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A B S T R A C T   

The blastocyst has long been a hallmark system of study in developmental biology due to its importance in 
mammalian development and clinical relevance for assisted reproductive technologies. In recent years, the 
blastocyst is emerging as a system of study for mathematical modelling. In this review, we compile, to our 
knowledge, all models describing preimplantation development. Coupled with experiments, these models have 
provided insight regarding the morphogenesis and cell-fate specification throughout preimplantation develop-
ment. In the case of cell-fate specification, theoretical models have provided mechanisms explaining how pro-
portion of cell types are established and maintained when confronted to perturbations. For cell-shape based 
models, they have described quantitatively how mechanical forces sculpt the blastocyst and even predicted how 
morphogenesis could be manipulated. As theoretical biology develops, we believe the next critical stage in 
modelling involves an integration of cell fate and mechanics to provide integrative models of development at 
distinct spatiotemporal scales. We discuss how, building on a balanced base of mechanical and chemical models, 
the preimplantation embryo will play a key role in integrating these two faces of the same coin.   

1. Introduction 

Preimplantation development of mammalian embryos has been a 
mainstay subject of study for developmental biology (Rossant, 2016). 
We refer to preimplantation development as the time from fertilization 
to the formation of the blastocyst, which, in mammalian species such as 
human and mouse, is when the embryo implants into the uterus (Fig. 1). 
The entire developmental process has been studied extensively due to its 
great importance for embryogenesis, as well as for medical sciences in 
the contexts of assisted reproduction technology (Shahbazi, 2020; 
Wamaitha and Niakan, 2018). 

Preimplantation development is best studied in the mouse, where the 
blastocyst implants on the 4th day after fertilization (Chazaud and 
Yamanaka, 2016; Maître, 2017; Tosenberger et al., 2019; White et al., 
2018; Zhang and Hiiragi, 2018). The early blastocyst consists of a 
squamous epithelium, the trophectoderm (TE), enveloping a fluid-filled 
lumen, the blastocoel, and a cluster of pluripotent stem cells, the inner 
cell mass (ICM) (Fig. 1). In the late blastocyst stage, the ICM further 
differentiates into primitive endoderm (PrE) and epiblast (Epi), while 
the TE separates into polar and mural TE (pTE and mTE). The PrE and 
mTE line the lumen and the Epi is sandwiched between the PrE and pTE 
(Fig. 2A). Until that point, the embryo develops inside a glycoprotein 
shell, the zona pellucida (ZP). Once the ZP is removed, the mouse 

embryo is ready to implant. 
The specific architecture of the blastocyst results from a series of 

morphogenetic movements (Maître, 2017; White et al., 2018). At the 8- 
cell stage, compaction transforms the loosely contacting cells of the 
embryo into a tight cluster (Maître et al., 2015). Then, at the 16-cell 
stage, some cells internalise and do not contact the outside medium 
any longer (Korotkevich et al., 2017; Maître et al., 2016). At the 32-cell 
stage, fluid accumulates within the embryo to form a lumen, which 
expands and pushes the inner cells into one quadrant (Chan et al., 2019; 
Dumortier et al., 2019; Zenker et al., 2018). Finally, at the 64-cell stage, 
within the ICM, PrE and Epi cells sort into their respective positions 
(Plusa et al., 2008; Yanagida et al., 2020). 

Simultaneously to the morphogenesis of the blastocyst, cells differ-
entiate into the first mammalian lineages. At the end of the 16-cell stage, 
the transcription factor Cdx2 is found only in surface cells, whereas the 
transcription factor Sox2 is specifically expressed in inner cells (Ralston 
and Rossant, 2008; Wicklow et al., 2014). Often before finding their 
final positions, PrE cells specifically express the transcription factor 
Gata6 and lose Sox2 while Epi cells maintain Sox2 and go on to express 
the transcription factor Nanog (Chazaud et al., 2006; Plusa et al., 2008). 
In the late blastocyst, mTE cells lose Cdx2, which is maintained in pTE 
cells (Christodoulou et al., 2019; Nakamura et al., 2015). 

