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1 

General introduction 

CELL VOLUME REGULATION 

1.fammalian cells are surrounded by a selective permeable plasma membrane that allmvs 

the interior of the cell to differ in composition from the surrounding solution. The plasma mem­

brane is formed by a bilayer of (phospho-) lipids and contains many different proteins. 

Hydrophobic molecules such as hydrocarbons, carbon dioxide and oxygen, rapidly dissohTc into 

the membrane and can cross it by diffusion. Other small molecules that are polar but uncharged, 

for example \vater and ethanol, can also pass the membrane by simple diffusion. In contrast, the 

membrane is selectively permeable for specific ions and polar molecules that can only croSs the 

membrane barrier with the aid of specific membrane-spanning transport proteins. Some of 

these proteins form hydrophilic channels through \"vhich specific molecules diffuse dmvn their 

concentration gradient (passive transport). Other transport proteins use energy (direct or indi­

rect) to pump molecules against their concentration gradient into or out of the cell (active trans­

port). 

Due to the high water-permeability of the mammalian plasma membrane, an imbalan­

ce between the osmolarity of the cytoplasm and the surrounding medium will immediately lead 

to a redistribution of \vater and to a subsequent change in cell volume. Because disturbances in 

cell size will finally result in a loss of function, most cell types react immediately by activating 

\-olume regulatory mechanisms. In general, these in\-ohT the acti\ration of transport pathways in 

the plasma membrane, leading to either a net accumulation (regulatory volume increase or RV1) 

or a loss of osmotically active intracellular solutes (regulatory volume decrease or RVD). Both 

9 



General introductioll 

processes are schematically illustrated in Figure 1. The principal inorganic ions in\Tolved in \'01u­

me regulation are Na-, K+ and CI-, Cell shrinkage leads to the net uptake of l"'aCl, through acti­

vation of :\Ia+ IH+ and Cl-/HC03- antiporters or bv activation of :\I a--K+ -2Cl- or i':a+ -Cl- sym­

porters (for re\Tlnvs see: [1-3]), Osmotic cell swelling, however, leads to the extrusion of K+ and 

C]- by a parallel activation of cation and anion selective ion channels in the majority of cell types 

studied, or by activation of K+ IC)- co-transport [3-6]. In addition, the redistribution of ions is 

often accompanied by the release or accumulation of organic osmolytes, such as polyols, 

methylamines and certain amino acids, which do not interfere \'lith cellular function (for revie"ws 

see: [2,7]). 

\\/hereas the mode of activation of K+ -channels involved in the RVD response is \vell­

known, involving a local rise in intracellular free Ca2+ [8-11], the molecular identity and the 

mechanism of activation of the volume-regulated anion channels (VRA.Cs) have not yet been 

full\' elucidated. 

Osmotic 

Shrink? 

osm~ 
swelling 

Figure 1. Schematic illustration of cell volume regulation 

~D 

A .. n increase in extracellular osmolarity or a decrease in osmolarit) of the cytosol will lead to an eftlux of 

\\'arer from the cytosol to the extracellular medium resulting in cell shrinkage. r 'ire ,,'(WI, a decrease in extracellular 

osmolarity, or an increase in [he osmolarity of the cytosol willlcad to cell s\H:Uing. In reaction to cell shrinkage, ion 

transporters me actinted resulting in the net uptake of ::-\aCI, "\\,hile cell swelling induces acti\"mion of ion channels 

leading to K+ and Cl~ emux, The inset shows the orientation of phospholipids in the lipid bilayer. 
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Chapter 1 

PHYSIOLOGICAL AND PATHOPHYSIOLOGICAL DISTURBANCES IN INTRA­

OR EXTRACELLULAR OSMOLARITY 

Physiological disturbances in osmolarity 

In mammals, \"olume stress under physiological conditions is generally due to a change 

in the intracellular osmotic pressure caused by hormone-regulated metabolic processes, by bulk 

uptake and transport of nutrients, or by secretory processes. The osmolarity of the interstitial 

fluid is carefully maintained \vithin a natro\\, range by interlocking endocrine systems: a change 

in plasma osmolarity or volume is sensed by osmoreceptors in the brain and in atrial and juxta­

glomerular endocrine cells, \vhich respond by secreting hormones that affect thirst sensation and 

the renal uptake or excretion of water and salts. B]T these mechanisms, many cell types in the 

body are protected against large disturbances in extracellular osmolarity. A notable exception are 

the intestinal and renal epithelia, which experience frequent osmotic perturbations of extracel­

lular origin due to an isosmotic luminal fluid, or to rapid changes from hyperosmolarity to isos­

molarity during transition from antidiuresis to diuresis (kidney medulla) [6]. 

As proposed by Haussinger and Schliess [12], a hormone-induced change in cellular 

volume may serve as an independent signal that regulates cellular metabolism and gene expres­

sion. For example, insulin and glucagon affect the cellular hydration by modulating ion transport 

systems. Insulin, by activating :t\a+ /H+ exchange, Na+ /K+ -2Cl- cotransport and the Na+ !I(+­

ATPase, stimulates the accumulation of K+, :\Ja .... and CI- and subsequently induces cell s\velling. 

Glucagon, in contrast, induces the depletion of cellular K+, Na+ and probably Cl- by simulta­

neously acti\'ating K+ -channels and 1\'a+ /K--ATPase leading to cell shrinkage. In hepatocytes, 

an increase in cell volume promotes a more anabolic metabolism, \vhereas a decrease in cell volu­

me triggers a catabolic pattern of cellular function r2,12]. 

Pathophysiological disturbances in osmolarity 

Se\'eral pathological conditions lead to a disturbance of the body fluid osmolarity (for 

revie\'l see: [13]). An increase in extracellular osmolarity of pathological origin is seen during 

hypernatremia, hyperglycemia and uremia. Hypernatremia is primarily caused by disturbances of 

the sensorium that limit free access to water, such as stroke, cranial trauma and diabetes insipi­

dus. Other cauSes are excessi\re diarrhea, exposure to extremely hot climates or (chronic) renal 

failure combined \'lith the inability to replenish water. Hyperglycemia occurS most often in the 

setting of diabetes mellitus. Cremia is caused by renal failure leading to an increased plasma con­

centration of urea. A decrease in extracellular osmolarit}, is seen in hyponatremia. A yariety of 

pathological conditions lead to the impairment of free water clearance and thereby to hypona­

tremia. The most common are congestive heart failure, hepatic cirrhosis, chronic renal failure 

and inappropriate secretion of antidiuretic hormone (SIADH). 

Besides alterations in extracellular environment, cell swelling occurs also during periods 

of an impairment of cellular metabolic activity. Due to the processes that maintain the Gibbs-
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General introductioJl 

Donnan disequilibrium, a constant supply of energy is necessary to maintain cell volume. It is 

"well kno\\;n for many years that ischaemia leads to acute cell swelling in the heart (one of the 

most extensi\cely studied organs), brain, kidney, gallbladder, liver and skeletal muscle [14]. 

lschaemia causes a shift from aerobic metabolism to anaerobic glycolysis, resulting in the accu­

mulation of metabolites such as inorganic phosphates and lactate, which increase tissue osmo­

larity. In zero-flo\.\,' ischaemia, there is no metabolite \vashout and osmolytes accumulate in the 

extracellular space thereby reducing the transmembrane osmotic gradient. However, during low­

flo\v ischaemia or reperfusion, osmolytes expelled from cells are gradually \.vashed away, redu­

cing extracellular osmolarity, which finally results in cell swelling (reviewed by [15]). 

CHARACTERISTICS OF THE VOLUME-REGULATED ANION CONDUCTANCE 

In spite of the fact that the molecular identity of the VRAC has not yet been establis­

hed, the characteristics of the VRAC have been studied extensively in many different cell types 

using the whole cell patch clamp technique (reviewed in: [4,16,17]). The results of these studies 

revealed that the cell s\.velling-induced current displays (1) a marked ouhvard rectification; (2) a 

strong voltage-dependent inactivation at depolarizing membrane potentials; (3) a permeability 

sequence, as determined from shifts in reversal potential, that corresponds to the Eisenman's 

sequence I (SCN->I->Br->CI->F->gluconate-); and (4) an inhibition by common Cl--channel 

blockers like 4-acetamido-4'-isothiocyanostilbene (SITS), 5-nitro-2-(3-phenylpropylamino)-ben­

zoate (NPPB) and diphenylamine-2-carboxylate (DPC)- In addition, extracellularly applied 

nucleotides, like ATP and UTP, in millimolar concentrations, as well as the purinoceptor anta­

gonists suramin and reactive blue inhibit the cell swelling-induced anion conductance (Figure 2). 

This inhibition is most prominent at depolarizing membrane potentials and apparently does not 

involve purinoceptor actiyation [18]. 

The volume-sensitive anion conductance can also be studied in intact monolayers of 

intact cells using macroscopic 36CI- or 1251- efflux assays. In such an assay, the release of isotope 

into the extracellular medium is quantified as a function of time. In Intestine 407 cells, the cell 

line used in our studies, a significant increase in anion efflux was already observed after reducing 

the osmolarity of the extracellular fluid by 5 - 10%, whereas saturation of the response is rea­

ched at an approx. 30(% reduction in tonicity. Unlike the increase in anion conductance obsen'ed 

during whole-cell patch clamp experiments, \vhich lasts as long as the bathing solution remains 

hypotonic, the anion efflux from intact cells is transient, even when the reduction in the tonici­

ty of the medium is permanent, and closely resembles the actual change in cell volume as occurs 

during the RVD response [19]-

12 



Chapter 1 

A B 
!=':':=-':'<E""'-~~=~T"':~ ~"",,, .. - _3 

\ II 
;' II 

J \ .......... 
o mV _ •••••• u ••••••• 

1:---- ______ ~~I 
------~ 

/ 
t 

100 mV 

-100 mvtJL 
hypotonic 

+ 
suramin 

0.5 nA I 
2 min 

Figure 2. Hypotonicity-induced anion conductance in Intestine 407 

Time course of actiYation of the swelling-i:oduccd whole-cell Cl- current at -1 U(J and + 100 111 V holding 

potentials, and its inhibition by extracellular added surarnin (10c! !-1M, tlnal concentration). lnset~ (A-C) show Cl- cur­

rents in response to step pulses (2 s duration) from -IO() to +10() rnV (in 25 mV increments) at a higher time resolu­

tion. The hypotonic-shock induced Cl" current displays a marked outward rectification and a strong w)ltagc-dcpcnd­

cnt inacti,"atioo at depolarizing rnembrane potential~ (Inset B). The inhibition of the 0- current by suramin is most 

prominent at depolarizing membrane potentials. 

CANDIDATE PROTEINS FOR VOLUME-REGULATED ANION CHANNELS 

Several membrane proteins have been proposed to senT as a VRAC itself, or as an 

important regulator of VRAC. The most plausible candidate proteins are discussed belm'i: 

ATP-binding cassette proteins 

CFTR (cystic fibrosis transmembrane-conductance regulator) and P-glycoprotein are 

members of the superfamily of ATP-binding cassette (ABC) proteins, and \\rere found to dis­

play complementary patterns of expression in epithelial tissue r20]. Therefore, it was suggested 

that CFTR and P-glycoprotein may have overlapping physiological functions. Both proteins were 

found to be associated \vith cell volume regulation in distinct cell models. An antibody raised 

against a peptide corresponding with the amino acid positions 505-511 of CFTR partially atte­

nuated the swelling-activated Cl- current in the human colonic cell line T84 [211- Furthermore, 

Valverde et aL [22] found that cell volume regulation after hypotonic challenge is defective in 

intestinal crypt epithelial cells isolated from CFTR knockout mice. However, in this cell type the 
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impairment of RVD in CFTR -/ - crypts appeared to be related to the inhibition of yolume-sen­

sith-e K+ -channels rather than CI-.channels, suggesting that CFTR plays a crucial role in the ope­

ning of yolume-sensitiye j(+-channels [22]. Also in other cell types CFTR-mediated Cl- currents 

were found to function completely independent of the \-olume-regulated anion currents [23-25]. 

P-glycoprotein (:-'IDR-1) was suggested to be the \Tolume-sensith-e channel protein itself 

by Vah-erde et aL [26] \\·ho found that expression of the protein increased the yolume-sensitiye 

CI- currents significantly, whereas tamoxifen, a P-glycoprotein inhibitor, \-vas found to inhibit 

both CI--channel activity and the RVD response. Kunzeimann et al. [27], hov,.'e\-er, reported that 

in j-IT-29 colon adenocarcinoma cells, expression of P-gl\'coprotein did not affect the ,-olume­

sensiti\-e K+ and Cl- conductances. In addition, in NIH-3T3 cells lacking P-glycoprotein expres­

sion, osmotic cell swelling leads to the development of a normal increase in Cl- conductance and 

an RVD response l28]. Nevertheless, in some selected cell types P-glycoprotein does seem to 

intluence cell-yolume recovery after s\-velling and may serye as a regulator of endogenous volu­

me-sensitive CI'-channels dependent on its (protein kinase C-modulated) phosphorylation state 

[26,29,30]). In other cell types, e.g. human squamous lung carcinoma epithelial cells, P-glycopro­

tein has been reported to increase the sensitivity of VRAC to P-glycoprotein inhibitors [31]. 

The complete lack of CFTR expression in Intestine 407 cells, despite the de,·elopment 

of large CI- currents in response to hypotonic stimulation (this thesis) suggests that CFTR is not 

of crucial importance in the activation of volume-sensithTe CI-- or K+ -channels. A similar con­

clusion \-vas reached by ~ilius et aL [32] for calf pulmonar artery endothelial (CPAE) cells, who 

likewise failed to detect forskolin- or cA1IP-acth-ited C1- currents, the hallmark of CFTR, \"hile 

large Cl" currents were activated in these cells after hypotonic stimulation. 

Both P-glycoprotein and CFTR haye been reported to be inyoh-ed in the regulation of 

cell swelling- or deformation-induced .ATP release in hepatocytes and red blood cells, respecti­

yely [33,34]. As discussed in Chapter 2, ATP might subseguently act as an auto- or paracrine fac­

tor in the potentiation or e\Ten actiyation of VRACs. These t\vo examples suggest that VRAC 

regulation by the ABC proteins is probably rather complex, and could involve \Try indirect 

mechanisms such as purinergic signalling. 

CIC-2/3 

In mammals, the CIC family of Cl-_channels consists of nine kno"\vn members (revie­

wed by [35]). Two of these members have been suggested to be associated with volume-sensiti­

,'e Cl- currents: ClC-2 and C1C-3. 

CIC-2 \-vas found to contain intramolecular domains that are sensitive to both hyperpo­

larization and extracellular hypotonicity [36]. In T84 cells, however, hypo-osmotic cell swelling 

\vas able to increase the CIC-2 channel activity only after prior activation by hyperpolarizing vol­

tages. Moreover, inhibition of the channel did not affect the RVD [37]. Therefore, it appears that 

CIC-2 channels may contribute to, but are not reguired for development of the volume-sensiti-
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ye Cl~ current. This was confirmed by the findings of Xiong et aJ. [38], who report that expres­

sion of C1C-2 in Sf9 cells enhances the rate of RVD; ho\ve\~er, the associated Cl- current \vas 

distinct from the endogenous swelling-acthcated Cl- currents on the basis of pharmacology and 

inhibition by an anti-ClC-2 antibody. Recently, Tewari et aJ. [39] demonstrated that the human 

recombinant CIC-2 channel expressed in HEK 293 cells are actiwted by c-\:V!P dependent pro­

tein kinase A (PKA) and arachidonic acid. This again supports the notion that CIC-2 is not iden­

tical to a VRAC, because osmo-sensiti,-e Cl- currents are regulated independentl]" of PKA, and 

ate inhibited rather than activated bv arachidonic acid in many cell types (Chapter 2). 

Expression of ClC-3 in "lIH/3T3 cells leads to a latge CI~ conductance under isosmo­

tic conditions, \\'hieh exhibits properties identical to the hypotonicity-induced anion current in 

nati,re cells [40]. The current could be increased b}- inhibition of protein kinase C, whereas an 

increase in intracellular free Ca2+ reduced the current [41]. The latter suggests that in most cell 

types, CIC-3 is not responsible for the \rolume-sensitive Cl- current, since an increase in intra­

cellular Ca2+ was found to potentiate or e'iTen acti\Cate hypotonic shock-induced anion channels, 

as discussed in Chapter 2. In addition, Du and Sorota [42] reported that in canine atrial cells, 

PKC stimulates and does not pre'iTent the volume-sensitive CI- current. 

I e1n 

IUn is a protein originally cloned from j\Iadin-Darby canine kidney C:r..IDCK) cclls and 

ubiquitously expressed in most organs and tissucs (rc'i'iewed by l43]). Expression of the mRNA 

encoding mammalian IUn in XenopllJ laews oocytes induces a Cl- current rcminiscent of thc 'i'olu­

me-sensiti'i'e anion currents as found in almost all cell types studied so far [44]. :\Iutation of one 

amino acid residue (G49) in the putative nucleotide-binding domain of the protein altered both 

the nucleotide sensiti\City and kinetics of the expressed current [44], suggesting that IUn is the 

channel protein itself rather than a regulating protein. Furthermore, the hypotonicity-induced 

CI- currents in ~IH/3T3 cells are suppressed by antiscnse oligonucleotides complementary to 

the first 30 nucleotides of the coding region of the lUn protein [45]. !\Iusch et al. [46], howe,cet, 

found that a hypotonic shock dose-dependently stimulates translocation of ICln from the cyto­

sol to the Triton X-114-insoluble fraction. They found that ICln does not insert into but associ­

ates with the membrane, suggesting that ICln acts as a channel regulator rather than as a channel 

itself [46]. 

