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Abstract:
Early on in development, embryos undergo a dramatic change in shape in order to
transform from a collection of cells into a functioning organism with a specialised body
morphology. A key step in this process is the elongation of the head-to-tail, or anteriorposterior (AP) embryonic axis. For axis elongation to occur, multiple tissues must
deform concomitantly, often elongating through a combination of convergence and
extension and/or volumetric growth. As tissues deform, they exert force on their
neighbouring tissues. How the force generated by the morphogenesis of one tissue
impacts that of other axial tissues to achieve an elongated embryo axis is currently not
well understood. The notochord, a rod-shaped tissue running through the middle of all
vertebrate embryos, is a key candidate for driving this process. Cells in the notochord
undergo an expansion that is constrained by a stiff sheath of extracellular matrix that
increases the internal pressure in the notochord, allowing it to straighten and elongate.
The notochord is flanked on either side by the somitic compartment made up of
developing somites in the segmented region of the axis and presomitic mesoderm in
the posterior. Therefore, it is appropriately positioned to play a role in mechanically
elongating the somitic compartment. In this PhD thesis I characterise axis elongation
and notochord morphogenesis in the developing zebrafish embryo and generate
hypotheses on the mechanical role of the notochord in extending the embryo axis.
Using a spatially and temporally specific multi-photon ablation technique, I investigate
the mechanical role of the notochord in elongating the somitic compartment. I show
that anterior notochord cell expansion generates a force that displaces notochord cells
posteriorly relative to adjacent axial tissues and contributes to the elongation of
segmented tissue during post-tailbud stages of development. Crucially, unexpanded
cells derived from progenitors at the posterior end of the notochord provide resistance
to anterior notochord cell expansion, allowing for force generation along the
notochord. Therefore, notochord cell expansion beginning in the anterior, and addition
of cells to the posterior notochord, act as temporally coordinated morphogenetic
events that shape the zebrafish embryo AP axis.
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1 Introduction
1.1 Multi-tissue mechanics in morphogenesis
The development of biological shape, or ‘morphogenesis’, is crucial for both organs
and embryos to achieve the specialised shapes that allow them to function properly.
Published in 1917, Darcy Thompson’s pioneering work ‘On Growth and Form’ inspired
people to think about the role mechanical forces play in shaping organisms
(Thompson, 1917). However, although many hypotheses on how force may influence
morphogenesis were proposed in Thompson’s work, the tools needed to test these
hypotheses were lacking at that time. In the years following this work the development
of model systems that were amenable to large scale mechanical manipulation, such
as Xenopus laevis embryos, provided researchers with an opportunity to explore the
relative ability of different embryonic tissues to both generate and respond to
mechanical forces (Shih and Keller, 1992). When approaching biomechanical
problems, it has proven useful to consider the material properties of the components
of the system being studied, with the relative stiffness of a component determining
how easily it may be deformed by a force or deform its surroundings. Explanting
tissues from the embryo and observing their behaviour allowed researchers to
generate more specific hypotheses on their mechanical properties and the forces at
play in their morphogenesis (Adams et al., 1990). Although experimentally precise
techniques to specifically perturb mechanical processes were still lacking in the early
2000’s, the development of physical models that mimicked the observed behaviour of
tissues provided an experimental system which could be physically manipulated to
test hypotheses on the role mechanical forces play in vivo (Koehl, 2003).

Only relatively recently have we started to develop the tools and approaches
necessary for specifically altering mechanical parameters in biological systems and
investigating their role in shaping biological form. The recent progress in the
development of techniques to alter the mechanical properties of substrates used for
in vitro cell culture has led to an explosion in the study of mechanochemical signalling
and a focus on how the mechanical environment of a cell can regulate its gene
15

expression (Wang et al., 2007; Mammoto et al., 2009). In the case of stem cells, the
transduction of a mechanical cue into a biochemical response (mechanotransduction)
provides a way to control cell fate choices in response to the physical environment
they reside in (Le et al., 2016). In 2006 Engler et al. demonstrated that culturing
mesenchymal stem cells on soft substrates with a stiffness similar to that of brain
tissue resulted in them adopting a branched morphology and expressing neuron
specific markers, such as beta-3 tubulin (Engler et al., 2006). When cultured on
substrates of higher stiffness, similar to that of muscle or bone, mesenchymal stem
cells adopted the corresponding myogenic or osteogenic morphologies and expressed
the relevant tissue-specific markers (Engler et al., 2006). Whilst mechanotransduction
at the cellular level may lead to emergent behaviours that play an important role in
achieving large-scale morphogenesis, a focus on mechanics at the tissue scale is
needed to gain insight into the more global impact that mechanical forces can have
on shaping organisms.

Mechanical forces have been shown to play an important role in shaping organs and
tissues. Pioneering studies investigating the emergence of fold formation in gut and
brain morphogenesis have demonstrated the importance of mechanical interactions
between tissues in generating complex morphologies (Savin et al., 2011; Tallinen et
al., 2016). The elongating vertebrate gut adopts a looped morphology as its length
exceeds that of the embryonic body cavity in which it is developing. The stereotypic
looping of the gut tube depends on mechanical interactions between two tissues, the
gut tube and the dorsal mesentery to which it is attached (Kurpios et al., 2008; Savin
et al., 2011). The faster growth rate of the gut tube relative to the dorsal mesentery
generates compressive force along the length of the gut tube, leading to the
subsequent looping of the tube (Savin et al., 2011). Differential growth rates between
two physically coupled tissues are also thought to play a role in the folding of the
cerebral cortex (Tallinen et al., 2016). A physical model of the developing human brain
in which the outer ‘cortical’ layer expands at a faster rate than the underlying ‘white
matter’ to which it is adhered, demonstrates that this differential growth leads to
compression and folding of the outer cortical layer (Tallinen et al., 2016). In the cases
of both gut and brain morphogenesis, physical coupling between a softer more
16

deformable tissue and a stiff rigid tissue facilitates the physical deformation of the
former, demonstrating the ability of stiffer tissues to impact the morphogenesis of
softer tissues to which they are coupled.

1.2

Mechanical forces in embryo axis elongation

Such mechanical interactions between tissues can contribute to the morphogenesis
of the entire body of embryos. Body shapes are laid down during development as
embryos elongate, transforming from a ball of cells into an elongated structure with a
head-to-tail axis (Kimelman and Martin, 2012). Elongation of the head-to-tail, or
anterior-posterior (AP) axis, during embryonic development is crucial for the proper
functioning of the adult organism, with defects in axis elongation resulting in severe
skeletal malformations at adult stages of development (Bagwell et al., 2020; Guo et
al., 2020). The elongation of the embryo is both dependent on, and must be carefully
coordinated with, the morphogenesis of its developing internal tissues to ensure the
correct distribution of organs throughout the body.

Running through the middle of the embryo, the notochord is a rod-like tissue that is
ideally positioned to play a role in mechanically elongating the embryo axis (Annona
et al., 2015; Stemple, 2005). A defining structure of the chordate phylum, the
notochord is an ancient tissue thought to have provided structural support to some of
the earliest relatives of the vertebrates (Stemple, 2005). The oldest chordate identified,
Pikaia gracilens, had a centrally located notochord flanked on either side by
segmented myomeres, making this stereotypic arrangement of tissues over 500
million years old (Morris and Caron, 2012; Morris and Caron, 2014). Still alive today,
the Amphioxus is the closest living relative to the earliest chordates, and shares a
similar body plan to that of Pikaia (Andrews et al., 2020; Garcia-Fernàndez and BenitoGutiérrez, 2009). In these ancient creatures the combination of muscle segments and
a potentially vacuolated notochord are thought to have played a crucial role in their
ability to swim (Garcia-Fernàndez and Benito-Gutiérrez, 2009; Morris and Caron,
2012), making this tissue organisation a fundamental feature in the evolution of
vertebrates (Figure 1-1).
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Figure 1-1 Conserved body plan
A schematic illustrating the stereotypical body plan of the most ancient chordates, with a centrally
located notochord flanked on either side by muscle segments.

In Xenopus embryos the mechanical properties of the notochord have been shown to
change over time, with the notochord becoming stiffer as development progresses
(Adams et al., 1990). This makes it a candidate for driving the deformation of
surrounding embryonic tissues that may be required for axis elongation. The stiffening
of the notochord depends on an increase in its internal pressure, driven by the uptake
of fluid into specialised vacuoles within notochord cells (Adams et al., 1990; Ellis et
al., 2013). The zebrafish embryo notochord occupies a large proportion of the embryo
body axis, having a cross section similar in area to that of the neural tube (Stemple,
2005). Notochord cells also develop fluid-filled vacuoles during zebrafish embryo
development, and this is thought to drive an increase in fluid pressure within the
notochord, similar to that observed in Xenopus (Ellis et al., 2013).

1.3

Fluid pressure as a driver of morphogenesis

Before focusing on the role fluid pressure plays in notochord morphogenesis, it is
helpful to consider a set of examples that illustrate the wide-ranging impact of fluid
pressure on the morphogenesis of different biological structures.
Fluid pressure exerts a force perpendicular to the surface of structures and plays an
important role in shaping biological tissues. In the case of the early mouse embryo an
increase in fluid pressure within the embryo has been shown to rupture cell-cell
contacts creating micro-lumens that eventually contribute fluid to the main lumen of
the embryo (Dumortier et al., 2019). An increase in fluid pressure within the main
18

lumen acts to stretch the overlying epithelium and exerts a stress on trophectoderm
cells (Chan et al., 2019). The stress exerted on the tissue surrounding the lumen leads
to a change in tissue material properties, with the trophectoderm stiffening as
actomyosin contractility becomes upregulated in response to the applied stress (Chan
et al., 2019). This triggers adhesion-based mechanosensing and the maturation of
tight-junctions that act to seal the cavity, allowing the embryo to accommodate higher
luminal pressures and continue its growth (Chan et al., 2019). Thus, fluid pressure
plays a critical part in the earliest stages of mouse embryo morphogenesis.
Fluid pressure also contributes to morphogenesis at the scale of organs. The zebrafish
inner ear is formed from the otic vesicle which consists of an epithelium that encloses
a fluid-filled lumen. Ion pumps are thought to control fluid flux into the lumen facilitating
the accumulation of fluid within the lumen over time (Mosaliganti et al., 2019). Fluid
accumulation results in an increase in hydrostatic pressure within the lumen and the
subsequent expansion of the otic vesicle (Mosaliganti et al., 2019).

Whilst fluid pressure deforms, and in the case of the mouse embryo ruptures,
surrounding tissues in developing animals, the rigid wall of plant cells resists
deformation to a greater extent than the animal cell membrane, and leads to
differences in the way fluid pressure generates morphology in these systems. A
cellulose-reinforced cell wall provides resistance to the influx of water into plant cells,
generating turgor pressure (Cosgrove, 1986; Marty, 1999). For turgor pressure to
influence plant morphogenesis, the shape and size of plant cells must respond to this
pressure. The orientation of cellulose is controlled during its synthesis and impacts the
resistance at different points along the cell wall, leading to non-uniform resistance to
deformation within the cell wall (Green, 1962). Subsequently, the fluid-driven increase
in turgor pressure coupled with the non-uniform resistance of the cell wall drives the
directional elongation of cells in the stem and roots of plants (Lockhart, 1965).
Although animals do not have rigid cell walls, they do form rigid structures at larger
scales that resist deformation. The accumulation of an incompressible fluid within a
tension-resisting container is the basis for the formation of ‘hydrostatic skeletons’,
known to play a crucial role in providing organisms with mechanical support, typically
in the case of invertebrates (Wainwright, 1970). Many examples of hydrostatic
19

skeletons exist in nature, such as those in annelid worms (Chapman, 1958), hydra
(Hausman and Burnett 1969) and sea anemones (Wainwright, 1970).

The notochord is an example of a hydrostatic skeleton. Its positive internal pressure
is generated by the fluid-driven expansion of cells coupled with the resistance provided
by the stiff extracellular matrix based-sheath which wraps the notochord
circumferentially (Adams et al., 1990). As in the case of otic vesicle morphogenesis,
the influx of fluid into notochord cells is driven by ion pumps (Ellis et al., 2013). Studies
approximating the notochord of Xenopus embryos as a simple hydrostatic skeleton
have suggested that the expansion of notochord cells can generate a force, which
may contribute to embryo elongation (Koehl et al. 2000). As notochord cells expand
and the internal pressure increases, the notochord becomes stiffer allowing it to
elongate and straighten without buckling (Adams et al., 1990). Using morphometric
data obtained from in vivo experiments to construct a synthetic physical model of the
notochord, Koehl et al. investigated the ability of this model to exert pushing forces
and found that it was able to do pushing work against an applied load as the internal
pressure of the model was increased (Koehl et al. 2000). The expansion of notochord
cells has also been implicated in zebrafish embryo axis elongation, with defects in
notochord cell expansion leading to a truncated axis in larval stage zebrafish (Ellis et
al., 2013). However, it is not known how this aspect of notochord morphogenesis
impacts the elongation of surrounding embryonic tissues and overall axis elongation.
In this study, I utilise the excellent live imaging capacity of the zebrafish embryo to
investigate how notochord cell expansion coupled with other aspects of notochord
morphogenesis contributes to the elongation of the embryo AP axis.

1.4

Notochord development

In vertebrates the notochord is present at early developmental stages, and in most
cases, is replaced by the spinal column in adult organisms (Flemming et al. 2015).
The notochord runs along the midline of the embryo and is flanked on either lateral
side by the somitic compartment (Figure 1-2A and B). Lying dorsally to the notochord
is the floorplate and neural tube, and ventrally the hypochord and other endodermal
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and mesodermal tissues (Figure 1-2B) (Stemple, 2005). The initial formation of the
notochord is driven by convergence and extension of cells towards the midline,
facilitating the early stages of notochord elongation along the AP axis (Glickman et al.,
2003; Yamanaka et al., 2007). The notochord plays a biochemical role in patterning
surroundings tissues, largely through Sonic hedgehog (Shh) signalling (Currie and
Ingham, 1996). Shh expression in the notochord impacts cell differentiation in the
dorsally lying neural tube and lateral somites. Specifically, Shh signalling is required
for the differentiation of adaxial cells into slow muscle as somites develop towards
differentiated muscle segments (Blagden et al., 1997), with slow muscle fibre
formation reduced in mutants that lack Shh signalling (Barresi et al., 2001). However,
after 24 hours post fertilisation (hpf) slow muscle numbers increase on the surface of
segments in these mutants, indicating that Shh signalling is not required for the
induction of slow muscle cells at later stages of development (Barresi et al., 2001).
Thus, the reliance on the biochemical signalling role of the notochord in patterning
somites may decrease as development progresses.

Figure 1-2 Organisation of axial tissues in the zebrafish embryo
A – A schematic showing a side view of a zebrafish embryo. The notochord (dark grey) runs along the
length of the somitic compartment (orange). B – A schematic showing a cross section through the
zebrafish embryo. The notochord lies in the centre of the embryo and is flanked laterally on either side
by segments, and dorsally by the neural tube.

At the posterior end of the notochord a population of notochord progenitors undergo
intercalation, forming a row of cells as they contribute to the notochord rod (Glickman
et al., 2003; Kanki and Ho, 1997). Early termination of notochord progenitor formation
leads to a truncated notochord and axis elongation defects (Row et al., 2016). Midline
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progenitor populations also reside in the tailbud that can differentiate towards
notochord progenitor and floorplate cell types, or notochord and hypochord cell types
(Row et al., 2016). Notochord progenitors exclusively express the gene Noto
(previously called flh) (Talbot et al., 1995), making Noto gene expression a useful
marker for assessing notochord progenitor domain size. Inhibiting Wnt signalling
decreases Noto expression in the tailbud, indicating that Wnt signalling is required to
induce notochord progenitors from the midline progenitor population (Row et al.,
2016). In the floorplate/notochord midline progenitor population, Wnt signalling plays
a role in determining the relative contribution of midline progenitors to the floorplate or
notochord, with Wnt promoting notochord fates and inhibiting floorplate fates (Row et
al., 2016). In the case of the hypochord/notochord progenitor population, Notch
signalling promotes the hypochord cell fates, and inhibits the notochord cell fate (Row
et al., 2016). BMP signalling levels are capable of separating the floorplate/notochord
and hypochord/notochord midline progenitor populations, inducing the formation of an
ectopic tail in tailbud stage zebrafish embryos (Row et al., 2016). Hypochord and
notochord are present in ectopic tails whilst the hypochord is lost from the primary
non-ectopic tail and floorplate and notochord are present in the non-ectopic tail whilst
the floorplate is absent from ectopic tails (Row et al., 2016). The inclusion of a
progenitor-derived region of notochord in both ectopic and non-ectopic tails may
indicate that this population has the ability to drive tissue elongation. The mechanical
role of notochord progenitors in driving zebrafish embryo axis elongation is not known.

1.5

Vacuole formation and notochord cell expansion

Vacuoles are lysosome-related organelles and are present in the centrally located
cells of the zebrafish notochord (Ellis et al., 2013). Vacuoles have also been observed
in multiple biological structures: the notochord of rabbit, Xenopus, amphioxus, and
chick embryos (Adams et al., 1990; Leeson and Leeson, 1958; Andrews et al 2020;
Bancroft and Bellairs, 1976), the tentacles of jellyfish, and in the cells of plants (Yuan
et al. 2008). Recent work investigating notochord morphogenesis in amphioxus has
shed light on a possible role for vacuolation in the elongation of the earliest chordates
(Andrews et al., 2020). Cells of the amphioxus notochord are initially round and then
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diverge in their geometry as they differentiate to form either central cells or Muller cells.
Cells of the central population extend in their dorsal-ventral (DV) length and adopt a
cuboidal shape, whilst cells of the Muller cell population elongate along the AP axis
(Andrews et al., 2020). As development progresses, central cells undergo further
shape change and develop a ‘bowtie’ shape, with a medial point of constriction and
spread-out lateral regions. This appears to represent an intermediate state, as
subsequently these cells progress back towards a cuboid morphology and undergo
an increase in volume (Andrews et al., 2020). Thus, the expansion of centrally located
notochord cells, possibly through the formation of fluid-filled vacuoles, may represent
a common feature in amphioxus and zebrafish notochord development.

In the zebrafish embryo, notochord cells can differentiate into either an inner
vacuolated cell type or outer ‘sheath’ cell type (Melby et al., 1996). Vacuolated
notochord cells expand in volume over time as they draw in fluid, whilst sheath cells
contribute to the formation of the stiff extracellular matrix-based sheath that wraps the
notochord (Figure 1-3) (Stemple, 2005). Notch signalling plays a crucial role in the
differentiation of notochord cells, with Notch activation biasing notochord cell fates
towards the outer sheath type and decreased levels of the notch ligand jagged1
biasing cell fates towards the inner vacuolated cell type (Yamamoto et al., 2010).
Sheath and vacuolated cells have different spatial organisations within the notochord,
with sheath cells positioned at the edge of the notochord circumference and
vacuolated cells at the centre of the notochord (Dale and Topczewski, 2011;
Yamamoto et al., 2010). During larval stages of development, an enzyme involved in
ossification is expressed in a segmented pattern in notochord sheath cells (Forero et
al. 2018). This has recently been shown to play an important role in the development
of vertebrae in adult zebrafish, with positive expression predicting the formation of
chordacentra (Forero et al. 2018). As the zebrafish embryo develops, sheath cells
express collagen (Col2a1), building up the extracellular matrix that wraps the
notochord circumferentially (Dale and Topczewski, 2011). Extracellular matrix is
comprised of multiple secreted proteins and polysaccharides that form a meshwork to
which cells can adhere (Hynes, 2009). Key components of the extracellular matrix
include fibronectin, collagen, and laminin (Hynes, 2009). The extracellular matrix
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surrounding the notochord includes all of these proteins, arranged within a threelayered sheath (Guillon et al., 2020; Latimer and Jessen, 2010; Trapani et al., 2017).
Laminin and fibronectin have been observed to overlap in the zebrafish notochord
sheath (Latimer and Jessen, 2010). Loss of notochord sheath components leads to
buckling of the notochord, possibly due to a loss of sheath mechanical integrity
rendering it unable to sustain the force generated by vacuolated cell expansion
(Gansner and Gitlin, 2008). Little is known about adhesion between notochord cells
and the surrounding extracellular matrix-based sheath however, a possible myosin-II
mediated connection has been identified in Xenopus (Buisson et al. 2014). In general,
cell adhesion to a surrounding extracellular matrix is largely dependent on integrinbased adhesion complexes (Kanchanawong et al., 2010). These complexes are built
up of multiple adhesion proteins, including vinculin, talin, paxillin, and focal adhesion
kinase, and connect to the actomyosin cytoskeleton (Kanchanawong et al., 2010). The
components that make up cell-extracellular matrix adhesions can vary depending on
the type of extracellular matrix protein. In the case of fibronectin-based extracellular
matrix, vinculin, talin and integrin form a stable complex that mediates cellextracellular matrix adhesion (Humphries et al., 2007). Investigation into the cellextracellular matrix adhesion components in the zebrafish embryo notochord is
required to understand whether adhesion between notochord cells and the
extracellular matrix sheath is present.

