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Abstract

We exist in a physical world, and cells within biological tissues must respond appropriately to both 

environmental forces and forces generated within the tissue to ensure normal development and 

homeostasis. Cell division is required for normal tissue growth and maintenance, but both the 

direction and rate of cell division must be tightly controlled to avoid diseases of over-proliferation 

such as cancer. Recent studies have shown that mechanical cues can cause mitotic entry and orient 

the mitotic spindle, suggesting that physical force could play a role in patterning tissue growth. 

However, to fully understand how mechanics guides cells in vivo, it is necessary to assess the 

interaction of mechanical strain and cell division in a whole tissue context. In this mini-review we 

first summarise the body of work linking mechanics and cell division, before looking at the 

advantages that the Xenopus embryo can offer as a model organism for understanding: 1) the 

mechanical environment during embryogenesis, and 2) factors important for cell division. Finally, 

we introduce a novel method for applying a reproducible strain to Xenopus embryonic tissue and 

assessing subsequent cell divisions.
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Introduction

The rate and orientation of cell division is crucial in both development and disease. 

Correctly orienting divisions in the plane of an epithelium is required for morphogenesis and 

organogenesis during development (Baena-Lopez et al., 2005; Quesada-Hernandez et al., 
2010). In adult life, if cells over proliferate and/or misorient their divisions, diseases such as 

cancer can result (Pease and Tirnauer, 2011; Quyn et al., 2010). Therefore, understanding 

the cues used by cells to determine division rate and orientation is essential for modelling 

cell behaviour during development and disease. The processes of cell division and mitosis 

can be broken down into sequential stages, some of which are oriented. Mitosis starts with 
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chromosome condensation at prophase. The nuclear envelope then breaks down and the 

chromosomes align in the centre of the cell as the bipolar mitotic spindle forms at 

metaphase. At anaphase the chromosomes are pulled apart towards the poles of the mitotic 

spindle, before the two daughter nuclei form during telophase and the cell divides into two 

daughter cells by cytokinesis. During metaphase the mitotic spindle often rotates or wobbles 

within the cell until it reaches a final orientation that determines the direction of 

chromosome separation during anaphase (Adams, 1996; Fink et al., 2011; Woolner et al., 
2008). Once anaphase begins, spindle orientation is generally fixed and spindle poles 

undergo very little subsequent movement (Adams, 1996; Woolner et al., 2008). The position 

of the spindle in anaphase determines the position of cytokinetic ring formation and, 

therefore, determines the ultimate orientation of cell division. For this reason, when 

discussing the orientation of cell division, we generally refer to mechanisms that orient the 

mitotic spindle in the stages leading up to anaphase, focusing in particular on metaphase.

The external mechanical microenvironment has been convincingly shown to be an important 

cue for division, playing a role in determining both division rate and orientation in cells in 

culture. For example, individual cells grown on micropatterned fibronectin substrates that 

bias cell shape align their mitotic spindle with the longest axis of the cell (Thery et al., 
2005), this spindle alignment is potentially due to biased placement of cortical cues. Indeed, 

a study in which micropatterns specifically biased the placement of stress fibres rather than 

cell shape suggested that spindle orientation could be a consequence of anisotropic forces 

produced by stress fibres attached to the substrate pattern (Thery et al., 2007). Moreover, the 

direct application of tensile force to a flexible substrate for HeLa cells and keratinocytes in 

culture has been shown to orient the mitotic spindle (Fink et al., 2011; Seldin et al., 2013). 

Furthermore, research on epithelial monolayers has shown that, when stretched, cells within 

the monolayer upregulate YAP/TAZ signalling and re-enter the cell cycle (Benham-Pyle et 
al., 2015). The decision to re-enter the cell cycle when a monolayer is stretched may be 

based on a decrease in cellular density: a stretched monolayer will re-enter the cell cycle via 

G1-S phase transition, whereas cell cycle progression is halted in a compressed monolayer if 

cell density is increased above a certain threshold (Streichan et al., 2014). All the of the 

examples discussed so far focus on cells cultured on a flexible substrate, therefore relying 

mainly on cell-matrix adhesions to transmit forces produced when the substrate is stretched. 

However, work on a suspended epithelial monolayer with only cell-cell adhesions, found 

that, similar to the cells grown on a substrate, cells elongated by stretching the suspended 

epithelium also orient divisions along their longest axis, easing tension across the monolayer 

(Wyatt et al., 2015). Together, these studies make a convincing case that cultured cells sense 

their mechanical environment and can respond to those cues.