There are, however, observations that argue against a crucial role for ICin in the activa­

tion of VRACs. Buyse et al. [47], found that injection of CLC-6 RNA in Xenopus oocytes indu­

ced a CI- current identical to ICln and therefore suggest that the ICln current corresponds to an 

endogenous conductance of Xe1l0PUS oocytes that can be acti\Tated by expression of structurally 

unrelated proteins. Furthermore, some differences Vlere found bet\veen the CI- current induced 

by ICln expression in Xenopus oocytes, and the endogenous hypotonicity-induced Cl- currents of 
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Ceneral introdllction 

.Xenoplls oocytes; for example, unlike the hypotonicity-induced CI- currents, the currents induced 

by IOn \-"\·'ere inhibited by cyclamate, and extracellular c,.-\:\-IP only inhibited the ounvard current 

[481 

AIM AND SCOPE OF THIS THESIS 

The aim of this thesis \vas to unrmce! the signal transduction pathways inyohred in regu­

lator\, cell volume decrease, with special emphasis on the regulation of VRACs, As a model, we 

used the human fetal jejunum-deriyed epithelial cell line Intestine 407, which does not express 

Ca2+ - and voltage-sensitiye Cl--channels nor cA~IP /protein kinase A sensiti"\-e CFTR Cl--chan­

nels [8,49-51]. This low background of Cl"-channel actiyity and the manifestation of large volu­

me-sensiti"\-e CI- currents upon hypotonic stimulation render these cells particularly suitable for 

studying VRACs. Chapter 2 gi"\-es an m'erview of the literature in relation to our own results on 

signalling mechanisms in\'olved in cell volume regulation. 

Erk-1/2 .i\L\P kinase acti\Cation is a general phenomenon in hypotonic stimulation of 

mammalian cells. Furthermore, in homology to the yeast cell system, an important role of Erk-

1/2 _\IAP kinase was suggested in the RVD. The role of Erk-1/2 .i\IAP kinase in yolume-sensi­

tiYe ion channel activation and the signal transduction pathway leading to hypotonicity-induced 

Erk-1/2 acti\-ation was studied, as described in Chapter 3. 

Like many kinds of mechanical stress, hypotonic stimulation leads to the release of ATP 

for many different mammalian cell types. Extracellular ATP is kno\vn to act as an autocrine fac­

tor by signalling through purinergic receptors on the cell membrane. Since purinergic stimula­

tion is kno\vn to affect Cl--channel actiyation in seH:ral cell systems, the role of extracellular ATP 

in swelling-induced anion channel actiyation was studied in Chapter 4. Furthermore, this chap­

ter describes the role of extracellular released ATP in the hypo-osmotic stress-induced activation 

of Erk,1 /2 in Intestine 407 cells. 

In the experiments described in Chapter 5, we investigated the mechanism leading to the 

release of A TP. Because hypo-osmotic swelling coincides with an increase in the rate of vesicle 

recycling, a putative role for exocytosis in the release of ATP "\vas e\Caluated. 

The existence and regulation of hypotonicity-induced endocytosis was studied and des­

cribed in Chapter 6. 

Atomic force microscopy is a very sensitive tool, which is suitable for studying surfaces 

at nanometer resolution. Recently, attempts "\vere made by several groups using this technique for 

scanning and \-isualizing the surface of living cells. In collaboration with the group of Prof. J. 
Greve and Prof. B.G. de Grooth (Department of Applied Physics, University of Twente), we 

started to evaluate the applicability of this technique in studying cell membrane surface events, 

like exo- and endocytosis or membrane unfolding, in response to hypotonicity-induced cell swel­

ling. The first results are described in Chapter 7. 
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INTRODUCTION 

:\.Iost mammalian cells ha\re developed compensatory mechanisms to respond to the 

variable osmotic stress caused by changes in the concentrations of intracellular osmo-actiyc sub­

stances (e.g. glucose, amino acids, lactate) or by variations in the osmolarity of the surrounding 

medium. Two distinct mechanisms can be recognized; the Regulatory Volume Increase (RVI) , 

acti\~ated by cell shrinkage and leading to a net increase in the intracellular osmolarity,' and the 

Regulatory Volume Decrease (RVD), which is triggered by cell swelling and directs a reduction 

in the tonicity of the celL \\"hereas the RVI response depends on the acti\cation of ion pumps 

and carriers, the RVD response principally in\·ohTes the concerted opening of cation and anion 

selecti\Te ion channels. To date, the K+ and Cl- conductances activated upon hypo-osmotic sti­

mulation haye been characterized in many different cell systems. The molecular identity of the 

channels however, as well as the mechanism(s) involved in their activation have not yet been fully 

clarified and may differ bet\veen cell types. In this re\Tiew, \ve will evaluate the different signalling 

pathwa]Ts acti\Tated by osmotic cell swelling and discuss their putative role(s) in ion channel ref,ru­

larion, in maintaining cellular volume homeostasis and in paracrine signal transduction, with 

emphasis on intestinal epithelial cells. 

19 



INTRACELLULAR SIGNALLING MOLECULES INVOLVED IN THE RVD RES­

PONSE 

Although present kno\vledge abollt signal transduction pathways utilised to activate 

\FRI\CS is far from complete, several components of the cascade(s) hmTe been recognised and 

their crucial importance in the activation or regulation of the anion conductance has been esta­

blished. To study cell s\velling-activated Cl--channels in the intestine, we used Intestine 407 cells, 

a human fetal jejunum-derived epithelial cell line. These cells are particularly suitable for study­

ing VRACs, because of their low background of CJ--channel activity. Apart fwm a large swel­

ling-induced anion current, these cells do not express other anion channels such as Ca2+ - and 

mltage-scnsitiyc Cl--channels or c\i\[P/protein kinase A semiti,-e CFTR Cl--channels [1; 2-4]. 

Furthermore, in the sub-clone we used, P-glycoprotein expression \vas not detected using an 

R1':Ase protection assay. 

The different signalling molecules that are activated upon or increased by hypo-osmo­

tic cell swelling are listed belmv and their putative role in the regulation of VRACs is discussed. 

Ca2+ 

In many different cell systems, hypo-osmotic cell s\\;elling leads to an increase in the 

intracellular free Ca2+ concentration (reviewed in: lSD. In the intestine, both in jejunal and colo­

nic epithelial cells, the RVD response was found to be triggered by an elevation of [Ca2+L [6; 7-

8]. Because inhibition of the osmosensitive K+ and/or CI- conductance will result in an impai­

red RVD response f9l, it was impossible to distinguish behveen the effects of Ca2+ on K-- or 

CI"-selective channels, in these studies. In a number of cell models, an increase in [Ca2+]j was 

found to be critically involved in the activation of volume-sensitive Cl- currents [10-15]. In other 

cell types, huwever, including Intestine 407 cells, a rise in [Ca2+Ji was not essential for the acti­

vation of swelling-induced CJ--channels [1,16,17-281. 

Although not ahvays involved in a direct activation of VRACs, Ca2+ may play an impor­

tant role in regulating the magnitude of the compensatory response. Stimulation of Intestine 407 

cells ·with Ca2+ -mobilizing (neuro-) hormones resulted in a potentiation of the cell s\velling­

induced Cl- efflux, which was absent in Bi\PTA-AMloaded cultures [29,3]. This potentiation is 

not due to an in increase in driving force (e.g. stimulation of Ca2-'- -activated K+ -channels) becau­

se of the insensitivity of the anion efflux to treatment with the K- ionophore valinomycin [29]. 

Tyrosine kinases 

In Intestine 407 cells, hypo-osmotic stimulation was found to trigger a rapid and tran­

sient increase in tyrosine phosphorylation of several proteins, including the focal adhesion kina­

se p125FAK and members of the fllAP (mitogen-activated protein) kinase family [16, 30]. 

Treatment of the cells with tyrosine kinase inhibitors like herbimycin or genistein largely redu-
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ccd the celt s\velling-incluced anion efflux and, dce \Tcrsa, promoting tyrosine phosphorylation 

by (per)\'anadate-mediated inhibition of phosphotyrosine phosphatases potentiated the anion 

efflux triggered by non-saturating hypo-osmotic stimulation [16]. These data clearly demonstra­

te that protein tyrosine phosphorylation is a prerequisite for the proper development of the 

RVD response in Intestine 407 cells. In\TohTcment of protein tyrosine phosphorylation in the 

acti\'ation of VRA.Cs has now been established in multiple other cell types, including cardiomy­

ocnes, endothelial cells and lymphocnes [28,31-33]. Sorota [31] demonstrated that the inhibi­

tion of VRi\Cs by genistein is abolished after intracellular application of i\TPyS, but that ATPyS 

by itself is not able to activate the channeL These data are in line \vith the notion that acti\-ation 

of a tyrosine kinase is an essential early step in the activation of volume-sensitive anion chan­

nels and argue against a direct interaction of genistein with \lRACs as has been reported for 

CFTR Cl'-channels [34,351. Activation of VRACs through a mechanism involving protein tyro­

sine phosphorylation is not universally observed in all cell models studied: both in ROS 1 i /2.8 

osteoblasts and in CPAE cells tyrosine kinase inhibitors were found ineffective [36, 37]. In the 

latter cell system however, Voets et al. [33] did find evidence for t}Tosine kinase involvement. 

Sofar, the identity of the tyrosine kinase(s) required for the activation of VRACs has 

been established only for a fe\v cell types. For Jurkat T lymphocytes, strong evidence is a\railable 

that the Src-like p56kk tyrosine kinase is both essential and sufficient for VAAC acti,'ation [32, 

38]. Using p56kk deficient J-Cam 1.6 cells it was demonstrated that the impaired volume regula, 

tion of these cells could be restored by transfection of p56kk [32]. ",'[oreover, in these cells, a 

direct activation of anion channels in excised membrane patches \vas observed follo"\ving addi­

tion of purified p56kk and ATP [38]. In endothelial cells, however, Src-like kinases are apparently 

not involved in VRAC acti\'ation, since specific Src-activating peptides did not affect volume­

sensitive anion currents [33]. 

MAP kinases 

The lYIAP k..inases constitute a family of serine-threonine protein kinases, ubiquitously 

expressed in eukaryotes, that are acthTated by such diverse stimuli as growth factors, (neuro-)hor­

mones, cytokines as well as hy several forms of cellular stress. Signalling through J\lAP kinases 

involves the stimulation of a "three-component module" (Figure 1) consisting of a ~IAP kina­

se kinase kinase (:\'lKKK), a MAP kinase kinase (MKK) and, t1nalh', the ",lAP kinases themsel, 

yes (reviewed in: [39]). Three different subfamilies of }\'[J\p kinases have been recognized in 

mammalian cells: p42/p44 Erk-l/2, p38 MAP kinase and j]'.;K, which are likely to play impor­

tant roles in cell proliferation and differentiation, in (prevention of) apoptosis and in the cellular 

responses to stress. 

In the yeast Sorc/Joroll(YCt'J mn-'i.rioe, ;'\·'1AP kinase activation was shown to be a prerequisi­

te for a proper compensatory response to the osmotic stress induced by changes in the extra­

cellular tonicity f40, 411. Cell shrinkage was found to activate the i\lAP kinase Hog1p, which 

leads to an increase in glycerol synthesis and a restoration of the osmotic gradient f40l Hog1p 
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Budding Yeast Mammalian Cells 

Figure 1 . .MAP kinase activation in yeast and mammalian cells 

In budding yeast, cell s"\velling leads to (1) an activation of Mpklp through PI(CI and (2) to an inactivation 

of the \fAP kinase Hogl p, by stimulating the histidine kinase 5]n 1 p and a subsequent inhibition of its response regu­

lator Sskl p. Cell shrinkage leads to activation of Hog1 p through a cascade involving 5ho-1, Stell p and Pbsp, and to 

a release of the Ssk1 p imctivation by S1n1 p inhibition. In se\'eral mammalian cells, including Intestine 407, extracel­

lular 11)'P0tonicity leads to activation of the MAP kinase Erk-1/2 (through the Ras/Raf pathway), and the stress-rela­

ted ..\IAP kinases J-:\K and p3S. In addition to hypotonic stress, (seycre) cell shrinkage is also able to acti\'ate JNK and 

r3B [lOS]. 

displays a high similarity with the mammalian p38/JNK J\IAP kinases and is activated by Pbs2p 

(c-IKK). i\s revealed by Maeda et a1. [42] Pbs2p activity is controlled by two distinct transmem­

brane osmoceptors (Figure 1); an osmosensor called Sholp and a "two-component system" con­

sisting of the histidine kinase Slnlp and the response regulator Ssklp. Slnlp is activated during 

periods of low extracellular osmolarity, leading to inactivation by phosphorylation of Sskl p and 

the inhibition of Ssk2/22p (both J\IKKK's). Finally this resulted in a reduced activitv of Pbs2p 

and Hoglp. During periods of high extracellular osmolarity Sholp, an SH3 domain containing 

receptor, is activated, and stimulates Pbs2p directly. At the same time, SIn 1 p is inactivated and, 

as a consequence, the inhibition of Ssk2/22p is released. Unlike Hoglp, another ~lAP kinase, 

r.Ipklp, is activated by osmotic cell swelling through a mechanism invoking PKCl [41J (Figure 

1). 0Ipklp is highly homologous to the mammalian Erk-l/2 ivlAP kinase and is required for 

growth at low osmolarity, most likely by regulating cell \.vall properties [41J. 

In plants, a transmembrane histidine kinase, structural similar to the yeast osmosensor 

Slnlp, was recently found: ATHKl (Ambldop.ris tballana histidine kinase) protein [43]. 

Transcription of the ATHKl gene was found to be upregulated in response to changes in exter-
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nal osmolarity. Expression of ATHKl gene into yeast lacking functional Slnl p and Shol p (sin! tJ 

sbo1,1 double mutant) leads to Hoglp acthration and prevented high osmolarity induced cell 

death [43]. Taken together, these results suggest that, in plants, analogous to the yeast system, 

ATHKl functions as an osmosensor signalling through a 1iAP kinase cascade. 

Hypotonicity-induced acti\'ation of Erk-l/2 f-..1AP k.inases has been reported for all 

mammalian cell types studied so far, including Intestine 407 cells [16,44], H4IlE hepatoma cells 

[4S], primary rat hepatocytes [46], cardiac myocytes [47], astrocytes [28,48], C6 glioma cells [49], 

isolated rat pancreatic acini [50] and mIMCD3 renal cells [51]. In addition, in many cell models, 

hypo-osmotic cell swelling also leads to the activation of 1'38 andJNK !\lAP kinases [30,47,51-

53]. Unlike the activation of "'Ipkl pin yeast, the activation of Erk-1/2 by osmotic cell swelling 

is independent of protein kinase C [44-46, 48-S0], but in several cell types including Intestine 

407 cells, involves 1'21 m and Rafl [44,48,49]. In primary astrocytes [48], but not in a number 

of other cell models [44,49,50], the hypotonicity-induced Erk-1/2 activation was sensiti,'e to 

the Ptdlns 3-kinase inhibitor \vortmannin. In addition, pretreatment \vith pertussis toxin pre­

vented the swelling-induced Erk activation in H4IlE rat hepatoma cells [45] and primary rat 

hepatocytes [46] suggesting the imTolvement of Gaj and GaO' but not in C6 glioma cells l481 

and Intestine 407 cells [44]. 

Because Erk-1/2 and p38 1lA.P kinase acti\'ation is among the initial signalling events 

after hypo-osmotic cell s\velling, and because their yeast homologues are critically involved in the 

activation of volume compensatory mechanisms, it is tempting to propose a model in v"hich 

1L\P kinases play an important role in the regulation of the RVD response in mammalian cells. 

However, in Intestine 407 cells, preventing :r-....fAP kinases activation by using specific inhibitors 

(Erkl/2: pD0980S9; 1'38: SB203580) or by expression of dominant negative G proteins (Erk-

1/2: NI7-p21"'''; p38: N17-p21"") did not affect the activation of the VRACs [30,44, 54], 

arguing against a direct role of these kinases in cell volume control. This notion is supported by 

the observations that PD098059 treatment of mIi\lCD3 renal cells did not affect stead" state 

cell volume after 30 min of osmotic stress [Sll. In astrocytes, howe,'er, Crepe! ot a1. [28] found 

that PD098059 re\'ersibly inhibited activation of the Cl- current induced by hypo-osmotic sti­

mulation. The cell s\veUing-induced activation of ]NK develops rather slmvly and only after a 

distinct lag phase of 10-20 min, arguing against a direct role of ]1\K in the RVD response 147, 

52, 53; Tilly et a1., unpublished results]. 

