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1.1 Thesis perspective 

Somitogenesis is a fundamental step in early vertebrate development. During this process, the 

paraxial mesoderm of the early embryo segments from head to tail into blocks of cells, called 

somites. Although somites are transient structures, they are literally the building blocks of the 

vertebrate body plan. Somites underlie the segmental pattern of vertebrate embryos, which 

determines the layout of the vertebrae and ribs, the muscles of the back, body wall and limbs, 

and the migratory paths of neural crest cells, which make the axons of spinal nerves. Somites 

also give rise to the cells that form the dermis of the dorsal skin, and specify the urogenital 

system. 

 

During somitogenesis, the body plan is patterned, stem cells turn into specialized cells, and 

mesenchymal-to-epithelial transitions (MET) take place. Studying the differentiation and 

maturation of the embryonic tissues during somitogenesis is very important, as it can give us 

insights into the origin of congenital diseases (1), and the evolution of vertebrate species; our 

own evolutionary origin. Understanding fundamental biology is also clinically relevant 

because it can lead to improved tissue engineering and cell therapy strategies aiming at the 

regeneration of damaged or lost tissues after disease or injury (2), and regulating cellular 

behavior during cancer progression (3). 

 

The most prevalent model of somitogenesis, the clock-and-wavefront model (4, 5), describes 

the mesodermal cells maturing from stem cells in the tail tip, to differentiated cells in somites, 

by cyclic gene expression and signaling gradients. Next to chemical signals, mechanics is also 

essential to tissue formation because biomechanical cues can guide cell behavior and 

differentiation (6). However, most studies on somitogenesis do not consider mechanical 

factors and therefore cannot yet explain the physics of somite formation.  

 

Because the mechanical basis of vertebrate segmentation is poorly understood, I have studied 

the mechanical properties of the paraxial mesoderm during somitogenesis, and tested whether 

mechanical cues can act as instructive signals for somitogenesis. For this, I used the chicken 

embryo (Gallus gallus domesticus) as a vertebrate model. 
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1.2 The chicken embryo as a model 

Chicken embryos are a great developmental vertebrate model, because compared to other 

models, such as mouse (Mus musculus) and rat (Rattus norvegicus), they provide a much easier, 

cheaper and more ethical way of studying early vertebrate embryogenesis. Early chicken 

embryos are convenient for microscopy mechanical manipulations, because they have a flat 

sheet-like morphology and are relatively large compared to other vertebrate embryos, such as 

zebrafish (7). It is a very ethical choice of species, as the mother does not have to be sacrificed 

to obtain the embryos. Furthermore, work on early stages prevents distress for the embryo, as 

their pain sensitivity is not developed before day 7 (8). Because the embryos can be cultured 

both in ovo (in eggs that are windowed for manipulations), or outside of the egg in vitro, they 

allow for cheap materials to incubate them (9) and have a unique accessibility, compared to 

mammalian embryos. Its immune system does not begin to function until week 3 of its 

development (10) and this makes the chicken amenable to tissue xenografting. A disadvantage 

is that the chicken model lags behind many of the modern genetic tools to study its gene 

regulatory networks, although it is quickly catching up (11, 12). Another limitation is that the 

chicken is not a mammal, and therefore less related to humans, compared to mammalian 

model species. Chicken embryo development is standardized by the Hamburger-Hamilton 

(HH) stages (13). Because I used the chicken embryo as a model, most references in this thesis 

will focus on chicken research, but I will also refer to other model systems, when appropriate 

or necessary. 

 

1.3 Somitogenesis: the segments of the vertebrate body plan 

All vertebrate animals have a segmented adult body plan, most visible in the spinal column, 

as well in as the ribs, peripheral nerves, skeletal muscles and tendons. The adult spine provides 

both structural support as well as flexibility, because of its alternating stiff osseous vertebrae 

and flexible cartilaginous intervertebral disks. The size and number of vertebrae is defined in 

different species, but varies widely from one species to another. Compare for example the 

segment numbers of frogs (6), humans (around 40), chickens (52) and snakes (300~500). 