Morphogenesis and fate specification are tightly linked (Collinet and 
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Lecuit, 2021; Gilmour et al., 2017; Hannezo and Heisenberg, 2019). In 
the case of TE and ICM lineages, morphogenesis is upstream of specifi-
cation while the opposite occurs for the PrE and Epi lineages. The for-
mation of the apical domain at the 8-cell stage guides cell positioning 
through oriented cell division and contractility-mediated cell sorting at 
the 16-cell stage (Dard et al., 2009; Korotkevich et al., 2017; Maître 
et al., 2016; Niwayama et al., 2019). This results in only outer cells 
containing the apical domain, which then activates Cdx2 expression by 
promoting the nuclear localisation of the co-transcriptional activator 
Yap (Hirate et al., 2013). This is prevented in inner cells by signals from 
cell-cell contacts, which cover the entire cell surface (Stephenson et al., 
2010; Wicklow et al., 2014). Therefore, the position of cells, encoded in 
apicobasal signals, governs the specification of TE and ICM lineages. 
This is not the case for PrE and Epi fates, which appear in a salt and 
pepper pattern within the ICM as a result of the morphogen Fgf4 being 
secreted by a subset of ICM cells (Kang et al., 2013). Fgf4 steers receiving 
cells towards the PrE fate, which then sort out next to the lumen (Plusa 
et al., 2008; Yanagida et al., 2020). In the case of pTE and mTE, on which 
much less research can be found, the position of TE cells relative to the 
Fgf4-secreting ICM is thought to be at play (Simon et al., 2020). 

Importantly for this review, the blastocyst is a very convenient model 
system as it consists of few accessible large cells developing slowly. 
Despite its simplicity, the blastocyst manifests a variety of phenomena 

that are of great importance across biology in general such as tissue 
compaction, cell sorting, lumen formation, apicobasal polarisation, 
epithelialisation, programmed apoptosis, periodic contractions, meta-
bolic switch or tissue patterning (Chazaud and Yamanaka, 2016; Maître, 
2017; Shahbazi, 2020; White et al., 2018; Zhang and Hiiragi, 2018). We 
think that in being a system capable of developing such complex pro-
cesses yet being relatively simple, it is perfectly tailored to the mini-
malistic approach of modelling (Toolbox). Models developed for and 
tested on the preimplantation embryo can then be used in more complex 
contexts in which modelling from scratch would have been more 
arduous. 

In this review, we discuss the insight and results that have emerged 
from modelling preimplantation development, as illustrated in a dia-
gram of some of this work covering different developmental stages 
(Fig. 1). These models involve a variety of modelling formalisms and 
tackle different questions and developmental stages, yet demonstrate a 
collective effort from the community to incorporate mathematical 
modelling further into the field. We then discuss the advantages of this 
system and why we believe the blastocyst will become a hallmark system 
for mathematical modelling of developmental systems. 
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Fig. 1. Modelling preimplantation development. During preimplantation development, the zygote undergoes cleavage divisions reaching the 2-, 4- and 8-cell stage 
before starting morphogenesis with the formation of the compacted morula and then the expanded and hatched blastocyst. The corresponding brightfield snapshots 
from mouse preimplantation development were provided by Özge Özgüç and Francesca Tortorelli. The hatched embryo shows trophectoderm (TE, green), epiblast 
(Epi, magenta) and primitive endoderm (PrE, cyan). The scale bar in each snapshot corresponds to 20 μm. Theoretical models considering the morphogenesis of the 
blastocyst are noted below the corresponding stage. Theoretical models describing the differentiation of the first lineages are mentioned further below. Furthermore, 
each model is labeled with the specific process it is modelling. It is clear from the dates of publication that this is a growing field, as the number of publications in the 
last 5 years is almost twice that of all the years that came before. 
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2. Modelling lineage specification in the blastocyst 

One of the key questions of preimplantation development is that of 
when and how are the first cell fate decisions made (Rossant, 2016). This 
initially constitutes the choice between ICM and TE (Fig. 1). Then a 
further decision within the ICM takes place with the choice between Epi 
and PrE. It is understood that gene regulatory networks (GRN) play a 
major role in making these initial decisions (Chazaud and Yamanaka, 
2016; Tosenberger et al., 2019) (Fig. 2B). A specificity that modelling 
GRNs should consider at these stages is that cells can often revert to 
different lineages for a variety of reasons: change in position, compen-
sate for a lack of a given cell type or, mechanical stress (Chazaud and 
Yamanaka, 2016; Collinet and Lecuit, 2021; Hannezo and Heisenberg, 
2019). It is in answering these questions that mathematical modelling 
can play an important role, and has done so already in some contexts. 