Because the function of :'\lAP kinascs in the regulation of gene expression is well esta­

blished, it is attractive to propose a role for Erk-l/2 and p38 in restoring cellular homeostasis 

and in promoting long-term sU[\'i\'a1. In mI0.-'ICD3 renal cells, the hypotonicity-induced Erk acti­

\Tation \vas found to be at least partially responsible for the increased expression of Elk-l and 

Egr-l [51]. Inhibition of Erk activation, however, did not affect cell viability in these cells or in 

H4IIE hepatoma cells [51,521. In addition to transcription regulation, hypotonicity-prm'oked 

Erk-1/2 and p38 activation \\Iere found to regulate hepatic taurocholate secretion and to inhibit 

proteolysis in hepatocytes, respectively [4C), 531, 
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G proteins 

Intracellular administration of GTPj'S, and thereby activation of guanine nucleotide­

binding regulatory proteins (G proteins), \vas found to activate anion-selective currents in seve­

ral cell types, including human HT29cl19A colonocytes, which could be inhibited by GDP~S 

[33, 55, 56]. In addition, the RVD response was facilitated by GTPyS or NaF-AIF4- in cervical 

cancer and osteosarcoma cells [57,58] and, in platelets, impaired by GDP~S [59]. Treatment with 

pertussis toxin abrogated the RVD response in platelets and cervical cancer celis, suggesting the 

im-olvernent of Ga, [58, 59]. In calf pulmonary artery endothelial cells (CPAE), the hypotonici­

ty-induced Cl- current was mimicked by cytosolic GTPjiS and inhibited by GDP~S [33], indica­

ting a role for G proteins in the activation of the swelling-induced anion conductance. In other 

cell types, ho,\vever, the intracellular introduction of non-hydrolyzable guanine nucleotides did 

not affect the volume-sensitive anion current or the RVD response [58,60]. 

L~sing ClostridiuJJJ botulinum exoenzyme C3, we previously demonstrated that the ras-rela­

ted small G protein p21 rho is involved in the activation of the osmosensitive anion efflux in 

Intestine 407 cells [30]. Involvement of p21,ho is not restricted to epithelial cells; comparable 

results '\vere recently obtained with bo-dne endothelial cells [61]. Regulation of ion channels by 
G proteins could be either directly, through interaction of the G protein (subunits) '\vith the 

channel protein itself, or indirectly, through the activation of signalling cascades. Several down­

stream targets of p21 rho have no'\v been identified including the Rho bnase p 160Rock , a regula­

tor of myosin light chain phosphatase (for review see: [62]). For bovine endothelial cells, but not 

for Intestine 407 cells and isolated human umbilical vein endothelial cells (Van der Wijk and Tilly, 

unpublished results), it was found that treatment of the cells with a specific p160Rock inhibitor 

Ci-27632) prevented activation of the volume-sensitive Cl- conductance [61], suggesting the 

involvement of myosin phosphorylation. In Intestine 407 cells, ho,\vever, the hypotonicity-pro­

voked anion efflux was not affected by inhibitors of myosin light chain kinase [30]. In contrast, 

in these cells, a s'\velling-induced and p21 rho dependent activation of phosphatidylinositol3-kina­

se (ptdIns 3-kinase) was found to be essential for activation of the anion efflux [30]. PtdIns 3-

kinase dependency was also found for volume-induced changes in amino acid transport in ske­

letal muscle cells [63]. 

Cytoskeleton 

In many different cell types, hypo-osmotic cell swelling was accompanied by a transient 

reorganization of the actin cytoskeleton and/ or the total amount of F-actin. In several cell types, 

a transient depolymerization of F-actin was found (pC12 cells [64]; IMCD cells [65]; Ehrlich 

ascites tumor cells [66]; dogfish shark rectal gland cells [67]). In C6 rat glial cells and isolated rat 

heparocytes, ho\vever, osmotic cell s'\velling was accompanied by an increase in total F-actin [68, 

69]. )Jo clear changes in the relative amount of F-actin were found for shark rectal gland cells 

1701. 
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Intestine 407 cells respond to hypo-osmotic stimulation ·with a very transient (2-5 min) 

increase in total F-actin that coincides \vith the activation of a compensatory anion efflux [30]. 

In addition, a clear change in the subcellular distribution of F-actin \vas observed, as rc\Cealed b]" 

constructing confocal laser microscope images of cells stained \vith rhodamine-conjugated phal­

loidin. An almost immediate « 60 s) increase in F-actin stress fibers \vas found at the basal part 

of the cell, whereas the actin filaments of the apical part were largely disrupted [30]. 

In most cell types studied, a disruption of the F-actin micro filaments by cytochalasin B 

or D treatment leads to an impaired activation of VRACs and/or the RVD response (:-Jecturus 

gall bladder cells [71]; rabbit proximal tubule cells [72]; PC12 cells [66,73]; HSG cells [19];Jurkat 

lymphoma cells [74]; embryonic chick cardiac myocytes [16]; prostate cancer spheroids [75]). In 

other cell systems, phalloidin~mediated stabilization of F~actin prevented activation of VRACs 

[76] and, vice versa, cytochalasin treatment potentiated [29, 30, 76] or even mimicked [77] the acti~ 

varian of V~;\Cs by cell s\velling. 

Both the actin rearrangement (for revie\v see:[78J) and VRAC are regulated by p21 rho 

[30,61] suggesting a close correlation bet\veen cytoskeletal remodeling and channel activation. 

To date, little is kno\vn about ho\'v cytoskeletal remodelling is coupled to the activation of osmo­

sensitive ion channels. Several reports suggest that the cytoskeletal reorganization is invoked in 

the hypotonicity-induced increase in intracellular Ca2+ levels [75, 79], \vhich, as discussed in the 

section on Ca2+, plays an important role in regulating the RVD response. Ho\\rever, Cornet et al. 

[66] showed opposite results; they found that the increase in [Ca2+];, was responsible for the 

reorganization of F-actin through calmodulin and Ca2+ -sensitive K+ -channels [86]. Alternatively, 

generation of actin filaments of a specific size may be crucial for activation, a notion supported 

by our observations that pretreatment of the cells \vith cytochalasin B potentiated the hypoto­

nicity-induced anion efflux. Direct modulation of the activity of ion channels by actin filaments 

is not unprecedented: in toad kidney A6 cells a Na+~channel has been described that could be 

regulated by exogenously added F-actin [80]. Furthermore, signalling molecules associated with 

the cytoskeleton may be involved. In melanoma cells lacking actin-binding protein (ABP), acti­

vation of a volume-sensitive K- -channel was markedly decreased but could be rescued by trans­

fecting the cells with the wild type ABP gene [81]. Finally, remodelling of the cytoskeleton may 

play an important role in recruiting (acti\Tated) ion channels into the plasma membrane. The dif­

ferent modes in which the cytoskeleton may affect ion channel activation are summarized in 

Figure 2. 
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membrane unfolding 

Figure 2. Mechanisms of ion channel regulation by the cytoskeleton 

Three different models are presented that theoretically could be involved in the regulation of ion channels 

by cytoskeletal remodelling: A) direct activation by cytoskeletal elements or by proteins associated \vith the cywskele­

ron, like actin-binding proteins (ABP), B) recruitment of ion channels by regulated vesicle fusion, and C) unfolding 

of the membrane surface. 

AUTO-/PARACRINE SIGNALLING MOLECULES INVOLVED IN RVD 

In addition to a direct activation of intracellular signalling cascades by cell swelling, 

hypo-osmotic stimulation can also lead to the extracellular release of hormones and other bio­

active molecules. Through interaction with specific membrane receptors, these hormones trig­

ger distinct signal transduction pathways ·which potentially could affect the RVD response of the 

cell or modulate the responses of surrounding cells. 

ATP 

Several forms of cellular stress, including hypo-osmotic stimulation, \vere found to 

increase the release of ATP. Extracellular ATP, acting through binding to P2Yrtype purinocep­

tors, has been implicated in the activation of the osmosensitive CI- current in HTC hepatoma 

cells and in rat biliary epithelial cells [82, 83]. In Intestine 407 cells, however, degrading or trap­

ping extracellular ATP by treating the cells with apyrase or hexokinase/glucose did not affect the 

volume-sensitive anion efflux, nor did it prevent the development of a swelling-induced CI- cur­

rent [29]. Furthermore, unlike the observations in HTC hepatoma cells [82], addition of extra­

cellular ATP was not able to activate VRACs in the absence of osmotic cell swelling jn these cells 

[29]. Although not able to directly activate the osmosensitive conductance in Intestine 407 cells, 

extracellular ATP, through a P2Yr receptor-mediated increase in intracellular Ca2 -t-, may play an 

important role in potentiating both the K-t- and Cl- conductances (see: section Ca2- and [29}). 
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Imrolvcment of P2Yr receptors is not unhrersal; in other cell models the ATP metabolite ade­

nosine \vas found to regulate VRACs through activation of the A1 type adenosine receptor 

(9HTE(I~ human tracheal epithelial cells [84]; RCCT-28A rabbit cortical collecting duct cells [85]). 

Besides its effects on the regulation of anion currents, extracellularly released ATP was 

found to be criticalh- involved in the activation of the Erk-l/2 members of the "'lAP kinase 

family in Intestine 407 cells [29]. Not only were ATP and l:TP in (sub) micromolar concentra­

tions able to activ'ate Erk-l/2 under isotonic conditions, but the hypotonicity-induced MAP 

kinase activation was completely abolished in the presence of apyrase or the purinoceptor-inhi­

bitors suramin and reactive blue [29]. This implies that the activation of Erk-l/2 by hypotonici­

ty is not a direct consequence of osmotic cell swelling, but instead imTolves an autocrine/para­

crine mechanism with ATP as a messenger. The ability of ATP and purinoceptors to acti\~ate 

"'V\P kinases is not unprecedented; extracellularly added ATP was found to activate Erk-l/2 and 

j'\JK in many different model systems [86-94J. 

To date it is not clear how the release of ATP from Intestine 407 cells is regulated. 

Previously, Roman et a1. [95J established an important role for the ABC transporter P-glycopro­

tein. Inhibition of P-glycoprotein expression (by anti-sense oligonucleotides) or function (by 

verapamil treatment) in Intestine 407 celis, however, did not affect the osmosensitive Cl- current 

[96]. In addition, in the sub clone of Intestine 407 cells we use, P-glycoprotein expression was 

not detected [29]. Taken together, these findings argue against a role for P-glycoprotein in the 

release of ATP from these epithelial cells. In contrast to the activation of VRACs, the hypoto­

nicity-induced ATP release from Intestine 407 cells \.vaS sensitive to BAPTA-A11 treatment and 

inhibited by cytochalasin B [29], suggesting the involvement of exocywsis. This notion is sup­

ported by the observations that an increase in intracellular Ca2+ could promote the release of 

ATP in the absence of an osmo-shock [29, 85J. In addition to Ca2+ and the cytoskeleton, PtdIns 

3-kinase has also heen implicated recently [97]. 

Arachidonic acid 

Several studies have considered a possible role of arachidonic acid or its metabolites in 

the RVD response. In both human platelets and neuroblastoma celis, a hypotonicity-induced 

increase in the release of arachidonic acid was observed [59, 98]. In platelets, the release of ara­

chidonic acid was found to be critically involved in activating the RVD response [59]. For other 

cell models, however, including HSG cells [19], Ehrlich ascites tumor cells [99J, human neuro­

blastoma [98] and Intestine 407 cells [2J an inhibitory effect of arachidonic acid on the RVD and 

VRACs \vas reported. The mechanism of this inhibition is unkno\vn, but, because other 

(un)saturated fatty acids (oleic, linoleic, linolenic and palmitoleic acid) mimic the inhibitory cffect 

on the RVD response, a nonspecific detergent effect was suggested [99]. 

In Ehrlich ascites tumour celis and crypts isolated from mouse distal colon, leukotriene 

LTD4, produced by lipoxygenase action on arachidonic acid, potentiated the RVD response and 
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\Colume-sensitive K-- and Cl--channels [8,100]. In addition, the LTD4 receptor antagonist 

SK&Fl04353 as well as lipoxygenase inhibitors (nordihydroguaiaretic acid or ETH 615-139) 

inhibited volume-sensitive Cl- currents in crypts from distal colon and jejunum [101, 102] and in 

human fibroblasts [103], respectively. In cultured nonpigmented ciliary epithelial cells, however, 

prostaglandin E2, but not leukotrienes, facilitated the RVD response [104], while an inhibition 

of the RVD response by prostaglandin E2 was found in mouse distal colon [8]. 

CONCLUDING REMARKS 

A plethora of signalling cascades are activated upon hypo-osmotic stimulation of mam­

malian cells. Although some signalling molecules are only able to activate or modulate the RVD 

and/ or osmosensitive anion channels in selected cell models, other signalling cascades seem to 

be more universally involved. These include the activation of one or more tyrosine kinases, G­

proteins and a rise in intracellular free Ca2+ (Figure 3). Present kno\vledge, however, about the 

molecular mechanism by which these signalling molecules affect the conductance state of the 

channels involved in the RVD response is still rather fragmentary and detailed investigations into 

the mode of activation, including reconstitution studies, are hampered by the current lack of 

information about the molecular identity of the channel(s) involved. 

Osmotic cell swelling 

ATP release 

~ 
~ Tyr?sine kinase(s) 

! P2Y,-R 

~~ p21 rho 

p21'" PLC ! ~ 
Erk-1/2 

Homeostasis, 
survival (?) 

ca2'~toskeleln remodelling 

Chloride channel 
activation 

Figure 3. Hypotonicity-induced cellular signalling in Intestine 407 cells 

In Intestine 407 cells, hypotonic stress leads to the parallel acriyation of VRACs and the ;\IAP kinase Erk~ 

1/2. VRAC actiyation "vas found to depend on tyrosine kinase(s), p2 Fho and the cytoskeleton, while Erk activation 

is caused by byposhock-induced ATP release which, througb an autocrine or paracrine mechanism, acti,"ates the puri­

noceptor P2Y 2. In addition, an ATP /P2Y 2 mediated increases in intracellular Ca2+ may serve as a modulator of 

VRAC activity. 
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ABSTRACT 

Human Intestine 407 cells respond to hypo-osmotic stress \vith a rapid stimulation of 

compensatory ionic conductances accompanied by a transient increase in the acti'\Tity of the 

extracellular signal-regulated protein kinases Erk-l and Erk-2. In this study, \ve examined the 

upstream regulators of hypotonicity-induced Erk-l/2 activation and their possible role in cell­

volume regulation. The hypotonicity-provoked Erk-l/2 activation \vas greatly reduced in cells 

pretreated with the specific mitogen-acovated/Erk-activating kinase inhibitor PD098059 and 

was preceded by a transient stimulation of Raf-1. Pretreatment of the cells \'vith PJ\IA, 

GF109203X, wortmannin or Clostn'diul1l botulinum C3 exoenzyme did not appreciably affect the 

hypotonicity-provoked Erk-l/2 stimulation, suggesting the osmosensitive signalling pathway to 

be largely independent of protein kinase C and p21 rho. In contrast, expression of dominant 

negatilce Ras:\l17 completely abolished the hypotonicity-induced Erk-l /2 activation. Stimulation 

of the s\velling-induced ion efflux was independent of activation of these mitogen-activated 

protein kinases, as revealed by hypotonicity-provoked isotope efflux from 1251._ and s6Rb+ -loa­

ded cells after pretreatment with PD098059 and after expression of RasN17. In addition, the 

epidermal-gro\vth-factor-induced potentiation of the hypotonicity-provoked anionic response 

did not depend on the increase in Erk-l/2 acti,city but, instead, was found to depend on Ca2+ 

influx. Taken together, these results indicate that hypotonic stress induces Erk-l/2 activation 

through the Ras/Raf-signalling pathway and argue against a direct role for this pathway in cell­

volume control. 
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INTRODUCTION 

~Iost mammalian cells respond to changes in cellular volume with a net moyement of 

water driven by a redistribution of salt and/ or small organic molecules (for revie\\.'s see [1,21). As 

a consequence of hyperosmotic stress, cells are triggered to accumulate osmolytes leading to a 

subsequent influx of water (regulatory \-olume increase). In reverse, hypo-osmotic stress indu­

ces a loss of cellular water due to osmolyte release [regulatory volume decrease (RVD)]. Despite 

the extensiye research carried out on cell-volume regulation to date, the molecular mechanisms 

of osmosensing and osmosignalling are not completely resolved. Although differences may exist 

between cell types, a general feature of cell signalling in response to hypotonic stress is the rapid 

and transient acti\"ation of the extracellular-sIgnal-regulated protein kinases Erk-l /2. Acti\-ation 

of these kinases has now been reported for a \-ariety of mammalian cell types, including Intestine 

407 cells [3J, hepatoma cells [4], hepatocytes [5], catdiac myoCYtes [6], astrocytes [7] and C6 gli­

oma cells [8], as well as for \Tast [9]. 

Erk-l/2 are members of the superfamily of mitogen-activated protein kinases (i\l.!"\P 

kinases): a group of serine/threonine kinases that are actiyated by dual-specificity protein kina­

ses through phosphorylation on both threonine and tyrosine residues. Erk-l /2 are acti\Tated by 

diYerse extracellular stimuli and affect many important cellular processes \-ia protein phospho­

rylation of specific targets (for reyie"\vs see II 0, 11 1). Seyeral different pathways may lead to Erk-

1/2 acti\Tation (reyiewed in [12l). The pathway studied in most detail is the signalling cascade ini­

tiated by tyrosine kinase-containing receptors [e.g. epidermal growth factor (EGF) and platelet­

deri\-ed growth factor receptorsl, which invohrcs acti\Tation of the small G-protein p21 ras (Ras). 

Com"ersion of Ras-GDP into the active GTP-bound state, via coupling of the Grb2-Sos com­

plex to the teceptot [13], tecruits the Raf-1 kinase to the plasma membrane [14]. Subsequently, 

Raf-l becomes acti\Tated and phosphorylates the mitogen-activatcd/Erk-actlyating kinase 

(:\IEK) [15], a dual specificity protein kinase, which in turn activates Erk-1/2 [16]. 

