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The blastocoel is a fluid-filled cavity characterizing early em-
bryos at blastula stage. It is commonly described as the result
of cell division patterning, but in tightly compacted embryos the
mechanism underlying its emergence remains unclear. Based
on experimental observations, we discuss an alternative physi-
cal model by which a single cavity forms by growth and coars-
ening of myriad of micrometric lumens interconnected through
the intercellular space. Considering explicitly ion and fluid ex-
changes, we find that cavity formation is primarily controlled
by hydraulic fluxes, with a minor influence of osmotic hetero-
geneities on the dynamics. Performing extensive numerical sim-
ulations on 1-dimensional chains of lumens, we show that coars-
ening is self-similar with a dynamic scaling exponent reminis-
cent of dewetting films over a large range of ion and water per-
meability values. Adding active pumping of ions to account
for lumen growth largely enriches the dynamics: it prevents
from collective collapse and leads to the emergence of a novel
coalescence-dominated regime exhibiting a distinct scaling law.
Finally, we prove that a spatial bias in pumping may be suffi-
cient to position the final cavity, delineating hence a novel mode
of symmetry breaking for tissue patterning. Providing generic
testable predictions our hydro-osmotic coarsening theory high-
lights the essential roles of hydraulic and osmotic flows in devel-
opment, with expected applications in early embryogenesis and
lumenogenesis.
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The blastula is the first identifiable stage of early embryo de-
velopment that is common to most animals, and consists most
generally in a hollow epithelial layer enclosing a fluid-filled
cavity - the blastocoel. Blastocoel emergence is classically
described as the outcome of cell cleavage patterning, where
successive divisions take place along the surface plane of the
embryo to direct the organization of blastomeres in a spheri-
cal sheet (1). Planar divisions appear indeed sufficient to ex-
plain the formation of a blastocoelic cavity in several early in-
vertebrate embryos, such as cnidarians or echinoderms (2, 3),
as supported by numerical simulations (4, 5). In this scenario,
the first cleavages leave an initial intercellular space between
loosely adhering blastomeres, that is then amplified in vol-
ume by consecutive planary-oriented divisions. Such mech-
anism requires water to be able to freely move through the
nascent epithelial layer to fill the central cavity, but in var-
ious vertebrate embryos such as mammals (eutherians) (6),
and, to a certain extent, amphibian embryos (7), the epithelial
layer may be already sealed by tight junctions before blasto-
coel formation. How a cavity might emerge in tightly packed
and sealed morulae from division patterning alone remains

unclear.
Recently, we uncovered a possible alternative mechanism in
mouse embryos (8), whereby adhesive contacts are hydrauli-
cally fractured into myriad of microcavities (also called mi-
crolumens) that progressively coarsen into a single cavity,
most likely through fluid exchange within the ∼ 50nm wide
intercellular space (9, 10) (Fig. 1). In fact, similar micron-
sized fluid-filled compartements had been already observed
at the cell-cell contacts of various embryos preceding blas-
tocoel formation: in mammals (11, 12), in amphibians (13–
15) and even in C.elegans, although for the latter the result-
ing cavity rapidly disappears (16). Such transient coarsen-
ing phase may have been missed in other species having a
tightly compacted morula prior to blastula stage, because of
the need to image section planes of the embryo with a high
spatiotemporal resolution in order to identify microlumens.
In this alternatative mechanism, the fluid that will fill the
final cavity cannot directly pass a sealed epithelial barrier,
and has to be pumped by an osmotic gradient from the ex-
ternal medium into the intercellular space, hightlighting an
evident coupling between hydraulic and osmotic effects. The
requirement of ion pumping has, in fact, already been well
documented in mammalian embryos (17–21), and some ev-
idence of osmotic control of blastocoel formation in other
embryo types was already put forward earlier (22–24). Yet,
little is known about the hydro-osmotic control of blasto-
coel formation from a physics perspective. In vitro, MDCK
monolayers spontaneously generate fluid-filled domes (also
called blisters) as well when they are plated on a 2D glass
surface (25, 26), and cysts in 3D when they are maintained
in suspension (27, 28). This process is characterized by ac-
tive ion pumping toward the basal side of cells, triggering
water uptake in the apico-basal direction. It is indeed im-
portant to remark that blastocoel-like cavities emerge at the
baso-lateral side of polarized cells, that is typically adhesive.
They differ hence topologically from apical lumens, that are
facing apical -and intrinsically non-adherent- cell interfaces
(29, 30). Apical lumens are directly sealed at their surface by
tight junction proteins (31), limiting paracellular water leak-
ing into the intercellular space, while allowing for the pas-
sage of selected ions (32). Such important topological dif-
ferences may explain why baso-lateral cavities, in contrast to
their apical counterparts, appear systematically pressurized,
as they need to grow against adhesive contacts; it may also
explain why tissues with multiple apical lumens may fail to
spontaneously resolve into a single cavity (33).
Hydraulic and osmotic flows are more and more recog-
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Fig. 1. (A) Schematic of the coarsening process to explain the formation of a sin-
gle blastocoel cavity from a network of microlumens. (B) Examples of microlumen
networks in various early embryos. Left: fluorescence microscopy confocal section
of a mouse embryo at 32-cell stage (8). Center: Electron micrograph of a 28-
cell C.elegans embryo (16). Right: Electron micrograph of a 9-cell rhesus monkey
embryo (12). (C) Lumens are modeled as distinct compartments interconnected
through an intercellular bridge. They can exchange water (v) and solutes (s) with
each others through the bridge (fluxes Jvi and Jsi ) and with surrounding cells by
active pumping of rate ja and through passive permeation of coefficients λv , λs
. (D) Parametrization of the two-lumen system: each lumen is characterized by its
length Li=(µAi)1/2, concentration Ci and pressure Pi; the intercellular bridge
is characterized by its length `(t), thickness e0, and position-dependent solute
concentration c(x) and hydrostatic pressure p(x).

