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Direct quantitative perturbations of physical
parameters in vivo to elucidate vertebrate embryo
morphogenesis
Soichiro Kato and Asako Shindo
Physical parameters such as tissue interplay forces, luminal
pressure, fluid flow, temperature, and electric fields are crucial
regulators of embryonic morphogenesis. While significant
attention has been given to cellular and molecular responses
to these physical parameters, their roles in morphogenesis are
not yet fully elucidated. This is largely due to a shortage of
methods for spatiotemporal modulation and direct quantitative
perturbation of physical parameters in embryos. Recent ad-
vancements addressing these challenges include microscopes
equipped with devices to apply and adjust forces, direct
perturbation of luminal pressure, and the application of micro-
forces to targeted cells and cilia in vivo. These methods are
critical for unveiling morphogenesis mechanisms, highlighting
the importance of integrating molecular and physical ap-
proaches for a comprehensive understanding of
morphogenesis.
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Introduction
During development, dynamic cell movement is crucial
in shaping the body, frequently using various physical
parameters. The physical parameters in a tissue origi-
nate from cytoskeleton, cell adhesions, and extracel-
lular matrix, as well as from non-cellular elements like
substances filling a lumen. For instance, actomyosin can
contract cell cortices, leading to changes in cell shape
www.sciencedirect.com
or movement [1,2], while aquaporin and Naþ/Kþ
channels can alter the volume of internal fluid within a
lumen, affecting the pressure therein [3]. Studies in
mechanobiology have advanced our understanding by
linking physics with developmental biology and

show that physical parameters are involved in the
process of morphogenesis.

Our understanding of the role of physical parameters in
morphogenesis remains limited due to the lack of stan-
dard methodologies for their direct and quantitative
perturbation in vivo. Currently, perturbations of physical
parameters are primarily achieved through molecular
manipulations, such as inhibiting actomyosin contrac-
tility or knocking down/out channels or transporters.
However, researchers often tolerate the possibility that

the manipulated molecules may be critical responders to
the targeted physical parameter. Therefore, direct
perturbation of physical parameters, which we define as
an intervention using physical methods, is ideal for
identifying their roles in morphogenesis. Moreover,
perturbing physical parameters in specific spaces within
embryos has been challenging, because the targets are
either too small or too deeply located within embryos.
Even when equipment successfully reaches the intended
target, accurately assessing the extent of perturbation
applied presents a new challenge. This necessitates the

selection of appropriate tools and methods for the
targets or the creation of custom equipment tailored to
meet specific needs.

In this review, we summarize recent advancements in
techniques and methodologies for the direct and quan-
titative perturbation of physical parameters within
developing tissues of vertebrates in vivo. Specifically, we
focus on the forces that have been successfully measured
and perturbed in recent developmental biology studies:
forces generated through tissueetissue and cellecell
interactions, intraluminal pressure, and fluid flow. We
also focus on other interesting physical parameters,
temperature, and electric fields, as possible regulators of
vertebrate morphogenesis. Lastly, we explore emerging
technologies that hold promise for advancing the direct
quantitative perturbation of each physical parameter
in vivo, assessing how these technologies might address
current challenges in developmental biology research.
Current Opinion in Cell Biology 2024, 90:102420
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2 Cell Dynamics (2024)
Forces exerted by tissue or cell interplay
Direct quantitative perturbation is particularly crucial

for elucidating the role of forces in embryonic devel-
opment, given the viscoelastic or plastic properties of
tissues and embryos [4e6]. The primary method for
perturbing internal forces across multiple cells includes
macro-scale stretching of tissues adhered to poly-
dimethylsiloxane (PDMS, silicone polymer) substrates
[7,8]. Also, micro-scale stretching of cell membrane can
be achieved using optical tweezers affixed to cell
membrane [9]. However, the forces within cells and
tissues may differ depending on their viscoelastic
properties and morphometric changes during develop-

ment (Figure 1). The forces exerted on simple mate-
rials after deformation should be influenced by their
material properties (e.g. elasticity) (Figure 1a, b),
suggesting that the applied deformation must be
adjusted to maintain constant forces among the various
Figure 1

Concept of direct quantitative perturbation of forces within simple materials/e
materials. Thicker lines indicate less deformable (higher spring constant). (b,
line) and the internal forces of the material (blue line). Solid, dashed, and dotte
in materials with high, medium, and low spring constants, respectively (b). Th
solid, dashed, and doted lines in each case (c). (d) Schematic of Xenopus e
properties and morphometric changes during development, characterized by e
series schematic diagram of applied deformation (pink line) and internal forces
showing the deformation and forces in the embryo (e0, f0). The applied force by
necessitating iterative feedback between force and deformation through moni
tissue (f, f0). Xenopus illustrations ©Natalya Zahn (2022), Xenbase (www.xen
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materials (Figure 1a, c). Embryonic tissues undergoing
morphogenesis present additional complexity, owing to
their viscoelastic properties and continuous morpho-
metric changes (Figure 1d), as visualized by the Bril-
louin microscope [10]. In cases where their
viscoelasticity follows the Maxwell model [4], the
embryos and tissues are capable of attenuating forces
through their deformation (Figure 1e, e’) [11].

Consequently, to achieve constant forces in tissues, the
deformation must be applied repeatedly (Figure 1f, f ’).
Therefore, in the force perturbing experiments, it is
preferable to continuously monitor and adjust the
applied deformation by providing iterative feed-
back [6,12].

Such a feedback approach is ideal for investigating the
role of intercellular and intertissue forces during
morphogenesis, especially for long-term force
mbryonic tissue (a) Schematic of an elastic spring representing simple
c) Time series schematic diagrams showing the applied deformation (pink
d lines represent the forces generated after applying the same deformation
e deformations required to generate a constant force are represented by
mbryos as examples of embryonic tissue, depicting complex viscous
longation along anterior–posterior axis. A: anterior, P: posterior. (e, f) Time
in the embryo (blue line) (e, f), accompanied by representative schematic
deformation attenuates due to viscosity and morphometric changes (e, e0),
toring both values for long-term application of constant force in embryonic
base.org RRID:SCR_003280), [81].
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Perturbations in embryonic physical parameters Kato and Shindo 3
applications that can last from minutes to hours. Some
molecular-based sensors, including FRET-based force
sensors, are valuable tools for monitoring applied forces
[13]. If force application is coupled with the methods of
visualizing forces, the feedback approach becomes
feasible, although it is still challenging to combine in-
dependent methods for measurement and perturbation.
Recently, a feedback-based apparatus has been devel-

oped to apply forces to embryos over periods ranging from
minutes to hours. The Tissue Force Microscopy (TiFM)
system, equipped with closed-loop feedback control for
applying forces in chick embryos, has been introduced
[14]. This system is designed for small tissues ranging in
size from 100 mm to 1 mm and successfully measured
axial elongation force within a range of 40e100 Pa.
Applying forces within the “in vivo” range facilitates body
elongation by causing specific cell movement, demon-
strating that the magnitude of endogenous forces is
critical for the elongation speed. In situ monitoring of

force application with this system will enhance our un-
derstanding of key mechanisms, such as the role of cell
density in the rate of morphogenesis [15].

