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Cell volume regulation: osmolytes, osmolyte transport, and signal
Abstract In recent years, it has become evident that the volume of a given cell is an important factor not only in defining its intracellular osmolality and its shape, but also in defining other cellular functions, such as transepithelial transport, cell migration, cell growth, cell death, and the regulation of intracellular metabolism. In addition, besides inorganic osmolytes, the existence of organic osmolytes in cells has been discovered. Osmolyte transport systems—channels and carriers alike—have been identified and characterized at a molecular level and also, to a certain extent, the intracellular signals regulating osmolyte movements across the plasma membrane. The current review reflects these developments and focuses on the contributions of inorganic and organic osmolytes and their transport systems in regulatory volume increase (RVI) and regulatory volume decrease (RVD) in a variety of cells. Furthermore, the current knowledge on signal transduction in volume regulation is compiled, revealing an astonishing diversity in transport systems, as well as of regulatory signals. The information available indicates the existence of intricate spatial and temporal networks that control cell volume and that we are just beginning to be able to investigate and to understand.
General introduction
For a number of years, cell volume regulation in mammalian cells has been considered of minor physiological importance since overall osmolality of the plasma is one of the very tightly regulated parameters of the body. In the meantime, however, it has been realized that quite a variety of tissues such as renal medullary cells and chondrocytes are exposed to anisotonic extracellular media and thus require volume regulatory mechanisms. Anisotonic conditions can also arise in pathological conditions such as hypo-or hypernatraemia when homeostatic functions of the body are insufficient. Similarly, cells encased in a rigid surrounding, such as brain cells, depend on cell volume regulation for their proper function. Furthermore, even at normal extracellular osmolalities cells can generate transmembrane osmotic differences due to uptake of (organic) osmolytes or during transepithelial transport of solutes.
Cell volume changes also occur globally during maturation of erythrocytes, cell growth, differentiation, hypertrophy, and apoptosis. Locally, cell migration and shape changes require volume adaptations. Finally, cell volume has been identified as a mechanism that regulates cell metabolism. This effect is particularly evident in the liver, where cell swelling increases protein and glycogen synthesis and cell shrinkage increases protein and glycogen breakdown. Thus, cell volume and its importance during the whole life cycle of a cell has become more and more evident and this area of physiology and pathophysiology has been attracting an increasing number of investigators.
During recent years, it also became more and more accepted that not only inorganic osmolytes such as K+ and Cl-are employed to restore osmotic equilibrium across the cell membranes but that also organic osmolytes play a significant role in cell volume homeostasis.
In most reviews, inorganic and organic osmolytes and their respective volume regulato-ry transporters are dealt with separately. The current review combines the two and discuss-es the question of a putative identity of some systems. This contribution also takes into account the progress made in identifying the molecular entities of the transporters by mo-lecular biology techniques. Furthermore, the current state of knowledge with regard to the regulation and coordination of the various osmolyte transporters is reviewed in order to shed some light on the intriguing signal transduction networks used in cell volume regula-tion.
The osmometric behavior of cells
Any changes in cell volume of animal cells under anisotonic conditions are, in principle, based on a distinct permeability of the plasma membrane to water. In many instances, this permeability is increased by specialized membrane proteins, which mediate the facilitated diffusion of water, so-called water channels or aquaporins. Given a sizeable water permeability at its outer membrane, a cell then exhibits an “osmometric” behavior as its first passive response to anisotonicity, i.e., a movement of water will occur, which changes cell volume until the difference in osmotic pressure is equalized and a new chemical equilibrium of water across the plasma membrane is achieved. From a physicochemical point of view, however, a cell is not a perfect osmometer, which means that its volume will not change to the same extent as is predicted by the law of Boyle/van’t Hoff. This means that appar-ently some 20%–40% of total cell volume usually comprises a phase that is not “cytosolic,” which means that it is not osmotically active (Lucke and McCutcheon 1932). In practice, the osmotically active/inactive space of a living cell can be easily determined graphically by plotting its relative volume versus the reciprocal of extracellular osmolarity, which is equivalent to a Boyle/van’t Hoff-Plot (see Fig. 1).
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The intercept of the regression line with the Y-axis then gives the osmotically inactive space; its difference from the 100% mark is equivalent to the osmotically active part. This type of analysis, which deals with the passive osmotic behavior of a cell, however, is only valid if the active compensatory processes by which cells readjust their volume are not activated and/or are inhibited efficiently. In rat hepatocytes, for instance, this was achieved by blocking all Na+ import mechanisms mediating regulatory volume increase (RVI) (namely Na+ conductance, Na+/H+ antiport, and Na+-K+-2Cl-symport) by 10-3 Mol/l amiloride and 10-4 Mol/l furosemide and by then determining the actual changes of cell volume after 10 min of cell shrinkage, under four different hypertonic conditions. From these measurements, an osmotically inactive space could be determined that amounts to some 31% of total cell volume.
Inorganic and organic osmolytes
For a number of years, research on volume regulation in mammalian cells has focused on the movement of the main intracellular inorganic osmolytes such as potassium and chloride. Compensatory changes in these osmolytes form indeed the backbone for volume regulation when only small perturbations of the intra-or extracellular osmolarity occur.
In recent years it has become, however, more and more evident that—similar to other phyla in nature—in mammalian cells also organic osmolytes are employed in volume regulation.
Organic osmolytes comprise polyols such as sorbitol and myo-inositol, methylamines such as glycerophosphorylcholine and betaine, and amino acids such as taurine, glutamic acid, and ß-alanine amongst others.
There are several hypotheses as to why in some cells organic solutes are used in addition to inorganic solutes. One hypothesis is the “compatible osmolyte hypothesis” which is based on the observation that high concentrations of inorganic salts such as NaCl or KCl perturb the function of enzymes or other proteins, whereas organic solutes do not. Another hypothesis reflects the “counteracting osmolyte principle,” which refers to the finding that methylamines attenuate the destabilizing effect of high concentrations of urea on protein function. A third aspect is that several organic osmolytes are electroneutral and can replace inorganic osmolytes which, when released across the cell membrane, may change the membrane potential and thereby neuronal excitability in the brain or driving forces for electrogenic sodium-cotransport systems. Again, the brain is particularly interesting because of the existence of reuptake systems for excitatory amino acids that are transported by sodium-cotransport systems.
One of the major places for organic osmolyte accumulation is the renal medulla, where accumulation occurs because of a broad range of extracellular osmolalities exceeding normal osmolality in particular in the direction of hyperosmolality.
Intracellular accumulation of organic osmolytes involves mainly two processes. The first represents uptake across the cell membrane by specific transport systems, the second intracellular generation of the osmolyte by metabolic reactions. Examples of the former are sodium-cotransport systems for myo-inositol, taurine, and betaine which use the sodi-um gradient across the plasma membrane as driving force. The general and specific properties of these cotransport systems are summarized in the section entitled “Organic os-molytes in RVI.”
Regulatory volume increase
Role of inorganic osmolytes in RVI