nized as essential determinants of embryo and tissue shaping
(8, 32, 34–38). However only a few physical models describe
the interplay between cell mechanics, osmotic effects and
fluid flow in morphogenesis (39–42) and in previous mod-
els, osmolarity is most generally considered spatially homo-
geneous. Here, we propose a generic hydro-osmotic physical
model for the formation of a cavity that explicitly accounts
for ion pumping and osmotic gradients (Fig. 1C). We do not
study, however, the prior nucleation process of microcavities,
which likely involves a hydraulic fracturation of cell-cell con-
tacts (43). We start on the contrary from a preformed and
contiguous network of microlumens (Figs. 1A-B) and we fo-
cus on their collective dynamics using numerical simulations
and mean-field theory. For the sake of simplicity, we also

neglect ion charges and membrane potentials and consider a
single solute only, following similar hypotheses as a recent
model for a single apical lumen (34).

Coupled dynamics for two lumens
In this first section, we focus on a two lumens system to intro-
duce the fundamental dynamic equations and to characterize
the competition between hydraulic and osmotic effects.

Dynamical equations. Dynamical equations for two lu-
mens are derived from conservation equations of mass and
solutes. The lumens are represented as 2-dimensional com-
partments connected through a 1-dimensional bridge of width
e0 and length ` along the x-direction (Fig. 1D). Each lumen
i = 1,2 is described by its area Ai, its hydrostatic pressure
Pi and its concentration Ci = Ni

Ai
, supposed homogeneous,

where Ni is the number of solutes (in moles). A lumen is
pressurized by a tension γ supposed constant, leading to a
Laplace’s pressure jump δPi=Pi−p0 = γ sinθ/

√
µAi across

the membrane, where µ is a constant that depends on the con-
tact angle θ= arccosγc/γ between the lumens and the bridge
with γc the adhesive tension in the bridge (see SI text and
Fig. 1D). The lumens and the bridge are delimited by two
lateral membranes of water and solutes permeability coeffi-
cients λv and λs respectively and are embedded in a an infi-
nite "cellular" medium acting as a chemostat of concentration
c0 and as a barostat of pressure p0 (Fig. 1C). The mass in a
lumen i is modified through a longitudinal hydraulic flux Jvi
toward the bridge and through lateral osmotic fluxes from the
cellular medium, that stem from the imbalance between os-
motic and hydraulic pressure across membranes. We rewrite
mass balance as function of the lumen length Li =

√
µAi

dLi
dt

= 2µνλv
[
RTδCi− δPi

]
− µ

2Li
Jvi , (1)

whereR is the gas constant, T the temperature, δCi=Ci−c0
is the concentration jump across the membranes, and ν is
a geometrical constant function of θ (see SI text). The hy-
draulic flux Jvi is calculated from boundary conditions in
the bridge. The number of moles of solutes in each lumen
Ni similarly varies through an outgoing flux Jsi toward the
bridge and through lateral passive fluxes, triggered by the
chemical potential difference of the solute across membranes.
Adding an active pumping rate ja by unit membrane length,
solute balance reads

dNi
dt

= 2νLi
[
λsRT log

(
c0
Cj

)
+ ja

]
−Jsi (2)