Figure 1-3 Events in notochord morphogenesis
A schematic outlining the morphogenetic events that occur during notochord morphogenesis in the
zebrafish embryo. Notochord progenitors (yellow) contribute cells to the posterior end of the notochord.
Notochord cells (white) differentiate into either a vacuolated cell type, expanding over time, or a sheath
cell type, contributing to the formation of the extracellular matrix-based sheath (green).
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The inflation of vacuoles within inner notochord cells depends on endosomal
trafficking regulated by vacuole specific H+-ATPase acidification and Rab32a (Ellis et
al., 2013). Rab32 regulates post-Golgi trafficking and disruption of Rab32 function
results in the fragmentation of notochord cell vacuoles (Ellis et al., 2013). The H+ATPase multiprotein complex is involved in driving the acidification of intracellular
compartments via proton transport (Nuckels et al., 2009). However, the notochord
vacuole lumen is not acidic, suggesting that the acidification of the vacuole lumen is
rapidly neutralised, possibly by transport of alkali ions into the vacuole (Ellis, 2014).
This may also function in driving water uptake within the vacuole (Ellis, 2014).
Inhibiting H+ATPase function before the time of notochord cell vacuole formation
prevents vacuole expansion from occurring and halts the growth of expanding
vacuoles when inhibited after the onset of vacuole formation (Ellis et al., 2013). As
vacuoles inflate notochord cells begin to expand and become more spherical (Norman
et al. 2018). The notochord rod cross-section becomes more circular as notochord
cells expand, and vacuolated cells become arranged in a staircase pattern (Norman
et al. 2018). Cutting the posterior tip of the embryo leads to a change in the aspect
ratio of the notochord cross section, becoming more elliptical (Norman et al. 2018).
Upregulating Notch signalling in mutant embryos can be used to reduce the number
of vacuolated cells, as differentiation is biased towards the sheath cell type at the
expense of the vacuolated cell type (Norman et al. 2018). Reducing the number of
vacuolated cells in the notochord leads to a change in cell packing within the notochord
and a more elliptical notochord cross section (Norman et al. 2018). Therefore, it is
likely that the circular cross-section of the notochord is maintained by pressure arising
from notochord cell expansion, with removal of one end of the notochord or a decrease
in vacuolated cell number acting to decrease notochord internal pressure.

A large group of mutations have been identified in which notochord differentiation is
perturbed, leading to defects in notochord cell vacuolation. These include the sleepy
(sly), bashful (bal), grumpy (gup), no tail (ntl), gno, dopey (dop), sneezy (sny) and
mikry (mik) mutants – many of which are named after dwarfs in the tale ‘Snow White’
owing to their reduced body lengths (Schier et al., 1996; Schulte-Merker et al., 1994;
Stemple et al., 1996). In addition to displaying overall axis truncation, these mutants
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all have shortened somites. A recent genetic screen has identified a mutant called
‘somite shorten’ (smt) in which embryos with defective notochord vacuole biogenesis
display a truncated axis and shortened segments at post-tailbud stages of
development (Sun et al., 2020). In smt mutants, the dstyk gene is mutated leading to
a partial block of late-endosomal trafficking required for vacuole biogenesis and a
subsequent decrease in the size of vacuolated cells within the notochord (Sun et al.,
2020). Intriguingly, embryo axis length in smt mutants is unaffected at 20hpf, whereas
at later stages of development (28hpf) smt mutants have body lengths that are up to
17.5% shorter than the wildtype (Sun et al., 2020). Notochord cell vacuolation begins
around 17hpf meaning that whilst little notochord cell expansion will have occurred by
20hpf, far more cells with have undergone vacuolation and expanded by the stages
corresponding to the onset of body length defects in smt mutants (Ellis et al., 2013).
Therefore, the truncation of the embryo AP axis observed at later developmental
stages in these mutants may result from a loss in the mechanical contribution of
notochord cell expansion to axis elongation. As smt mutants enter into adult stages of
development, they develop severe skeletal defects (Bagwell et al., 2020). Vertebrae,
formed from ring-like chordacentra wrapped circumferentially around the notochord,
develop an hourglass shape over time (Bagwell et al., 2020). The growth of centra
exerts a compression on the notochord which is absorbed by vacuoles in the wildtype
case (Bagwell et al., 2020). However, the fragmentation of vacuoles that occurs in smt
mutants is thought to decrease the internal pressure of the notochord, decreasing the
resistance of the notochord to compression by centra (Bagwell et al., 2020).
Subsequently, the notochord buckles as centra grow, leading to the formation of kinks
in the adult spinal cord (Bagwell et al., 2020). This demonstrates the importance of
notochord cell expansion in the proper development of the skeleton during late stages
of development.

Whilst genetic mutants with vacuolation defects can provide some insight into the role
the notochord plays in elongating the embryo axis, Shh expression involved in the
patterning of somites is often perturbed along the notochord in these mutants, making
it hard to uncouple the mechanical from the biochemical role of the notochord in axis
elongation.
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1.6

Somitogenesis

At the same time as notochord morphogenesis is progressing, the axis is segmented
into blocks of tissue called ‘somites’. The somitic compartment is comprised of the
somites in the segmented region of the axis, and presomitic mesoderm in the
unsegmented posterior of the embryo. Somites are formed from the unsegmented
presomitic mesoderm (Kimmel et al., 1995) in a rhythmic process, with bilateral pairs
of somites forming at regular time intervals (Oates et al., 2012). Somitogenesis rates
vary between different species, with somites forming approximately every 6 hours in
humans, 2 hours in mouse, 90 minutes in chick and 25 minutes in Zebrafish embryos
(Gomez et al., 2008; Schröter et al., 2008). The rate of somite formation varies along
the developing axis, with tail somites forming more slowly than those in the trunk
(Schröter et al., 2008). In species that develop externally from the mother, the length
of the segmentation period of development has been shown to be sensitive to
temperature, making the use of a consistent temperature important for comparison
between experimental samples (Schröter et al., 2008).

Somite formation is thought to depend on a ‘Clock and Wavefront’ mechanism in which
waves of oscillating cellular gene expression travel across the presomitic mesoderm
and arrest at the point of a prospective segment boundary (Cooke and Zeeman, 1976;
Oates et al., 2012). Studies investigating the dynamics of gene expression in the
presomitic mesoderm have uncovered a doppler effect which combined with a
dynamic change in gene expression controls the rate at which somites are segmented
(Oates et al., 2012; Soroldoni et al., 2014).The initial length of newly formed somites
depends on the rate of cell flow through the presomitic mesoderm (Bajard et al., 2014).
In the developing zebrafish, somites undergo small fluctuations in length
independently of changes in volume or cell number, which play a role in ensuring
symmetry in somite length is achieved on each side of the embryo (Naganathan et al.,
2020). Somites then undergo a bending process and develop a V-shaped chevronlike morphology as they form mature myotome (Rost et al., 2014; Van Raamsdonk et
al., 1974). This morphology is thought to play an important role in the swimming ability
of fish (Nursall, 1956). Cells in the somites differentiate as somites mature, giving rise
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to the muscle cells of the myotome (Keenan and Currie, 2019). Muscle cell
differentiation is thought to play a role in myotome morphogenesis, as embryos with
defective muscle cell differentiation have U rather than V shaped myotomes (van
Eeden et al., 1996). However, V shaped somites are initially able to form in embryos
with defective muscle cell differentiation, and only as development progresses is the
sharp chevron angle lost suggesting that muscle cell differentiation is required for
maintenance, but not the formation of sharp chevron angles in myotome development
(Rost et al., 2014). Therefore, the mechanisms controlling somite morphogenesis
require further investigation.
Throughout this thesis I use ‘segments’ to refer to both somites and differentiated
somites (myotomes).

Figure 1-4 Somite bending in zebrafish embryo development
A schematic depicting the progressive bending of somites that occurs after they have been segmented
from the presomitic mesoderm.

1.7

Multi-tissue mechanical interactions between the notochord and somitic
compartment

Physical coupling between the notochord and somitic compartment has been
implicated in the shaping of somites after they are segmented from the presomitic
mesoderm (Tlili et al., 2019). Prior to segmentation, the notochord and future somitic
tissue move coherently, suggesting that they may be physically coupled in the
posterior (Tlili et al., 2019). Once segmented, somites spread across the dorsally
underlying neural tube, medially underlying notochord, and ventrally underlying
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tissues such as the hypochord (Tlili et al., 2019). As somites spread they begin to
move anteriorly relative to the notochord, and this is thought to coincide with a
reduction in friction between the notochord and somites (whilst friction between the
notochord and dorsal and ventral tissues is maintained) (Tlili et al., 2019). Adaxial cells
are the most medially located cells of the somitic compartment and lie close to the
notochord on either side (Devoto et al., 1996). Therefore, it is at the interface between
adaxial cells and notochord cells that coupling between the somitic compartment and
notochord is likely to occur. As a somite is segmented from the presomitic mesoderm,
the adaxial cells located closest to the notochord begin to differentiate with a subset
migrating towards the surface of the somite to form superficial muscle cells whilst a
muscle pioneer cell type retains proximity to the notochord via their medial surface
(Devoto et al., 1996). This may facilitate the decreased friction between the notochord
and somitic compartment proposed by Tlili et al., although further investigation into the
mechanism of physical coupling between the notochord and somitic compartment is
required to determine this.

The extracellular matrix that surrounds the notochord lies at the interface between the
notochord and the somitic compartment that flanks it on either side (Dray et al., 2013;
Guillon et al., 2020; Kimelman et al., 2017). Knockdown of the cell-extracellular matrix
adhesion protein Integrin leads to buckling of the notochord as it detaches from the
extracellular matrix interface that is thought to physically connect it to the presomitic
mesoderm in the posterior of the embryo (Dray et al., 2013). Embryos with disrupted
notochord-presomitic mesoderm attachment exhibit a truncated axis, suggesting that
the physical coupling between these two tissues is implicated in zebrafish embryo axis
elongation (Dray et al., 2013).

1.8

Species differences in notochord mechanics

Multiple factors may influence the mechanical interactions between the notochord and
surrounding tissues in different species. The size of the notochord relative to the
embryo body varies between species (Stemple, 2005). As a result, embryo
morphogenesis may depend on notochord generated force to different extents in
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different species. The notochord of mouse embryos has a much smaller cross section
than the neural tube and is relatively skinny compared to that of zebrafish embryos
(Stemple, 2005). In the mouse embryo the notochord elongates predominantly via
convergence and extension in the stages studied, and undergoes deformation as
surrounding tissues expand (Guo et al., 2020). As the mouse embryo develops, the
amniotic cavity increases in volume and exerts force on the notochord (Imuta et al.,
2014). Puncturing the amniotic cavity reduces pressure build-up within the cavity and
inhibits its expansion (Imuta et al., 2014). Notochord elongation is decreased in mouse
embryos with inhibited amniotic cavity expansion, thought to result from a reduction in
the stretching of the notochord in the AP direction and a decrease in its convergence
and extension (Imuta et al., 2014).

Importantly, studies investigating notochord morphogenesis in the embryos of slower
developing vertebrate species, such as the mouse and chicken, have predominantly
focussed on early stages of development. Therefore, the mechanical interactions
between the notochord and surrounding tissues reported thus far are likely to depend
on the relative developmental stage of each species investigated. In the chicken
embryo, recent studies have uncovered mechanical interactions between the
notochord and presomitic mesoderm that impact the elongation of the embryo AP axis
(Bénazéraf et al., 2017b; Xiong et al., 2020). In the developing chicken embryo, the
presomitic mesoderm expands in volume, leading to compression of the notochord
tissue lying in between the two strips of presomitic mesoderm (Xiong et al., 2020). As
the notochord is compressed in the medial-lateral direction, it extends in the anteriorposterior direction, leading to the displacement of the posterior end of the notochord
further into the progenitor zone of the tailbud (Xiong et al., 2020). The extension of the
notochord exerts a pushing force that is thought to push on the presomitic mesoderm
progenitors in the tailbud, facilitating their exit from the tailbud and contribution to the
expanding presomitic mesoderm (Xiong et al., 2020). Together, the expansion of the
presomitic mesoderm and extension of the notochord form a positive feedback loop
that facilitates the continued elongation of the presomitic mesoderm and demonstrates
a role for multi-tissue mechanical interactions in the regulation of axis elongation in
the early chicken embryo (Xiong et al., 2020). At lesser studied later stages of
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development, notochord cells in the chicken embryo develop vacuoles (Bancroft and
Bellairs, 1976), although the contribution of notochord cell vacuolation to chicken
embryo elongation is not known. Studying this process in the faster developing
zebrafish embryo will provide insight into its contribution to axis elongation, that may
factor into later stages of elongation in the embryos of higher vertebrates.

Embryos of different species also display different tissue growth and extension
dynamics (Steventon et al., 2016). Whilst the presomitic mesoderm in the developing
chicken embryo has been shown to expand and increase in volume, the opposite
occurs in zebrafish embryo development, with the presomitic mesoderm shrinking in
volume over time (Bénazéraf et al., 2017; Steventon et al., 2016). Therefore,
differences in tissue growth may also result in differences in the multi-tissue
mechanical interactions at play in these species. Whether the displacement of
presomitic mesoderm progenitors by the posterior notochord, identified in the chicken
embryo, also occurs in the zebrafish tailbud is not known.

1.9

Progenitor exit from the tailbud

Elongation of the posterior body depends on the contribution of cells from progenitor
populations located in the tailbud. Multiple progenitor populations exist within the
tailbud

including

presomitic

mesoderm

progenitors

and

a

population

of

neuromesodermal progenitors (NMPs) (Attardi et al., 2018). Other bipotent
populations also exist that contribute to the multiple tissue types, such as the bipotent
population of notochord and floorplate progenitors (Row et al., 2016). NMPs are
bipotent progenitor cells capable of forming either neural or mesodermal tissue and
are molecularly defined as cells that co-express the early mesoderm marker
Brachyury (ntl in zebrafish) and the neural progenitor marker Sox2 (Henrique et al.,
2015). In the mouse embryo NMPs contribute to the formation of both spinal cord and
paraxial mesoderm (Steventon and Martinez Arias, 2017). This is also true, but to a
much lesser extent, in the zebrafish (Steventon and Martinez Arias, 2017).
Development in the zebrafish progresses much more rapidly than in the mouse, and
posterior axis elongation occurs predominantly via convergence and extension as
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opposed to via cell proliferation (Attardi et al., 2018; Steventon et al., 2016).
Correspondingly, NMPs in the zebrafish tailbud exhibit little division, contributing only
to the last few somites formed as well as the posterior tip of the spinal cord, as the
population of cells is depleted (Attardi et al., 2018; Steventon and Martinez Arias,
2017). As they undergo changes in their gene expression, interlinked with fate
decisions, they either move posteriorly into the spinal cord, or ventrally, contributing to
a population of presomitic mesoderm progenitor cells (Martin and Kimelman, 2012).
This ventral movement coincides with NMPs undergoing an epithelial to mesenchymal
transition and so a change in their migratory capacity as they take up a presomitic
mesoderm progenitor cell fate (Goto et al., 2017). Presomitic mesoderm progenitors
occupy ventral and lateral regions of the tailbud and move anteriorly as they contribute
to the presomitic mesoderm, and later undergo a mesenchymal to epithelial transition
when forming somites (Manning and Kimelman, 2015). Presomitic mesoderm
progenitors carry positional information based on the signalling environment they
encountered in the posterior tailbud with them as they flow anteriorly and contribute to
the preomitic mesoderm (Bajard et al., 2014). This information determines their
contribution to a new somite when they reach the anterior presomitic mesoderm
(Bajard et al., 2014).

Recent work has shown that a gradient of tissue stiffness is present within the posterior
of the embryo (Mongera et al., 2018). Tissue consisting of presomitic mesoderm
progenitors at the posterior tip of the tailbud has fluid-like material properties (Lawton
et al. 2013; Mongera et al., 2018). Moving anteriorly towards the newly formed
somites, tissue stiffness increases and displays more solid-like properties, with
stiffness thought to depend on the levels of N-cadherin (cdh2) mediated cell-cell
adhesion (Mongera et al., 2018). Cells in stiffer regions display more caged-like
movement, whilst cells in more fluid-like regions display uncaged movement. The
gradient in tissue stiffness is thought to represent a fluid-to-solid jamming transition
that facilitates the elongation of the posterior body, with the increasing rigidity of more
anterior tissue providing mechanical support to the extending posterior tissue
(Mongera et al., 2018). In addition to facilitating directional elongation of the posterior
body, these differences in tissue stiffness have implications for the extent to which
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they are deformed by surrounding tissues, with less force required to deform a more
fluid-like tissue compared to a stiff solid-like tissue.

1.10 Summary of aims
The work introduced above has laid the foundations for uncovering the mechanisms
via which the notochord impacts embryo axis elongation. We have seen that
vacuolation drives the expansion of notochord cells in the developing zebrafish
embryo (Ellis et al., 2013) and that this process is linked to an increase in notochord
stiffness (Adams et al., 1990), making it a candidate for deforming surrounding tissues
in the embryo body. Connectivity between the notochord and somitic compartment
has been implicated in axis elongation (Dray et al., 2013) and defects in notochord
vacuole biogenesis are associated with the formation of truncated segments (Sun et
al., 2020). Notochord progenitors have been shown to contribute cells to the posterior
notochord and early termination of this process leads to notochord truncation (Row et
al., 2016). Questions remain regarding the mechanical role of notochord
morphogenesis in elongating the somitic compartment and the contribution of
notochord progenitors to this process.

In the following chapters I set out to characterise axis elongation in the zebrafish
embryo and generate hypotheses on the mechanical role the notochord plays in
embryo morphogenesis during different stages of development. I develop a technique
to disrupt the vacuolation-driven expansion of cells in the notochord in a spatial and
temporally specific manner, and then use this to assess the mechanical contribution
of notochord cell expansion to axis elongation in the absence of significant changes
in notochord biochemical signalling. This reveals a mechanical role for notochord cell
expansion in elongating segmented tissue, and that segmentation-associated
elongation is robust to perturbation of notochord cell expansion. Finally, I investigate
how notochord cell expansion coordinates with the addition of cells to the posterior
notochord from a population of notochord progenitors in order to facilitate stress
generation along the notochord and propose a mechanism for how this stress may be
transmitted to the somitic compartment and drive its elongation.
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2 Materials and Methods
2.1

Zebrafish strains and maintenance

This research was regulated under the Animals (Scientific Procedures) Act 1986
Amendment Regulations 2012 following ethical review by the University of Cambridge
Animal Welfare and Ethical Review Body (AWERB).
Adult Zebrafish (Danio rerio) and embryos were reared at 28°C and staged using the
number of somites. Wildtype embryos used in this study were of the TL strain. Prior to
live imaging embryos were anaesthetised with tricaine (MS-222).
The following zebrafish lines were used in this study; H2B-GFP, Tg(actb2:LifeactEGFP), and pNtl:Kaede (Row et al., 2016).

2.2

Timelapse live imaging

Embryos were mounted in 3% Methylcellulose to hold embryos still whilst allowing
movement of the tail and ensuring embryos could continue to develop normally.
Embryos were mounted in glass bottom dishes (MatTek), with the head and yolk
submerged in methylcellulose but with the tail freed of methylcellulose. Embryos were
submerged in E3 media and an eyelash tool was used to reposition embryos in the
methylcellulose so that they were lying flat on their side at the bottom of the dish.
Dishes with mounted embryos were transferred to a Zeiss LSM 700 confocal
microscope equipped with a heated chamber set to 28°C. A 10x air objective
(NA=0.45) was used to capture the whole body of developing embryos for timelapse
movies.

2.3

Drug treatments

Bafilomycin A1 (Sigma Aldrich) was used to inhibit vacuolation in the notochord of
developing zebrafish embryos (Ellis et al., 2013). 16 somite stage embryos were
submerged in E3 media with Bafilomycin at a final concentration of 0.5uM. Embryos
were then incubated for 6 hours at 28°C in multiwell plates. Vacuolation in the
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notochord of Lifeact-GFP embryos was imaged live using a 20x air objective. Live
imaging of segment elongation in DMSO and Bafilomycin treated embryos was
performed using pNtl:kaede-expressing embryos pre-treated with 0.25µM Bafilomycin
(or DMSO of an equivalent volume) and imaged from the 30-somite stage using a
multi-well chamber.

2.4

Photolabeling

Wild-type Zebrafish embryos were injected with approximately 200 pg of nucleartargeted Kikume at the one-cell stage and incubated in the dark. Embryos were
mounted in glass bottom dishes and transferred to the microscope as described above
for live imaging. To investigate the relative movement of cells in the notochord, neural
tube, and segments, rectangular stripes were defined along the embryo.
Photoconversion was performed at the midline to label the notochord and neural tube,
and at the lateral surface at the same point along the axis for segment labelling.
Photoconversion of NLS-KikGR was performed whilst using a 20x air objective and
scanning the 405 nm laser at 11% power within defined regions. Photolabelling was
confirmed by simultaneously visualing both NLS-KikGR emissions using the 488 nm
and 561nm lasers.

The anterior extent of each label was used to measure the shift between labels in
different tissues.

2.5

Cell tracking

The centre of notochord cells in lifeact-GFP expressing embryos was manually
tracked in imaris relative to a nearby segment boundary located in an equivalent region
of the axis in each embryo. Reference frames were generated using the ‘reference
frame’ tool to ensure that cell tracking was performed in a standardised manner and
that notochord cell tracks could be investigated relative to adjacent segments. A
reference frame was generated prior to tracking in which the x axis was aligned with
the AP axis of the notochord and the origin was placed at the segment boundary.
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2.6

Hybridisation chain reaction

Hybridisation chain reaction (HCR) was used to visualise gene expression in fixed
embryos. HCR has previously been described here (Choi et al., 2014). Briefly,
Embryos where fixed in 4% PFA overnight at 4°C at the required developmental stage.
Embryos where then dehydrated into 100% methanol, stored overnight at -20°C, and
then rehydrated into PBST when the HCR was to be carried out. Once rehydrated,
embryos where prehybridized in 30% probe hybridisation buffer at 37°C and then
incubated overnight at 37°C with probes for the desired mRNA transcript detection.
Embryos where then washed with SSCT at room temperature and pre-amplified in
amplification buffer. Embryos where then incubated overnight (in the dark) at room
temperature with hairpins specific to the probes to fluorescently label the mRNA
transcripts. After this the embryos were washed with SSCT and incubated with DAPI
overnight at 4°C and then washed with SSCT before imaging the next day.

The notochord progenitor domain was visualised using probes targeted to the gene
flh (also known as noto). HCR was performed to visualise Shh gene expression in the
floorplate of ablated and control embryos and assess the extent of off-target damage
caused during notochord cell ablation. The presomitic mesoderm progenitor domain
was visualised using probes targeted to the gene tbx16.