Recent technological advancements have enabled the
development of customized apparatuses designed to
apply forces on viscoelastic tissues and embryos. Previ-
ously, complex analog circuits were necessary to control
actuators for feedback and forces adjustment. Now,
microcontrollers and single-board computers, such as
Arduino and Raspberry Pi, can replace that expertise and

complex systems [16e18]. These microcontrollers can
be integrated with robot-assisted tissue micromanipu-
lation for procedures like microsurgery of embryos [19],
as well as with force sensors and microindenters [20].
Commercially available 3D printers have become a
powerful tool for producing custom-designed equip-
ment tailored to specific experimental setups [21,22].
Recent high-end models can print objects with micro-
scale precision, enabling the creation of intricate com-
ponents that can be seamlessly integrated with glass
needles, tungsten probes, and optical fibers, essential
for the precise measurement and perturbation of tissue

stress. More recently, objects can be printed even inside
embryos, allowing for more effective measurement of
tissue force [23]. Adopting such new techniques to
perturb forces, alongside routine functional analyses of
molecules, will enhance the discovery of mechanisms
underlying morphogenesis.

Force exerted by intraluminal pressure
Investigation into the role of intraluminal pressure in
morphogenesis has significantly progressed through
strategies that incorporate both indirect and direct
measurements and perturbation of pressure [24,25].
Despite the potential influence of the material proper-
ties of surrounding cells on these measurements, intra-
luminal pressure has been estimated by observing
deformation of hydrogel encapsulating an embryo [26]
www.sciencedirect.com
or displacement of microbeads attached to luminal tis-
sues [27]. Inserting a glass needle connected to micro-
electrodes or electric sensors into the lumen is the most
reliable method for accurately measuring minute pres-
sures in embryos. Using these tools, the influx of luminal
fluid into the needle can be converted to electrical
resistance [25,28], sensor strain [24], or deformation of
watereoil interface inside the glass needle [29]. How-

ever, such direct measurements of the pressure are only
feasible when the target cavity is sufficiently large to
accommodate the insertion of glass capillaries.
Currently, the internal pressure of small cavities, such as
intracellular gaps within tissues, is estimated using
Laplace’s equation based on the shapes of cell out-
lines [30,31].

Recent advances in the direct and quantitative pertur-
bation of luminal pressure are opening a new area of
research in morphogenesis, following previous studies

that have largely relied on indirect strategies targeting
molecules. Ouabain is commonly used to decrease
intraluminal pressure by inhibiting Naþ/Kþ ATPase
[3,32]. Another method involves Clostridium perfringens
enterotoxin (C-CPE), which reduces fluid accumulation
within the lumen by attenuating tight junction sealing
[33]. Traditionally, luminal pressure has been directly
perturbed by connecting internal spaces to the external
via capillaries [34,35]. These approaches have contrib-
uted to identifying the role of pressure in normal
morphogenesis, despite the lack of information on the

pressure amount they disturbed. More recently, it has
become possible to assess the pressure resistance of
luminal tissues by injecting a defined volume of fluid into
the lumen and continuously monitoring the pressure.
One significant finding from this method is the identi-
fication of gating mechanisms of the blastopore of Xenopus
embryos, which, although not a focus of previous studies,
are crucial for the fluid movement essential for normal
morphogenesis [28]. In the future, the development of a
new apparatus for quantitatively manipulating luminal
pressure, which incorporate technologies like single-
board computers, may potentially catalyze a paradigm

shift in the focus of morphogenesis research [36].

Given that luminal pressure is determined by the bal-
ance between osmotic pressure and the tension of the
luminal wall, osmotic pressure within the cavity and
tissues represents another variable that requires mea-
surement and perturbation. Previously, osmolarity was
assessed invasively, necessitating the collection of fluid
from embryos [37]. Recent innovations may enable the
direct perturbation of osmotic pressure in vivo. By
employing a double emulsion droplet with a size of

approximately 30 mm, osmotic pressure in early zebrafish
embryos was successfully measured [38]. In the future,
this technique could be used for monitoring osmotic
pressure by combining it with the injection of a specific
buffer, thereby enabling quantitative perturbation.
Current Opinion in Cell Biology 2024, 90:102420
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Force exerted by fluid flow
Fluid flow has been recognized as a regulator of

morphogenesis, as evidenced by discoveries of left-right
axis determination through cilia-dependent nodal flow
[39]. Blood vessel formation is another example
controlled by mechanical stress from blood flow [40].
The dynamics of flow have been analyzed by visualizing
the movements of fluorescent beads and examining the
morphology of the luminal interface [41,42]. Such a
measurement method has revealed the flow velocity
within tissues. For example, mouse node cilia generate
flow ranging from 1 to 2 mm/s [43], whereas the cilia in
zebrafish Kupffer’s vesicles (KV) generate flow between

5 and 10 mm/s [44]. Blood flow in zebrafish embryos is
significantly faster, ranging from 100 to 1500 mm/
s [45,46]. Perturbations of these fluid flows are effec-
tively induced through various methods, including the
mutation of cilia genes to inhibit their motion [47], the
addition of methylcellulose to increase fluid viscosity
and slow down the flow [41,43], and the manipulation of
flow using both chemical and mechanical approaches
[48,49]. These perturbations demonstrated that fluid
flow itself controls morphogenesis.

Recent advancements in optogenetic, magnetic, and
acoustic technologies have enabled targeted perturbation
of cells and cilia responding to fluid flow. Disturbing the
flow still leaves unsolved the question of whether
chemical transport or physical force transmission is the
primary contributor. To address this uncertainty, direct
application of force to the target, including bending in-
dividual cilia using optical tweezers, has been conducted
[50,51]. These studies demonstrate that the physical
force to bend cilia is a key in determining the left-right
axis. Interestingly, the force required for bending cilia

appears to be specific to species or tissues. For instance,
recent papers reported that mouse node cilia require
12 pN [50], while zebrafish KV cilia require 0.6 pN [51]
to bend. It is also noteworthy that these magnitudes of
force do not correlate with the flow velocity described
above. In studies of vasculogenesis, pressing magnetic
beads or microbubbles onto endothelial cells with
micrometer precision, controlled by external magnets
and acoustics, contributes to understanding the role of
physical parameters [52,53]. A significant advantage of
these remote manipulations is their ability to target tis-

sues located in deeper layers of embryos. This remote
control of micro-perturbation distinguishes between the
roles of molecules and physical forces, shedding light on
longstanding questions about the mechanisms of left-
right symmetry breaking and the formation of tubules
and their appendages, such as cardiac valves.

