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Introduction

Most cells have in their cytosols substantial (i.e.,ùmil-
limolar) concentrations of low molecular weight organic
solutes which, together, make a significant contribution
to the total intracellular osmolality and which are known
collectively as ‘organic osmolytes’. The solutes fulfill-
ing this role fall, in most cases, into one of three different
classes: amino acids (e.g., thea-amino acids alanine and
proline, and theb-amino acids taurine andb-alanine),
polyols (e.g., sorbitol andmyo-inositol), and methyl-
amines (e.g., betaine and glycerophosphoryl choline).
Such compounds are either synthesized within the cell or
taken up from the extracellular medium via accumulative
(‘active’) transport systems. In contrast to inorganic ions
which, at high concentrations, destabilize protein struc-
ture, these organic solutes exert a stabilizing influence on
intracellular proteins and, for this reason, are termed
‘compatible solutes’ (Yancey, 1994).

The identity and intracellular concentrations of the
major organic osmolytes vary between cell-types, as well
as with the conditions to which the cells are exposed.
Intracellular levels of these compounds increase mark-
edly in response to cell shrinkage. Conversely, a com-
mon phenomenon that has been demonstrated for a wide
range of cells is that such compounds are released in
response to an acute increase in the cell volume, as oc-
curs, for example, following a sudden decrease in the
extracellular osmolality. Their loss from the cell is ac-

companied by a net efflux of water and this process
thereby serves as part of the cell’s volume-regulatory
response.

From studies of swelling-activated organic osmolyte
transport in cells from a diverse range of organisms it has
emerged that the transport pathways involved share a
number of functional characteristics. There is increasing
evidence that these pathways are, in many cases and
perhaps in general, channels that have a significant per-
meability to a wide variety of both charged and un-
charged solutes. The purpose of this review is to sum-
marize what is currently known about these pathways in
eukaryotic cells. The focus is on the properties of the
pathways themselves. The mechanisms underlying their
volume-sensitivity and the regulatory processes involved
in their activation are not considered in any detail. Cur-
rent ideas concerning the functional and molecular char-
acteristics of the pathways are discussed. However, be-
fore turning to these issues it is relevant to consider the
relative contribution that these pathways make to the
process of ‘regulatory volume decrease’ (RVD) in dif-
ferent cell and tissue types.

The Relative Contribution of Organic Osmolyte
Loss to RVD varies Between Cell-Types and the
Conditions to which the Cells are Exposed

PROTOZOA

In unicellular protozoa, arguably the most primitive ex-
tant eukaryotes, amino acids account for a large fraction
of the total intracellular osmolality and they are the ma-
jor solutes released by these cells in response to acute
hypotonic stress. A recent analysis of the amino acid
contents of three parasitic protozoa—Giardia intestina-
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lis, Trichomonas vaginalisandCrithidia luciliae—found
the total intracellular amino acid concentrations (under
standard culture conditions) to be 116, 57 and 148 mM,
respectively (Knodler et al., 1994). The amino acid pro-
files vary between the different organisms; however in
each case alanine is a major component of the free amino
acid pool. Exposure ofG. intestinalis(Park et al., 1995)
and C. lucililae (Bursell et al., 1996), as well as other
protozoa (Geoffrion & Larochelle, 1984; Darling et al.,
1990; Vieira et al., 1996), to hypotonic conditions is
followed by a rapid release of amino acids (predomi-
nantly alanine; Fig. 1A). In C. luciliae, a flagellated
parasite that inhabits the gut of insects, this accounts for
more than half of the volume-regulatory response fol-

lowing a two-thirds reduction in the extracellular osmo-
lality (Bursell et al., 1996). In the soil-dwelling proto-
zoanAcanthamoeba castellaniithe loss of amino acids in
the hour following a decrease in the extracellular osmo-
lality from 240 to 40 mOsm/kg H2O exceeds that of
inorganic ions by almost threefold (Geoffrion & Laro-
chelle, 1984). Similarly, in the promastigote (insect-
dwelling) form of the human pathogen,Leishmania
donovani,the loss of amino acids in the minutes imme-
diately following a 50% decrease in the ambient osmo-
lality exceeds the loss of K+ by some tenfold (Darling et
al., 1990; Blum, 1992).

MARINE MOLLUSCS

The tissues of euryhaline molluscs contain high concen-
trations of organic osmolytes, most notably taurine (a
sulfonic amino acid that is not incorporated into proteins
and which, with apK2 of 8.82, is present predominantly
as an electroneutral zwitterion under physiological con-
ditions), glycine betaine (a trimethylamine), and other
amino acids (Amende & Pierce, 1980; Neufeld &
Wright, 1996b). There have been numerous studies
demonstrating the loss of such compounds from tissues
following a reduction in the external osmolality. How-
ever, in many cases the proportion of the total intracel-
lular osmolyte pool that is lost from the tissue is rela-
tively small and there is little, if any RVD, at least in the
short-term (Neufeld & Wright, 1996a,b). One apparent
exception to this is ventricular tissue from the bivalve
Geukensia demisawhich releases a significant fraction
of its amino acid pool under hypotonic conditions (Pierce
& Greenberg, 1972, 1973; Deaton, 1994; Neufeld &
Wright, 1996b). Another is blood cells from the bivalve
Noetia ponderosain which osmotic swelling is followed
by a rapid release of KCl followed by a slower and
smaller loss of taurine, with both contributing signifi-
cantly to the overall (partial) RVD (Smith & Pierce,
1987).

LOWER VERTEBRATES

Fish erythrocytes have proven to be extremely useful as
a model system in which to study mechanisms of cell
volume regulation. Hagfish and lampreys are the two
surviving members of the agnathans and are the most
ancient extant vertebrates species. Hagfish erythrocytes
contain very high concentrations of amino acids (ap-
proximately 100 mM under physiological conditions;
Fincham et al., 1990) but do not regulate their volume in
response to osmotic swelling (Brill et al., 1992; Nikin-
maa et al., 1993). By contrast lamprey erythrocytes do
undergo partial RVD in hypotonic media. This process
involves the activation of K+ and Cl− efflux mechanisms,
without any increase in the membrane permeability to

Fig. 1. Swelling-activated efflux of amino acids from (A) the proto-
zoan parasite,Crithidia luciliae and (B) human lung cancer (S1) cells.
(A) Shows time courses for the loss fromC. luciliae of a-aminoisobu-
tyrate (aAIB), a non-metabolizable analogue of alanine (the major
organic osmolyte in this and many other protozoan species), following
exposure of the cells (att 4 0) to either isotonic (300 mOsm/kg H2O;
d) or hypotonic (100 mOsm/kg H2O; s) conditions. (Adapted from
Bursell et al., 1996). (B) Shows time courses for the loss from human
lung cancer cells of taurine, a common organic osmolyte in vertebrate
cells, on exposure of the cells (att 4 0) to either isotonic (300 mOsm/
kg H2O; d) or hypotonic (200 mOsm/kg H2O; s) conditions. (Adapted
from Kirk & Kirk, 1993.)
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the amino acid taurine (Brill et al., 1992; Virkki & Ni-
kinmaa et al., 1993). Erythrocytes from elasmobranchs
(skate) have very high levels of amino acids in their
cytosol, with taurine andb-alanine as the major compo-
nents of the free amino acid pool (Boyd et al., 1977).
These are released from the cell in response to osmotic
swelling (Haynes & Goldstein, 1993). Under the same
conditions there is also increased efflux of K+; however
the rate of K+ loss from skate red cells following a 50%
reduction of the extracellular osmolality is tenfold less
than the rate of taurine loss and in these cells the RVD is
due predominantly to the efflux of amino acids (Dick-
man et al., 1990).