How cells are sensing their mechanical environment to position the mitotic spindle is still 

unclear, but a number of non-exclusive hypotheses have been suggested (reviewed in 

(Nestor-Bergmann et al., 2014)). Furthermore, there is considerable discussion over whether 

cells are directly sensing force or simply responding to changes in cell shape upon stretching 

(Nestor-Bergmann et al., 2014; Wyatt et al., 2015). Tension on a cell can change its 

geometry and elongate it, and it has long been noted that elongated cells preferentially 

divide along their long axis, a phenomenon known as Hertwig’s rule (Hertwig, 1893). Both 

astral microtubules of the mitotic spindle and the actin cytoskeleton are thought to play roles 
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in aligning the mitotic spindle with cell shape (Fink et al., 2011; Kunda and Baum, 2009; 

Minc et al., 2011). The importance of astral microtubules for orienting the spindle with cell 

shape has been demonstrated by pushing single-celled sea-urchin zygotes into differently 

shaped micro-fabricated wells (Minc et al., 2011). In this system it is possible to explain the 

orientation of the spindle to cell shape using a simple model where astral microtubules probe 

the cell space and exert pulling forces on the spindle proportional to their length (Minc et al., 
2011). Spindles have also been shown to orient with 3D cell shape in the presumptive 

enveloping layer of the zebrafish embryo, though the molecular mechanism was not 

investigated (Xiong et al., 2014). However, cells within a tissue experiencing force from 

adhesions have more cues available than just cell shape. Subcortical actin structures are 

enriched in areas of cultured cells with tension bearing retraction fibres, and in turn the 

mitotic spindle aligns with the enrichment in subcortical actin (Fink et al., 2011). How actin 

is being enriched in areas of the cell cortex under greater tension is not clear, but tension 

sensor proteins such as talin and vinculin, which are known to link cell adhesions to the 

actin cytoskeleton, are intriguing candidates (Carisey and Ballestrem, 2011; Gomez et al., 
2011; Nayal et al., 2004). Within a tissue many more cues are available to cells in addition to 

geometry, though geometry may be actively or passively involved in the spatial arrangement 

of these cues. NuMA, a protein known to be involved in orienting the mitotic spindle via 

interaction with the microtubule motor dynein (reviewed in (Kotak and Gonczy, 2013), is 

enriched at tricellular junctions within Drosophila pupal notum epithelium, and the position 

of tricellular junctions is a reliable determinant of division orientation (Bosveld et al., 2016). 

Therefore cell junctions could be important for spindle orientation, however, the mechanism 

by which NuMA is enriched at tricellular junctions is not yet clear. Separating the 

contribution of cell geometry and force to mitotic spindle orientation is challenging, 

especially within a complex 3D tissue with a mixture of chemical and mechanical cues. To 

do so requires both an ability to quantify the mechanical environment that cells experience 

in a tissue, and an ability to manipulate the molecular candidates that may be involved in 

mechanotransduction of these physical environmental cues.

There are currently only a few studies on the role of mechanical stress on cell division in 

native tissues. Anisotropic forces were mapped by laser ablation and mathematical modeling 

during zebrafish embryo epiboly to show that mitotic spindle orientation aligns with a global 

stress patterns in the tissue and that this aids epiboly progression (Campinho et al., 2013). 

Mechanical forces present during development and growth of the Drosophila wing imaginal 

disc have also been studied to understand how proliferation and growth of the wing disc can 

be tightly controlled to form the adult wing (Legoff et al., 2013; Mao et al., 2013). Strain 

levels across the wing disc were mapped and shown to correlate with cell shape and the 

orientation of cell divisions. This varying level and orientation of stresses has been 

hypothesised to be critical for normal growth and morphogenesis of the wing disc (Legoff et 
al., 2013). Although these studies make a very promising start to mapping mechanical 

stresses in vivo they focus on epithelial monolayers and the cellular mechanisms underlying 

these findings remain unclear. Therefore, there is a crucial requirement to develop systems in 

which the interaction between the mechanical environment and cell division within a 

complex 3D tissue or embryonic context can be fully revealed.
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The Xenopus laevis embryo is an excellent model for investigating mechanical properties 

and cell division within tissues and the living organism, and offers a number of advantages 

for this. Female frogs can be induced to lay over 1,000 eggs at any time of year by hormone 

injection, meaning that applications are rarely limited by number of embryos available. 

