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Abstract

Morphogenesis, the process by which tissues develop into functional shapes, requires coordinated
mechanical forces. Most current literature ascribes contractile forces derived from actomyosin
networks as the major driver of tissue morphogenesis. Recent works from diverse species

have shown that pressure derived from fluids can generate deformations necessary for tissue
morphogenesis. In this review, we discuss how hydrostatic pressure is generated at the cellular
and tissue level and how the pressure can cause deformations. We highlight and review findings
demonstrating the mechanical roles of pressures from fluid-filled lumens and viscous gel-like
components of the extracellular matrix. We also emphasise the interactions and mechanochemical
feedbacks between extracellular pressures and tissue behaviour in driving tissue remodelling.
Lastly, we offer perspectives on the open questions in the field that will further our understanding
to uncover new principles of tissue organisation during development.
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1. Introduction

Water is fundamental to life and is the most abundant molecule in our bodies. Active

fluxes of water and ions in cells create osmotic and hydrostatic pressure gradients across
cell membranes and epithelia. Mechano-hydraulic coupling allows steady balancing of
hydrostatic pressure and is essential for regulating cell shape, volume, motility, and
behaviour. At the tissue level, water can be actively confined in extracellular and
intercellular spaces such as in epithelial lumens, thereby generating hydrostatic pressure.
Most studies on developmental processes describe how tissue morphogenesis is driven
by intracellular forces generated from cytoskeletal networks—F-actin, microtubules—and
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molecular motors[1-5]. Recent work from several tissues across species has demonstrated
the role of hydrostatic pressure in applying sufficient mechanical forces to drive behaviours
such as growth, deformations, size control, and cell fate decisions[6-14].

In the following sections, we review recent findings that describe how hydrostatic pressure,
derived from the incompressible nature of water, is generated at cellular and tissue scales.
We highlight our current knowledge of how fluid movement occurs across cells and

tissues. We then discuss how hydrostatic pressure is harnessed for driving and regulating
developmental processes such as tissue growth, morphogenesis, and patterning. We also
describe examples invoking feedback interactions between tissue hydraulics and mechanics
providing an integrative framework for tissue morphogenesis. We conclude with our
perspectives on the emerging questions in the field.

2. The nuts and bolts of pressure generation

Biological cells can be simplistically perceived as a water-based soup of solutes—ions,
proteins, nucleic acids, and other small and macromolecules—enclosed by a semipermeable
plasma membrane. At all times, there is an exchange of solutes through the plasma
membrane via active (energy-dependent) or passive (non-energy-dependent) transport, for
example actively maintaining Na+ and K+ cytosolic concentration via Na+/K+ ATPase[15].
Any imbalance of solutes generates a pressure that leads to the flow of water molecules
from lower solute to higher solute concentrations across the cell membrane[16-19] (Fig. 1).
Utilising solute concentration imbalances to trigger the movement of water can also happen
at tissue scales, for example during lumen formation by epithelial tissues (described in detail
in later sections).

The force exerted by the solute molecules per unit area to drive water movement is called
osmatic pressure and is given by van’t Hoff’s equation 1t = /R7¢, where 7is the van’t

Hoff factor, R is the gas constant, 7'is the absolute temperature and cis the molar solute
concentration[16,19]. The counteracting pressure to the osmotic pressure is the hydrostatic
pressure. The balance of these pressures can be seen in the example of a “U” shaped tube
open at both ends with a semipermeable membrane at the bottom (Fig. 1). In this setup,
hydrostatic pressure is given by £ = pgh, where p is the density of the liquid, g is force
due to gravity, and h is the height difference of the liquid. Although both are entropically
governed, it is important to note that hydrostatic pressure is not the same as osmotic
pressure. Intuitively, osmotic pressure can be seen as an inward exerting or pulling force
that drives the water molecules towards higher solute concentration (Fig. 1). On the other
hand, hydrostatic pressure can be seen as an outward exerting or pushing force, owing to
the incompressible nature of water (Fig. 1). At equilibrium, osmotic pressure is equal to
hydrostatic pressure[16]. In a biological setting, hydrostatic pressure builds because of the
tension in the barrier (e.g. cell membrane or epithelium) that contains the water.

In practice, due to sustained exchange of ions, there is typically an osmotic and hydrostatic
pressure gradient across cells, which is steadily maintained[20]. The hydrostatic pressure
gradient is balanced by the mechanical tension on the cell surface (cytoskeleton network
at the cortex, tension in the plasma membrane, and cell surface protein network such
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as glycoproteins - reviewed in[19]). In contrast to animal cells, plant cells maintain

an incredibly high hydrostatic pressure in their cytoplasm due to the presence of stiff

cell walls[21-24]. The pressure inside a single plant cell is on the order of a few (0.5—

4) megapascals, which is much higher than a car tire at 0.2 megapascals[21,24-26].
Mammalian cells maintain a pressure of about a few hundred to a thousand pascals because
their cell membrane and cortex are much less stiff[21,24-26]. As a comparison, this is lower
than physiological blood pressure which in humans is 10-20 kilopascals. Abrupt or large
changes in the solute concentration can lead to changes in cortical stress and hydrostatic
pressure gradients, resulting in water flux across the cell. In the next section, we will review
findings that describe how water moves across cells and tissues.