2.7

Immunohistochemistry

Embryos were fixed in 4% paraformaldehyde overnight at 4ºC. Embryos were then
washed in PBS and Triton-X and blocked in 4% goat serum diluted in PBS, DMSO
and Triton-X (PBDT) for 1 hour at room temperature. After blocking, embryos were
incubated overnight with primary antibodies diluted in blocking solution at 4ºC.
Embryos were then washed with PBDT at room temperature and incubated overnight
with secondary antibodies diluted in blocking solution at a concentration of 1:500 at
4ºC. After incubation with secondary antibodies, embryos were washed with PBDT
and mounted in glycerol in glass bottom dishes for imaging. For vinculin antibody
staining, the rabbit polyclonal anti-vinculin primary antibody (ab91459, abcam) was
diluted to a concentration of 1:200. For YAP/TAZ antibody staining, the rabbit
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monoclonal anti-YAP/TAZ primary antibody (#8418, Cell Signalling Technology) was
diluted to a concentration of 1:100. Laminin antibody staining was performed using a
rabbit anti-laminin (L9393, Sigma-Aldrich) polyclonal primary antibody diluted at 1:100.
For fibronectin antibody staining, the rabbit polyclonal anti-fibronectin primary antibody
(F3648, Sigma-Aldrich) was diluted to a concentration of 1:200.

2.8

Photoablation

Laser ablation was performed using a TriM Scope II Upright 2-photon scanning
fluorescence microscope equipped with a tuneable near-infrared laser. Inspector Pro
software was used to control the microscope and a laser power setting of
approximately 1.3W was used for ablation. The efficiency of power transfer to the
sample is approximately 60% for this setup. Therefore, the maximum power
transferred to the sample was 780mW (using 100% laser power). 120 femtosecond
pulses were delivered to the sample with a repetition rate of 80MHz.

Laser power was adjusted to maximise the efficiency of notochord cell severing
(visualised by actin recoil), whilst maintaining a low level of plasma production.
Embryos were mounted on their side in methylcellulose in glass bottom dishes and
submerged in E3 media. Notochord ablations were carried out using a lifeact-GFP
reporter line to visualise notochord cells and ablations were performed in the plane of
the notochord. Notochord cells were ablated in either the anterior or posterior regions
of the notochord. Anterior ablations were performed in embryos at the 16-18 somite
stage to ensure that cells fated to become the vacuolated cell type were destroyed
before they had drawn in water and osmotically expanded. For anterior notochord
ablations, a region of anterior notochord cells corresponding to approximately 6
segments in length was ablated. Posterior notochord ablations were carried out in 25
somite stage embryos. In this case, a region of notochord cells located posterior to the
yolk extension and approximately 6-8 segments in length was ablated.
For notochord progenitor ablations the morphology of the notochord progenitor cell
population was used to determine the location of the notochord progenitors. Ablations
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were carried out to ensure as many of the notochord progenitors as possible were
ablated, without ablating any other progenitor types.

After ablation embryos were placed at 28 degrees, and carefully remounted for live
imaging or fixed for gene expression analysis.

2.9 Electron microscopy
Unablated and notochord progenitor ablated lifeact-GFP expressing zebrafish
embryos were raised to approximately the 26-somite stage and transferred into glass
bottom dishes in preparation for imaging. Electron microscopy images of the
notochord and notochord progenitors were acquired by the Electron microscopy team
at the Cambridge Centre for Advanced Imaging (CAIC). Briefly, samples were fixed
and embedded in resin blocks, sectioned to the plane of the notochord and scanned
using an FEI Verios 460 scanning electron microscope. Contrast staining was carried
out using osmium and uranyl acetate.

2.10 Tailbud explants
Tailbuds were explanted at the 22-somite stage using a sharp hypodermic needle to
cut the tailbud away from the embryo body. Tailbud explants were subsequently
embedded in 2% methylcellulose in a glass bottom dish (MatTek), submerged in L15
media (ThermoFisher) at 28°C, and imaged live as detailed above.

2.11 Image processing and analysis
Images were processed either in ImageJ/Fiji or Imaris.

2.11.1 Length and curvature measurements
For length and curvature measurements the ImageJ plug-in ‘Kappa’ was used. NLSKikGR, H2B-GFP and Lifeact-GFP expressing embryos were used for length and
curvature measurements. A maximum projection of the nuclear-GFP or actin-GFP
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channel was used so that segment boundaries could be visualised and used to define
the segmented and unsegmented regions. Embryo side views were used to measure
the curvature and length of regions of the axis. The trunk region was defined as
beginning at the first segment and ending at the 15th segment. Trunk curvature was
measured using points to generate a spline, and the points were adjusted so that a
smooth curve fitting the curvature of the region passed through the midpoint of
segments in that region. The tail region was defined as beginning at the end of the
15th segment and ending at the posterior tip of the embryo to coincide with the clear
eversion of the tailbud away from the yolk. Tail curvature was measured in a similar
fashion. The average curvature was used for comparing the curvature of these regions
in multiple embryos of different stages. To visualise the curvature profile along the
whole somitic compartment in embryos of different stages, a spline passing from the
anterior tip to the posterior tip of the somitic compartment was generated, and point
curvature was used to generate a heatmap in order to visualise the curvature profile
along the axis.
A spline tracking the length of a 5-segment region was used to measure segmented
tissue elongation in control, ablated, and bafilomycin treated embryos. The anterior
segment boundary of the most anterior segment, and the posterior segment boundary
of the most posterior segment in this region were used to define the AP extents of the
tracked region. To make this method of measurement as reproducible as possible, the
spline was made to pass through the mid-point of each segment.

2.11.2 Notochord progenitor domain volume measurement
To measure the volume of the notochord progenitor domain at different developmental
stages flh (now known as noto) gene expression was visualised using HCR and
acquisition of confocal z-stacks of fixed 15ss, 20ss, 25ss, and 30ss embryo tails.
These images were imported into imaris, allowing for visualisation in 3D. The
‘surfaces’ function in imaris was used to generate a surface around the flh gene
expression signal, with surface volume given as an output.
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2.11.3 Vacuole length measurements
Vacuolation begins at approximately 17hpf (16-somite stage). The ‘oblique slicer’ tool
in imaris was used to find a plane that passed through the middle of the notochord
where the maximum length of vacuoles could be properly visualised. The
‘measurements’ tool was used to make two points per vacuole defining a line passing
through the greatest AP length of the vacuole. Line lengths were calculated using an
inbuilt function in imaris. Vacuole lengths were measured in wildtype or DMSO treated
Lifeact-GFP expressing embryos.

2.11.4 Nuclei angle measurements
The ‘measurements’ tool in imaris was used to measure the angle between nuclei
located dorsally in the notochord and the dorsal AP edge of the notochord in fixed
DAPI stained embryos with and without notochord ablations.

2.12 Data analysis
Data was stored in excel spreadsheets and analysis was performed using the
programming language ‘Python’. All data plots were generated in Python using the
ggplot library. Box plots were generated using the geom_boxplot function and show
the median, upper and lower quartiles, and whiskers represent 1.5 times the
interquartile distance. Linear regression analysis was used to fit a line to data in scatter
plots showing segmented region length gained versus time. Scatter plots were
generated using the geom_point function. The scikit-learn module was used for linear
regression analysis. All data points were shown and included in statistical analyses.

2.13 Statistical analysis
The Mann-Whitney U nonparametric statistical test was used to test whether two
independent samples came from populations with the same distribution. This test was
implemented in python using the scipy.stats.mannwhitneyu() function. P-values were
calculated using either ‘two-sided’ or ‘one-sided’ methods where appropriate.
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The Kruskal-Wallis nonparametric statistical test was used to test whether more than
two independent samples came from populations with the same distribution.
Pairwise comparisons between samples were performed in a post-hoc fashion to
identify whether compared samples came from populations with the same distribution.
The Kruskal-Wallis test was implemented using the stats.kruskal() function, and the
post hoc test was implemented with the sp.posthoc_conover() function. In the case of
segmentation-associated elongation in anterior-ablated and control embryos, a power
analysis was conducted to estimate sample sizes needed to detect a difference of 3%
between the means of each group at a standard power score of 0.8. In all cases a pvalue of <0.05 was taken as a threshold for significance – corresponding to one * on
plots. P values less than 0.01 are indicated as ** and p values less than 0.001 as ***
on plots.
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3 Quantitative

analysis

of

zebrafish

embryo

morphogenesis
3.1 Introduction
The zebrafish embryo anterior-posterior (AP) axis undergoes a dramatic change in
shape after the formation of a posterior body structure known as the ‘tailbud’ (Kanki
and Ho, 1997). The somitic compartment runs along the majority of the length of the
AP axis, beginning with the first formed segment located close to the otic vesicle and
ending at the presomitic mesoderm in the posterior tailbud (Kimmel et al., 1995). As
development progresses somites are segmented from the unsegmented presomitic
mesoderm in the tailbud until 32 (±2) are formed in total (Gomez et al., 2008; Schröter
et al., 2008), with the tailbud remaining present until the 30-somite stage when it
begins to degenerate (Kimmel et al., 1995). Thus, the stages from the formation of the
tailbud through to the start of tailbud degeneration (and end of segmentation) are
described throughout this chapter as ‘tailbud stages’, and the stages following this
‘post-tailbud stages’ (Figure 3-1), with tailbud stages corresponding to the stages
during the segmentation period after a tailbud has been formed, and post-tailbud
stages correspond to the pharyngula period described by Kimmel et al. (Kimmel et al.,
1995).

During tailbud stages, the tail extends and lifts away from the yolk of the embryo as
the curved embryo axis straightens out and the body axis is segmented into blocks of
tissue called somites, which form a characteristic V-shaped chevron after being
segmented (Van Raamsdonk et al., 1974). As embryos enter post-tailbud stages of
development only a few small somites are formed, and the embryo appears relatively
straight (Kimmel et al., 1995). Previous measurements of embryo AP axis elongation
have shown that this axis roughly doubles in length between the tailbud protrusion
stage at approximately the 16 somite stage and the end of segmentation, defined as
approximately the 30 somite stage, and that axis elongation continues as embryos
enter into post-tailbud stages of development (Kimmel et al., 1995). However, these
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measurements used the longest straight axis of the embryo (a straight line between
the head and tail) to measure AP axis length, and therefore did not follow the curvature
of the embryo body. As a result the extent of axis elongation that occurs due to tissue
elongation rather than straightening is not decoupled in these measurements.
Therefore, measurements of AP axis length that take into account changes in embryo
body curvature during tailbud and post-tailbud stages are required to understand the
true extent of axis elongation.

In this chapter I set out to obtain fundamental information required to understand key
processes underlying axis elongation, with a focus on comparing elongation generated
from segmented and unsegmented regions of the axis. To quantitatively characterise
embryo AP axis shaping during tailbud and post-tailbud stages of development I
measured the length and curvature of the somitic compartment in developing zebrafish
embryos during these stages, making sure to track the curvature of the embryo body
as it extends away from the yolk. The somitic compartment comprises both segmented
blocks of tissue and unsegmented tissue in the posterior tailbud and spans both the
trunk and tail regions of the AP axis, with segment boundaries providing clear
reference points for demarcating regions of the axis (Figure 3-1). Throughout this
study I use the somitic compartment as a reference for investigating axis elongation
and utilise segment boundaries to demarcate different regions of the axis.
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Figure 3-1 Zebrafish embryo morphogenesis
A schematic depicting tailbud and post-tailbud stage embryos. The majority of the AP axis is spanned
by the somitic compartment consisting of segments (orange) and the presomitic mesoderm (light blue).
The unsegmented presomitic mesoderm gives rise to somites (dark blue) as segmentation progresses.
Segment boundaries provide reference points for comparing elongation in the same region of
segmented tissue at different stages of development. The region of segments used to track segmented
tissue elongation in this study is highlighted in dark orange.

3.2 Morphogenesis during tailbud stages can be characterised by axis
straightening accompanied by segmentation-associated elongation
3.2.1 Zebrafish embryo straightening and elongation during tailbud stages
Axis elongation during tailbud stages coincides with embryo straightening. However,
the extent to which the straightening out of the embryo accounts for the perceived
increase in axis length, versus the actual increase in the length of axial tissues, is not
well understood. To investigate the extent of axis straightening and elongation that
occurs during tailbud stages, I measured the curvature and length of the somitic
compartment in 16 somite stage embryos and 30 somite stage embryos. Somitic
compartment curvature and length measurements were made by tracing curves
through the midpoint of segments from the first visible segment to the end of the tailbud
(Figure 3-2B). Whilst the mean somitic compartment length increased by
approximately 35% (Figure 3-2C), the somitic compartment straightened (curvature
decrease) by approximately 70% (Figure 3-2D). This increase in mean somitic
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compartment length is lower than that expected from previous reports in the literature
and is likely due to previous measurements including the apparent elongation of the
embryo that occurs due to straightening (Kimmel et al., 1995).

Previous work has shown that different regions along the AP axis contribute to axis
elongation by different extents during tailbud stages (Steventon et al., 2016). To
investigate the extent to which the trunk and tail contributed to elongation and
straightening during these stages, I measured the length and curvature of these
regions in different embryos at 16, 20, 24, and 30 somite stages (Figure 3-3 A). The
trunk region was defined as the region spanning the first to fifteenth segment, and the
tail region as that spanning the fifteenth segment to posterior tip of the embryo.
Relatively little elongation occurred in the trunk compared to the tail during these
stages. Mean trunk length increased by roughly 10% from the 16 to 30 somite stage
(corresponding to an approximate period of 10 hours, see Figure 3-3B), whilst mean
tail length increased by roughly 100% as unsegmented tissue in the posterior was
segmented into somites (Figure 3-3C). Both trunk and tail mean curvature decreased
by a similar extent, with the trunk region straightening by roughly 75% and tail by
roughly 60% (Figure 3-3D and E). These results show that axis elongation during
tailbud stages occurs predominantly in the tail region of the embryo with additional
perceived elongation due to the straightening out of the whole axis.
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Figure 3-2 Zebrafish embryos undergo more straightening than elongation during tailbud stages
A – Representative images of 16 and 30 somite stage embryos. A curve spanning the length of the
somitic compartment was used to measure the length and average curvature of the axis. The heatmap
displays the point curvature measured along the axis. B – Somitic compartment length (µm) in 16 (n=5)
and 30 somite stage (n=5) embryos, p<0.01.
C – Somitic compartment average curvature in 16 (n=5) and 30 somite stage (n=5) embryos, p<0.01.
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Figure 3-3 Regional differences in axial elongation are accompanied by overall axis straightening
A – Representative images of 16, 20, 24, and 30 somite stage embryos. Orange curves span the length
of the trunk region and the blue curves span the tail region. B – Trunk length in 16, 20, 24 and 30 somite
stage embryos (n=4,4,5,4), p=ns. C – Tail length in 16, 20, 24 and 30 somite stage embryos (n=4,4,5,4)
p<0.01 and p<0.001. D – Trunk curvature in 16, 20, 24 and 30 somite stage embryos (n=4,4,5,4) p<0.01
and p<0.001. E – Tail curvature in 16, 20, 24 and 30 somite stage embryos (n=4,4,5,4) p<0.05, p<0.01
and p<0.001.
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3.2.2 Cells in the tailbud contribute to somite formation as they move anteriorly out
of the tailbud
Somites are formed from posterior unsegmented tissue in the tailbud. To investigate
the movement of this tissue, I photolabelled lateral regions of cells in the anterior, mid,
and posterior regions of the tailbud (Figure 3-4A). Cells moved anteriorly away from
the end of the tailbud in all labelled regions (Figure 3-4B). The movement and spread
of the photolabel varied between more posterior and more anterior regions, with the
spread of the posterior-most label being higher compared to the anterior-most label
(Figure 3-4C). This indicated that tissue in the very posterior of the unsegmented
tailbud region, the presomitic mesoderm progenitors, displayed a more fluid-like
behaviour in comparison to the most anterior label made in the anterior region of the
presomitic mesoderm, in agreement with previous findings (Lawton et al., 2013;
Mongera et al., 2018).
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Figure 3-4 Progenitors in the tailbud contribute to somites as they move anteriorly out of the tailbud
over time.
A – Representative images of a photolabelled embryo imaged at the 16 somite stage. B – The embryo
in A imaged 3 hours later. C – Percentage length increase for each photolabelled region (n=6 embryos),
p=ns and p<0.01.
Photolabels are shown in magenta. Nuclei are visualised in green (unlabelled) and magenta (labelled).
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3.2.3 Physical confinement of embryos inhibits elongation and straightening
Intuitively, it makes sense that the embryo body needs to deform in order for the
embryo to elongate and straighten. To investigate what happens when body
deformation is blocked, I physically confined embryos in a stiff agarose gel at
approximately the 16-somite stage and left them to develop until approximately the 30
somite stage (Figure 3-5A). Whilst segmentation continued in confined embryos, the
stiffer environment inhibited both the elongation and straightening that was previously
measured in normal conditions (Figure 3-5 A-C). This is apparent in the shorter length
of segments formed along the axis in confined embryos. These findings emphasise
that forces generated within the embryo body, leading to overall deformation of the
embryo axis, are required for normal embryo morphogenesis. When the forces behind
these processes are resisted by higher environmental stiffness, embryo body
deformation and morphogenesis are blocked.
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Figure 3-5 Physical confinement of developing embryos inhibits axis straightening and elongation
A – Representative images of a wildtype 16 and 30 somite stage embryos and an embryo confined in
agarose from the 16 somite stage. Somitogenesis continued in confined embryos, with 28 to 30 somites
formed in each embryo measured. B – Somitic compartment length in 16 and 30 somite stage wildtype
embryos and a 30 somite stage confined embryo, p<0.01. C – Somitic compartment curvature in 16
and 30 somite stage wildtype embryos and a 30 somite stage confined embryo, p<0.01.
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3.2.4 Somite angles sharpen as they mature
Somites were misshapen and truncated in physically confined embryos in which body
deformation and subsequent axis elongation and straightening was blocked. Somites
are a defining feature of the segmented embryo axis and undergo a change in shape
after they are segmented from the presomitic mesoderm in the posterior of the embryo,
leading to the formation of a characteristic chevron shape (Tlili et al., 2019). The shape
change that occurs as the somite chevron angle sharpens is associated with an
increase in somite medial-lateral (ML) height and anterior-posterior (AP) length (Tlili
et al., 2019). To investigate how segment angle sharpening varies along the whole
axis, and the progression of angle sharpening over time, I measured segment angles
in 16, 20, 24, and 30 somite stage embryos (Figure 3-6 A and B). Aligning segments
in embryos at different stages using the anterior-most segment (segment 1) as a
reference point revealed that segment angles in the trunk region of the axis displayed
little variation between stages, whereas posterior segment angles showed variation
between stages and, for each stage, were always shallower than those of segments
in the more anterior two thirds of the axis (Figure 3-6 C). The segmentation of new
segments posterior to the last formed segment, means that over time the relative
position of a segment along the AP axis will change. Mapping segments from earlier
stage embryos onto the equivalent segment in later stage embryos showed that
posterior segments sharpen over time, reaching an angle of approximately 90°, which
appears to be maintained (Figure 3-6C). The angles of the most posterior segments
in later stage embryos were also found to be sharper compared to the most posterior
segments in earlier stage embryos (Figure 3-6C).
These results show that segment sharpening during tailbud stages predominantly
occurs in segments within the posterior third of the axis and that sharpening
progresses until an angle of approximately 90° is reached.
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Figure 3-6 Segment sharpening occurs in the most posterior third of the axis
A – Representative image of a wildtype 16 somite stage embryo. White lines depict angle measurement
along the axis. B – Representative image of a wildtype 30 somite stage embryo. White lines depict
angle measurement along the axis. C – Segment angles measured from the anterior-most to posteriormost segment in 16, 20, 24, and 30 somite stage embryos.
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3.3 Axis elongation continues in post-segmentation stage embryos
3.3.1 Segmented tissue elongates during post-tailbud stages
Tailbud stages end after approximately 30 somites have been formed, with a few small
residual somites forming more slowly than previous ones after this point (Kimmel et
al., 1995). The previous measurements of the trunk and tail regions in tailbud stage
embryos showed that axis elongation is associated with length generated from
somitogenesis during these stages, with little elongation occurring in the already
segmented region of the axis. However, axis elongation is known to continue in posttailbud embryos when the tailbud has started to degenerate, although this has been
studied to a lesser extent (Kimmel et al., 1995). This suggests that alternative
mechanisms to somitogenesis elongate the axis at these later stages. To specifically
compare the extent of elongation in the segmented region of the axis in tailbud stage
and post-tailbud stage embryos I measured the length of an equivalent region of
segments (illustrated in Figure 3-1) over a 5-hour period in tailbud stage (24 somite
stage) and post-tailbud stage (30 somite stage) embryos (Figure 3-7A). Post-tailbud
stage embryos no longer fit into the field of view obtainable in my live imaging set up.
Therefore, I decided to use the end of the yolk extension, rather than the most anterior
segment, as a reference point for defining the region of segments used in length
measurements at these stages.

In agreement with the previous measurements of trunk length, segmented tissue
elongation was minimal during tailbud stages, with mean segmented-region length
increasing by approximately 2.5% (Figure 3-7C). However, in post-segmentation
stage embryos mean length increased by approximately 13% (Figure 3-7C). To
investigate elongation resulting from the segmentation of posterior tissue
(segmentation-associated elongation) I measured the length of the unsegmented
region and corresponding region formed in the above defined stages (Figure 3-7A,B,
and D). Whilst mean length of the unsegmented region increased by approximately
45% in tailbud stage embryos (Figure 3-7D), a 36% increase in mean length was
obtained for post-tailbud stage embryos (Figure 3-7D).
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Overall, these findings indicate two phases of axis elongation: straightening of the
embryo accompanied by segmentation-associated elongation during tailbud stages,
followed by a switch to segmented tissue elongation in post-tailbud stage embryos,
leading to continued axis elongation.
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Figure 3-7 Axis elongation continues in post-tailbud stages as segmented tissue elongates
A – A live zebrafish embryo expressing NLS-KikGR at the 24-somite stage and 5 hours later.
B – A live zebrafish embryo expressing NLS-KikGR at approximately the 30-somite stage and 5 hours
later.
C – The length of a region of segmented tissue in tailbud (24ss) and post-tailbud (30ss) embryos and
length generated from this region over 5-hours (n=6 and n=6 respectively, p=ns, p<0.01 respectively).
D – The length of a region of unsegmented tissue in tailbud (24ss) and post-tailbud (30ss) embryos and
length generated from this region over 5-hours (n=4 and n=5 respectively, p<0.05, p<0.05 respectively).
Orange curves denote the segmented region used in length measurements and blue curves denote the
unsegmented region used in length measurements.
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3.3.2 Tail straightening is completed in post-tailbud stages of development
To investigate whether the continued elongation observed in post-tailbud stages was
accompanied by further curvature change of the embryo, I measured the average
curvature of the tail by tracing a curve through the mid-points of segments in posttailbud stage embryos (Figure 3-8A). The segment aligned with the end of the yolk
extension and the posterior tip of the tail were used to define the anterior and posterior
extents of the tail. Curves traced through the tail of 30 somite stage embryos, and
embryos 5 hours later in development, revealed that overall tail length increased in
post-tailbud stage embryos, in agreement with previous results (Figure 3-8 C). This
elongation was accompanied by continued straightening of the tail, although this
corresponded to a smaller change in embryo curvature compared to that measured in
tailbud stage embryos. Five hours after the 30 somite stage, embryo tails became
almost completely straight, and in some cases, began to curve in the opposite direction
(Figure 3-8 D). These findings show that the continued elongation of the axis during
post-tailbud stages of development is accompanied by a small amount of
straightening.
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Figure 3-8 Elongation and straightening progresses during post-tailbud stages
A – Representative images of an embryo imaged at the 30 somite stage and 5 hours later.