In the early blastocyst, a long-standing question had been that of how 
TE and ICM are specified. Competing models had been put forward: 
“position-based” in which the position of cells determines TE fate; the 
other model being “polarity-based” in which cells are assumed to inherit 
a polarity which would ultimately determine their fate, regardless of 
their position (Wennekamp et al., 2013). This question was tackled 
through the use of a GRN based model that also accounts for position of 
cells through modelling each cells simply as spheres with attraction and 
repulsion terms (Krupinski et al., 2011). In this study, the authors 
conclude that the position-based model is more robust and likely to drive 
TE-ICM patterning. While the components in the model were limited by 
the biological knowledge at that time, the mechanism the model pro-
poses for cells sensing their apical position matches with the now well- 
described molecular mechanism of Yap-mediated TE specification based 
on positional cues (Fig. 2B) (Hirate et al., 2013; Wicklow et al., 2014). 
This is a clear example of modelling providing a correct mechanistic 
answer to a biological question, even when the specific components are 
unknown (Toolbox). 

With this knowledge, subsequent models have fully embraced the 
position-based model to describe the TE-ICM differentiation (Nissen 
et al., 2017). One such model explores a mechanism that provides 
robustness to noise at a stage where low cell count means noise plays an 

important role (Holmes et al., 2017). This model proposes that through 
noise driven-transitions between a TE and ICM fate, cells can also 
“correct” their fate in a manner akin to that observed in other systems 
that form precise boundaries (Exelby et al., 2021; Zhang et al., 2012). 
Recently, a model explicitly modelling the Yap pathway captured the 
mechanism through which apical signals drive Cdx2 expression, thereby 
better reflecting our current knowledge of the molecular mechanisms 
underlying TE-ICM differentiation (De Caluwé et al., 2019). Finally, in 
an effort to incorporate multiple scales of preimplantation development, 
such as cell position, the GRN, constraint from the ZP and lumen, as well 
as intrinsic noise, an integrative model was recently constructed (Cang 
et al., 2021). This model, with many parameters (Toolbox), steers cells 
towards TE or ICM fates depending on their cell-cell contacts, which are 
set ab initio. It furthermore predicts that noise-induced transitions be-
tween cell fates must be suppressed after the lineages are established. 
However, this model considers stochasticity as proportional to TF levels 
instead of coupled to reaction parameters as is more often the conven-
tion (Gillespie, 2000). This assumption may influence the results, as it 
has been shown that anisotropic distributions in stochastic fluctuations 
play an important role in stabilising stochastic systems and could 
explain how transitions are suppressed without need of additional 
components (Exelby et al., 2021). 

Unlike TE-ICM differentiation, the second lineage commitment of the 
mammalian embryo into PrE and Epi does not seem to be determined by 
cell positions. Instead, the two lineages appear within the ICM in a salt 
and pepper pattern while the proportions of PrE and Epi adjust fairly 
robustly. To fine tune the proportions of Gata6 positive PrE and Nanog 
positive Epi, cells can transiently show high levels of both Gata6 and 
Nanog before committing to a single marker and/or undergoing 
apoptosis (Chazaud et al., 2006; Plusa et al., 2008). The expression of 
Gata6 is promoted by Fgf4 that is secreted by Nanog positive cells, while 
apoptosis of PrE cells occurs when they fail to relocate near the lumen. 
An early model of PrE-Epi differentiation captured the mutual exclu-
sivity between Nanog and Gata6 (Bessonnard et al., 2014). Fgf4 and 
downstream Erk signalling were included as mutually antagonistic with 
Nanog and mutually agonistic with Gata6 (Fig. 2B), In addition, the 
model includes signalling between cells to account for Fgf4's diffusive 