3. Movement of water across the membrane barrier

3.1 Water transport across cellular barriers

Water movement across the plasma membrane is accomplished in multiple ways. Diffusion
of water molecules through the plasma membrane is based on solubility, where water
molecules enter the lipid bilayer from one side and exit on the other. However, this

rate is very low due to the hydrophobicity of the plasma membrane[18]. Aquaporins are
transmembrane proteins that selectively transport water molecules in response to an osmotic
or hydrostatic pressure gradient (Fig. 2a)[27,28]. Aquaporins (AQPs) are important for fluid
transport in epithelial cells and can increase epithelial membrane permeability by a factor of
10[19,29,30]. For example, AQP1 is involved in the secretion of aqueous humour in the eye
by the ocular ciliary epithelium and of cerebrospinal fluid (CSF) from the choroid plexus

in the brain[31,32]. However, how central aquaporins are to overall water flux isn’t well
understood. Mice depleted of AQP1 in the choroid plexus exhibit reduced CSF production
by 25% but reduced osmotic permeability by 80% suggesting a role for aquaporins in
enriching the osmotic permeability of cells[31-33]. Plant cells also utilise AQPs for the
transport of water across the membrane[34].

Other membrane channels and carriers have also been identified that cotransport water
molecules together with another solute moiety (Fig. 2a). Examples of water molecules
hitchhiking along with the K+/Cl- cotransporter, Na+/glucose cotransporter, and H+/lactate
cotransporter have been reported in animal cells while additional cotransporters have

been identified in plants[35-40]. In the human intestine, the Na+/glucose pump transports
roughly 250 water molecules along with 2 sodium ions and 1 glucose molecule[38,41].
Cotransporters can move water molecules against the osmotic gradient by utilising a
chemical gradient[39]. Our understanding of water movement through cotransporters is still
limited.

Another way of moving water molecules is through pinocytosis or “cell drinking”.
Pinocytosis is a non-selective bulk transport involving uptaking/endocytosis of solutes such
as proteins and ions, and water molecules by membrane invaginations. Pinocytosis is the
proposed mechanism during the absorption of nutrients by the intestinal epithelial barrier
and in dendritic cells[42,43]. However, the relevance of pinocytosis in water transport
specifically has been previously questioned[42]. Conversely, secretion of cytoplasmic
vesicles and apical membrane remodelling, for example, by the Madin-Darby canine kidney
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(MDCK) cells and mouse blastocyst is known to contribute to fluid accumulation in
epithelial lumens (Fig. 2a)[44-46].

3.2 Water transport across the tissue barrier

We now change scales and move our attention to the transport of water across epithelial
tissues. Sheets of polarised epithelia line our organs, body cavities, and lumens where they
act as functional and protective barriers. Such epithelia need to selectively regulate passage
of solutes and water, and some epithelia have a tremendous competence for absorption or
secretion of water[47]. Our current understanding of how water moves across epithelia is
surprisingly lacking given its fundamental importance in physiology. The simplest model is
osmaosis, where imbalances in ionic concentrations driven by ion pumps lead to the passive
transport of water via AQPs. However, there are reasons as to why this intuitive model might
not be sufficient or true[48]. Most theories of water movement are based on investigations of
solute-water coupling studies in the mammalian gallbladder, intestinal, and kidney epithelia
investigated in the second half of the twentieth century[42,48-54]. Several models for water
movement across epithelia have been proposed, but their accuracy in mature physiology and
especially in development remain unclear[48].

Due to their polarised nature and the route of water transport, epithelia can be described

as forward-facing (apical to basolateral transport of water) and backward-facing (basolateral
to apical transport of water)[55]. Forward-facing epithelia include absorptive systems such
as intestine, kidney proximal tubule, and gallbladder. Backward-facing epithelia include
secretory systems such as salivary glands, mammary glands, choroid plexus, and epithelial
lumens. However, de novo lumens can also be formed basolaterally such as in the zebrafish
blastoderm and mammalian blastocyst[7,8,12].

At the cellular level, water movement across epithelia is categorised into two major routes,
transcellular and paracellular[42,50,51]. The transcellular route implies water movement
through the interior of epithelial cells along their apicobasal or basoapical axis via
membrane diffusion, AQPs, cotransporters, vesicular trafficking, or their combination (Fig.
2a). The paracellular route implies water movement through the intercellular or lateral
spaces with or without involving junctional complexes. Models for paracellular water
transport include osmotic gradients along the lateral spaces, electrical potential across the
epithelia, and active water transport due to cellular mechanics (Fig. 2b). Although the
importance of both routes has been debated since the 1960s, the discrepancies could arise
from the chosen epithelial tissues. For example, work from Manchen, Frémter, and Diamond
in the 1970s categorised epithelial tissues as leaky, intermediate, or tight based on the
relative permeability to small ions through the tight junctions[42,56,57]. By measuring
electrical resistance across such epithelia, some would have a high electrical conductance
(leaky) while others had a low conductance (tight). Experimentally some epithelia that
transport isotonically such as intestinal, gallbladder, kidney proximal tubule, and corneal
endothelium are electrically leaky[42] thereby likely favouring paracellular water transport
via tight junctions. The AQP knockout mice is another example of ambiguity as the water
flux does not greatly differ from controls suggesting paracellular water movement might be
at play[31,32,55,58].
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The proposition of the osmotic coupling/standing gradient model and electro-osmosis has
helped favour the paracellular route of water transport[33,48,59] (Fig. 2). The osmotic
coupling model relies on ion accumulation in the lateral spaces driving water flow by
osmosis, and creating a standing concentration gradient and thus, giving rise to quasi-
isotonic fluid flow[48]. The osmotic coupling model has also been adapted with transporters
and cotransporters (reviewed in[48]). Electro-osmosis on the other hand relies upon the
electric potential across the epithelial cells to drive fluid flow. Experimentally rabbit corneal
endothelium generates an ionic current in the intercellular space that forces movement of
fluid from the basal and lateral space to the apical aqueous humour[60]. The driving force
for the electro-osmosis is the electric potential difference set by Na+ deposition via Na+
pumps along the lateral membranes and potentially Na+/3HCO3- cotransporters on the
apical side[60]. In fact, 80% of the total water transport in the rabbit corneal endothelium

is attributed to electro-osmosis through the paracellular space and 20% to the osmotic
transcellular route[60]. If this is also true in other absorptive or secretory epithelial tissues
and organisms remains to be seen.

