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Cell volume and shape are stringently regulated. This home-
ostasis requires the cells to sense their size and shape and to
convey this information to effectors that will counteract defor-
mations induced by osmotic or mechanical challenges. The sen-
sors, transducers, and effectors of volume change are the subject
of this review.

With few exceptions, the permeability of biological mem-
branes to water is much greater than that to ions and other
solutes. As a result, imposition of aniso-osmolar conditions
across the plasma membrane causes the rapid net flow of water,
and consequently, cell volume changes. When cells face
osmotic challenges, they deploy regulatory mechanisms to
defend their size and integrity. Moreover, even when bathed in
physiological medium, cells experience isotonic volume
changes when undergoing sudden gains or losses of solutes due
to transport or metabolic stimulation. In addition, the shape of
many cells is often altered by externally applied physical forces,
by intrinsic cytoskeletal rearrangement, or by remodeling of the
substratum.

The generation of osmosensitive or mechanosensitive
responses can be conceptually divided into three events: sens-
ing the shape or volume change, transmission of the informa-
tion to the effectors, and execution of the regulatory response.
These are discussed in turn below.

Sensors of Volume and Shape Change

In principle, three types of parameters could be sensed by
cells when their volume is challenged osmotically: the concen-
tration of solutes, the thickness or lateral tension of the bilayer,
or cell shape-dependent interactions between macromolecular
structures. When cells are swollen or shrunken, the osmolarity
and ionic strength of the intra- and extracellular milieu are
altered. The abstraction or addition of water changes the con-
centration of critical substrates and macromolecular crowding
in general, and the changes in ionic strength alter the degree of
shielding of exposed charges. Although these events have been
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proposed to mediate volume sensing (1), we feel that under
most conditions, the changes in ionic strength and macromo-
lecular crowding are comparatively small and contribute little
to eliciting cellular responses. For example, activation of ion
exchangers and cotransporters has been reported when cell
volume is altered by <5% (2, 3). The accompanying change in
macromolecular concentration is minute and unlikely to serve
as an effective transducer of information.

Pronounced cell swelling will eventually stretch the mem-
brane bilayer in the lateral plane. A variety of channels and
transporters respond to such mechanical deformation of the
bilayer, affording the cell a simple and direct means of control-
ling transport for the purpose of volume regulation. However,
cells are not smooth spheres, and a vast amount of membrane is
folded into filopodia, ruffles, and other protrusions. These can
accommodate considerable increases in cell volume without
incurring lateral stretching. Therefore, lateral tension of the
bilayer signals the activation of volume regulatory effectors
mostly in cases of extreme swelling.

Instead, we favor the notion that mechanically induced alter-
ations in the interactions between (macro)molecular com-
plexes are mainly responsible for the responses to volume per-
turbations. Two main types of mechanically induced changes
can be envisaged: those resulting from altered curvature of the
membrane and those caused by dislodging membrane compo-
nents from their native interaction with the cytoskeleton or the
extracellular matrix.

Alterations in membrane curvature can change the physical
properties of lipids and potentially alter their metabolism.
Inward depression of the membrane (concavity) forces greater
spacing between lipid headgroups of the inner monolayer,
increasing the exposure of the hydrophobic side chains. The
opposite response is experienced by the outer monolayer. Con-
versely, outward (convex) deformation packs the headgroups of
the inner monolayer and vice versa. Greater exposure of the
hydrophobic tails makes them more accessible to enzymatic
attack (4, 5). In addition, because some plasmalemmal lipids are
anionic, altered packing of headgroups changes the density of
interfacial charges.

Cell swelling and shrinking can also alter the properties of
membrane proteins or lipids independently of membrane cur-
vature. The net displacement of the membrane as the cells swell
or shrink can potentially disrupt pre-existing associations
between membrane components and less mobile structures,
such as the cytoskeleton, the extracellular matrix, or neighbor-
ing cells. This results in dissociation of pre-existing complexes
and possibly the formation of new ones. In addition, by losing
their anchorage, intrinsic membrane proteins can redistribute
laterally, which can promote clustering, as reported for inte-
grins (6).

