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bstract

Two views have dominated recent discussions of the physical basis of cell shape change during migration and division of animal cells: the
ytoplasm can be modeled as a viscoelastic continuum, and the forces that change its shape are generated only by actin polymerization and
ctomyosin contractility in the cell cortex. Here, we question both views: we suggest that the cytoplasm is better described as poroelastic, and that
ydrodynamic forces may be generally important for its shape dynamics. In the poroelastic view, the cytoplasm consists of a porous, elastic solid
cytoskeleton, organelles, ribosomes) penetrated by an interstitial fluid (cytosol) that moves through the pores in response to pressure gradients. If
he pore size is small (30–60 nm), as has been observed in some cells, pressure does not globally equilibrate on time and length scales relevant to
ell motility. Pressure differences across the plasma membrane drive blebbing, and potentially other type of protrusive motility. In the poroelastic
iew, these pressures can be higher in one part of a cell than another, and can thus cause local shape change. Local pressure transients could
e generated by actomyosin contractility, or by local activation of osmogenic ion transporters in the plasma membrane. We propose that local
ctivation of Na+/H+ antiporters (NHE1) at the front of migrating cells promotes local swelling there to help drive protrusive motility, acting in

ombination with actin polymerization. Local shrinking at the equator of dividing cells may similarly help drive invagination during cytokinesis,
cting in combination with actomyosin contractility. Testing these hypotheses is not easy, as water is a difficult analyte to track, and will require a
oint effort of the cytoskeleton and ion physiology communities.

2008 Elsevier Ltd. All rights reserved.
eywords: Cytoskeleton; Cell mechanics; Poroelasticity; Cytoplasm; Cytokinesis; Viscoelasticity

ontents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
2. A minimal microstructural model for cytoplasm: poroelasticity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
3. Parametrizing poroelasticity: fluid viscosity, network hydraulic permeability and network elasticity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217
4. Exhibit 1: Blebbing as a window into cell hydraulics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219

5. Exhibit 2: Osmotic regulator localization and motility . . . . . . . . . . . . . .
6. Hypothesis: Cooperation between osmotic and cytoskeletal dynamic
7. Afterword . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

∗ Corresponding author. Fax: +1 617 432 5012.
E-mail addresses: tim mitchison@hms.harvard.edu (T.J. Mitchison),

.charras@ucl.ac.uk (G.T. Charras).

084-9521/$ – see front matter © 2008 Elsevier Ltd. All rights reserved.
oi:10.1016/j.semcdb.2008.01.008
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220
s to generate hydrodynamic forces . . . . . . . . . . . . . . . . . . . . . . . . . . 220
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

mailto:tim_mitchison@hms.harvard.edu
mailto:g.charras@ucl.ac.uk
dx.doi.org/10.1016/j.semcdb.2008.01.008


2 Developmental Biology 19 (2008) 215–223

1

c
a
h
a
c
a
i
e
g
t
f
u
h
o
o
o
t
t
t
o
I
o
c
a
p
i

2
p

i
c
b
m
c

F
s
u
c
d
t
d

Fig. 2. Towards a microstructural model for cytoplasm. In the viscous model the
cytoplasm is viewed simply as a homogeneous viscous liquid. In the viscoelastic
model it is viewed as a homogeneous network immersed in a fluid with no ability
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. Introduction

The forces that control shape and drive motility in animal
ells have long been considered different from those in plant
nd fungal cells. Plant and fungal cells (Fig. 1, [1]) normally
ave an internal pressure, known as turgor, that can be as large
s a few atmospheres (∼1 MPa) [2,3], that is sustained by a
ombination of active osmotic mechanisms and resisted by a rel-
tively stiff polysaccharide cell wall [4]. Shape and size change
n these cells occurs by softening or remodeling of the wall,
ither locally as in tip-growing cells, or globally as in diffusely
rowing cells (Acetabularia, Nitella). Shape change is coupled
o volume change [5] and occurs over a range of time scales,
rom a few seconds (in rapidly growing pollen tubes) to min-
tes (in growing root hairs). Animal cells, on the other hand,
ave a much lower internal pressure, at most a small fraction
f an atmosphere, and a much softer boundary layer. The shape
f a typical animal cell shape (in the absence of forces from
ther cells and the substrate) is governed largely by the spatio-
emporal organization of the actomyosin cortex that underlies
he plasma membrane. Shape change is driven by polymeriza-
ion and contraction of this cortex, and is usually assumed to
ccur without local or global changes in cytoplasmic volume.
n this predominantly biochemical view, hydrostatics with an
smotic origin are thought to be all-important in shaping plant
ells, but not relevant in determining the shape or dynamics of
nimal cells. Here, we will argue that this view captures only
art of the picture, and that hydrodynamic forces may play an
mportant role in shaping animal cells.