Another paracellular favouring model proposed 20 years ago by Adrian Hill and

colleagues is mechano-osmosis, based on radioactive dextran probe experiments in Necturus
(salamander), rat, and rabbit epithelia[48,55] (Fig. 2b). The model argues paracellular
transport cannot be osmotic because the epithelia are leaky and transport water at high rates.
Based on the lack of sufficiency of other mechanisms, Hill hypothesised micro-peristalsis
movements possibly powered via actomyosin on the lateral membranes and involving
junctional complexes could conduct water transport while AQPs in the cells would aid as
osmotic sensors. No direct data supporting this intriguing, yet speculative model have been
presented yet.

Two critical realisations from both the electro-osmosis and mechano-osmosis models are 1)
an expense of energy or active transport is needed for water flux across the intercellular
junction, 2) since both models favour a lesser contribution of osmotic forces in overall water
flux, they suggest alternate ways to create water transport and thus hydrostatic pressure, in
cells, in the intercellular space, and lumens. Although tight junctions might be leaky, there
may also be transient rupturing during the active flow of water. Indeed recent reports from
mouse blastocysts and /7 vitro MDCK epithelial clusters suggest build-up of microlumens

in the intercellular junctions with high hydrostatic pressure sufficient to break tight junctions
and create paracellular water transport to create lumens[8,61,62]. This rupturing process

is referred to as hydraulic fracturing and will be discussed further in the review in the
context of luminogenesis. Moreover, similar cellular mechanics alone or by virtue of cell
movement or fluctuations in cell membranes could allow for water transport. Indeed a recent
report shows that fluid transport during cytokinesis via the cleavage furrow contributes to
pre-amniotic lumen formation and expansion in mice[62]. It is rather thrilling that as current
work explores the role of hydrostatic pressure in developing tissues with advanced optical
and spatiotemporal tools, there is also an opportunity to revisit and gather critical insights
into the basic mechanisms of water transport across epithelial tissues.

Similar to animals, there are two major routes of water movement in plant cells[21,24]:
1) symplast — volume confined within the plasma membrane where water flux relies
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upon aquaporins in the plasma membrane and cytoplasmic intercellular bridges termed
plasmodesmata, 2) and apoplast — volume confined by the cell walls and the intercellular
spaces. Apoplast pathways govern the high conductivity of water movement via pressure
gradients made accessible by the permeable and poroelastic nature of the organised cell
walls[21,24].

As previously discussed, the net result of forming osmotic gradients and transporting water
across cells or tissues is the establishment of hydrostatic pressure. In the following sections,
we will review the effects of hydrostatic pressure at cellular and tissue scales, and how
pressure is harnessed for driving many developmental processes.

4. Cells under pressure

In both plants and animal cells, there is a coupling between osmotic potential, hydrostatic
pressure, and mechanical tension (Fig. 3a—b). Such mechano-hydraulic coupling enables
cells to maintain specific volume and shape. Any changes in the water flux or mechanical
tension lead to changes in hydrostatic pressure, thereby causing cellular deformations by
affecting processes involving cell volume and shape or vice-versa. For example, turgor
pressure in plant cells is balanced by the compressive stress from the cell wall[23,63,64].
Cell wall relaxation or mechanical imbalance, leads to a drop in the turgor pressure, thereby,
reducing the water potential in the cell and creating more water influx, which results in cell
elongation, a key aspect of cell growth[64,65].

This is also recently shown to be true for mammalian cells, where alterations in water/ion
content led to changes in hydrostatic pressure and cortical cytoskeletal dynamics[66—

68]. Changes in water flux underlie the phenomenon of mitotic swelling, where cells

swell during cell division due to increased internal hydrostatic pressure[68—70] (Fig. 3c).
Increased hydrostatic pressure enables rounding up of cells during mitosis that creates

space by pushing neighbours and potentially favouring faithful segregation of chromosomes.
Interestingly, such swelling within confined cell walls enables plants to bend in the direction
of the sun, where one side of the stem swells (high hydrostatic pressure) and the other side
shrinks (low hydrostatic pressure)[71]. Such reversible swelling and shrinking of plant cell
volumes are also the basis for gas exchange and transpiration in the stomata[72] (Fig. 3d).

Besides volume, mechano-hydraulic coupling also regulates cell shape and motility, a core
aspect of morphogenesis. The cytoplasm can be seen as a fluid-soaked poroelastic sponge,
where the contractile network is defined by the cytoskeleton and organelles immersed with
cytosolic fluid consisting of water molecules, ions, and soluble proteins. The cytoplasm

is also proposed to be heterogeneous implying any change in hydraulic pressure does

not propagate uniformly across the cytoplasm but rather depends on the hydraulic and
electrochemical conductivity of the network[73]. Therefore, upon alteration in the steady-
state mechano-hydraulic coupling, the hydrostatic pressure might be locally governed or
regulated. For example, compression in the actomyosin network can lead to a local increase
in hydrostatic pressure like squeezing a fluid-filled sponge at a corner will extrude water

in that region. Such localised hydrostatic pressure increase can deform the cell membrane
by inflation causing blebbing[73,74] (Fig. 3e). However, blebbing can also be caused by an
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influx of water into the cell[75]. Analogously, local bulges of increased hydrostatic pressure
in the areas of the weaker cellular cortex have been modelled for polarised growth of plant
root hairs and trichomes (Fig. 3f)[76]. Since the cytoskeletal constituents such as actomyosin
also behave like a viscous fluid on a longer time scale (>10s), the cytoplasm can be rendered
with two fluids with different dynamic and hydraulic properties. While blebbing can be
explained with the two-fluid model (reviewed in[19]), we are currently understanding the
functional implications of such dynamic behaviour.