Although there are attractive theoretical options to explain
how changes in cell shape and volume could be sensed, defini-
tive mechanisms have been identified only in a handful of cases.
These include the shrinkage-induced, ligand-independent acti-
vation of receptors like the epidermal growth factor receptor
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TABLE 1

Signaling pathways activated by volume changes and their proposed functions

The triggering stimulus, cell swelling (Swe) and/or shrinkage (Shr), is indicated. “(Swe)” denotes that swelling, although
reported to activate the pathway, is not the predominant stimulus. “ORE” denotes the activation of the osmotic response
element, whereas “Cytoskeleton” indicates actin skeleton remodeling. PIP5K, phosphatidylinositol-4-phosphate 5-ki-
nase; PLA,, phospholipase A,; ROS, reactive oxygen species; PI3K, phosphatidylinositol 3-kinase; ATM, ataxia telangi-
ectasia mutated; EGFR, epidermal growth factor receptor; FAK, focal adhesion kinase; MAPK, mitogen-activated
protein kinase; JNK, c-Jun N-terminal kinase; SGK, serum- and glucocorticoid-inducible kinase; MLCK, myosin light
chain kinase; PKC, protein kinase C; PKA, protein kinase A; PAK, p21-activated kinase.

mediate these responses. PIP, is an
excellent candidate as an upstream
mediator of shrinkage-induced
effects, as it can bind to and activate
multiple volume-sensitive trans-
porters (13, 14).
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o - .
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SPAK Shr NKCC, KCC, p38 gomyelinase, another volume-re
WNK WNKI1 Shr (Swe) SPAK/OSRI, KCC sponsive lipase (7).
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(7), the osmotically or mechanically provoked activation of
TRP? ion channels (8, 9), and the volume-induced activation of
integrins (6).

Mediators and Signaling Pathways

Changes in cell size trigger a plethora of signaling pathways
(Table 1). In fact, a major challenge in the field is to link specific
signals with the upstream sensors on one hand and the corre-
sponding downstream effectors on the other.

Lipids and Lipid-modifying Enzymes—Cell shrinkage
increases (10-12) and swelling decreases (12) the level of PIP,.
Phosphatidylinositol-4-phosphate 5-kinase, which phospho-
rylates phosphatidylinositol 4-phosphate (11), is thought to

2 The abbreviations used are: TRP, transient receptor potential; PIP,, phos-
phatidylinositol 4,5-bisphosphate; RVI, regulatory volume increase; RVD,
regulatory volume decrease; NHE, Na*/H™ exchanger; NKCC, Na™-K*-
2CI~ cotransporter; KCC, K*-CI~ cotransporter; HICC, hypertonicity-in-
duced cation channel; VRAC, volume-regulated anion channel.
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volves opening of stretch-depen-
dent cation channels, Ca®>* release
from internal stores, and/or swelling-stimulated release of
ATP, which then acts on Ca>" -mobilizing purinergic receptors
in a paracrine fashion (20). The elevated [Ca*"] can in turn
activate solute transport (see below).

Protein Phosphorylation—Alterations in cell volume are
associated with profound changes in protein phosphoryla-
tion. The activity of receptor and non-receptor tyrosine
kinases and multiple Ser/Thr kinases is modulated by cell
volume (Table 1). Volume-dependent phosphorylation is
involved in (a) osmosensing (21), (b) direct regulation of
channels and transporters, (c) transcription of genes encod-
ing osmolyte-transporting systems (7, 22), and (d) cytoskel-
etal reorganization (23, 24). Here, we discuss only the regu-
lation of channels and transporters.