 

To build the vertebrate body, the young amniote vertebrate embryo (reptiles, birds and 

mammals) consists of three germ layers, the ectoderm, mesoderm and endoderm (Fig. 1C). 
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The middle layer, the mesoderm, is formed by gastrulation. During gastrulation, the flat 

embryo folds in on itself, when cells from the ectoderm (then called epiblast) sink in and get 

sandwiched by the ectoderm and endoderm. Gastrulation is a major step in complexity for 

vertebrate development, creating a multilayered organism. Gastrulation is achieved by 

complex gene cascades involving epithelial-mesenchymal transitions (EMT), WNT signaling 

and members of the TGF-β superfamily (14, 15), but less is known about the mechanics of this 

process (16). 

 

The three-layered embryo is formed from head (anterior, or rostral) to tail (posterior, or 

caudal), when its organizer, Hensen’s node, regresses, thereby creating a morphological age 

difference between the rostral (older) and caudal (younger) structures (17). The embryonic 

midline is composed of the neural tube on the dorsal side, and the notochord on the ventral 

side. The midline is surrounded on both sides by the paraxial mesoderm, which is flanked by 

the lateral mesoderm (Fig. 1A and B).  

 

The embryonic basis of the segmented vertebrate body is laid down when the paraxial 

mesoderm divides into cell blocks, called somites (Fig. 1G). At the caudal mesodermal tip of 

the tail, young mesenchymal cells are deposited by EMT and form the presomitic mesoderm 

(PSM). At the rostral side, somitogenesis takes place; the PSM segments rhythmically into 

somites, in a clock-wise manner, adding one segment every 90 minutes in the chicken (at 37oC), 

120 minutes in the mouse (at 37oC), and 20 minutes in zebrafish (at 25oC). Thus, while cells 

stay more or less in the position where they are deposited, the PSM grows caudally creating 

somites in its wake, like a baling machine collecting crop from the field (Fig. 1B). The 

mesenchymal cells spend 18-20 hours in the PSM, undergoing two rounds of mitosis, before 

they get incorporated into somites (18). During their stay in the PSM, the undifferentiated cells 

mature from a motile tissue with large intercellular space and little extracellular matrix (ECM),  
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Figure 1 | Anatomy of the 48h chicken embryo and the segmentation of its paraxial mesoderm. (A) Ventral 

view of a HH12 chicken embryo. Immunostained for actin (red), fibronectin (green) and cell nuclei (blue). (B) 

Schematic version of (A), with locations of transversal sections shown in D-G. The paraxial mesoderm 

consists of the presomitic mesoderm (PSM) that rostrally segments into somites. Somite numbering is shown 

left of the scheme (22). (C) The young chicken embryo consists of three germ layers, the ectoderm, mesoderm 

and endoderm, from dorsal to ventral. The midline consists of the notochord and neural tube. (D-F) 

Transversal histological sections of a HH12 chicken embryo, stained for cells (red, eosin), and extracellular 

matrix (ECM) (blue, alcian blue). (D) The mature rostral somites (SVI and older) fall apart in differentiated 

cells that migrate to occupy specific locations in the flanks or midline of the embryo. (E) The cells in presomitic 

mesoderm and somites compact together and are surrounded by ECM. (F) The paraxial mesoderm is formed 

in the flat tailbud with large intercellular spaces and little ECM. (G) Anatomy of SIII. Recently formed somites 

(SI to SV) consist of a mesenchymal core/lumen, the somitocoel, engulfed by an epithelial layer. 

Immunostained for actin (red), fibronectin (green) and cell nuclei (blue). 
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to a condensed, contractile tissue with a developed ECM consisting of fibronectin and 

collagens (19) (Fig. 1D-F). There have been many models to explain the segmentation of the 

PSM into somites, but by far the most prevalent model for somitogenesis is the clock-and-

wavefront model (Fig. 2B). Originally this model proposed an oscillatory mechanism in the 

PSM (the clock) that interacts with an interface at the rostral PSM (the wavefront) that gates 

groups of PSM cells to unite together into somites (4). Later, Hairy1 expression in chicken PSM 

was found to be dynamic: it relatively moves from caudal to rostral, ending in the caudal halve 

of the forming somite, and repeating this cycle every 90 minutes (20). After the discovery of 

this cyclic gene expression, more and more genes were found to oscillate and to be part of a 

very elaborate network of signaling, that could function as a clock for somite formation (21). 