Methodologies for micro-perturbing fluid flow at spe-
cific locations will enhance our understanding of the
relationships between flow and forces. Soft robotic
microsystems, controlled by acoustics, may emerge as
Current Opinion in Cell Biology 2024, 90:102420
new tools for directly perturbing local fluid flow [54,55].
Such microscale devices, fabricated from polymers, may
be inserted into the lumina of embryos to perturb the
internal flow acoustically. Although challenges related to
their size (150e300 mm) and potential toxicity remain
[56,57], integrating non-biological material and tools
could pave the way for innovative methods to directly
and quantitatively perturb fluid flow.
Temperature and electric fields
Temperature and electric fields are distinct physical
parameters that possibly regulate morphogenesis inde-
pendently from the physical forces we described above.

It is well-established that temperature influences the
rate of development, exemplified by its application in
studies on the resynchronization of cell cycle in Xenopus
embryos [58]. Beyond the effects on developmental
rate, increasing environmental temperature from
14.5 �C to 26.5 �C was shown to alter gene expression
that regulates the number of motor neurons in Xenopus
embryos [59]. More recently, single-cell RNA-seq anal-
ysis of zebrafish embryos has revealed heterogeneous
temperature sensitivity across tissues, with the noto-
chord being particularly susceptible to higher environ-

mental temperature up to 34 �C [60]. Notably, similar
findings in Ciona identified the notochord as the tissue
most distinctly disrupted by high-temperature stress
around 25 �C [61], suggesting a broader role for tem-
perature in regulating specific tissue morphogenesis.

Electric fields are another significant physical parameter
capable of regulating morphogenesis, characterized by
their ease of perturbations from the environment
[62,63]. It has long been established that neural crest
cells cultured from amphibian and avian embryos exhibit
electrotaxis, the directed movement of cells in response

to an electric field [64,65]. More recently, electrotaxis
has also been observed in mouse neural crest cells,
although their directionality is opposite to that seen in
amphibians and avians [66]. Efforts to directly measure
endogenous electric fields on the surface of amphibian
embryos using vibrating microelectrode have provided
support for the role of electrotaxis in guiding cell
migration during development [67]. Importantly, adult
epidermal cells in fish similarly respond to electric fields
that are generated by wounds [68]. Not only directional
cell migration, but electric fields also regulate the three-

dimensional structure of cultured cysts, altering its size
and shape [69]. These findings were achieved by simply
applying an electric current beneath the cells
and tissues.

While external perturbations of temperature and electric
fields are feasible, the methodologies for accurately
quantifying their effects within tissues still require
further refinement. Notably, calorimeter-measured heat
flow during the cleavage stage of zebrafish development
www.sciencedirect.com
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demonstrates oscillation that correlate with cell division
[70]. This finding prompts further investigation into
whether temperature influences morphogenesis by
quantified perturbations of internal temperature.
Although current technical limitations in measuring in-
ternal temperatures in embryos hinder effective quanti-
tative perturbation, advancements in techniques such as
optical heaters and thermometers are expected to

address these challenges [71,72]. Considering the
sensitivity of specific tissues to temperature stress
[60,61], precise spatiotemporal control of measurement
and perturbation could facilitate the identification of
temperature-responsive targets. Such micro-quantitative
Figure 2

b

Relationship between volume and fluid pressure in embryonic cavities (a) Sc
measured in previous studies [25,28,32,36,82–84]. Red arrowhead: fluid-fille
(zebrafish); St, Nieuwkoop-Faber stage (Xenopus); HH, Hamburger Hamilton
Diagram showing the intraluminal pressure and volume of the cavity approxim
[24–28,32,34,36,85–90]. Horizontal and vertical axes of the double logarithmic
pressure [Pa], respectively. Note that there are no data for cavities smaller than
of measuring and perturbing such small cavities. Blue triangles, green square
zebrafish, Xenopus, chick, and mouse/rat embryos, respectively. Each point is
abbreviations: BC, Blastocoel; OV, Otic vesicle; AC, Archenteron; BP, Blastop
brane surrounding Xenopus embryos); ZP, zona pellucida (membrane surrou
measured, volumes at similar stages or estimated from diameter or cross-sect
or as a column (Mouse E.13 Br), are presented.

www.sciencedirect.com
perturbations are also essential for studies exploring the
role of electric fields on morphogenesis.
Discussion
Direct and quantitative perturbation of physical pa-
rameters in vivo is essential for understanding their roles
in morphogenesis; however, unlike well-established
methods such as knockdown and knockout techniques
used to disrupt gene expression, strategies and frame-
works for such perturbations of physical parameters are
not yet well defined. This lack of standardization can
result in variability of results depending on the operator
Current Opinion in Cell Biology

ale-aligned schematic of various embryonic cavities with pressures
d cavity, scale bar = 1 mm. Abbreviations: hpf, hour post fertilization
Stage (Chick); E, Embryonic day (days post conception, dpc, Mouse). (b)
ated as a sphere, based on values referenced from previous studies
chart represent measured or estimated cavity volume [m3] and measured
1E-15 m3, implying another challenge in developing technologies capable
s, yellow circles, red diamonds indicate the measured cavity pressures in
labeled with the developmental stage and type of cavity using the following
ore pressure resistance; Br, Brain cavity; VM, vitelline membrane (mem-
nding mouse embryos). For cavities where the volume is not precisely
ional area, approximated as a sphere (Xenopus St.20-21 AC, BP (No VM))

Current Opinion in Cell Biology 2024, 90:102420
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6 Cell Dynamics (2024)
and the measuring instruments. It is clear that devel-
oping and adopting multiple methods for measuring
physical parameters is necessary to obtain accurate
values, which currently show variability (Figure 2).
Additionally, the challenge of measuring over a certain
duration along with targeting specific sizes frequently
troubles researchers, necessitating the development of
specialized equipment. In this review, we highlight

recent advancements in techniques that enable the
direct and quantitative perturbation of physical param-
eters in vivo.