Much of the available evidence is compiled in Table 1, but a
couple of salient examples are worth highlighting. One is the
Src family member Lck, which was shown to mediate the open-
ing of swelling-activated CI~ channels (25). A second notable
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FIGURE 1. Volume regulatory responses. A schematic representation of the solute transport pathways engaged in
RVD and RVl is shown. Channels/uniports are shown in purple, exchangers in blue, and cotransporters in green. GPC,
glycerophosphocholine; TauT, taurine transporter; AE, anion exchanger; SMIT, sodium myo-inositol transporter.

example is the recent realization that Ste20 (Sterile 20) family
kinases (SPAK (Ste20/SPS1-related proline/alanine-rich
kinase) and OSR1) and their upstream regulators, the WNK
(with no K (lysine)) kinases, are the long sought-after regulators
of various volume-dependent cotransporters. When activated
by hyperosmolarity, WNK1 and WNK4 phosphorylate SPAK
or OSR1, which in turn phosphorylates various cotransporters,
thereby increasing their activity (26, 27).

Rho Family GTPases—Rho, Rac, and Cdc42 have all been
shown to respond to changes in cell size (25), and this modifies
the state of actin polymerization and myosin activation (28, 29).
In addition, stimulation of Rac and Cdc42 by cell shrinkage may
be at least partly responsible for the osmotically induced acti-
vation of p38 kinase (30), which has been implicated in the
control of ion transport. Moreover, Rho and Cdc42 are impor-
tant to hypotonic stress-induced stimulation of anion efflux
(31, 32).

Effectors of Volume Regulation

As cell volume changes, transport systems on the membrane
are activated. The resulting translocation of osmolytes tends to
restore the original cell size. Cell shrinkage is counteracted by
gain of both inorganic (mainly Na™ and CI™) and organic sol-
utes and the accompanying osmotically driven influx of water.
This process is known as RVI. Conversely, in swollen cells, a
different set of transporters is activated, leading to loss of inor-
ganicions (K™ and C17) and organic osmolytes, followed by loss
of water, a process termed RVD (Fig. 1).
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Effectors of RVI

The main solute taken up by
cells to effect RVI is Na™, the
major extracellular cation. Na™ is
driven inwardly by the sizable con-
centration gradient created by the
Na®/K"-ATPase (the extracellu-
lar sodium concentration is ~140
mM, whereas the intracellular
sodium concentration is <20 mMm)
in combination with the inward-
negative membrane potential gen-
erated mainly by K*-conductive
pathways. The combined electro-
chemical gradient is exploited by
effectors to promote RVIL.

Na™/H" Exchangers—In many
instances, Na* influx during RVI
occurs in exchange for intracellular
H*. The reaction is mediated by
electroneutral antiporters, mem-
bers of the NHE family. Multiple
NHE isoforms have been described.
NHE1, NHE2, and NHE4 are acti-
vated by osmotically induced cell
shrinkage and are thus potentially
involved in RVI. The ubiquitously
expressed NHE1 is the primary
mechanism driving RVIin many cell
types (33, 34). It has been shown
that osmotic activation of NHE1 results from a shift in the pH
sensitivity of its “set point” (35) and from enhanced affinity for
extracellular Na™ (36), but the biochemical events underlying
these changes are unclear. Even though the activity of numer-
ous kinases is drastically altered by changing cell volume,
shrinkage does not significantly alter the level of NHE1 phos-
phorylation (33, 34). Nevertheless, ancillary proteins that con-
trol its activity may be the targets of phosphorylation (Table 1).
Alternatively, NHE1 may itself be mechanosensitive because it
was found to be activated by lipids that alter membrane shape
(37).

Na*-K*-2CI~ Cotransporters—In many cell types, NKCCs
are also important contributors to Na™ influx during RVIL.
NKCC:s belong to the cation chloride cotransporter superfam-
ily that also features one Na™-Cl~ cotransporter and four KCC
isoforms (38). NKCC1 and NKCC2 are stimulated by shrinkage
(38), and the mechanism of activation has been well character-
ized: stimulation upon shrinkage takes place through direct
phosphorylation (Table 1).