. A minimal microstructural model for cytoplasm:
oroelasticity

The simplest physical models for shape, and shape change,
n animal cells have focused on the cortex, and assumed the

ytoplasm to be a viscous material that adopts the shape defined
y the cortex (Fig. 2A). More realistic, and more complicated,
odels view the cytoplasm as a medium that has both vis-

ous, elastic and plastic properties (Fig. 2B), whose dynamics

ig. 1. Plant and animal cell shape. In the classic view, plant and fungal cell
hape is determined by a rigid cell wall (heavy line). The cytoplasm (grey) is
nder high turgor pressure, and conforms to the shape of the cell wall. Animal
ell shape (in the absence of forces from other cells or a rigid substrate) is
etermined by a soft, elastic cortex made of actin and myosin (dashed line), and
he cytoplasmic pressure is assumed to be so small as to be irrelevant in shape
etermination.
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o discern the underlying microstructure. The poroelastic model is qualitatively
ifferent in that now there is a distinct microstructure that allows us to describe
ow the liquid can move relative to the network during shape change.

an be described in terms of the theory of viscoelasticity and
iscoplasticity [6,7]. This formalism is based on the assump-
ion that the material is a single homogeneous phase, i.e. it
gnores the microscopic structure and dynamics of the con-
tituents. This is of course not true: the cytoplasm is made
p of water, ions, metabolites, soluble proteins, large protein
ggregates and organelles, such as the cytoskeletal and mem-
rane network, all of which are dynamically changing. Thus,
ven at the simplest level, one must account for the fact that
he cytoplasm has two distinct phases, a solid phase consisting
f a network, membranes and particulates, and a fluid phase
onsisting of water, ions, metabolites and soluble proteins, that
nterpenetrate each other. Viscoelasticity and viscoplasticity for-

alisms implicitly assume that there is no movement of these
hases relative to each other. We consider it extremely unlikely
hat the solid and fluid phases always move together, and that
elative motion will naturally occur when a cell sticks, moves,
lebs, or divides, since all these phenomena have spatially non-
niform time courses. To account for relative movement between
he fluid and solid components of the cytoplasm (Fig. 2C), we
eed a new formalism. Perhaps the simplest is poroelasticity [8],
nd its generalizations. This formalism accounts for the dynam-
cs of cytoplasm by including the movement of liquid through

soft porous mesh. It has been previously applied in various
orms to understand aspects of the mechanics of whole cells
9,10], and extracellular matrix gels such as collagen [11], and
artilage [12,13]. Here, we review its implications for motil-
ty of single cells that involves shape change, such as leading
dge protrusion or cleavage furrow invagination. Poroelasticity
s potentially of particular importance in these situation for two

easons: change in shape of the plasma membrane implies the
ossibility that water enters or exits the cell across the mem-
rane, and local actomyosin contraction may squeeze liquid
owards a different region of the cell. In both cases cytoplasmic
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Fig. 3. Thought experiment demonstrating slow equilibration of pressure in the poroelastic regime. A rigid cylinder is provided with pressure gauges at different
depths, and filled with a medium consisting of an elastic gel permeated with a viscous liquid. When a porous plunger is depressed by a constant load, initially the
liquid flows though the holes in the plunger. With time, the liquid must flow through pores in the gel over longer and longer distances, and the rate of liquid flow
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imits the rate at which the system equilibrates. The displacement which is step-l
4,10,13], and eventually is uniform over the entire system, as liquid flow slow
he plunger, but low elsewhere. Over time, pressure equilibrates, and eventually

uid moves relative to the gel phase, implying poroelasticity
ay be important.
To understand the theory in a minimal setting, we consider