These embryos then develop synchronously as eggs are fertilised in vitro. The embryos are 

large (~1.2mm diameter), allowing micro-dissection and manipulation of tissue explants 

from the embryo. Xenopus laevis is a well established model organism for research in 

developmental biology, therefore there are reliable protocols for embryo culture and 

manipulation (Sive et al., 2000). Microinjection of the embryos at 1 to 4 cell stages is 

relatively easy due to their large size. Genetic manipulation is possible by injection of 

morpholino oligonucleotides, TALENs or CRISPR/Cas9 constructs to knock down gene 

function (Tandon et al., 2016). In vitro synthesised mRNA coding for dominant negative 

proteins can also be injected to alter gene function, while mRNA coding for fluorescently 

labelled proteins can be injected to label cellular and sub-cellular structures (Kieserman et 
al., 2010; Sive et al., 2000; Woolner et al., 2009). It is also possible to produce transgenic 

lines, for example to fluorescently label a developing organ or cellular structures (Ishibashi 

et al., 2012a; Ishibashi et al., 2012b; Takagi et al., 2013). Pharmaceutical manipulation of 

embryonic development is very simple, as bioactive compounds can simply be added to the 

embryo media (Wheeler and Brandli, 2009). All these characteristics make Xenopus a 

highly suitable system for many biological studies, including those investigating mechanical 

stress and cell division.

In this review we will first summarise the use of Xenopus in studies of mechanical stress, 

and then look at studies that have worked on cell division and mitosis in Xenopus, before 

finally considering the advantages of using Xenopus as a model to study the intersection of 

mechanics and cell division.

Methods for investigating mechanical stress in Xenopus

There is a long tradition of using embryos of Xenopus and other amphibians to study 

morphogenetic movements and changes in cell shape during embryogenesis and gastrulation 

(Keller et al., 2003). However, many methods to quantify the mechanical properties and 

stresses of embryonic tissue have only been developed more recently (Campas, 2016). Now, 

many techniques are available to study the mechanical properties of Xenopus embryonic 

tissues (Summarised in Table 1). Here we will group them into methods that locate and 

compare the level of anisotropic stresses within and between tissues, methods to determine 

the mechanical properties of tissue, and methods to measure the force produced by tissues.

Methods to map anisotropic forces in Xenopus

To begin to understand how forces act in the embryo or a developing tissue to pattern growth 

and morphogenesis, the location and magnitude of these forces needs to be mapped. Initially 

this was achieved by simply cutting into the embryo with a blade. The speed and direction 

that the tissue retracts gives an indication of the level and direction of tension in the tissue, 

and can be used to map global stresses in the embryo (Beloussov et al., 1975). More recently 

a similar effect has been achieved by using a laser to wound the tissue, a method known as 
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laser ablation (Kiehart et al., 2000). The immediate recoil of cells around the laser ablation 

wound is recorded by microscopy; the speed of recoil indicates the level of tension. 

However, if the mechanical properties of the tissue are not known this method remains 

qualitative (Ma et al., 2009). In Xenopus, laser ablation has been used to assess force 

transmission by migrating cell populations during gastrulation (Hara et al., 2013). Although 

able to indicate the direction and relative magnitude of mechanical stress in tissue, both of 

these invasive methods damage the tissue, releasing cues to initiate a wound healing 

response and so perturbing normal development beyond the point of assessment.

Some aspects of mechanical stress can also be inferred without damaging tissue. Since 

forces on a tissue generate shape change and deformation, some information about 

mechanical cues can be inferred from quantitative maps of strain (a dimensionless measure 

of deformation). The levels of anisotropic strain in the tissue can be inferred by assessing the 

rate of changes in cell and tissue shape during morphogenesis, known as strain mapping or 

tissue tectonics (Blanchard et al., 2009). In Xenopus, strain mapping has been used for a 

number of different purposes. By assessing the speed and movement of cells during 

blastopore closure, the location, direction and relative magnitude of morphogenetic forces 

driving gastrulation have been mapped (Feroze et al., 2015). Similarly, comparing cell level 

strain rates between epithelial and neural precursor ectoderm suggests a greater level of 

tension in neural precursor ectoderm (Yamashita et al., 2016). Strain mapping can also be 

used to estimate the distance that a mechanical effect propagates through a tissue; after a 

subset of cells in a Xenopus epithelial explant were stimulated to contract by precise 

stimulation with ATP, the long-range contraction response was characterised by strain 

mapping (Kim et al., 2014). Strain mapping is limited since it cannot distinguish between 

internal and external sources of force. Still, with a priori assumptions about the tissue or the 

morphogenetic process, strain mapping may allow forces to be inferred when direct 

visualisation or measurement of these forces is not practical.