One of the important questions for future research in this
field is elucidating the relationship between force
magnitude and both tissue size and morphology.
Research has demonstrated that intraluminal pressure
determines the size of the zebrafish otic vesicle and
mouse blastocyst [24,25]. Our comparison of aggregated
data from previous studies shows that, when approxi-

mated to a sphere for volume calculations, mouse blas-
tocysts exhibit sizes and intraluminal pressures similar to
those of zebrafish otic vesicles (Figure 2a, b: BC at
E.3.5e3.75 and OV at St. 36e48). Additionally, devel-
oping chick brain and Xenopus archenteron without vi-
telline membrane exhibit similar sizes and pressures
(Figure 2b: HH21 Br and St. 20e21 AC and BP). These
may stem from a fundamental role of intraluminal pres-
sure in orchestrating morphogenesis at distinct tissue
scales. Exploring the direct impact of pressure by quan-
titative perturbation on specific luminal morphogenetic

events, such as the twisting and branching of tubules,
could lead to previously unrecognized mechanisms
of morphogenesis.

Actual quantities of measuring and perturbing forces
raise other important questions in this field. For example,
with regard to the forces generated by tissueetissue or
cellecell interplays, a significant challenge remains in
linking well-characterized molecular-level forces, such as
those exerted by myosin, to the deformation forces
observed at the tissue level. It is unclear how the forces
produced by individual myosin molecules, which

generate only a few piconewtons, scale up to elongate
tissues with forces reaching several micronewtons [5].
Due to this knowledge gap, it remains uncertain whether
the accumulation and quantity of myosin at cellecell
junctions alone can generate the necessary forces for
tissue elongation [73]. To investigate the potential
mechanisms of force amplification from the molecular to
the tissue level, it is crucial to conduct direct quantitative
perturbations of physical parameters at each scale.

Lastly, a major challenge is to elucidate how the mag-

nitudes of physical parameters relate to the molecular
and physical properties of cells or organelles that enable
them to sense these parameters. This is typically
observed in the sensing of fluid flow by cilia, as we
mentioned that flow velocity does not correlate with the
Current Opinion in Cell Biology 2024, 90:102420
forces required for bending cilia. This fact raises the
possibility that the stiffness, length, or molecules on the
cell membrane of the cilia might modify the mechano-
sensitivity [74]. Direct quantitative perturbation will
help identify what is required for sensing physical pa-
rameters and also clarify the significance of our body
design in generating the physical parameters.
Conclusion and future perspectives
Interest in the role of physical parameters in develop-
mental biology began alongside attempts to measure
and perturb them within embryos, coinciding with the
rise of experimental developmental biology.

Since the late 19th century, disturbing gravity in em-
bryos has been a classical method for demonstrating
that physical parameters are involved in morphogenesis
[75e77]. These studies used techniques such as
placing the embryos upside down, rotating them with a
clinostat, or sending embryos to space to perturb
gravity at the whole embryo level. The equipment
introduced in this review builds on these strategies,
allowing for finer measurement and perturbation of
forces at the tissue and cell level. Such advancements

have significantly enhanced our understanding of how
physical parameters contribute to morphogenesis. In
the future, devising and crafting innovative measure-
ment and perturbation devices will enable the identi-
fication of unexplored physical parameters regulating
development. For instance, friction force at the
tissueetissue interface is one emerging physical
parameter to be investigated [78e80], although its
magnitude is unknown, and methods of perturbation
have yet to be established. Ongoing exploration of such
unexplored physical parameters, including tempera-
ture and electric fields, from a technical perspective,

will deepen our understanding of the principles
of morphogenesis.

Declaration of Generative AI and AI-
assisted technologies in the writing
process
During the preparation of this work, the authors used
[ChatGPT/OpenAI] in order to improve language and
readability. After using this tool/service, the authors
reviewed and edited the content as needed and take full
responsibility for the content of the publication.

Declaration of competing interest
The authors declare that they have no known competing
financial interests or personal relationships that could
have appeared to influence the work reported in
this paper.
Data availability
No data was used for the research described in
the article.
www.sciencedirect.com

www.sciencedirect.com/science/journal/09550674


Perturbations in embryonic physical parameters Kato and Shindo 7
Acknowledgments
We would like to extend our sincere thanks to Dr. Shunya Kuroda, Dr. Yuji
Atsuta, and Dr. Hitoshi Morita for providing valuable information. While
this review prioritizes recent papers for citation, which may result in the
omission of some important earlier works, we are grateful for all contri-
butions to this field of research. This work was supported by JSPS
KAKENHI Grant Numbers, 24K18124, 24H01488, 23K19369 to S.K., and
22H05168 to A.S.

References
Papers of particular interest, published within the period of review,
have been highlighted as:

* of special interest
* * of outstanding interest

1. Bertet C, Sulak L, Lecuit T: Myosin-dependent junction
remodelling controls planar cell intercalation and axis elon-
gation. Nature 2004, 429:667–671.

2. Zallen JA, Wieschaus E: Patterned gene expression directs
bipolar planar polarity in Drosophila. Dev Cell 2004, 6:
343–355.

3. Blasiole B, Canfield VA, Vollrath MA, Huss D, Mohideen MAPK,
Dickman JD, Cheng KC, Fekete DM, Levenson R, Na Separate:
K-ATPase genes are required for otolith formation and
semicircular canal development in zebrafish. Dev Biol 2006,
294:148–160.

4. Campàs O: A toolbox to explore the mechanics of living em-
bryonic tissues. Semin Cell Dev Biol 2016, 55:119–130.

5. Shook DR, Kasprowicz EM, Davidson LA, Keller R: Large, long
range tensile forces drive convergence during Xenopus
blastopore closure and body axis elongation. Elife 2018, 7,
e26944.

6. Mongera A, Pochitaloff M, Gustafson HJ, Stooke-Vaughan GA,
Rowghanian P, Kim S, Campàs O: Mechanics of the cellular
microenvironment as probed by cells in vivo during zebrafish
presomitic mesoderm differentiation. Nat Mater 2023, 22:
135–143.

7. Constantinou I, Bastounis EE: Cell-stretching devices: ad-
vances and challenges in biomedical research and live-cell
imaging. Trends Biotechnol 2023, 41:939–950.

8. Nelemans BKA, Schmitz M, Tahir H, Merks RMH, Smit TH:
Somite division and new boundary formation by mechanical
strain. iScience 2020, 23, 100976.

9. Ferro V, Chuai M, McGloin D, Weijer CJ: Measurement of
junctional tension in epithelial cells at the onset of primitive
streak formation in the chick embryo via non-destructive
optical manipulation. Development 2020, 147.

10. Zhang J, Nikolic M, Tanner K, Scarcelli G: Rapid biomechanical
imaging at low irradiation level via dual line-scanning Bril-
louin microscopy. Nat Methods 2023, 20:677–681.

11. Teranishi A, Mori M, Ichiki R, Toda S, Shioi G, Okuda S:
Epithelial folding irreversibility is controlled by elastoplastic
transition via mechanosensitive actin bracket formation.
bioRxiv 2024 [February].