Changes in the hydrostatic pressure can also cause cell movement and motility. One
proposed mechanism for cell motility is the osmotic engine model (OEM), where cells

in confined channels utilise a polarised distribution of AQPs and other ion channels at the
leading and the trailing edge to create a constant flux of water and ions through the cell
enabling cell movement[77]. Such OEM based motility has been experimentally shown

for mouse fibrosarcoma (S180) and human metastatic breast cancer cells (MDA-MB-231)
in a confined microenvironment. When S180 and MDA-MB-231 cells are confined in
narrow channels, they can migrate even when their actin network is disrupted[77]. The
MDA-MB-231 cells display polarised localisation of AQPs and Na+ and H+ exchanger in
accordance with the OEM model[77,78]. Interestingly, the expression of AQP9 in motile
cells has been shown to promote filopodia formation[79]. Cell motility and hydrostatic
pressure are highly relevant in solid tumours as high interstitial fluid pressure (7 kPa,
confined within the intracellular spaces of a solid tumour), is shown to increase metastasis/
cell migration and epithelial-mesenchymal transition (EMT)[80-82]. Using 3D tumour-
engineered models of breast cancer cells, it has been shown that high hydrostatic pressure in
the tumour interstitium leads to genetic changes associated with EMT requisite for collective
invasion[81,83]. With or without the genetic changes, if the invading cancer cells utilise an
osmotic engine or similar model for motility by generating a polarised flux of ions is an
exciting frontier and remains to be seen.

5. Tissues under pressure

Epithelial cells, as previously mentioned, have an incredible ability for water movement,
and many epithelial tissues form a de novo lumen. The molecular components for lumen
formation of epithelia have been studied[46,84-87]. lon channels and AQPs have been
suggested to play a role in setting osmotic gradients and inward water flux. Yet, their exact
contribution and whether alternate mechanisms are at play remains unknown (see section
3.2). The directed flow of water and its compartmentalisation in epithelial cavities creates
hydrostatic pressure. Recent studies from the mouse blastocyst[7,8,45], the zebrafish inner
ear (otic vesicle, endolymphatic sac, and the buds of the semicircular canals)[6,9,10], lung
explants[14], and organoids of the mammary gland, intestine, and MDCK cells[44,88-91]
have provided evidence for the valuable role of hydrostatic pressure during development.

Direct measurement of hydrostatic pressure /n vivo is hard but has been achieved

using micropressure probes, traction microscopy, and gel deformation assays. Recently,
Mosaliganti et al. measured luminal pressure dynamics in the zebrafish inner ear using a
piezo-based solid sensor devised for accurate pressure measurement in small volumes of
liquid[6]. Similarly, luminal pressure in mammalian blastocyst has been measured using a
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micropressure probe[7]. Other indirect methods to measure luminal pressure are reviewed
in[92]. Nevertheless, the pressures in the zebrafish otic vesicle and the mammary gland
organoid range between 100-300 Pa[6,93]. When taken into account the cell surface area,
the force translates as 50-100 nN per cell, which is consistent with actomyosin based forces
generated by the cells when measured using traction microscopy[19,94]. Similarly, pressure
has been measured in mouse blastocyst with and without the zona pellucida[7,95]. The
luminal pressure with the zona pellucida averages about 1500 Pa using both hydrogel and
micropressure probe assays[7,95]. Whereas without the zona pellucida the mouse blastocyst
luminal pressure averages about 500 Pa consistent with the magnitude in zebrafish and
mammary organoids[7,95]. These data suggest that indeed hydrostatic pressure can generate
sufficient forces at tissue scales for driving morphological changes.

In the following sections, we will describe a framework, which demonstrates the role of
hydraulics in regulating tissue growth and size, driving tissue morphogenesis, and specifying
cell fate during embryonic development.

5.1 Hydrostatic pressure regulates tissue growth and size

Robust patterning and morphogenesis of organs requires embryonic tissues of a critical size.
While earlier work proposed size control was achieved primarily by cell proliferation[96—
98], recent studies have shown that hydrostatic pressure of lumens can also contribute
towards achieving correct tissue size (Fig. 4a, ¢)[6,7,99]. For example, the intricate

adult inner ear, consisting of the semicircular canals required for sensing balance and
acceleration, the cochlea required for hearing, and the endolymphatic duct and sac that likely
maintains pressure, forms from an embryonic tissue called the otic placode. In zebrafish, the
mesenchymal cells of the otic placode cavitate and develop to form a lumenized epithelial
cyst called the otic vesicle (OV)[6,99,100]. The OV continues to grow and expand before it
is remodelled to form the complex shape of the mature ear[10,100]. It was shown that ion
transporters are involved in fluid flux into the lumen[6] through the correlation of lumen
inflation with genetic mutants and drugs that affect transporters. Whether fluid flux into

the lumen is simply a result of osmotic swelling remains to be demonstrated. Water, being
incompressible and contained in this epithelium with tight junctions, applies hydrostatic
pressure on the surrounding otic tissue. Hydrostatic pressure causes the otic epithelial cells
to stretch in the plane normal to the surface. While the otic epithelial cells do proliferate
contributing to tissue growth, Mosaliganti et al. showed that the expansion of the OV by

the hydrostatic pressure from the lumen and the resultant stretch in the epithelium is the
dominating driver of otic vesicle growth (Fig. 4a, d).

