and migration away from the KV
compact group it was also possible to verify the formation of apoptotic vesicles (Figure 4.7).
However, this was not reflected in the apoptotic rates obtained (Table 4.4). According to Cole and
Ross *°, apoptosis is a quick process, cleared in a maximum of 2 hours. On one hand, it could be that
some of the embryos fixed for this assay, had already cleared the apoptotic vesicles. We consider this
option not likely due to the short 1h time intervals between embryo fixation. On the other hand, it
could be that at 17-18 ss there was an increase in apoptosis due to photo toxicity. This would not be
revealed in the apoptotic rates, because this study was performed in embryos after filming and not at
that specific stage. This doubt could be solved with in vivo marking of apoptosis with annexin V
detection *. In spite of detection of apoptotic cells, due to the principle of TUNEL assay it does not
discriminate between apoptotic, necrotic or autolysis death. As an alternative technique to identify

apoptosis we could target the active form of effector caspases (for instances, Caspase 3).

Comparing the apoptotic rates between embryos used for live imaging and the ones directly
fixed, there was no significant difference. With the data obtained we conclude that overall apoptosis

is low and constant throughout the somites stages covered (Figure 4.16 and 4.20).
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3. Cilia of the KV cells retract and become short

cilia later in the development

66,92

In zebrafish, it is known that Kupffer vesicle cells are monociliated and mainly motile,

their influence in embryo development is crucial for left right patterning, as explained before.

With KV closure, the cilia start to retract until their average length is similar to the immotile
cilia in the tail region (Figure 4.25). From 17-18 ss, along the developmental stages, their size
doesn’t change significantly, where most of the cells keep a short cilia. Looking at the histograms
(annexe B) it is possible to conclude that the shapes of the curves obtained are different between
some developmental stages. At 11-12 ss and 13-14 ss the curves shape is similar to a normal
distribution, slightly deviated to the right, i.e. more long cilia measured. From that stage on, most of
the histograms show a curve deviated to the left and present a higher slope from 2-3 pum class.
Taking into account the population surrounding the KV cells, with the progression of developmental

stage, the cilia length becomes more and more similar to the cells around it (Figure 4.26).

It is known that KV cilia are mostly motile " and that foxjla gene is usually associated with
motile cilia. So, are these shorter cilia motile? Is it possible that these cells are no longer expressing
foxjla and the fluorescence seen is due to a delay degradation of GFP? These doubts are easily
answered with live imaging using a high speed video camera or by a simple In situ hybridization

with dnah7 probe, which will inform us of the cilia motility.

Comparing cell number (Figure 4.17) with cilia number (Figure 4.27), it is possible to see that
before the proliferative window, the cilia number is inferior to the cell number. This could be
explained by the cilium retraction that needs to happen before the cell enters a division stage. On the
other way around, at 25-26 ss the increase number of cilia and decreased cell number could be due to
small population size in the cell number data (N=2) or that some cells acquired a multiciliated
profile. The increase in population size would be advisable. Nevertheless, the curve profile is similar

between cell number and cilia number, as expected once these cells are monociliated.
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4.\What is the influence of KV cell ablation in tail
development?

Besides some contribution to the tail tissues what is the influence of these cells in larvae
development? And what consequences would have its absence? These questions attempted to be
answered with laser ablation of the KV cells at 16 ss, where the results would only be due to the
ablation and missing KV cells, in opposition to 13-14 ss KV ablation, where left-right defects would

also be present and potentially mask KV cells expected smooth effects.

The laser used for ablation had the tremendous precision of ablating only one cell. This feature
proved, in this particular case, not to be an advantage but a weakness, since with a weak transgenic
line (foxjla:GFP) and the need of approximately 30 point ablation, most certainly resulted in
bleaching instead of ablation.

A more aggressive and wide field ablation should be tried, not just to overcome the difficult
tissue penetration but to maintain the efficiency of the laser at deep regions of the embryo. Once
optimized the ablation at 16s, the morphology of the tail region would be verified and compared with
control embryos. In particular, the number of notochord cells would be counted since most of the KV

cells incorporate this structure.

As an easy correlation with hypural cells, the ablated embryos would be let to grow until 48h,
when the pigmentation is well established and the hypural coincident pigmentation gap is clearly
present. Hypothesizing that some of the KV cells are the precursors of the hypural cells; we could

then ask whether this pigmentation gap still exists after ablation.

An important consideration when analysing the ablation results, is that the KV cells have a
proliferative window beginning at 21-22 ss, i.e. after the laser ablation at 16 ss. So, at 21-22 ss would
there be a compensatory mechanism of the ablated KV cells? A solution to this situation would be to
perform the ablation after the proliferative window but at that stage the cell migration already
started. As an alternative, a system like the nitro-reductase mediated cell ablation would be worth

trying ®*. Either way we need to ensure that no compensatory proliferation occurs.
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5. Conclusion and future work

This research study served not only as a validation of the hypothesized KV cells fates by
Cooper and D’Amico®, but also allowed the assessment of these fates with cutting edge live imaging
technologies. Was possible to understand that Kupffer’s vesicle cells proliferate, die, migrate and
incorporate structures in the zebrafish tail. Furthermore, it is in accordance with distinct left-right

organizers of other model organisms.

In spite of all the information added to the previous knowledge about the KV, still many
questions remain unanswered. For instances, what is the function of these cells in the structures they
incorporate? Will these cells be important for the embryo development from Prim-5 stage on? Once
they are expected to have a role in signalling the surrounding cells, how do these cells influence the

cells around?

To elucidate the fates of the KV cells more molecular markers should be tested. For somite
incorporation analysis a targeted live imaging and markers would be a good approach. While for
ventral cells analysis a different mounting should be tried, as well as regeneration studies once these

cells removed.

The proliferation and death assay should be repeated for some time points to increase the

results confidence and the cilia motility needs to be assessed.

To clarify the KV contributions and interactions between cells, knowing that laser ablation
does not work at this stages and deepness, could be executed the nitroreductase-mediated cell

ablation® or using the CellTram, suction of the precursors of Kupffer’s vesicle cells.
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Appendix A

Fiji Macro
print("\\Clear");

dir = getDirectory("Choose directory to save images: "),

for (i=1; i<=nlmages; i++) {
selectlmage(i);
/ftitle = File.nameWithoutExtension();
title = getTitle();
pos = indexOf(title, ".");
new_title = substring(title, 0, pos);
print(title);
print(new _title+" T = "+i);
saveAs("Tiff", dir+"\\"+new_title+" T = "+i+"");
close(title);

¥
/frun("Close All");
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Appendix B

Cilia Length Histograms
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