Erythrocytes from the evolutionarily less ancient te-
leost fish species also contain high concentrations of
amino acids. Taurine is present at a cytosolic concentra-
tion typically in the range 25–55 mM (e.g., Fincham et
al., 1987; Garcia-Romeu et al., 1991). Osmotic swelling
of teleost erythrocytes is followed by a rapid release of
taurine and other amino acids. In trout erythrocytes
swollen by reduction of the extracellular osmolality by
one third the loss of free amino acids accounts for ap-
proximately half of the total RVD, the remainder being
due to the loss of K+ and Cl− (Garcia Romeu et al.,
1991). Similar results have been obtained with erythro-
cytes from flounder (Fugelli & Thoroed, 1986; Nonnote
& Truchcote, 1992) and from carp (Jensen, 1995).

MAMMALIAN CELLS

Many mammalian cells contain high cytosolic concen-
trations of organic solutes. Taurine is commonly the pre-
dominant intracellular organic osmolyte, with concentra-
tions as high as 60 mM in some cell-types (Huxtable,
1992). Some mammalian cells also contain significant
concentrations of polyols such as sorbitol andmyo-
inositol, with the intracellular levels of these solutes in-
creasing on prolonged exposure of the cells to hypertonic
conditions. For example, in rat brain (C6) glioma cells
grown in standard culture medium (of osmolality 285-
290 mOsm/kg H2O) the intracellularmyo-inositol con-
centration is in the range 26–40 mM; acclimation of these
cells to hypertonic medium (of osmolality 435–445
mOsm/kg H2O) for two days results in the intracellular
myo-inositol concentration increasing to 100–150 mM

(Strange & Morrison, 1992). Similarly, cells from the
renal medulla which, in vivo, are exposed to high (and
variable) extracellular NaCl concentrations during the
process of urine production have high intracellular con-
centrations of sorbitol andmyo-inositol (Kinne et al.,
1993; Burg, 1994). When renal medullary cells are
grown in standard culture medium (of osmolality∼315
mOsm/kg H2O) the concentrations of these solutes are
relatively low; however they increase markedly (over a
period of several days) on exposure of the cells to media

made hypertonic by the addition of NaCl (e.g., Nakanishi
et al., 1988).

Swelling-activated release of both organic and inor-
ganic solutes has been reported from a very wide range
of mammalian cell and tissue types. However, there
have been relatively few quantitative analyses of the
relative contributions of the different classes of solute to
the overall RVD. In a number of studies of the response
of mammalian cells to a decrease in the osmolality the
efflux of K+ has been shown to exceed the efflux of Cl−

and, in some cases, the total Cl− content of the cell. It has
therefore been postulated that there is a significant efflux
of (in most cases unidentified) organic anions, counter-
balancing the charge loss associated with K+ efflux.
This is the case in HL-60 (human promyelocytic leuke-
mia) cells (Hallows & Knauf, 1994), as well as in MDCK
(canine kidney) cells (Roy & Sauve´, 1987), Ehrlich as-
cites tumor cells (Hoffmann et al., 1984) and lympho-
cytes (Deutsch & Lee, 1988). The anions involved have
been postulated to include the anionic amino acids glu-
tamate and aspartate, together with metabolites such as
lactate.

In an early study of Ehrlich ascites tumor cells in
medium in which the osmolality was reduced by 25% it
was estimated that approximately one third of the RVD
undergone by the cells was due to the efflux of amino
acids (predominantly taurine) and two-thirds to the re-
lease of inorganic ions (Hoffmann & Hendil, 1976). In a
study of the volume-regulatory response of MDCK cells
swollen by a >50% decrease in the extracellular osmo-
lality the total amino acid loss was similar to the total Cl−

loss and approximately half the total loss of K+ (Roy &
Sauvé, 1987). The significant role played by amino ac-
ids in general and taurine in particular in the RVD re-
sponse of this cell type was confirmed by Pasantes Mo-
rales and colleagues (Sa´nchez Olea et al., 1991). The
same group also demonstrated a significant role for
amino acid release in the volume-regulatory response of
mouse astrocytes, with the loss of taurine accounting for
approximately one quarter of the RVD undergone by
cells exposed to a medium having half the normal os-
molality (Pasantes Morales & Schousboe, 1988). How-
ever, in most other studies of mammalian cells the role of
organic osmolytes in the volume-regulatory response is
less clear-cut. There have been numerous demonstra-
tions of an increased flux of radiolabeled taurine and
other amino acids across the plasma membrane of dif-
ferent mammalian cell-types following exposure to hy-
potonic media (as in Fig. 1B). However, in most such
studies it is unclear whether the net amino acid loss is
sufficient to make a significant contribution to the total
RVD. In recent studies quantifying the magnitude of the
taurine and/or amino acid loss from perfused rat liver
(Brand et al., 1994), bovine articular chondrocytes (Hall,
1995) and rat brain glial (C6) cells (Mountian et al.,
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1996) it was concluded that in each case the contribution
of this process to the total RVD was relatively small in
comparison to the contribution of inorganic ions. Argu-
ments have been made for a significant role for the efflux
of taurine in the RVD response of rat brain (Law,
1994a,b) and lactating rat mammary gland (Shennan et
al., 1993; Shennan et al., 1994). However in each case
the magnitude of this flux, relative to that of inorganic
solutes was not determined.

In cells acclimated to hyperosmotic conditions and
containing high cytosolic levels of sorbitol and/ormyo-
inositol re-exposure to iso-osmotic conditions results in
cell swelling, to which the cells respond by the rapid
release of these polyols (e.g., Siebens & Spring, 1989;
Kinne et al., 1993; Strange & Morrison, 1992). This
process undoubtedly makes a significant contribution to
the volume-regulatory response under these conditions.
However, the magnitude of this contribution relative to
that made by the efflux of inorganic ions has not been
quantified.

Before concluding this section it is perhaps worth
sounding a cautionary note with regard to evaluating the
relative importance of different RVD mechanisms in dif-
ferent cell-types. In assessing the volume-regulatory ca-
pability of cells cultured in vitro it is relevant to consider
the conditions to which the cells are exposed prior to
experimentation. Cells derive their high cytoplasmic
levels of taurine (as well as some other organic osmo-
lytes) almost entirely via their uptake from outside the
cell, and the maintenance of normal intracellular taurine
levels is usually reliant upon there being normal taurine
concentrations in the external medium (e.g., Sa´nchez
Olea et al., 1991). Most standard culture media do not
contain taurine, and although it is normal practice to

supplement media with 10%v/vserum this still limits the
availability of extracellular taurine to below that which
may be required for maintenance of normal intracellular
levels. In view of this, the physiological relevance of
studies in which cells cultured in vitro and exposed to
hypotonic media are shown to undergo channel activa-
tion but not undergo RVD (e.g., Altenberg et al., 1994)
or in which organic osmolyte efflux is found to make a
negligible contribution to the observed RVD response of
cultured cells (e.g., Mountian et al., 1996) is question-
able. This point is illustrated in Fig. 2, taken from a
study by Morán et al. (1994) in which it was demon-
strated that the volume-regulatory capability of cultured
astrocytes varies with the intracellular taurine concentra-
tion and is diminished in cells cultured in taurine-
depleted media. Similar considerations apply to experi-
ments with isolated cells or tissues: exposure to media
containing subphysiological levels of important osmo-
lytes for prolonged periods prior to experimentation may
deprive the cells of the resources required for their nor-
mal volume regulatory response.