12. Barriga EH, Franze K, Charras G, Mayor R: Tissue stiffening
coordinates morphogenesis by triggering collective cell
migration in vivo. Nature 2018, 554:523–527.

13. Eder D, Basler K, Aegerter CM: Challenging FRET-based E-
Cadherin force measurements in Drosophila. Sci Rep 2017, 7:
1–12.

14
* *
. Chan CU, Xiong F, Michaut A, Vidigueira JMN, Pourquié O,

Mahadevan L: Direct force measurement and loading on
developing tissues in intact avian embryos. Development
2023, 150.

This study introduces a new microscope designed to measure and
perturb forces in live chick embryos. It integrates advanced cantilevers,
liveimaging and tracking, and electronic sensing in a programmed
feedback loop, presenting a system that enables dynamic force mea-
surement and perturbation in vivo.
www.sciencedirect.com
15. Lu C, Vidigueira JMN, Chan C, Jie J, Maksymiuk A, Xiong F: Cell
density couples tissue mechanics to control the elongation
speed of the body axis. bioRxiv 2024, https://doi.org/10.1101/
2023.12.31.573670.

16. Wang Y, Singer R, Liu X, Inman SJ, Cao Q, Zhou Q, Noble A, Li L,
Arizpe Tafoya AV, Babi M, et al.: The CaT stretcher: an open-
source system for delivering uniaxial strain to cells and tis-
sues (CaT). Front Bioeng Biotechnol 2022, 10:1–23.

17. Kah D, Winterl A, P�rechová M, Schöler U, Schneider W,
Friedrich O, Gregor M, Fabry B: A low-cost uniaxial cell
stretcher for six parallel wells. HardwareX 2021, 9, e00162.

18. Fuqua T, Jordan J, Halavatyi A, Tischer C, Richter K, Crocker J:
An open-source semi-automated robotics pipeline for
embryo immunohistochemistry. Sci Rep 2021, 11:1–16.

19. Özelçi E, Mailand E, Rüegg M, Oates AC, Sakar MS: Decon-
structing body axis morphogenesis in zebrafish embryos
using robot-assisted tissue micromanipulation. Nat Commun
2022, 13.

20. Krenger R, Burri JT, Lehnert T, Nelson BJ, Gijs MAM: Force
microscopy of the Caenorhabditis elegans embryonic
eggshell. Microsystems Nanoeng 2020, 6.

21. Sands M, Kim J: A low-cost and open-source measurement
system to determine the Young’s and shear moduli and
Poisson’s ratio of soft materials using a Raspberry Pi camera
module and 3D printed parts. HardwareX 2023, 13, e00386.

22. Kunz D, Wang A, Chan CU, Pritchard RH, Wang W, Gallo F,
Bradshaw CR, Terenzani E, Müller KH, Huang YYS, et al.:
Downregulation of extraembryonic tension controls body
axis formation in avian embryos. Nat Commun 2023, 14:3266.

23. Maniou E, Todros S, Urciuolo A, Moulding D, Magnusson M,
Giomo M, Pavan P, Galea G, Elvassore N: Quantifying me-
chanical forces during vertebrate morphogenesis. Nat Mater
2024, https://doi.org/10.1038/s41563-024-01942-9.

24. Mosaliganti KR, Swinburne IA, Chan CU, Obholzer ND,
Green AA, Tanksale S, Mahadevan L, Megason SG: Size control
of the inner ear via hydraulic feedback. Elife 2019, 8, e39596.

25. Chan CJ, Costanzo M, Ruiz-Herrero T, Mönke G, Petrie RJ,
Bergert M, Diz-Muñoz A, Mahadevan L, Hiiragi T: Hydraulic
control of mammalian embryo size and cell fate. Nature 2019,
571:112–116.

26. Leonavicius K, Royer C, Preece C, Davies B, Biggins JS,
Srinivas S: Mechanics of mouse blastocyst hatching revealed
by a hydrogel-based microdeformation assay. Proc Natl Acad
Sci U S A 2018, 115:10375–10380.

27. Wang X, Zhang Z, Tao H, Liu J, Hopyan S, Sun Y: Character-
izing inner pressure and stiffness of trophoblast and inner
cell mass of blastocysts. Biophys J 2018, 115:2443–2450.

28
* *
. Kato S, Inomata H: Blastopore gating mechanism to regulate

extracellular fluid excretion. iScience 2023, 26, 106585.
In this study, direct quantified perturbation of luminal pressure within
the archenteron of Xenopus embryos was performed. As the embryos
develop, the pressure resistance at the blastopore decreases, leading
to fluid excretion through the bastopore. This study also elucidates the
mechanisms by which the blastopore acts as a regulatory valve, by
measuring the forces that close the blastopore.

29. Yang J, Duan X, Fraser AK, Choudhury MI, Ewald AJ, Li R,
Sun SX: Microscale pressure measurements based on an
immiscible fluid/fluid interface. Sci Rep 2019, 9, 20044.

30. Parent SE, Barua D, Winklbauer R: Mechanics of fluid-filled
interstitial gaps. I. Modeling gaps in a compact tissue. Bio-
phys J 2017, 113:913–922.

31. Barua D, Parent SE, Winklbauer R: Mechanics of fluid-filled
interstitial gaps. II. Gap characteristics in Xenopus embry-
onic ectoderm. Biophys J 2017, 113:923–936.

32
*
. Alasaadi DN, Alvizi L, Hartmann J, Stillman N, Moghe P, Hiiragi T,

Mayor R: Competence for neural crest induction is controlled
by hydrostatic pressure through Yap. Nat Cell Biol 2024, 26:
530–541.

Hydrostatic pressure within the blastocoel of Xenopus embryos regu-
lates competence for neural crest induction, with Yap and Wnt signaling
Current Opinion in Cell Biology 2024, 90:102420

http://refhub.elsevier.com/S0955-0674(24)00099-1/sref1
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref1
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref1
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref2
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref2
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref2
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref3
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref3
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref3
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref3
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref3
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref4
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref4
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref5
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref5
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref5
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref5
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref6
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref6
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref6
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref6
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref6
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref7
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref7
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref7
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref8
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref8
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref8
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref9
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref9
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref9
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref9
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref10
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref10
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref10
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref11
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref11
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref11
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref11
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref12
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref12
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref12
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref13
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref13
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref13
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref14
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref14
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref14
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref14
https://doi.org/10.1101/2023.12.31.573670
https://doi.org/10.1101/2023.12.31.573670
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref16
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref16
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref16
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref16
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref17
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref17
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref17
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref17
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref18
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref18
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref18
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref19
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref19
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref19
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref19
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref20
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref20
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref20
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref21
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref21
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref21
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref21
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref22
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref22
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref22
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref22
https://doi.org/10.1038/s41563-024-01942-9
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref24
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref24
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref24
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref25
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref25
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref25
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref25
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref26
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref26
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref26
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref26
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref27
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref27
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref27
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref28
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref28
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref29
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref29
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref29
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref30
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref30
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref30
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref31
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref31
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref31
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref32
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref32
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref32
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref32
www.sciencedirect.com/science/journal/09550674


8 Cell Dynamics (2024)
pathways esponding to luminal pressure. This paper also presents
findings from mouse embryos and human cells, indicating that the
luminal pressure-dependent neural crest induction is a conserved
mechanism across vertebrates.