thought experiment in which a load is suddenly applied onto
very long, confined, hydrated, soft, porous gel via a porous

lunger (Fig. 3), first introduced in Ref. [12] to explain and
nterpret some observations of cell blebbing. In a cellular situa-
ion, the porous plunger could, for example, represent the plasma

embrane, and it could be depressed by a hypertonic shock, or
ontractile force. Contrary to naı̈ve intuition, the gel does not
quilibrate at the speed of sound, but instead relaxes slowly
ver time. After the plunger is depressed rapidly, the pressure
ises rapidly to a high value at the closest gauge but is barely felt
urther away. Eventually, as water exits the system and progres-
ively more of the load is born by the gel, the pressure at all posi-
ions reaches the same value, and the gel relaxes until it reaches
n equilibrium where the applied load is everywhere balanced by
he elastic stresses in the network [14]. This thought experiment
nd its variants have been well studied in simple physical gels
15,16], as well as in biogels such as cartilage and collagen net-
orks [11,17]. It demonstrates that pressure, as well as the stress

nd the relative displacement (or strain) in the network, are all
unctions of space and time in a fluid-infiltrated soft network. A
rief description of the underlying theory and scaling ideas are
utlined below; details may be found, for example, in Ref. [14].

Assuming that the displacement field of the gel swelling
assumed to be made of incompressible constituent materials) is
iven by u(x,t), the stress in it at a given cross-section is K ∂xu,
here K is the drained bulk (compressibility) modulus that char-

cterizes the resistance of the porous network to volume changes
n the absence of a fluid. Balancing the change in stress from

ne cross-section to another with the fluid pressure gradients
ields K ∂xxu = ∂xp. Since the relative swelling or shrinkage of
he gel is driven by fluid flow, which in turn is proportional to the
ocal pressure gradient, we also have the following relation for

c
t
a
m

d localized near the plunger, with time behaves diffusively as does the pressure
n and elastic stresses balance the external load. Initially, pressure is high near
hes.

he rate of deformation ∂t ∂xu = ∂xk ∂xp where k is the hydraulic
ermeability of the gel which characterizes the ease with which
uid can flow through it (and is proportional to viscosity of the

nfiltrating fluid and inversely proportional to the square of the
esh size of the gel). Combining the two equations, we find that

he strain ∂xu satisfies the diffusion equation with diffusion con-
tant D = Kk. For a suddenly applied load that is held constant, at
boundary, say x = 0, of a gel of finite length L, we find that the
isplacement itself satisfies the diffusion equation ∂tu = D ∂xxu
s does the pressure p(x,t). Thus the solution of the above partial
ifferential equation may be written as:

(x, t) =
∑

n

exp [−λ2
nt]

(
An sin

[nπx

L

]
+ Bn cos

[nπx

L

])

here λ2
n = nD/L2 are the inverse time constants associated

ith different modes of relaxation in the gel, and the constants
n, Bn are determined by the initial conditions. We see that the
lowest characteristic time scale for relaxation τ ∼ L2/D, i.e. the
arger the system, the longer it takes for the displacements and
ressure to equilibrate, for a given gel. Similarly, the smaller
he diffusion constant (corresponding to a small very stiff mesh
nfiltrated by a very viscous fluid), the longer it takes for the
ressure to equilibrate.

. Parametrizing poroelasticity: fluid viscosity, network
ydraulic permeability and network elasticity

The framework outlined above will be relevant to cell shape
nd movement if there is inter-phase movement, i.e. the liquid
ust move relative to the meshwork. We believe this occurs