In summary, the contribution of organic osmolyte
efflux to the RVD response of eukaryotic cells swollen in
hypotonic media ranges from being relatively major (in
the case of protozoa and other invertebrates, lower ver-
tebrates, and some mammalian cells) to relatively minor
(in the case of other mammalian cells). However before
discounting a significant role for this process in a par-
ticular cell-type it is relevant to consider whether the
conditions to which the cells were exposed prior to ex-
perimentation are sufficient to ensure that the cells are
equipped with their normal complement and concentra-
tions of organic osmolytes.

Swelling-activated Organic Osmolyte Release
Pathways in a Wide Range of Cell-Types have the
Functional Characteristics of Channels

DIRECTIONALITY

The swelling-activated transport of organic osmolytes
has been characterized in cells from a very wide range of
organisms. In many cases exposure of cells to hypotonic
media has been shown (using radiolabeled compounds)
to cause an increase in the unidirectional rates of both
efflux and influx for a range of solutes. The net flux of
organic osmolytes is normally out of the cell. However,
in investigating the detailed characteristics of swelling-
activated transport pathways it is often convenient to
measure unidirectional influx rates as this allows the ex-
perimenter full control over the solution from which the
solute of interest approaches the membrane (i.e., the ‘cis’
side). In such studies it is a common assumption that the
pathway which mediates the increased unidirectional in-

Fig. 2. Decreased efficacy of the RVD response in taurine-deficient rat
cerebellar astrocytes. Cells preincubated in either standard culture me-
dium, supplemented with 10% v/v fetal calf serum (s) or a chemically
defined medium lacking taurine (d) were swollen by reducing the
extracellular osmolality (att 4 0) from 300 to 150 mOsm/kg H2O. Cell
volumes are expressed relative to those under isotonic conditions.
(Adapted from Mora´n et al. (1994), with permission.)
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flux of solute into swollen cells is the same as that re-
sponsible for swelling-activated efflux. This assumption
has not routinely been tested, though in the few cases in
which comparisons have been made between the func-
tional (e.g., pharmacological) characteristics of swelling-
activated efflux and influx pathways (e.g., for taurine)
they have proven to be similar (e.g., Thoroed & Fugelli,
1994; Haynes & Goldstein, 1993; Hall, 1995; Hall et al.,
1996). This is consistent with the pathways involved be-
ing bidirectional, with the direction of the net flux being
determined by the prevailing electrochemical gradients
and the law of mass-action.

ION-DEPENDENCE

The swelling-activated transport of organic solutes in a
wide range of cell-types has been found, in general, to be
‘Na+-independent’; i.e., swelling-activated influx is ob-
served in cells bathed in media containing a range of
different organic and inorganic cations in place of Na+.
In some cases the transport rates are influenced by the
nature of the cation present; e.g., in C6 cells swelling-
activated taurine and inositol influx is significantly re-
duced on replacement of Na+ with N-methyl-D-
glucamine (Jackson & Strange, 1993), whereas in human
tracheal cells substitution ofN-methyl-D-glucamine for
Na+ reportedly increases swelling-activated taurine ef-
flux (Galietta et al., 1996). However, whether these ef-
fects are due to differential effects of the different cations
on the solute translocation process, or to secondary ef-
fects arising from the effect of the cation-substitution on
cell volume or some other parameter (e.g., intracellular
pH) is not clear.

Replacement of Cl− in the medium with some
(though not all) other anions has been shown in some
cases to alter swelling-activated transport rates for or-
ganic solutes; e.g., substitution of gluconate for Cl− has
been shown to reduce the rate of swelling-activated tau-
rine and inositol efflux in a number of cell-types (Strange
et al., 1993; Jackson & Strange, 1993; Galietta et al.,
1996). Again, the basis for this is unclear, though it may
well be a consequence of the high levels of the substi-
tuted anions used in these experiments simply blocking
the efflux pathway and/or exerting their effect indirectly
via their influence on the membrane potential.

PHARMACOLOGY

A variety of inhibitors of swelling-activated organic os-
molyte transport have been identified (Table). In verte-
brate cells, these include a range of ‘traditional’ anion
transport inhibitors, unsaturated fatty acids, sulfhydryl
reagents, metabolic inhibitors, and inhibitors of calmod-
ulin and the cytochrome P450/lipoxygenase enzyme
pathways. The pharmacological characteristics of swell-

ing-activated transport vary somewhat between species
and cell-types and it is, in most cases, unclear how such
compounds actually exert their inhibitory effect. Never-
theless, such reagents have proven useful as a means of
comparing the characteristics of swelling-activated trans-
port of different solutes in individual cell-types. In a
number of such studies the inhibitor-sensitivity of the
swelling-activated transport of a range of different sol-
utes has been compared and shown to be similar. Such
data are consistent with the view that the swelling-
activated transport of a range of structurally unrelated
organic compounds is mediated by pathways of a single
type (Kirk et al., 1992; Goldstein & Davis, 1994; Hall,
1995; Hall et al., 1996; Ruhfus & Kinne, 1996). As has
been pointed out (Kinne et al., 1993; Napathorn &
Spring, 1994; Hall et al., 1996) such pharmacological
data are neither unambiguous nor conclusive. The exis-
tence of a number of different types of organic osmolyte
permeation pathways, perhaps coexisting within single
cell-types, cannot be ruled out. In cells from at least one
tissue, the inner medullary collecting duct of the kidney,
which is unusual in being exposed routinely to osmolal-
ities much higher than that of the plasma, there is evi-
dence for the existence of a sorbitol release mechanism
that is distinct from a broad-specificity pathway which
mediates the efflux of taurine andmyo-inositol from the
same cells (Ruhfus & Kinne, 1996). Nevertheless, for an
increasingly wide range of cell-types, the hypothesis that
the volume-regulatory efflux of a range of organic os-
molytes (including sorbitol) is via common, broad-
specificity pathways is the simplest explanation consis-
tent with most of the available pharmacological data.

KINETICS, ‘TRANS’-EFFECTS, SUBSTRATE COMPETITION

AND STEREOSELECTIVITY

In those cases in which the kinetics of swelling-activated
organic solute transport have been investigated, the in-
flux rate has generally shown a linear dependence on
solute concentration (e.g., Siebens & Spring, 1989; Kirk
et al., 1992; Strange et al., 1993; Joyner & Kirk, 1994;
Hall, 1995; Hall et al., 1996; Goldstein & Davis, 1994),
up to concentrations of tens (and in some cases hun-
dreds) of millimolar. High extracellular concentrations
of solute have little effect on the swelling-activated ef-
flux rate (e.g., Fincham et al., 1987; Haynes & Goldstein,
1993; Napathorn & Spring, 1994; Bursell et al., 1996);
i.e., swelling-activated osmolyte efflux is not prone to
‘ trans-stimulation.’