Conservation equations in the bridge are written along its
length `(t) in the x-direction. Local mass balance is obtained
by calculating incoming and outgoing longitudinal fluxes
along the x-axis and lateral osmotic fluxes across the mem-
branes. The longitudinal flux is given by the 2D Poiseuille’s

flow q(x) =−κv ∂δpδx , where κv≈
e3

0
12η is the hydraulic con-

ductivity, inversely proportional to the solvent viscosity η.
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Considering a passive lateral flux of solvent along the two
membrane sides, like for the lumens, yields

κv
∂2δp

∂x2 + 2λv
[
RTδc(x)− δp(x)

]
= 0 (3)

where δc(x)=c(x)−c0 and δp(x)=p(x)−p0 are local con-
centration and pressure jumps across the membrane. The bal-
ance of solutes along the bridge is similarly given by the sum
of a longitudinal diffusive flux e0jd(x) =−e0D

∂δc
∂x (Fick’s

law with diffusion coefficient D) and passive lateral fluxes of
solutes across the two membrane sides, driven by the imbal-
ance of chemical potential for the solute. Adding an active
pumping rate of solutes ja yields

e0D
∂2δc

∂x2 = 2RTλs log
(

1+ δc

c0

)
−2ja (4)

where we assumed that the relaxation of concentration in the
bridge is very fast compared to other timescales in the prob-
lem ∂c

∂t ∼ 0 (see SI text). Similarly to (34), solvent and solute
exchange along the bridge are found to be controlled by two
characteristic length scales

ξv =
√

κv
2λv

, ξs =
√

De0c0
2λsRT

(5)

which measure the relative magnitude of longitudinal and lat-
eral passive fluxes of solvent (v) and solutes (s) respectively.
They play the roles of screening lengths: a pressure (resp.
concentration) gradient along the bridge will be screened on
a length larger than ξv (resp. ξs). Therefore, for ` � ξv
(resp. `� ξs), we expect the lumens to become hydraulically
(resp. osmotically) uncoupled . On the contrary, for `� ξv,s,
pressure or concentration differences along the bridge may
trigger solvent or solute fluxes from one lumen to the other.
In the rest of the manuscript, we will denote by screening
lengths the dimensionless ratios χs,v ≡ ξs,v/`0, where abso-
lute screening lengths ξs,v have been rescaled by the mean
initial bridge length `0 =〈`(0)〉. We use these ratios as global
parameters to characterize screening effects in our system,
but it should be noted that the actual pressure or concentration
screening varies in fact in time with the length of the bridge
`(t). Interestingly, we observed that the ratio ξv,s/`(t) mea-
sures roughly the average number of neighbors one lumen
can "see" from a hydraulic or osmotic perspective.
To simplify our equations, we remark that the typical hy-
drostatic pressure jump across the plasma membrane of em-
bryonic cells δPi∼ δp∼ 102−3 Pa is a few orders of mag-
nitude lower than the absolute value of osmotic pressure
Π0 =RTc0 ∼ 105 Pa. This implies that δCi, δc� c0 (see
SI text) and allows us to derive analytic solutions for sol-
vent and solute fluxes ±q(x) and ±e0jd(x) from the bridge
equations Eq. (3) and Eq. (4). By equating these fluxes, eval-
uated at bridge boundaries x=∓`(t)/2 with outgoing fluxes
from the lumens Jvi , J

s
i for i=1,2, and by fixing the system

size L0 = L1(t)+L2(t)+`(t) = cte, we close our system of
equations (see SI text). Denoting L0 and N0 the mean ini-
tial lumen size and solute number, we introduce the follow-
ing dimensionless variables Li= L̄iL0, `= ¯̀̀ 0, Ni=N̄iN0,
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Fig. 2. (A) Diagram of the net flow J̄v2→1 = J̄v2 −J̄
v
1 as a function of concentra-

tion and pressure asymmetries ∆C and ∆P , for χs,v = 1. The flow direction is
schematized for two sets of values (∆P ,∆C). (B) Diagram of the net flow J̄v2→1
as function of the concentration asymmetry ∆C and pressure screening lengths
χv for χs = 1 and ∆P = 0.25. (C) Time evolution of the area of two lumens as
function of χs and τs. Other simulation parameters are χv = 10, τv = 1s.
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ja = j̄aλsRT , Jvi = J̄vi
L2

0
τv

, J̄si = J̄si
N0
τs

, and dimensionless

parameters N0 = c0L
2
0 and ε= γ sinθ

L0Π0
. The dynamics of the

system reduces finally to four coupled ordinary differential
equations (ODEs) for N̄i and L̄i (i= 1,2) :