n a variety of situations such as cell blebbing, cell division,

ell motility and indeed in any situation where there are spa-
ially heterogeneous mechanical events in a cell. However, it is
lso necessary that the distances and times over which displace-
ents and pressures equilibrate are relevant to some aspect of
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Fig. 4. Local perfusion of cells with osmolyte. HeLa cells were microinjected
with 20 nm, passivated quantum dots. In control cells, Q-dots this size diffuse
freely. The left side of the cell was perfused with medium + 300 mM sucrose
(or another osmolyte) while the right side was perfused with medium alone.
The cytoplasm on the left side rapidly dehydrates, causing the Q-dots to cease
moving, as they are trapped in the shrunken pores of the cytoplasmic meshwork.
On the right side, normal movement continues. In the middle, a gradient in
mobility is observed over a zone of 5–10 �m. A non-equilibrium steady state of
this kind can persist for many minutes. When the osmolyte flow is removed, the
cell recovers rapidly and completely to its initial state. This experiment shows
that water crosses the cell membrane faster than it moves within the cell, under
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ell behavior—i.e. there are windows in space-time where these
oncepts are relevant. Since the diffusion constant for the equi-
ibration of stresses, displacements and pressure depends on the
iquid viscosity, the bulk compressional modulus of the gel, and
ts structure (pore/mesh size), this raises the question of what
re typical values of these parameters, which of them might
e subject to active regulation by the cells, and what cellular
henomena fall in the relevant space-time window.

The cytoplasmic liquid is a composite of water and a vari-
ty of proteins and organelles. Changing the local concentration
f these objects can change the shear and extensional viscosity
y orders of magnitude, as is well-known from our knowledge
f the physics of colloids, suspensions and polymers. The pore
ize needs to be relatively small for poroelastic effects to be sig-
ificant over the 1–1000 s time window associated with most
nimal cell dynamics. We estimate pore diameters of 30–60 nm
re required to account for data on blebbing and local sucrose
erfusion using a poroelastic model ([18] and GC, TM and LM,
anuscript in preparation). This value is consistent with that

btained from analyzing diffusion of different sized probes in
ome [19], but not all experiments [20]. 30–60 nm is smaller
han the pore size we expect from cytoskeletal networks alone
21,22], with the possible exception of the extreme leading edge
23], where actin filaments are highly concentrated. Abundant
embrane systems in the cytoplasm may make an important

ontribution to the meshwork, but since a typical vesicle or
ubule has a diameter of 100 nm or more, these cannot account
or the small pore size. The most abundant object in the cyto-
lasm of growing cells are ribosomes (∼30% volume occupancy,
24]). Ribosomes are ∼25 nm in diameter, close to the effective
ore size, and they tend to link together, via the mRNA they are
ranslating, into jointed chains called polysomes, with extended
engths in the hundreds of nm. We know from classic cell perme-
bilization experiments that most mRNA behaves as an insoluble
olecule [25], suggesting polysomes may be part of the mesh-
ork rather than the liquid. Thus the cytoplasmic meshwork may
e comprised of elements with long distance organization but
arge pores, including the actin–microtubule–intermediate fila-

entous cytoskeleton as well as endomembranes, mixed with
ointed chains of ribosomes and other medium-sized objects
hat tend to clog the pores. Even single ribosomes may add to
ffective viscosity as they are pushed through the meshwork.
ryotomography images tend to confirm this crowded, complex
ytoplasm view [26]. In reality, the cytoplasm may contain com-
onents that move relative to each other at different rates when
tress is applied to the meshwork, with cytoskeleton truly immo-
ile, water, small molecules and small proteins truly mobile,
nd medium-sized components like ribosomes and polysomes
oving at intermediate rates.
It is worth emphasizing here that by controlling the mesh/pore

ize alone, it is possible to change both the permeability and
he compression modulus by orders of magnitude due to the
trong dependence of both parameters on the pore size. Thus,

ne can control the rate of equilibration of pressure over a large
ange as well, from the sub-second time to tens of minutes. For
xample, the modulus K ∼ Ef(ϕs) where E is the bulk modulus
f the material of which the cytoskeletal network is made, and

o
e
a
i

onditions of osmotic forcing. It also shows that the cytoplasm can be non-
quilibrated with respect to swelling state of the meshwork, consistent with a
oroelastic description of the cytoplasm.

s is the solid volume fraction, with f(ϕs) varying over orders of
agnitude [27]. Similarly, the permeability k ∼ l2p/μ g(ϕs), with

p the pore size, and g(ϕs) a function of the fluid fraction varying
ver orders of magnitude [28], so that Kk can vary over a wide
ange indeed. These estimates would of course vary widely from
ne location to another in a cell. Indeed, even our simple picture
f a two-phase continuum with a homogenous fluid infiltrating a
niform mesh is likely to be incorrect. Nevertheless, it provides a
asis for understanding a number of phenomena in cytoplasmic
ynamics that cannot be explained otherwise, and sets the stage
or a further exploration.