NanogGata6

Fgf/
Fgfr/
Erk

Cdx2Oct4
Krupinski et al, 2011
Holmes et al, 2017

Cang et al, 2021

Bessonard et al, 2014
De Mot et al, 2016
Tosenberger et al, 2017
Saiz et al, 2020

Nissen et al, 2017

Yap

De Caluwe et al, 2019

TE: Cdx2

PrE: Gata6

Epi: Nanog

A B

Fig. 2. Modelling lineage specification during preimplantation development. A. Schematic diagram of an expanded blastocyst with TE in yellow, Epi in blue and PrE 
in purple. B. Gene Regulatory Networks encompassing models of cell-fate specification in the blastocyst, with blunt and normal arrows indicating repression and 
activation respectively. The dashed boxes with corresponding references detail which part of the network has been explicitly modelled in each study. In this diagram, 
we only include a component in each model if it has been explicitly accounted for with a dynamical variable. The activation from Oct4 into Gata6 and Nanog is 
dashed because this interaction is not modelled explicitly. Some of these studies use multiple variables to model each component, such as Fgf/Fgfr/Erk or Yap/Taz. 
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properties. Through parametrising this system, the model produced 
three steady states: high Nanog, high Gata6 and dual expression as seen 
in vivo. To ensure the validity of the model (Toolbox), it is confronted to 
WT and Gata6 homozygous and heterozygous mutants. It predicts that 
heterogeneities in Fgf4 levels reduce the number of dual expressing cells 
forcing cells to decide for one state or the other as suggested by an Fgf4 
mutant. In addition, communication through Fgf4 leads to a correct 
specification of the proportion of PrE to Epi in the WT system (Besson-
nard et al., 2014). Although this early model captured the essence of 
PrE-Epi patterning, further efforts were made to directly account for 
noise, pointing Fgf4 as an important source of variation for consistent, 
yet not excessive, cell-fate heterogeneity (De Mot et al., 2016). The 
authors then further extend this theory by explicitly modelling the rough 
position of cells and validate their previous results while predicting the 
additional importance of noise induced by cell divisions (Tosenberger 
et al., 2017). To provide an explanation to the robustness of lineage 
proportions after adding and removing cells, the same sphere-based 
model was used in conjunction with a simple GRN (Saiz et al., 2020). 
The model was able to capture the blastocyst's capacity to compensate 
for both the decrease and increase of both PrE and Epi cells as observed 
in vivo. As had been suggested in previous work (Bessonnard et al., 
2014), Fgf4 provides a form of communication between ICM cells and 
allows the system to sense the proportion of cells and adjust accordingly. 
In summary, the initial model from (Bessonnard et al., 2014) was 
rigorously constrained by multiple mutant phenotypes, ensuring the 
model captured the essential parameters, which were robustly tested. 
This then enabled additional components to be added to a reliable 
baseline model (Toolbox). 

As cells of the ICM commit to distinct lineages, prospective PrE cells 
sort themselves out of the Epi cells and position themselves near the 
lumen. To explain this process, the authors in (Krupinski et al., 2011) 

model the requisites for cell sorting given the simple sphere-based 
formalism mentioned above. They predict that differential adhesion is 
necessary for cell sorting while suggesting that some unknown signal is 
required to keep Epi cells near the pTE, or direct PrE cells towards the 
lumen (Toolbox). A similar 2D model was developed that also empha-
sises the role of adhesion while suggesting that cell-fate transitions be-
tween PrE and Epi fates are an important component for robustness 
(Nissen et al., 2017). Recently, Eph-Ephrin-based adhesion/repulsion 
was proposed to drive Epi-PrE sorting, as suggested by differential 
expression of EphA4 and EphB2 in these cells (Cang et al., 2021). 
However, the involvement of Eph-Ephrin in Epi-PrE sorting has not been 
experimentally tested and remains hypothetical. Together, the sorting 
process has been included in several models of PrE-Epi differentiation 
without formally considering cell shape and cell mechanical properties, 
which are likely to affect the sorting process (Krens and Heisenberg, 
2011). Further modelling may for example include the role of membrane 
fluctuations that were recently described in PrE cells as a potential 
driver of the cell sorting (Yanagida et al., 2020). 