Attempts to demonstrate competition between dif-
ferent organic osmolytes by showing inhibition of the
swelling-activated influx of one solute by higher concen-
trations of other solutes thought to permeate the same
pathway have, with a few exceptions (e.g., Napathorn &
Spring, 1994; Goldstein & Davis, 1994), proven unsuc-
cessful.
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Table. Inhibitors of swelling-activated organic osmolyte transport

Inhibitors Cell-types

‘Traditional’ anion transport inhibitors
4,48Diisothiocyanostilbene-2,28-disulfonic acid (DIDS)
5-Nitro-2-(3-phenylpropylamino)-benzoate (NPPB)
2,5-Dichlorodiphenylamine-2-carboxylic acid (DCDPC)
Niflumic acid
Furosemide
Dipyridamole
Pyridoxal-5-phosphate } {

Fish erythrocytes (Wolowyk et al., 1989; Goldstein et al., 1991;
Goldstein & Brill, 1991; Garcia Romeu et al., 1991; Motais et al.,
1991, 1992; Kirk et al., 1992; Goldstein & Davis, 1994; Joyner &
Kirk., 1994; Bursell & Kirk, 1996; Lewis et al., 1996)

Skate hepatocytes (Ballatori et al., 1995)
Rat glioma (C6) cells (Strange et al., 1993; Jackson & Strange, 1993)
Rat astrocytes (Sa´nchez Olea et al., 1993; Gonzalez et al., 1995)
Rat neurons (Sa´nchez Olea et al., 1996)
Rabbit renal inner medullary collecting duct cells (Ruhfus & Kinne,

1996)
Human erythroleukemic (K562) cells (Huang et al., 1996)
Human cervical cancer (HeLa) cells (Hall et al., 1996)
Human neuroblastoma cells (Basavappa et al., 1996)

Cationic channel blockers

Quinine } { Xenopus laevisoocytes (Strange et al., 1996)
Quinidine Fish erythrocytes (Thoroed & Fugelli, 1994; Lewis et al., 1996)
La3+ Dog kidney (MDCK) cells (Sa´nchez Olea et al., 1991)

Rat astrocytes (Vitarella et al., 1994)

Unsaturated fatty acids

Arachidonic acid } { Rat glioma (C6) cells (Strange et al., 1993)
Linolenic acid Rat astrocytes (Sa´nchez Olea et al., 1995)
Linoleic acid Rat neurons (Sa´nchez Olea et al., 1996)

Sulfhydryl reagent

N-Ethylmaleimide } { Protozoa (Bursell et al., 1996)
Fish erythrocytes (Bursell & Kirk, 1996)
Skate hepatocytes (Ballatori et al., 1994)

Calmodulin antagonists

Chlorpromazine

} {
Marine mollusc red blood cells (Pierce et al., 1989)

Pimozide Fish erythrocytes (Thoroed & Fugelli, 1994; Bursell & Kirk, 1996)
Trifluoperazine Human cervical cancer (HeLa) cells (Kirk & Kirk, 1994)
Tamoxifen and derivatives Rat cerebral cortex (Law, 1994a)
N-(6-aminohexyl)-5-chloro-1-naphthalene-sulfonamide (W7) Human neuroblastoma cells (Basavappa et al., 1996)

Lipoxygenase/Cytochrome P450 inhibitors

Gossypol

} {
Fish erythrocytes (Thoroed & Fugelli, 1994)

Ketoconazole Rabbit renal papillary (PAP-HT25) cells (Furlong et al., 1991)
Cinnamyl-3,4-dihydroxy-a-cyanocinnamate Rat glioma (C6) cells (Strange et al., 1993; Jackson & Strange, 1993)
Eicosatetraenoic acid (ETYA) Ehrlich ascites tumour cells (Lambert & Hoffmann, 1993)
Nordihydroguaiaretic acid (NDGA)

Metabolic inhibitors

Azide

} {
Skate hepatocytes (Ballatori et al., 1995)

2,4-Dinitrophenol (DNP) Rat glioma (C6) cells (Jackson et al., 1994)
Rotenone
Carbonyl cyanidep-trifluoromethoxyphenyl-hydrazone (FCCP)
2-Deoxy-D-glucose

Miscellaneous

1,9-Dideoxyforskolin } { Rat glioma (C6) cells (Strange et al., 1993; Jackson & Strange, 1993)
Rat neurons (Sa´nchez Olea et al., 1996)
Human lung cancer (S1) cells (Kirk & Kirk, 1993)
Human cervical cancer (HeLa) cells (Hall et al., 1996)

The reagents are, for convenience, grouped under subheadings indicating the action for which each is, in most cases, best known. However, such
compounds are not highly specific. All affect a range of cellular functions and the inclusion of a particular reagent under a particular heading is not
necessarily indicative of its mode of action in inhibiting osmolyte transport. In particular, although compounds known to inhibit calmodulin and the
cytochrome P450/lipoxygenase enzyme systems inhibit swelling-activated osmolyte transport in a range of cell-types, a role for these proteins/
pathways in the regulation of swelling-activated transport remains, in most cases, unproven. The inhibitor-sensitivity of swelling-activated organic
osmolyte transport does vary between cell types and not all the reagents listed under a particular subheading inhibit osmolyte transport in all of the
cell-types listed. The studies cited are by way of example; the list is not exhaustive.



A number of studies have compared swelling-
activated transport rates of stereoisomeric solutes (e.g.,
L- andD-alanine (Fincham et al., 1987);D- andL-glucose
(Wolowyk et al., 1989);D- andL-sorbitol (Napathorn &
Spring, 1994)) and have shown there to be little differ-
ence between them. The pathways involved are there-
fore not stereoselective.

In summary, the available data are consistent with
the view that in many (though perhaps not all) cell-types
the swelling-activated transport of a range of structurally
unrelated organic solutes is via broad-specificity path-
ways of a single type. The apparent ability of these path-
ways to transport a range of structurally unrelated solutes
in both directions across the cell membrane, their failure
to saturate with increasing substrate concentrations, their
inability to discriminate between stereoisomeric sub-
strates, and their failure to show eithertrans-stimulation
or (in most cases) substrate competition, indicate that
their functional characteristics are unlike those of con-
ventional transporters. Instead, they are those expected
of a pore or channel.

There is Mounting Evidence that the Channels
which Mediate Organic Osmolyte Release from
Many Cell-Types are Anion Selective

Work over recent years has produced a number of inde-
pendent lines of evidence implicating so-called ‘volume-
activated Cl− channels’ in the swelling-activated release
of organic osmolytes. Data from electrophysiological
studies suggest that there may well be a number of dif-
ferent types of anion-selective channel that are activated
in response to cell swelling and which differ in their
biophysical, pharmacological and regulatory characteris-
tics (Fong & Jentsch, 1995; Strange et al., 1996). How-
ever, whole-cell electrical recordings of a very wide
range of (vertebrate) cell-types exposed to hypo-osmotic
media have revealed the presence of an outwardly-
rectifying anion-selective channel and it is this channel
that has been proposed to be the broad-specificity path-
way involved in the swelling-activated efflux of both
charged and uncharged organic solutes from vertebrate
cells. In recognition of its proposed dual role in medi-
ating the swelling-activated flux of inorganic anions and
organic solutes, Strange and colleagues have termed this
channel VSOAC, for Volume Sensitive organic Osmo-
lyte and Anion Channel (Jackson et al., 1994).