B – Tail

length in 30 somite stage embryos and embryos 5 hours after the 30 somite stage (n=4 per group),
p<0.05. C – Tail curvature in 30 somite stage embryos and embryos 5 hours after the 30 somite stage
(n=4 per group), p<0.05.
Green curves denote the tail region used in length and curvature measurements.
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3.3.3 Posterior segments continue to undergo angle sharpening in post-tailbud
stages
Although tailbud stages have been defined to end at approximately the 30 somite
stage, a few residual somites are still formed after this point (Kimmel et al., 1995). To
investigate how somite sharpening progresses in post-tailbud stages I measured the
angle of segments along the tail in post-tailbud stage embryos, using the reference
points specified above to define the anterior and posterior extents of the tail (Figure
3-9 A and B). Segments were numbered using the end of the yolk extension as a
marker of the approximate location of the 15th segment (being just anterior to the end
of the yolk extension). In agreement with the measurements obtained for tailbud
stages, more mature segments in the middle of the axis had an angle of approximately
90°, which was maintained once reached (Figure 3-9 C). Further angle sharpening
was observed in approximately the posterior-most 10 segments in 30 somite stage
embryos, and the last few somites formed after the 30 somite stage had shallower
angles than more mature segments and will likely undergo sharpening in later stages
(Figure 3-9 C).
These results show that segment sharpening continues in post-tailbud stage embryos,
and that sharpening is restricted to segments in the posterior third of the embryo, as
in the case of tailbud stages of development.
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Figure 3-9 Segment sharpening continues in posterior segments during post-tailbud stages
A – Representative image of a 30 somite stage embryo. B – Representative image of an embryo imaged
5 hours after the 30 somite stage. C – Segment angles in 30 somite stage embryos and embryos
imaged 5 hours after the 30 somite stage, n = 3 for each stage.
White lines denote segment angle measurements.
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3.4 Conclusions and Discussion
In this chapter I characterised zebrafish embryo morphogenesis using measurements
of somitic compartment curvature and length to investigate the extent of true tissue
elongation versus straightening that occurs in the hours preceding the extension of
the tailbud away from the yolk. In contrast to previous findings, my measurements
suggest that less elongation of the axis takes place than previously recorded (Kimmel
et al., 1995). This is likely to be because previous measurements of embryo axis length
use the longest (linear) axis to measure embryo length, which will increase more than
the true embryo length due to the large contribution coming from embryo straightening.
When investigating somitic compartment elongation and straightening in tailbud and
post-tailbud stage embryos I identified a shift in the contribution of segmented and
unsegmented tissue to axis elongation. Unsegmented tissue in the posterior of the
embryo was found to be the main contributor to axis elongation during tailbud stages
of development, with no significant length increase measured in the segmented region
of the axis. However, during post-tailbud stages of development, a decrease in
segmentation-associated elongation generated by the unsegmented region and an
increase in the elongation of segmented tissue occurred relative to tailbud stages.
These measurements for segmentation-associated elongation are in agreement with
previous work showing that unsegmented tissue in the zebrafish tailbud contributes to
elongation during tailbud stages and that this contribution decreases in later stages of
development (Steventon et al., 2016).

A gradient in tissue fluidity exists in the tailbud, with posterior presomitic mesoderm
progenitors displaying more fluid-like behaviour and more anterior cells more solid-like
behaviour (Mongera et al., 2018). In agreement with this, I found that photolabels
made in more posterior tailbud cells displayed a greater degree of spreading in the AP
direction compared to labels made in more anterior regions of the presomitic
mesoderm. The range in values for the percentage length increase in the most
posterior label may be due to differences in the z-plane used for labelling, resulting in
populations with different movement dynamics being labelled. The formation of a
physical boundary between somites and surrounding tissues after a somite has been
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segmented away from the presomitic mesoderm is likely to constrain the spread of the
more anterior labels. A more detailed temporal analysis of label spreading that
captures the label before it has been incorporated into a somite would be needed to
investigate whether the extent of cell population displacement varies between the
posterior and anterior regions of the tailbud.

In exploring the progression of segment shape change along the axis, I showed that
segments in approximately the posterior third of the axis are actively undergoing angle
sharpening in stages where new somites are being formed. Sharpening progressed
until an angle of approximately 90° was reached, after which segment angles
remained constant in agreement with previous findings (Rost et al., 2014). Previous
work has shown that somites spread across dorsal and ventral tissues soon after they
are segmented from the presomitic mesoderm and suggests that chevron formation
predominantly occurs between the time of segmentation, and approximately 5 somites
later (Tlili et al., 2019). Whilst my measurements of segment angle sharpening are in
agreement with there being an end to the sharpening period, they suggest that
sharpening continues for a slightly longer period of time than previously reported (Tlili
et al., 2019), with newly segmented somites only reaching a constant angle after the
subsequent formation of approximately 10 somites.

In summary, zebrafish embryo axis elongation can be described by two phases:
segmentation-associated elongation generated from unsegmented tissue during
tailbud stages accompanied by axis straightening, and a switch to segmented tissue
elongation during post-tailbud stages of development. This switch to segmentedtissue elongation during post-tailbud stages suggests that a change in the
mechanisms driving axis elongation occurs as development progresses. The
progression from tailbud to post-tailbud stages of development coincides with the
expansion of cells in the rod-like notochord that runs along the embryo midline and
spans the length of the somitic compartment (Ellis et al., 2013). In the next chapter, I
characterise notochord cell expansion during tailbud and post-tailbud stages of
development and generate hypotheses on how the notochord may be implicated in
somitic compartment elongation.
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4 Notochord morphogenesis generates force
4.1 Introduction
Running through the middle of the embryo and spanning the length of the segmented
and unsegmented regions of the somitic compartment, the notochord is a defining
structure of the developing vertebrate embryo (Stemple, 2005). Disrupting the
morphogenesis of the notochord in developing zebrafish embryos results in truncation
of the body axis, which can lead to severe defects such as skeletal malformations
(Bagwell et al., 2020; Ellis et al., 2013; Stemple et al., 1996). Studies in Xenopus
embryos have identified the constrained expansion of cells within the notochord to
lead to an increase in notochord stiffness as the embryo develops (Adams et al.,
1990), making it a candidate tissue for driving the physical deformation of surrounding
tissues that may be required for axis elongation. Notochord cell expansion also occurs
in zebrafish embryos (Ellis et al., 2013). In the developing zebrafish, notochord cells
differentiate in a notch-dependent manner at approximately the 15-somite stage giving
rise to either an outer-sheath cell type, or a vacuolated inner cell layer (Yamamoto et
al., 2010). Outer sheath cells secrete a thick layer of extracellular matrix, whilst inner
cells develop fluid filled vacuoles – that have also been observed in other vertebrate
species, such as chick (Bancroft and Bellairs, 1976), Xenopus (Adams et al., 1990),
and rabbit (Leeson and Leeson, 1958) embryos. In addition, measurements of
volumetric tissue growth in the developing zebrafish have revealed a progressive
increase in notochord volume (Steventon et al., 2016), that, combined with the
excellent live imaging capacity and fast development of the zebrafish embryo make
this an excellent system for investigating the physical impact of notochord
morphogenesis on axis elongation.

In the previous chapter, I characterised the dramatic change in zebrafish embryo body
shape that occurs as it straightens and elongates during tailbud stages, and then
continues to elongate during post-tailbud stages of development. Tailbud stage
elongation was predominantly driven by the segmentation of posterior tissue, with a
switch to segmented tissue elongation occurring in post-tailbud stages.
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In this chapter I aim to characterise the morphogenesis of the notochord that takes
place during tailbud and post-tailbud stages of development in order to form
hypotheses on how notochord development may be impacting these phases of
embryo morphogenesis. To this end I characterise notochord morphogenesis both
temporally (as development progresses) and spatially (in different regions along the
AP axis) and investigate the impact of notochord cell expansion on notochord
morphology. I then go on to develop a method for specifically perturbing forcegenerating processes in the notochord and investigate their impact on notochord
morphogenesis.

4.2 Notochord cell expansion progresses both temporally and spatially along
the axis
4.2.1 Notochord cells expand as development progresses
The notochord increases in volume over a timeframe concomitant with the
straightening and elongation of the embryo characterised in the previous chapter
(Steventon et al., 2016). Increases in tissue volume can deform surrounding tissues
(Mosaliganti et al., 2019), making notochord volume increase a potential player in the
tissue deformation required for embryo elongation and straightening. A known
mechanism involved in notochord volume increase is the process of vacuolation,
whereby notochord cells draw in water and inflate over time during development (Ellis
et al., 2013). To investigate the dynamics of the morphogenetic processes behind
notochord volume increase I imaged embryo development from the onset of
vacuolation and measured the AP length of notochord cells in embryos at different
developmental stages.

My previous results showed that axis elongation occurs predominantly through the
segmentation of unsegmented tissue during tailbud stages. To investigate notochord
morphogenesis in tailbud stages, I measured the AP length of vacuoles in an
equivalent region of the axis (adjacent to the end of the yolk extension) in live 20, 25
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and 30-somite stage embryos, using an actin-GFP reporter line to visualise vacuoles
(Figure 4-1A). The length of notochord vacuoles increased over time, with embryos at
the 30 somite stage having vacuole lengths 3 times longer than those of 20 somite
stages embryos (Figure 4-1B). More variable vacuole lengths were recorded in 30somite stage embryos and may result from variable timing in the onset of vacuolation
in any region of the notochord, with some cells developing vacuoles before others in
the same region.

Axis elongation continues in segmented tissue during post-tailbud stages of
development. To investigate the progression of notochord cell expansion in posttailbud stage embryos, I measured vacuole lengths in live embryos at the 30-somite
stage and 5 hours later (Figure 4-2A). Vacuole AP length approximately doubled over
a period of 5 hours as notochord cells developed a more spherical morphology,
consistent with previously reported findings (Norman et al. 2018) (Figure 4-2B green
arrows). In Xenopus embryos, the swelling of cells within the notochord has been
proposed to lead to a pressure increase as the surrounding extracellular matrix-based
notochord sheath resists being stretched (Adams et al., 1990). To investigate
notochord deformation as notochord cells expand, I measured the dorsal-ventral (DV)
height of the notochord in post-tailbud stage embryos using actin as a marker of the
notochord boundary (Figure 4-2A magenta arrows). Compared to the increase in
vacuole AP length, no significant increase in notochord dorsal ventral height was
detected over a 5-hour period.

Together, these results show that notochord cells adjacent to the end of the yolk
extension develop small vacuoles at approximately the 20-somite stage, which
continue to expand over time as development progresses. At later, post-tailbud stages
of development, the continuing increase in notochord cell AP elongation is
accompanied by relatively little increase in the DV height of the notochord, suggesting
that the notochord sheath may resist deformation in zebrafish embryos.
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Figure 4-1 Notochord vacuoles increase in length as development progresses
A – Images of the notochord in 20, 25 and 30-somite stage embryos visualised using a Lifeact-GFP
(actin) reporter. B – Vacuole AP length in 20, 25 and 30-somite stage embryos (n=3, n=4, n=4 embryos
respectively, 3-5 vacuoles measured per embryo, p<0.001).
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Figure 4-2 Vacuoles continue to expand as little increase in notochord dorsal-ventral height occurs
during post-tailbud stages
A – Images of the notochord in 30-somite stage embryos and embryos imaged 5 hours later visualised
using a Lifeact-GFP (actin) reporter. The magenta arrow indicates the DV height of the notochord and
the green arrow indicates the AP length of vacuoles. B – Vacuole AP length in 30-somite stage embryos
and embryos imaged 5-hours later (n=4 embryos per stage, 5 vacuoles measured per embryo),
p<0.001. C – Notochord DV height in 30-somite stage embryos and embryos imaged 5-hours later (n=4
embryos, 3 notochord DV height measurements per embryo), p=ns).
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4.2.2 Notochord cell expansion progresses posteriorly along the notochord

Previous work has shown that notochord cell volume varies along the AP axis (Bagwell
et al., 2020). In agreement with this, electron microscopy images of the notochord at
different points along the AP axis (obtained by the EM team at CAIC) showed that
large vacuoles were present in more anterior notochord regions, and absent in the
most posterior section of the notochord (Figure 4-3A). A cross-section of the notochord
clearly shows vacuolated cells circumferentially wrapped by extracellular matrix
(Figure 4-3B). I found that the AP length of vacuoles in live embryos of the same stage
(30 somite stage) were greater in more anterior regions of the axis than those in more
posterior regions (Figure 4-4 A and B). To investigate whether the more expanded cell
state observed in the anterior notochord influenced notochord geometry, I measured
the DV height of the notochord in anterior and posterior regions of the embryo (Figure
4-4A magenta arrows). The DV height of the notochord was greater in anterior regions
with more expanded notochord cells than in posterior regions with less expanded
notochord cells (Figure 4-4C). Together, these results suggest that vacuole expansion
is triggered earlier in the more anterior notochord cells compared to posterior
notochord cells, leading to a greater extent of notochord cell expansion in more
anterior regions of the axis. The change in notochord DV height observed in anterior
regions suggests that notochord cell expansion is capable of deforming the
surrounding notochord sheath to an extent.

To better understand the impact of vacuolation on the overall morphogenesis of the
notochord, I measured notochord DV height in embryos with normal and inhibited
vacuolation. In this case I visualised notochord morphology in fixed embryos using
hybridisation chain reaction (HCR) to visualise gene expression in the notochord. Type
II collagen is expressed along the length of the zebrafish embryo notochord at these
stages, providing a useful marker with which to make measurements (Yan et al.,
1995). To investigate the impact of vacuolation and the subsequent notochord cell
expansion on the overall morphology of the notochord, I treated embryos with either
DMSO (control case) or a pharmacological inhibitor of vacuolation, Bafilomycin (Ellis
et al., 2013), from the onset of vacuolation for a period of 6 hours. Measurements of
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the notochord DV height in equivalent regions along the axis in control and Bafilomycin
treated embryos revealed that notochord DV height was decreased when vacuolation
was inhibited (Figure 4-5A and B).

Together, these findings suggest that notochord cell expansion may influence the
geometry of the notochord to a certain extent, with notochord DV height being greater
in regions of the notochord corresponding to more expanded notochord cell states,
and inhibition of vacuolation during tailbud stages leading to shorter notochord DV
heights. These findings are consistent with previous work showing that the aspect ratio
of the notochord can be influenced by notochord cell expansion and packing (Norman
et al. 2018). However, the small change in notochord DV height observed in posttailbud stages, as notochord cell expansion continues, suggests that the notochord
sheath may also resist deformation. It is possible that changes in the structure of the
notochord sheath occur during development that increase the resistance of the sheath
to deformation as the embryo develops.
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Figure 4-3 Electron microscopy characterisation of the notochord
A – Electron microscopy images of the notochord in more anterior vacuolated regions (left panel) and
more posterior regions (right panels). B – Electron microscopy image showing a cross section of the
notochord. The extracellular matrix-based sheath is visible around the circumference of the notochord.
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Figure 4-4 Vacuole expansion progresses posteriorly along the notochord
A – Images of the notochord in the anterior and posterior region of 30-somite stage embryos visualised
using a Lifeact-GFP (actin) reporter. The magenta arrow indicates the DV height of the notochord and
the green arrow indicates the AP length of vacuoles. B – Vacuole AP length in the anterior (trunk) and
posterior (tail) regions of 30-somite stage embryos (n=4 embryos, 3 vacuoles measured per region,
p<0.001). C – Notochord DV height in trunk and tail regions of 30- somite stage embryos (n=4 embryos
5 notochord DV height measurements per region, p<0.001).
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Figure 4-5 Inhibiting notochord cell expansion decreases the radius of the notochord.
A – Notochord DV height in control (DMSO treated) and Bafilomycin treated embryos (n=7 control and
n=6 Bafilomycin treated embryos, 3 notochord DV height measurements per embryo, p<0.001). B –
Representative images of DMSO and Bafilomycin treated fixed embryos. Nuclei are show in white and
Collagen gene expression in magenta.
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4.3 Notochord cell expansion results in the displacement of notochord cells
relative to adjacent segments
4.3.1 Notochord cells begin to move posteriorly relative to adjacent segments in
regions of vacuole expansion
During post-tailbud stages of development notochord cells were found to increase in
their AP length over time, whilst the DV height of the notochord changes very little. In
addition, I observed that notochord cells were more expanded in anterior regions of
the notochord, and less so in posterior regions, corresponding to a posteriorly directed
progression of vacuolation along the notochord during development. To understand
whether the anterior-to-posterior progression of vacuolation and subsequent
notochord cell expansion correlates with notochord cell displacement, I investigated
the movement of vacuolated notochord cells in live embryos as they progressed from
tailbud to post-tailbud stages of development. I started by tracking vacuolated
notochord cells relative to an adjacent segment boundary in embryos still in tailbud
stages (25 somite stage) (Figure 4-6A). At the 25 somite stage notochord cells in the
anterior region of the trunk have started to expand allowing for accurate cell tracking
(by tracking the centre of the vacuole). Notochord cell vacuoles continued to expand
as I tracked them resulting in a change in notochord cell morphology as embryos
progressed into post-tailbud stages of development. Initially, notochord cells moved
coherently with adjacent segments (Figure 4-6B). However, approximately 100
minutes after the track starting point notochord cells began to move posteriorly, and
in some cases displayed a slight increase in their velocity after approximately 400
minutes (Figure 4-6B).
These findings show a correlation between notochord cell expansion and the onset of
a posteriorly directed movement of vacuolated notochord cells relative to adjacent
axial tissues and suggest that vacuolation-derived cell expansion may produce a force
that displaces notochord cells.
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Figure 4-6 Notochord cells move posteriorly relative to adjacent segment boundaries in regions of
vacuole expansion
A – Representative images of an expanding notochord cell track beginning in a 25-somite stage embryo
and ending approximately 10 hours later. The magenta origin indicates the segment boundary used as
a reference frame for tracking, and the x axis lies along the AP axis of the notochord. B – Displacement
of expanding notochord cells over time relative to an adjacent segment boundary, points have been
filled using a heatmap corresponding to x velocity at each timepoint (n=6 embryos, 1 track per embryo).
Tracking data was obtained from control embryos pooled from ablation experiments (wildtype).
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4.3.2 Notochord cell displacement relative to adjacent segments is greater in more
expanded anterior regions of the notochord

To check whether the increased posterior displacement of notochord cells observed
over time was due to notochord cell expansion and not another factor occurring as a
result of embryo development, I investigated the movement of notochord cells in
embryos at the same developmental stage (30 somite stage) in the expanded trunk
notochord region and unexpanded posterior tail region. Manual tracking of expanded
(vacuolated) notochord cells in the trunk and unexpanded (undifferentiated) notochord
cells in the tail revealed that more anterior expanded notochord cells moved further
relative to adjacent segments than more posterior unexpanded notochord cells (Figure
4-7A and B). These results suggest that the degree of notochord cell expansion is
likely to play a role in influencing notochord cell displacement. Intriguingly, some
posterior displacement of less expanded notochord cells relative to adjacent segment
boundaries was observed in the posterior (although to a lesser extent than in the
anterior). This relative displacement of notochord cells to posterior segment
boundaries may be influenced by the progressive bending of somites that occurs after
they have been recently segmented. Recent work investigating somite bending noted
that somites appear to move anteriorly relative to the notochord in the posterior of the
embryo (Tlili et al., 2019). My measurements of segment angles showed that segment
bending has ceased in the anterior two thirds of the axis, making measurements of
notochord cell displacement relative to segment boundaries in this region more
reliable indicators of notochord cell expansion driven displacement.
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Figure 4-7 Notochord cell posterior displacement is greater in the expanded anterior notochord
compared to the unexpanded posterior notochord
A – Representative images of notochord cell tracks at the start of each trac and 5 hours later in anterior
trunk and posterior tail regions of the embryo. Tracks were made using the nearest segment boundary
as a reference frame in each region. Heatmap overlaid on track indicates time progression. B –
Displacement of notochord cells over time relative to an adjacent segment boundary in trunk (anterior)
and tail (posterior) regions of the embryo (n=6 embryos, 1 track per region in each embryo, 6 embryos
tracked in the trunk region and 5 embryos tracked in the posterior tail region).
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4.4 Laser ablation provides a tool for specifically perturbing notochord
mechanics

4.4.1 Notochord cell ablation does not disrupt the integrity of surrounding tissues

The above findings suggest that notochord cell expansion, progressing from the
anterior to posterior of the notochord, may generate a force that displaces notochord
cells posteriorly relative to adjacent segments. To investigate whether vacuolationdriven notochord cell expansion is responsible for generating a force that displaces
notochord cells, and to determine the impact of this process on overall embryo
morphogenesis, I sought to develop a method for specifically perturbing notochord cell
expansion. Because the notochord is positioned at the embryo midline, standard
dissection approaches could not be used to disrupt notochord cell expansion without
severely damaging surrounding tissues. Multi-photon laser ablation, a technique that
involves irradiating biological tissue with a laser, has been utilised as a tool for
physically destroying biological tissues, typically with µm resolution (Scarpa et al.,
2018). More specifically, a two-photon ablation setup utilises the ability of two photons
to be absorbed in a single event by a fluorophore resulting in localised high energy
densities that ablate specific regions of tissue (Denk et al., 1990). In addition, deep
regions of tissue can be reached with this set up as the use of long wavelengths of
light (near infrared) minimises light scattering (Denk et al., 1990). To effectively disrupt
notochord cell expansion, I needed to ablate a large region of notochord cells in the
developing embryo, whilst minimising damage to surrounding tissues. To achieve bulk
tissue ablation, I defined an ROI (region of interest) running through the midline of
notochord cells in regions that were to be ablated (Figure 4-8A). Laser pulses were
targeted to this area and resulted in the collapse of notochord cells as they retracted
towards the centre of the notochord (Figure 4-8A). This ROI was then moved along
the notochord, and laser ablation was repeated until the required length of the
notochord (approximately 6 segments in length) had been ablated. This length was
used to generate an ablated region long enough to allow me to observe the impact of
notochord cell ablation over a period of hours whilst being short enough to allow for
sufficient sample sizes to be obtained for each experiment. Imaging the notochord
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hours after ablation was performed revealed that notochord cell integrity had been
lost, with superheating leading to disruption of the actin cytoskeleton of notochord cells
(Figure 4-8B), creating an ablated space likely filled with cell debris and fluid.
Importantly, the surrounding tissues, such as the floorplate (lying dorsally to the
notochord) appeared to be unaffected by the ablation of nearby notochord cells.