3. Modelling the mechanical forces shaping the blastocyst 

Since the position and shape of cells is an important determinant of 
cell fate (Hirate et al., 2013; Maître et al., 2016; Wicklow et al., 2014), 
understanding how the blastocyst sculpts its specific architecture is key. 
Recent studies have identified the forces generated by the cells to shape 
the blastocyst. Importantly, biophysical methods such as micropipette 
aspiration, atomic force microscope indentation or pressure gauge 
needle allow measuring mechanical properties in absolute values (Chan 
et al., 2019; Dumortier et al., 2019; Lenne et al., 2021; Maître et al., 
2015, 2016). This provides quantitative data with a scale, which further 
constrains theoretical modelling and makes predictions more specific 

Toolbox 
On the good use of modelling to study biological processes 

or better insight into this review we provide a brief discussion on why it is useful to perform modelling in the first place and on the challenges 
associated with modelling (Goldstein, 2018; Paluch, 2015). 

A model is a mathematical formalisation of the logic we use to understand a system. Through capturing the parts we find relevant, we are able to 
reproduce specific behaviour of interest. While the predictive capabilities of models have been promoted in biology, the benefits of modelling 
extend further than providing predictions, a model can: help find gaps in our logic, generalise results to other phenomena, and aid with 
mechanistic understanding (Brodland, 2015). 

Models are best put to use when capturing emergent behaviour i.e. a behaviour that manifests as something greater than the sum of its parts. 
Broad examples of such behaviour in biology include self-organisation, temporal oscillations, phase transitions or tissue scaling to name but a 
few. A classical example in development is somitogenesis, where the intuition of a simple negative feedback results in temporal oscillations that 
drive the patterning of the somites (Lewis, 2003). A non-embryological example involves the behaviour of individual migrating cells, by ac-
counting simply for their local non-reciprocal interactions, capturing a phase transition from disordered to ordered (Szabó et al., 2006). A 
further recent example describes how meta-synchronic cell divisions change cells connectivity and trigger a phase transition of the tissue, which 
becomes more fluid within a few minutes and allows zebrafish doming (Petridou et al., 2021). In each of these examples, relatively simple 
models with minimal assumptions provide an intuitive explanation for complex behaviours that would be otherwise difficult to obtain. 

When constructing a model, the standard approach is to construct it as simple as possible, distilling a process to its simplest form. A well-thought 
model focuses directly on a question and does not have extra components that serve only for decoration. Unnecessary parameters will make the 
model too permissive when comparing with data. In capturing only the necessary components of a system a model can then provide an 
interpretation of how they function. All models by definition will have shortcomings, one needs to make sure these limitations don't affect the 
phenomena of interest. Indeed, distinguishing which aspects to keep and which to discard is one of the great challenges of modelling (Guna-
wardena, 2010). 

This takes us to our next point, making the model biologically relevant. Some examples of questions to ask are: is our model capturing the data 
correctly? Do we want quantitative or qualitative results? Is there a justification for the assumptions the model makes? Is the modelling 
formalism suitable for the phenomena? Concrete examples of tests are: it captures perturbations to the system, it does not “explode” resulting in 
absurd predictions, the model is not overfit making it too sensitive to parameter changes. These are classical tests for physicists and mathe-
maticians that should be explained simply and concretely when building a model to provide confidence regarding its construction to the reader. 

Finally, it is always important to consider whether a model is required for the study at hand. It is not a necessity that every project must have a 
model associated with them, it must be very clear what results the model are contributing to the study and not to construct trivial or non- 
rigorous models that may obscure the interpretation of results.  
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(Toolbox). As a result, mechanical models explicitly consider physical 
properties, with corresponding parameters rather than proxies for these 
forces. The elements of cells that generate and/or experience physical 
forces, such as cell membranes or the underlying cytoskeletal cortex, are 
also considered, which provide a mechanistic explanation to observed 
emergent behaviour. 