To directly observe stress within a tissue, Forster Resonance Energy Transfer (FRET) based 

tension sensors have been developed (reviewed in (Jurchenko and Salaita, 2015). FRET 

based tension sensors are molecular reporters of intramolecular strain. Tension sensors are 

commonly constructed from a protein that would normally transmit tension in the cell, such 

as proteins involved in cellular adhesion. The native protein is then genetically engineered to 

include a FRET-based strain sensor consisting of an exogenous elastic protein, such as one 

from spider silk. This technique allows tensions in molecular complexes or load-bearing 

structures in the cell to be mapped in vivo by calculating the FRET index, although 

quantitative readouts of tension have yet to be achieved in a tissue environment and it is not 

yet possible to determine the direction of FRET-sensed tension within a tissue. In Xenopus, 
a FRET-tension sensor inserted into α-actinin, an F-actin cross-linking protein, has been 

used to show that α-actinin complexes are under more tension in precursor neural ectoderm 

than in precursor epidermal ectoderm in the intact developing embryo (Yamashita et al., 
2016). These methods to visualise and map patterns of tension provide valuable insights on 

the mechanical environment across a tissue, but to fully understand how mechanics affects 

cell behaviour we need to be able to quantify the mechanical properties of the tissue.
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Methods to measure the mechanical properties of Xenopus embryonic tissues

The application of quantitative mechanical methods to understanding the function of 

biological tissues is known as biomechanics. The following methods all apply a known force 

to Xenopus embryos or dissected explants, and measure the response of the tissue over time. 

This allows fundamental mechanical properties, such as the viscoelastic behaviour of the 

tissue with regard to tissue stiffness and fluidity, to be calculated.

To measure the mechanical resistance of embryonic tissue to compressive force, a device 

known as the nanoNewton Force measurement device has been developed. A brick shaped 

embryonic explant is uniaxially compressed against a calibrated cantilever in the fashion of a 

creep-test (Findley, 1989). Compressive force, its effect on deforming the tissue, and tissue 

geometry allow the viscoelastic properties of the explant to be calculated (Davidson and 

Keller, 2007; Moore et al., 1995). The major advantage of nanoNewton force measurement 

is that the uniform stresses and resulting tissue deformation are easily interpreted by a time-

dependent Young’s modulus, a universal measure of mechanical properties that does not rely 

on a priori structural mechanical models. However, this tool has several drawbacks in that it 

is only possible with regular, brick-shaped blocks, destructively isolated from the embryo; 

assumptions needed to interpret the mechanical test restricts the shape, size, and 

composition of the block. Several other approaches have been adapted to work around these 

restrictions and estimate the mechanical properties of irregular shaped tissues or of intact 

whole embryos.

To measure the mechanical properties of thinner tissues, or of cell aggregates, a technique 

based on relaxation of the explant over time, known as axisymmetric drop shape or sessile 

drop analysis, can be used. Dissected explants and cell aggregates are observed as they 

deform due to gravity, or after centrifugation. Briefly, an explant that retains the shape of a 

very round ball is thought to have a higher surface tension than an explant that flattens over 

time (David et al., 2009; Kalantarian et al., 2009; Luu et al., 2011). The change in shape 

under the uniform stress of centrifugation allows an equivalent surface tension of the explant 

or aggregate to be calculated. Additionally, active tension that restores the tissue to a 

spherical shape can be estimated by these experiments. This method can be extended by 

observing cell movement during explant relaxation, with cell neighbour exchange suggesting 

a higher level of “fluidity” in the tissue (David et al., 2014). This method also relies on 

cutting explants from the embryo, or dissociating embryonic cells to form aggregates, but 

can be used with early stage tissues that do not maintain their shape after isolation.

It is possible to non-destructively measure stiffness of the entire embryo by microaspiration 

of embryonic tissue into a channel of known diameter using a known negative pressure. The 

distance that tissue is drawn into the channel is used to calculate the tissue stiffness (Rolo et 
al., 2009; von Dassow et al., 2010). As the embryo is not damaged during microaspiration, 

the same embryo can be assessed later during development, to observe changes in 

mechanical properties over time. Microaspiration has also been used to change the geometry 

or apply directional strain to Xenopus epithelia (Chien et al., 2015).

Microaspiration-, centrifugation-, and creep-based methods all apply known forces to the 

embryonic tissue to measure its mechanical properties. Viscoelastic properties measured by 
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these methods may be considered “passive” responses but still reflect biological processes 

active in the embryo. Since these measurements are typically made over a short time span 

they are not able to evaluate the ability of embryonic tissues to produce directed forces that 

drive morphogenetic movements.

Methods to measure forces produced by embryonic tissues

A Xenopus embryo develops without the aid of externally applied forces (except gravity and 

osmotic pressures) and so, to truly understand how the mechanical environment changes 

over developmental time, it is important to understand the forces produced by the embryo 

during growth and morphogenesis.