A simple but direct indication of how stresses and pressures
ay be out-of-equilibrium in cells over distances smaller than
cell length can be seen in an experiment where liquid was

eliberately forced through cells into which passivated quan-
um dots had been microinjected using an external osmotic
radient (Fig. 4, GC, TM and LM, manuscript in preparation)
sing the local perfusion apparatus described in Ref. [29]. We
ound that two parts of the cytoplasm, separated by as little as
5 �m, could be strongly out of hydrodynamic equilibrium.
n the normal medium perfused side, the Q-dots diffused nor-
ally, since they were chosen to be smaller than the normal

ore size, which we estimated as 30–60 nm in diameter, based
n the size of the Q-dots (20 nm diameter) and the change in
ell volume during hyperosmotic shock [18]. On the osmolyte
erfused side, Q-dot probes were completely immobilized due
o dehydration of the cytoplasmic meshwork, trapping the Q-
ots in the shrunken pores. This experiment shows that water
an cross the plasma membrane faster than it can move through
he cytoplasm, in response to external osmotic forcing, and that
he viscous retardation of water movement through the pores

f the elastic cytoplasmic meshwork is sufficient to cause non-
quilibration of pressure on a distance of tens of microns and
time scale of tens of seconds. Thus poroelastic effects might

ndeed be important on length and time scales relevant to cell
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Fig. 5. A model for bleb mechanics based on current data [12,13,17]. Blebs are
nucleated when a pressure difference across the plasma membrane of 100–500 Pa
causes the membrane to detach from the underlying cortex. The bleb rapidly
inflates as cytosol flows in (cytosol flow is indicated with arrows). Within ∼30 s
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new cortex starts to polymerize under the naked membrane. Over ∼100–300 s,
his cortex recruits a sufficient density of actin and myosin-II to initiate contrac-
ion, driving the cytosol back into the cell body.

otility, especially rapid protrusive events such as blebbing and
seudopod extension.

. Exhibit 1: Blebbing as a window into cell hydraulics

We were drawn to consider poroelasticity by analysis of
lebbing [12], a dramatic type of motility that many animal
ells display when they divide [30,31] or undergo apoptosis
32]. Blebbing is typically a cyclic phenomenon where a bleb
ucleates, expands, and contracts over 1–3 min without moving
aterally (Fig. 5, [33,34]). Some cell types, such as dissociated
mbryonic blastomeres, exhibit traveling blebs that propagate
ircumferentially around the cell, a phenomenon called cir-
us movement [35,36]. Blebs in most cells appear directionally
ncontrolled, though blebbing of the leading edge thought to
ower directed motility in certain embryonic [37,38], amoeboid
39], and metastatic tumour cells [40–43]. Blebs, that protrude
t rates of ∼0.4 �m s−1 [29], are more dramatic than standard,
ontrolled protrusive events at the leading edge of motile cells.
or example, lamellipodia protrude at ∼0.15 �m s−1 in rapidly
oving fish keratocytes [44], and slower in most other cell types.
All data on blebs are consistent with the model shown in

ig. 5, in which a pressure difference across the plasma mem-
rane causes the membrane to detach from the cortex, and
nflate with cytosol. Using reasonable estimates for other param-
ters, we estimated that a pressure of ∼100–500 Pa drives bleb
xpansion [18]. This is much smaller than estimated pressure dif-
erences across the plasma membranes of yeast and fungal cells
6–8 × 105 Pa [45]), but it is sufficient to drive shape change
n the absence of a rigid cell wall. Thus, the very existence of
lebs implies the classic view that the cytoplasm of animal cells
s not under pressure is incorrect. If contraction-induced pres-
ure can drive the formation of blebs by tearing the bilayer from
he cortex, it is reasonable to ask if pressure also plays a role
n protrusion of lamellipodia and filopodia, an idea we explore
elow.