Enclosing the embryo, the ZP is dispensable for preimplantation 
development, since removing it does not prevent blastocyst formation 
(Mintz, 1962; Tsunoda et al., 1986). Most of the time, the embryo has 
enough space not to be constrained by the ZP. Nevertheless, the 
constrain of an elastic shell could affect how blastomeres are arranged, 
especially when cytokinetic movements push dividing cells against the 
egg shell (Pierre et al., 2016). At the 4-cell stage, mouse blastomeres 
most often form a tetrahedron, which minimizes the space taken by cells 
(Giammona and Campàs, 2021). In addition, the ZP can influence the 
arrangement of the mouse embryo when it inflates to form the blasto-
coel. The ZP can be slightly oblong, which is sufficient to guide the 
orientation of the axis formed by the ICM and blastocoel in a vertex 
model of the blastocyst (Honda et al., 2008). 

Compaction, at the 8-cell stage, defines a key change in shape from 
spherical cells to stretched out cells that together form a sphere. In 
essence, as captured in the early model from (Goel et al., 1986), 
compaction is a surface area minimisation process, which can be driven 
by changing the ratio of tension between the cell-cell contact and 
contact-free interfaces (Fig. 3A). In fact, the ratio of tension directly 
relates to the external contact angle formed by the cells and can be 
referred to as the compaction parameter (Goel et al., 1986; Maître et al., 
2015). Similarly, an agent based model could reproduce the dynamics of 
compaction by reducing the tension at the cell-cell contact, i.e. by 
increasing adhesion (Le Guillou et al., 2009). Eventually, direct mea-
surements of surface tensions revealed that tensions at the contact-free 
interface double, while cell-cell contacts relax by one third (Maître 
et al., 2015). Using these measurements, an analytical model could 
capture the relative contributions of these tension changes to compac-
tion: ¾ for increased tension at the contact-free interface and ¼ for 
decreased tension at cell-cell contacts. 

To model compaction, the tension of cells is considered to be similar, 
since variations in tensions among cells could lead to their sorting into 
distinct layers (Krieg et al., 2008; Maître et al., 2012). This is precisely 

what happens during the 16-cell stage when cells adopt inner positions 
(Fig. 3B). Prospective inner cells display higher tensions than cells 
remaining at the surface of the embryo. This stems from differences in 
contractility inherited from the asymmetric divisions of the apical 
domain, which shows little contractility compared to the rest of the 
contact-free surface of the cell. Theoretical modelling of the internal-
isation process reveals that above a defined threshold of tension asym-
metry between contacting cells, the cell with highest tension becomes 
fully internalised (Maître et al., 2016). The threshold value depends on 
the compaction parameter of the embryo. For normally compacting 
mouse embryos, cells internalise when their tension becomes 1.5 times 
the one of their neighbours. This prediction from an analytical model 
was tested experimentally using mutant embryos with reduced 
contractility. Interestingly, this prediction implies that mouse mutants 
with defective compaction or other species with different compaction 
parameter than the mouse could have distinct internalisation thresholds, 
which remains to be tested. The mechanism unveiled in this study 
further highlights the essential function of the apical domain in con-
trolling the position of cells within the blastocyst (Dard et al., 2009; 
Korotkevich et al., 2017; Maître et al., 2016; Niwayama et al., 2019). 
Interestingly, the apical domain initially appears as a small cap in the 
centre of the contact-free surface of cells during the 8-cell stage before 
expanding until it reaches tight junctions during the 16-cell stage 
(Korotkevich et al., 2017; Zenker et al., 2018). Recently, a model of 
apical domain centring and expansion, inspired by a model of polarity 
domain formation in C. elegans zygotes (Goehring et al., 2011), proposed 
that Ezrin competitive binding for a limited pool of PIP2 could drive the 
centring and expansion (Zhu et al., 2020). This model was fed with 
measurements of Ezrin dynamics using mRNA overexpression, which 
could affect the proposed competitive binding. Since the apical domain 
is a master organiser of the lineages and morphogenesis of the blasto-
cyst, accurately capturing its appearance and regulation could be key to 
model preimplantation development. 