In order to achieve RVI, the intracellular osmolyte content has to be augmented rapidly. To this end, transport systems for inorganic osmolytes are activated as the first cellular response. The main osmolyte taken up by the cells is sodium since favorable driving forces for this cation exist across the plasma membrane. Sodium is subsequently exchanged against potassium by the action of the Na+,K+-ATPase, to restore the original sodium gradients and its electrochemical potential.
There are also mechanisms set in place that reduce loss of intracellular potassium and sometimes also chloride, depending on its electro-chemical equilibrium.
Na+/H+ antiport
Na+/H+ antiporters (NHEs) catalyze the secondary active and electroneutral exchange of H+ against Na+. With one exception, they are most important for the regulation of cell pH, but some NHEs are effective mediators of RVI. Six NHE isoforms have been cloned to date (NHE1–NHE6) which exhibit a common molecular organization. 
With respect to their role in cell volume regulation, it was found that NHE1, NHE2, and NHE4 are activated under hypertonic conditions, whereas NHE3 is inhibited. NHE1 is clearly the Na+/H+ antiport most commonly employed in RVI, which is not surprising in regard to the ubiquitous expression of the protein. As a matter of fact, the shrinkage-induced activation of Na+/H+ antiport that had been reported in a variety of preparations prior to the molecular definition of NHE isoforms can now in many instances be attributed to NHE1.
Na+-K+-2Cl-symport
NKCC1 and NKCC2 are mediators of electroneutral Na+, K+, Cl-cotransport across cell membranes at a stoichiometry of 1:1:2. On the molecular level, they share many similarities with other members of Cl--dependent cation transporters, namely the Na+-Cl-symporter
(NCC) and the four isoforms of K+-Cl-symporters (KCC1 to KCC4) cloned so far. These similarities include molecular weights in the range of 110 kD to 130 kD (deglycosylated),
12 predicted transmembrane regions, and large hydrophilic intracellular N-and C-terminal domains. The most conserved regions of these transporters are the transmembrane do-mains, as well as the putative intracellular loops connecting them, particularly the one be-tween TM2 and TM3. NKCCs are blocked by the “loop” diuretics bumetanide and furose-mide at micromolar concentrations; KCCs exhibit a lower affinity to these compounds, whereas a possible inhibition of NCC remains ambiguous. NKCC1 exhibits a broad tissue distribution and is found in many secretory epithelia (where it resides in the basolateral membrane), as well as in a variety of nonepithelial cells. In contrast, NKCC2 is only present (apically) in the thick ascending limb of Henle’s loop and in the macula densa of the kidney (Haas and Forbush, III 2000; Russell 2000).
In rat hepatocytes, the hypertonic activation of Na+-K+-2Cl-symport (as well as that of Na+ conductance) was inhibited by staurosporine, as well as by the PKC specific blocker bis-indolyl-maleimide I (BIM; Heinzinger et al. 2001). In human tracheal epithelial cells, the hypertonic activation of NKCC1 appeared to be mediated by PKC-d; this process is also likely to involve the (extracellular signal-regulated) kinase ERK (Liedtke and Cole 2002). In addition to phosphorylation and dephosphorylation, the activity of NKCC1 appears to be reg-ulated by the state of the actin network, as well as by accessory proteins that remain to be characterized (Haas and Forbush, III 2000; Russell 2000).
Cation channels
Compared to the symport system discussed above, the rates of ion transport by channels are some 4–5 orders of magnitude higher. Accordingly, any modulation of channel activity in response to changes of cell volume will serve as a fast and very efficient regulatory mechanism.
If one considers the electrochemical driving forces for Na+, K+, and Cl-transport across most cell membranes, the activation of Na+-selective channels and conductive Na+ entry would be a highly efficient mediator of RVI. The resultant depolarization of membrane voltage would favor a parallel conductive entry of Cl-. Na+ accumulating inside the cell would then be extruded via Na+, K+-ATPase so that constant driving forces for Na+-cou-pled cotransporters are ensured. In sum, a net intracellular gain of K+ and Cl-and thus a rapid increase of cell volume would be achieved by these mechanisms.
There is an increasing number of systems from which the hypertonic activation of cation channels is reported. Two main classes of channels can be distinguished based on their sensitivity to amiloride. In the following, first the amiloride sensitive channels will be discussed.
The activation of conductive Na+ entry as a mechanism of RVI was originally proposed by Hoffmann for Ehrlich ascites tumor cells and the Intestine 407 cell line, respectively. In 1995, a hypertonic stimulation of cell membrane Na+ conductance was reported from current-clamp recordings on rat hepatocytes in confluent monolayer culture (see Fig. 2).
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Fig. 2 A Cable analysis of specific membrane resistance, reflecting the hypertonic activation of Na+ conductance in rat hepatocytes. Experiments were carried out in the continuous presence of 0.5 mM quinine; extracellular osmolarity was increased from 300 mOsm/l to the osmolarities indicated; means€SEM; n=4–5. B Current-voltage relationships of hypertonicity-induced membrane currents in rat hepatocytes obtained with (two-channel microelectrode) voltage-clamp techniques. The differences between currents obtained at 400 mOsm/l and 300 mOsm/l are depicted for cells injected with control-oligo-DNA () or anti -rENaC oligo DNA ().
Furthermore, in a quantitative study, it could be shown that the relative contribution of Na+ conductance, Na+/H+ antiport, and Na+-K+-2Cl-symport to the initial uptake of Na+ under hypertonic stress was approximately 4:1:1. This clearly renders Na+ conductance the prominent mechanism of RVI in this system. 
In human red blood cell ghosts, hypertonic stress induced a cation conductance that appeared to be equally permeable to Na+ and K+ (but impermeable to NMDG) and that was partially inhibited by 10-4 Mol/l amiloride (Huber et al. 2001). These findings support earlier flux studies on lamprey erythrocytes in which hypertonic stress led to the activation of an amiloride-sensitive Na+ transport that could not be attributed to Na+/H+ or Na+/Na+ an-tiport.
K+ channels