To further investigate the off-target impact of notochord ablation on adjacent tissues I
visualised the expression of Sonic hedgehog (Shh), a gene expressed in both the
floorplate and notochord (Odenthal et al., 1996), in regions where notochord ablations
had been performed (Figure 4-9A and B). Shh was found to still be expressed in the
floorplate dorsal to an ablated notochord region (Figure 4-9B). In addition, actin
organisation in the segments located adjacent to an ablated region appeared similar
to controls, and no significant tissue damage was observed (Figure 4-9A and B). Shh
expression was also maintained in regions of the notochord posterior to an ablated
site, indicating that perturbation of Shh signalling in the notochord caused by ablation
is local to the ablated region (Figure 4-9B).

Together these findings suggest that laser ablation of notochord cells provides a way
to physically destroy expanding notochord cells with tissue specific accuracy.
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Figure 4-8 Tissue specific ablation of notochord cells using multi-photon ablation.
A – Images of a region of notochord at the time of ablation (left panel) and seconds after ablation (right
panel). B – A representative image of an ablated region of notochord imaged hours after ablation.
Notochord cells were visualised using a lifeact-GFP (actin) reporter line.
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Figure 4-9 Shh expression in the floorplate and adjacent segment morphology is conserved in
notochord ablated regions
A – Images of a region of notochord and a corresponding region of lateral segments in control embryos.
B – Images of a region of notochord and a corresponding region of lateral segments in ablated embryos.
Shh is shown in magenta and actin in green.
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4.4.2 Ablation of anterior notochord cells reverses the displacement of expanding
notochord cells posterior to the ablation site

Now that I had a method allowing me to ablate regions of notochord cells in a spatially
specific way, I wanted to investigate whether force generated by notochord cell
expansion was responsible for displacing notochord cells posteriorly. In normal
conditions the progressive expansion of notochord cells, beginning in the anterior of
the embryo, led to a posterior displacement of notochord cells relative to adjacent
segments. Ablating a region of anterior notochord cells and manually tracking
vacuolated cells just posterior to the ablation site revealed a reversal in the direction
of vacuolated notochord cell displacement in post-tailbud stage embryos (Figure
4-10A and B), as cells located posterior to the ablation site continued to expand and
moved anteriorly into the ablated region (Figure 4-10C). Manual tracking of cells in the
unexpanded posterior notochord further away from the ablation site revealed that the
displacement of unexpanded cells was smaller than that of anterior expanded cells
(as in unablated embryos) and suggested that anterior notochord ablation had little
impact on their movement (Figure 4-10D).

Together with the above characterisation of notochord cell movement, these findings
show that expanding vacuolated notochord cells exert a force on their neighbours,
which leads to their posterior displacement relative to adjacent axial tissues in the
wildtype case. Ablation of anterior expanding cells reverses this displacement,
possibly because the resistance encountered by cells is decreased in the anterior
direction, leading the expansion of cells posterior to the ablation site to displace them
into the ablated area.
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Figure 4-10 Ablation of expanding notochord cells reverses notochord cell movement
A – A representative image of an embryo with an anterior notochord ablation (imaged at approximately
the 30-somite stage). B – Representative images of notochord cell tracks in the mid region of the axis
(adjacent to the end of the yolk extension visible in the lower right corner of images). The yellow arrow
indicates the displacement of notochord cells relative to the closest segment boundary and the heatmap
overlaid on tracks indicates time. C – Notochord cell displacement over time in the mid region of the
notochord in control embryos and embryos with anterior notochord ablations (n=6 embryos per
condition, 3 tracks per embryo). D – Notochord cell displacement over time in the posterior region of
the notochord in control embryos and embryos with anterior notochord ablations (n=5 embryos per
condition, 3 tracks per embryo).

82

4.5 Conclusions and discussion
In this chapter I characterised the morphogenesis of the notochord in zebrafish
embryos using the AP length increase of notochord vacuoles as a proxy for notochord
cell expansion. In agreement with previous literature, notochord vacuoles were found
to increase in length over developmental time and to have undergone more expansion
in anterior versus posterior regions of the notochord (Bagwell et al., 2020; Ellis et al.,
2013). The DV height of the notochord was found to be greater in regions of the
notochord comprised of cells in a more expanded state than in regions comprised of
less expanded cells. In addition, inhibition of vacuolation with Bafilomycin decreased
the DV height of the notochord compared to controls. Together, these findings suggest
that notochord cell expansion, via vacuolation, can deform the notochord sheath to
some extent. This agrees with previous literature reporting that the aspect ratio of the
notochord cross-section changes over time as notochord cells become more
expanded – with notochord cross sections being more elliptical when cells are less
expanded, and more circular when notochord cells are more inflated (Norman et al.
2018). In addition, disruption of notochord sheath components leads to bending and
kinking of the notochord (Corallo et al., 2013), possibly due to the decreased integrity
of the notochord sheath allowing for local deformation of the notochord as notochord
cells expand.

However, when measuring vacuole length and notochord DV height in post-tailbud
stage embryos, I found that the AP length increase of vacuoles was substantially
greater than that of notochord DV height over a 5-hour period, implying that little
notochord sheath deformation is occurring although notochord cells are continuing to
expand. This may be due to an increase in the resistance of the notochord sheath to
deformation as development progresses. Intriguingly, the notochord sheath in Salmon
embryos increases in thickness as collagen is deposited over time during vacuolation
(Grotmol et al., 2006), and in Xenopus embryos the density of fibres within the
notochord sheath increases as embryos develop (Adams et al., 1990). It is possible
that similar events occur in the case of zebrafish embryos, and that these may lead
the notochord sheath to become more resistant to deformation over time.
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Manual tracking of notochord cells revealed that they begin to move posteriorly relative
to adjacent segments in an expansion-dependent manner as embryos entered posttailbud stages of development. Tracking was performed from the 25-somite stage
(tailbud stages) through to post-tailbud stages of development. Initially notochord cells
did not display a substantial displacement relative to adjacent segments. This may be
due to a requirement for notochord cells to expand to a certain point before posterior
displacement starts and poses a question for future research. This posterior
displacement is in contrast to that observed in Medaka embryos, which display a
bidirectional mode of notochord growth, with notochord cells in the middle of the axis
being in the most expanded state (Seleit et al., 2020). This leads to the anterior
displacement of more anterior notochord cells and posterior displacement of more
posterior notochord cells (Seleit et al., 2020). Whether this difference in notochord
morphogenesis between zebrafish and medaka is translated into differences in the
mode of axis elongation is an area for future investigation.

In order to investigate the impact of notochord cell expansion on embryo
morphogenesis I developed a method to mechanically perturb this aspect of notochord
morphogenesis, using multi-photon laser ablation to destroy regions of anterior
notochord cells in a tissue-specific manner. These cells would normally be some of
the first to expand and removing them created a ‘space’ in the anterior notochord,
presumably filled with water and cellular debris left over from the ablation, although
this requires further characterisation. The expression of Shh in the floorplate above an
ablated site, and the notochord posterior to an ablated site, was maintained suggesting
that this ablation method provides a way to disrupt notochord cell expansion in a tissue
specific manner. By manually tracking notochord cells posterior to the ablation site, I
found that their displacement relative to adjacent segments was reversed, with cells
moving into the ablated space as they expanded. This reversal of notochord cell
displacement in ablated embryos suggests that resistance has been decreased in the
anterior direction, and that a force displacing these cells posteriorly has been lost.
These findings further support the idea that expanding notochord cells exert a force
on their neighbours, leading to their displacement.
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In the next chapter I will utlise this ablation method to investigate the role of notochord
cell expansion in axis elongation, with a focus on its contribution to segmentationassociated elongation and segmented tissue elongation.
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5 Notochord

cell

expansion

contributes

to

elongation in the segmented, but not the
unsegmented region of the axis
5.1 Introduction
In the previous chapter I characterised the progressive expansion of notochord cells
that coincides with the elongation and straightening of the embryo. In Chapter 3 I
observed that axis elongation was predominantly generated from unsegmented tissue
in the posterior during tailbud stages, with a switch to segmented tissue elongation
occurring in post-tailbud stages of development. But does notochord morphogenesis
play a role in driving elongation in the segmented and unsegmented regions of the
axis?

The posterior body elongates during tailbud stages as unsegmented tissue in the
tailbud (the presomitic mesoderm) gets segmented into blocks of tissue called somites
(Oates et al., 2012). During this process presomitic mesoderm progenitors move
anteriorly, contributing to the presomitic mesoderm and future somites (Manning and
Kimelman, 2015). After being segmented, somites change shape as they undergo
bending until a characteristic ‘chevron’ shape is reached (Rost et al., 2014; Tlili et al.,
2019). Somite maturation continues in post-tailbud stages of development when
unsegmented tissue in the tailbud is almost completely depleted. Somites go on to
form the muscle segments (myotomes) of the body axis as cells in the somites
differentiate into skeletal muscle cell types, with the final chevron shape of a myotome
thought to play an important role in swimming (Nursall, 1956; Van Raamsdonk et al.,
1974), and the elongation of muscle cells thought to be crucial for their role in inducing
muscle contraction (Henry and Amacher, 2004). Whilst the differentiation and
elongation of muscle precursors can occur in embryos lacking a notochord, segments
in these embryos are shorter than in the wildtype case, suggesting that the notochord
may play a role in segment elongation (Ellis et al., 2013; Yin and Krezel, 2007).
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In Chapter 4 notochord cells were shown to expand over time as they underwent
vacuolation, with expansion starting in the anterior and progressing posteriorly along
the notochord. The expansion of cells within the notochord sheath resembles a
hydrostatic skeleton, in which incompressible fluid is bounded by a tension-resisting
container. Many examples of hydrostatic skeletons exist in nature, such as those in
annelid worms (Chapman, 1958) and plants (Cosgrove, 1986). Previous studies
approximating the notochord of Xenopus embryos as a hydrostatic skeleton have
suggested that the expansion of notochord cells resulting from vacuolation can
generate a force (Koehl et al. 2000). Using morphometric data obtained from in vivo
experiments Koehl et al. constructed a physical model of the notochord and found that
it was capable of exerting pushing forces when the internal pressure of the model was
increased (Koehl et al. 2000). In zebrafish embryos, notochord cell expansion has also
been implicated in elongating the embryo axis, with defective vacuolation leading to a
truncated axis in larval stage zebrafish (Ellis et al., 2013). Whilst these studies support
the idea that notochord-generated forces contribute to embryo elongation, an
investigation into the physical impact of notochord morphogenesis on surrounding
axial tissues is required to elucidate how it contributes to axis elongation during
embryonic development.
In this chapter I aim to investigate the impact of notochord cell expansion on axis
elongation and straightening, using the photo-ablation technique outlined in Chapter
4 to remove specific regions of notochord cells. In particular, I explore the impact of
notochord cell expansion on elongation generated from unsegmented tissue during
tailbud stages, and on the elongation of segmented tissue during post-tailbud stages
of development.
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5.2 Posterior body elongation continues in embryos with disrupted notochord
cell expansion
During tailbud stages of development axis elongation is driven by the segmentation of
unsegmented tissue in the posterior of the embryo. To investigate whether notochord
cell expansion impacts segmentation-associated elongation during tailbud stages, I
measured the elongation of a posterior tail region of the axis over time in embryos with
anterior notochord ablations and control embryos with an intact notochord during
tailbud stages of development (Figure 5-1). Posterior body elongation continued in
embryos with notochord ablations (Figure 5-2A, blue line), and no significant
difference in the percentage length increase of this region was detected between
ablated and control embryos (Figure 5-2B). In addition, tracking the length gained in
this posterior body region over time showed that the rate of posterior body elongation
was similar in both ablated and control embryos (Figure 5-2C). To investigate the
extent to which segmentation-associated elongation was robust to the disruption of
notochord morphogenesis, I ablated a longer extent of the notochord (with the ablated
notochord area extending into the posterior region of the axis) in an embryo and
observed whether posterior tail elongation could continue. Even in this extreme case,
the posterior body continued to elongate over time, suggesting that segmentationassociated elongation does not require a continuous notochord (Figure 5-3).

Segmentation occurs as presomitic mesoderm progenitors exit anteriorly out of the
tailbud and contribute to somite formation. To confirm whether posterior body
elongation was robust to a loss of notochord integrity, I investigated whether the exit
of presomitic mesoderm progenitors from the tailbud was impacted in embryos with
posterior notochord ablations. To visualise presomitic mesoderm progenitor exit from
the tailbud I injected single-cell stage embryos with mRNA encoding a
photoconvertible protein, leading to ubiquitous expression in embryos at later stages.
This allowed me to specifically label a region of presomitic mesoderm progenitors in
20-somite stage embryos with posterior notochord ablations and in control embryos
with no notochord disruption (Figure 5-4A). Imaging photolabelled tailbuds 4 hours

88

after labelling revealed that presomitic mesoderm progenitors were able to continue
exiting the tailbud in embryos with disrupted notochord integrity (Figure 5-4B).

Finally, to investigate segmentation-associated elongation in the absence of a
differentiated notochord, I explanted tailbuds away from embryos at approximately the
22-somite stage and embedded them in methylcellulose. Whilst most tailbuds
collapsed soon after explanting (likely due to cell death), one remained intact and
showed a small extent of elongation and continued segmentation of somites over a
10-hour period (Figure 5-5).

Together these results show that notochord cell expansion is not required for
segmentation-associated elongation of the posterior body and that this mode of
elongation continues in the absence of a continuous notochord.
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Figure 5-1 Schematic showing ablated region (magenta) and tail region used for segmentationassociated elongation measurements (blue).

Figure 5-2 Segmentation-associated elongation continues in embryos with defective notochord cell
expansion.
A – Control and ablated Lifeact-GFP expressing embryos imaged at the 25-somite stage and 100
minutes later. Overlaid curves show the region tracked for elongation measurements. The magenta line
indicates the region where the notochord is ablated. B – Percentage elongation of the tail region in
control and ablated embryos (n=14 control embryos, n=11 ablated embryos, p=0.37). C – Length gained
in the posterior tail of tailbud stage control and ablated embryos over time.
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Figure 5-3 Tail elongation continues in embryos with near-complete notochord ablation
Posterior elongation in a Lifeact-GFP expressing embryo with almost complete notochord ablation.
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Figure 5-4 Presomitic mesoderm progenitors continue to exit the tailbud in notochord ablated embryos
A – Control and notochord-ablated NLS-KikGr expressing embryos with photolabels made in presomitic
mesoderm progenitors. B – Maximum projections of control and ablated photolabelled embryos imaged
4 hours after labelling.
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Figure 5-5 Segmentation-associated elongation in an explanted tailbud
Elongation and segmentation in an explanted 22 somite stage tailbud. Orange arrows indicate somite
boundaries that appear as the explant elongates.
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5.2.1 Notochord continuity is required for complete axis straightening and may impact
segment sharpening
The characterisation of embryo morphogenesis in Chapter 3 shows a progressive
straightening of the embryo axis over time. Previous work has implicated the
notochord in the straightening of the axis in Xenopus embryos, where it has been
shown to straighten as its internal pressure increases – analogous to the straightening
of a hydrostatic column (Adams et al., 1990). However, in zebrafish, perturbation of
vacuolation was not found to impact the curvature of larval stage fish (Ellis et al.,
2013). To investigate whether notochord cell expansion impacted the straightening of
developing zebrafish embryos, I measured the curvature of a 15-segment region of
the axis in control embryos and embryos with anterior notochord ablations (Figure
5-6A). The percentage decrease in curvature (or percentage straightening) measured
along this 15-segment region was decreased in ablated embryos (Figure 5-6B).
However, closer inspection of embryos allowed to develop into post-tailbud stages
revealed that only a small region of the axis displayed clear differences in curvature
between control and ablated embryos (Figure 5-6C). This region coincided with a
transition from ablated to unablated notochord and was effectively a kink in the axis.
Therefore, notochord continuity may be required for complete axis straightening,
although tissue adjacent to regions of intact notochord can continue to straighten in
ablated embryos.

At the same time as the embryo straightens, segments in the posterior third of the axis
undergo bending and angle sharpening. To investigate whether anterior notochord
ablation impacted segment sharpening, I measured segment angles along the majority
of the trunk and tail in control and ablated embryos at the 24 somite stage and 5 hours
later (Figure 5-7A). Segment angles displayed a similar profile in control and ablated
embryos at the 24 somite stage, with larger angles observed in more posterior
segments and 90º angles observed in the mid region of the axis (Figure 5-7B).
Tracking the angles of each segment over a 5 hour timepoint showed that an overall
sharpening of segments occured in both control and ablated embryos (Figure 5-7C).
Slightly less sharpening occurred in the most posterior segments of ablated embryos,
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suggesting that there may be a small impact on segment bending when notochord
integrity is disrupted. However, more samples will be required to assess if this
difference is significant.
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Figure 5-6 Ablation of anterior notochord cells locally increases axis curvature
A – Lifeact-GFP expressing control and ablated embryos imaged at the 25-somite stage and 5 hours
later. Magenta line shows region used for curvature measurements. B – Percentage straightening
(curvature decrease) over 5 hours in control and ablated embryos (n=5, n=6 embryos respectively,
p<0.05). C – Representative images of post-tailbud stage control and ablated Lifeact-GFP expressing
embryos. Magenta dashed lines indicate ablated region.
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Figure 5-7 Segment angles in control embryos and embryos with anterior notochord ablations
A – 24 somite stage control and notochord-ablated embryos with measurements of segment angles
overlaid. B – Segment angles in control and ablated embryos at the 24 somite stage. C – Segment
angles corresponding to the segments measured in B in embryos 5 hours later. Segment angles were
measured along the majority of the trunk and tail in embryos (from segment 4 to segment 24), with
segment number 4 being the 4th most anterior segment.
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5.3 Notochord cell expansion contributes to axis elongation during post-tailbud
stages
5.3.1 Ablation of anterior notochord cells decreases segmented tissue elongation
Expanded notochord cells begin to move posteriorly relative to adjacent axial tissues
as embryos approach post-tailbud stages of development. In the previous chapter, I
found that ablation of anterior notochord cells reversed the displacement of expanded
cells posterior to the ablation site. This indicated that the expansion of notochord cells,
beginning in the anterior and progressing posteriorly down the axis, generates a force
that leads to this posterior displacement in wildtype embryos. To investigate whether
force generated by notochord cell expansion impacts the elongation of segmented
tissue that occurs during post-tailbud stages of development, I measured the
elongation of a region of 5 segments in embryos with and without anterior notochord
ablations from the 30-somite stage over a period of 5 hours. Because the notochord
is known to play a signaling role in the patterning of somites through Sonic hedgehog
(Shh) signaling (Stemple, 2005; Weinberg et al., 1996; Coutelle et al., 2001), I chose
a region of segments located away from the ablation site to minimize potential effects
on segment elongation that may come from changes in signaling. In Chapter 4 I
showed that Shh expression is maintained in regions of the notochord posterior to an
ablation site. Therefore, I used a 5-segment region for quantifying segmented tissue
elongation that was located at an equivalent position along the axis in control and
ablated embryos, and posteriorly away from the site of notochord ablation in the
ablated case (Figure 5-8). This region of segments was adjacent to either posteriorly
directed notochord cell movement (in controls) or anteriorly directed notochord cell
movement (in ablated embryos) (Figure 5-9A). The elongation of this region over a
period of 5 hours was approximately halved in ablated embryos (Figure 5-9B), and
measurements of length gained over time showed that the rate of segmented tissue
elongation was slowed in ablated embryos (Figure 5-9C).

These findings suggest that notochord cell expansion plays a role in elongating
segmented tissue during post-tailbud stages of development.
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Figure 5-8 Schematic showing ablated area (magenta) and region used for segmented tissue
elongation measurements (orange).