Once outer and inner cells are sorted, surface cells seal the inter-
cellular space of the embryo with tight junctions (Zenker et al., 2018). As 
surface cells start pumping osmolytes through the cell, into the inter-
cellular space, water is drawn into the embryo to form the blastocoel 
(Schliffka et al., 2021). Fluid does not immediately accumulate into one 
waterbody. Instead, pressurised fluid breaks open cell-cell contacts into 

Fig. 3. Representation of modelling of mechanical phenomena at different stages. (A. Compaction) Up to the 4-cell stage, the cells of the embryo are round with small 
external contact angles (θe). As embryos develop from the 8-cell stage, the contractility of cells increases raising the tension at the embryo surface while cell-cell 
contacts relax their tension. This tension change causes contact angles to increase. This shape change can be captured directly by the Young-Dupré equation, 
which relates the contact angles and tensions of the contacting interfaces (Maître et al., 2015). (B. Internalisation) At this stage, some cells present higher contractility 
than others, leading to asymmetry in surface tension of adjacent cells. This difference in contractility results in cells with higher contractility being internalised, 
leading to the formation of the ICM. This process has been observed experimentally and captured theoretically with a 2D analytical model and 3D simulations (Maître 
et al., 2016). (C. Coarsening) The embryo forms its first lumen through active fluid pumping that results in numerous microlumens, which exchange fluid dependent 
on their respective pressures. This process is captured by the Young-Laplace equation, which relates the pressure, tension and radius of curvature of microlumens. 
Microlumens with lower tension or higher radii of curvature will display lower pressure and therefore draw fluid from contacting microlumens (Dumortier et al., 
2019). With the aid of modelling, it has been detailed how this process leads to coarsening of the microlumens and the eventual formation of the lumen (Le Verge- 
Serandour and Turlier, 2021). (D. Expansion) During lumen growth, a transient breakage of tight junctions can result when pressure overcomes the resistance of the 
epithelium (which can fluctuate during cell division). The size of the lumen can be predicted from the balance between the hydrostatic pressure of the lumen and the 
tightness of the epithelium, as captured theoretically (Chan et al., 2019; Ruiz-Herrero et al., 2017). 
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hundreds of micron-size intercellular pockets (Dumortier et al., 2019). 
To coarsen into a single lumen, these water pockets do not seem to 
coalesce but exchange fluid in a process akin to Ostwald ripening 
(Fig. 3C). Modelling the coarsening of microlumens reveals the influence 
of connectivity and surface tension (Dumortier et al., 2019). Further 
theoretical analysis describes how differential pumping between surface 
cells could also steer the coarsening of the blastocoel (Le Verge- 
Serandour and Turlier, 2021). However, this remains to be experimen-
tally explored. The positioning of the blastocoel is an important step of 
mammalian development as it sets the first axis of symmetry of the 
mammalian embryo, which determines where the polar and mural TE, 
PrE and Epi are located (Honda et al., 2008; Dumortier et al., 2019). 
When considering symmetry breaking, reaction-diffusion mechanisms 
are often at play (Kondo and Miura, 2010), yet here we find a mecha-
nism based on fluid mechanics. This was already proposed in a 3D vertex 
model considering the shape of the ZP as a mechanical determinant for 
aligning the blastocyst axis of symmetry (Honda et al., 2008). It will be 
interesting to investigate whether other biological processes result from 
mechanical symmetry breaking. 

After blastocoel formation, abrupt leakage caused by divisions of the 
TE lead to repeated collapses of the blastocyst (Leonavicius et al., 2018). 
This occurs when the hydrostatic pressure within the blastocoel over-
comes the sealing of the surface epithelium, which is challenged during 
cytokinesis (Fig. 3D). Modelling this process of hydraulic gating predicts 
the size of the blastocyst, which has been proposed to influence the 
proportions of TE and ICM lineages (Chan et al., 2019; Ruiz-Herrero 
et al., 2017). 