In most systems, the continuous channel-mediated K+ leakage out of cells is equivalent to a significant loss of cellular osmolytes. This K+ loss is commonly compensated for by the activation of Na+, K+-ATPase. Nevertheless, it is rather obvious that any inhibition of K+ channels under hypertonic conditions will per se facilitate RVI and, in some cells, this mechanism appears to be an important mediator of volume regulation.
An inhibition of K+ conductance was originally reported for the basolateral membrane of toad and rabbit urinary bladder, as well as of frog skin where cells were shrunken by extracel-lular Cl-removal (leading to a loss of Cl-because of the lower membrane permeability of the Cl-substitute used when compared to Cl-itself) and/or by increasing extracellular os-molarity. Interestingly, whole-cell recordings on freshly isolated hippocampal neurons revealed a decrease of voltage-gated K+ currents under hypertonic conditions. 
Anion channels

Inhibition of anion channels during RVI might directly contribute to the gain in osmolytes if the intracellular anion (Cl-or HCO3-) activity is above electrochemical equilibrium. In-directly, it restricts the movement of the counterion for K+ flux across the membrane, thus impeding K+ losses.
Decreases of Cl- conductance under hypertonic conditions have been reported only from a limited number of preparations. In cultured human nasal epithelium, hypertonic stress reduced apical Cl- conductance  whereas, in rabbit collapsed proximal convoluted tubules, the partial Cl- conductance of the basolateral membrane was inhibited. In some instances, the decrease of Cl-conductance under hypertonic conditions may reflect an inhibition of hypotonicity-induced Cl-channel activation. In human vas deferens cells in primary culture, for example, with 290 mOsm/l solutions in the experimental bath, as well as in the patch pipette, there was a slowly developing increase of Cl-conductance once the whole-cell configuration was achieved; this effect could be reversed by an increase of extracellular osmolarity (Winpenny et al. 1996). The increase of Cl-conductance was interpreted to be due to the additional osmotic activ-ity of intracellular macromolecules and the resultant swelling of cells.
Organic osmolytes in RVI

In most cells investigated, RVI after exposure to a hypertonic extracellular medium occurs within minutes and involves the net uptake of inorganic osmolytes. During this short-term regulation of cell volume, changes in organic osmolytes transport are generally not involved, although it has been observed that the plasma membrane permeability for organic osmolytes such as sorbitol decreases. Thus, leak pathways for organic osmolytes are downregulated to make the intracellular accumulation of organic osmolytes—by transporters or metabolic synthesis—more effective. Whether these leak pathways are identical to the ones activated during RVD remains to be investigated.
If exposure of cells to hypertonicity is extended to periods of hours or days, adaptive changes take place aimed to replace the augmented intracellular inorganic electrolytes by organic osmolytes. To this end, intracellular synthesis is increased (sorbitol and GPC) or intracellular breakdown is decreased. For taurine, betaine, and myo-inositol, the predominant effect is on the rate of uptake, which increases severalfold in a matter of hours (see Fig. 3).
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Fig. 3 Time course of basolater-al myo-inositol (A) and betaine (B) uptake into MDCK (Madin-Darby canine kidney) cells switched into hypertonic medi-um. On day 0, cells cultured on filters in defined medium with 10% FBS were switched to same medium made hypertonic (500 mOsm/l) by addition of raf-finose. Isotonic cells were main-tained in isotonic defined medi-um with 10% FBS. Uptake was performed at 37 C for 30 min with 10 Mol/l myo-inositol and  10 Mol/l betaine. Results are means€SD to triplicate samples (from Yamauchi et al. 1991)

Thus, strictly speaking, organic osmolytes are not directly involved in RVI; they serve, however, in the long run to maintain cellular electrolyte homeostasis. Therefore, the cellu-lar uptake systems for organic osmolytes and their regulation are described in the follow-ing paragraphs.
Na+-Cl--taurine symport

Taurine, a -amino acid with a sulfonic acid instead of a carboxylic acid as head group occurs in plasma at concentrations of 40 Mol/l. It has several major functions: as partner in the formation of taurocholate, as neurotransmitter, and as an organic osmolyte. Although several tissues, including liver and astrocytes, can synthesize taurine from cysteine, the high intracellular concentration can only be achieved by an active uptake into the cell. The transporter mediating this uptake is a secondary active sodium-chloride taurine cotransport system in which up to three sodium ions are translocated with one chloride ion and one taurine molecule. Taurine transport with these characteristics has been found in renal and intestinal brush border, in liver cells.
In a variety of cells and tissues such as MDCK cells, human and bovine lens epithelial cells, bovine aortic endothelial cells, rat liver macrophages (Warskulat et al. 1997a), H4IIE hepatoma cells
(Warskulat et al. 1997b), primary cultures of rat hepatocytes, rat astrocyte cultures, exposure to hyperosmotic media results in an increase in Vmax of taurine transport and a concomitant increase in transporter mRNA.
High affinity taurine transport is inhibited by phosphorylation via PKC by decreasing affinity for taurine and sodium and reducing maximal velocity. Although these regulatory processes appear not to be linked to the response to hypertonicity, they complicate the study of the molecular mechanisms of the latter. However, it can be assumed that the mechanisms involved in osmotic adaptation are similar to the ones described below for the betaine transport system, since both systems respond in a very comparable manner.
Na+-Cl--betaine symport