33. La Charité-Harbec S, Lachance JFB, Ryan AK, Gupta IR: Clau-
din-3 regulates luminal fluid accumulation in the developing
chick lung. Differentiation 2022, 124:52–59.

34. Desmond ME, Jacobson AG: Embryonic brain enlargement
requires cerebrospinal fluid pressure. Dev Biol 1977, 57:
188–198.

35. Stokkermans A, Chakrabarti A, Subramanian K, Wang L, Yin S,
Moghe P, Steenbergen P, Mönke G, Hiiragi T, Prevedel R, et al.:
Muscular hydraulics drive larva-polyp morphogenesis. Curr
Biol 2022, 32:4707–4718.

36. McLaren SBP, Xiong F: Lumen pressure modulation in
chicken embryos. Methods Mol Biol 2024, 2805:161–169.

37. Krens SFG, Veldhuis JH, Barone V, �Capek D, Maître JL,
Brodland GW, Heisenberg CP: Interstitial fluid osmolarity
modulates the action of differential tissue surface tension in
progenitor cell segregation during gastrulation. Development
2017, 144:1798–1806.

38
*
. Vian A, Pochitaloff M, Yen ST, Kim S, Pollock J, Liu Y,

Sletten EM, Campàs O: In situ quantification of osmotic
pressure within living embryonic tissues. Nat Commun 2023,
14:1–10.

A novel technique employing double emulsion droplets is developed for
measuring osmotic pressure both intra-and extra-cellulary in live
zebrafish embryos. This method facilitates the in situ and in vivo
quantification of osmotic pressure value. The innovation of this
approach lies in its ability to measure osmotic pressure non-invasively.

39. Okada Y, Takeda S, Tanaka Y, Belmonte JCI, Hirokawa N:
Mechanism of nodal flow: a conserved symmetry breaking
event in left-right axis determination. Cell 2005, 121:633–644.

40. Phng LK, Belting HG: Endothelial cell mechanics and blood
flow forces in vascular morphogenesis. Semin Cell Dev Biol
2021, 120:32–43.

41. Schweickert A, Weber T, Beyer T, Vick P, Bogusch S, Feistel K,
Blum M: Cilia-driven leftward flow determines laterality in
Xenopus. Curr Biol 2007, 17:60–66.

42. Kondrychyn I, Kelly DJ, Carretero NT, Nomori A, Kato K, Chong J,
Nakajima H, Okuda S, Mochizuki N, Phng LK: Marcksl1 modu-
lates endothelial cell mechanoresponse to haemodynamic
forces to control blood vessel shape and size. Nat Commun
2020, 11.

43. Shinohara K, Kawasumi A, Takamatsu A, Yoshiba S, Botilde Y,
Motoyama N, Reith W, Durand B, Shiratori H, Hamada H: Two
rotating cilia in the node cavity are sufficient to break left-
right symmetry in the mouse embryo. Nat Commun 2012, 3.

44. Montenegro-Johnson TD, Baker DI, Smith DJ, Lopes SS: Three-
dimensional flow in kupffer’s vesicle. J Math Biol 2016, 73:
705–725.

45. Subendran S, Wang YC, Lu YH, Chen CY: The evaluation of
zebrafish cardiovascular and behavioral functions through
microfluidics. Sci Rep 2021, 11, 13801.

46. Greysson-Wong J, Rode R, Ryu JR, Chan JL, Davari P,
Rinker KD, Childs SJ: Rasa1-Related arteriovenous malfor-
mation is driven by aberrant venous signalling. Development
2023, 150.

47. Gui M, Farley H, Anujan P, Anderson JR, Maxwell DW,
Whitchurch JB, Botsch JJ, Qiu T, Meleppattu S, Singh SK, et al.:
De novo identification of mammalian ciliary motility proteins
using cryo-EM. Cell 2021, 184:5791–5806.e19.

48. Langheinrich U, Vacun G, Wagner T: Zebrafish embryos ex-
press an orthologue of HERG and are sensitive toward a
range of QT-prolonging drugs inducing severe arrhythmia.
Toxicol Appl Pharmacol 2003, 193:370–382.

49. Nonaka S, Yoshiba S, Watanabe D, Ikeuchi S, Goto T,
Marshall WF, Hamada H: De novo formation of left-right
asymmetry by posterior tilt of nodal cilia. PLoS Biol 2005, 3.
Current Opinion in Cell Biology 2024, 90:102420
50
* *
. Katoh TA, Omori T, Mizuno K, Sai X, Minegishi K, Ikawa Y,

Nishimura H, Itabashi T, Kajikawa E, Hiver S, et al.: Immotile cilia
mechanically sense the direction of fluid flow for left-right
determination. Science 2023, 379:66–71 (80-).

This paper identified the biophycial mechanisms by which leftward
directional nodal flow breaks left-right symmetry in mouse embryos.
The authors used optical tweezers to apply mechanical forces to
immotile cilia, demonstrating that these cilia can detect the mechanical
forces generated by the flow. The polarized localization of the Pkd2
channel along the immotile cilia facilitates calcium signal activation.

51
* *
. Djenoune L, Mahamdeh M, Truong TV, Nguyen CT, Fraser SE,

Brueckner M, Howard J, Yuan S: Cilia function as calcium-
mediated mechanosensors that instruct left-right asymmetry.
Science (80-) 2023, 379:71–78.

This paper demonstrates that the immotile cilia at the left-right orga-
nizer of zebrafish embryos acts as mechanosensor. Alongside the
findings from mouse node study (#42), this study shows that ciliary
force sensing is necessary and sufficient for left-right axis formation,
suggesting that this is a general mechanisms across speacies.