τv
dL̄i
dt

= µν

[
µ
N̄i

L̄2
i

−1− ε

L̄i

]
− µ

2L̄i
J̄vi (6)

τs
dN̄i
dt

= 2νL̄i
[
1−µN̄i

L̄2
i

+ j̄a
]
− J̄si (7)

1 = 2L̄1 + 2L̄2 + ¯̀ (8)

where outgoing fluxes J̄v,si = fv,si
(
N̄1,2, L̄1,2, ¯̀

)
are func-

tions coupling dynamically the two lumens i=1,2. The dy-
namics is controlled by the following solvent and solute equi-
libration timescales

τv = L0
2λvΠ0

, τs = L0c0
2λsRT

(9)

Hydro-osmotic control of coarsening. To characterize
the competition between osmotic and hydraulic effects, we
focus first on the factors controlling the instantaneous net
solvent flow between two lumens. Any asymmetry in size
or tension between two lumens is expected to generate a hy-
drostatic pressure difference δP̄ , triggering a net solvent flow
J̄v2→1=J̄v2−J̄v1 . But the bridge may also act as an (imperfect)
semi-permeable membrane, that can carry osmotically-driven
solvent flows if a concentration difference δC̄ exists between
the lumens. These two kinds of solvent flows, hydraulic and
osmotic, may enter in competition if δC̄δP̄ > 0, as shown
in Fig. 2A where we plotted the signed value of the net flow
J̄v2→1 as function of concentration and pressure asymmetries
∆C = (C2−C1)/(C2+C1) and ∆P = (P2−P1)/(P2+P1).
For a given set of screening lengths χv,χs∼ 1, the net sol-
vent flow direction expected from Laplace’s pressure (from
small to large lumens) may be outcompeted by an osmotic
flow in the reverse direction if a sufficiently large concentra-
tion asymmetry exists between the two lumens. In practice,
we observe that the relative asymmetry has to be much larger
for concentrations than for pressures to reverse the coarsen-
ing direction. This let us anticipate already a limited influ-
ence of osmotic gradients, in general, on lumen dynamics.
As a further indication for this trend, we find that the mag-
nitude of the solvent flow depends primarily on the pressure
screening length χv (Fig. 2B), while the screening of con-
centration asymmetries has no measurable effect for χs> 1
and only a mild influence for χs<1 (see Fig. S1). From a
dynamical point of view, osmotic effects could however have
a strong influence in the limit τs� τv and χs� 1, where so-
lutes are expected to become almost trapped in lumens, their
exchange dynamics with the cellular medium and other lu-
mens being largely slowed down. Indeed, if the size of a
given lumen drops rapidly, its solute concentration will rise
(see Fig. S2B), generating an osmotically-driven solvent flow
that may oppose to the pressure-driven flow. This effect, rem-
iniscent of the osmotic stabilization of emulsions and foams
by trapped species (45, 46), is illustrated in Fig.2C where we

plot the dynamics of two lumens starting at osmotic equilib-
rium for τs = 100τv and for decreasing values of χs from
100 to 10−2 (χv = 10). In this regime, we observe that the
coarsening dynamics is slowed down by a few orders of mag-
nitude through the combined effects of slow solute relaxation
and large concentration screening. However, and in contrary
to foams or emulsions (45, 46), our system cannot reach com-
plete stabilization, since lumens ultimately homogenize their
concentrations by exchanging fluid with surrounding cells.
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Fig. 3. (A) Fate diagram for 2 lumens as function of the active pumping j̄a1 of
lumen 1 and pressure screening length χv , at fixed χs = 1. Four behaviors are
found numerically: collapse for large screening and low pumping, coarsening and
reversed coarsening at intermediate values and coalescence for large pumping.
The delineation of the regions have been drawn by hand, for presentation purpose.
(B) Typical time evolution of the areas of lumen 1 (dotted line) and lumen 2 (full line)
in the four cases.