Organic Osmolytes—Although the acute uptake of inor-
ganic ions serves to restore the size of shrunken cells, it renders
the ionic concentration of the normovolemic cells abnormally
high. Because high ionic strength perturbs the folding and asso-
ciation of macromolecules, this condition is potentially harmful
to the cells and not tolerable in the long run. To counteract this
effect, cells develop a secondary response over a period of
hours, namely the accumulation of organic osmolytes (22). At

RVI

-t EARLY
response

LATE
response

SMIT
Inositol, 2Na*
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TABLE 2
Effectors of volume regulation

The asterisk indicates that the generally prevailing view is that swelling-activated TRPs mediate an increase in intracel-
lular [Ca**], which then stimulates RVD via Ca®*-activated K* and Cl~ channels. Direct evidence linking TRPs to RVD
is still insubstantial (47). ORE, osmotic response element; AA, arachidonic acid; GABA, y-aminobutyric acid; GPC,

glycerophosphocholine.

due to the second mechanism, ie.
increased synthesis. Elevated levels
of the organic osmolytes in response
to hypertonicity are regulated at the
level of transcription of the trans-

Effector Substrates |

(Stoichiometry)

Regulators

‘ Ref ‘ porters or enzymes active in their

A. REGULATORY VOLUME INCREASE (RVI)

synthesis. Transcription is regu-
lated by the osmotic response ele-

Na'fH" exchangers (isoforms 1, 2, 4)

(Anion exchangers CI" in exchange for HCO;',

(1:1)

Na' in exchange for H' (1:1) [Cholesterol, PIP;, membrane
formation, kinases (see Table 1)

3337 ment-binding protein (22), which
33 can be activated by several of the

kinases listed in Table 1.

Na', K', CI' (generally
1:1:2)

Na', K', 2CI' cotransporters (isoforms 1, 2)

Kinases (see Table 1) 38)

Hypertonicity-induced Cation

Organic osmolytes

Channels—Channels are effective

Taurine: taurine transporter (TauT) Taurine, Na', CI' (1:3:1) ORE, AA (see Table 1) 2243) di £ 1 ulati
Betaine: betaine/GABA transporter (BGT1) Betaine, Na', CI' (1:3:1) ORE 22) mediators O V? ume . reg ation.
Inositol: sodium myo-inositol transporter Inositol, Na™ (1:2) ORE 22) HICCs are the main mediators of RVI
(SMIT) in several cell types. When activated,
Sorbitol: synthesis from glucose by aldose ORE 22) . . .
reductase HICCs allow the rather indiscrimi-
GPC: synthesis from PC by phospholipase B ORE 22) nate passage of alkali cations. As a

result, Na* enters the cells at the

Torite ind 1e M, 1

cations
(non-selective, mainly Na’)

Non-selective hyp ed cation ch

same time as K™ is exported. None-
theless, the combined electrochemi-

Amiloride-sensitive, Gd* - and flufenamate-
insensitive

Phospholipase C, G-proteins

cal gradients are such that net cation

Amiloride-insensitive, Gd ' - and
sensitive
Amiloride- and Gd**-sensitive

Ca*" (UM concentration)

uptake ensues, accompanied by paral-
lel conductive entry of C1™ (39). The

Transient receptor potential channels Na'

B. REGULATORY VOLUME DECREASE (RVD)

K" channels K'

Membrane stretch (for others, see (47))

9.4247) molecular identity of HICCs is not

known, but three main classes can
be distinguished pharmacologically

Two-pore domain K'-channels (Kap) (e.g. AA, leukotrienes, membrane stretch 40,48) (Table 2)' In addition to HICCs, TRP
TRAAK, TREK-1, TASK) +
Leukotrienes, membrane stretch, 39,49) channels can also promote Na™ entry
Large-conductance channels (BKc,.) Ca™ (uM concentration) .
I i . . Ca’' (nM concentration) 39) and volume gain.
ntermediate conductance channels (IKc,o.)
Ca’“activated channels of small conductance Ca™ (nM concentration) 39)
(SKco) Effectors of RVD
Voltage-gated K~ channels (e.g. Kv1.3, Kv1.5, 41,500 . "
Kvi.2, Kv43, KCNOQI 4) Because the electrochemical K
Vol g anion ch CI', HCOy', organic Fatty acids, cholesterol, Rho GTPase,  (40,44) . . . .
osmolytes (7) reactive oxygen species, Ca™, kinases gradlent 18 dlreCted outward, thlS
. - (see Tablel) ion is thermodynamically poised to
K'-CT cotransporters (isoforms 1-4) K, Cl Kinases (see Table 1) 46) d . t fﬂ f lt d t
rive net efrlux or salt and water,
Taurine efMux Taurine I Iyso-phospholipid 41,43) s :
reafti\-e oxygen species, extracellular Ieadmg to VOlume IOSS‘ ThlS
(Ca™, kinases (see Table 1) requires concomitant efflux of a
Transient receptor potential channels Ca’' * Membrane stretch (for others, see (47)) (9,42,47) COunteriOI’l, generally Cl_ . Coupling