Presently, the clock-and-wavefront model describes the genetic patterning preceding somite 

formation as an intrinsic feature of the PSM. The patterning results from the interaction 

between travelling waves of oscillating gene expression from the Hes/Her family and a 

propagating wavefront of maturation (23) caused by opposing morphogen gradients (21). Key 

signaling molecules in the caudal PSM are a gradient of Fgf8 mRNA that keeps the cells in an 

undifferentiated state (24), parallel with a gradient of Wnt3a mRNA (25). At the same time, 

Notch/Delta activity synchronizes the cells (26). These caudal gradients and oscillating genes 

interact with a rostral retinoic acid gradient from the somites (27). Thereby, the caudal clock 

activity in the unsegmented mesoderm meets the rostral wavefront and this gradually 

determines the mesoderm to become somites. The variation in somite numbers, and thus 

vertebral numbers, between species, is presumably caused by mutations that lead to changes 

in the speed of the clock period and/or the elongation rate of the PSM, which both affect 

segmentation rate and somite size (28, 29). 

 

1.4 Mechanisms of morphogenesis 

Morphogenesis is the biological process in which an organism develops its shape. During this 

process, one cell changes into a complex organism consisting of many tissues with specific 

patterns, shapes and functions, by organizing the spatial distribution of cells while they 

differentiate from naïve into more specialized cell types. 
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From a classical biologist perspective, morphogenesis is mediated by differential gene 

expression and chemical signaling by morphogens, signaling molecules that act on cells to 

produce specific cellular responses. Some morphogenetic processes are regulated by 

morphogen interactions called Turing reaction–diffusion systems (30). In these self-organizing 

systems, cells autonomously secrete and process morphogens between each other, resulting in 

activations and inhibitions, that can lead to spatial patterns in biology, such as segmentation 

in fruit fly embryos (Drosophila melanogaster) (31), mammalian hair follicles (32), and palate 

morphology (33). Morphogens can also communicate ‘positional information’ to nearby cells, 

when the morphogen diffuses through the tissue from a localized source, forming a 

morphogen gradient across the developing tissue. For example, the transcription factor bicoid 

identifies the rostral-caudal patterning in the Drosophila embryo by establishing a gradient of 

its effects (34). In that way, the morphogen gives morphogen-sensitive cells a response based 

on where they are in the tissue, because of the local concentration of the morphogen (35). 

 

Next to these chemical mechanisms, biomechanics plays a role in morphogenesis. As a 

continuous process of cell migration, tissue deformation and growth, development is an 

inherently mechanical process (36–38). Tissues and cells produce contractile forces and are 

subject to mechanical stresses, which determine tissue shape and differentiation in a highly-

coordinated fashion. Mechanics is inherently able to execute large-scale tissue movements and 

thereby effect morphogenesis. Additionally, mechanics provide cues for cell behavior, 

including directed cell migration, differentiation, branching morphogenesis, and cell 

rearrangement. 

 

At the tissue scale, collective cell movements are driven by forces generated by the cells 

themselves, by exerting stresses on adjacent cells or via the ECM. Mechanical patterning cues 

can operate similar to chemical morphogens gradients, as in the Drosophila embryo, where the 

caudal end of the embryo can be mechanically induced to form mesoderm (39) and relevant 

transcription factors can be activated via tissue deformation (40–42). Tissue homeostasis 

controls the number of cell divisions and cell death and it seems that some tissues are sensitive 

to mechanical signals when they are overcrowded (43, 44), resulting in cell death or 

delamination, or cells squeezing out of the tissue (45).  
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 Figure 2 | The clock-and-wavefront model. (A) Ventral view of a HH12 chicken embryo. Immunostained 

for actin (red), fibronectin (green) and cell nuclei (blue). The paraxial mesoderm lies on both sides of the 

medial neural tube. Periodically, epithelial blocks known as somites bud off from the rostral part of the 

presomitic mesoderm (PSM). Note the increase in cell density from the caudal PSM to the rostral PSM. (B) 