In medullary kidney cells and chondrocytes, which use betaine in volume regulation, intracellular concentrations of up to 50 mMol/l are found. Although cells usually contain choline dehydrogenase that catalyses the synthesis of betaine from choline, most of the betaine is taken up from the extracellular medium. 
Hypertonic activation of betaine uptake shows some more peculiarities. Under isotonic conditions betaine uptake into MDCK cells proceeds only across the basolateral mem-brane; after exposure to hypertonicity basal-lateral uptake is increased, but in addition, sig-nificant uptake across the apical membrane is observed (Yamauchi et al. 1991). This find-ing might be related to the existence of various isoforms of BGT1 (see above) that might differ in their cellular location.
Na+-Myo-inositol symport

Physiological plasma concentrations of myoinositol range in mammals from 4.5 mMol/l to 6.6 mMol/l, whereas intracellular concentrations up to 133 mMol/l can be found in rat glial. This large concentration difference suggests active uptake of myo-inositol into these cells. Similarly, active myo-inositol uptake is observed in rat pancreatic islets, bovine lens epithelial cells, hamster small intestine, rat mesanglial cells, rat hepatocytes, crystalline lense, rabbit peripheral nerve, retinal pigment epithelial cells, rabbit ciliary body, isolated rat Schwann cells, and endothelial cells. This uptake process involves a sodium/myo-inositol symport system (SMIT) which as secondary active transport system employs the transmembrane electrochemical potential difference of sodium for intracellular accumulation of myo-inositol. 
The sodium to myo-inositol stoichiometry of the transporter is 2:1. The stoichiometry and electrogenicity of the transporter forms the basis for the extensive intracellular accumulation of myo-inositol. Kinetic and biochemical characteristics vary from tissue to tissue and cell to cell. These variations have recently been explained by the existence of alternate splicing, which generates isoforms that differ in their intracellular protein kinase A and protein kinase C phosphorylation sites at the carboxy terminus (Por-cellati et al. 1999).
After restoring isotonicity, the transport rate returns to normal levels within 1 d. In both instances only the Vmax of the transport is affected and Km remains constant, suggesting a change in the number of transporters. The increased uptake in response to hypertonicity is preceded by an increased abundance of mRNA for the transporter, which is the direct result of increased transcription of the gene. Activation of transcription depends on an enhancer element named tonicity responsive enhancer (TonE). 
Amino acid transport system A

Amino acid transport system A (System A), which mediates sodium-dependent uptake of neutral amino acids into mammalian cells, appears to be also subject to regulation by ex-tracellular osmolality. In MDCK cells, as well as chondrocytes, an upregulation within 4–6 h of hypertonic exposure was observed. The increase in System A is blocked by inhibitors of RNA and protein synthesis, suggesting that an increase in the number of transporters is part of the mechanism. The adap-tation of this system appears to be a relatively early response of cells exposed to hyperto-nicity; therefore, it deserves further investigation.
Regulatory volume decrease
Inorganic osmolytes in RVD

After cell swelling, transport systems are immediately activated that mediate the release of the major intracellular inorganic osmolytes potassium and chloride. Their transmembrane movement occurs either via separate pathways or directly coupled to each other.
K+ channels

Due to the outwardly directed K+ gradient in most animal cells, any increase of K+ channel activity will augment the conductive exit of K+. In addition, the increase of cell membrane K+ conductance will hyperpolarize the cell membrane and (even if basal Cl-conductance is not changing) this hyperpolarization will favor conductive Cl-efflux. Likewise, if there is an initial increase of Cl-conductance and if cell Cl-is above electrochemical equilibrium (as it is in most systems) this will augment Cl- exit and depolarize the cell membrane. Membrane depolarization in turn will facilitate conductive K+ efflux. The most effective mechanism of RVD will, of course, be the parallel activation of K+ and Cl- channels. Because of the pronounced voltage-mediated coupling between both pathways conductive K+ and Cl- release may result in a quasielectroneutral mode of KCl export.
An increase of cell membrane K+ conductance under hypotonic conditions and its significance for RVD have been reported from a variety of preparations. 
BKCa  or maxi-K+ channels exhibit large (big) unitary conductances in the range of some 100 pS to 250 pS and show under symmetrical high K+ solutions a linear current-to-voltage relation. In most instances, BKCa channels are inhibited by Ba++, quinine, and TEA (tetraethylammonium), as well as by (the scorpion peptide) charybdotoxin. They are selectively blocked by (the scorpion toxin) iberiotoxin. BKCa channels are found in neurons, skeletal muscle, smooth muscle, and in epithelial cells, where they reside in the apical membrane. BKCa channels are activated by membrane depolarization and micromolar concentrations of cell Ca2+. It is this Ca2+ sensitivity that might function as a link to a swelling-induced increase in intracellular calcium. Likewise, the voltage-dependence of BKCa channels may reflect the coupling mechanism to a hypotonicity-induced activation of Cl- channels. Their membrane topology is related to that of voltage-gated K+ channels. 
The activation of BKCa channels under hypotonic conditions could be demonstrated in Necturus and rabbit proximal tubule cells, in principal cells of rabbit and rat cortical collecting tubule, in clonal kidney cells derived from African green monkey, in acinar cells of rat lacrimal gland (Park et al. 1994), in embryonic chick hepatocytes, and in guinea pig jejunal villus enterocytes. 
These results suggest a direct effect of membrane stretch on the channel itself or on a closely associated component as a mode of channel regulation. Also of note is the distinct sensitivity of BKCa channels to extracellular ATP as it was observed in Vero cells. Thus, ATP release may well function as an autocrine (or paracrine) mechanism of hypotonic channel activation.