In addition, the authors demonstrate a negative hydraulic feedback loop for tissue size
control. Through mechanical puncturing of the OV, the authors observed an immediate
reduction in the size of the OV showing loss of pressure. After a rapid repair of the wounded
epithelial barrier, the punctured OV lumen expands at a rate faster than unpunctured OV, a
phenomenon described as catch-up growth. Together with theoretical modelling, the authors
show negative hydraulic feedback, where pressure build up negatively regulates further
water flux, potentially buffering natural size variations during development.
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How does the pressure build up inside the inner ear regulated? A striking set of observations
by Swinburne et al., show that the endolymphatic duct and sac, a dead-end epithelial tube
connected to the inner ear, inflates with the OV luminal fluid, followed by deflation[9].
Deflation, or release of pressure, is facilitated by the opening of overlapping basal lamellae
produced by cells in the endolymphatic sac (ES). Following pressure release, the lamellae
close back, thereby behaving like a pressure relief valve (Fig. 4c, f).

A similar feedback system regulates early mouse embryo size. The first few days of mouse
development involve the formation of a fluid-filled cavity, the blastocoel. Blastocoel lumen
formation requires hydrostatic pressure that ruptures the cell-cell contacts called hydraulic
fracturing (Fig 4e) and creates hundreds of microsized water pockets[8]. These microlumens
coalesce to form a single large lumen. Similar to the zebrafish OV, the mouse blastocoel
lumen continues to expand through hydrostatic pressure, thereby causing the blastocyst
cells to stretch (Fig 4d)[7]. As pressure continues to build up, tight junctions between

the blastocyst cells fracture during mitosis, thereby releasing the pressure. Tight junctions
reseal upon completion of mitosis and the lumen pressure begins to build up again, thereby
creating a feedback loop manifested in the form of cycles of blastocyst inflation and
deflation.

Hydrostatic pressure arising from the cerebrospinal fluid (CSF) has also been shown to
drive brain enlargement and shaping in chick embryos [101]. The closure of the neural tube
coincides with the onset of enlargement of the brain and thus positive CSF pressure leads to
expansion of brain ventricles like a blown-up balloon [101].

5.2 Hydrostatic pressure drives tissue deformations

So far, we’ve discussed examples where hydrostatic pressure builds as a result of confining
water in lumenized tissues. Hydrostatic pressure can also be harnessed by confining

water in poroelastic or viscoelastic gels[73,102-104]. A unique example is the ECM
component, hyaluronic acid, or HA. HA is an anionic biopolymer that is synthesised

as long strands by HA synthases on the plasma membrane[105,106]. Similar to osmotic
potential generated by ion transporters during lumen formation, the negative charges on HA
polymeric chains attract Na+ and Ca2+ ions, and thereby water, resulting in the formation of
a swollen viscoelastic hydrogel in the extracellular space (Fig. 4b)[106,107]. Interestingly,
the morphogenesis of the semicircular canals in the inner ear utilises this physical property
of HA[10,108]. As previously discussed, the mature inner ear forms from the embryonic
otic epithelium. Munjal et al. showed that in the zebrafish otic epithelium, six stereotypical
regions express HA synthase 3, resulting in the local synthesis of HA in the ECM beneath
these regions. The swollen HA hydrogel applies hydrostatic pressure on the overlying tissue
causing it to deform into buds (Fig. 4b) which go on to extend and fuse to form the hubs of
the semicircular canals.

An important concept to be drawn here is the response of epithelial tissues to pressures
and the time scale of deformations. It is now well known that embryonic tissues have
viscoelastic material properties. In other words, depending on the time scales of applied
mechanical stresses, the cells either respond in a reversible elastic manner (on short-time
scales) or in an irreversible viscous manner (on long-time scales)[109]. For example,

Semin Cell Dev Biol. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chugh et al.

Page 10

puncturing and the consequent collapse of the OV[6], digestion of HA and the consequent
collapse of the otic epithelial buds[10], and the fracturing of junctions during mitosis in
the mouse blastocyst and the consequent deflation of the blastocoel[7], are all instances of
elastic responses: at cellular scale-the cells lose their stretching, and at tissue scale—their
deformations. However, for morphogenesis to successfully happen, epithelial deformations
need to be irreversible. In all the above examples, epithelial tissues respond to the
mechanical stresses of hydrostatic pressure by tissue stiffening, whereby cells exhibit
accumulation of cytoskeletal proteins at the interface with pressure, apically in case of OV
lumen and ES, basally in case of inner ear budding, and at the tight junctions in the case

of the mouse blastocyst. Although stiffening is seemingly counterintuitive to the viscous
fluid-like properties of epithelia at long-time scales, the turnover of cytoskeleton proteins
and their regulators, and/or the dynamic behaviour of the subcellular structures formed

by them, likely ensures tissue fluidity. Other mechanisms such as cell flow and division
can also contribute to a viscous response at long time scales. Such feedback interactions
between hydrostatic pressure and tissue material properties likely ensure the maintenance of
epithelial integrity during morphogenesis.

Another potential outcome of coupling interactions between hydrostatic pressure and tissue
material properties is attaining an anisotropic shape. Most, if not all, tissues undergoing
morphogenesis exhibit anisotropy. Obeying Pascal’s law for static fluids, hydrostatic
pressure within lumens or the ECM is usually isotropic in nature. Therefore, unlike
deformations produced by intracellular forces, where anisotropy is usually attained by the
polarised distribution of cytoskeleton proteins, morphogenesis driven by hydrostatic pressure
may utilise spatially patterned mechanical properties of the tissue to attain anisotropic
shapes. For example, during zebrafish canal morphogenesis, the budding tissue exhibits
anisotropic stiffness to drive directed growth from the ECM-generated isotropic hydrostatic
pressure[10,108]. The ovoid shape of the zebrafish otic epithelium is likely derived from
anisotropic stiffness of the surrounding tissues. Not only can tissue material properties differ
spatially and directionally but they can also be responsive to applied forces, setting up
feedback loops as discussed in the next section.