In addition to receptor tyrosine kinases, several G-proteins coupled to serpentine recep­

tors, as \vell as cell-surface adhesion receptors of the integrin family, have been identified as acti­

\'ators of Erk-1/2 [17,18]. These receptors have been suggested to activate the Ras/Erk path­

way via acti\'ation of Ptdins 3-kinase (G-protein coupled receptors) or by binding of the focal 

adhesion kinase p 125"·11, (integrin receptors) to the Grb2-Sos complex [19,20]. In addition, se\'e­

ral Ras-independent pathways have been reported that lead to Erk-l /2 activation. For instance, 

Robbins et a1. r211 and Chen et aL [22] found that expression of a dominant negative Ras mutant 

did not affect Erk-l /2 acti\'atlon by G-protein-bound and integrin receptors. Furthermore, EGF 

has been reported to activate Erk-2 via Ras-independent path\vays, which involve protein kina­

se C (PKC) activation or intracellular Ca2+ rCa 2+]; increases [23-25]. 

Using the human fetal jejunum-derived Intestine 407 cell line as a model, we have 

recently demonstrated that hypo-osmotic cell s\velling is accompanied by a rapid and transient 

increase in tyrosine phosphorylation of several proteins, including p12SfAK and Erk-1/2, as \vell 
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as b," activation of Ptdlns 3-kinase [3,26]. Furthermore, increased tyrosine phosphor~dation \vas 

found to be an essential step in eliciting an RVD response [3]. The finding that EGF not only 

activates the .;\,fAP kinases Erk-1/2 but also strongly potentiates the hypotonicity-induced ion 

emu" [3] suggested a role for Erk-1 /2 in the activation and/ or growth factor potentiation of tbe 

osmosensiti,"e anion eft1ux. This notion was supported by the recent findings that both the yeast 

Hog1 p and Mpk1 p members of the 1L'\P kinase family are critically invohTd in cell-volume 

regulation [9,27]. 

In this study \ve ha\~e investigated the regulatory path\\Tay leading to hypotonicity-indu­

ced Erk-l/2 activation and e\Taluated the role of these .i\TAP kinases in cell-yolume regulation. 

The results presented indicate that the transient, osmosensiti\Te acti\Tation of Erk~ 1/2 in 

Intestine 407 cells is downstream of the Ras/Raf pathway, and independent of PKC, Ca2+ 

influx and PtdIns 3-kinase. Treatment of the cells with the specific :\lEK inhibitor PD098059 

or expression of dominant negative Ras:.:l17 prevented the cell swelling~induced Erk~ 1 /2 acti~ 

vation, but did neither affected the osmosensitive anion efflux or its potentiation by EGF. Taken 

together, the results argue against a direct role for Erk~ 1/2 in cell-\colume regulation. 

MATERIALS AND METHODS 

Materials 

Radioisotopes e2ir,86Rb+ and [y_32P]ATP) and enhanced chemiluminescence (ECL) 

detection kit \vere purchased from Amersham Netherlands B.V ('S Hertogenbosch, The 

Netherlands). j\ntibodies and Syntide-2 \vere obtained from Santa Cruz Biotechnology Inc. 

(Santa Cruz, C'\, eSA). The MEK inhibitor PD098059, lm'elin basic protein G\!BP) and GF 

I09203X were purchased from Calbiochem (La Jolla, CA, U.SA), Sigma (St. Louis, \10, C.SA) 

and Biomol (plymouth ~,feeting, PA, V.S.A.) respecti\<ely. Protein A-Sepharosc was obtained 

from Pharmacia Biotech (Uppsala, S\veden). Recombinant CI. botllliJ1um C3 exoenzyme \vas iso­

lated and prepared as described previously [28]. 

Cell culture 

Intestine 407 cells were routinely gro\vn as monolayers in Dulbecco's modified Eagle's 

medium supplemented \vith 25 m1I Hepes, 10% fetal calf serum, P/o non-essential amino acids, 

40 mg/l penicillin and 90 mg/l streptom],(in under a humidified atmosphere of 95(;10 02 and 5(Yr) 

CO2 at 37°C. Before the experiments, cells \\·'ere serum-stan'ed overnight. 

Assay of Erk-l/2 activity 

After stimulation, cells were \vashed once with ice-cold PBS and 1 ml of lysis buffer was 

added (1% Triton X-100, 150 mM :\IaCl, 10 mM Tris-HCI, 1 mM EDTA, 1 mM EGTA, 0.5')-;, 
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Nonidet P40, 0.2 mi\! 1\:a3V04, 0.2 m.\[ P.\[SF, 1 (10 aprotinin and 50 >lg/mlleupeptin, pH 7.4). 

After 10 min (ODe), lysates were collected, cleared by centrifugation and the supernatants were 

incubated \vith polyclonal anti-Erk-2 antibodies (recognizing both Erk-2 and, to a lesser extent, 

Erk-1) for 1 h. Thereafter, Protein .A-Sepharose wo-as added and the mixture was incubated for 

another hour. The immunoprecipitates were washed three times \vith lysis buffer and three times 

with kinase buffer (10 mM Tris/HCI, 150 m.\! "aCl, 10 ml\! c-!gCI2, 0.5 m.\! dithiothreitol, pH 

7.4), and Erk-1/2 acti,'ity was determined by in I.itro phosphordation of :\!BP. Phosphon'lation 

\Vas carried out in 40 >II of kinase buffer supplemented with 0.5 mg/mll\!BP and 25 >1M ATP 

+ 5 ,uCi of [y_32P]ATP (30 min; 37°C). Reactions were terminated by the addition of SDS sam­

ple buffer. The samples were boiled for 5 min and subjected to SDS/PAGE. Radioactivity of 

i\lBP \\'as quantified by a phospho-imaging system (Molecular Imaging System GS-363; Biorad). 

Assay of Raf-l activity 

Cells were lysed in 50 m:\1 Hepes, pH 7.5, containing 150 m:\! i':aCl, HY}~) glycerol, 1(10 

Triton X-IOO, 1.5 m.\! ;'!gCI20 I m.\! EGTA, 10 mJ\! 1\:aF, 1 mJ\I "a3V04, 1 m:\l P.\ISF and 1(% 

aprotinin (10 min, O°C). Lysates were collected, cleared and incubated with 1 )lg/ ml polyclonal 

rabbit anti-Raf-I. Immune complexes were bound to Protein A-Sepharose and \.vashed three 

times with lI'sis huffer, twice with 0.5 M LiCI, 0.1 M Tris/HCI, pH 7.5 and once with kinase buf­

fer (25 mc-! Tris/HCI, lOme-I ;'lnCI" 1 mM dithiothreitol, 25 mil! ~-glycerolphosphate, pH 7.5). 

Raf-l activity was determined using Syntide-2 as a substrate. Phosphorylation was carried out for 

20 min at 30°C in 40 >II of kinase buffer containing 125 >1M Syntide-2 and 25 >lc-! ATP + 5 >lCi 

of [y.32P]ATP. Thereafter, samples were rapidly centrifugated and 15 >II portions of the super· 

natants \.vere spotted on \\'hatman pSI phosphocellulose paper. After extensi\-e washing of the 

paper with 0.85 1/1) phosphoric acid, 32p incorporation was monitored by phospho-imaging. 

Kinase mobility shift assay 

0.-'Ionolayers of cells were stimulated as indicated in legends and incubations were ter­

minated by replacing the medium \vith boiling SDS sample buffer. Proteins were separated by 

SDS/PAGE and electrophoretically transferred to nitrocellulose. Proteins were stained \vith 

polyclonal anti·Erk-l antibodies (recognizing both Erk-1 and Erk-2) or polyclonal anti-Raf·l 

antibodies and an EeL \\7estern-blotting detection system according to the instructions prm-i­

ded by the manufacturers. 

Vaccinia virus infection 

Infections \vith recombinant \-accinia virus encoding the RasN17 mutant and wild-type 

vaccinia virus were performed as described previously [23]. After infection, the medium was 

replaced by Dulbecco's modified Eagle's medium containing 0.25(10 BSA. Experiments were per­

formed 16-18 h after infection. 
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Efflux assays 

Confluent monolayers of Intestine 407 cells were loaded with 5 f1Ci/mI12SI- or 0.5 f1Ci 

S"RV for 2 h in modified J\leyler solution (108 m;\I ]\;aCl, 4.7 m:\I KCI, 1.3 mc.[ CaCI" 1 m\! 

;',IgCIb 20 m;',[ "IaHC03, 0.8 mM l\a2HP04' 0.4 m:\[l\aH2P04, 20 m/v! Hepes and 10 m;\! glu­

cose, pH 7.4) under a 95'1c 02/5'Yo CO2 humidified atmosphere. Subsequently, the cultures were 

washed three times with isotonic buffer (80 mc.[ "IaCI, 4.7 m:\I KCl, 1.3 m;\I CaCIz, 1 mM 

MgCI2, 10 m;',] glucose, 95 mi\I mannitol and 20 mM Hepes, pH 7.4) and radioisotope efflux 

\vas determined by replacing the medium at 1~2 min intervals. Hypotonic buffers were prepared 

by adjusting the concentration of mannitol. Radioactivity in the medium \vas determined by y­
radiation counting and expressed as fractional efflux per minute as described previously [29]. 

RESULTS 

Activation and phosphorylation of Erk-l/2 and Raf-l in response to hypo-osmotic cell 

swelling 
Previously, a transient increase in Erk-l and Erk-2 phosphorylation, as demonstrated by 

a shift in electrophoretic mobility on SOS/PAGE, has been obseryed after hypotonic stimula­

tion of Intestine 407 cells [3]. Recenth-, howe\,er, it has been reported that a mobility shift could 

already be observed after phosphorylation of either a tyrosine or a threonine residue of Erk-

1/2, whereas phosphorylation of both residues is required to induce activation of Erk-l/2 rIO]. 

Therefore, \ve quantified hypo-osmotic s\velling-induced Erk-l/2 kinase activity more directly, 

using lVIBP as a substrate. A time course of Erk-l/2 acti\Tity, as determined in contluent Intestine 

407 cultures exposed to a 30(Y() hypotonic shock (7(n~) tonicity), is sho\vn in Figure 1. 
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Figure 1. Time course of hypotonic shock­
induced phosphorylation and activation of 
Erk-1/2 in Intestine 407 cells 

Cells wcre exposed to 30(>~, hypotonic 
nledium for the times indicated in the presence of 

2(1() ~\I sodi~lm onhoyanadatt (total exposure time 
was 111 min at all time points). Erk-l/2 were 
immunoprecipitated and enzyme acti\'ity \nlS meas­
ured using ;\IBP as a substrate. Data are expressed 
as pcrcenta.u.-c of acti\-ity in cells exposed to isotonic 
mnliul11 (mean ::r:: S.r:.\'L, n:::3). The insert sh()\\"s 
the clectrophorctic m()bilit~; shift of Erk-l/2 
(P44/p42) induced by a 5 min exposure to 3(1"<, 
h)'putooic medium or by r':':GF (SCI ng/ml). 
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Activation started \"\'ithout an apparent lag phase and peaked after 5 min. Thereafter, the Erk-

1/2 activity slo\vl~T declined to prestimulatory lev"els. :1:\;0 further activation of Erk-l/2 was 

obsenTed within 2-4 h after osmotic stimulation (results not shown). The osmosensithTe stimu­

lation of Erk-l /2 is a direct consequence of ?vIEK activity, since pretreatment of the cells with 

the specific :\IEK inhibitor PD098059 [30], at concentrations that effecti,'ely block EGF-indu­

ccd increase in :\'lAP kinase activity, greatly reduced Erk-mediated 1'lBP phosphorylation 

(Table 1). 

Table 1. Effect of the MEK inhibitor PD098059 on hypotonicity- and EGF~induced Erk~ 1/2 activation 
Control or PD098059 (50 )..l:''vI for 2 h) pretreated cultures, were exposed to isotonic medium, to 3(YXl hypo­

tonic medium or to 50 ng/ml EGF for 5 min. Thereafter, Erk-1/2 were immunoprecipitated and enzyme acti\·ity \vas 
determined using :\IBP as a substrate. Data are expressed as percentage of acci\'ity in cells exposed to isotonic medi­
um and not pretre?lted with PD098059 (mean ± S.E.i\L, n=3). 

A 

B 
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Erk-l /2 activity (% control) 

Pretreatment Isotonic Hypotonic EGF 

Kone 100 ± 11 279 ± 19 303 ± 32 

PD098059 46 ± 5 98 ± 26 108 ± 7 
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Figure 2. Time course of hypotonic 
shock-induced Raf~l phosphorylation 
and activation 

Cells were exposed to 3lYYn 
hypotonic medium for the times indicated. 
A) Electrophoretic mobility shift of R<lf-l. 
\\'hole celllysates were separated by SDS­
PAGE followed by western blotting. 
lmmunoblors 'were incubated with anci~ 

Raf-} amibodies. B) Raf-1 kinase activil~·. 
Raf-l was immunoprecipitated and enzy­
me acth'ity was measured using Syntide-2 
as substrate. Data are expressed as percen­
tage of acti\"ity in cells exposed to isotonic 
medium (mean ± S.E..c\£., n=4). 
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In order to establish upstream signalling components of the hypotonicity-induced 

c-1EK/Erk acti,cation, we studied the effects of osmotic cell swelling on both Raf-l phosphory­

lation and activity. After a lag period of approx. 5 min, a marked increase in Raf-l phosphory­

lation, as evidenced by a decreased electrophoretic mobility, "."vas ObSCfycd, \vhich lasted for more 

than 30 min (Figure 2A). The hypotonicity-induced actiyation of Raf-l, howc\Tcr, as determined 

by in vitro phosphorylation using Syntide-2 as a substrate, started immediately and \"as ycry tran­

sient, peaking at 2 min after stimulation (Figure 2B). Subsequently, Raf-l activity rapidly decli­

ned to levels even belo\v the control \ralues. Notably, the decrease in Raf-l activity coincided with 

an increase in Raf-l phosphorylation. 

Osmotic activation of Erk-l/2 is largely independent of PKC 

PKC has previously been identified as an activator of 11EK and Erk-l/2 through a sti­

mulation of Raf-l kinase [31-33]. To investigate a possible regulatory role for PKC in the hYpo­

tonicity-induced activation of Erk-l /2, cells were pretreated with 100 nj\I P.i\'{A to either activa­

te (5 min pretreatment) or downregulate (24 h pretreatment) PKC. W'hereas activation of PKC 

by a brief treatment \vith PtlA. markedly stimulated Erk-l/2 under isotonic conditions, a fur­

ther increase in activity of the lviAP kinases was still observed after hypo-osmotic cell s\velling 

(fable 2). Furthermore, down-regulation of PKC by prolonged P11A treatment only slightll'c 

affected hypotonicity-induced Erk-l /2 stimulation (Table 2). Pretreatment of cells with the spe­

cific PKC inhibitor GX 109203X (1 1l!I'1 for 20 min) virtually abolished the P;'lA stimulation of 

Erk-l/2 activity, but caused only a minor inhibition of the hypotonicity-prmroked increase in 

activity (Table 3). Taken together, these results suggest that hypotonic stress activates Erk-l/2 

principally Icia a PKC-independent pathway. 

Table 2. Effect of PMA on the hypotonicity-induced Erk-1/2 activation 
Control and Pi\1A pretreated (WO nl\f for.3 min or 24 h) cells were exposed to 30'Y;, hypotonic medium or 

isotonic medium for.3 min. Thereafter, the cells were lysed and Erk-l/2 enzyme 'Kti\'ity was determined in immun­
oprecipitates llsing l\IBP as:l substrate. Data are expressed as percentage of activity in untreated cells (mean ± 5.1 .;\1.. 

n~4). 

Erk-l /2 activity CYt) control) 

Pretreatment Isotonic Hypotonic 

l'\one lOU ± 15 373 ± 15 

Piv1.t\ (5 min) 325 ± 36 460 ± 16 

P;'1.t\ (24 h) 93 ± 31 267 ± 33 
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Table 3. Effect of GF 109203X on the hypotonicity-induced Erk-1/2 activation 
Cells \"cre exposed for 5 min to isotonic medium, 30l~<, hypotonic medium, or 100 nM Pj\.JA in control and 

GF 109203X pretreated (1 ).1,\1 for 20 min) cultures. Thereafter, Erk-l/2 ,vere immunoprecipitated and enzyme acti­
\·jry was determined using 1IBP as a substrate. Data are expressed as percentage of acth'ity in untreated cells (mean 
± S.E,J\J., 11""'-6). 

Erk-l/2 acti\'ity (% of control) 

Pretreatment Isotonic Hypotonic P11A (5 min) 

None 100 ± 5 331 ± 16 368 ± 27 

GF 109203X 120 ± 16 262 ± 37 135 ± 16 

Hypotonic stress-induced Etk-1/2 activation depends on active Ras 

To investigate the putative involvement of the small GTPase Ras in the hypotonicity­

induced Erk-l /2 activation, cells were infected with recombinant vaccinia virus encoding mutant 

dominant negative RasN17 [23]. As compared with control cultures, infection of the cells with 

recombinant RasN17 yirus completely abolished the hypotonic-stress-induced Erk-1/2 activa­

tion, \vhereas mock virus infection affected their stimulation only slightly (Figure 3). "Cnlike the 

hypotonicity-provoked Erk-l /2 stimulation, activation of these "vlAP kinases by EGF was only 

partially inhibited after expression of RasN17. This may be due to EGF-triggered activation of 

alternative Ras-independent pathways, as has been reported by others [23-25]. 