Schematic chicken embryo tail summarizing the clock-and-wavefront model. For clear visualization, the 

wavefront is shown in the top mesoderm lane, the segmentation clock in the lower lane. In reality, they are 

present in both PSM lanes and interact together to regulate the genetic segmentation. New mesodermal cells 

are formed in the caudal tail bud and move rostrally through the presomitic mesoderm (PSM) over time, 

because of tissue flow and the addition of new cells caudally. The future segmental domains become 

determined in the rostral PSM by the interaction of the clock and wavefront. The Fgf8 and Wnt3a gradients 

are formed by an RNA decay mechanism: Fgf8 and Wnt3a mRNA is produced in the tail bud and 

progressively degraded in the PSM. The degradation leads to a caudal gradient of Fgf8 and Wnt3a protein 

gradients. In the rostral PSM, these gradients are confronted by a retinoic acid gradient (yellow). The PSM 

area in between these gradients defines a position at which PSM cells become competent to respond to the 

segmentation clock. This segmentation clock (purple) consist of a Hes/Her-related family of transcription 

factors that undergo oscillatory expression, as the mRNA self-represses its transcription. These oscillations 

are synchronized between neighbor cells via Notch-Delta signaling. The oscillations slow down from caudal 

to rostral. Together, this clock and wavefront mechanisms control the activation of the genetic segmental 

program: when the segmentation clock moves along the wavefront position, the cells get determined in their 

upcoming cycle to activate transcription factors that control the epithelialization and differentiation of the 

PSM cell cohorts. From this point onwards, the future somite cell groups are determined to segment, and 

over 3 to 4 clock periods they will initiate the genetic segmentation.  
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At the cellular scale, cells can deform their neighbor cells and ECM via growth, adhesion and 

active contraction (46). Cells are also mechanosensitive, which means that mechanical stresses 

feedback on their behavior and in fact can be considered instructive, just like chemical 

morphogens (47). The differentiation and behavior of cells is impacted by mechanical 

properties of the cellular environment, such as the elastic properties of the surrounding ECM, 

which directs stem cell lineage specification (48), activates signaling pathways (49), triggers 

proliferation (50), differentiation (51), and re-organization (52). Neurons in the embryonic 

brain also interact with their mechanical environment and their substrate stiffness determines 

their growth patterns; they prefer to walk on ‘softer paths’ (53).  

 

With all these mechanosensitive aspects to cells and tissues, it might come to no surprise that 

many pathologies and diseases also have a mechanical component to them. Both stem cells (48) 

and cancer cells (54) react strongly to their mechanical surroundings. Not only can cancer cells 

develop because of genetic changes, they are also initiated by changes in the mechanical 

properties of the cell or its mechanical environment (55). Changes in the physical properties of 

tissues have been shown to promote cancer progression as cancer tumors grow faster and 

invade more aggressively when in a relatively stiff environment, while softer environments 

delay cancer cell growth (56, 57). When more data is available on the mechanical properties 

and forces of tissues undergoing morphogenesis, we might better understand the mechanical 

mechanisms that underlie these processes, giving us better options to reverse developmental 

defects and to treat diseases by restoring normal mechanical conditions. 

 

While somitogenesis has been studied extensively, there is surprisingly little knowledge on 

how the oscillating genes and signaling gradients finally translate to the physical formation of 

somites (58). Somite formation depends on more than chemical signaling and the genetic 

segmentation, as past experiments demonstrate that the segmenting embryonic mesoderm 

might be sensitive to mechanics. In vitro studies with chicken embryos that lack their natural 

tissue tension show that somites can form in lateral direction, i.e. perpendicular to their normal 

developmental direction (59). Additionally, the actual organization of epithelializing PSM cells 

into somites has been proposed to be a process of self-organization, as mesodermal tissue 

treated with BMP-antagonist Noggin (60), results in somite formation in absence of a clock or 
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wavefront (61). Such self-organization of somites opens up new questions on how the genetic 

patterning in the PSM and the physical somite formation are coupled.  