Force production over long time-scales can be accurately measured using a calibrated 

cantilever: if embryonic tissue pushes or pulls against the cantilever, the force produced by 

the morphogenetic movement can be determined by the distance the cantilever moves. 

Calibrated cantilevers have been inserted into Xenopus embryos to directly measure the 

forces driving blastopore closure (Feroze et al., 2015). Cantilevers have also been used to 

measure forces produced by extending Xenopus tissue explants (Moore, 1994). Additionally, 

a cantilever placed in the path of a migrating leading edge mesoderm explant was used to 

quantify the force produced by these cells during gastrulation (Hara et al., 2013). Both the 

previous studies measured pushing, or compressive forces; a pulling or tension force can be 

measured by the ‘tractor-pull’ assay, which was used to quantify the force produced by cell 

intercalation during convergent extension movements in a giant explant (Pfister et al., 2016). 

Cantilevers are flexible and precise tools for measuring forces of the magnitude that 

embryonic tissues can generate. However, they can only measure a force that acts linearly.

3-dimensional mapping and quantification of forces produced by a tissue is possible using 

3D Force Microscopy (3D-FM). An embryonic explant is embedded in an agarose gel of 

known stiffness containing fluorescent beads. Deformation of the explant pushes on the gel, 

moving the beads embedded in it. The movement of the beads over time is tracked in 3D by 

microscopy, allowing the force responsible for their movement to be calculated. 3D-FM has 

been used to measure force produced in both anterior-posterior and dorsal-ventral directions 

during elongation and thickening of dorsal explants (Zhou et al., 2015).

All the methods described here can be used in combination to both map and quantify 

mechanical forces during development of the Xenopus embryo. While these methods are not 

restricted for use with Xenopus, the size of Xenopus embryos and their durable response to 

microsurgery enables application of the tools with greater ease than other developmental 

model organisms. This “mechanical tractability” combined with the manipulation of the 

embryo by genetic, biochemical, or microsurgical methods provides a powerful set of tools 

to ascertain the importance of different factors for creating and maintaining the mechanical 

tissue environment. Once the mechanical environment of the tissue is understood, the next 

logical step is to ask how this affects the behaviour of cells within that tissue. In the next 

section we discuss methods that allow one important aspect of cell behaviour to be studied 

in Xenopus: cell division.
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Methods for investigating mitosis and cell division in Xenopus

Over many years, Xenopus has proved to be a key model system for the study of the cell 

cycle, mitotic and meiotic spindles and cell division. A great strength is the ability to 

combine in vitro Xenopus egg extract work with in vivo studies in the oocyte, egg and 

embryo. Moreover, in recent years, live imaging techniques in Xenopus have advanced 

considerably, allowing the dynamic analysis of spindles and cytokinesis in vivo. The 

techniques, knowledge and reagents provided by this rich history of cell cycle research 

makes Xenopus a perfect system for further analysis of mitosis and cell division, for 

example in relation to the role of external mechanical force in these processes. Here, we 

outline some of the major approaches and findings in the study of cell cycle and cell division 

in Xenopus, with a view to how they might contribute to furthering our understanding of 

force and cell division.

Use of in vitro Xenopus egg extracts

Xenopus embryos undergo their first 12 rounds of cell division before zygotic transcription, 

meaning that their eggs are loaded with all of the RNAs and proteins required to drive these 

divisions and build over 4000 nuclei. Extracts prepared by centrifugation of Xenopus eggs 

therefore provide a formidable self-contained platform to investigate many of the processes 

underlying the cell cycle and cell division: key aspects of cyclin-dependent kinase (cdk) 

activity, DNA replication, mitotic spindle assembly and nuclear envelope dynamics have all 

been uncovered using egg extracts (Cross and Powers, 2009; Philpott and Yew, 2008). 

Depending on how they are prepared, egg extracts can be induced to assemble nuclei or 

spindles around exogenously supplied chromatin (usually demembranated sperm 

chromatin). By adding fluorescent tubulin, assembly of the spindle can be followed 

dynamically (Sawin and Mitchison, 1991).