Figure 5-9 Segmented tissue elongation is decreased in regions posterior to expanded notochord cell
ablation
A – Elongation of a 5-segment region over 5 hours in control and ablated post-tailbud stage LifeactGFP expressing embryos. B – Percentage elongation of a 5-segment region in control and ablated posttailbud stage embryos over a period of 5 hours (n=14 control and n=11 ablated embryos, p<0.01). C –
Length gained in a 5-segment region in control and ablated post-tailbud stage embryos over time.
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5.3.2 Segmented tissue elongation is decreased in embryos with inhibited notochord
cell expansion

The above findings indicate a role for notochord expansion in driving the elongation of
segmented tissue during post-tailbud stages of development, with disruption to
notochord continuity and the subsequent reversal of notochord cell displacement
corresponding to a decrease in segmented tissue elongation. The expansion of
notochord cell vacuoles has been shown to depend on the activity of vacuolar type
H+-ATPases (Ellis et al., 2013). To investigate the impact of a more global disruption
to notochord cell expansion on segmented tissue elongation, I treated embryos with
Bafilomycin, a pharmacological inhibitor of vacuolar type H+-ATPases, before
notochord vacuoles had fully expanded. This treatment successfully inhibited cell
expansion throughout the notochord, with clear differences in notochord cell
morphology between DMSO treated (control) and Bafilomycin treated embryos (Figure
5-10A and B). After confirming that Bafilomycin treatment inhibited notochord cell
expansion, I imaged Bafilomycin treated and control embryos live from the 30-somite
stage over a period of 3-hours and measured the elongation of a region of 5 segments
in an equivalent location of the axis to that used in ablation experiments (Figure 5-10C
and D). Segmented tissue elongation was decreased in embryos treated with
Bafilomycin compared to DMSO controls (Figure 5-10E). To investigate how the rate
of segment elongation was affected under these conditions, I measured the length
gained over time in a 5-segment region in control and Bafilomycin treated embryos
(Figure 5-10F). This showed that segmented tissue elongation in the measured region
had effectively been blocked in embryos with inhibited notochord cell expansion
(Figure 5-10F).

To check whether inhibition of vacuolation led to a mechanical change in notochord
morphogenesis without also impacting biochemical signalling between the notochord
and adjacent segments, I investigated Shh expression in the notochord of Bafilomycin
treated embryos with inhibited notochord cell vacuolation using ‘Hybridisation Chain
Reaction’ (HCR). Shh continued to be expressed along the length of the notochord in
Bafilomycin treated embryos, suggesting that Bafilomycin treatment inhibits notochord
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cell expansion independently of Shh signaling (Figure 5-11A and B). Together with the
results obtained from anterior notochord ablation experiments, these findings suggest
that notochord cell expansion mechanically contributes to segmented tissue
elongation during post-tailbud stages of development.
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Figure 5-10 inhibition of notochord cell expansion decreases segment elongation in post-tailbud stage
embryos
A – Representative image of the notochord in a Lifeact-GFP expressing embryo treated with DMSO. B
– Representative image of the notochord in a Lifeact-GFP expressing embryo treated with Bafilomycin.
C – Representative images of the region of 5 segments measured in DMSO treated embryos in
pNtl:Kaede expressing embryos. D – Representative images of the region of 5 segments measured in
Bafilomycin treated embryos in pNtl:Kaede expressing embryos. E – Percentage elongation in embryos
treated with DMSO (control) and Bafilomycin treated embryos (n=6 control and n=5 Bafilomycin treated
embryos, p<0.01). F – Length gained in a 5-segment region over time in embryos treated with DMSO
(control) and Bafilomycin treated embryos (n=6 control and n=5 Bafilomycin treated embryos).
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Figure 5-11 Bafilomycin treated embryo notochords continue to express Shha
A – DAPI and Shha expression in an embryo treated with DMSO for 6 hours. B – DAPI and Shha
expression in an embryo treated with Bafilomycin for 6 hours.
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5.4 Conclusions and discussion
In this chapter I investigated the role of notochord cell expansion in elongating and
straightening the embryo AP axis. Intriguingly, segmentation-associated posterior
body elongation was unaffected in embryos with anterior notochord ablations and
could continue to an extent even in cases where a large extent of the notochord had
been ablated or when the tailbud has been explanted away from the embryo body.
These findings highlight the robustness of this mode of axis elongation and are in
agreement with the phenotype observed in mutant embryos lacking a notochord, in
which posterior body elongation can occur to an extent (Talbot et al., 1995). The
continued formation of segments observed in an explanted tailbud is also consistent
with findings from other studies using explanted tailbud cultures (Manning and
Kimelman, 2015).

Previous studies that modelled the notochord as a hydrostatic column have shown
that such a system is capable of exerting a force on its surroundings (Koehl et al.
2000). I investigated whether notochord cell expansion impacted AP axis elongation
by ablating anterior notochord cells, which led to a reverse in the direction of notochord
cell displacement in post-tailbud stage embryos (shown in the previous chapter).
Disrupting notochord continuity in the anterior expanded region led to local bending of
the AP axis, however straightening could continue in regions where the notochord was
intact. This finding, along with previous work showing that inhibition of notochord cell
expansion did not impact the curvature of larval stage embryos (Ellis et al., 2013),
suggests that the notochord is not the main driver of zebrafish embryo axis
straightening.

However, notochord cell expansion was identified as a driver of segmented tissue
elongation in post-tailbud stage embryos. Elongation of segmented tissue during posttailbud stages of development was affected in embryos with anterior notochord
ablations, with segments located adjacent to regions of reversed notochord cell
movement undergoing less than half the elongation of segments in control embryos.
Segmented tissue elongation was decreased to an even greater extent in embryos in
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which notochord cell expansion was pharmacologically inhibited. The greater impact
of pharmacologically inhibited vacuolation on segmented tissue elongation compared
to anterior notochord ablation may be due to its more global impact on notochord cell
expansion. Notochord cell expansion is inhibited along the notochord in Bafilomycin
treated embryos, whereas only a region of notochord cell expansion is perturbed in
the case of anterior notochord ablations. In embryos with anterior notochord cell
ablations expanding cells on either side of the ablated area move into the ablation site
effectively closing the gap created by the ablation. Therefore, it is likely that force
generation along the notochord will be recovered in ablated embryos over time,
potentially explaining the smaller impact on segment elongation observed in ablated
versus Bafilomycin treated embryos.

The notochord is known to play a biochemical role in patterning segmented tissue via
Shh signalling (Fan and Tessier-Lavigne, 1994). To check whether the decrease in
segmented tissue elongation I observed in Bafilomycin treated embryos was likely to
be via a mechanical, rather than biochemical, mechanism I visualised Shh expression
in Bafilomycin treated embryos. The continued expression of Shh observed in
Bafilomycin treated embryos displaying decreased segment elongation supports the
theory that notochord cell expansion plays a mechanical role in elongating segmented
tissue. In addition, the region of segments used for segmented tissue elongation
measurements in ablated embryos lies next to an intact region of notochord in which
Shh expression is maintained. Therefore, it is unlikely that notochord cell ablation will
impact segment elongation via a biochemical mechanism involving Shh signalling.
These findings are in agreement with the phenotypes observed in previous studies,
where embryos with defective somite cell differentiation, but morphologically normal
notochords, do not show defects in segmented tissue elongation (van Eeden et al.,
1996), whilst embryos with defective notochord cell expansion have noticeably shorter
segments (Ellis et al., 2013; Yin and Krezel, 2007).
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6 Notochord progenitors provide a source of
posterior resistance to notochord cell expansion
6.1 Introduction
In the previous chapter I found that the expansion of notochord cells, beginning in the
anterior and progressing posteriorly, was implicated in the elongation of segmented
tissue during post-tailbud stages of development.

To build hypotheses on how notochord cell expansion may impact segmented tissue
elongation, I considered the notochord as a hydrostatic column. Fluid enters the
column as anterior notochord cells undergo vacuolation and expand as they draw in
water. For stress to be generated along the notochord in the AP direction, the
notochord column must have closed ends that provide resistance to the expanding
cells. In Chapter 4, characterisation of notochord cell movement revealed that
posterior unexpanded notochord cells exhibit little movement relative to surrounding
tissues compared to expanding cells in more anterior regions of the notochord. I
therefore hypothesised that expanding vacuolated notochord cells push against
unexpanded posterior notochord cells that provide resistance and effectively close the
notochord column in the posterior.

For notochord generated stress to be transmitted to segmented tissue, the notochord
and somitic compartment must be physically connected. Previous studies have shown
that cells in the posterior notochord move concomitantly with the presomitic mesoderm
(Tlili et al., 2019). As somites are segmented and start to undergo the bending process
that takes them towards a chevron shape they begin to move anteriorly relative to
posterior notochord cells (Tlili et al., 2019). These changes in relative tissue movement
are thought to indicate stronger coupling between the notochord and somitic
compartment in the posterior of the embryo, and weaker coupling in the anterior. The
notochord and somitic compartment share an extracellular matrix-based interface,
thought to facilitate their mechanical coupling (Guillon et al., 2020; McMillen and
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Holley, 2015). Studies that have knocked down the cell-extracellular matrix adhesion
protein Integrin, show that this leads to an uncoupling of the notochord from the
posterior somitic compartment and subsequent bending of the notochord (Dray et al.,
2013). This suggests that physical coupling between the notochord and somitic
compartment in the posterior of the embryo is present.

Posterior notochord cells are derived from a population of notochord progenitors that
lie at the posterior end of the notochord (Kanki and Ho, 1997). Early termination of
progenitor addition to the notochord is associated with AP axis elongation defects
(Row et al., 2016). In the chicken embryo a recent study has shown that the expansion
in volume of the presomitic mesoderm on either side of the notochord compresses the
notochord and drives the notochord progenitors posteriorly into the progenitor domain
of the tailbud (Xiong et al., 2020). This is thought to facilitate the exit of progenitors
from the tailbud and into the presomitic mesoderm. However, in the zebrafish embryo
presomitic mesoderm volume does not increase, instead the presomitic mesoderm
elongates via cell rearrangement (Steventon et al., 2016; Bouldin et al., 2014;
Thomson et al., 2021; Zhang et al., 2008). Presomitic mesoderm progenitors display
disordered cell movements indicating that this population of cells behaves as a fluid
(Lawton et al., 2013; Mongera et al., 2018). Biochemical cues have been shown to
play a role in presomitic mesoderm progenitor exit from the tailbud. FGF signalling
positively regulates tbx16 and msgn transcription in presomitic mesoderm progenitor
cells (Goto et al., 2017). Inhibiting tbx16 expression in presomitic mesoderm
progenitors prevents their anterior migration and stalls them in the tailbud, indicating
that a tbx16 positive state is required for presomitic progenitors to actively migrate
(Manning and Kimelman, 2015). In addition to active migration, presomitic mesoderm
progenitors may be physically displaced by other tissues, as in the chick. Whether
notochord progenitors play a role in physically displacing presomitic mesoderm
progenitors in the zebrafish tailbud is not known.

Here I investigate the contribution of notochord progenitors to posterior body
elongation and the coordination of cell addition to the posterior notochord with
notochord cell expansion progressing from the anterior to the posterior. I explore
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whether posterior notochord cells provide resistance to anterior notochord cell
expansion that would be required for stress generation along the notochord. Finally, I
explore how tissue-tissue coupling between the notochord and somitic compartment
may vary along the axis and facilitate stress transmission from the notochord to
segmented tissue.

6.2 Notochord progenitors occupy a distinct domain within the tailbud
6.2.1 Notochord progenitors are spatially distinct from presomitic mesoderm
progenitors
To characterise the organisation of notochord progenitors within the tailbud, I
investigated their spatial relationship with the presomitic mesoderm progenitor
population. I generated 3D surfaces of each tissue, using the gene expression of Noto
to mark the notochord progenitors and tbx16 to mark the presomitic mesoderm
progenitors (Figure 6-1). These surfaces showed that the notochord progenitor
population has a ball-like morphology and that presomitic mesoderm progenitors
encapsulate the notochord progenitor population, surrounding it on each lateral side
and posteriorly (Figure 6-1). In addition, little overlap occurred between Noto and tbx16
surfaces, suggesting that cells in each population do not mix and are spatially
segregated from one another.

Boundaries between tissues can be extracellular matrix-based (Julich et al. 2015;
Dahmann et al., 2011). To investigate whether extracellular matrix was present at the
interface between the notochord progenitor ball and the surrounding presomitic
mesoderm progenitors, I visualised the localisation of the extracellular matrix
components laminin and fibronectin within the tailbud. Laminin was localised at a layer
surrounding the notochord progenitor domain in the region where notochord
progenitors and presomitic mesoderm progenitors come into contact (Figure 6-2A).
Fibronectin was also present at this interface and had a clear localisation to the dorsal
and ventral sides of the notochord where the notochord abuts surrounding tissues
(Figure 6-2B). To visualise fibronectin organisation in 3D I generated a 3D surface
around the fibronectin signal. This revealed that fibronectin is organised in a layer
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around the notochord progenitor ball, surrounding it on all sides except the dorsal side,
giving the fibronectin surface a cup-like morphology (Figure 6-2B).

Finally, to investigate how the notochord progenitor population moves as presomitic
mesoderm progenitors exit the tailbud anteriorly, I measured the distance between the
Noto positive population and the posterior end of the tailbud in embryos at different
developmental stages (Figure 6-3A). This revealed that the notochord progenitor
population moves posteriorly into the tailbud over time (Figure 6-3B). I performed
manual tracking of presomitic mesoderm progenitors relative to the approximate
centre of the notochord progenitor ball by placing a reference frame on the
approximate centre point of the notochord progenitor population using notochord
progenitor nuclear morphology to visualise the domain (Figure 6-4A and B). Tracking
presomitic mesoderm progenitors relative to this reference frame showed that they
appear to move around the notochord progenitor population, with tracks that move in
either posterior (positive x values) or anterior (negative x values) directions not
entering into the notochord progenitor domain (Figure 6-4B and C).

Together these findings show that the notochord and presomitic mesoderm
populations occupy distinct domains within the tailbud. Over time the notochord
progenitor domain moves closer towards the posterior end of the tailbud, whilst
presomitic mesoderm progenitors move around the notochord progenitor population
and exit the tailbud anteriorly. This raises the question of whether notochord progenitor
domain movement displaces presomitic mesoderm progenitors and facilitates their
contribution to axis elongation.
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Figure 6-1 Notochord progenitors occupy a distinct domain within the tailbud and are surrounded by
presomitic mesoderm progenitors
Surfaces surrounding the notochord and presomitic mesoderm progenitor populations are produced
using noto and tbx16 expression.
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Figure 6-2 Extracellular matrix is present at the interface between notochord and presomitic mesoderm
progenitor populations.
A – A representative image of laminin localisation in a 22-somite stage tailbud (n=8). B – A
representative image of fibronectin localisation in a 22-somite stage tailbud and corresponding
fibronectin 3D-surface (n=3).
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Figure 6-3 The notochord progenitor population moves posteriorly into the tailbud as development
progresses.
A – Representative images of an 18, 21, 24, and 28 somite stage embryo tailbud. B – Distance between
the posterior end of the notochord and the end of the tailbud in 18, 21, 24 and 28 somite stage embryos
(n=7, 15, 14, 7), p<0.01, p<0.001, p<0.01.
Noto gene expression is visualised in yellow. Magenta arrows indicate distance measurements.
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Figure 6-4 Presomitic mesoderm progenitors move around the notochord progenitor ball
A – Representative image of manually tracked presomitic mesoderm progenitors in a 20 somite stage
embryo tailbud, with reference frame centred on the notochord progenitor population. B – An image
showing the displacement of presomitic mesoderm progenitors and the notochord progenitor population
within the tailbud. C – Displacement of presomitic mesoderm progenitors relative to the notochord
progenitor population over time (3 embryos tracked, n=23 tracks).
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6.3 The dynamics of notochord progenitor contribution to the posterior end of
the notochord

6.3.1 Notochord progenitors get depleted over time
Notochord progenitors contribute cells to the posterior notochord (Kanki and Ho,
1997). To investigate how this contribution to the posterior notochord impacted the
size of the notochord progenitor population, I created 3D surfaces around the
notochord progenitor domain using Noto gene expression and measured the volume
of the domain in embryos at different developmental stages (Figure 6-5A). The volume
of the notochord progenitor domain was found to be smaller in embryos at later stages
of development compared to embryos at earlier stages, indicating that the notochord
progenitor population is being depleted over time (Figure 6-5B). To check whether this
depletion corresponded to a change in the contribution of length to the posterior
notochord I injected mRNA encoding a photoconvertible protein into single-cell stage
embryos, allowing me to label and track notochord progenitors over time during tailbud
and post-tailbud stages of development (Figure 6-6A). Tracking the length of a
photolabel made in the notochord progenitor domain in 16 or 30 somite stage embryos
over 3 hours revealed that notochord progenitors contributed less length to the
posterior notochord at later stages of development (Figure 6-6B). The percentage
increase in the length of the photolabel made in notochord progenitors at tailbud
stages (16 somite stage) was approximately double that of the label made in embryos
entering post-tailbud stages (30 somite stage).
Together these findings show that the notochord progenitor domain gets depleted over
time, corresponding to a decrease in the length added to the posterior notochord as
development progresses.
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Figure 6-5 The notochord progenitor domain shrinks in volume over time.
A – Surfaces made around noto expression marking the notochord progenitor domain in embryos at
different developmental stages. B – Notochord progenitor domain volume in 20, 25 and 30 somite stage
embryos (n=4, n=11, and n=7 respectively), p<0.01, p<0.001.
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Figure 6-6 The notochord progenitors contribute less length to the posterior notochord at later
developmental stages.
A – Photolabels made in the notochord progenitor population in embryos at the 16 and 30 somite stage
and 3 hours later. B – Percentage increase in photolabel length over 3 hours in 16 and 30 somite stage
embryos (n=4 for each stage), p<0.05.
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6.4 Notochord progenitors are a robust source of posterior notochord cells
To directly investigate the contribution of notochord progenitors to axis elongation, I
ablated notochord progenitors during tailbud stages of development (Figure 6-7A and
Figure 6-8A). Electron microscopy-based characterisation of the ablated region
revealed fragmentation of cell membranes and nuclei localised to the ablated area
(Figure 6-7B and C). Intriguingly, the notochord progenitor domain was able to recover
from ablation, shown by expression of Noto within the tailbud of embryos imaged hours
after notochord progenitor ablation, with ablated tissue becoming internalised into the
notochord (Figure 6-8B). This was accompanied by re-formation of the posterior
notochord, showing that the recovered notochord progenitor domain continues to
contribute cells to the posterior notochord (Figure 6-8C). Posterior tail elongation was
decreased in embryos with notochord progenitor ablations (Figure 6-9A-C). However
closer inspection revealed that the notochord located anterior to the ablation site
began to push into surroundings tissue (Figure 6-9A orange arrows). The observed
deformation of surrounding tissues is likely due to the push generated by anterior
notochord cell expansion and suggests that the expanding notochord cells are no
longer continuous with the re-formed notochord posterior to the site of internalised
ablated tissue. Instead, expanding notochord cells veer off into the surrounding neural
tube and somites, suggesting that notochord sheath integrity has been lost in the
region where ablated tissue has been internalised.

To investigate whether segmentation-associated elongation was impacted in regions
where the posterior notochord had re-formed after ablation, I measured the elongation
resulting from the segmentation of the final few somites (segmented after the posterior
notochord had re-formed) (Figure 6-10A). This mode of elongation was able to
continue in ablated embryos, with no significant difference in the percentage
elongation or rate of elongation of the unsegmented region observed between controls
and progenitor ablated embryos (Figure 6-10B and C). Finally, I investigated the exit
of presomitic mesoderm progenitors from the tailbud in control and notochord
progenitor ablated tailbud stage embryos. Presomitic mesoderm progenitors were
photolabelled at the 16 somite stage in embryos with and without notochord progenitor
115

ablations, and imaged 6 hours later (Figure 6-11). Labelled presomitic mesoderm
progenitors continued to move anteriorly in ablated embryos and displayed a similar
trajectory to those in control embryos (Figure 6-11).
Together these results show that notochord progenitor ablation can effectively
uncouple the anterior and posterior end of the notochord, causing the intact notochord
anterior to the ablation site to veer off into surrounding tissues and deform them.
Notochord progenitors recover and reform the notochord posterior to the ablation site.
In this region segmentation-associated elongation is able to continue. In addition,
presomitic mesoderm progenitors in tailbud stage embryos with notochord progenitor
ablations continue to move anteriorly out of the tailbud. Whilst these findings do not
rule out a role for notochord progenitors in influencing segmentation-associated
elongation, they highlight the robustness of this mode of axis elongation.
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Figure 6-7 Electron microscopy characterisation of ablation
A – Electron microscopy image of a tailbud after ablation of notochord progenitors. B – Higher
magnification of the ablated region showing cell fragmentation. C – Higher magnification showing
fragmentation of nuclei in an ablated region. Intact nuclei can be observed to the left of ablated nuclei.
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Figure 6-8 Notochord progenitors recover after ablation and re-form the posterior notochord.
A – Representative image of a tailbud with ablated notochord progenitors. B – Representative image of
a DAPI stained embryo showing the internalised ablated region after notochord progenitor ablation and
the re-formed posterior notochord and notochord progenitor domain. C – Representative image
showing the internalised ablated region in a lifeact-GFP expressing embryo and re-formed notochord.
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Figure 6-9 Tail elongation is decreased in embryos with notochord progenitor ablations
A – Elongation of the posterior tail in 30 somite stage control and progenitor ablated embryos over 5
hours. The orange arrow indicates the point at which the notochord anterior to the ablation site pushes
into surrounding tissues. Green lines indicate the region used to measure posterior tail length from the
30 somite stage onwards. The posterior tail region was defined to include the four most posterior
somites at the 30 somite stage. B – Length gained over time in the posterior tail region in control and
ablated embryos. C – Percentage elongation of the posterior tail in control and ablated embryos over 5
hours (n=7 per condition), p<0.01.
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Figure 6-10 Segmentation-associated elongation is not significantly affected in regions where the
posterior notochord has re-formed.
A – Elongation arising from segmentation of the unsegmented region in 30 somite stage control and
progenitor ablated embryos over 5 hours. Blue lines indicate the region tracked to quantify elongation
generated from the unsegmented region. B – Length gained over time from the unsegmented region in
control and ablated embryos. C – Percentage elongation arising from the unsegmented region in control
and ablated embryos over 5 hours (n=5 control and n=6 ablated).
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Figure 6-11 Presomitic mesoderm progenitors continue to exit the tailbud in embryos with notochord
progenitor ablations
Representative images of control embryos and embryos with notochord progenitor ablations. Embryos
were labelled at the 16 somite stage (top panels) and imaged 6 hours later (bottom panels). Orange
arrows indicate the most anterior presomitic mesoderm progenitor cell in the label at the 6-hour
timepoint.
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6.5 Unexpanded cells in the posterior notochord provide a source of
resistance to anterior notochord cell expansion that facilitates segmented
tissue elongation
6.5.1 Unexpanded notochord cells resist a push exerted by anterior expanding cells
that facilitates segmented tissue elongation
The decrease in segmented tissue elongation observed in embryos with anterior
notochord ablations or pharmacologically inhibited notochord cell expansion (shown
in Chapter 5) indicated that force generated by notochord cell expansion contributes
to segmented tissue elongation. I hypothesised that notochord cell expansion may
generate an AP stretch along the somitic compartment. For this to be the case, the
force generated by notochord cell expansion would need to be resisted in the anterior
and posterior of the embryo, resulting in an axial stress acting along the AP axis. If no
resistance to notochord cell expansion is encountered, an axial stress would not be
generated as the expanding notochord cells would have nothing to push against.