the concentrations required for volume restoration in hyper-
tonic media, certain organic osmolytes stabilize the structure of
proteins. As the organic osmolytes accumulate, cells can afford
to release the excess inorganic ions, reducing their ionic
strength while maintaining their volume in the face of contin-
ued hypertonic stress.

The principal compatible organic osmolytes are taurine
(2-aminoethylsulfonic acid), betaine, inositol, sorbitol, and
glycerophosphocholine. Two distinct mechanisms account for
the accumulation of organic osmolytes: increased uptake from
the extracellular medium and/or elevated rates of intrinsic bio-
synthesis. Taurine, as well as inositol and betaine, illustrates the
first mechanism; hypertonicity increases their uptake into cells
(Table 2). Cotransporters couple the uptake of the organic
osmolytes with the influx of Na™ and Cl~ ions (Table 2).

On the other hand, cellular accumulation of both sorbitol
and glycerophosphocholine following hypertonic challenge is
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between K* and Cl~ can be tight,
enforced by electroneutral cotrans-
porters, or can take place via parallel conductive pathways.

Cation Channels—Activation of conductive K™ efflux by
swelling has been reported in a variety of cells (40, 41). Remark-
ably, not one but multiple well characterized K™ channels are
stimulated by swelling (Table 2). These often coexist in the
same cell type, and their individual contribution to volume reg-
ulation has rarely been established.

Of note, TRP channels, which were mentioned in the context
of RVI, have also been implicated in RVD (9, 42). Ca*>" entering
cells through TRP channels is thought to serve as a signal for
activation of other channels that mediate net loss of ions.

Anion Channels—The substantive loss of osmolytes required
for RVD can take place only if the conductive efflux of K* is
accompanied by a parallel anion efflux, which takes place via
VRAGC:s. Cl™ is thought to be the preferred substrate of VRACs,
but the same pathway may also account for at least part of the
hypotonicity-induced efflux of organic osmolytes (40, 43).
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Despite intensive study over many years, the molecular iden-
tity of VRACs remains unknown (44). A reduction in intracel-
lular ionic strength, rather than cell swelling, appears to be the
parameter sensed by VRACs (45).

K-CI~ Cotransporters—KCCs mediate electroneutral cou-
pled exit of K* and CI~ from swollen cells. Four isoforms
(KCC1-4) have been cloned to date, all of which are activated
by swelling (46). KCCs are regulated by cycles of serine/threo-
nine phosphorylation and dephosphorylation. Unlike NKCCs,
which are stimulated by phosphorylation following cell shrink-
age, KCCs activate in response to swelling, and the activation is
caused by dephosphorylation. This raises the tantalizing possi-
bility that a common set of volume-sensitive kinases/phospha-
tases regulates both RVI and RVD.

Taurine Efflux—Taurine efflux, which is normally modest,
increases exponentially when cells are swollen (43). The conse-
quences are impressive: 30 —90% of the intracellular taurine (39,
43) leaves the cell following swelling. The efflux pathway is dis-
tinct from the Na™-dependent taurine transporter described
earlier and, in fact, behaves more like a channel than a trans-
porter (39, 43). The molecular identity of the pathway is
unknown, but VRAC was suggested to mediate also the efflux of
organic osmolytes, including taurine (40, 43). As was the case
for RVI, activation of taurine transport during RVD takes place
after a distinct lag time, suggesting that release of organic
osmolytes acts a second, more chronic line of defense against
swelling.
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