Arguments in support of the hypothesis that anion-
selective channels provide a major route for the volume-
regulatory efflux of organic osmolytes from vertebrate
cells are presented in some detail elsewhere (Strange &
Jackson, 1995; Strange et al., 1996) and are summarized
only briefly here:

(i) The swelling-activated transport of organic os-
molytes is inhibited by a range of anion channel block-

ers. As discussed in the preceding section, such reagents
are notoriously nonspecific and caution is necessary in
analyzing and assessing experiments of this sort. Nev-
ertheless, it has been shown in a number of cell-types
that there is quantitative agreement between the effect of
a range of structurally unrelated inhibitors on the swell-
ing-activated transport of organic solutes and their effect
on the swelling-activated transport of either Cl− or I−

(both of which permeate swelling-activated anion chan-
nels) (Kirk & Kirk, 1993; Kirk & Kirk, 1994; Sánchez
Olea et al., 1996; Lewis et al., 1996; Hall et al., 1996), as
well as on swelling-activated whole-cell anion conduc-
tance (Jackson & Strange, 1993).

(ii) Swelling-activated organic osmolyte transport
and swelling-activated anion channels show the same
regulatory characteristics. Maneuvers that potentiate
swelling-activated transport of taurine (e.g., exposure of
cells to phorbol esters or transfection of cells with the
human mdr1 gene) have a very similar effect on the
swelling-activated efflux of I− (J.A. Hall, D.R. Gill, C.F.
Higgins and K. Kirk,unpublished). Swelling-activated
organic osmolyte transport (Jackson et al., 1994; Balla-
tori et al., 1995) and swelling-activation of whole-cell
anion conductance (Gill et al., 1992; Oike et al., 1994;
Jackson et al., 1994; Ballatori et al., 1995; Ruhfus &
Kinne, 1996) show a similar dependence on the presence
of cytosolic ATP. Furthermore, both are modulated in a
similar way by the intracellular ionic composition
(Strange et al., 1996), showing decreased activation with
increasing intracellular ionic strength and/or Cl− concen-
tration.

(iii) Oocytes from the toadXenopus laevisshow a
high degree of variability both in the magnitude of the
swelling-activated anion conductance and the swelling-
activated taurine efflux rate. However, there is a strong
correlation between the two: i.e., oocytes with a large
swelling-activated chloride conductance have a high rate
of swelling-activated taurine efflux; those showing a low
swelling-activated chloride conductance have a corre-
spondingly low rate of taurine efflux (Hand et al., 1997).
This is consistent with Cl− and taurine sharing a common
pathway.

(iv) Electrophysiological studies have demonstrated
a significant permeability of swelling-activated anion
channels to charged amino acids and other small organic
solutes bearing a net negative charge (Banderali & Roy,
1992; Rasola et al., 1992; Jackson & Strange, 1993;
Jackson et al., 1994; Roy, 1995; Basavappa et al., 1996;
Boese et al., 1996). Such studies do not prove that such
channels provide the major pathway for the volume-
regulatory efflux of (predominantly neutral) organic os-
molytes. However, they do constitute a clear demonstra-
tion that the permeability pathway provided by such
channels is of sufficient dimensions to accommodate the
compounds that serve as organic osmolytes.
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(v) High concentrations of polyol osmolytes such as
sorbitol and myo-inositol affect swelling-activated
whole-cell chloride conductance in a way that is consis-
tent with their competing with chloride for occupancy of
the chloride channel (Jackson & Strange, 1993).

(vi) Several studies of the swelling-activated efflux
of amino acids from vertebrate cells (e.g., Sanchez Olea,
1991; Roy & Malo, 1992) as well as protozoa (e.g.,
Bursell et al., 1996; Vieira et al., 1996) have shown there
to be significant loss of neutral and anionic amino acids,
but negligible loss of their similarly sized cationic coun-
terparts, consistent with the pathway(s) involved being
selective for anionic over cationic solutes.

The evidence that swelling-activated anion channels
serve as the major route for the volume-regulatory efflux
of organic osmolytes from many cell-types is persuasive,
though not yet conclusive. It is largely correlative. Fur-
thermore, it comes from relatively few studies and it is
not at all clear that the mechanism of swelling-activated
organic osmolyte efflux is the same in all vertebrate
cells, let alone in cells of invertebrate species. A number
of studies of different vertebrate cell-types have pre-
sented data consistent with separate routes for the swell-
ing-activated efflux of taurine and Cl−. For example,
exposure of rat mammary gland to hypotonic media
causes a marked increase in taurine efflux but has no
effect on I− efflux, from which it was concluded that
taurine exits this tissue via a mechanism other than an-
ion-channels (Shennan et al., 1994). Similarly (though
in marked contrast to data obtained with eel erythrocytes;
Lewis et al., 1996), skate erythrocytes in hypotonic me-
dia show activation of taurine efflux without there being
a corresponding increase in the rate of Cl− efflux (Davis-
Amaral et al., 1996). The data from these studies have
been taken to indicate the existence of taurine efflux
pathways (channels ?) having a comparatively low Cl−

permeability. However, the study of Cl− efflux from
skate erythrocytes was carried out under conditions in
which the efflux of Cl− (but not taurine) was likely to
have been rate-limited by the efflux of K+ from the cells,
rather than by the Cl− permeability of the taurine release
pathway; the permeability of the pathway to Cl− was
therefore not tested directly. Furthermore, in both of
these studies it is not clear what pathways mediated the
efflux of Cl−/I− in cells at their normal volume and how
these pathways responded to hypotonic shock. Verte-
brate cells have a variety of (constitutively active) ex-
changers, cotransporters and channels that mediate Cl−

transport and it is possible that alterations in the activity
of these following cell swelling might mask the flux of
Cl− or I− via swelling-activated anion channels.

A recent study with a human biliary cell line found
the opposite results: osmotic swelling was followed by a
marked increase in I− efflux and by activation of an
outwardly rectifying anion current; however, taurine ef-

flux was reportedly unaffected (Roman et al., 1996). In
Ehrlich ascites tumor cells osmotic swelling activates the
efflux of both taurine and Cl− (Hoffmann & Hendil,
1976; Lambert & Hoffman, 1993; Lambert & Hoffman,
1994). However, swelling-activated taurine efflux is po-
tentiated by arachidonic and oleic acid but inhibited by
DIDS, whereas swelling-activated Cl− efflux is inhibited
by the former and largely unaffected by the latter (Lam-
bert & Hoffmann, 1994). Data such as these may reflect
the existence of different types of swelling-activated, an-
ion-selective channel, having different relative perme-
abilities to Cl− and taurine and somewhat different phar-
macological properties.

The Selectivity Properties of Organic Osmolyte
Channels are Not Well Understood

ANIONS

Although the available evidence is consistent with the
view that in many vertebrate cell-types swelling-
activated organic osmolyte transport is via channels hav-
ing a marked preference for anions and nonelectrolytes
over cations, the detailed selectivity characteristics of
these channels and of other putative osmolyte release
pathways remain to be established.