Influence of active pumping. Then, we explore the in-
fluence of active pumping on the dynamics of two lumens.
Ion pumps, such as the Na/K ATPase, can actively transport
ions from/to the cell against the chemical potential difference
across the membrane by hydrolyzing ATP. Here, we consider
an initial size ratio L2(0)/L1(0)=1.1 and a nonzero pump-
ing rate j̄a1 in the lumen 1 only (j̄a2 = 0). We plot in Fig. 3
the outcome (or fate) of the two lumens as function of j̄a1 and
χv . We identify four different possible fates: collapse of the
two lumens (triangles), coarsening 1→ 2 (disks), reversed
coarsening 2→ 1 (stars) and coalescence (squares). At van-
ishing pumping j̄a1 ∼ 0, both lumens are under tension and
may either coarsen if their pressure difference is not screened
(χv & 1) or collapse at large pressure screening (χv . 1).
When pumping is increased in the lumen 1, a third regime
that we called reversed coarsening appears, where the coars-
ening direction is inverse to the one expected from the ini-
tial size asymmetry: this happens when the pumping-driven
growth of the lumen 1 overcomes its discharge into the lumen
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2, reversing the flow direction. Above some pumping rate
a fourth dynamical regime appears, where growth is faster
than hydraulic coarsening leading to lumen collision and co-
alescence. We find therefore that active pumping can greatly
modify the dynamics of two lumens, which let us anticipate
its major role in the coarsening of a network of lumens.

Coarsening dynamics for a 1-dimensional
chain
In this section, we turn to the dynamics of a 1-dimensional
chain of N lumens (Fig. 4A). Each lumen of label i is de-
scribed by its position, its size Li =

√
µAi and its number

of moles of solutes Ni, and is connected to up to two neigh-
boring lumens by a bridge (i, j) of length `ij(t). The chain
has a fixed total length L0 =2

∑
iLi(t)+

∑
{ij} `ij(t) and its

borders are fixed and sealed. We generate initial chain config-
urations by chosing lumens areas Ai and bridges lengths `ij
from Gaussian distributions of respective means A0 =1 and
`0 =10, and respective standard deviations 0.2 and 2. All our
simulations start at osmotic equilibrium (δCi= δc= 0), and
unless otherwise specified we set τv = τs = 1s The coupled
ODEs Eq. (6) Eq. (7) for the lumens i= 1,N are integrated
numerically leading to the typical lumen dynamics shown in
Fig. 4A. After a few steps, some lumens may collapse or enter
in collision; when such topological events happen, the inte-
gration is stopped, the configuration of the chain is recalcu-
lated to remove or merge implicated lumens before restarting
the integration (see Materials & Methods and SI text).

Coarsening without pumping. To charaterize the average
dynamics of a chain, we plot in Fig. 4B the number of lumens
as function of time for various values of the initial screening
lengths χv and χs. After a plateau, we generically observe a
coarsening behavior characterized by a dynamic scaling law
N (t) ∝ t− 2

5 . This scaling exponent is in fact reminiscent of
the dynamics of a purely hydraulic chain of droplets (47–49).
In the limit of small χv , we observe yet a rapid collapse of the
chain, indicative of the overall uncoupling of lumens. As far
as the lumens remain hydraulically coupled to their nearest
neighbor, the scaling exponent remains unaffected by the am-
plitude of solvent and solute screenings (Fig. 4B). The main
difference with a pure hydraulic dynamics can be observed
in the onset of coarsening, that is characterized by a typi-

cal timescale Th= 2τv`0L0
µεξ2

v
= 2`0L

3
0

µsinθγκv
that increases with a

decreasing pressure screening length ξv . To understand the
link between our dynamics and a pure hydraulic system, we
consider the limit χv� 1, χs� 1, and τs� τv , where con-
centrations relax rapidly and lumens are fully coupled hy-
draulically. In this limit, our system of equations reduces to a
single dynamical equation where the contribution of solutes
has vanished and that reveals analytically equivalent to the
one proposed in (50, 51) to describe coarsening in dewetting
films (see SI):

dLi
dt

= 1
Th`ijLi

( 1
Lj
− 1
Li

) (10)
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Fig. 4. (A) Typical spatiotemporal hydro-osmotic coarsening dynamics of a 1-
dimensional chain. Here N (0) = 30 lumens evolve from osmotic equilibrium with
χv=100, χs=1, τs,v=1s. (B) Plot of the number of lumens as function of the
rescaled time t/τv for various values of the screening lengths χv,s where each
simulation starts atN (0) = 1000 lumens. Each curve is an average of 20 simula-
tions. The scaling law t−2/5 (black line) is shown as a guide for the eye. (C) Lumen
area distribution as function of rescaled area A/A∗, where A∗=

∫
Aφ(A,t)dA

is the mean field area with respect to this distribution. The plain curve is an average
over 100 simulations with χv = 500,χs= 5 and taken at the time-point indicated
by a star on panel B. The dashed line is the theoretical self-similar distribution given
in the SI. (D) Plot of the number of lumens as function of the rescaled time t/τv for
τv = 1s, χv = 50,χs= 5 and increasing values of the solute relaxation time τs
from 10−2 s to 102 s. A deviation from the scaling law t−2/5 (plotted in plain line
as a reference) is observed for large τs, indicative of an osmotic stabilization effect,
which slows down the coarsening.