5.3 Mechanochemical feedback loops

Mechanochemical feedback loops are essentially the communicating language between the
mechanical forces, here hydrostatic pressure, and the biochemical signalling, one evoking
the other. Much work has been described in cytoskeleton and adhesion-based mechanics
for coordinating mechanical and biochemical signalling, but we have just started to explore
how hydrostatic pressure might regulate biochemical signalling or vice-versa[1,110,111].
Cells must first perceive the pressure via mechanosensitive proteins or changes in cell shape
and then elicit a response that may or may not utilise transcriptional changes. Piezo and
TRP are two stretch-sensitive ion channels that have been shown to perceive mechanical
forces in many developmental contexts[112,113]. In zebrafish heart valve morphogenesis,
mechanical forces due to blood flow are perceived by the endocardial cells via mechano-
and osmosensitive TRP channels[114]. TRPV4 channels then regulate cell volume via
possible interaction with aquaporins as TRPV4 has been shown to physically interact with
aquaporins (Fig. 4h)[115]. Additionally, the accumulation of hyaluronic acid in the cardiac
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jelly underneath the endocardial cells establishes an osmotic gradient, which attracts water
thereby enabling cell volume regulation (Fig. 4h)[114]. If the cell volume regulation here
involves any transcriptional change hasn’t been established. It has been recently shown that
hydrostatic pressure can elicit cell stretching and govern growth in the zebrafish otic vesicle
by setting a negative feedback loop, where lumen expansion inhibits water influx into the
lumen[6]. Similarly, in the mouse blastocyst, luminal pressure sets a positive feedback loop
for organ size control[7]. Increased luminal pressure results in increased cortical tension and
stiffness leading to vinculin mechanosensing and tight junction maturation of trophectoderm
cells (Fig. 4g). However, in both these cases, how the pressure is perceived, and the
downstream biochemical signalling is not well understood. A recent study using mouse

lung explants reports that hydrostatic pressure activates retinoic acid (RA) signalling via
nuclear localisation of YAP (Yes-associated protein)[116], and pharmacological inhibition
of RA signalling leads to decreased lung branching illustrating pressure-elicited downstream
signalling (Fig. 4i). RA is known to regulate many aspects of organ development including
inner ear formation[100,117], so it will be interesting to explore if RA is downstream

of hydrostatic pressure in other scenarios. Interestingly, YAP and TAZ (transcriptional
coactivator with PDZ binding motif) have also been shown to modulate cell volume in

cell culture studies[26]. On the other hand, if signalling molecules can control hydrostatic
pressure isn’t known yet. We do know besides applying pressure, epithelial lumens can also
act as signalling hubs[92]. For example in zebrafish, the lateral line epithelial rosette cells
secrete and trap fibroblast growth factor (FGF) molecules in its microlumen, setting up a
positive feedback loop for robust patterning of mechanosensory organs[118]. FGF signalling
in the mouse blastocyst lumen is also shown to regulate cell fate specification of the inner
cell mass[45]. Theoretical models of mechanochemical feedback have been proposed. For
example in Hydra, osmotically driven shape oscillations along with tissue mechanics and
Wnt morphogens can help break symmetry (of the main body-axis)[119,120]. Indeed, this
hydraulic oscillation and Wnt-dependent symmetry breaking in Hydra has been recently
shown experimentally, demonstrating the combined power of theoretical models and
experimental validation[121].

Can studies of turgor pressure in plants teach us anything about mechanotransduction?
Turgor pressure is also perceived by stretch-activated or force-gated ion channels[122].
Some of them are membrane small conductance like (MSL) channels that respond to
changes in membrane tension, reduced hyperosmolarity-induced calcium increase (OSCA)
that regulates calcium flux with changes in osmolarity, and defective kernel 1 (DEK1)
which is a calcium-dependent cysteine protease that regulates calcium flux with changes in
pressure[122,123]. DEK is a member of the calpain protein family, which in mammals are
involved in adhesion (integrin) and shear stress-based motility[124]. If calpain proteins can
sense hydrostatic pressure in animals isn’t known yet. However, microtubules are the torch-
bearers of mechanosensing in plants as they are proposed to be connected to the cellulose
microfibrils and might offer a spatial continuum for transmission of mechanical forces[125-
127]. Microtubules are at the interplay of mechanical forces, cell and tissue geometry, and
cellular decisions such as division orientation[127-130]. Downstream signalling is also less
understood in plants, but reports suggest an involvement of plant hormones such as auxin
[119,124].
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5.4 Hydrostatic pressure in cell fate specification and patterning

Luminal pressure-driven tissue morphogenesis can involve decisions of cellular patterning
and fate. Such modulation of cellular decisions is often governed by mechanotransduction
and mechanochemical feedback loops. During mammalian lung morphogenesis, flow of
amniotic fluid into the branching lungs leads to stretching and differentiation of alveolar
epithelial type 1 (AT1) cells[131]. Similarly, in mouse lung explants the transmural pressure
activates RA signalling which regulates smooth muscle wrapping and differentiation and
epithelial proliferation, thereby promoting lung branching[116]. The hydraulic oscillations
(inflation-deflation cycles) of lumens have also been shown to pattern the epithelium in
intestinal organoids. The continuous stem cell zones (SCZ) in the intestinal epithelium splits
and differentiates by fission due to lumen inflation[89] which may be regulated by the
mechanotransducer Piezol.

In the mammalian blastocyst, lumen expansion has been shown to guide epiblast and
primitive endoderm cell fate specification and inner cell mass (ICM) sorting[45]. Luminal
signalling containing FGF molecules is shown to expedite lineage specification suggesting
mechanical and biochemical roles of the lumen in cell fate specification. Interestingly, lumen
expansion can also induce cell specification by altering tissue geometry. Lumen reduced
mouse blastocysts exhibit more asymmetric divisions in the trophectoderm which thereby
affects cell allocation and fate in the ICM[7].