Electrophysiological (reversal potential) measure-
ments of the selectivity of the swelling-activated, out-
wardly-rectifying anion conductance observed in a wide
range of cell-types have generally focused on inorganic
anions, yielding in most cases (though with some slight
variation between studies) the selectivity series SCN− >
I− > NO−

3 > Br− > Cl− > F− (i.e., Eisenman series I). Such
studies commonly include gluconate, a 6-carbon mono-
valent anionic polyol. This compound is usually found
to have a permeability coefficient in the range of 0.05–
0.35 times that of Cl− (e.g. Dı́az et al., 1993; Nilius et al.,
1994; Chan et al., 1994; Verdon et al., 1995; Jackson et
al., 1996), though Pgluconate/PCl values as high as 0.70
have been reported (Voets et al., 1996).

In those studies in which the permeability of swell-
ing-activated channels to organic anions (e.g., acetate,
pyruvate, proprionate) has been investigated in more de-
tail, small monovalent carboxylate anions have been
found to have permeability coefficients typically in the
range 0.05–0.40 that of Cl− (e.g., Jackson et al., 1994).
The permeability coefficients of divalent organic anions
(e.g., malate, fumarate) are somewhat lower, with values
usuallyø 0.05 that of Cl− (Stoddard et al., 1993; Jackson
et al., 1994; Roy, 1995), though in one study comparing
swelling-activated anion conductances in a number of
human cell lines the divalent sulfate ion was reported to
have a permeability coefficient 0.12 times that of Cl−

(Rasola et al., 1992).
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AMINO ACIDS

There has been a number of electrophysiological studies
of the permeability of swelling-activated channels to
amino acids. Reversal potential measurements with the
anionic amino acids aspartate and glutamate have
yielded permeability coefficients relative to that of Cl−

within the range 0.08–0.20, with little difference between
the two (Rasola et al., 1992; Banderali & Roy, 1992;
Jackson et al., 1994; Chan et al., 1994; Roy, 1995). In
the case of taurine, whole-cell experiments carried out
at pH ù 8.2 and using very high concentrations of tau-
rine (the purpose of both maneuvers being to ensure a
sufficient concentration of the negatively charged form
of the amino acid to produce measurable currents) indi-
cate that the permeability of the channel in rat (C6) and
human (U-138MG) glial cells to anionic taurine is 0.15–
0.25 that to Cl− (Jackson & Strange, 1993; Roy, 1995).
Single channel reversal potential measurements on a kid-
ney epithelial cell line (MDCK) indicate a somewhat
higher taurine permeability, with Ptaurine/PCl 4 0.49
(Banderali & Roy, 1992).

Electrophysiological experiments such as these pro-
vide no information about the relative permeability of the
channel to the neutral, zwitterionic form of taurine
(which comprises >95% of the cytosolic taurine pool
under physiological conditions). However, in eel eryth-
rocytes, direct measurement of the relative rates of swell-
ing-activated transport of36Cl− and [14C]taurine (under
conditions in which the amino acid is present predomi-
nantly as an electroneutral zwitterion) yielded an appar-
ent Ptaurine/PCl value of 0.26. This value is similar to the
values obtained from electrophysiological (reversal po-
tential) measurements on mammalian cells, and although
channel selectivity does appear to vary significantly be-
tween species and cell-types this is at least consistent
with the neutral form of the amino acid permeating the
channel at a rate similar to the anionic form.

Estimates of the relative permeability of swelling-
activated osmolyte channels to other amino acids, made
using a number of different techniques, indicate that the
permeability varies with the chemical structure of the
amino acids. Measurements of the effect of extracellular
amino acids on RVD in cultured astrocytes (Pasantes
Morales et al., 1994) as well as direct electrophysiologi-
cal measurements on cultured human glial cells (Roy,
1995) suggest that swelling-activated channels have a
higher permeability tob-amino acids than to similarly
sized a-amino acids. In several studies glutamate and
apartate have been shown to have a permeability some-
what lower than that of similarly sized electroneutral
amino acids (Pasantes Morales & Schousboe, 1988; Roy,
1995; Bursell et al., 1996), though in at least one study
(Kimelberg et al., 1990) the rate of efflux of taurine,
L-glutamate andD-aspartate from swollen cells has been
shown to be similar.

POLYOLS

Estimates of the relative permeability of swelling-
activated channels to electroneutral solutes come, in
most cases, from flux studies. Experiments on a number
of different cell-types have consistently shown the rate of
permeation of taurine (i.e., the combined anionic and
electroneutral forms) via swelling-activated pathways to
be higher than that of a number of 6-carbon polyols
including glucose, sorbitol andmyo-inositol (Wolowyk
et al., 1989; Kirk et al., 1992; Goldstein & Davis, 1994;
Hall, 1995; Hall et al., 1996). Comparisons of the rela-
tive rates of transport of the latter two compounds in
osmotically swollen cells have shown the permeability of
sorbitol to be approximately twice that ofmyo-inositol
(Siebens & Spring, 1989; Jackson & Strange, 1993; Hall,
1995) and some 4–6 times that of the disaccharide su-
crose which, despite its relatively large size, does show
significant swelling-activated transport (Siebens &
Spring, 1989; Hall et al., 1996). Spring and colleagues
have analyzed the rates of permeation of these and a
range of other polyols in cultured rabbit kidney (papil-
lary) cells (Siebens & Spring, 1989; Napathorn &
Spring, 1994) in some detail. The data indicate that the
rate of permeation is influenced by a combination of
factors including solute size and the presence and ar-
rangement of hydroxyl groups on the solute.

NUCLEOSIDES

The swelling-activated transport of pyrimidine nucleo-
sides has been demonstrated in a number of different
cell-types. These compounds, consisting of a 5-carbon
sugar, ribose, linked to a hydrophobic pyrimidine base
(i.e., a 6-membered ring), are relatively large. However,
they have been shown in a number of studies to permeate
swelling-activated pathways at a rate similar to or greater
than substantially smaller polyols (Kirk et al., 1992; Hall,
1995; Hall et al., 1996). These data may be indicative of
the permeation pathway being somewhat hydrophobic in
character and having a preference for hydrophobic over
hydrophilic solutes.

There have been a number of estimates of the mini-
mum pore diameter for swelling-activated osmolyte/
anion channels made on the basis of the size of solutes
that either permeate or are excluded from the channel.
Studies of the permeation of amino acids and 6-carbon
polyols have yielded estimates in the range 5.4–5.9 Å.
However the data from a number of different vertebrate
cell-types, consistent with the view that pyrimidine
nucleosides (with a minimum cylindrical diameter of∼8
Å) and perhaps, albeit at a much slower rate, the disac-
charide, sucrose (with a minimum cylindrical diameter of
∼9 Å) permeate channels of this sort suggest a somewhat
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larger minimum pore diameter, in the range 8–9 Å (Hall
et al., 1996).