Blebbing per se does not require a poroelastic cytoplasm;
ontraction of the cortex could equally drive blebbing in the vis-
ous and viscoelastic models in Fig. 1 (and this is the case in lipid

esicles coated with actin [46]), but with an important difference.
n the viscous and viscoelastic models, the pressure that drives
lebbing must be uniform throughout the cytoplasm, while in
he poroelastic model it could be different at different locations.

n
h
b
t
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sing blebs as crude gauges for pressure difference across the
lasma membrane at a particular location, we asked if pressure
quilibrates globally, or can be locally different. Perfusion of
ne side of blebbing cells with drugs that relaxed the cortex
inhibitors of actin polymerization or myosin-II contractility)
locked blebbing on the drug-perfused side, while it continued
n the non-perfused side (Fig. 6). We interpreted this observation
s showing that the pressure that drives blebbing is generated,
nd used, locally, and does not equilibrate across the whole cell.
ocalized pressure transients require a poroelastic cytoplasm.

What is the source of the pressure that drives blebbing, and
ight it also play a role in other types of protrusive motil-

ty? Most work on this problem has focused on the role of
ctomyosin. Blebbing depends on myosin-II contraction, and is
hought to occur when this force is unusually high, or when the
ortex–membrane attachment is unusually weak [32,34]. Con-
istent with this model, blebbing can be induced in round animal
ells by damaging the cortex, which allows the membrane to
etach and bleb out [47–49]. For example, tissue culture cells
ounded up in mitosis can be induced to bleb by treatment with
atrunculin, which damages the actin cortex. Pretreatment of the
ells with blockers of contractility (blebbistatin, an inhibitor of
yosin-II, or Y27632, an inhibitor of Rho-kinase) prevented

his drug-induced blebbing, showing that the pressure depends
n myosin-II driven contractility [18]. Thus, cortical tension
aused by contraction of the cortical actomyosin gel is one
ource of pressure for blebbing. However, we should also con-
ider a second source of pressure due to osmotic effects. Indeed,
ecent experiments with cell fragments [47] show that a weak-
ned cortex–bilayer link coupled with osmotic effects can also
ead to blebbing, and even oscillations.

It would be convenient for students of the actin cytoskeleton
f we could treat the plasma membrane as an impenetrable bar-
ier, in which case we could assume that cell volume is constant,
oth globally and locally. Unfortunately, reality is more com-
lex, since both water and ions can cross the plasma membrane
apidly. We know this from responses to changes in external
smolarity [50] (Fig. 4), and from direct observation of H2O for
2O exchange, which was followed using CARS microscopy,

evealing a timescale of ∼2 s [51]. The transporters that promote
apid movement of water and ions across the relatively imper-
eable lipid bilayer are discussed below. Because the plasma
embrane is permeable to water, any pressure difference across

t must be due to three contributions: osmotic effects, membrane
ension and curvature, and cytoskeletal/cortical effects. When
he cytoplasm is locally stressed by myosin-II driven contrac-
ility, e.g. at the site of a nascent bleb, water will tend to exit
he cell at that site. This will dehydrate the cytoplasm, generat-
ng an osmotic potential that drives a backflow of water. If we
ssume that only water, and not ions, cross the membrane at a
leb, then a combination of the osmotic potential and membrane
ension and curvature will locally balance the pressure from acto-

yosin, preventing large net efflux of water. In this case, we can

eglect water crossing the membrane in our consideration of
ow actomyosin contraction generates the pressure that drives
lebbing. If, however, the cell actively regulates osmotic poten-
ial, by importing or exporting ions across the membrane, the
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Fig. 6. Evidence that pressure does not equilibrate globally in blebbing cells. The left panel shows a constitutively blebbing human melanoma cell [16], imaged
by DIC. The right panel shows what happened when one side of the cell was perfused with medium containing a drug that inhibits Rho-kinase, while other side
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as perfused with medium alone. Rho-kinase activates myosin-II, and inhibitin
t continued on the medium-perfused side. Similar results were found with oth
ressure generated by actomyosin contraction on the non-drugged side does no
ef. [12].

onsequent pressure differentials could be strong, fast-acting,
nd local.