6. Conclusions and emerging questions in the field

Progress within the last decade has demonstrated the mechanical role of water movement
and induced hydrostatic pressure in cell and tissue morphogenesis, yet our conceptual

and experimental understanding of hydrostatic pressure is inadequate in comparison to
our knowledge of cytoskeletal and adhesion-based mechanics. With recent discoveries we
are realising hydrostatic pressure is an efficient driver of tissue deformation and tissue
behaviour, but many questions remain. Within a cell, pressure can create a spatiotemporal
field, eliciting local responses[73]. It will be important to determine how quickly pressure
equilibrates in different cell types and how that relates to cellular function. It is also critical
to address how isotropic pressure is modulated in tissue lumens and extracellular spaces to
cause anisotropy in tissue deformation and cellular decisions of fate, proliferation, death,
and growth. Conceptually, we need to ask what advantages hydrostatic pressure has over
cytoskeletal and adhesion-based tissue morphogenesis and how both are spatiotemporally
coordinated.

New developments in methods and technology are important for continued progress. We
currently lack reliable tools for directly measuring pressure and osmolarity in epithelial
lumens, especially in the /n vivo context. A few emerging sensors for direct measurement
of luminal pressure[6,7,132] and osmolarity[133] have been utilised recently but remain
complicated to use and adapt. Direct measurements allow us to have a true characterisation
of the system and measure its response to perturbations. As a corollary, we also need
advances in methods and tools that will allow us to reliably control the pressure and
osmolarity /n vivo and investigate the resulting tissue behaviour.
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The routes of water movement, transcellular and paracellular, across the epithelial
membrane have been researched since the early 1900s, however, the mechanisms remain
debated. Although molecular components of these pathways are known, the localisation for
example of aquaporins, other pumps and co/transporters in tissue context is still limited. The
observation of hydraulic fracturing in epithelial cells /n vitro and in mouse blastocyst lumen
expansion is exciting[8,61] and may support a paracellular mechano-osmosis model[55]

but the detailed characterisation at the cellular, molecular, and temporal scale needs

to be carried out. Such characterisation and direction of work can be leveraged with

better spatiotemporal imaging advances and data analysis methods. Nevertheless, with our
progressive understanding, we are bound to tackle again questions once posed by Hill and
others in the 1970s, i.e. * /s there a basic mechanism which operates to allow isotonic transfer
in all fluid transporting epithelia as there is, for example, a basic mechanism in nerve
conduction and in muscle contraction? For example, hydraulic fracturing so far has been
observed along the basal to the apical epithelial axis, however, we do not know if it isa
general luminogenesis mechanism. The integration of theoretical models in understanding
luminogenesis stages—nucleation, coalescence, expansion—and water movement as well as
hydrostatic pressure regulation is a valuable complementary approach. However, these
models are based on assumptions of primarily osmotic driven cavitation by water and
standardised properties of epithelial cells[8,134,135]. It will be important to incorporate
alternate models of water transport in theoretical models and experimentally validate model
predictions in a tissue-specific manner. Such a quantitative framework would allow us to
tease apart the fundamental mechanisms of water transport and luminogenesis in diverse
epithelia and to compare the water transport mechanisms in mature absorptive and secretory
epithelia versus epithelia undergoing morphogenesis in a developmental context.

In plants, the timescale of water transport at the cellular and tissue level limits the maximal
speed of mechanical movements achieved in response to stimuli[104]. Such coupling
between water flux and growth has been demonstrated in the zebrafish otic vesicle[6] but
if such a physical basis is also governed in other animal systems to set spatiotemporal
deformation and/or response remains to be investigated. Moreover, fluid flow in the
developing tissues is important and isn’t well understood. Most of our current understanding
of fluid flow in morphogenesis is based on active flows generated by cilia such as in

the Kupffer’s vesicle for left-right axis determination[136]. A collaborative understanding
of hydrostatic pressure and fluid flow in development will be a cornerstone in tackling
pertinent pathological states such as in tumours, where interstitial pressure and fluid flow
drive cellular identity transition and metastasis[80].

The perception of hydrostatic pressure by tissue and its subsequent response is key to
cellular behaviour and decisions. Our understanding of such pressure elicited feedback is
beginning to emerge. A recent report that pressure activates retinoic acid signalling via

the mechanosensor YAP in mouse lung explants, thereby regulating epithelial branching
and smooth muscle wrapping is thrilling[116]. Although we have a couple of reports of
pressure based feedback on tissue behaviour such as growth in the otic vesicle[6] and mouse
blastocyst lumen[7], we need further exploration. It is known that microlumens such as

in the lateral line in zebrafish and mouse blastocyst trap fibroblast growth factor (FGF)
thereby, serving as a luminal signalling hub[45,118]. However, if trapped molecules can
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modulate pressure in the lumen or vice-versa is not known. Many organoid systems generate
a central lumen and may provide experimental advantages such as better accessibility for
imaging, measurement, and perturbation. Beyond lumens, we have seen the relevance of the
ECM component hyaluronan in physically deforming tissues in zebrafish semicircular canal
morphogenesis[10] and heart morphogenesis[114] It will be important to see if hyaluronan
and other ECM components act to generate hydrostatic pressure in other morphogenetic
contexts.