CATIONS

There is conflicting data regarding the cation permeabil-
ity of swelling-activated anion/osmolyte channels. Elec-
trophysiological studies of swelling-activated anion con-
ductance pathways suggest, in most cases, that such
pathways have a low cation permeability (Strange et al.,
1996). For the channel in rat C6 glioma cells the Cs+

permeability was estimated as being only 0.04 times the
Cl− permeability (Jackson & Strange, 1993). Similarly,
in three different human epithelial cell lines (PNa/PCl was
estimated as being in the range 0.02–0.05 (Rasola et al.,
1992) and a recent study of human glial cells concluded
that the swelling-activated anion conductance pathway
had a negligible permeability to the small monovalent
organic cation 3-amino-1-propanol (Roy, 1995). These
data contrast with those from a number of other electro-
physiological studies consistent with cell swelling acti-
vating an anion-selective channel with a more substantial
permeability to both inorganic and organic cations (e.g.,
Chan et al., 1994; Verdon et al., 1995; Jackson et al.,
1996). They also contrast with results from radiotracer
flux studies carried out with a range of cell-types includ-
ing erythrocytes from various fish species (Garcia-
Romeu et al., 1991; Thoroed & Fugelli, 1994; Bursell &
Kirk, 1995, 1996), chondrocytes isolated from bovine
cartilage (Hall, 1995), and human cancer (HeLa cells)
cells (Hall et al., 1996). These studies have revealed
significant swelling-activated transport of both inorganic
and organic cations (86Rb+ and choline respectively) via
a pathway that is pharmacologically indistinguishable
from that which mediates the swelling-activated trans-
port of taurine.

It is quite likely that the cation permeability of
swelling-activated anion/osmolyte channels varies be-
tween cell-types. Nevertheless, the postulated Rb+ and
choline permeability of the pathway in HeLa cells in
particular (Hall et al., 1996) contrasts with the conclu-
sion drawn from an earlier electrophysiological study on
the same cell-type (Dı´az et al., 1993). Whole-cell re-
cordings made with anN-methyl-D-glucamine Cl−-rich
solution in the pipette and a NaCl solution in the bath
gave a reversal potential close to 0 mV. This was taken
as evidence against the swelling-activated channel hav-
ing a significant cation permeability.

The apparent discrepancy between the electrophysi-
ological and flux data might be reconciled if the perme-
ation of these channels by cations involves an interaction
between the cation and permeant anions, with a signifi-
cant proportion of the cation flux occurring in an ‘elec-
trically silent’ manner, via the passage of electroneutral
cation-anion pairs. In a recent study of the characteris-

tics of swelling-activated86Rb+ transport in eel erythro-
cytes it was found that the rate of Rb+ transport via a
pathway pharmacologically indistinguishable from the
taurine channel in these cells varied with the nature of the
anion in the suspending medium (in the order SCN− >
NO−

3 > CH3SO−
3; J.D.H. Bursell, R.A. Lewis and K. Kirk,

unpublished). This is as might be expected if a signifi-
cant proportion of the Rb+ flux was in the form of Rb+-
anion pairs, though other explanations cannot be ex-
cluded. The estimated minimum pore size for the or-
ganic osmolyte channel (8–9 Å) is certainly sufficient to
accommodate such pairs of ions (e.g., the combined di-
ameters of the Rb+ ion (2.9 Å) and Cl− ion (3.6 Å) is only
6.5 Å). Nevertheless the model remains largely specu-
lative.

The hypothesis that swelling-activated osmolyte
channels, despite being anion-selective, have a signifi-
cant cation permeability raises the possibility that such
channels make a significant contribution to the volume-
regulatory efflux of K+ from some cell-types. For such
channels to mediate a net efflux of inorganic ions they
would have to have a degree of selectivity for K+ over
Na+. Whether or not this is the case has yet to be deter-
mined.

The Molecular Identity of these Channels Remains
an Open and Controversial Question

The question of the molecular identity of organic osmo-
lyte channels is a vexed one. As has been discussed, in
some if not all vertebrate cells there is good reason to
believe that this question is synonymous with that of the
identity of the outwardly-rectifying, swelling-activated
chloride channel. However the existence of distinct chan-
nels with a preference for organic over inorganic solutes
cannot be ruled out and a recent study with a low mo-
lecular weight peptide (‘phospholemman’) provides
some intriguing evidence for the existence of such pro-
teins (see(v) below).

Within the last five years no fewer than six proteins
have been postulated to have some association with
swelling-activated anion-conductance and/or organic os-
molyte transport. The proteins include:

(i) ClC-2. This protein is a member of a family of
membrane proteins, several of which have been demon-
strated to function as Cl− channels (Brandt & Jentsch,
1995). There is good evidence that ClC-2 is itself a vol-
ume-sensitive, anion-selective channel (Gru¨nder et al.,
1992). However its selectivity, pharmacological and
electrophysiological characteristics (at least when ex-
pressed inXenopusoocytes) are quite different from
those of the seemingly ubiquitous, swelling-activated,
outwardly-rectifying anion channel.

(ii) P-glycoprotein.This protein is the product of
the mdr1 gene and is a member of the ABC transporter
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family. Expression of P-glycoprotein is upregulated in
drug-resistant cancer cells in which it acts to pump cy-
totoxic drugs from the cell cytosol. In addition to its
drug-pumping function it has been postulated to serve as
a swelling-activated anion channel and/or channel regu-
lator. Cells transfected withmdr1 have, in a number of
studies, been shown to have a swelling-activated anion
conductance that differs in magnitude and/or in its regu-
latory characteristics from that of non-transfected cells
(Valverde et al., 1992; Gill et al., 1992; Hardy et al.,
1995; Valverde et al., 1996). However, there is, in gen-
eral, no correlation between levels of expression of P-
glycoprotein and swelling-activated channel activity
(McEwan et al., 1992; Rasola et al., 1994; Wang et al.,
1994; Dong et al., 1994; Kunzelmann et al., 1994; De
Greef et al., 1995a,b; Morin et al., 1995; Tominaga et al.,
1995; Viana et al., 1995). Furthermore, although some
compounds that inhibit P-glycoprotein-mediated drug
pumping also inhibit swelling-activated anion channels
(and osmolyte efflux) it is unlikely that they do so via an
effect on P-glycoprotein (Kirk & Kirk, 1994). A physi-
ological role for P-glycoprotein in the volume regulatory
response therefore remains unproven.

(iii) pICln. This 235 amino acid protein was cloned
originally from MDCK cells (Paulmichl et al., 1992).
When expressed inXenopusoocytes it generates a Cl−

conductance that is constitutively active and which has
characteristics similar to those of the swelling-activated
anion/osmolyte channel (summarized by Strange et al.,
1996). Monoclonal antibodies recognizing pICln block
activation of a native hypotonically induced Cl− conduc-
tance inXenopusoocytes (Krapivinsky et al., 1994). Fur-
thermore, treatment of fibroblasts with antisense oligo-
deoxynucleotides to decrease the level of expression of
this protein suppresses activation of the swelling-induced
chloride current (Gschwentner et al., 1995), consistent
with a role for this protein in swelling-activated channel
activity in non-transfected cells.