IKCa channels are activated by cytosolic Ca2+ activities in the upper nanomolar range and exhibit an intermediate conductance that (at 0 mV) equals 20 pS–80 pS. They are voltage-independent but weakly inwardly rectifying (under symmetrical high K+ conditions). IKCa channels are weakly inhibited by quinine but efficiently blocked by charybdotoxin and (more selectively) by clotrimazole. 
The human IKCa channel is 88% and 90% identical to the mouse and rat channel, respectively, and 40% to 42% identical to SKCa channels. 
There are several reports which identify this type of channel as the mediator of conductive hypotonicity-induced K+ release. In the human epithelial cell line Intestine 407, hypotonic swelling led to a significant increase of cell Ca2+, thereby activating IKCa channels. Human T lymphocytes express a Ca2+-activated K+ conductance that was activated by hypotonic conditions (Khanna et al. 1999). The K+ conductance was slightly inwardly rectifying and blocked by charybdotoxin as well as clotrimazole. 
SKCa channels under symmetrical high K+ conditions exhibit a small conductance of some 4 pS–18 pS (at 0 mV) and are activated by nanomolar concentrations of Ca2+. They are inwardly rectifying and voltage-independent. In electrically excitable cells, SKCa channels mediate the slow after-hyperpolarization following action potentials. 
Thus far, there is only limited evidence for the involvement of SKCa in volume regulation. 
Two members of voltage-gated K+ channels could be defined as mediators of RVD, namely Kv1.3 and Kv1.5. Kv channels were found to be also expressed in electrically nonexcitable cells such as T-lymphocytes. There is increasing evidence suggesting that they play a role in cell volume regulation (Felipe et al. 1993; Lewis and Cahalan 1995). It was found, for instance, that a mouse T-lymphocyte cell-line (CTLL-2) that does not express voltage-dependent K+ channels did not exhibit any signifi-cant RVD under hypotonic conditions. 
Cl- channels
The apparently most abundant form of hypotonicity-induced Cl- channels belong to a group that has been named VSOR (volume-sensitive outwardly-rectifying) Cl- channels, VRAC (for “volume-regulated anion channels”, or VSOAC (volume-sensitive organic osmolyte-anion channels).
An example for such a channel is given in Fig. 4.

[image: image6.emf]
Fig. 4 A Activation of anion conductance in rat inner medullary collecting duct (IMCD) cells under hypo-tonic conditions. Whole-cell patch-clamp recording with symmetrical CsCl solutions; the osmolarity of the pipette solution was 600 mOsm/l. At the time indicated, osmolarity of the superfusate was reduced from 600 mOsm/l to 500 mOsm/l. Voltage ramps from -60 to +60 mV and 2 s duration were applied every 15 s. B Current-voltage relationship before (line a), at 6.5 min (line b), and at 11 min (line c) of hypotonicity; currents were referred to membrane capacitance. C Time-dependent inactivation of hypotonicity-induced Cl-conductance at depolarizing voltages. Membrane voltage was stepped from -80 mV to positive values in the range of +30 to +120 mV with 10 mV increment after each pulse. Pulse duration and interval between pulses were 10 s and 15 s, respectively (A and B from Boese et al. 1996b; C from Boese et al. 1996a)
Their significant outward rectification persists under symmetrical Cl- conditions. An interesting feature of VSOR Cl- channels is their pronounced inactivation when membrane voltage is stepped from very negative values to above +50 mV. 
ClC-2 and ClC-3 were also considered as molecular candidates for VSOR Cl- channels. The first member of this group of voltage-gated channels (ClC-0) was cloned from the electric ray Torpedo (Jentsch et al. 1990). Typically, ClCs exhibit ten to twelve transmem-brane helices and the N-and C-termini are located in the cytosol. Most ClCs (except some prokaryotic isoforms) contain two hydrophobic domains close to the C-terminus that may be involved in their cellular sorting (Schmidt-Rose and Jentsch 1997; Jentsch et al. 1999). ClCs were supposed to function as dimers, with each monomer showing a separate pore.
ClC-3 exhibits many similarities to VSOR Cl- channels including outward rectification, unitary conductance, anion selectivity, voltage-dependent inactivation, and inhibition by extracellular nucleotides, stilbene derivatives, and tamoxifen. There are some significant differences remaining, however. Among these is the enormous basal activity of ClC-3 when compared to VSOR Cl- chan-nels, the latter being undetectable under isotonic conditions. Moreover, ClC-3 appears to be inhibited by PKC, whereas PKC stimulates VSOR Cl- channels in many preparations.
BCl (or maxi Cl-) channels that are activated under hypotonic conditions have been reported from cardiac myocytes of new-born rats, rat cortical astrocytes in primary culture, the rabbit renal cortical collecting duct cell line RCCT-28A and primary cultures of bovine pigmented ciliary epithelium. Typically, BCl channels exhibit unitary conductances in the range of 100 pS to 400 pS and a linear current-to-voltage relationship. In most instances, up to five identical subconductance levels were detected. BCl channels have a bell-shaped voltage dependence with very low activity outside the range of –40 mV to +40 mV. BCl channels may be activated by membrane stretch or by patch excision from nonswollen cells. Based on the effects of cytochalasins, a direct regulatory interaction with the actin cytoskeleton is assumed. BCl channels may be related to the voltage-dependent an-ion channel (VDAC), a porin-like channel found in eukaryotic mitochondria or to the brain-derived voltage-dependent anion channel 1 (BR1-VDAC), which is also expressed in lymphocytes, kidney, heart, and skeletal muscle.