In a broader context, tissue morphogenesis encapsulates complex interplay between cellular
decisions of fate, proliferation, death, shape, and rearrangements powered by mechanical
forces, biochemical signalling, geometry, and cellular material properties. This interaction
at the cellular level gives rise to tissue wide physical properties such as rigidity or

fluidity. These physical properties can dictate “tissue pressure” that is distinct from the
hydrostatic pressure reviewed here. Recent work during zebrafish, chicken, and Drosophila
morphogenesis has shown that tissues exhibit fluid-like phase transition allowing for
control of tissue flow and pressure[137-140]. Integrating concepts of tissue pressure with
hydrostatic pressure derived from ECM or water in lumens is an important future direction.
Such physical understanding of biological tissues is an emerging field and prompts us to
investigate what Aydraulics might mean in the multiscale development of organisms.
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Fig. 1. Schematic representation for generation of osmotic and hydrostatic pressure.
Imbalance in the solute concentration across the semipermeable membrane generates
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osmotic pressure m leading to the flow of water from lower solute concentration to higher
solute concentration. r = /R7¢, where 7is the van’t Hoff factor, R is the gas constant, 7

is the absolute temperature and c s the solute concentration. The counteractive pressure to
osmotic pressure is hydrostatic pressure P = pgh, where p is the density of the liquid, g is
gravity, and /A is the height of the liquid. At chemical equilibrium, osmotic pressure is equal

to hydrostatic pressure.
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Fig. 2: Proposed routes of water movement across epithelial cell and tissue barriers.
a) Transcellular transport of water through the cells can be achieved via multiple modes:

(/eft to right) solute imbalances within the cell for example due to the Na+/K+ pump can
lead to a flow of water through aquaporins (AQPs) and membrane diffusion; water can

also be transported via cotransporters such as Na+/glucose, H+/lactate, and K+/Cl- and
vesicular transport such as pinocytosis and exocytosis can also enable water transport. b)
Paracellular transport of water has been proposed across diverse epithelia: (/eft to right)

the osmotic coupling model suggests water transport by following the ionic flux (osmosis)
in the lateral intercellular spaces; electro-osmosis shown in the rabbit corneal endothelium
suggests electric potential generation across the epithelial cells via differential ion pumping
that eventually leads to flow of counterion current with water; mechano-osmosis model
suggests an active role of cellular junctions and lateral membranes in transporting water flow
by generating micro-peristalsis movements. Blue arrows represent the flow of water.
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Fig. 3: Comparativerole of mechano-hydraulic coupling in animal and plant cells.
a-b) Animal and plant cell shape and volume are regulated by steady maintenance of ion

and water flux through the cells, i.e. there is always an osmotic and hydrostatic pressure
difference across the cell. The hydrostatic pressure gradient is balanced by the mechanical
tension in the membrane, cell surface proteins, and cytoskeletal (actomyosin) cortex in
animal cells as depicted by the red arrows. Solid red arrows represent P;, and dotted red
arrows represent Pyt Blue arrows represent water flux. Plant cells have a high turgor
pressure which is primarily balanced by the compressive forces from the stiff cell walls.
c-f) Changes in mechano-hydraulic coupling can lead to alteration in hydrostatic pressure,
cell shape, and cell volume and are important for cellular function. ¢) Animal cells undergo
mitotic swelling due to increased hydrostatic pressure which is potentially useful for faithful
segregation of chromosomes. d) Plant (guard) cells utilise swelling to open and close the
stomatal apparatus for transpiration. €) Localised increases in the hydrostatic pressure in
areas of the weaker cytoskeleton can lead to an inflation of animal membranes called
blebbing, which is seen in various cellular processes such as cell division or cell death. f)
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Localised increases in the hydrostatic pressure due to weaker or thinner cell wall areas in
plant cells can also lead to bulges which are important in the emergence of plant structures
such as trichomes or root hairs
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Fig. 4: Hydrostatic pressure drives multiscale remodelling.
a-c) Hydrostatic pressure in dynamic tissue changes. a) Increase in the hydrostatic pressure

in the epithelial lumen or lumen expansion as shown in mammalian blastocysts, zebrafish
inner ear, and organoids regulate growth and size of the organ. b) Hydrostatic pressure
arising due to hyaluronan hydrogel (water-dependent swelling of hyaluronan) in the

ECM causes tissue deformation as shown during semicircular canal morphogenesis in

the zebrafish inner ear. c) Inflation-deflation cycles of luminal pressure called hydraulic
oscillations can regulate pressure in the lumen and control the size of the organ as
demonstrated in mammalian blastocysts and organoids. d-f) Effects of hydrostatic pressure
at the cellular scale. d) Hydrostatic pressure can cause epithelial cell stretching, which

in zebrafish inner ear has been shown to negatively regulate water influx into the lumen.
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€) Pressurised microlumens in the lateral intercellular space can cause transient breakage

of cellular junctions. This process called hydraulic fracturing has been demonstrated in
mouse blastocoel formation. f) Oscillations in the luminal pressure can lead to quick release
or build-up of pressure in the epithelial lumens. Epithelial cells can respond to pressure
oscillations via membrane protrusions such as lamellae in the pressure relief valve in the
zebrafish endolymphatic sac. g-i) Molecular perception and response to hydrostatic pressure.
0) Hydrostatic pressure can elicit increased cell tension and stiffness and can allow pressure
mechanosensing via vinculin and allow maturation of tight junctions as demonstrated in

the mouse blastocyst. h) Cells can perceive hydrostatic pressure via stretch sensitive TRP
family of proteins and/or Piezo proteins. TRP can physically interact with AQPs which can
modulate water flux in the cell. This is a possible mechanism with extracellular hyaluronan
during cell volume regulation during zebrafish heart valve morphogenesis. i) Hydrostatic
pressure can also elicit a transcriptional response in the responding cells such as RA
signalling activation via Yap nuclear localisation in the lung organoids. Red arrows represent
hydrostatic pressure exerted by the lumen (a-f) and hyaluronan-rich ECM (b). Blue arrows
represent water flux through the cells (d) and through the paracellular spaces via fracturing

(e).
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