Control RasN17 

40 

Mock 

Figure 3. Effect of RasN17 expres­
sion on hypotonicity- and EGF­
induced Erk-l/2 activation 

Prior to exposing the cells to 
isotonic (open bars), 30'% hypotonic 
(closed bars) or EGF (50 ng/ml) -con­
taining (hatched bars) media, cells were 
transfected with recombinant yaccinia 
yirus expressing RasN 17 or \yirh \Vild 

type \·irus C~lock). Erk-1/2 were 
immunoprecipitated and activity was 
measured using 1\[BP as a substrate. 
Data are expressed as percentage of 
actiyity in uninfected (Control) cells 
exposed to isotonic medium (mean ± 
S.E."\I., n=3). The insert shows a rep­

resentati\"e autoradiograph of 32p_ 

labelled l\IBP separated by SDS­
PAGE. 
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In wortmannin-treated (0.1-1 )J.M; 30 min) cells, neither basal nor the osmosensitive 

Erk-l/2 activities were affected (results not shown). In addition, pretreatment of the cells with 

CI. botulinullJ C3 exoenzyme under conditions that inhibited the hypotonicity-induced anion 

efflux, p125FAK phosphorylation as well as PtdIns 3-kinase activation (ef. [26]) markedly redu­

ced basal Erk-l/2 activity but did not prevent Erk-l/2 stimulation by osmotic cell swelling 

(Table 4), arguing against a direct involvement of p125E-\E: and Ptdlns 3-kinase in hypotonicity­

induced activation of the Ras/Erk cascade. 

Table 4. Effect of ClostriditmJ botulinum C3 exo-enzyme on hypotonicity-induced Erk-l/2 activation 
Cells \,'ere exposed for 5 min to isotonic medium or 30D;(1 hypotonic medium in the absence or presence of 

50 J.lg/ml C3 cxo-enzyme (48 h). A,fter lysis of the cells, Erk-l/2 were immunoprecipitated and enzyme activity \-,-as 
measured using l\JBP as a substrate. Data arc expressed as percentage of actidty in untreated cultures exposed to iso­
tonic medium (mean ± S.E.M., n:::3). 

Pretreatment 

Kone 

C3 exo-enzyme 

Erk-l/2 actiyity (% control) 

Isotonic 

100 ± 3 

50 ± 8 

Hvpotonic 

188 ± 4 

105 ± 17 

Erk-l/2 activation is not involved in triggering the compensatory ion efflux 

Recent studies have demonstrated that in yeast strains defective in responding to altera­

tions in the tonicity of the medium, the Hogl p kinase was mutated and inactive, suggesting an 

important role for members of the ~L\P kinase family in cell~volume regulation [27]. To investi~ 

gate the role of Erk-l/2 in the activation of the osmosensitive anion conductance, hypotonici­

tv-provoked 1251- efflux was determined in PD098059-pretreated cultures. As clearly shown in 

Figure 4(A), PD098059 (50 f[:'vI, 2 h) inhibition of :'vIEK did not affect the swelling-induced 1251-

efflux, whereas Erk-l/2 activation was almost completely abolished (cf. Table 1). Likewise, the 

osmosensitive 86Rb+ efflux, indicative for K+ -channel activation, remained unaffected in the pre­

sence of PD098059. In addition, no significant decrease in osmosensitive iodide efflux \vas 

observed in cells expressing RasK17 (Figure 4B). 

\\".'e previously reported an EGF-induced potentiation of the osmosensitive anion efflux 

in Intestine 407 cells [3]. Since, in addition to the activation of the Ras/Erk signalling cascade, 

EGF is also able to raise [Ca2+L by the release of Ca2+ from intracellular stores and by activa­

tion of plasma-membrane Ca2+ channels [34,35], we studied the effects of EGF in PD098059-
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and EGTA-treated cells. As shown in Figure 5, EGF potentiation of the hypotonicity-induced 
1251- efflux was still present in PD098059-treated cells, but was completely absent from cultures 

pretreated ·with EGTA, indicating that the EGF-mediated increase in anion conductance is not 

due to activation of Erk-l/2 but instead inmlves a rise in [Ca2+L. Importantly, Erk-l/2 activa­

tion by EGF or osmotic cell s\.velling \vas not reduced in EGTA-containing media (data not 

shown). To summarize, these results indicate that Erk-l /2 activity is involved in neither eliciting 

nor potentiating the compensatory osmosensitive anion efflux. 
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Figure 4. Effect of PD098059 and dominant negative RasN17 on osmosensitive 125I~ and 86Rb+ efflux 

A) Radioisotope efflux "vas determined from control (open symbols) and PD098039 treated (30 ~1I, 2 h; 
closed symbols) cultures. Circles and triangles represent 12.31- and 86Rb+ efflux respectively. Data are expressed as 
fractional isotope efflux (mean ± S.E.1L, 0=3). ArrU\y indicates a shift from isotonic to 3(Y;;:, hypotonic medium. 
B) Control cultures and cells infected with either recombinant \:accinia virus expressing Ras1\: 17 or with wild type vac­
cinia \'irus (Mock) \vere osmotically stimulated (30~A) hypotonicity) and fractional 125J- efflux was determined. Data 
are expressed as mean ± S.E.i'vI. (n::::6). 
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Figure 5. Effect of PD098059 and EGTA on EGF~induced potentiation of osmosensitive 1251- efflux 
Control (open circles) and EGF-treated (50 ng/ml for 90 s prior to osmotic stimulation; closed circles and 

open triangles) cells were exposed to a 2Qf% hypotonic medium and fractional 1251- eftlux was determined. A) Effects 
of pretreatment \yith SO !-ll\1 PD098059. B) Effects of chelating extracellular Ca2+ by the addition of excess EGTA 
(1.3 ml\:I) during the assay. Data are expressed as mean ± S.EJvL (n:::3). ArrO\l': indicates a shift from isotonic to hypo­
tonic medium. 

DISCUSSION 

Osmotic cell swelling rapidly leads to the phosphorylation and/or activation of a num­

ber of signalling enzymes concomitant with an increase in the conductance of compensatory ion 

channels. Among these enzymes, the Erk-l/2 members of the iVLAP kinase family are of parti­

cular interest since (1) they are rapidly and transiently activated, \.vithout an apparent lag phase; 

(2) treatment of the cells with the Erk-l /2 acti,-ator EGF potentiates the hypotonicity-induced 

anion efflux [3]; (3) in yeast, the "cLAP kinases Hog 1 p and [.Ipk 1 P were found to be crucial for 

osmoresponse [9,27]. In this paper we analysed the signalling pathway(s) involved in hypotoni­

city-induced Erk-1/2 activation as \.vell as their role in ionchannel activation. 

Hypotonic activation of Erk-l /2 in Intestine 407 cells was accompanied by a rapid and 

transient increase in Raf-l activity and was greatly reduced in cells pretreated \vith the J\IEK inhi­

bitor PD098059. In addition, expression of dominant-negative Ras:--J 17 in the cells abolished 

hypotonicity-induced Erk-1 /2 acti\'ation. These results clearly indicate that the osmotic cell swel­

ling-induced activation of Erk-l/2 is a direct consequence of Ras GDP /GTP exchange, analo­

gous to the activation of Erk-l/2 by tyrosine kinase-containing receptors. This notion is sup­

ported by our obsenrations that the osmosensitive Erk-1 /2 stimulation \vas largely independent 

of PKC acting directly on Raf- L A hypotonicity-induced phosphorylation of Raf-l, as repotted 

in this study, was also found in H4IIE hepatoma and C6 glioma cells [4,8]. However, a clear dis­

crepancy exists between Raf-1 activation and its phosphorylation. As is evident from our results, 
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cell s\velling-induced Raf-l activation was rapid and very transient, returning to a level e\~en 

belo\.v prestimulatory activity \vithin 2-5 min, \vhereas Raf-l phosphorylation \vas only observed 

after 5 min of exposure to hypotonic medium. These observations are in agreement \vith the fin­

dings of \Xlartmann et aL (36), who recently reported that subsequent to its activation by Ras, 

Raf-1 is immediately inactivated b,' hypcrphosphorvlation. 

It still remains to be established how osmotic cell s\'velling activates Ras. A possible 

mechanism involves the Ras-related GTPase p21 rbo, \vhieh has been identified as an intermedi­

ate in the lysophosphatidic acid- and integrin-rcceptor-induced Erk-1/2 activation [28,37,38]. 

e sing CI. botulintlTll C3 exoenzyme-treated celis, \ve previously demonstrated the involvement of 

p21 rho in the osmosensitive increase in anion conductance as \vell as in p125Fi\I( phosphoryla­

tion and PtdIns 3-kinase activation [26]. Phosphordated I' 125F.lK as well as PtdIns 3-kinase are 

able to activate Ras by respectively direct binding to the Grb2-SH2/SH3 adaptor protein or by 

stimulating a Src-like kinase, which subsequently activates the Shc-Grb2-S0S complex [19,20]. 

Our results, however, argue against a role for p21 rho, p125FAK or Ptdlns 3-kinase in the signal­

ling cascade leading to Ras activation, since pretreatment of the cells with C3 exo-enzyme did 

not prevent hypotonicity-induced Erk-1/2 activation. Furthermore, pretreatment of the cells 

with the PtdIns 3-kinase inhibitor wortmannin did not affect Erk-1 /2 activation in Intestine 407 

cells. PtdIns 3-kinase independence was also observed in C6 glioma cells [8]; however, Erk-1/2 

activation in astrocytes was found to be completely abolished after PtdIns 3-kinase inhibition [7]. 

Alternati\cely, several heterotrimeric G-proteins ha-ve been identified as activators of Ras-type 

GTPase (revie\.ved in [39]). Both pertussis toxin-sensitive Gi~'Y subunits as \vell as pertussis toxin­

insensiti\Ce Ga12 and Ga13 subunits have been implicated in the activation of 1{AP kinases. 

\Vhereas a G; involvement in the hypotonicity-provoked Erk-1/2 phosphorylation was observed 

in hepatoma cells [4], G; is not likely to be a candidate for Ras activation in Intestine 407 cells 

since pretreatment of the cells with pertussis toxin did not affect Erk-1/2 activation (T.van der 

\vijk and B.C.Tilly, unpublished works). These discrepancies in PtdIns 3-kinase and G; invoh-e­

ment in the hypotonicity-induced Erk-l/2 activation clearly suggests that upstream regulators 

may differ bet\veen model systems. 

In the yeast .saccharoJt~yces cere1)isiae, both the HOG 1 and the PBS2 genes, which encode 

respectively a MAP kinase (Hog1p) and a YlAP kinase kinase, are essential for adequately 

responding to an increase in extracellular tonicity [27}. Recently, the yeast osmosensor involved 

in activating the HOG1 cascade has been found [40,41]. The osmosensing mechanism belongs 

to the so called "two-component signal-transduction systems" and consists of the transmem­

brane histidine kinase Slnlp (the "sensor") and the cytosolic Ssklp response regulator. As, in 

most mammalian cell types studied, a rapid activation of Erk-l/2 is among the initial signalling 

events after osmotic cell s\.velling, it is tempting to propose a model in which the Ras/ Erk cas­

cade plays an important role in the RVD response. This notion is supported b)-r several observa­

tions that cellular and oncogenic Ras can affect ion-transport systems [42-44]. Our results, 
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ho\Ve\~er, using the specific :'\fEK inhibitor PD098059 as well as the expression of dominant­

negati\'e Ras'-l17, clearly demonstrate that the Ras/Raf/MEK/Erk cascade is not involyed in the 

activation of compensatory ionic conductances in hypotonically stimulated Intestine 407 cells. 

J\Joreo\Ter, EGF potentiation of the hypotonicity-induced anion efflux occurs through elc\Tation 

of [Ca2-tt rather than Erk-l/2 activation. A potential role for Ca2-t- signalling in the potentiation 

of the hypotonicity-induced ionic conductances in Intestine 407 cells \vas pre\Tiously established 

by the obsenTations that Ca2- -mobilizing hormones as well as thapsigargin and the Ca2+ -ionop­

hore A23187 were able to enhance, but not to trigger, the osmosensitive ionic fluxes [45]. 

In addition to Erk-1/2, se\'eral other members of the 1L>\P kinase family h,lxe recently 

been reported. Among these, the p38 lvIAP kinase is of a particular interest because of its high 

homology to Hog1p and, in Intestine 407 cells, its rapid activation on osmotic cell swelling [461-

It is \"ery unlikely, however, that p38 is involved in the activation of osmosensitive ionic chan­

nels, because inhibition of p38 :\IAP kinase, using the specillc p38 inhibitor SB203580, did not 

block the osmosensitive anion efflux and, unlike Erk-1/2, activation of p38 .i\fAP kinase using 

cytokines or anisomycin did not potentiate the ionic response [46]. The role of c-Jun ~-termi­

nal kinasc (JNK), a third member of the i\IAP kinase family which becomes acti\'ated upon cell 

swelling in cardiac myoc",es [6] as well as Intestine 407 cells (B.CTilly, unpublished work), in the 

regulation of osmosensitive ionic fluxes remains to be established. 

To date, little is kno\\rn about the physiological role of Erk-1/2 activation during the 

RVD response. An increased expression of the intermediate early genes c-fas and c-jUfJ has been 

obsenred in osmotically stimulated hepatoma cells and cardiomyocytes [4,6J, suggesting a role 

for Erk-l /2 in transcription regulation, maintaining cellular homeostasis and/or long-term sur­

\"ivaI. Activation of the Ras/Erk-signalling cascade has been \videly recognized as the key event 

leading to increased cell proliferation. In addition to a rapid and transient first phase, a second 

more sustained phase of Erk-l /2 activation as \vell as a subsequent translocation to the nucleus 

was found to be a prerequisite for Gu-S transition and cell division to occur [47,48]. Yet, in 

Intestine 407 cells, Erk-l/2 activation is transient and a second phase is lacking, rendering a role 

for cell swelling-induced Erk-I/2 acti\'ation in cell proliferation unlikely. A more acute role for 

hypotonicity-activated Erk-I /2 has been proposed for hepatocytes [1,51. In these cells, a relation 

has been found ber-veen Erk-l /2 activation and the rapid cell swelling-induced excretion of tau­

rocholate into bile. In addition, Erk-2 has been reported to activate phospholipase A2, the enzy­

me regulating arachidonic acid release, suggesting a possible involvement of Erk-l/2 in inter­

cellular signalling r49]. Ho\'vever, for epithelial cell lines such as Intestine 407, a functional role 

for hypotonicity-prm'oked Erk-I/2 activation remains to be established. 

The results of this study also have implications for the interpretation of our original 

obsenTation that protein tyrosine phosphorylation is an essential e\Tent in the activation mecha­

nism of cell swelling-induced compensatory ionic !luxes [3]. Since the Ras/Erk cascade is appa­

rently not involved in the regulation of osmosensitii,re ionic channels, it follows that the tyrosi­

ne kinase(s) or phosphatase(s) invoked in cell volume regulation are distinct from MEK. 
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4 
Osmotic cell swelling-induced ATP release 
mediates the activation of Erk-l/2 but not 

the activation of osmo-sensitive anion 
channels 

Thea ,"an der Wijk, Hugo R. de Jonge, Ben C. Tilly 

BiociJemical jOllrnal, 1999; 343: 579-586 

ABSTRACT 

Human Intestine 407 cells respond to hypo-osmotic stress by the rapid release of ATP 

into the extracellular medium. A difference in time course of activation as \vell as in the sensiti­

"ity to cytochalasin B treatment and BAPTA-AM [l,2-bis-(2-amino-phenoxy)ethane-N,N,N;N'­

tetra-acetic acid acetoxymethyl ester] loading suggests that ATP leaves the cell through a path­

\vay distinct from volume-regulated anion channels. To evaluate a putative role for nucleotides 

as autocrine/paracrine factors in osmotic signalling, the effects of extracellular ATP on the regu­

lation of \'olume-sensitive anion channels as \vell as on the hypotonicity-induced activation of 

extracellular signal-regulated protein kinases (Erk-l/2) were investigated. 1Iicromolar concen­

trations of ATP were unable to elicit an isotope efflux from l25I'-loaded cells by itself, bur stron­

gly potentiated the hypotonicity-provoked anion efflux through a Ca2+ -dependent mechanism. 

The order of potency of nucleotides (ATP = l'TP = ATPyS > AD P = A"IP > > adenosine = 
cA~JP) indicated the in\'olvement of P2Y 2 receptors. In contrast, millimolar concentrations of 

ATP markedly inhibited both the osmotically induced isotope efflux and whole-cell Cl- currents. 

Inhibition of \vhole-cell Cl- currents, not only by millimolar concentrations of ATP but also by 

the purinoceptor antagonists suramin and reactive blue, \vas observed most prominently at 

depolarizing holding potentials, suggesting a direct interaction \\lith volume-sensitive Cl- chan­

nels rather than interaction with purinoceptors. Both ATP and CTP, at submicromolar levels, 

were found to act as potent activators of Erk-l/2 in Intestine 407 cells. Addition of the ATP 

49 



/iTP in rell !)01/II!Ie r~g!ll(/tiotl 

hydrolase apyrase to the bath greatly reduced the hypotonicity-induced Erk-1/2 acti,Tation, but 

did not affect the swelling-induced isotope efflux or whole-cell CI- currents. Furthermore, pre­

treatment with suramin or reacti'T blue almost completely preyented the hypo-osmotic acti,-a­

tion of Erk-1/2. The results indicate that extracellularly released ATP functions as an autocri­

ne/paracrine factor that mediates hypotonicity-induced Erk-1/2 acti...-ation but does not senre as 

an acti...-ator of yolume-sensitiye compensatory Cl- currents. 