A great strength of the egg extract system is that individual factors can be depleted (e.g. by 

immunodepletion) or inhibited (e.g. by the addition of a dominant negative mutant form of 

the protein) in the extract and the effect of their loss on spindle or nuclei assembly can be 

assessed. In this way many of the key spindle assembly factors have been discovered and/or 

studied extensively using egg extracts. Examples include Ran GTPase, TPX2, Aurora A, 

Maskin and HURP (Brunet et al., 2004; Koffa et al., 2006; O’Brien et al., 2005; Ohba et al., 
1999; Tsai et al., 2003). Moreover, much of our knowledge of the spindle kinesin, Eg5, has 

come from Xenopus egg extracts. Eg5 is a plus-end directed microtubule motor that plays a 

crucial role in the assembly of a bipolar spindle by pushing overlapping spindle 

microtubules apart: depletion or pharmacological inhibition of Eg5 in egg extracts leads to 

the formation of monopolar spindles (Mayer et al., 1999; Miyamoto et al., 2004; Sawin et 
al., 1992). In recent years, egg extracts have also been vital for understanding how cellular 

structures such as spindles and nuclei are appropriately scaled to the size of the cell they 

inhabit (Levy and Heald, 2012). The cells, eggs, nuclei and spindles of Xenopus tropicalis 
are all considerably smaller than Xenopus laevis, and this size difference is maintained for 

spindles and nuclei in extracts. By comparing these two systems, much has been learnt about 

the size control of these organelles, for example nuclei size is regulated by differing nuclear 

import rates between the two Xenopus species (Levy and Heald, 2010), while spindle size 
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differences are due, at least in part, to differences in the phosphorylation state of the 

microtubule-severing enzyme, katanin (Loughlin et al., 2011).

As outlined here, the use of Xenopus egg extracts has been key to identifying the molecular 

components required for spindle and nuclei assembly and cell cycle progression. However, a 

next important step is to understand how these processes are controlled in vivo, especially 

within the context of a complex developing tissue.

Imaging mitosis and cell division in vivo using Xenopus

The vast knowledge and array of reagents (especially Xenopus specific antibodies) built up 

through the study of the cell cycle, spindle and nuclei assembly using egg extracts provides a 

great background for the study of these processes in vivo in Xenopus. Although Xenopus 
has previously been thought of as a system that is not ideally suited to live imaging, due to 

the opacity of the embryo, recent advances have demonstrated that mitotic spindles and cell 

division can be imaged live and at high resolution in these embryos (Kieserman et al., 2010; 

Woolner et al., 2009). The fact that Xenopus embryos develop externally at room 

temperature make them particularly amenable to live imaging, whilst the large size of their 

cells make them ideal for imaging subcellular processes. Moreover, live imaging can be 

combined with analysis of fixed tissue, and perturbations such as morpholino knockdown 

and/or the use of pharmacological inhibitors to study the cellular machinery underlying 

spindle assembly and cytokinesis in the Xenopus embryo, egg and oocyte.

Recent work in Xenopus has uncovered some key aspects of the regulation of spindle 

assembly and function. For example, live imaging in Xenopus embryos has revealed how the 

molecular motors, dynein and myosin-10, function to maintain spindle bipolarity during 

mitosis (Jones et al., 2014; Woolner et al., 2008). Moreover, Xenopus eggs and embryos 

have also uncovered how myosin-10, which can bind to both actin and microtubules, 

regulates spindle length, orientation and dynamics through interactions with both 

cytoskeletons (Sandquist et al., 2016; Weber et al., 2004; Woolner et al., 2008; Woolner and 

Papalopulu, 2012). In related work, live analysis revealed that highly dynamic F-actin cables 

are associated with the mitotic spindle as it assembles and proceeds through metaphase and 

anaphase. These cables reach between the spindle and cell cortex and may be involved in 

moving and positioning the spindle (Woolner et al., 2008). Similar subcortical actin 

structures have since been identified in cultured cells, where they are thought to be involved 

in aligning the mitotic spindle to externally applied force (Fink et al., 2011). Together these 

studies demonstrate the power of the Xenopus embryo to further our understanding of 

spindle assembly and function.

In a similar way, Xenopus has made key contributions to understanding regulation of the 

cytoskeleton during cytokinesis. The Xenopus oocyte has proved to be an excellent system 

for modelling the cytoskeletal regulation underlying cytokinesis, since small laser wounds 

made in the oocyte lead to the formation of contractile arrays of actomyosin analogous to 

those formed during cytokinesis (Bement et al., 2006). Live analysis of oocytes has revealed 

that assembly of these contractile arrays is controlled by spatially restricted zones of Rho 

GTPase activity, disruption of these zones interferes with array formation and wound healing 

(Benink and Bement, 2005; Burkel et al., 2012; Vaughan et al., 2011). Similar zones of 
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active Rho have also been identified at the site of contractile ring formation during 

cytokinesis in the Xenopus embryo and other systems (Miller and Bement, 2009; Piekny et 
al., 2005; Yuce et al., 2005). In the case of cytokinesis, the tight spatial control of Rho 

activity is key for proper formation and maintenance of the contractile ring; this is controlled 

by the constant flux of Rho through its activation/deactivation cycle (Breznau et al., 2015; 

Miller and Bement, 2009). In this way, Xenopus continues to make key contributions to 

revealing how the cytoskeleton is regulated during cell division. A perfect complement to 

this molecular work is to use Xenopus to investigate the control of cell division in the 

context of complex tissues, as described below.