52
*
. Fukui H, Chow RWY, Xie J, Foo YY, Yap CH, Minc N,

Mochizuki N, Vermot J: Bioelectric signaling and the control of
cardiac cell identity in response to mechanical forces. Sci-
ence (80-) 2021, 374:351–354.

Mechanical forces generated by the beating heart shape cardiac
valves in zebrafish embryos. The authors remotely manipulate me-
chanical forces in vivo using magnetic tweezers. The study also
demonstrates that mechanical forces are converted into two distinct
molecular pathways to form cardiac valves.

53. Jooss VM, Bolten JS, Huwyler J, Ahmed D: In Vivo Acoustic
manipulation of microparticles in zebrafish embryos. Sceince
Adv 2022, 8, eabm2785.

54. Kaynak M, Dirix P, Sakar MS: Addressable acoustic actuation
of 3D printed soft robotic microsystems. Adv Sci 2020, 7:1–9.

55. Dolev A, Hwang J, Gadiri MA, Sakar MS: 3D printed large
amplitude torsional microactuators powered by ultrasound.
Extrem Mech Lett 2024, 68, 102148.

56. Vandenberg LN, Stevenson C, Levin M: Low frequency vibra-
tions induce malformations in two aquatic species in a fre-
quency-, waveform-, and direction-specific manner. PLoS
One 2012, 7.

57. Pais-Roldán P, Singh AP, Schulz H, Yu X: High magnetic field
induced otolith fusion in the zebrafish larvae. Sci Rep 2016, 6:
1–11.

58. Anderson GA, Gelens L, Baker JC, Ferrell JE: Desynchronizing
embryonic cell division waves reveals the robustness of
Xenopus laevis development. Cell Rep 2017, 21:37–46.

59. Spencer KA, Belgacem YH, Visina O, Shim S, Genus H,
Borodinsky LN: Growth at cold temperature increases the
number of motor neurons to optimize locomotor function.
Curr Biol 2019, 29:1787–1799.e5.

60
*
. Dorrity MW, Saunders LM, Duran M, Srivatsan SR, Barkan E,

Jackson DL, Sattler SM, Ewing B, Queitsch C, Shendure J, et al.:
Proteostasis governs differential temperature sensitivity
across embryonic cell types. Cell 2023, 186:5015–5027.e12.

Single-cell genomic techniques have shown that temeperature accel-
erates the developmental rate in a non-uniformly manner across
different tissues. Employing zebrafish embryos, the authors found that
the notochord is particularly sensitive to temprature changes. The
finding underscore developmetal robustness and identifies specific cell
types that are critical points of failure.

61. Irvine SQ, McNulty KB, Siler EM, Jacobson RE: High tempera-
ture limits on developmental canalization in the ascidian
Ciona intestinalis. Mech Dev 2019, 157:10–21.

62. Song B, Gu Y, Pu J, Reid B, Zhao Z, Zhao M: Application of
direct current electric fields to cells and tissues in vitro and
modulation of wound electric field in vivo. Nat Protoc 2007, 2:
1479–1489.

63. Levin M: Bioelectric signaling: reprogrammable circuits un-
derlying embryogenesis, regeneration, and cancer. Cell 2021,
184:1971–1989.

64. Cooper MS, Keller RE: Perpendicular orientation and
directional migration of amphibian neural crest cells
www.sciencedirect.com

http://refhub.elsevier.com/S0955-0674(24)00099-1/sref33
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref33
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref33
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref34
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref34
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref34
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref35
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref35
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref35
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref35
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref36
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref36
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref37
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref37
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref37
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref37
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref37
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref37
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref38
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref38
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref38
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref38
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref39
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref39
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref39
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref40
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref40
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref40
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref41
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref41
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref41
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref42
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref42
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref42
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref42
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref42
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref43
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref43
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref43
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref43
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref44
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref44
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref44
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref45
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref45
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref45
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref46
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref46
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref46
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref46
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref47
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref47
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref47
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref47
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref48
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref48
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref48
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref48
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref49
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref49
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref49
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref50
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref50
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref50
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref50
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref51
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref51
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref51
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref51
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref52
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref52
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref52
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref52
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref53
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref53
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref53
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref54
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref54
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref55
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref55
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref55
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref56
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref56
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref56
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref56
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref57
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref57
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref57
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref58
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref58
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref58
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref59
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref59
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref59
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref59
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref60
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref60
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref60
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref60
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref61
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref61
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref61
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref62
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref62
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref62
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref62
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref63
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref63
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref63
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref64
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref64
www.sciencedirect.com/science/journal/09550674


Perturbations in embryonic physical parameters Kato and Shindo 9
in dc electrical fields. Proc Natl Acad Sci U S A 1984, 81:
160–164.

65. Gruler H, Nuccitelli R: Neural crest cell galvanotaxis: new data
and a novel approach to the analysis of both galvanotaxis
and chemotaxis. Cell Motil Cytoskeleton 1991, 19:121–133.

66. Mehta AS, Ha P, Zhu K, Li SY, Ting K, Soo C, Zhang X, Zhao M:
Physiological electric fields induce directional migration of
mammalian cranial neural crest cells. Dev Biol 2021, 471:
97–105.

67. Ferreira F, Moreira S, Barriga EH: Stretch-induced endogenous
electric fields drive neural crest directed collective cell
migration in vivo. bioRciv 2021, https://doi.org/10.1101/
2021.10.11.463916.

68. Sun Y, Reid B, Zhang Y, Zhu K, Ferreira F, Estrada A, Sun Y,
Draper BW, Yue H, Copos C, et al.: Electric field-guided col-
lective motility initiation of large epidermal cell groups. Mol
Biol Cell 2023, 34:1–15.

69
*
. Shim G, Breinyn IB, Martínez-Calvo A, Sameeksha, Cohen DJ:

Bioelectric stimulation controls tissue shape and size. Nat
Commun 2024, 15:2938.

Using a 3D epithelial tissue model, the study demonstrated that MDCK
cyst volume rapidly increases under electrical stimulation, with the rate
of expansion depending on the magnitude of the electric filed. The
expansion requires actomyosin network and ion transport. Similar ef-
fects were observed in mouse intestinal organoids, suggesting a
general influence of electric fields on luminal tissues.

70. Rodenfels J, Neugebauer KM, Howard J: Heat oscillations
driven by the embryonic cell cycle reveal the energetic costs
of signaling. Dev Cell 2019, 48:646–658.e6.