We will refer to this limit as the hydraulic chain, where os-
motic effects have disappeared. In such limit, the scaling
law for the number of lumens N (t) ∼ t−2/5 as well as the
distribution of lumens size φ(A,t) can be predicted from a
mean-field theory of Lifshitz-Slyosov-Wagner type (see SI
text) (50–52). In Fig. 4C, we compare the size distributions
of lumens predicted by the hydraulic chain mean field the-
ory and obtained from our simulations for χv=500, χs=5.
The very close agreement indicates that the hydraulic chain
limit is generically a good approximation for the behavior of
a hydro-osmotic chain. To challenge the validity of the hy-
draulic chain approximation, we chose parameters favoring
the retention of solutes in lumens, as for the two-lumen sys-
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tem (Fig. 2C). In Fig. 4D we plot the time evolution of the
chain for increasingly slower solute equilibration (increas-
ing τs) and we find indeed a deviation from the scaling law
t−2/5 when τs � 1, indicative of a slowing-down of coars-
ening. Like for the two-lumen system, solutes are transiently
trapped within lumens, which triggers larger osmotic asym-
metries between lumens that may compete with pressure-
difference driven flows and slow down the hydraulic coars-
ening of the chain (Fig. S2C).
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Fig. 5. (A) Coarsening of 1-dimensional chains with uniform active pumping ja:
plot of the number of lumens as function of the rescaled time t/Th for increasing
values of the pumping rate j̄a=10−2,10−1,1 and 10. Each curve is the average
over 20 simulations with screening lengths χv=50,χs=5. (B) Number of lumens
as function of the rescaled time t/Tp for three values of the pressure screening
length χv , for j̄a = 1 and χs = 5. (C) Area distribution φ(A,t) at four different
times indicated on the plot in (B), with 100 simulations.

Coarsening with active pumping. We finally study the in-
fluence of active pumping of solutes on the chain dynamics.
We first assume a homogeneous pumping rate j̄a along the
chain. In Fig. 5A we plot the time evolution of the number
of lumens N as function of t/Th for increasing values of the
pumping rate j̄a from 10−2 to 10 (χv,s=50). The dynamics
is now typically characterized by two coarsening phases that
are separated by a novel timescale Tp= τv

µν ja == λsL0RT
2λvΠ0 ja .

This timescale measures the competition between active so-
lute pumping, controlled by ja, and passive solute relaxation,
controlled by λs, in triggering solvent permeation, limited by
λv . For t� Tp we recover the hydraulic chain limit char-
acterized by a power-law t−2/5 as previously. For t� Tp,
the number of lumens first stabilizes into a plateau before de-
creasing again with a novel scaling law N (t) ∼ t−1. This
novel coarsening regime is dominated by lumen coalescence
and may be understood with the following arguments. Con-
sidering the previous hydraulic chain limit (χv � 1, χs� 1
and τs � τv) with nonzero j̄a , we can derive a modified
expression for lumen dynamics (see SI text)

dLi
dt

= 1
Th`ijLi

[
1
Lj
− 1
Li

]
+ 1
Tp

(11)

In this limit, the last term in Eq. (11) is inversely propor-
tional to Tp and corresponds exactly to the rate of osmotic
lumen growth triggered by active pumping. Taking the limit
t� Tp Eq. (11) becomes dLi