The orientation of cell division, determined by the orientation of the mitotic spindle, is 

crucial for cell fate determination and also for tissue shaping during embryonic 

development. The Xenopus embryo has made important contributions to our understanding 

of the regulation of division orientation. For example, in the Xenopus blastula, oriented 

divisions of polarised blastomeres generate two distinct populations of cells – the superficial 

and deep cell layers – that have different neuronal fates, crucial for the development of the 

nervous system (Chalmers et al., 2005; Chalmers et al., 2003; Muller and Hausen, 1995). 

The asymmetric divisions that produce these two cell populations are driven by the 

orientation of mitotic spindles in the dividing blastomeres, with spindles oriented 

perpendicular to the surface of the embryo giving asymmetric divisions. Live analysis and 

dissection of individual blastomeres has shown that spindle orientation is determined by the 

cell shape of the blastomeres, spindles align with the long axis of the cell, such that tall cells 

with a small apical surface produce perpendicular divisions (Strauss et al., 2006). Slightly 

later in development, at gastrulation, the majority of cells in the outer epithelial layer of the 

embryo undergo symmetric divisions in the plane of the tissue, which are thought to help 

spread the tissue during epiboly (Kieserman and Wallingford, 2009; Marsden and 

DeSimone, 2001; Tabler et al., 2010; Woolner and Papalopulu, 2012). Analysis of these 

divisions in live embryos has shown that, as well as being oriented with the plane of the 

epithelium, the spindles in these cells show a very specific apicobasal position. The spindles 

are positioned along the apicobasal axis through a balance between microtubule and 

actomyosin driven forces and the maintenance of this position appears to be closely linked to 

keeping the spindle level to produce a symmetric division (Woolner and Papalopulu, 2012). 

Xenopus embryos have also been used to study how the planar direction of division in 

epithelial cells is controlled. During neural tube closure, divisions in the neural plate of the 

Xenopus embryo show a stereotyped planer orientation, dividing in an alternating oblique 

pattern to the midline. Intriguingly, this planar orientation pattern does not appear to require 

PCP signalling but is instead regulated by the small GTPase, Cdc42 (Kieserman and 

Wallingford, 2009).

In this section we have described how Xenopus offers a powerful system to understand 

mitosis and cell division across biological scales, from molecular components and their 

regulation all the way up to roles for cell division in fate determination and tissue shaping in 

the developing embryo. Next we will discuss how this knowledge can be brought together 

with the biomechanical strengths of the Xenopus system to investigate how mechanical force 

and cell division are coordinated in tissues.
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Conclusion: Using Xenopus as a model to investigate the role of force in 

cell division

We have described the strengths of Xenopus as a system to study both biomechanics and cell 

division. An obvious next step is to combine these strengths to investigate when and how 

mechanical force influences cell division, especially in complex developing tissues. Recent 

studies, the vast majority performed in cultured cells, have already indicated that mechanical 

strain alters division rate and division orientation. However, the molecular mechanisms 

linking strain and cell division remain unclear, even in single cells, and we understand even 

less how force and division are coordinated in vivo in complex tissues. The Xenopus embryo 

offers an excellent opportunity to cross these scales – with the ability to address both 

molecular mechanism and in vivo relevance in a single system.

An important first step in understanding how mechanical force regulates cell division in 

tissue is the development of tools to reproducibly deform 3D tissue and simultaneously 

image and analyse cell division. To date this has been achieved for simple cultured cell 

monolayers, but not complex tissues. Xenopus animal cap explants offer a great opportunity 

to bridge this gap, since they provide a resilient epithelial tissue that maintains its 3D multi-

layered in vivo structure when cultured for short periods of time (we have tested up to 5 

hours from dissection in our experiments). Using animal caps, we have developed a system 

to apply reproducible stretch or compression to tissue (Figure 1). Animal caps are dissected 

from early gastrula stage embryos and cultured on an elastomeric silicon-based (PDMS) 

membrane coated with fibronectin. Animal caps are dissected and adhered to the PDMS 

membrane using a protocol similar to that described previously (Joshi and Davidson, 2010), 

adherence takes only 2 hours and the 3D in vivo structure of the tissue is maintained. The 