In Chapter 4, I observed that expanded notochord cells in the anterior moved
posteriorly, whereas less expanded cells in the posterior notochord exhibited less
displacement relative to adjacent tissues - suggesting they may resist force generated
by anterior notochord cell expansion. To test this hypothesis, I first investigated
whether unexpanded notochord cells are subject to a force generated by anterior
notochord cell expansion. I imaged the nuclei of unexpanded posterior notochord cells
in control embryos, and in embryos with anterior notochord cell ablations (Figure
6-12A). I hypothesised that notochord nuclei would be angled posteriorly (angles >
90º) relative to the AP axis of the notochord if they were subject to a force coming from
anterior cell expansion, and that an angle of 90º would be expected if cells were not
experiencing a directional force. Nuclei in control embryos were angled towards the
posterior, whereas nuclei posterior to an ablation site were angled towards the anterior
(Figure 6-12B and C), suggesting that unexpanded notochord cells were being
deformed by a posteriorly directed force arising from anterior notochord cell
expansion.
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Next, I investigated whether unexpanded notochord cells resist the posteriorly directed
push they are subject to. In embryos entering post-tailbud stages of development
notochord cell expansion has progressed posteriorly along the axis to the anterior tail
region (close to the end of the yolk extension) where it meets the unexpanded
notochord cells (Figure 6-13A). To investigate the resistance that posterior
unexpanded notochord cells provided to anterior notochord cell expansion, I ablated
unexpanded notochord cells in this region in embryos at post-tailbud stages (Figure
6-13A). Manual tracking of expanding notochord cells just anterior to the ablation site
revealed that the posterior displacement of these cells was increased in ablated
embryos (Figure 6-13B and C), suggesting that unexpanded posterior notochord cells
provide a source of resistance to notochord cell expansion.

In Chapter 4, I found that expanded notochord cells only moved posteriorly relative to
adjacent tissues, suggesting that their movement in the anterior direction was
impeded. To investigate whether notochord cell expansion is resisted in the anterior,
I imaged nuclei at the anterior extent of the notochord. The notochord tapers to a point
in this region and is morphologically distinct from surrounding tissues. This is likely to
represent a tissue boundary, suggesting that the anterior end of the notochord can be
considered to be sealed, with notochord cells only able to move posteriorly away from
this end (Figure 6-13D).

Finally, to investigate whether the resistance provided by unexpanded notochord cells
in the posterior played a role in segmented tissue elongation, I ablated unexpanded
cells at the interface where expanded and unexpanded cells meet and measured the
elongation of a region of segments anterior to the ablation site. This region of
segments was located in an equivalent position along the axis to that used in previous
experiments (Figure 6-14A). The elongation of this region over a 5-hour period was
decreased in ablated embryos, suggesting that the resistance provided by
unexpanded cells in the posterior notochord contributes to segmented tissue
elongation (Figure 6-14B).
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Together, these results show that notochord cell expansion is resisted in the anterior
and posterior of the notochord, and that posterior resistance is required for segmented
tissue to fully elongate.
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Figure 6-12 The nuclei of unexpanded notochord cells are displaced by anterior notochord cell
expansion.
A – Unexpanded notochord cell nuclei are angled towards the posterior in control embryos and towards
the anterior in embryos with anterior notochord ablations. B – Angles between dorsally located nuclei
and the notochord AP axis (º) in control and ablated embryos (n=7 embryos per condition, 5 angles
measured per embryo, p<0.001). C – A polar histogram showing the distribution of angles between
dorsally located nuclei and the notochord AP axis (º) in control and ablated embryos (n=7 embryos per
condition, 5 angles measured per embryo).
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Figure 6-13 Notochord cell expansion is resisted by unexpanded posterior notochord cells, and by a
tissue boundary in the anterior.
A – Notochord cells located close to the end of the yolk extension (yellow asterisk) in a Lifeact-GFP
expressing control embryo and an embryo with a posterior notochord ablation (magenta lines). B –
Manual tracking of expanding notochord cells in control embryos and embryos with a posterior
notochord ablation. C – Notochord cell displacement over time in control and posteriorly-ablated
embryos (n=4 and n=5 embryos respectively, 3 tracks per embryo). D – The anterior extent of the
notochord in a fixed DAPI stained embryo.
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Figure 6-14 Ablation of posterior notochord cells decreases the elongation of anterior tail segments.
A – Elongation of a 5-segment region in control and posteriorly-ablated post-tailbud stage embryos. B
–Percentage elongation of a 5-segment region in control and posteriorly-ablated embryos (n=8 and n=7
embryos respectively, p<0.01).
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6.5.2 Physical coupling in the anterior and posterior of the embryo

Previous work has suggested that physical coupling between the notochord and
somitic compartment is stronger in the posterior compared to the anterior of the
embryo (Tlili et al., 2019). To gain insight into potential coupling between these two
tissues during stages at which notochord cell expansion is impacting segmented
tissue elongation, I photolabelled stripes at different regions along the AP axis in
embryos entering post-tailbud stages (Figure 6-15A). Relative tissue shifts were
quantified using the anterior extent of each photolabel made in the notochord, somitic
compartment, or neural tube and calculating the distance between them (Figure 6-16).
Shifts between notochord and neural tube labels and notochord and somitic
compartment labels were higher in more anterior regions of the axis, and lower in the
posterior (Figure 6-15B and C). The larger label shifts in the anterior correspond to the
vacuolated region of the notochord in which expanding notochord cells were found to
flow posteriorly, and the smaller shifts in the posterior correspond to the region where
unexpanded notochord cells were found to be more stationary. Thus, these label shifts
reflect the active movement of expanding notochord cells posterior to adjacent tissues,
and the more restricted movement of posterior notochord cells that are more fixed in
place.

To gain insight into how unexpanded posterior notochord cells resist a push coming
from anterior expanding cells, I investigated notochord cell adhesion. The notochord
is wrapped in extracellular matrix (Trapani et al., 2017; Scott and Stemple, 2004),
which forms at the interface between the notochord and flanking somitic mesoderm
(Jülich et al., 2015). I investigated the localisation of vinculin, an adhesion protein that
plays a role in connecting cells to the surrounding extracellular matrix (Kanchanawong
et al., 2010). Whilst few vinculin puncta were visible at the interface between the
notochord and surrounding tissues in anterior, expanded notochord regions (Figure
6-17A), vinculin puncta were clearly visible at the dorsal and ventral extents of
notochord cells in the posterior notochord (Figure 6-17A). Quantifying the number of
vinculin puncta at dorsal and ventral ends of notochord cells confirmed that more
vinculin puncta were present in posterior regions of the notochord where cells are in
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an unexpanded state, compared to the expanded anterior notochord (Figure 6-17B).
These findings suggest that unexpanded posterior notochord cells are adhered to the
surrounding extracellular matrix whilst more anterior expanded cells have lost these
adhesions. Visualising vinculin in a cross-sectional view of the embryo showed that
vinculin is visible around the circumference of the notochord and at the boundary
between the notochord and somitic compartment (Figure 6-18A and B). However,
higher imaging resolution that can be achieved by imaging embryos in a different
orientation (for example imaging embryos dorsal side down) is required to determine
if vinculin plays a role in adhering adaxial cells to the surrounding ECM sheath.

Together, the results obtained from photolabel shifts and vinculin visualisation support
the theory that notochord cells are more strongly physically coupled to the somitic
compartment in the posterior of the axis compared to the anterior. Future experiments
involving the perturbation of vinculin function will increase our understanding on the
functional role of vinculin-associated adhesions in coupling notochord cells to the
surrounding extracellular matrix and facilitating resistance to anterior cell expansion.
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Figure 6-15 The displacement between notochord cells and adjacent tissues is greater in regions of
notochord cell expansion
A – Photolabels in the notochord, neural tube, and somitic compartment at different regions along the
axis made in 28 somite stage embryos and visualised 5 hours later. B – Shift between notochord and
somitic compartment labels at different points along the axis. C – Shift between notochord and neural
tube labels at difference points along the axis.
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Figure 6-16 Measurement of relative tissue shifts between the somitic compartment and notochord
White dashed lines indicate the anterior extent of a segment photolabel and orange dashed lines
indicate the anterior extent of a notochord photolabel. The distance between white and orange lines
was taken as the relative tissue shift.
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Figure 6-17 Notochord cell adhesion differences in the anterior vs. posterior notochord
A – Vinculin localisation in the anterior and posterior regions of the notochord in DAPI stained embryos.
Yellow arrows mark the interface between the notochord and surrounding extracellular matrix. B – The
number of vinculin puncta present at a notochord-extracellular matrix sheath interface in the anterior
and posterior (n=3 embryos, 2 interfaces measured (dorsal and ventral) per embryo).
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Figure 6-18 Vinculin localisation at the somitic compartment-notochord boundary
A – Vinculin localisation shown in two intersecting planes – one plane is a slice through the embryo
midline and the other a cross-sectional view of the embryo. Vinculin is localised around the
circumference of the notochord. B – Vinculin localisation in a cross-sectional view of the embryo.
Vinculin localisation is present at the somitic compartment-notochord interface.
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6.5.3 YAP/Taz is localised to the nucleus in posterior notochord cells
The nuclei of unexpanded cells in the posterior notochord are angled towards the
posterior, indicating that cells in this region are being deformed by a posteriorly
directed force. TAZ (also known as Wwtr1) and YAP are transcriptional co-regulators
that have been implicated in transducing mechanical signals to the nucleus (Dupont
et al., 2011; Panciera et al., 2017). To investigate whether the posteriorly directed
push generated by anterior notochord cell expansion led to YAP/TAZ activation in
posterior notochord cells, I used immunohistochemistry to detect YAP/TAZ localisation
in the posterior of the embryo. First, I investigated YAP/TAZ localisation in regions
located posteriorly away from expanded notochord cells, in the posterior of 24-somite
stage embryos. YAP/TAZ was localised to nuclei in the posterior tip of the notochord,
but not the notochord progenitors (Figure 6-19). To investigate the localisation of
YAP/TAZ in regions closer to more expanded notochord cells, I imaged the posterior
notochord in 28-somite stage embryos in regions where posteriorly angled notochord
nuclei were visible (Figure 6-20, yellow arrows). Whilst YAP/TAZ was localised to the
nuclei of more posteriorly located notochord cells (with no obvious deviation from 90º
nuclear angles), nuclear localisation was decreased in more anterior regions where
nuclei were angled towards the posterior (Figure 6-20). This preliminary data indicates
that notochord cells undergoing deformation due to anterior cell expansion may have
lower levels of YAP/TAZ activity.
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Figure 6-19 YAP/TAZ is localised to the nucleus in posterior notochord cells
DAPI stained nuclei (white) and YAP/TAZ protein localisation (green) in the tailbud of 24 somite stage
embryos. Magenta arrows indicate examples of nuclear YAP/TAZ localisation.
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Figure 6-20 Nuclear localisation of YAP/TAZ is decreased in regions where nuclei are angled posteriorly
Nuclei visualised with DAPI and YAP/TAZ localisation in the notochord of 28 somite stage embryos.
Posteriorly angled nuclei are indicated with yellow arrows. The anterior-most nuclei with clear YAP/TAZ
nuclear localisation are marked with magenta arrows.
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6.6 Conclusions and discussion
Whilst early termination of progenitor addition to the notochord is known to lead to axis
elongation defects (Row et al., 2016), it remained unclear whether this process
contributed to segmented tissue elongation and how it may impact segmentationassociated elongation. In this chapter I investigated how notochord progenitor
contribution coordinates with anterior notochord cell expansion to elongate the embryo
axis.

The notochord progenitor domain was found to shrink in volume over time,
corresponding to a decrease in the contribution of notochord progenitors to the
posterior notochord. Thus, the source of new posterior unexpanded notochord cells
will be depleted as vacuolation progresses posteriorly along the axis. Tissue-level
forces have been shown to deform nearby cells, with cell shapes giving an indication
of the direction in which a force is acting (Mosaliganti et al., 2019). I found that the
nuclei of unexpanded posterior notochord cells (located close to a region of expanding
cells) were angled towards the posterior, and that ablation of anterior notochord cells
reversed the direction in which unexpanded cell nuclei were oriented. The reversed
direction in which nuclei are angled in ablated embryos may represent an elastic
response component to the loss of a posteriorly directed force, with stored elastic
energy leading to a reversal in nuclear angles. These results indicate that a posteriorly
directed force generated by anterior notochord cell expansion acts to deform posterior
unexpanded notochord cells.

Notochord cell expansion has previously been shown to be constrained by a stiff
sheath that circumferentially wraps the notochord (Adams et al., 1990). However, it is
not well understood whether and how notochord cell expansion is constrained in the
AP direction. Ablation of posterior unexpanded notochord cells resulted in an increase
in the posterior displacement rate of anterior expanding cells, suggesting that
unexpanded notochord cells resist force arising from anterior notochord cell
expansion. Expanding notochord cells moving into a region of posterior cell ablation
show average speeds of up to 36µm/hour. These speeds are similar to those observed
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in vitro for migratory cell types (Maiuri et al., 2012). However, the lack of protrusion
exhibited by expanding notochord cells and the spherical shape they develop supports
the theory that their movement results from a push coming from anterior notochord
cell expansion rather than migration, in a manner similar to that of expanding gel beads
confined within a silicon tube (Norman et al., 2018). The posterior progression of
notochord cell expansion along the axis (characterised in Chapter 4) combined with
the depletion of notochord progenitors will lead to a decrease in the proportion of
unexpanded cells occupying the notochord. This would result in a shrinking of the
region resisting notochord cell expansion as development progresses, until the
entirety of the notochord is in an expanded state. Indeed, experiments in which the tail
tip of larval-stage embryos has been cut away reveal a rapid extrusion of notochordal
tissue, suggesting that the posterior notochord no longer provides resistance at these
stages (Romero et al., 2018). But how do unexpanded notochord cells resist anterior
cell expansion? Adhesions formed between cells and the extracellular matrix have
been shown to resist forces acting to detach them (Puech et al., 2005). I observed that
vinculin, a component of cell-extracellular matrix adhesions, was localised at the
interface between the notochord and extracellular matrix sheath in posterior
unexpanded notochord regions, however far fewer puncta were visible in more
anterior expanded regions. This suggests that posterior unexpanded notochord cells
are adhered to the surrounding extracellular matrix, whilst expanded anterior cells may
have lost these attachments. This could facilitate the posteriorly directed movement of
expanded cells shown in photolabel shifts between the notochord and adjacent tissues
in anterior regions and provide a mechanism via which unexpanded cells in the
posterior notochord resist the push arising from cell expansion.

As a whole, the notochord progenitor population was observed to move posteriorly
into the tailbud, whilst presomitic mesoderm progenitors move around it and exit the
tailbud anteriorly. In agreement with these observations, tracking data presented in a
recent study has shown that notochord progenitors, as a group, display relatively high
velocities compared to other tailbud cells, and an overall posterior displacement into
the tailbud (Banavar et al., 2021). I hypothesise that the intercalation of notochord
progenitors as they contribute to the notochord rod may push the notochord progenitor
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population posteriorly, as cells that have undergone intercalation adhere to the
surrounding extracellular matrix and progressively stack up next to one another. To
test whether a posterior push from the notochord progenitor population impacted
segmentation-associated elongation, I ablated notochord progenitors. Ablation of
notochord progenitors led to axis elongation defects, as expanding cells in the
notochord anterior to the ablation site veered off into surrounding tissues and
deformed them. However, notochord progenitors were able to recover after ablation
and re-form the posterior notochord. This made it difficult to assess the impact of
notochord progenitor contribution to the posterior notochord on axis elongation. In
regions where the posterior notochord had re-formed, the re-formed region was
effectively uncoupled from the anterior notochord due to a loss of notochord
connectivity at the internalised ablation site. However, segmentation-associated
elongation was able to continue in this case. These findings are in agreement with
those in Chapter 5, showing that notochord cell expansion is not required for this mode
of axis elongation.
Future experiments determining whether notochord progenitors are actively pushed
into the tailbud of the developing zebrafish embryo are required. This could be
addressed by monitoring the deformation of oil-based droplets (Serwane et al., 2017)
injected between the posterior edge of the notochord progenitor main and the end of
the tailbud. To assess whether such a push impacts segmentation-associated
elongation, a method that inhibits the contribution of notochord progenitors to the
posterior notochord for a sustained period will be required, possibly through
optogenetic blocking of cell intercalation.

Finally, I investigated the localisation of the mechanoresponsive proteins YAP/TAZ in
the posterior notochord. Taz nuclear localisation has been shown to depend on a
multitude of factors, such as extracellular matrix stiffness, cytoskeletal tension, and
cell shape (Dupont et al., 2011). I observed that YAP/TAZ was localised to the nuclei
of posterior notochord cells and that this localisation was lost in regions where cells
have posteriorly angled nuclei indicating that they are being deformed by a posteriorly
directed force. This suggested that notochord cells that were deformed by the
posteriorly directed push had lower levels of YAP/TAZ activity. In the zebrafish oocyte,
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cell compression has been shown to decrease TAZ localisation in the nucleus (Xia et
al., 2019). It may be that notochord cells between an anterior expanding notochord
region and a region of recently contributed posterior notochord cells undergo
compression, resulting in a decrease in Taz nuclear localisation (Figure 6-21).
Intriguingly, Taz activity is also implicated in cell-extracellular matrix attachment, with
Taz promoting attachment to the extracellular matrix via integrin-based focal
adhesions (Xia et al., 2019). I observed that vinculin puncta were located at the
notochord cell-extracellular matrix sheath interface in posterior unexpanded notochord
cells and are lost in cells that have become expanded. Whether Taz may be involved
in regulating notochord cell adhesion to the surrounding extracellular matrix sheath is
an area for future investigation.

Figure 6-21 Cell deformation in the notochord
Anterior notochord cell expansion exerts a posteriorly directed force on nearby unexpanded notochord
cells. Unexpanded cells undergoing deformation may experience compression as they are pushed
against more posterior notochord cells contributed by notochord progenitors (yellow). Yap/Taz are
localised to the nuclei of the posterior-most notochord cells, and nuclear localisation may be lost in
regions undergoing compression.
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7 Discussion
Over the course of my PhD, I have sought to understand the mechanical impact of
notochord morphogenesis on axis elongation – focusing specifically on the elongation
of the somitic compartment. My findings show that, whilst segmentation-associated
axis elongation can progress independently of notochord cell expansion, this
expansion plays a key role in elongating segmented tissue during later stages of
embryo development. The progression of vacuolation posteriorly along the notochord
leads to a posterior displacement of expanded notochord cells that is resisted by
unexpanded cells in the posterior notochord. I propose that this generates a stress
along the notochord, which is transmitted to the somitic compartment via physical
coupling between these two tissues in the posterior, mediated by a shared
extracellular matrix interface. Over time the region resisting the push from expanding
notochord cells will shrink, as vacuolation progresses along the notochord and
notochord progenitors are depleted. I expect this to facilitate stress transmission to
more and more posterior regions of the somitic compartment, until ultimately the entire
somitic compartment has undergone a stretch in the AP direction.

7.1

Constraints acting on modes of embryo morphogenesis

When characterising zebrafish embryo morphogenesis during tailbud and post-tailbud
stages of development, I observed that axis elongation can be described by two
phases; segmentation-associated elongation during tailbud stages, with a switch to
segmented tissue elongation in post-tailbud stages of development. Segmentationassociated elongation depends in part on the amount of available unsegmented tissue
within the embryo tailbud from which somites can be formed. In mouse, chicken and
shark embryos the volume of unsegmented tissue in the tailbud increases during
development (Bénazéraf et al., 2017a; Steventon et al., 2016), whilst in the zebrafish
unsegmented tissue in the tailbud is not replenished and gets gradually depleted over
time (Attardi et al., 2018; Steventon et al., 2016; Thomson et al., 2021). Growth of the
unsegmented region in embryos may be linked to the energy supply available to the
developing embryo (Steventon et al., 2016). Variation in the amount of nutrition
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available to developing embryos of different species (provided by either the yolk or
placenta) is likely to impact the growth mechanisms utilised by each species (O’Farrell,
2015; Steventon et al., 2016). The nutrition supply available to shark, mouse and
chicken embryos is relatively large compared to that of the zebrafish embryo
(Hamburger and Hamilton, 1992; Sauka-Spengler et al., 2003; Steventon et al., 2016).
Correspondingly, the increase in tissue volume occurring in tailbud of mouse, shark,
and chicken embryos is greater than that of zebrafish, and may be linked to the relative
amount of nutrition available to each embryo (Bénazéraf et al., 2017a; Steventon et
al., 2016). As a result, the contribution of segmentation-associated elongation to
overall axis extension is likely to be greater and to continue for longer in these higher
vertebrates.