INTRODUCTION 

j\·lost cell types studied to date respond to alterations in cell yolume by evoking specific 

compensatory mechanisms. In general, osmotic cell sv.'elling leads to the acti\"ation of K+ and 

(]- sdectiye ionic channels and, depending on cell type and experimental conditions, to an 

accompanying efflux of organic osmolytes (amino acids, polyols and methylamines; re,·iewed in 

11 l). Although the mechanism of actiyation of the yolume-sensiti\-e CI- channels is as yet elusi­

Ye, protein tyrosine phosphorylation "\vas found to be critically im'olYed in multiple cell types [2-

6]. Furthermore, activation of the ras-related G-protein p21 Rho appeared to be a prerequisite for 

acti,ration of the yolume-regulated CI· channels in boyine endothelial cells and human Intestine 

407 cells [6,7]. H\'po-osmotic cell swelling is accompanied by a rapid phosphon'lation and/or 

acti\-ation of a number of other signalling enzymes including members of the j\lAP kinase 

(mitogen-acti\-ated protein kinase) family [2, 8-14]. Activation of j\.fAP bnases, however, was not 

mandatory for the regulation of osmosensitive Cl- channels [13, 14]. Although the molecular 

identity of the CI- channels involved in cellular volume regulation is not yet clear, the bioelectri­

cal properties of osmosensitive Cl- currents ha\T been studied in many cell types. These currents 

are characterized by a marked outward rectification, a strong inacthration at positive holding 

potentials and an inhibition by extracellularly applied nucleotides (reviewed in [15,16]). 

Recent evidence indicates that ATP is released rapidly from cells in response to increas­

es in cellular cA~IP, mechanical stress or osmotic cell s"\velling [17-19]. Furthermore, extracellu­

lar ATP has been recognized as an autocrine factor involved in increasing transmembrane CI­

permeabilities and in the activation of volume-sensiti,ce CI- channels [17, 18,20]. Binding of 

ATP to a specific subclass of G-protein-coupled purinoceptors (the P2Y subtypes) not only 

leads to phospholipase C-mediated activation of protein kinase C and mobilization of Ca2+, but 

additionally results in the activation of 11AP kinases, including extracellular signal-regulated pro­

tein kinases (Erk-I/2) [21-27] and the stress-activated protein kinase SAPK/J~K [28, 29]. 

In this study, we used the human fetal jejunum-derived Intestine 407 ceHline as a model 

to investigate the role of extracellularly released ATP in the regulation of volume-sensitive CI­

channels as well as its putative involvement in the activation of Erk-l/2 by hypotonicity. Hypo­

osmotic cell s\veUing was found to result in a dose- and time-dependent release of ATP into the 
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medium, through a mechanism independent of the activation of \Tolume-sensitive CI- channels. 

Furthermore, in contrast with prc\Tious obsenTations in other cell models [18, 30, 31], autocri­

ne/paracrine ATP signalling did not ser'i'C as a trigger to activate volume-sensitive C1- channels. 

ATP signalling through P2Y receptors, however, was found to be fully responsible for the hypo­

osmotic activation of Erk-l/2. 

MATERIALS AND METHODS 

Materials 

Radioisotopes (l2ir, 45Ca2-, and [y_32P]ATP) and enhanced chemiluminiscence (ECL) 

kit were purchased from Amersham l\etherlands B.V ('S Hertogenbosch, The Netherlands). 

Polyclonal anti-Erl, antibody was obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, 

C.S.A.). The Ca2+ -ionophore A23187 and cytotoxicity detection kit Oactate dehydrogenase) were 

from Boehringer (},jannheim, Germany), and }'ITf (3-[4,5-dimethdthiazolyl-2]-2,S-diphendte­

trazolium bromide), Protein A-Sepharose and luciferin/luciferase reagent \-vere obtained from 

Janssen Chi mica (GeeJ, Belgium), Pharmacia Biotech (Uppsala, Sweden) and Promega (Medison, 

WI, U.S.A.) respectively. Other chemicals were purchased from Sigma (St. Louis, MO, U.S.A.). 

Cell culture 

Intestine 407 cells were grown routinely as monolayers in Dulbecco's modified Eagle's 

medium supplemented with Hepes, 10% fetal calf serum, 1 % non-essential amino acids, 40 mg/l 

penicillin and 90 mg/l streptomycin under a humidified atmosphere of 95%, 0,/5'1'0 CO, at 

37°C. Prior to the experiments, cells \vere serum-starved overnight. Cell viability \vas assessed b)" 

determining lactate dehydrogenase leakage according to the instructions prO\Tjded by the manu­

facturer (Boehringer ~hnnheim) and by quantifJ"ing j\fTT cOil\Tcrsion as described by Hansen et 

al [32]. 

Efflux assays 

Confluent monolayers of Intestine 407 cells \vere loaded \vith 5 J-lCi/ml 125I- or o.Sller 
45Ca2+ for 2 h in modified Meyler solution (108 mM :\laCl, 4.7 mM I(Cl, 1.3 mC\'! CaCl" 1 m;\l 

MgCl2, 20 mc\l NaHC03, 0.8 mM Na2HP04, 0.4 mM :\laH,P04, 20 mM Hepes and 10 mN! glu­

cose, pH 7.4) under a 95% 0,/5% CO2 humidified atmosphere. Subsequently, the cultures were 

washed three times with isotonic buffer (80 mM ~aC!, 4.7 mM I(Cl, 1.3 mM CaCl" 1 mM 

MgCl20 10 m,y[ glucose, 95 mM mannitol and 20 mi\-! Hepes, pH 7.4). Hypotonic buffers were 

prepared by adjusting the concentration of mannitol. Radio-isotope efflux \vas determined by 

replacing the medium at 1-2 min intenTals, quantified by ~- or y-radiation counting and expressed 

as fractional efflux per minute as described previously [33]. 
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Luciferin/luciferase assay 

Cells \vere seeded at a concentration of 104/ cm2 and incubated for 4 h under a humi­

dified atmosphere of 95?;() 02/ SfYrJ CO2 at 37°C. Thereafter, cells were washed four times \vith 

isotonic buffer (80 mM ]\;aC!, 4.7 mi\I KCI, 1.3 mi\! CaC!" 1 mM MgCl2, 10 mi\I glucose, 95 

mid mannitol and 20 m.i\I Hepes, pH 7.4). ATP release was measured in real time immediately 

after adding isotonic or hypotonic buffer containing the luciferin-luciferase reagent using a 

Topcount.~XT luminometer (packard, 0.Ieriden, CT, L'.S.A.). Values are expressed as accumula­

tion of extracellular ATP in time and corrected for the consumption of ATP by the luciferase 

reaction. Hypotonic buffers were prepared by adjusting the concentration of mannitol and 

osmolarity \\.7as assessed using a cryoscopic osmometer (Osmomat 030; Salm & Kipp B.V., 

l3reukelen, The ]\;etherlands). 

Measurement of whole-cell CI- currents 

Cells were bathed in a solution containing 110 m,,! CsC!, 5 mM i\!gS04, 3.5 m"! "a­

gluconaat, 12 mM Hepes, 8 m.\! Tris, 100 mi\I mannitol, pH 7.4. The intracellular pipette solu­

tion contained 110 mJ\! CsCl, 2 mM MgS04' 25 mi\I Hepes, 1 me-I EGTA, 1 mM ]\ja2r\TP, 50 

m.i\I mannitol pI-I 7.4. Patch pipettes were pulled from borosilicate glass (Clark Electromedical 

Instruments, Pangbourne, Berks., L'.K.) and had a resistance of 2-3 j\·IQ. To monitor the time­

course of current activation, alternating step pulses (100 ms duration) from 0 to ±100 mV were 

-applied eyer:; 30 s. Voltage dependence of whole-cell current was monitored by applying step 

pulses (2 s duration, 7 s intenrals) from -100 mV to +100 m\l with 25 mV increments. For com­

mand pulse control, data acquisition and analysis pCl..,Al\IP 6 soft\\-'are (Axon Instruments, 

Foster City, CF\, U.S.A.) was used. All data were sampled at 5 kHz after being low-pass filtered 

at 500 Hz \'vith a Bessel filter (Axon Instruments). 

Erk-l/Erk-2 activity assay 

After stimulation, cells were washed once \\'ith ice-cold PBS and 1 ml of lysis buffer was 

added (1 c;:, Triton X-100, 150 me-I "JaC!, 10 m,,1 Tris/HCl, 1 m:\! EDTA, 1 me-I EGTA, 0.5'% 

l\:onklet P-40, 0.2 mMl\:a3V04, 0.2 mM PMSF, 1 'Yc, aprotinin and 50 !J.g/mlleupeptin, pH 7.4). 

After 10 min (O°C), lysates were collected, cleared by centrifugation and the supernatants \vere 

incubated with polyclonal anti-Ed;: antibodies (recognizing both Erk-2 and, to a lesser extent, 

Erk-l) for 1 h. Thereafter, protein A-Sepharose was added and the mixture was incubated for a 

further hour. The immunoprecipitates Vlere washed three times with lysis buffer and three times 

wirh kinase buffer (10 mM Tris/HCl, 150 me-I "JaC!, 10 m,,! i\IgCl2> 0.5 mM dithiothreitol, pH 

7.4) and Erk-l/2 activity was determined by ill I)itro phosphorylation of myelin basic protein 

(MBP). Phosphorylation was carried out in 40!J.l of kinase buffer supplemented with 0.5 mg/ml 

Ml3P, 25 !J.M ATP + 5 !J.Ci of [y-32PJATP (30 min, 3TC). After termination of the reactions by 

rapid centrifugation, boiling SDS sample buffer \vas added to the supernatants. The samples 
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were boiled for 5 min and subjected to SDS/P/\GE. Radioaeti,-it)" of MBP was quantified by a 

phospho-imaging system (\folecular Imaging System GS-363; Biorad, CA, L.S.A.). 

RESULTS 

Osmotic cell swelling stimulates ATP release 

The release of ATP from hypotonicity-provoked Intestine 407 cells \vas monitored con­

tinuously using a luciferin/luciferase bioluminescence assa~T. As shov,rn in Figure 1, a shift from 

isotonic to hypotonic medium caused a rapid increase in extracellular ATP. The ATP release was 

stimulus-dependent and continued for at least 15 min; only after mild hypo-osmotic stimulation 

(20_30°;{) reduction in tonicity) \Va5 a tendency to lC\Tel off observed. Notably, the regulatory 

volume decrease response under these conditions is completed within approx. 2-3 min [2J. 

Under all conditions tested, no detectable increase in luminescence \\·'as observed in the presen­

ce of the nucleotide hydrolase apyrase (results not shown). 
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Figure 1. ATP release in response to hypo­

osmotic cell swelling 

ATP release from Intestine 4(J7 cells 

was measured in real time using the luciferin/luci­

fera~e assay immediately after addition of isotonic 

or hypotonic buffer (t::;(). Data afe expressed ".1S 

mean ± S.E.i\I. (n;::;5). The amount of ATP pres­

ent at t::::O (immediately- after adding isotonic (iso) 

or hypotonic (2()'/'1l-5()'Y;, hypo; buffer containing 

lucifcrin/luciferase reagent) was taken as a baseli­

ne and \\·as not significantly different between the 

experiments and the buffers used (9.5 ± 0.1 

pmol/lO° cells). 

Pretreatment of the cells \vith 1,2-bis-(2-amino-phenoxy)ethane-l'V,i"\~,1\i',l\;'-tetra-acetic 

acid acetoxymethyl ester (BAPTA-A11) or cytochalasin B significantly inhibited the hypotonici­

t)'-induced A . .TP release (Table 1). In contrast, the hypotonicity pro\Toked conductive 125I--efflux 

was unaffected by BAPTA-Ai\:I loading and \vas strongly potentiated by pretreatment with cyto­

chalasin B after submaximal stimulation (2(YYr) hypotonicity; Table 1). Cytochalasin B, however, 

did not affect the response to a saturating stimulus (30-5(Y~); Table 1). These results, together 

\vith a clear difference in the time-course of acti\'ation/inacti\Tation of osmosensiti\~e ATP 

release and anion efflux (peaks within 1-2 minutes), suggest that ATP Jea\Tes the cell through a 
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path\vay separate from the volume-sensitive anion channels. Notably, no significant differences 

were observed in either lactate dehydrogenase leakage or ~ITT con\'ersion \vithin 15 min of 

osmotic stimulation (50?/o tonicity, results not shown), indicating, together with our tlndings that 

the release of ATP is regulated by intracellular calcium and requires an intact cytoskeleton, that 

the increase in extracellular ATP is due to enhanced release from viable cells and not due to cell 

lysis. 

Table 1. Effect of BAPTA-AM and cytochalasin B treatment on ATP release and hypotonicity-induced 

anion efflux 

ATP release and fractional 1251- efflux ,vas quancitated from control, BAPT.C\-Ai\I loaded (25 !l:\I, 1h) and 

cytochalasin B prerreated (50 J.l~I, 30 min) Intestine 407 cells. ATP accumulation was determined after 15 min of 

incubation with isotonic or hypotonic medium. Actiwtion of the anion conductance was determined by measuring 

the initial increase in fractional 1251- eftlux at 90 s after changing the medium for an isotonic or hypmonic medium. 

Data are expressed as mean ± S.EJI.'L (n:::3). Asterisk indicates a significant difference from the control (p<O.05; 

Student t-test). 

ATP accumulation 

(pmol/ Hi' cells) 

Experimental Isotonic 50 l% 

condition Hypotonic 

Control 4.3 ± 1.0 23.1 ± 4.1 

BAPTA-A!'.] 1.9 ± 0.8 7.6 ± 2.3* 

Cytochalasin B 0.3 ± 0.2* 8.0 ± 2.0* 

Increase in fractional iodide efnux 

('Y,,/min) 

Isotonic 20% 50°;!) 

Hypotonic Hypotonic 

-0.7 ± 0.4 6.7 ± 1.7 32.4 ± 0.3 

-0.2 ± 0.1 6.4 ± 0.5 31.1 ± 1.4 

1.4 ± 1.5 15.3 ± 1.1* 29.5 ± 1.9 

Effects of extracellular nucleotides on osmosensitive anion efflux 

The effects of extracellular ATP on anion transport V.'ere investigated by quantifying 

radioisotope efflux from 125I"-10aded monolayers of Intestine 407 cells. \\/hereas extracellular 

ATP (0.1 fli\l-JO m2\l) was unable to e,·oke a 1251- efflux by itself (Figure 2A), micromolar con­

centrations (10-1 00 ~.L~VI) greatly potentiated the anion efnux in response to a submaximal (20(;10 

reduction in tonicity) osmotic stimulus (Figure 2A). Potentiation of the swelling-induced anion 

efflux by ATP could have been due to an increase in iodide permeability (genuine potentiation) 

or to an increase in driving force (stimulation of Ca2- -activated K+ channels). T\vo different 

experiments were performed to investigate whether the isotope efflux is mainly a function of the 

number of activated anion channels or is affected also by the membrane potential. 

(i) Potentiation of the efflux by ATP was not observed after maximal (30% reduction in tonici­

t\) hypotonic stimulation: peak 1251- efflux: 38.7 ± 0.8'Y,,/min in the absence and 39.8 ± 
l.5'X,/min in the presence of JOO flM ATP (mean ± S.E.M., n=3). Under these conditions the 
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BC'Rb~ efHux (indicati\'e for the K+ permeability) was increased approx. 2·fold: peak 8GRb+ eftlux: 

3.5 ± 0.2'Yo/min in the absence and 5.9 ± 0.4%,/min in the presence of 100 )lM ATP (n=3). 

(ii) Treating the cells with the K" ionophore \'alinomycin (10 )l:\!) did not further increase the 
1251- efflux in response to a 30{Yo hypotonic medium: peak 1251- efflux was 32.2 ± 2.8% j min in 

the control versus 31.7 ± 1.2%/min in the presence of \Talinomycin (n=3). Furthermore, as 

published previously [34], brief treatment of the cells with PMA completely inhibited the hypo. 

tonicity-induced 86Rb+ eftlux, but did not affect the osmosensitive 12.51- efflux. These results 

sho\v that the isotope efflux is virtually independent of the membrane potential. Taken together, 

micro molar concentrations of extracellular ATP potentiate the 1251- efflux through an increase 

in membrane permeability rather than by increasing the driving force for anion efflux by enhan­

cing the K - conductance. 

Increasing concentrations of ATP P- 1 mt!), not only reduced the potentiation of the 

hypotonicity-provoked 1251- efflux, but e\Tentually abolished the isotope efflux almost complete­

ly (Figure 2A). Similar results (not shown) were obtained when Mg.ATP was used, indicating that 

the inhibition observed is not due to a reduction in extracellular D_'vIg2..L]. 
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Figure 2. Effects of ATP on radioisotope release from 1251- or 45Ca2+ loaded cells. 

A) Do~e-dependency of the effects of t\TP on the fractional 1251- ef!-lLlx from control (open symbols) and 

osmotically stimulated (201~~J hypotonicity, dosed ~ymbols) cultures. B) Dose-dependency of the ATP-induced fracti­

onal 45(:a2+ eff1ux from radioisotope loaded cdls under isotonic conditiom. Data are expressed as mean ± 
S.F~.l\L(n:::3). 
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Pretreatment of the cells with BAPTA-A'.,! (25 I-L\I, lh) did not affect the anion-efflux 

response to hypo-osmotic stimulation but completely abolished the potentiation of the efflux by 

micromolar concentrations of ATP (Figure 3). These results suggest that the potentiation of the 

hypotonicity~induced anion eft1ux by extracellular ATP is due to an increase in intracellular Ca2+. 