 

1.5 Thesis aim and outline 

The general aim of this thesis is to establish a possible role of mechanics in the segmentation 

of the vertebrate embryo. To do this, we set four specific objectives: 

 

1. To define the potential for mechanobiology in somite formation and take a mechanical 

perspective for future experiments to further investigate this concept. 

To this end, we performed a literature review to clarify the theoretical framework for 

somitogenesis and the current outstanding questions. We discuss the lack of studies on 

biomechanics and self-organization during somite formation. At the end we give a perspective 

on what experiments can be done to narrow this gap between the chemical signaling from the 

clock-and-wavefront mechanism and the actuators of the physical tissue formation during 

somitogenesis.  

 

2. To develop an ex ovo culture method for chicken embryos that allows access for 

manipulation experiments and long-term high-resolution time-lapse imaging. 

In Chapter 3 we developed an in vitro protocol that provides a stable environment to study 

early chicken morphogenetic processes, with long-term visualization in a widefield view. This 

allowed us to study in vivo chicken embryo somite formation. The protocol was optimized for 

high-resolution widefield time-lapse capturing, so we could visualize the effects of our 

experiments on embryogenesis. Also, to be able to manipulate the embryos, the protocol 

needed to provide us access to the developing embryos. We call our new in vitro culture 

method the 'filter paper sandwich culture’, and this method allows us to reliably handle and 

culture chicken embryos in an easy and cheap way. This method also gave us the ability for 

live fluorescence imaging and micromanipulations. The culture method can easily be adapted 

for simple or more complex setups, depending on the experiments.  
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3. To explore the mechanical properties of early chicken embryos, to better understand the 

physics of tissue development during somitogenesis. 

Since cells respond to, and interact with, their mechanical environment, and the vertebrate 

embryo has a morphological age gradient along its rostral-caudal axis, we wanted to explore 

the mechanical properties of the segmenting tissue in the chicken embryo. Therefore, the filter 

paper sandwich culture was combined with a recently developed cantilever-based indentation 

method and optical coherence tomography (OCT) imaging, in a self-built setup (Chapter 4). 

We indented the mesoderm of chicken embryos undergoing somitogenesis during stages 

HH10-11 in vivo, thereby measuring the stiffness. What are the viscoelastic properties of the 

mesoderm and how does it develop from the embryonic tail towards the somites, undergoing 

cell differentiation and somite formation? By characterizing the storage and loss moduli of the 

chicken embryo mesoderm and its surrounding tissues, we better understand how the paraxial 

mesoderm develops physically. 

 

4. To assess the potential for mechanical cues to guide somitogenesis in the chicken 

embryo. 

In Chapter 5 we hypothesized that if somitic mesoderm self-organizes under influence of 

biomechanical cues, as suggested in the literature, mechanical stretching should then suffice 

to induce morphological changes in during somitogenesis. To test this hypothesis, we 

developed a novel experimental setup to apply controlled strains to live chick embryos. This 

system combined the filter paper sandwich culture with the possibility to stretch developing 

chicken embryos at micrometer speeds in vivo, while visualizing changes in somite 

development by high-resolution widefield time-lapse imaging. 

 

Finally, in Chapter 6, I synthesized all findings of this thesis, noted the limitations of these 

studies and concluded the different insights acquired to provide new views for future research. 

I discussed how mechanical cues might play a role in somitogenesis on different levels, the 

relation of our work with epithelial homeostasis, testing the viscoelastic properties of early 

chicken embryos, future experiments on how genetic segmentation and physical somite 

formation can be coupled, and what evolutionary consequences the mechanobiological 

qualities of the paraxial mesoderm during somitogenesis could have. 
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