PDMS substrate is then mounted on a computer controlled biaxial stretcher that can apply 

strain along one or both axes (Deben UK). Compression can also be applied using this 

system, by adhering the tissue to an already stretched PDMS membrane and then releasing 

the stretch once the animal cap is adhered. To analyse cell division in the stretched/

compressed tissue, the stretch device can be mounted under a confocal microscope and cells 

in the apical layer of the epithelium recorded by time-lapse microscopy, allowing the effect 

of mechanics on cell shape, division rate and orientation to be assessed (Figure 1). To 

investigate potential molecular mechanism, the tissue can be manipulated prior to stretching, 

for example morpholino oligonucleotides can be injected into the embryo at the 2–4 cell 

stage to knock down candidates involved in mechanosensation. In this way, the role of 

mechanical regulation in cell division can be molecularly dissected in the context of a 3D 

tissue.

An ex vivo system such as that described above will be an important aid to understanding 

the molecular machinery involved in linking cell division and mechanical force in tissue. 

However, an ultimate goal will always be to take what we learn from these systems and 

explore how they apply in vivo. As described in the previous sections, the Xenopus embryo 

offers an ideal system to investigate both cell division and biomechanics in vivo and the 

significance of mechanical control in tissue self-assembly. A first step will be to use methods 

such as laser ablation and strain mapping to infer force across proliferating tissue in vivo and 
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integrate this with information about division rate and division orientation obtained from live 

imaging. Knockdown of mechanosensing candidates gleaned from ex vivo work could then 

be used to test functionally how mechanical force and cell division are linked in vivo. 
Moreover, these types of investigation will also allow us to determine the importance of this 

link for embryonic events such as tissue morphogenesis. In this way, recent work combining 

cell culture studies with the Xenopus embryo has revealed that focal adhesion kinase (FAK) 

plays an important role in transducing extracellular force in order to orient the mitotic 

spindle (Petridou and Skourides 2014). In single cultured cells, knockout of FAK was shown 

to reduce the ability of mitotic spindles to align with cell shape and force when grown on 

micropatterned substrates. Moreover, in Xenopus gastrula stage embryos, morpholino 

knockdown of FAK prevented spindles from aligning with acute changes in tension when 

neighbouring cells in the outer epithelium were laser ablated. Selectively blocking FAK 

function using an inducible dominant negative construct led to failures in epiboly and 

pronephros development, suggesting that FAK-mediated spindle orientation plays an 

important role in morphogenesis and organogenesis (Petridou and Skourides, 2014). This 

work illustrates beautifully the potential for Xenopus to reveal how and why mechanical 

force and cell division are so intricately linked.

Overall, Xenopus offers many advantages to studies on the interaction of mechanics and cell 

division. Many powerful tools to measure and manipulate the mechanical environment, 

either in vivo or on tissue explants, were initially developed using Xenopus embryos. 

Similarly, there is a long history of using Xenopus to clarify the molecular and cellular 

pathways guiding mitosis and cell division. As methods for studying the mechanical 

environment and cell division are successfully established in this model organism, Xenopus 
is ideally placed as an experimental system for understanding how these processes are 

interlinked.
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Figure 1. Method to simultaneously apply a reproducible strain and analyse cell division in the 
Xenopus animal cap
a) The animal cap is dissected (red lines) from an early gastrula stage embryo that has been 

labeled by injection of GFP-α-tubulin and Cherry-histone2B mRNAs at the 2 cell stage. The 

dark brown area indicates the pigmented apical cell layer that will be imaged. b) Animal 

caps are cultured on a fibronectin coated flexible PDMS membrane until adhered. The 

PDMS membrane is cast in a custom mould with teeth on all four sides allowing either a 

uni-axial or biaxial stretch to be applied. c) PDMS membrane with cultured animal caps 

(arrow) attached to stretch apparatus. A uniaxial stretch is applied to stretch the animal caps 

by 35%; the teeth orthogonal to the stretch direction have been removed. d) The stretch 

apparatus is attached to the stage of an upright confocal microscope; a water-dipping 

objective is used to visualize cells in the apical layer. e) Example timelapse series using 

maximum intensity projections of cell division in the apical cell layer with frames 5 minutes 

apart. 35% stretch was applied in horizontal direction. The dividing cell is marked by dashed 

outline at 0 min, GFP-α-tubulin (green) labels the microtubule cytoskeleton and condensing 

centrosomes (arrowheads), Cherry-histone2B (magenta) labels nuclei. Scale bar: 30μm.
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