. Exhibit 2: Osmotic regulator localization and motility

Animal cells contain a complex, and energy-intensive, system
f ion pumps and transporters to regulate their volume on short
ime scales, and this system is central to many aspects of normal
nd pathological physiology [52,53]. Although we do not know
ow cells sense their volume, physiology experiments have
evealed volume regulating mechanisms in mammalian cells:
hort-term volume decrease is driven primarily by export of
+, Cl− and small organic osmolytes through various channels

nd transporters. Short-term volume increase is driven primar-
ly by import of Na+ through NHE family anti-porters (NHE1
eing the most widely expressed) that exchange import of one
a+ in exchange for export of one H+. Because H+ is strongly
uffered in the cytoplasm, and Na+ is not, Na+ import cou-
led to H+ export tends to increase the cell’s osmotic potential.
hese volume-regulating transporters and channels are typically
ot ATPases. They catalyze transport in one direction because
hey utilize gradients in concentration and/or electrical potential
enerated by active systems, including metabolism (that gen-
rates small molecules and H+) and the Na+/K+ ATPase (that
enerates gradients of Na+, K+, and electrical potential across
he plasma membrane). Water crosses the plasma membrane
n response to gradients in osmotic potential created by trans-
ort of ions and metabolites. Water movement across pure lipid
ilayers is relatively slow, and in animal cells, the flow rate is
reatly increased by proteins that act as selective water trans-
orters, called aquaporins [54]. It is important to realize that
hort term regulation of cell volume occurs by processes that act
n times scales similar to cytoskeleton biology. For example,
cell challenged with a step decrease in external osmolarity

ill typically swell over a few seconds, and then pump out

he excess volume over a few tens of seconds (e.g. [50]). The
xistence of active volume regulating mechanisms implies that
t is very important for the cytoplasm to maintain a particu-

c
s
i
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laxes the cortex. Blebbing stopped on the drug-perfused side of the cell, while
hibitors of cortical contractility. We interpret this experiment as showing that
librate globally, because the cytoplasm is poroelastic. Scale bar = 10 �m. From

ar degree of hydration. We believe this hydration set-point is
mportant, at least in part, because it allows poroelastic control
f motility.

Cell volume physiologists typically consider volume to be a
lobal parameter of cell physiology, yet a considerable body of
vidence points to local control of volume regulators. Key play-
rs, including K+ and Cl− exporters, Na+/K+ ATPase, NHE1,
nd aquaporins, are all subject to spatial as well as temporal reg-
lation. In particular, NHE1 tends to concentrate at the leading
dge of motile cells, where both its activity and localization
re regulated by the same Rho family GTPase systems that
egulate the actin cytoskeleton [52,55]. Some aquaporins also
ocalize to the leading edge of motile cells [56,57]. These local-
zation data suggest an involvement of NHE1 and aquaporins
n cell migration. Consistent with this idea, active ion pump-
ng, and activity of both NHE1 and aquaporins, are required for
ormal migration in some cell types [56–60]. While these local-
zation and necessity data point to a role of osmotic regulators
n cell migration, they are subject to multiple interpretations,
ecause water, sodium and protons play many roles in cell
hysiology. For example, NHE1 may promote actin dynamics
y alkalinizing the cytoplasm, and it also serves as a plat-
orm for attaching the cytoskeleton to the plasma membrane
52,55]. It is difficult to experimentally disentangle these cou-
led phenomena, and NHE1 probably plays multiple roles in
ell migration.

. Hypothesis: Cooperation between osmotic and
ytoskeletal dynamics to generate hydrodynamic forces

Combining the poroelastic nature of cytoplasm, which allows
he existence of local pressure transients, and local control
f osmotic regulators discussed above, we hypothesize that
combination of osmotic, hydrodynamic and elastic forces
ontribute to dynamic shape change in animal cells. Fig. 7
hows a model in which local influx of Na+ at the lead-
ng edge though NHE1 causes local influx of water, locally
welling the cytoplasm, and facilitating protrusion. Similar
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Fig. 7. Models for participation of osmotic forces in animal cell shape change. Protrusion of the leading edge (top row) is known to require actin polymerization.
We and others [56,57,61], hypothesize it is also driven, in part, by local swelling of the leading edge. Local swelling is driven by influx of Na+ ions through NHE1
antiporters. Furrowing during cytokinesis (bottom row) is known to require myosin-II driven contraction in most cells. We hypothesize it is also be driven, in part, by
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ocal shrinkage of the cytoplasm at the equator due to K+ (and/or Cl−) efflux at
or water influx to cause swelling locally, rather than globally, requires that pres
poroelastic barrier to fluid flow, indicated by the dotted lines.