Finally, when cultured in vitro, blastocyst hatch from the ZP. It is 
unclear whether this event takes place in vivo since the ZP may simply 
get digested within the uterus. Nonetheless, this process is essential for 
the implantation of embryos grown in vitro, such as during assisted 
reproductive technologies procedures. Through modelling the blasto-
cyst as a pressurised “balloon”, researchers highlight the importance of 
hydrostatic pressure in the range of kPa to drive hatching (Leonavicius 
et al., 2018). Interestingly, they find that without ZP, the hydrostatic 
pressure remains in the range of a few hundreds of Pa, indicating the 
importance of mechanical resistance to build hydrostatic pressure. 
Further modelling of hatching considering the blastocyst and ZP as 
elastic shells highlight the influence of the relative mechanics of the 
embryo and ZP as well as of the opening of the hatching hole (Tvergaard 
et al., 2021). 

4. Perspectives 

The ease of access of the preimplantation embryo has provided an 
ideal platform for modelling lineage specification where multiple per-
turbations and live imaging are required for well-constrained models 
(Toolbox). As highlighted above, this system has also quickly become a 
useful tool for exploring the role of mechanics in mammalian develop-
ment. As both fields move forward, we think that incorporating me-
chanics with cell-fate decisions will become a central aspect of 
theoretical modelling in biology (Collinet and Lecuit, 2021; Hannezo 
and Heisenberg, 2019). In such a scenario, we believe that explicitly 
modelling mechanical forces, alongside chemical reactions, such as from 
GRNs, is the next step for an integrated understanding of development. 
Important advances have recently been made in this direction (Boocock 
et al., 2020; Dye et al., 2021; Erzberger et al., 2020), yet this is a nascent 
field and there are many aspects to be understood. 

The approach to modelling mechanochemical systems has been very 
quantitative since its inception (Oates et al., 2009), leading to concrete 
physical parameters being quantified, particularly from the mechanical 
side (Paluch and Heisenberg, 2009; Sugimura et al., 2016). While this is 
extremely useful for comparability across different systems, it also al-
lows tackling an interesting question, present in lineage specification as 
well: How are such parameters interpreted in a biological system? While 
a membrane may possess a particular tension, or a tissue a specific 

stiffness, it is at present unclear how this is incorporated quantitatively 
in the biological system. Do cells interpret these forces linearly, logis-
tically, through a threshold mechanism, is there a “saturation” point for 
integrating them? Our choice of observables will be a trade-off between 
those forces we can most easily measure and those that prove to be most 
relevant in biology (Sugimura et al., 2016). As a quantitatively oriented 
field, unit-based parameters are emerging, and it will be of great 
importance to understand how cells interpret magnitudes of signals to 
progress as a truly quantitative field (Sugimura et al., 2016; Lenne et al., 
2021). 

Some mechanochemical modelling approaches so far have focused 
on observables such as: cell length, cell position, cell shape, membrane 
tension, tissue stress, TF concentration and polarity. As mentioned in 
this review, the choice of observable should not be universal to all 
publications, and will depend on the question at hand. Nonetheless, we 
believe that as the field progresses, tools and methods will be developed, 
and specific observables will become standard for mechanochemical 
modelling, akin to how cell fate specification is often modelled through 
ODEs capturing TF dynamics (Davidson, 2010). 

Such type of models will become ever more frequent, it is likely that 
underlying mechanisms of emergent phenomena such as scaling, sym-
metry breaking or cell sorting will be shown to rely on mechanical and 
chemical feedbacks. Through studying the early embryo, we as a com-
munity will help to unravel many such mechanisms that are likely 
prevalent throughout biology. 
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Heisenberg, C.P., 2008. Tensile forces govern germ-layer organization in zebrafish. 
Nat. Cell Biol. 10 (4), 429–436. https://doi.org/10.1038/ncb1705. 

Krupinski, P., Chickarmane, V., Peterson, C., 2011. Simulating the mammalian blastocyst 
- molecular and mechanical interactions pattern the embryo. PLoS Comput. Biol. 7 
(5) https://doi.org/10.1371/journal.pcbi.1001128. 
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