Paulmichl et al. (1992) postulated that this protein
forms a novel (dimeric) channel. However the subse-
quent finding by Krapivinsky et al. (1994) that the pro-
tein is located primarily in the cell cytoplasm led to the
counter proposal that it serves as a cytosolic regulator of
an endogenous, swelling-activated channel (Ackerman et
al., 1994). This hypothesis is difficult to reconcile with
the original observation of Paulmichl et al. (1992) that
mutations in the protein alter the sensitivity of the chan-
nel to inhibition by extracellular nucleotides as well as
the kinetics and Ca2+-dependence of the channel. Paul-
michl and colleagues have described preliminary results
indicating that although the protein is normally present in
the cytosol it migrates to the membrane in response to
osmotic swelling (Paulmichl et al., 1996) and Strange et
al. (1996) have proposed an ‘anchor-insertion model’
that might account for much of the reported data.

However, two recent studies by Nilius, Eggermont
and colleagues cast significant doubts on the involve-
ment of pICln in swelling-activated channel activity. In
the first of the two studies it was shown that the current
induced inXenopusoocytes by the expression of human
pICln differs from the endogenous swelling-activated cur-
rent in its electrophysiological, pharmacological and bio-
logical characteristics (Voets et al., 1996). These data
argue against the hypothesis that human pICln activates
(regulates) the native swelling-activated channel of
Xenopusoocytes. They might be explained by human
pICln being a channel with characteristics somewhat dif-
ferent from those of its amphibian counterpart. However
in a second paper from the same group it was shown that
a current with the same characteristics as that induced in
Xenopusoocytes by human pICln can also be detected in
a significant fraction of non-injected oocytes, as well as
in oocytes expressing another unrelated human protein,
ClC-6 (Buyse et al., 1997). These data are consistent
with the view that the pICln-induced current is mediated
by a channel native to the oocyte, that this channel is
distinct from the endogenous swelling-activated channel,
that the channel is usually (though not always) inactive
in non-injected oocytes, and that the activity of the chan-
nel is increased in response to the expression of foreign
proteins. In the same paper it was also shown that a
second conductance endogenous toXenopusoocytes has
the same characteristics as the current attributed by Paul-
michl et al. (1992) to mutated forms of pICln. Finally, it
was shown that in endothelial cells pICln is present pre-
dominantly in the cell cytosol, with no alteration in its
intracellular distribution in response to osmotic swelling.
These data argue against pICln being either the swelling-
activated channel or a regulator thereof.

(iv) Band 3. This protein is a major constituent of
the plasma membrane of erythrocytes from most verte-
brate species and has homologues in other tissues. Its
normal mode of operation is as an electroneutral anion
(Cl−/HCO−

3) exchange system. However the observation
that many inhibitors of band 3-mediated anion exchange
also inhibit swelling-activated anion/osmolyte channels
has prompted the suggestion that band 3 (and its homo-
logues in other tissues) might be involved in swelling-
activated channel activity (Goldstein et al., 1990; Gold-
stein & Brill, 1991; Garcia Romeu et al., 1991; Motais et
al., 1991, 1992). Expression of band 3 from trout eryth-
rocytes (which have a swelling-activated osmolyte chan-
nel) in Xenopusoocytes results in increased anion-
conductance and taurine permeability (Fie´vet et al.,
1995). By contrast, expression of band 3 from mouse
erythrocytes (which lack swelling-activated osmolyte
channel activity) does not. This is consistent with a role
for the band 3 protein in the volume-regulatory response
of fish erythrocytes (Garcia Romeu et al., 1996; Motais
et al., 1997). However, the channel activity observed in
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oocytes expressing trout band 3 is not volume-sensitive.
Furthermore, it remains to be shown whether mammalian
homologues of fish erythrocyte band 3 confer the same
anion conductance/osmolyte permeability.

(v) Phospholemman.This is a small (72 amino
acid) protein which when reconstituted into bilayers
forms anion-selective channels that have an apparent
permeability to the anionic form of taurine some 70
times higher than that to Cl−, prompting the suggestion
that it may be involved in volume-regulatory taurine
transport (Moorman et al., 1995). The detailed func-
tional characteristics of this channel and their degree of
similarity with those of swelling-activated osmolyte
channels remain to be established.

(vi) VDAC. The voltage-dependent anion channel
(VDAC) is a ‘porin-like’ channel that is found in the
outer membrane of eukaryotic mitochondria and which
also has been postulated to be present in other membrane
fractions including the plasma membrane (Reymann et
al., 1995; Junankar et al., 1995). A note added in proof
to a recent review by Reymann et al. (1995) referred to
immunotopological evidence for the expression of
VDAC in the plasma membrane ofXenopusoocytes and,
furthermore, reported that antibodies against human
(lymphocyte) VDAC inhibit hypotonically activated ion
fluxes in these cells. These data are consistent with a
role for VDAC in swelling-activated anion/osmolyte
channel activity; however at this stage alternative expla-
nations for the data cannot be ruled out.

In summary, despite a great deal of recent interest in
the identity of the proteins involved in swelling-activated
osmolyte/anion channel activity, the question remains an
open one and for most of the candidate proteins the evi-
dence linking them with the channels of wild-type cells
is, at best, sparse.

Conclusion

The swelling-activated release of organic osmolytes
plays a significant role in the volume-regulatory re-
sponse of a very wide range of cell-types, ranging from
protozoan parasites to mammalian cancer cells. The
available data are consistent with the view that the trans-
port pathways responsible for the volume-regulatory ef-
flux of organic solutes are, in many cases and perhaps in
general, broad-specificity channels. However, the exis-
tence in at least some cell-types of alternative pathways
(channels) with a particular preference for certain or-
ganic solutes cannot at this stage be ruled out. There is
compelling evidence from a range of vertebrate cell-
types equating these broad-specificity channels with
those giving rise to the swelling-activated outwardly-
rectifying anion conductance that has been described in a
very wide range of animal cells. However, the proof of
this hypothesis awaits the unequivocal identification of
the proteins involved and their functional expression
and/or reconstitution into artificial membranes.

The broad specificity of the pathways involved in
the volume-regulatory efflux of organic osmolytes has
far-reaching implications for the cell. In addition to the
relatively inert organic compounds that serve as the ma-
jor organic osmolytes, cells contain at lower concentra-
tions a wide variety of small organic compounds (bio-
chemical intermediates, second messengers etc.) that
are synthesized or accumulated by the cell at consider-
able expense and which serve a plethora of important
functions. Activation of a channel with a significant per-
meability to such solutes will result in their wholesale
loss from the cell (e.g., Hall et al., 1996), something
not to be undertaken lightly. It is relevant to note that in
the majority of studies of swelling-activated osmolyte
transport and/or ion conductance the cells are subjected
to a very substantial (grossly nonphysiological) hypo-
tonic shock. In those relatively few studies in which the
osmotic dependence of osmolyte channel activity has
been characterized in detail it has been shown to be
nonlinear: small increases in cell volume have little ef-
fect on channel activity; however, as the volume is in-
creased further (beyond some threshold value) channel
activity increases steeply (e.g., Kirk et al., 1992; Strange
et al., 1993). Such data are consistent with the view that
in vertebrate cells at least, swelling-activated osmolyte
channels serve as an emergency system, to be activated
as a means of dumping large amounts of solute quickly
(albeit at considerable cost to the cell) under conditions
in which the cells are in real danger of bursting. Whether
these broad-specificity pathways with their ability to me-
diate the high capacity transport of a seemingly wide
range of solutes might play other roles, either in the
response of cells to the types of volume perturbation
undergone in vivo, or perhaps in other aspects of cell
function is the subject of ongoing research.
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