dt '
1
Tp

, and using length con-

servation L̄ij = L̄i(t) + L̄j(t) + ¯̀
ij(t), it yields d`ij

dt '−
2
Tp

.
The average length of bridges decreases therefore linearly in
time, such that the rate of coalescence will naturally scale as
N (t) ∼ (t/Tp)−1, as shown on Figs. 5A and B. For large
enough pumping rate j̄a, we reach a limit where Tp ∼ Th,
such that the hydraulic coarsening phase disappears, leaving
only a coalescence-dominated coarsening dynamics, as we
observe on Figs. 5A and B. On Fig. 5C we plot the size distri-
bution of lumens at various time-points of a dynamics where
hydraulic and coalescence dominated regimes are well sep-
arated in time (j̄a = 1). Starting from the Gaussian used
to generate the chain, the distribution first evolves toward
the asymmetric long-tailed distribution characteristic of hy-
draulic coarsening (Fig. 4C). The transition toward the coa-
lescence phase is characterized by a plateau for the number
of lumen and a peaked distribution of lumen sizes, indicative
of a collective growth phase with size homogenization of the
lumens. This size homogenization can be understood by the
fact that lumens become hydraulically uncoupled while co-
alescence has not yet started, leading to a narrowing of the
distribution (see SI text). The coalescence-dominated regime
exhibits then a multimodal distribution, that reveals subpop-
ulations of lumens forming by successive waves of coales-
cence.
Finally, we study how heterogeneities in active pumping
within an embryo may bias the position of the final blas-
tocoel. In mammalian embryos, the formation of the blas-
tocoel relies on transepithelial active transport of ions and
water from the external medium to the intercellular space
by an apico-basally polarized cell layer, the trophectoderm
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(TE) (20, 53). We expect therefore that active pumping may
be essentially concentrated at cell interfaces with outer cells
(TE), rather than at the ones between inner cells (called ICM
for inner cell mass) as illustrated on Fig. 6A. To study the
effect of a spatial bias in active pumping, we consider a
chain of N (0) = 100 lumens and χv = 500, and we per-
turb an uniform pumping profile with a Gaussian function

j̄a(x)= j̄a0 + δj̄a
√

2πσ exp
( (x−µ)2

σ2
)

that is shifted from the chain
center (µ=0.4, σ = 0.05). We simulate the chain dynamics
keeping the amplitude δj̄a= 1 of the Gaussian constant and
changing the basal uniform value of pumping j̄a0 only. A
uniform pumping profile leads to a typical distribution cen-
tered at the middle of the chain. To evaluate the effect of
the perturbation with respect to the uniform pumping, we
calculate the area below a region of width 2σ centered on
the Gaussian and compare it with the area below the re-
maining quasi-uniform part of the profile of value ∼ j̄a0 (see
Fig. 6B). This yields a typical threshold in basal pumping
j̄a0 = j̄∗ ≡ δj̄a σ

√
π

0.6−8σ erf(2) (see SI text). For a basal pump-
ing rate j̄a0 below the threshold j̄∗' 0.44, the perturbation
dominates and the mean position of the final lumen is shifted
to the maximum x=µ of the Gaussian. On the contrary, when
the basal pumping rate j̄a0 > j̄∗, the two effects compete with
each others, and the distribution for the final lumen localiza-
tion may become bimodal (Fig. 6C). In spite of rapid diffu-
sion within the intercellular space, the spatial localization of
active pumping can therefore break the radial embryo sym-
metry by positioning the blastocoel away from the center of
the network. In addition to mechanical differences between
TE and ICM cells (8, 54), different rates of pumping between
these two types of cells may constitute an alternative and fail-
safe mechanism to ensure the robust localization of the blas-
tocoel at the TE interface of mammalian embryos.

Discussion
We have presented a novel theory for the coarsening of a net-
work of hydro-osmotically coupled biological cavities. From
a physics perspective, coarsening processes have been the
subject of a vast literature, with generally diffusion as the
main mode of transport between dynamically coupled com-
partments (52). Only a few of them have considered hy-
drodynamic flows as an alternative mean for mass exchange
(47, 49) and the influence of osmotic effects in coarsening
have been studied mostly as a mean to stabilize emulsions
or foams (45, 46). For a 1-dimensional chain, we find unex-
pectedly that our hydro-osmotic coarsening model exhibits,
for a wide range of solvent and solute permeabilities, the
same scaling dynamics N ∼ t−2/5 as thin dewetting films,
where an ensemble of droplets interacts through a thin fluid
layer (48, 50, 51). This indicates that osmotic effects have
generically a mild influence on the coarsening behavior in
our model, that is ultimately dominated by hydraulic ex-
changes, as we hypothesized in (8). In contrast, we have
showed that active ion pumping can largely affect collec-
tive lumen dynamics, with the emergence of a novel coars-
ening regime dominated by coalescence. The effect of active
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Fig. 6. (A) Schematic view of the embryo showing two cell-cell contact with
heterogeneous active pumping. This heterogeneity leads to a symmetry break-
ing that positions the blastocoel at the Trophectoderm - Inner Cell Mass inter-
face. (B) Plot of the pumping profiles along the chain and typical chain dynamics
(N0 = 30). The uniform profile corresponds to the threshold j̄∗' 0.44 (dashed
lines) and perturbed profiles are biased by a Gaussian in the form j̄a(x) =
j̄a0 + δj̄a√

2πσ
exp
(
− (x−µ)2

σ2

)
with basal pumping rates j̄a0 = 0.2, 0.6, 1.5 and

µ=0.4, σ=0.05, δj̄a=1. (C) Distributions for the localization of the final lumen
on a chain of N0 = 100 lumens, corresponding to the pumping profiles depicted
above. Each curve is obtained by averaging 10000 simulations with χv = 500,
χs=1.