Indeed, addition of ATP to the medium was found to result in an increased cellular mobiliza~ 

tion of Ca2+, as quantified by 45Ca2+ efflux from isotope-loaded cells (Figure 2B). The ATP­

mediated Ca2+ release starts, like the potentiation of the hypotonicity~provoked anion eft1ux, at 

microffiolar conditions and saturates at approx. 0.1-1 ffilvI, but, in contrast with ATP effects on 

Cl- channel activation, no inhibition of the Ca2~ efflux was observed at millimolar concentra­

tions (Figure 2A/B). Taken together, these results suggest that different mechanisms underlie 

the potentiation and inactivation of the anion conductance. 
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Figure 3. Calcium dependence of ATP~ 

mediated potentiation of the osmosensitiw 

ve anion efflux 

Time course of the osmo-shock 

induced (20lYc) hypotonicity) fractional 12.51-

efflux from control (open symbols) or 

BAPT\-A..\I-Ioaded (23 J.l~I, 1h; closed sym­

bols) cultures in the presence (circles) or absen­

ce (boxes) of ATP (30 )lj\f). ATP or vehicle 

'\\'as added from time point 3 min on; arrow 

indicates shift to hypo-osmotic medium. Data 

are expressed as mean ± $.E.11. (n:::3). 

Extracellular ATP is known to induce Ca2+ mobilization by activation of G-protein~ 

coupled purinoceptors, \vhich are divided into subtypes on the basis of differina aaonist~affini-
~ b b ' 

ty series (revie\i,;ed in [35]). To investigate the receptor involved in the ATP effect on the osmo-

sensitive anion eft1ux, the relative potencies of adenine- and uridine-containing nucleotides were 

determined. As shown in Table 2, this affinity profile (lJTP=ATP=ATPyS>ADP=AMP; cAr-IP 

and adenosine ineffective) closely resembles the agonist specificity of the P2Y2 (=P2U) type of 

receptor as characterized by Lustig et al. [36]. 
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Table 2. Order of potency of nucleotides in potentiating the hypotonicity induced 1251- efflux in Intestine 

407 cells 

Increase in fractional 1251" efflux in response to 'J 20% hypotonic shock "\-yas determined in the absence or 

presence of equimolar concentrations (10 )..li\f) of extracellular nuclcotides. Data are expressed as percentage of the 

control. Asterisk indicates a significant difference from the control (p<O.05; Student t-test). 

Experimental condition Mean ± S.E.lvI. (n) 

Control 100± 6 (8) 

ATP 194 ± 8* (8) 

ATPyS 186 ± Y (5) 

UTP 185 ± 17* (3) 

ADP 153 ± 8* (3) 

GDP 140 ± 12 (3) 

GTPyS 138± 9* (3) 

A!'vIP 134 ± 14 (3) 

GTP 122 ± 2* (3) 

Adenosine 107± 3 (3) 

cAMP 91 ± 15 (3) 

Effect of purinoceptor antagonists and the ATP hydrolase apyrase on osmosensitive C[­

currents 

Although extracellular ATP alone was not sufficient to activate an anion current in 

Intestine 407 cells, hypo-osmotically released ATP may play an important role in the feed-for­

ward regulation of compensatory Cl- channels. To verify this possibility, both the hypotonicity­

provoked whole-cell Cl- currents as well as the 1251- efflux in intact cells \vere measured in the 

absence and presence of apyrase (3 units/ml). 

When exposed to a hypo-osmotic medium, Intestine 407 cells respond by developing a 

large, Cl--selective, outwardly rectifying current (Figure 4A and B). The anion current displayed 

a slow activation after strong hyperpolarizing pulses and a marked voltage-dependent inacti\Ta­

tion at depolarizing holding potentials. Addition of millimolar concentrations of extracellular 

ATP blocks the hypotonicity-induced anion efflux in a voltage-dependent manner (Figure 4C). 

Similar currents have been reported by others for this cell line and for many other cell systems 

(for review, see [16,37]). Addition of apnase to the bathing solution did not prevent the activa­

tion of the osmosensiti\Te current (Figure SA) nor did it affect the magnitude of the cell swel­

ling-induced 1251- efflux from intact cells (Table 3). Similar results were obtained when a hexo-
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Hypotonic + ATP 

1 oA I 

500 ms 

Figure 4. Volume-sensitive chloride 

currents in Intestine 407 cells 

\,\'hole ceJl Cl- currents in control (isoto­

nic; A) and hypo-osmotic stimulated (8) 

cells in response to step pulses from -1 DO 

tTl V to + 100 m V (25 m V increments). C) 

Inhibition of the cell swelling induced Cl­

current by extracellular j-\TP (5 m:i\I). 

Traces are representatiye for 20 (A/B) 

and 6 (C) experiments respecti\"eJy. 

kinase/glucose system was used to trap released ATP (results not sho\.vn), Furthermore, addi­

tion of micromolar concentrations of ATP t~ the bathing solution did not induce an increase in 

CI- current under isotonic conditions (Figure SB). Taken together, these findings again indicate 

that, under our conditions, extracellularl), released ATP triggered b;," osmotic cell swelling is not 

involved in the activation or potentiation of volume-sensitive CI- currents. 

Paradoxically, after treatment of the cells with the purinoceptor antagonists suramin and 

reactive blue, a strong inhibition of the hypotonicity-induced anion efflux was observed (Table 

3), suggesting a role for purinoceptors in the activation of the chloride efflux. Furthermore, 

addition of suramin (Figure SA) or reactive blue (results not shown) to the bathing solution 

effectively decreased swelling-induced \.vhole-cell Cl- currents. Inhibition by both antagonists, 

like the inhibition by millimolar concentrations of extracellular ATP (Figure SB), was voltage­

dependent (out\vard currents were inhibited much more prominently than in\vard currents). 

Combined with the observation that addition of apyrase to the bathing solution had no effect 

on the development of hypotonicity-induced Cl- currents (Figure SA and Table 3), these results 

indicate that the inhibition of hypotonicity-induced CI- channels by suramin and reactive blue is 

unrelated to their action as purinoceptor blockers. 
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Figure 5. Time course of activa-

tion and inhibition of osmosensitive 

chloride currents 

A) Hypotonicity-pronlked 

whole cell Cl- currents at -100 mV and 

+ 1 00 ill V in the presence of apyrase (3 

I.lI./ml) and after subsequent addition of 

suramin (1 00 J1~\'I). B) .\Iagnitude of the 

whole cell CI- ClIrrents after addition of 

ATP (50 fli\1), a shift to a hypotonic 

medium (30~;;, hypotonicity) and subse­

quent addition of 5 m;\I ATP. Traces are 

representative for 6 experiments. 

Table 3. Effect of ATP hydrolase apyrase and purinoceptor antagonists on hypotonicity-induced 125r­

efflux 

Fractional 125r- efflux was determined in response to a 20(Y,) and 3(1% hypotonic shock in the presence or 

absence (control) of 3U/ml apyrase, 100 ).1:-1 suramin or 100 ).1j\J reactiye blue. Data are expressed as percentage of 

control (mean ± S.E.·:'\f., 0=3). Asterisk indicates a significant difference from the control (p<O.05; Student t-tcst). 

Hypotonicity 

Experimental condition 20% 30% 

Control 100 ± 5 lOO±S 

J.'\pyrase 93 ± 8 108 ± 5 

Suramin 38 ± 4* 55 ± 6* 

Reactive blue 34 ± 4* 75 ± 2* 
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Autocrine release of ATP mediates swelling-induced Erk-l/2 activation 

Recently, \ve demonstrated that hypo-osmotic stimulation of Intestine 407 cells transi­

ently activates Erk-l/2 through the Ras/Raf signalling pathway [14]. Because ATP has been 

reported to activate ~iAP kinases in some other cell types [21-27], \ve investigated the possible 

autocrine/paracrine involvement of osmotically released ATP. It ","vas found that extracellular 

ATP under isotonic conditions acts as a potent activator of Erk-l /2 in Intestine 407 cells (Figure 

6). For comparison, the effect of a 30% hypotonic shock on Erk-l/2 activation is also shown in 

Figure 6. Stimulation of Erk-I/2 started at concentrations of 0.1-0.5 Ill\!, indicating that the 

threshold for Y!AP kinase activation by ATP is two orders of magnitude lower than its thres­

hold for the activation of Ca2+ efflux and for the potentiation of osmosensitive anion efflux (see 

Figure 2). As shown in Figure 7(A), treatment of the cells with apyrase (3 units/ml) not only 

abolished the ATP /L:TP-induced Erk-l/2 activation, but also almost completely inhibited its 

activation by hypo-osmotic stress. ~Ioreover, pretreatment of the cells \vith suramin (100 ~~I, 

15 min) or reactive blue (100 IlM, 15 min) significantly inhibited the hypotonicity-induced Erk-

1/2 activation (Figure 7B). These results indicate that extracellular ATP, acting as an autocrine 

factor, is largely responsible for the hypotonicity-induced Erk-l/2 activation and, because L'TP 

"'vas equipotent, mediates its effects through P2Y 2 receptor signalling. 
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Figure 6. Dose-dependency of ATP-

induced Erk-l/2 activation 

Cells \vere exposed for 5 min to 

isotonic medium containing different con­

centrations of ATP or to a 3(YYll hypotonic 

medium in the presence of 200 ~L:\l 

)Ja3V04. After lysis of the cells, Erk-1/2 

was immuno-precipirated and enzrme !l.cti­

vity was determined using :l\IBP as a sub­

strate (as described in Experimental 

Procedures). Data are expressed as percen­

tage of the control (mean ± S.E.:l\f. for 

n=3). 
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Figure 7. Extracellular released ATP 

activates Erk-l/2 

Erk-l/2 was immuno-precipita­

ted and enzyme actiyity was determined 

using MBP as a substrate. A) Following a 5 

min incubation \yith ,"chicle (-) or with 3 

elm! apyrase (+), cells were exposed for 

another 5 min to either isotonic medium. 

30'!I; h~1)otonic medium, 100 ).l)"I ATP or 

100 ).1:\1 CTP in the presence of :\:a3V04 

(200 J-lrd). Shown is an auto radiograph of 

32P-labelled MEP separated by SDS/PAGE; 

data are representatiye for 3 independent 

experiments. B) FolIo-wing 15 min incuba­

tion \vith ,-chicle H, with reacti,-e blue (100 

Il'\f) or suramin (100 j.li\[) , cells \,-en:: 

exposed for 5 min to isotonic (open bars) or 

30{VI, hypotonic medium (hatched b'Jrs). 

Data are expressed as percentage of the 

untreated control (mean ± S.E.M.; n::::3) . 

Asterisk indicates a significant difference 

from the control (p<O.05; Student t-test). 

Hypo-osmotic cell swelling induces a rapid increase in the K+ - and Cl--selective con­

ductances and the concomitant activation of multiple signalling pathways. In Intestine 407 cells, 

some components of these path\vays, like p21 rho and PtdIns 3-kinase, were found to be indis­

pensable for a proper activation of the volume-sensitive Cl- channels, whereas others, like the 

members of the J\IAP kinase superfamily, are apparently not involved [2, 7, 13, 14J. Recent stu· 

dies in HTC hepatoma cells suggest that both the hypotonicity-induced Cl- current activation 

and the subsequent cell-volume recO\Tery completely depend on a cell swelling-induced conduc­

tive ATP efflux [18, 30J. Similar to HTC hepatoma cells, Intestine 407 cells respond to a hypo· 
osmotic shock \,,rith a release of ATP into the medium. The ATP release was stimulus-depend­

ent and relatively sustained, lasting for at least 10-15 minutes. Notably, the regulatory volume 

decrease response under these conditions is completed in approx. 2-3 min [2J. Both the ATp· 
binding-cassette proteins CFTR (cystic fibrosis transmembrane-conductance regulator) and P­

glycoprotein have been proposed to function as ATP-release channels or to regulate an, as-yet-
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unidentitied, associated ionic channel [17, 30, 38-40]. Other investigators, ho\vever, failed to esta­

blish a link between CFTR/P-gIYcoprotein and ATP release [19,41-43]. In Intestine 407 cells, 

CFTR CI- channels are not expressed [2) and, in the subclone we use, P-glycoprotein expression 

is not detectable by RNAse protection assay (results not shown), arguing against a role for these 

ATP-binding-cassette transporters in ATP release. This notion is supported by the findings of 

Tominaga et al. [44], using a different, P-glycoprotein-expressing, subclone of Intestine 407 cells. 

They found that inhibition of P-glycoprotein expression or function by treatment with anti­

sense oligonucleotides or verapamil did not affect the osmosensitive Cl- current [44]. 

H\'potonicity-induced A.TP release was inhibited by BAPTA-A:'l and cyrochalasin B whereas cell 

s\velling-induced anion efflux was strongly potentiated by cytochalasin B treatment and unaffec­

ted by Ca2~ chelation (see Table 1). These findings, together with the difference in kinetics bet­

\.veen hypotonicity-induced ATP release and anion efflux, argue against conducti\Ce ATP efflux 

through \Colume-regulated C1" channels. In contrast, although rather speculative, the dependency 

of the ATP release on intracellular Ca2+ and an intact cytoskeleton suggests the in\Tolvement of 

an exocytotic process. 

Based upon the inhibitory action of apyrase and of the purinoceptor antagonists sura­

min and reactive blue, \Vang et al. [18] concluded that, in HTC rat hepatoma cells, extracellular-

1y released ATP, through a P2-type receptor other that P2Y b was obligatory for the activation of 

\Colume-sensitiye anion channels. The results of our study, ho\veyer, demonstrate clearly that 

exrracellularly released ATP is not involved in the activation of osmo-regulated C1- channels in 

Intestine 407 celis, as evidenced by the inability of applied ATP to evoke an anion conductance 

under isotonic conditions and by the insensitivity of the hypotonicity-pro\Toked anion efflux to 

apyrase. lnstead of a direct activation of Cl- conductances, micromolar concentrations of ATP 

were found to greatly potentiate the ionic response to a submaximal hypotonic stimulus, most 

likely through P2Y 2-receptor acti\Cation (as evidenced by the order of potency of different 

nucleotides) and subsequent Ca2+ mobilization (as evidenced by 45Ca2-'- -efflux studies and poten­

tiation studies in BAPTA-N\lloaded cultures). 

Potentiation of the ionic responses to osmotic cell swelling is not unprecedented. 

Indeed, in Intestine 407 celis, Ca2+ -mobilizing hormones as \veIl as the phosphotyrosine phos­

phatase inhibitor (peroxo)vanadate and cytochalasin B were found to increase the anion efflux 

[2,7,34]. These data confirm the previous notion that Intestine 407 cells do not express Ca2+­

activated anion channels [2,34] implying that ATP /Ca2+ potentiation of anion efflux is a regu­

latory property of the volume-sensitive C1- channels. 

Importantly, the inhibition of volume-sensitive Cl- channels by millimolar concentra­

tions of ATP appeared to be independent of P2Y rreceptor signalling because at those concen­

trations the ATP activation of 45Ca2+ efflux was unaffected. Not only high concentrations of 

extracellular ATP (>5 m11), but also the purinoceptor antagonists suramin and reactive blue, 

\,rere found to inhibit both the volume-sensitive anion efflux and the hypotonicity-provoked 
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whole-cell Cl- current significantly. These results arc in line with the recent findings of Gallietta 

et al. [45], "'ho reported an inhibition of swelling-induced taurine efflux and Cl' currents b\' puri­

noceptor antagonists in 9HTEu- cells. The inhibition by ATP, suramin and reactive blue (i.e. by 

both purinoceptor agonist and antagonists) was \'oltage dependent and therefore suggests a 

direct interaction with the extracellular domains of the channel protein. This property renders 

these antagonists less suitable for in\-estigating the invohTcment of purinoceptors in Cl- channel 

acti\Tation, but makes it tempting to speculate that \Tolume-regulated anion channels share homo­

logous nucleotide-binding domains with the P2Y2 receptors. Notably, the ATP concentrations 

reached in the close proximity of the cells in 1)11)0 are difficult to assess. As recently sho\vn by 

Beigi et al. [46], \1,'ho used cell surface-attached luciferase to measure ATP release from platelets, 

the ATP concentration measured bJ
T soluble luciferase in bulk extracellular fluids, as done in our 

studies, may greatly underestimate the concentration of ATP at the cell surface. Considering the 

micromolar rather than millimolar concentrations of released ATP found at the cell surface by 

Beigi et al. [46], the physiological role for cell swelling-induced }\ TP release is most plausibly 

potentiation of channel acti\-ity (requiring micro molar levels of extracellular ATP) rather than 

channel inhibition. 

A general feature of cell signalling in response to hypotonic stress is the activation of 

the extracellular signal-regulated protein kinases Erk-1 and Erk-2 [2, 8-14]. In this study, we 

demonstrate that the activation of these .i\IAP k..inases is not a direct consequence of osmotic 

cell swelling, but instead involyes an autocrine/paracrine loop with ATP as the first messenger. 