odel has been proposed by others [56,57,61], though they
id not emphasize the requirement for a poroelastic cytoplasm
o prevent instantaneous equilibration of pressure. Fig. 7 also
hows a model in which local ion efflux at the equator, and
nflux at the poles, contributes to cytokinesis by shrinking
he cytoplasm at the equator, and swelling it at the poles.

ater influx at the poles might help account for the dramatic
lebbing that occurs there during cytokinesis in some cell
ypes.

How might we test the models in Fig. 7? The role of
ytoskeletal forces has been confirmed by protein localization,
harmacology and genetics. Actin and myosin-II are clearly nec-
ssary for protrusive and furrowing shape change in most cells,
ut we do not know they are sufficient for physiological rates
f shape change. Detecting the water flows predicted in Fig. 7
ay be very difficult. Water is a challenging analyte, but it may

e possible to detect water flows near cells by confining them in
icrofluidic chambers, and using optical measurements of flow

62]. Measuring water flow across the leading edge membrane
ould distinguish alternative models for a hydraulic contribu-

ion to protrusion. If myosin-II contractility drives fluid from
he cell body into the leading edge, as it does in blebs (Fig. 5),
e would expect to see water efflux at the front. If, instead, ion
ows promote local swelling as proposed in Fig. 7, we would

nstead see water influx at the front. Detecting the predicted
on flows might be easier, indeed outflow of ions at the cleav-
ge furrow in frog eggs, probably driven by K+ efflux, was
etected using vibrating electrodes [63]. Perturbation of both
he osmotic and cytoskeletal players in Fig. 7 is possible using
pecific small molecule inhibitors. However, the complexity of
on homeostasis, multiple effects of changing ion concentrations
n the cytoplasm, and a requirement for cytoskeleton to local-
ze ion transporters and vice versa, will make it challenging to

nterpret such experiments. Local perfusion of inhibitors may
e especially useful, since this will minimize systemic effects
f changes in ion concentration and physical state in the bulk
ytoplasm [29,64,65].

i
d
a
b

quator. K+ efflux has been detected in furrowing frog eggs [63]. In both cases,
ot equilibrate globally on the time- and length-scales of motility. This requires

. Afterword

We hope this article inspires others to question the ortho-
oxy that hydrodynamic forces can be ignored in animal cells.
n recent years the fields of cytoskeleton and ion physiology
ave largely separated, and both have become so complicated
y molecular details that they are difficult for outsiders to pene-
rate. The study of the forces that shape cells has been designated
mostly cytoskeletal question, with some input from adhesion

ystems, but little connection to the field of ionic physiology.
hile we do not question a primary role of cytoskeleton in

ell shape change, we think it is necessary to take a broader,
ystems-level view of this problem, that includes the effects
f ionic physiology, transport and hydrodynamics. In the pre-
olecular era, students of shape change and motility considered
any possible models, concomitant with the diverse range of
esoscopic observable solutions to how these are in fact played

ut in different cell types [66,67]. These early studies, for reasons
f simplicity and lack of molecular knowledge, focused on very
oarse-grained models for the cell and the cytoplasm, treating
hem as homogenous materials. Our ever-increasing molecular
nowledge, and ability to probe cytoplasmic dynamics on finer
ength and time scales, poses the risk of drowning in a morass
f parameters that would lead to little more than an exercise in
urve fitting. We believe it will be better to instead refine physical
odels gradually, incorporating only relevant molecular details

s they are discovered. Our simple poroelastic picture of the
ytoplasm is a step in this direction. It takes as inputs measur-
ble geometric and physical parameters and leads to falsifiable
redictions. However, as our brief discussion of the molecular
asis of pore size indicates, the physical picture of cytoplasm is
till incomplete and somewhat mysterious, and in need of novel
esearch approaches to understand how it is maintained and how

t is changed. Maintaining an effective pore size large enough for
iffusion of proteins, but small enough that poroelastic effects
re important on time and length scales relevant to motility, may
e important for many aspects of cell physiology.
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