Hypotonicity-induced SCl (or mini Cl-) channels with unitary conductances in the range of 2 pS to 10 pS have been reported from single-channel patch-clamp studies on the ventricular membrane of choroid plexu and pigmented and nonpigmented bovine ciliary epithelium. It is because of these low conductances that the biophysical properties and the actual contribution of SCl channels to macroscopic conduc-tances were sometimes hard to define. In the human colon cell-line HT29, for instance, the Cl- channels activated by cell swelling appeared to be too small to be detected by use of single-channel patch-clamp techniques. 
K+-Cl-symport

Electroneutral KCl release appears to be one of the major features during RVD in many systems.
K+-Cl- symport was first defined in erythrocytes as Cl- dependent and ouabain-insensi-tive K+ transport and, thereafter, detected in many other cell types. Four isoforms of K+-Cl- symporters (KCC1–KCC4) have been cloned to date which exhibit significant molecular similarities to the Na+-Cl-symporter (NCC) and to the known mediators of Na+-K+-2Cl-symport (NKCC1 and NKCC2; see the sec-tion entitled “Na+-K+-2Cl-symport”). All together, they form the superfamily of cation-Cl-cotransporters (CCCs) that appears to originate from an ancient short transport protein found in cyanobacteria. KCC3 was most prominent in heart and kidney, but also detectable in skeletal muscle, placenta, liver, lung, pancreas, endothelial cells, and in the central nervous system. 
Cation channels

In some systems, hypotonic stress leads to the activation of nonselective cation channels. At first sight this may be surprising because, due to the steeper electrochemical Na+ than K+ gradient across the cell membrane, nonselective cation channels are expected to mediate a net uptake rather than a release of osmolytes. It has to be considered, however, that some of these channels exhibit a slightly higher permeability for K+ when compared to Na+. Moreover, certain nonselective cation channels are permeable to divalent cations so that they may play a role in Ca2+ signaling. Some nonselective cation channels are sensi-tive to membrane stretch.
A second group of cation channels does not discriminate significantly among small monovalent cations, but these channels exhibit a sizeable permeability to Ca2+ (and/or Ba2+). Channels of this type were found in Ehrlich ascites tumor cells, rat hepatocytes (Bear 1990), single proximal tubule cells of frog kidney, porcine cerebral capillaries, rat atrial cells, guinea-pig gastric smooth muscle cells, as well as in Rana and Xenopus oocytes. 
Recently, first molecular correlates to hypotonicity-induced, nonselective, and Ca2+-permeable cation channels could be identified in human, rat, mouse, and chicken. These are the “osmosensitive, transient receptor potential channel 4”. 
Swelling and stretch-activated channels that are nonselective for small monovalent cations and apparently impermeable to Ca2+ were found in the basolateral membrane of frog proximal tubule, and in human epididymal cells. Unitary conductances were in the range of 7 pS to 25 pS. In toad urinary bladder and in the A6 cell line derived from Xenopus kidney, cell swelling activated nonselective cation channels that were blocked by extracel-lular Ca2+ at millimolar concentrations. The actual role of these channels in the RVD process is completely unclear and re-mains to be elucidated.
Organic osmolytes in RVD

After exposure to hypotonic media, cells begin almost immediately to release organic os-molytes in addition to inorganic osmolytes. This release is not the consequence of a general increase of the membrane permeability to organic solutes, but shows a marked specificity and thus involves specific release pathways. These pathways are only briefly activated as exemplified for sorbitol efflux from IMCD cells in Fig. 5.
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Fig. 5 Time course of activation of sorbitol efflux from IMCD cells during exposure to hypotonic solution. IMCD cells isolated at 600 mOsm/l were exposed at time 0 to a medium of 300 mOsm/l. Membrane permeability was calculated based on the difference between intracellular and extracellular concentration of sorbitol.

Some of them have quite low osmotic thresholds. In some cells, organic osmolyte release accounts for about 50% of the total osmolytes released during RVD; thereby, its importance in overall cell volume regulation becomes evident. It also becomes necessary for the cells to coordinate the various channel activities so that they can operate in concert at the proper activity. How this coordination is achieved is one of the enigmas that remain to be solved.
Swelling-activated taurine release

Taurine release induced by cell swelling is a well-studied phenomenon in Ehrlich Ascites tumor cells, articular chondrocytes, astrocytes, endothelial cells, neurons, and renal medullary cells. Taurine efflux is passive and directed only by the concentration difference, lacks saturability and trans-stimulation. In addition, taurine flux in a variety of cells is inhibited by a range of anion channel blockers. These properties suggest that taurine efflux is mediated by a transport system which is more similar to a channel than to a transporte. The search for such channels has revealed the following candidates thus far.
VSOR-Cl-channel, VSOAC, or VRAC

As discussed in more detail above (see the section entitled “Cl- channels”) these channels are outwardly rectifying and have significant permeabilities to anionic amino acids, including those with anionic side chains (glutamate and aspartate), as well as the anionic form of zwitterionic amino acids such as taurine. Attempts to further investigate the substrate specificity with regard to the organic osmolytes by measuring the effect of extracellular amino acids on RVD in glia cells  or by electrophysiological studies revealed that the channel has a higher permeability to -amino acids compared to -amino acids. 
In a variety of cells, VSOR-Cl-channel and the taurine efflux pathways have an almost identical sensitivity to anion channel blockers. Figure 6 shows as an example the findings in rat IMCD cells.
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Fig. 6 Effects of various anion channel blockers on swelling-activated anion conductance in rat IMCD cells. Inhibition of volume-activated anion conductance under symmetrical taurine conditions (300 nM; pH 7.8; 31 nM charged; %inhibition ITau) plotted against inhibition of anion currents in symmetrical 140 mM CsCl conditions (%inhibition ICl-) by various anion channel blockers (unpaired experiments); n=5 for all experimental conditions. For most data points, SE values are smaller than the symbols used. NFA niflumic acid, DDFS 1,9-dideoxyforskolin, NPPB 5-nitro-2-(3-phenylpropylamino) benzoate, DIDS 4,41-di-isothiocyanostilbene-2,2disulfonic acid, SITS 4-acetamino-40 -isothiocyanostilbene-2,2disulfonic acid.
Because the rate of activation is also similar, these data suggest that chloride and taurine share the same release path.