In addition to providing embryos with a supply of nutrients, the yolk may exert
geometric constraints on embryo body morphogenesis. In the case of chicken
embryos, the embryo develops on top of a relatively large yolk. The vitellin membrane
that encloses the yolk has recently been shown to exert tension on the developing
embryo (Kunz et al., 2021). This tension facilitates the expansion of embryonic tissues
at early stages, and is downregulated over time, allowing for the convergence and
extension of axial tissues as the embryo develops (Kunz et al., 2021). As the entire
embryo body remains in contact with the surface of the yolk during these stages, this
may account for the flat morphology and straight development of the chicken embryo.
Whereas in the zebrafish, the embryo body initially wraps around the yolk, and only
when the tail detaches and progressively lifts away from the yolk does the embryo
straighten. Embedding zebrafish embryos in a stiff agarose gel inhibits their elongation
and straightening, demonstrating the impact of external physical constraints on these
aspects of embryo morphogenesis. In the case of snake embryos, somitogenesis
continues long after the posterior body of the embryo has detached from the yolk sac
(Gomez et al., 2008). This may allow for the observed coiling of the tail as somites
continue to form after it is no-longer constrained by the surrounding yolk.
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7.2

The mechanical role of the notochord in elongating segmented tissue

My measurements of notochord cell lengths showed that cell sizes were larger in
anterior notochord regions compared to the posterior, consistent with previous
observations and likely due to an earlier onset of notochord cell differentiation and
subsequent vacuolation in anterior cells (Bagwell et al., 2020; Dale and Topczewski,
2011; Ellis et al., 2013; Yamamoto et al., 2010). I also observed that the height of the
notochord was greater in anterior regions containing more expanded cells compared
to the unexpanded posterior. The expansion of notochord cells is constrained by a stiff
extracellular matrix-based sheath and this is thought to increase the internal pressure
of the notochord (Adams et al., 1990). Using collagen gene expression to mark the
notochord, I found that pharmacologically inhibiting vacuolation decreased the radius
of the notochord. Previous work investigating cell packing within the notochord and its
relationship with the notochord aspect ratio has shown that genetically biasing
differentiation away from the vacuolated cell type changes the arrangement of cells
within the notochord, with cells arranging linearly rather than in the wildtype ‘staircase’
pattern (Norman et al., 2018). In addition, the cross-section of the notochord is more
elliptical in embryos with decreased vacuolated cell numbers (Norman et al., 2018).
Together with my observations, these findings support the theory that notochord cell
expansion exerts force on the surrounding sheath and is capable of deforming it.
However, for the internal pressure of the notochord to increase and the subsequent
increase in its flexural stiffness to occur, the sheath must resist cell expansion to some
extent. There is evidence to suggest that the ability of the notochord sheath to resist
deformation increases over time in Salmon and Xenopus embryos (Grotmol et al.,
2006; Adams et al. 1990). Whether a similar event occurs in the zebrafish embryo is
an area for future investigation.

A stiffer tissue undergoing shape change is able to physically deform surrounding
softer tissues. Thus, the increasing flexural stiffness of the notochord due to
vacuolation-driven cell expansion (Adams et al., 1990) makes it a candidate for driving
the physical deformation of neighbouring tissues in the developing embryo.
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However, in addition to its potential mechanical impact on axis elongation, the
notochord is also known to play a biochemical role in patterning somites via sonic
hedgehog (Shh) signalling (van Eeden et al., 1996; Varga et al., 2001). Mutations that
lead to defective notochord morphogenesis and vacuolation often impact Shh
signalling in the notochord (Odenthal et al., 1996; Stemple et al., 1996). As a result, it
has been difficult to decouple the mechanical versus biochemical role of the notochord
in somitic compartment elongation in zebrafish mutants.

To address this issue, I attempted to investigate the mechanical impact of notochord
cell expansion on segmented tissue elongation in the absence of changes in Shh
signalling. To achieve this, I utilised a spatially and temporally specific multi-photon
ablation method to ablate notochord cells at the onset of vacuolation and investigated
the impact of defective notochord cell expansion on a region of segmented tissue
located away from the ablation site. In addition to being located away from the site of
ablation, Shh expression appeared to be unaffected in intact regions of the notochord
located posterior to an ablated site suggesting that the signalling environment
experienced by the measured region of segments was unperturbed. The decrease in
segmented elongation observed in ablated embryos demonstrated a mechanical role
for the notochord in elongating segmented tissue during post-tailbud stages of
zebrafish embryo development, in the absence of significant changes in Shh
expression. Whilst this method allowed me to decouple the mechanical versus
biochemical role of the notochord in segmented tissue elongation, the reversed
movement of expanding notochord cells posterior to an anterior notochord ablation
site led to a progressive ‘filling in’ of the ablated area, meaning that ablations were
transient and would eventually be effectively closed. To estimate the more global and
long-term impact of the mechanical role of the notochord in axis elongation, I
extrapolated the measured decrease in segmented tissue elongation obtained in this
study to a timepoint when the whole notochord is expected to have undergone
vacuolation and contextualised this with axis lengths observed in mutants with
defective notochord morphogenesis.
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The entire notochord appears to be fully vacuolated by 3-days post fertilisation,
approximately 2 days after the onset of post-tailbud stages of development (Kimmel
et al. 1995). At this point I would expect the stress generated along the notochord to
impact the whole length of the somitic compartment. Using the linear regression
equations obtained for segmented-tissue length gain over time in embryos with
anterior notochord ablations and control embryos gives an expected 28% reduction in
somitic compartment length in ablated embryos compared to controls over a time
period of 2 days, assuming that all segments in the somitic compartment are impacted
equally and elongate at the same rate as the measured region. This is in agreement
with experimental findings showing that embryos with a mutation leading to defective
vacuole biogenesis have body lengths that are 17.5% shorter than the wildtype at 3days post fertilisation (Sun et al., 2020). Importantly, axis elongation defects are only
observed in this mutant after embryos have reached post-tailbud stages of
development (28 hpf), with no observable difference in axis length detected between
the mutant and wildtype at earlier stages (20hpf) (Sun et al., 2020) in agreement with
the results obtained in Chapter 5. This truncation of the embryo axis leads to severe
scoliosis at adult stages of development (Bagwell et al., 2020). Thus, if the impact of
anterior notochord cell ablation of segmented tissue elongation was maintained for
longer time periods, it would likely lead to similar adult defects.

The above analysis assumed that all segments were equally impacted by notochordgenerated stress and that they all elongate at the same rate. This is an
oversimplification as multiple factors, discussed below, are likely to affect the way
segmented tissue responds to notochord-generated stress:

7.3 Spatial and temporal variation in physical coupling between the notochord
and somitic compartment
For notochord morphogenesis to exert an AP stretch on the somitic compartment,
these tissues must be physically connected. The photolabeling experiments presented
in Chapter 6 show that the displacement between notochord cells and an adjacent
region of the somitic compartment or neural tube decreases with decreasing distance
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from the posterior end of post-tailbud stage embryos. In addition, manual tracking of
notochord cells (presented in Chapter 4) revealed that notochord cell displacement
relative to adjacent segments is lower in the posterior and higher in the anterior. These
findings are in agreement with previous work indicating that notochord cells and the
somitic compartment are physically coupled in the posterior of the embryo, and less
coupled in the anterior (Dray et al., 2013; Tlili et al., 2019). Segments are physically
connected along the somitic compartment at ECM reinforced boundaries (Naganathan
and Oates, 2020). Therefore, physical coupling between the notochord and segments
in the posterior would allow transmission of stress along the length of the somitic
compartment located anterior to the coupled region.

A shared interface of extracellular matrix between the somitic compartment and
notochord may facilitate this tissue-tissue coupling (Dray et al. 2013; Guillon et al.
2020). Loss of integrin mediated adhesion leads to buckling of the notochord and its
detachment from adjacent somitic tissue (Dray et al., 2013) and another adhesion
protein, focal adhesion kinase, is localised at the interface between the notochord and
adjacent somitic tissue in the posterior of the embryo (Henry et al., 2001). Integrin is
also enriched around the surface of the notochord in contact with somites in mouse
embryos and integrin perturbation leads to a loss of notochord integrity (Guo et al.,
2020), suggesting this mode of tissue coupling is utilised in multiple species.

I investigated adhesion between notochord cells and the surrounding extracellular
matrix to see how adhesion to this interface might vary in the anterior and posterior of
the embryo. Visualising the localisation of vinculin, a protein associated with cellextracellular matrix adhesions, in the posterior notochord revealed that vinculin puncta
were located at the dorsal and ventral extents of notochord cells in the region where
they contact the surrounding extracellular matrix. However, very few vinculin puncta
were present at this interface in anterior notochord regions where cells had undergone
expansion. These findings suggest that notochord cells are more strongly connected
to the extracellular matrix sheath in the posterior compared to the anterior, potentially
revealing an underlying mechanism that allows expanded notochord cells to flow
posteriorly relative to adjacent tissues in the anterior, and resist the force generated
146

by expanding cells in the posterior. Future experiments investigating the movement of
anterior notochord cells when the maintenance of cell-matrix adhesions in anterior
notochord is promoted will reveal if it is the uncoupling of these adhesions that
facilitates the flow of expanded cells.

The physical coupling between segments and this extracellular matrix interface may
also vary spatially along the axis. Before a somite has been segmented the presomitic
tissue lies in close contact with the notochord, with the muscle-precursor ‘adaxial cells’
being in closest contact, flanking the notochord on either side (Daggett et al., 2007;
Devoto et al., 1996). Integrin clustering has been observed at the edges of adaxial
cells in contact with a layer of fibronectin between the somitic compartment and the
notochord, indicating that adhesion between adaxial cells and the extracellular matrix
interface may be facilitated by interactions between integrins and the fibronectin
component of the extracellular matrix interface (Jülich et al., 2009). After somites are
segmented they undergo bending as they begin to develop a chevron-like morphology
(Rost et al., 2014). Recent work has suggested that a reduction in coupling between
the notochord and somites occurs in the posterior of the embryo as somites undergo
bending (Tlili et al., 2019). However, the relative tissue displacement observed in this
case is small and the bulk of the overlap between somites and underlying notochord
cells is maintained over the entire bending period (Tlili et al., 2019). Considering that
somites are three-dimensional blocks of tissue, the relative movement of a more lateral
surface of the somite and the medial notochord cells may not accurately reflect the
coupling between these two tissues. Future studies investigating the relative
movement of notochord cells and the medially lying adaxial cell layer will better inform
us of the coupling between the notochord and somitic compartment, as it is at this
interface that these tissues are likely to be connected.

As somite bending progresses, adaxial cells begin to differentiate into early muscle
fibre cell types, such as muscle pioneers and slow muscle cells (Devoto et al., 1996;
Yin et al., 2018). As they differentiate, most of the adaxial cells migrate away from the
notochord to form superficial slow muscle fibres on the outer surface of the somite,
and the morphology of the somite changes (Devoto et al., 1996). However, a few
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muscle pioneer cells do not undergo migration and remain in close contact with the
notochord in regions where somites have become chevron shaped segments (Daggett
et al., 2007). Therefore, whilst it is possible that the lateral migration of adaxial cells
and subsequent reduction in the number of cells remaining in close contact with the
notochord-somitic compartment interface, leads to a decrease in physical coupling
between anterior segments and this interface, there may still be some degree of
connectivity. I propose that a decrease in notochord cell adhesion to the extracellular
matrix interface in regions where cells have expanded facilitates the posterior
movement of expanded notochord cells relative to anterior segments, and that this
may effectively uncouple notochord cells from surrounding segments in these regions.
Further investigation into the regulation of physical coupling between the notochord
and somitic compartment, including an analysis of how vinculin localisation changes
dynamically with increasing notochord cell expansion, will aid our understanding of
how force generated by notochord morphogenesis is transmitted to the somitic
compartment.

7.4

Spatial and temporal variation in segment material properties

Tissue in the very posterior of the somitic compartment (the posterior presomitic
mesoderm) has been shown to display more fluid-like properties compared to the more
solid-like anterior presomitic-mesoderm (Mongera et al., 2018). Therefore, it is likely
that the somitic compartment will become stiffer over time, as more fluid-like posterior
tissue is progressively depleted and segmented into more solid blocks of tissue.
Recent studies investigating the material properties of somites have shed light on the
change in somite material properties over time (Naganathan et al., 2020). In embryos
at very early stages of somitogenesis (very much prior to the onset of vacuolation)
somites behave as viscous fluids with surface tension and round up when explanted
out of the embryo (Naganathan et al., 2020). In older embryos, at developmental
stages coinciding with the onset of notochord vacuolation, somites have been found
to display more solid-like material properties (Shelton et al., 2021). Thus, it is likely
that the maturity of a somite will determine its mechanical properties, with more mature
somites being stiffer than recently formed ones. It is possible that the stress generated
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by notochord cell expansion during post-tailbud stages of development represents a
mechanism that allows for the deformation of the stiffer segmented tissue that makes
up the majority of the axis at these stages. This could ensure that axis elongation is
able to continue after the fluid-like unsegmented tissue in the posterior embryo has
been depleted. However, if an anterior to posterior gradient in somite stiffness exists,
it is likely that the stress transmitted from the notochord to the somitic compartment
during post-tailbud stages of development will deform a region of ‘younger’ somites
more easily than a region of mature anterior somites. Therefore, the most anterior
segments of post-tailbud stage embryos may undergo little elongation, whereas
younger segments in the middle and posterior of the axis may elongate more as they
deform more easily in response to notochord-generated stress.

7.5

Shrinkage of the posterior unexpanded notochord region resisting anterior
cell expansion

The unexpanded posterior notochord is pushed against by anterior expanding
notochord cells (Figure 7-1A). It is in this region of posterior resistance that notochord
cells have adhesions to the extracellular matrix interface between the notochord and
somitic compartment (Figure 7-1B). Thus, it is the extracellular matrix interface
between unexpanded notochord cells and the somitic compartment in the posterior of
the embryo that physically connects these two tissues. As vacuolation progresses
posteriorly along the notochord, the posterior unexpanded notochord region providing
resistance will shrink over time (Figure 7-1A), as cells in the posterior expand and
uncouple their adhesions from the surrounding extracellular matrix. As a result, the
region connecting notochord cells and the somitic compartment will also shrink. I
expect that this will facilitate transmission of notochord-generated stress to more and
more posterior regions of the somitic compartment as development progresses.
Severing the posterior tip of the tail during larval stages of development leads to the
posterior extrusion of notochord cells (Romero et al., 2018; Norman et al. 2018),
possibly due to the loss of unexpanded posterior notochord cells at these late stages
that would have provided resistance to anterior cell expansion. This would support the
theory that the depletion of notochord progenitors combined with the progression of
vacuolation along the notochord ultimately leads to an entirely vacuolated notochord,
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with the force resulting from cell expansion ultimately being transmitted along the
entire length of the trunk and tail.

Figure 7-1 anterior expansion and posterior addition to the notochord coordinate to elongate the
zebrafish embryo AP axis
A – Vacuolation progresses posteriorly along the notochord over time, corresponding to a posterior
progression of notochord cell expansion (magenta). Unexpanded notochord cells (blue), contributed by
notochord progenitors in the posterior (green), resist anterior cell expansion allowing for stress
generation along the notochord. B – Notochord cells and the somitic compartment are proposed to be
physically coupled at a shared extracellular matrix interface in the posterior of the axis. This is thought
to facilitate transmission of notochord generated stress to the somitic compartment, leading to a
stretching of the segmented region of the axis anterior to the coupling point.
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7.6

The impact of notochord morphogenesis on segmentation-associated
elongation

In contrast to the identified role that the notochord plays in elongating segmented
tissue, segmentation-associated elongation was found to be robust to notochord
perturbation in multiple contexts. In embryos with anterior notochord ablations
segmentation-associated elongation continued and no significant difference in the
length generated by this mode of elongation was detected (Chapter 5). This is in
agreement with the phenotype observed in genetic mutants with defective notochord
morphogenesis. In one of the most extreme examples, Floating head (flh – now known
as Noto) mutants lack a notochord. Flh embryos develop somites that are fused across
the midline and display a truncated axis at 1dpf (Halpern et al., 1995; Talbot et al.,
1995). Whilst these mutants display clear defects in somite shape and length, the
posterior-body elongation defects observed at 24hpf are relatively mild considering
that the entire notochord is missing and shows that segmentation-associated
elongation continues even in this extreme case.

In embryos with notochord progenitor ablations, I observed an internalisation of
ablated notochord progenitor tissue into the notochord after ablations were performed.
Following internalisation of the ablated region, the notochord progenitors appeared to
recover and re-form the posterior notochord, and length generated by the
segmentation of the final few somites appeared to be unaffected in this region.
Posterior notochord cells in the re-formed region underwent vacuolation indicating that
a continuous notochord is not required for notochord cell vacuolation to progress
posteriorly along the axis. Together these results demonstrate that processes
associated with posteriorly located progenitor contribution to axial tissues, both to the
posterior notochord and somitic compartment, are robust to perturbation.
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7.7 The role of notochord mechanics in axis elongation in different species
The impact of notochord cell expansion on segmented tissue elongation is likely to
vary between species. The number of somites formed and the rate of somitogenesis
differs between species (Gomez et al., 2008), leading to differences in the duration of
tailbud stages (when somitogenesis is still occurring) in different species.
Somitogenesis occurs over approximately 15 days in human embryo development
(Muller and ORahilly, 1987), 7 days in mouse (Downs et al., 1993), 3 days in chicken
(Hamburger and Hamilton, 1992), and 1 day in zebrafish (Kimmel et al., 1995). Axis
elongation in higher vertebrates such as the chicken and mouse has predominantly
been investigated at stages prior to, or during, the segmentation period. As a result,
very little is known about the potential contribution of notochord cell expansion to later
stages of axis elongation in these species.

Whilst vacuolation occurs many hours later in the notochords of rabbit and avian
embryos compared to the zebrafish, its timing relative to the segmentation period may
be similar. Chicken embryos form approximately 55 somites compared to the
approximately 32 somites formed in zebrafish (Gomez et al., 2008). In zebrafish
embryo development, notochord vacuolation begins mid-way through somitogenesis
after approximately 17 hours of development and progresses as notochord vacuoles
take in water and increase in volume over time (Ellis et al., 2013). Vacuolated cells
are reported to appear in the notochord of chicken embryos at Hamilton and
Hamburger (HH) stage 14, corresponding to approximately 50 hours of development
(Bancroft and Bellairs, 1976). By this point roughly 22 somites have formed, placing
this stage approximately mid-way through somitogenesis (Bancroft and Bellairs,
1976). By the end of somitogenesis (at approximately 3 and a half days of
development) almost all of the cells in the chicken embryo notochord appear to be
vacuolated (Bancroft and Bellairs, 1976; Hamburger and Hamilton, 1992). Thus, whilst
notochord vacuolation occurs much later in the chicken embryo in terms of absolute
time, its timing relative to the segmentation period is similar to that of zebrafish.
Whether vacuolation driven notochord cell expansion plays a role in the continued
elongation of the chicken embryo axis after segmentation is complete is not known. In
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other, faster developing species, the impact of notochord cell expansion on axis
elongation has been studied. In ascidians the notochord occupies a large proportion
of the embryo, taking up almost the entire volume of the embryo tail (Lu et al., 2020).
Bending of the Ciona embryo tail is driven by actomyosin activity at the ventral side of
the notochord, with asymmetric generation of contractile force causing the tail to bend
ventrally (Lu et al., 2020). Vacuoles also develop in the notochord of Ascidian
embryos, and the tail of Ciona straightens out as it reaches larval stages (Dong et al.,
2009). At later stages of development these vacuoles fuse to form a continuous fluid
filled lumen (Dong et al., 2009). Whether osmotic inflation of the notochord lumen
drives the continued elongation of the axis in Ciona remains to be determined.

Recent work has shown that notochord morphogenesis also plays a role in elongating
the axis of amphioxus embryos, one of the most ancient chordates still living (Andrews
et al., 2020). Notochord cells in the amphioxus differentiate to form either a central or
Muller cell type, with central cells being analogous to the inner cells of the zebrafish
notochord, and Muller cells to sheath cells (Bocina et al., 2011). Central cells in the
amphioxus notochord expand in volume over time and increase their AP length
(Andrews et al., 2020). These changes in cell shape lead to an increase in notochord
length as development progresses and represent a common feature between
amphioxus and zebrafish notochord morphogenesis (Andrews et al., 2020). The
zebrafish and amphioxus notochord also share another common feature, variation in
the differentiated state of cells along the AP axis. However, rather than the anterior to
posterior progression of cell volume increase found in zebrafish, notochord volume in
amphioxus appears to progress bidirectionally, beginning earlier in the centre of the
notochord and progressing towards the anterior and posterior. Prior to axis elongation,
proliferation is detected throughout the amphioxus notochord, However, once
elongation has initiated proliferation becomes restricted to a population of notochord
progenitors lying at the posterior tip of the notochord. Blocking the contribution of
progenitors to the posterior end of the notochord using hydroxyurea was found to
cause embryos to develop with a truncated axis – likely due to a decrease in the
notochord elongation generated by a smaller number of expanding notochord cells
(Andrews et al., 2020). It is possible that a similar mechanism to that identified here in
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zebrafish, notochord cell expansion coupled with regions of resistance in the anterior
and posterior, drives axis elongation in amphioxous. If true, this would place
notochord-generated stress as one of the earliest mechanisms of axis elongation in
chordates.

The mechanism of notochord generated stress proposed in this study may also have
implications for driving elongation in in vitro embryonic systems. Recent studies have
investigated the ability of aggregated embryonic stem cells from fish, mouse, and
human embryos to self-organise and generate morphology (Beccari et al., 2018;
Fulton et al., 2020; Moris et al., 2020). So far, an organised notochord-like structure
has not been reported in these reduced systems. Instead, elongation of these
structures likely occurs via a more ‘tailbud-like’ mode of elongation – driven largely by
cell rearrangements. In the future it will be interesting to see how the addition of
notochord morphogenesis to the developmental program of these structures
contributes to their morphogenesis. It may be that in mouse and human embryoid
systems, the addition of a notochord adds little to their elongation as the notochord is
much skinnier in mouse and human embryos. However, in fish embryoid systems
(Fulton et al., 2020; Oppenheimer, 1936; Schauer et al., 2020), the ability to generate
a vacuolated notochord may provide important mechanical forces that allow for longer
axis lengths to be achieved, and more physiologically shaped segments to develop.

In conclusion, I have shown that the confined expansion of cells within the zebrafish
embryo notochord is resisted by unexpanded posterior notochord cells. I propose that
the combination of cell expansion, and resistance to that expansion, generates a
stress that acts to deform segments in the anterior-posterior direction, contributing to
overall embryo axis elongation after the tailbud has started to degenerate. This may
represent an evolutionarily conserved mechanism of axis elongation and has potential
implications for engineering more complex morphologies in in vitro models of
embryonic development.
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