71. Oyama K, Ishii S, Suzuki M: Opto-thermal technologies for
microscopic analysis of cellular temperature-sensing sys-
tems. Biophys Rev 2022, 14:41–54.

72. Nakano M, Nagai T: Thermometers for monitoring cellular
temperature. J Photochem Photobiol C Photochem Rev 2017,
30:2–9.

73. Shindo A, Wallingford JB: PCP and septins compartmentalize
cortical actomyosin to direct collective cell movement. Sci-
ence (80-) 2014, 343:649–652.

74. Gopalakrishnan J, Feistel K, Friedrich BM, Grapin-Botton A,
Jurisch-Yaksi N, Mass E, Mick DU, Müller R, May-Simera H,
Schermer B, et al.: Emerging principles of primary cilia dy-
namics in controlling tissue organization and function. EMBO
J 2023, 42:1–29.

75. Roux W: Beitrag 2 zur Entwicklungs-Mechanik der Organis-
men. Ueber die Entwicklung des Froscheies bei Aufhebung
der richtenden Wirkung der Schwere. Bresl. arztl Zeitschr
1884, 22:57–62.

76. Neff AW, Malacinski GM, Wakahara M, Jurand A: Pattern for-
mation in amphibian embryos prevented from undergoing
the classical “rotation response” to egg activation. Dev Biol
1983, 97:103–112.

77. Wakayama S, Kikuchi Y, Soejima M, Hayashi E, Ushigome N,
Yamazaki C, Suzuki T, Shimazu T, Yamamori T, Osada I, et al.:
www.sciencedirect.com
Effect of microgravity on mammalian embryo development
evaluated at the International Space Station. iScience 2023,
26, 108177.

78. Caballero-Mancebo S, Shinde R, Bolger-Munro M, Peruzzo M,
Szep G, Steccari I, Labrousse-Arias D, Zheden V, Merrin J,
Callan-Jones A, et al.: Friction forces determine cytoplasmic
reorganization and shape changes of ascidian oocytes upon
fertilization. Nat Phys 2024, 20:310–321.

79. Smutny M, Ákos Z, Grigolon S, Shamipour S, Ruprecht V,
�Capek D, Behrndt M, Papusheva E, Tada M, Hof B, et al.: Fric-
tion forces position the neural anlage. Nat Cell Biol 2017, 19:
306–317.

80. Tlili S, Yin J, Rupprecht JF, Mendieta-Serrano MA, Weissbart G,
Verma N, Teng X, Toyama Y, Prost J, Saunders TE: Shaping the
zebrafish myotome by intertissue friction and active stress.
Proc Natl Acad Sci U S A 2019, 116:25430–25439.

81. Zahn N, James-Zorn C, Ponferrada VG, Adams DS,
Grzymkowski J, Buchholz DR, Nascone-Yoder NM, Horb M,
Moody SA, Vize PD, et al.: Normal Table of Xenopus devel-
opment: a new graphical resource. Development 2022, 149.

82. Pathak Narendra H, Barresi Michael JF: Chapter 45 - zebrafish
as a model to understand vertebrate development. In Amer-
ican college of laboratory animal medicine, the zebrafish in
biomedical research. Academic Press; 2020:559–591.

83. Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF:
Stages of embryonic development of the zebrafish. Dev
Dynam 1995, 203:253–310.

84. Kaufman Matthew H: Atlas of mouse development. 1992.

85. Tsujikawa K, Saito K, Nagasaka A, Miyata T: Developmentally
interdependent stretcher-compressor relationship between
the embryonic brain and the surrounding scalp in the
preosteogenic head. Dev Dynam 2022, 251:1107–1122.

86. Jones HC, Bucknall RM: Changes in cerebrospinal fluid pres-
sure and outflow from the lateral ventricles during develop-
ment of congenital hydrocephalus in the H-Tx rat. Exp Neurol
1987, 98:573–583.

87. Ghersi-Egea JF, Babikian A, Blondel S, Strazielle N: Changes in
the cerebrospinal fluid circulatory system of the developing
rat: quantitative volumetric analysis and effect on blood-CSF
permeability interpretation. Fluids Barriers CNS 2015, 12:1–10.

88. Desmond ME, Levitan ML, Haas AR: Internal luminal pressure
during early chick embryonic brain growth: descriptive and
empirical observations. Anat Rec Part A Discov Mol Cell Evol
Biol 2005, 285:737–747.

89. Garcia KE, Stewart WG, Gabriela Espinosa M, Gleghorn JP,
Taber LA: Molecular and mechanical signals determine
morphogenesis of the cerebral hemispheres in the chicken
embryo. Development 2019, 146.

90. Pacheco MA, Marks RW, Schoenwolf GC, Desmond ME:
Quantification of the initial phases of rapid brain enlargement
in the chick embryo. Am J Anat 1986, 175:403–411.
Current Opinion in Cell Biology 2024, 90:102420

http://refhub.elsevier.com/S0955-0674(24)00099-1/sref64
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref64
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref65
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref65
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref65
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref66
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref66
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref66
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref66
https://doi.org/10.1101/2021.10.11.463916
https://doi.org/10.1101/2021.10.11.463916
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref68
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref68
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref68
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref68
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref69
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref69
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref69
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref70
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref70
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref70
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref71
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref71
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref71
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref72
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref72
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref72
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref73
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref73
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref73
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref74
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref74
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref74
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref74
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref74
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref75
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref75
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref75
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref75
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref76
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref76
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref76
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref76
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref77
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref77
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref77
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref77
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref77
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref78
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref78
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref78
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref78
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref78
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref79
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref79
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref79
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref79
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref80
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref80
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref80
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref80
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref81
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref81
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref81
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref81
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref82
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref82
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref82
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref82
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref83
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref83
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref83
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref84
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref85
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref85
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref85
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref85
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref86
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref86
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref86
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref86
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref87
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref87
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref87
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref87
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref88
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref88
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref88
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref88
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref89
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref89
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref89
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref89
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref90
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref90
http://refhub.elsevier.com/S0955-0674(24)00099-1/sref90
www.sciencedirect.com/science/journal/09550674

	Direct quantitative perturbations of physical parameters in vivo to elucidate vertebrate embryo morphogenesis
	Introduction
	Forces exerted by tissue or cell interplay
	Force exerted by intraluminal pressure
	Force exerted by fluid flow
	Temperature and electric fields
	Discussion
	Conclusion and future perspectives
	Declaration of Generative AI and AI-assisted technologies in the writing process
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