Interestingly, VSOAC activity is regulated by the metabolic status of the cell. When intracellular ATP falls, the relative taurine efflux decreases. This has been observed in rat glial cells, endothelial cells and rat IMCD cells. 
Other systems involved in volume regulation

Cl-/HCO3-antiport

The superfamily of bicarbonate transporters (BTs) consists of two groups, namely, the AE family of anion exchangers (i.e., Cl-/HCO3-antiporters) and the family of HCO3-transporters that are coupled to Na+. Whereas no direct contribution of NBCs to cell volume regulation has been reported so far, Cl-/HCO3-anti-port is of considerable importance for, both RVI as well as RVD. Four isoforms have been
Phospholemman

Phospholemman (PLM) is a small membrane protein of 15 kDa which was first purified, cloned, and sequenced from dog heart. Overexpression of PLM in HEK293 cells significantly increased the membrane currents elicited by hypotonic stress as well as the release of Cl-(I-) and taurine during RVD; moreover, this osmolyte release could be markedly reduced by use of PLM-specific antisense oligonucleotides.
Taken together these results suggest a role of PLM in both RVD and RVI. This could mean that PLM functions as a last line of defense so that a cell under strong anisotonic conditions opens a large osmotic shunt just to survive. 
Na+, K+-ATPase

Cell volume homeostasis depends on the balance between osmolyte entry into the cell and removal of osmolytes from the cell interior. For cells that possess sodium entry pathways, such as sodium channels, Na+/H+ antiporter, Na+, K+, 2Cl- symporter, or other sodium cotransporters, sodium entering the cells is removed by the primary active Na+, K+-ATPase. The activity of this enzyme, thereby plays an important role in maintaining the cell volume as indicated by the cell swelling observed in isotonic media when ouabain is present in the incubation medium. This observation reflects the actual stoichiometry of Na+, K+-ATPase of 3 Na+/2 K+ which continuously leads to a net loss of cellular inorganic osmolytes. In this context, it is also of note that in some systems an inhibition of the enzyme appears to directly contribute to the RVI processes.
During RVI following the exposure of cells to shrinkage in hypertonic media, the Na+, K+-ATPase is particularly important in cells that primarily and predominantly activate regulatory osmolyte transport systems, which enhance the intracellular sodium content, such as the Na+/H+ antiporter, the Na+, K+, 2Cl- symporter, or a sodium channel, as discussed above. In a study in which osmolyte and Na+ transport balances of rat hepatocytes were quantified as a function of hypertonic stress (see Fig. 7), it could be demonstrated that ouabain-sensitive 86Rb uptake, representing the transport activity of the Na+, K+-ATPase, increased almost fourfold in a saturable fashion with increasing extracellular osmolarity.
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Fig. 7 Balance between Na+ import and Na+ export by the Na+, K+-ATPase plus the actual increase of cell Na+. Rat hepatocytes in primary culture were exposed to increasing osmolarities. Note the saturability of the Na+, K+-ATPase pump rate.
Signal transduction in volume regulation
Sensory systems and set points

Although the search for sensory mechanisms of cell volume changes has been carried out very intensively during recent years, a conclusive model of an osmosensor in mammalian cells has not yet been presented. The main cause for this gap lies in the nature of cellular signalling events. Usually, several signalling mechanisms are activated in parallel and some of them do influence each other mutually. This integrative character of signalling networks makes the assignment of signalling events to distinct pathways difficult. The concept that not one single osmosensor but rather a complex sensory system exists, has to be taken into account. Such a sensory system has to fulfill two major requirements. On the one hand, it has to be very sensitive to perceive even slight alterations of cell volume. On the other hand, the sensor must amplify and transfer the information to trigger signalling cascades leading to the activation of volume regulatory processes.
The mechanisms that have been reported to be implicated in sensing changes of cell hydration can be classified into three major groups, according to their cellular location. They can be (1) associated with the cytoskeleton perceiving changes in the interaction be-tween extracellular matrix and plasma membrane receptors; (2) intracellular solute sensors sensitive to changes in macromolecular crowding and/or ionic strength and (3) membrane-based sensors which record alterations of cell membrane stretch.
Extracellular matrix and cytoskeleton

Cells adhere to the ambient extracellular matrix (ECM) via cellular integrins which are clustered to focal adhesions upon binding of ECM-ligands. Proteins that are associated with these adhesion sites may serve to maintain structural integrity, and equally well, they may be involved in signal transduction.
 Cell membrane stretch

Cell swelling causes stretching of the plasma membrane, whereas shrinkage leads to a decrease in cell membrane stretch. These alterations of membrane tension may generate a signal perceived by stretch-sensitive channels. Among the stretch-sensitive channels, both stretch-activated and stretch-inactivated channels can be found. Stretch-activated channels can either be nonselective cation channels permeable for K+, Na+ and Ca2+, or channels selective for Ca2+, K+ or Cl-(Hoffmann and Dunham 1995; Lang et al.
1998a).
The activation of nonselective stretch-activated cation channels upon cell swelling was demonstrated in several cells. Activation of these channels con-tributes to RVD, probably mainly by the resulting Ca2+ current (Hoffmann and Dunham. The resulting (local) increase in intracellular Ca2+ then activates Ca2+-sensitive K+ channels (Christensen 1987; Ubl et al. 1988). The loss of K+ is accompanied by osmotic water movement, leading to volume decrease (see the sections entitled “K+ channels” and “Cation channels”).
The activation of selective stretch-activated ion channels contributes directly to cell volume regulation. Stretch-and volume-sensitive K+ channels were demonstrated for Nec-turus proximal tubule cells, gall bladder cellsand enterocytes. Similarly, cell membrane stretch may also lead to the activation of stretch-sensitive maxi Cl- channels, which were reported to be activated upon cell swelling in several systems (see the section entitled “Cl-chan-nels”).
Stretch-inhibited channels are not as common as stretch-activated channels, and their relevance for cell volume regulation is usually regarded as negligible. Nevertheless, Suzuki et al. showed, that a cation channel cloned from rat kidney is inactivated by membrane stretch due to cell swelling and activated by cell shrinkage (Suzuki et al. 1999).
The mechanism by which stretch-sensitive channels are regulated by cell volume changes has not yet been fully elucidated. Signals modulating stretch-sensitive channel could be mechanical tension, conveyed by the membrane or the cytoskeleton, or the release of stretch-sensitive messengers, such as fatty acids.