pumping may be compared to droplet condensation on a sur-
face (55, 56), but the absence of nucleation in our system
constitutes a major difference that precludes a direct com-
parison of scaling behaviors (57, 58). The inclusion of lu-
men nucleation would require a precise microscopic descrip-
tion of the de-adhesion process, coupling membrane mechan-
ics with stochastic binding-unbinding of adhesion molecules
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(44). The addition of stochastic nucleation and short-time
scale cortical and membrane dynamics to our model are un-
doubtedly interesting avenues to further refine the theory.

In spite of these simplifications our theory bring several
generic, robust and experimentally testable predictions. In
particular, we expect our theory to be relevant, beyond lu-
menogenesis, to describe the hydraulic cell coarsening phe-
nomena underlying Drosophila and C. elegans oogenesis
(35, 37, 38). Our theory demonstrates that lumen coarsen-
ing exhibits a generic dynamic scaling behavior. Extrapolat-
ing this behavior to the realistic topology of microlumens in
3D, that form a continuous 2D network at each cell-cell in-
terface, one would predict a scaling law N ∼ t−3/4 for the
number of lumens (59). Whether the slighlty more complex
topology of the embryo, where cell arrangements form them-
selves a 3D network of cell-cell contacts, might affect the late
scaling dynamics remains however to be tested. This scaling
behavior relies essentially on the hydraulic coupling between
lumens. Interestingly, if one compares the typical diameter
of an embryo or small tissue (50− 100µm) with a typical
pressure screening length ξv ∼ 84µm (see Table S1), the mi-
crolumens are expected to remain hydraulically coupled dur-
ing the whole coarsening process, ensuring hence the robust
formation of a single cavity. To test and challenge this as-
pect, it could be interesting to artificially merge two or more
embryos before blastulation to see if several, uncoupled, cav-
ities may form. One major simplification in our theory is to
neglect the local mechanical response of surrounding cells to
lumens deformations. As cell mechanics enters essentially
in the small parameter ε= γ sinθ

L0Π0
in our model, we do not

expect cell mechanics to fundamentally affect the scaling be-
havior. We hence verify that the scaling exponent remains
unaffected by ε, as long as it remains smaller than 10−1 (see
Fig. S3), which is lower than a typical upper estimation 10−2

for embryos. As we have shown in (8), gradients of cell me-
chanical properties can however be sufficient to spatially bias
the coarsening. Interestingly, a similar control of coarsen-
ing by stiffness gradients was also recently demonstrated in
the context of Ostwald ripening (60, 61). A second major
assumption of our theory is to consider only one and non-
charged solute, while cell volume control is known to rely
on a pump-leak mechanism that involves, at minimum, three
major ionic species K+, Na+ and Cl− (62). Our choice
was first motivated by the sake of simplicity but turned out
to largely ease the numerical treatment of the equations. In-
deed, each ion taken individually has a large concentration
differences between cytoplasmic and external compartments
(K+ is essentially cytoplasmic while Na+ and Cl− are con-
centrated in the external medium), which would prevent us
to asymptotically expand logarithms in chemical potentials.
In contrast, the global osmolarity difference remains small
compared to its typical absolute value δc � c0, which al-
lowed us to find analytic solutions in bridges, and to refor-
mulate the dynamics as a simple system of coupled ordi-
nary equations to perform extensive numerical simulations.
The addition of charged species would furthermore require
to consider explicitly membrane potentials and electrodiffu-

sion effects, opening novel questions such as the existence of
electrical currents and elecro-osmotic flows between lumens.
These questions are beyond the scope of this manuscript and
will require ample effort in terms of theoretical modeling and
numerical work. They undoubtedly open exciting novel av-
enues of research on the still largely overlooked roles of bio-
electricity in development and tissue morphogenesis (63, 64).

Materials and Methods
Coupled differential equations are solved numerically using
a Runge-Kutta-Fehlberg method (RKF45) with adaptative
time-step (65, 66). Topological transitions such as coales-
cence of two lumens or deletion of an empty lumen are auto-
matically detected and handled by our numerical scheme (see
Fig. S4 and SI text for details). On Fig. 3, the classification
of events is determined by the sign of the final slopes for the
time evolution of lumen area (see SI for details).
The simulation code and Python notebooks for analysis
of the results are available on the following reposi-
tory: https://github.com/VirtualEmbryo/
hydroosmotic_chain
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