Lipid derived messengers
Phosphoinositides

Lipid signalling through phosphoinositides was reported to be involved in cell survival, cytoskeletal remodeling, metabolic control, and vesicular trafficking. Since all these processes are related to cell volume regulation, it seems not surprising that there is ample evidence for the in-volvement of lipid-derived messengers in processes maintaining osmolyte balance. Phosphoinositides can interfere at different levels with signalling cascades. As signalling inter-mediates, they can serve as substrate and cofactor for phospholipases or phosphatidylino-sitol kinases. They are also capable of regulating various enzymes like Rho GTPases and profilin and modulating ion channels and transporters.
Arachidonic acid and eicosanoids

Arachidonic acid (AA) can be directly released from phosphatidylcholine and phosphati-dylethanolamine by the activity of phospholipase A2 (PLA2). The cleavage of phosphati-dylinositol by phospholipase C yields arachidonic acid out of diacylglycerol (DAG). Phospholipase D produces phosphatic acid, which can be transferred to arachidonic acid by the action of diglyceride lipase. Phosphatic acid may also be hydrolysed by PLA2 into AA and lysophosphatic acid (LPA).
An increase in the intracellular concentration of arachidonic acid and its derivates upon hypotonic cell swelling has been shown for rat IMCD cells (Tinel et al. 1997), human neu-roblastoma cells (Basavappa et al. 1998), and Ehrlich Ascites tumor cells. This release of AA seems to be mainly caused by the activation of PLA2.
In agreement with these findings, inhibition of PLA2 prevents the activation of hypotonically activated events like Cl- current in bovine pigmented ciliary epithelial cells and iodide efflux in rat brain endothelial cells.
Phosphatic acid and lysophosphatic acid

Phospholipase D (PLD) generates the lipid second messengers phosphatic acid (PA) and choline by the cleavage of phosphatidylcholine. Only few examples exist for the involvement of PLD in volume-regulatory signalling. In skate erythrocytes, hypotonic treatment increases the turnover of phosphatidylcholine and the formation of PA due to the activa-tion of PLD. 
Diacylglycerol

In erythrocytes, the intracellular level of diacylglycerol (DAG) is increased by hypotonicity. DAG is a product of PLC and able to activate protein kinase C (PKC). PKC is a serine/threonine kinase of central importance in intracellular sig-nalling cascades; hence, it is not astonishing that PKC is activated upon hypotonic cell swelling as well as upon hypertonic cell shrinkage in various systems.
Cyclic nucleotides

The intracellular amounts of cAMP, as well as cAMP-dependent phosphorylation, have been demonstrated to be unaffected by osmotic cell shrinkage in duck and turkey erythrocytes. Initiation of the cAMP pathway is more likely to inhibit RVI, since cAMP-dependent activation of PKA can prevent the uptake of the organic osmolytes betaine and myo-inositol, as shown for MDCK cells. 
Intracellular calcium

An involvement of calcium in volume regulation has been found in many cellular systems. In particular, the regulation of cell swelling seems to often be accompanied by calcium signals. In the case of hypertonic stress and cell shrinkage, other intracellular signal transduction processes seem to be responsible for the recovery of the cell volume and thus the reports about an involvement of calcium in RVI are very rare. In this overview, we will focus, therefore, on the role of calcium during RVD.
The core process of volume regulation after cell swelling is a release of osmolytes, re-sulting in reduction of cellular water content. Many different transport processes involved in RVD have been found to be calcium-dependent. Calcium-regulated potassium conductance via BKCa, IKCa, and SKCa have been found in many cells. Also chloride conductances induced by volume changes have been ob-served to be regulated by calcium/calmodulin-dependent processes (see the section enti-tled “Cl- channels”). In guinea pig jejunal villus epithelial cells, a calcium/calmodulin kinase II-mediated phosphorylation is a critical determinant of the volume regulation. In some cells, the calcium action on the same transport system seems to be transmitted via different effector proteins; for example, in human cer-vical cancer cells, myosin light-chain kinase and protein kinase C regulate a volume-sensi-tive chloride channel. 
The source of the calcium involved in the volume regulation seems to be cell type-dependent. In several cells, RVD strictly depends on calcium entry across the plasma membrane. In these systems, the volume response can be inhibited by extracellular calcium re-moval or by addition of calcium channel blockers. A swelling-induced rise in intracellular calcium in rabbit medullary thick ascending limb cells was absent in low-calcium solu-tions (see Fig. 9).
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Conclusions and perspectives

The data presented above document once more the complexity of events that ultimately result in the maintenance of cell volume and its restoration after disturbance by an osmotic difference between intra-and extracellular space. This complexity, although difficult to decipher, provides different cells with various mechanisms that are adapted to protect themselves and at the same time to fulfill their overall role in the organism. Within one particular cell, the presence of multiple systems might open multiple possibilities to achieve a graded response to osmotic stimuli.
To obtain further insight into this complexity several steps at different levels of resolu-tion are necessary. At the level of the single molecules, proper molecular and pharmacological identification, proper biophysical characterization, and proper analysis of biochem-ical alterations have to be continued and intensified. At the cellular level, the simultaneous measurement of the activities of the most important osmolyte transporters and the concen-tration of the various osmolytes at a higher temporal and spatial resolution have to be per-formed. The same holds for the determination of the localization and activity of the vari-ous elements of the signal transduction network.
Only then will it be possible to describe the dynamic nature of cell volume regulation and its underlying mechanisms in a quantitative way based on causal relationships.
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