The ability of exogenously added ATP to potentiate the osmosensiti\"e anion efflux is some\\r­

hat contradictory to the observations that released ATP is responsible for Erk-l/2 activation but 

is apparently not involved in the regulation of 12.51- efflux or Cl- current (e.g. no reduction in 

magnitude in the presence of apyrase; Table 3 and Figure SA). \'?e suggest that there are at least 

t\vo plausible explanations for this apparent discrepancy. First, comparison of Figures 2A and 6 

shows that the threshold for Erk-1/2 acti,-ation by ATP is about two orders of magnitude lower 

compared \vith ATP-potentiation of the anion efflux or acti\Tation of Ca2i- channels. Second, in 

contrast \vith the conditions of the Erk-l/2 experiments, in the efflux assay, the extracellular 

medium is replaced at 1 min intervals to assess the release of radioisotope, thereby reducing 

un stirred layer dimensions and preventing ATP to accumulate. 

The finding that UTP is as effective as ATP suggests a second role for the P2Y2 recep­

tor, a G-protein coupled receptor, which was also found to be responsible for the potentiation 

of the s\velling-induced anion eft1ux. In several cell systems, receptors coupled to the G-protein 

subfamilies G q/ 1J , Gj/(j, G s or G 12/ 13 \vere found to activate the Ras/Raf/Erk cascade (reviewed 

in [47, 48]). However, since the hypotonicity-provoked activation of Erk-l/2 was insensitive to 

pertussis toxin in Intestine 407 cells [14], invoh'ement of Gi/O is not likely. 0!otably, Erk-1/2 acti­

"cation \vas found to be more sensitive to extracellular ATP than the Ca2.+ -mediated potentiation 

of hypotonicity-induced anion efflux (submicromolar ,"ersus micromolar levels). The reason for 
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this difference is unknown, but may relate to the involvement of multiple P2Y rreceptor sub­

types, or to a different sensitivity of the signalling pathways to submaximal receptor activation. 

REFERENCES 

1. I'-irk, K. and Strange, 1(. (1998) Anm1- Re\,. Physiol. 60, 719-739. 
2. Tilly, B.C., Van den Berghe, ~., Tertoolen, L.G.J., Edixho\'en, 1L]. and De jonge, H.R. (1993)]. Biol. Chem. 268, 

19919-19922. 
3. Sorota, S. (1995) Ptlugers Arch. 431, 178-185. 
4. Crepel, v., Panenka, \''''., Kelly, 1\[. E., and ::'Ic. Vicar, B.A.. (1998) J. Neurosci. 18, 1196-1206. 
'l. Lepple-\"'\.'ienhues, A., Szabo, 1., Laun, T., I(aba, N.K., Gulbins, E. and Lang, F. (1998)]. Cell Biol. 141, 281-286. 
6. Yoets, T, :'.Ianolopoulos, V, Eggermont,]., Ellory, c., Droogmans, G and 1':ilius, B. (1998)]. Physiol. (lJlOd.) 

506,341-352. 
Tilly, B,C., Edixhow:n, ;\I.j., Tertoolen, L.GJ, :.\lorii, ~., Sai[()h, y" ~arulTIiya, S. and De jonge, H .R. (1996) Mol. 
BioI. Cell 7, 1419-1427. 

~. Schliess, F, Schreiber, R. and l-bussinger, D. (1993) Biochem]. 309, 13-17. 
9. ~oe, B., Schliess, F, \\"emtein, ::'1, Heinrich, S, and Hallssinger, D. (1996) Gastroenterology 110, 858-865. 
lU. Sad oshima, ]., Qui, Z., :'Iorgan, J.P. and lzumo, S. (1996) E:\rBO]. 15,3535-5546. 
11. Schliess, F, Sinning, R, Fischer, R, Schmalenbach, C. and Haussinger, D. (1996) Biochem.J. 320, 167-171. 
12. Sinning, R., Schliess, F., I(ubitz, R. and Hans singer, D. (1997) FEBS Lett. 400, 163-167. 
13. Tilly, B.C., Gaestel, ?'I.L, Engel, K., Edixhoycn, :.\I.J and Dejonge, H.R. (1996) FEBS Lett. 395, 133-136. 
14. Van def \,(.'ijk, T, Dorrestijn, J, l\iarumiya, S., ~Iaassen, JA., De Jonge, H.R. and Tilly, B.C. (1998) Biochem.]. 

331,863-869. 
13. Strange, K., Emma, F. and Jackson, P.S. (1996) Am. j. Physiol. 270, C711-C730. 
16. Okada, Y (1997) Am.]. Physiol. 273, C755-C789. 
17 Schwiebert, E.M., Egan, "'\LE., Hwang, TH" Fulmer, S.B., /\Jlen, 5.S., Cutting, GR. and Guggino, \,('.B. (1995) 

Cell 81, 1063-1073. 
18. \'('ang, Y, Roman, R., Lidof~ky, S.D. and Fitz,j.G (1996) ProC. ~btl. j\.cad. l~SA 93, 12020-12025. 
19. Grygorczyk, Rand Hanrahan,j.\X'. (1997) Am.]' Physiol. 272, CI058-CI066. 
2(l. 0,Iason, S.j., Paradiso, /\.::.1. and Boucher, R.C. (1991) BLJ Pharmacol. 103, 1649-1656. 
21. HU\viler, A. and Pfeilschifter, j. (1994) Br. J. Pharmacal. 113, 1455-1463. 
22. Yu, S.M., Chen, S.F., Lau, Y.T., Yang, c.1\1. and Chen,j.C. (1996) 0,.101. Pharmacol. 50, 1000-1009. 
23. Patel, V, Brown, c., Goodwin, A, \\'ilkie, l\i, and Boarder, i\I.R. (1996) Biochem. j. 15, 221-226. 
24. Albert, ].1 .. , Boyle, ].P., Roberts, J.A., Chal1iss, R.A. Gubby, S.E. and Boarder, l\I.R. (1997) Br. j. PharmacoJ. 122, 

935-941. 
25. Dickenson, ].l\1, Blank, J.L. and Hill, S. (1998) Br.]. Pharmacol. 124, 1491-1499. 
26. Soltoff, S.P. (1998) ]. BioI. Chem. 273, 23110-23117. 
27. Harper, S., Webb, T.E., Charlton, Sj., ~g, L.L. and Boarder, "'\LR. (1998) Br.]. Pharmacal. 124,703-710. 
28. Huwiler, A., Van Rossum, G, \\';.'artmann, :\L and Pfeilschifter, J. (1997) Br.]. Pharmacol. 120, 807-812. 
29. Hamada, K., Takuwa, N., Yokoyama, K. and Takuwa, Y. (1998) J. Bial. Chem. 273, 6334-6340. 
30. Roman, R,.i\!., \'{'ang, Y., Lidofsky, S.D., Feranchak, A.P., Lomri, N., Scharschmidt, B.F. and Fitz, ].G. (1997) ]. 

Biol. Chem. 272, 21970-21976. 
31. Feranchak, /\.P, Roman, R.i\I., 5chwiebert, E.\J. and Fitz,].G (1998) J. Biol. Chem. 273, 14906-14911. 
32. Hansen, M.B., Nielsen, S.E., and Berg, K. (1989) J. ImmunoL 11ethods 119, 203-210. 
33. Vaandrager, A.B., Bajnath, R., Groot,].A., Bot, A,G.0,L and Dejonge, H.R. (1991) Am.J Physiol. 261, G958-

G96S. 
34. Tilly, B.C., Edixhown, :,\1.]., Van den Berghe, N., Bot, A.GM. and Dejonge, H.R. (1994) Am.]. Physiol. 267, 

CI271-C1278. 

35. Fredholm, B.B., Abbracchio, )"I.P., Burnstock, G, Dubyak, G.R., Harden, T.K.,jacobson, KA., Schwabe, C and 

64 



Chapter 4 

\'\.'illiams, .\L (1997) Trends Pharmacal. Sci. 18, 79-82. 

36. Lustig, KD., Shiau, AJ"':'., Brake, AJ and Julius, D. (1993) Pmc. :\atl. Acad. Sci. lISA 90, 5113-511 i. 
37. NiJius, E., Eggermont,J., Voers, T., Buys-e, G, ".\!anolopoulos, Y. and Droogmans, G. (199"7) Prog. Biophys. i\fol. 

Biol. 68, 69-119. 

38. Abraham, E.H., Prat, ,\.G., Gcnveck, L, Sene\"eratne, T., .-\rceci, R.j., l(1"ame1', R., Guidotti, G. and (amiello, 
H.E (1993) Proc. N;l.tl. Acad. Sci. CSA 90, 312-316. 

39. Pasyk, E.A. and foskett,J.J(, (1997) J. Bioi. Chem. 21, 7746-7751. 
40. Sugita, M., Yuc, Y. and foskett, JK. (1998) EMBO J 17, 89S-908. 
41. Reddy, j\Lj\L, Quinton, P.M., Haws, c., \'\,inc,J']', Grygorczyk, R., Tabcharani,J A., Haorahan,J\'\:, Gunderson, 

K.L., and Kopito, R.R. (1996) Science 271, 18;6-1879. 
42. \\'att, \X:c., Lazawwski, E.R. and Boucher, R.C. (1998)). Biol. Chem. 273, 14053-14058. 
43. Mitchell, C.H., Carre, D.A., ~IcGljnn, A.~f., Stone, R.A. and Ci\"an, },I..,\L (1998) Proc. NatL Acad. Sci. US/\ 95, 

7174-7178. 

44. Tominaga, \'L, Tominaga, T., l\Ijwa, /'1 .. and Okada, Y. (1995) J. Binl. Chern. TO, 27887 -27893. 

45. Galietta, LJV., Fahoni, S., Di Vergilio, F, Romeo, G. and Zeprra-:\loran, 0. (1997) Am. J. Physiol. 273, C5--
C66. 

46. Beigi, R., Kobau.ke, E., Aizlwa, j\,.f. and Dubyak, G.R. (1999) Am.J. PhysioL 216, C267-C278. 

47. Sugden, P.H. and Clerk, A. (1997) Cell. Signal. 9, 337-351. 

48. Lopez-llasaca,:\L (1998) Biochem. PharmacoL 56,269-277. 

65 



66 



5 
Increased exocytosis in response to 

osmotic cell swelling; a putative mechanism 
for the hypotonicity-provoked release of 

ATP 

ABSTRACT 

Thea van der Wijk, Hans C. Lodder, Karel S. Kits, 
Hugo R. de Jonge and Ben C. Tilly 

In preparation 

Osmotic swelling of Intestine 407 cells leads to a rapid release of ATP, through a mech­

anism imTolving a rise in intracellular free Ca2"'-- and depending on an intact cytoskeleton (Van det 

\Vijk et ai., Biochem. J. 343, 579-586, 1999). In this studv, we further investigated a possible role 

of regulated exocytosis in this process. Using the fluorescent membrane probe Fi\I 1-43, an 

immediate increase in cell surface membrane area was observed after hypo-osmotic stimulation. 

Treatment of the cells with ,,-ethylmaleimide, an inhibitor of Sl'\ARE (soluble l'\-ethdmalei­

mide-sensitive factor attachment protein receptors) proteins, completely abolished this increa~e. 

In addition, after labelling the intracellular vesicle compartments with Fi\1 1-43, hypo~osmotic 

stimulation led to a prominent reduction of intracellular tluorescencc. Taken together, these 

results strongly suggest that osmotic cell swelling is accompanied by a stimulation of exocytosis. 

like the cell swelling-induced ATP release, but in contrast to the activation of volume-regulated 

anion channels (Van der \Vijk et aI., Biochem. J. 343, 579-586, 1999), the hypotonicity-induced 

increase in membrane area \vas diminished after BAPTA-A:\f loading or cytochalasin B treat­

ment. In addition, both the increase in plasma membrane area triggered by osmotic cell s\velling 

as \vell as the release of ATP were markedly reduced after inhibition of phospholipase D-cata­

lysed formation of phosphatidic acid by n-butanoL Our results suggest the involvement of exo­

cytosis in the release of ATP triggered by osmotic cell swelling but argue against a role for exo­

cytosis in the recruitment or activation of volume-sensitive anion channels. Unexpectedly, we 

observed that pretreatment of the cells with the ATP hydrolase apyrase abolished the osmotic 
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swelling-induced increase in membrane surface area, indicating that extracellular ATP is required 

for the cell s\\'elling-induced exocytosis. These data suggest the existence of a positi,-e feedback 

loop in the release of ATP from hypo-osmotic stimulated cells. 

INTRODUCTION 

In mammalian cells, hypotonic cell swelling leads to the activation of cell \-olume regu­

latory processes, which in general comprises a transient increase in K+ and Cl- conductances of 

the membrane (for re\-iews see: [1-4]. As a result, KCI and water exit the cell and cell \-olume is 

rapidly restored (Regulatory Volume Decrease, or RVD). In addition to ion channel acti\'ation, 

osmotic s\\,'elling, like many other forms of mechanical stress, is knov,.-n to promote the release 

of A TP, a potentially auto- or paracrine factor acting through plasma membrane purinoceptors 

[5-8]. Extracellular ATP has been shown to regulate the RVD response in a number of different 

cell t\'pes [5,6,9,10], either through the stimulation of a Ca2T-dependent K+ efflux [10], or by the 

activation of volume-sensitive CIT-channels [5,9]. 

In Intestine 407 cells, extracellular ATP \vas not required for the direct activation of 

volume-sensitive Cl--channels [8]. However, (sub-)micromolar concentrations of extracellular 

ATP were found to potentiate the hypotonicity-pro\-oked anion efflux in a Ca2+ -dependent man­

ner [8]. Because the volume-sensitive 1<:+ -channels in Intestine 407, in contrast to osmo-regula­

ted anion channels, are Ca2+ dependent [11], a putative role for ATP in the activation of K+­

channels is appealing. Unlike the actj,ration of volume-sensitive anion channels, osmotically 

induced ATP release was found to be critically inyc)hred in the actiyation of extracellular-signal­

regulated protein kinase (Erk)-1/2 activation in Intestine 407 cells [8]. Although the role of 

hypotonicity-stimulated Erk-l/2 activation in the RVD response remains to be elucidated, acti­

vation of these :\lAP kinases by cell swelling has been observed in all cell models studied f12~ 

221· 

To date, a number of possible pathways ha,re been proposed to explain the release of 

ATP from cells. These include; (1) leakage due to (local) membrane damage; (2) specific chan­

nel(s) or transporter(s) and (3) exocytotic events. Previously, members of the ABC-type of trans­

porters were suggested to permeate ATP (for reviews see: [23,24]). Intestine 407 cells, however, 

lack CFTR expression and, in the subclone \",re use, P-glycoprotein expression was not detected 

r8,12], arguing against a role for these ABC transporters in the release of ATP from Intestine 

407 cells. Because the cell swelling-induced ATP release differs from the activation of osmo-sen­

sitive Cl--channels in both the time-scale of activation/inactivation as well as in its sensitivity to 

inhibitors [7,8], it \-vas concluded that ATP does not permeate through 'volume-sensitive anion 

channels. In contrast, in Intestine 407 cells, the ATP release was found to depend largely on 

[Ca2-1i as well as on an intact cytoskeleton [8], suggesting the involvement of exocytosis. 
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Chapter 5 

In this study, changes in membrane surface area in response to osmotic cell s"\velling 

\vere monitored in Intestine 407 cells using the fluorescent membrane dye F~I 1-43. The results 

strongly suggest that exocywsis is involved in the hypotonicity-induced /\TP release. In addition, 

the results argue against an exo-/ endocytotic cycle involved in the activation of \Tolume-sensi­

tive anion channels. 

MATERIALS AND METHODS 

Materials 

Luciferin/luciferase reagent was obtained from Promega Corporation G\.fedison, \\:'1); 

FM 1-43, jasplakinolide and paditaxel were from ;vIolecular Probes (Eugene, OR). The Ca2+­

ionophore A23187 ,:vas obtained from Boehringer Clvlannheim, Germany). Other chemicals \'i·'cre 

purchased from Sigma (St. Louis, MO). 

Cell culture 

Intestine 407 cells were routinely grown as monolayers in Dulbecco's modified Eagle's 

medium (DMEi'>!) supplemented with 25 m~J N-2-hydroxy-ethylpiperazine-N'-2-ethanesulfonic 

acid (Hepes), 10% fetal calf serum, 1 % non-essential amino acids, 40 mg/I penicillin and 90 

mg/l streptomycin under a humidified atmosphere of 95(j'i, 02 and 5% CO2 at 37°C. Prior to 

the experiments, cells were serum-starved uvernight. 

Luciferin/luciferase assay 

Cells \-vere seeded at a concentration of 10,OOO/cm2 and incubated for 4 h under a 

humidified atmosphere of 9Y/(, 02 and 5110 CO2 at 37°C. Thereafter, cells were \vashed four 

times with isotonic buffer (80 m~l NaC!, 4.7 mM KCI, 1.3 mi\l CaCllo 1 mM ~IgC!b 10 mM glu­

cose, 95 m~l mannitol and 20 mM Hepes, pH 7.4). ;\ TP release was measured in real time 

immediately after adding isotonic or hypotonic buffer containing the luciferin/luciferase reagent 

using a Topcount.NXT luminometer (packard, IVleriden, CT). Values are expressed as accumu­

lation of extracellular ATP in time and con-ected for the ATP consumption by the luciferase 

reaction. Hypotonic buffers were prepared by adjusting the conccntration of mannitol and 

osmolarity was assessed using a cryoscopic osmometer ( )smomat 030; Sa1m & Kipp B.V., 

Breukelen, The Netherlands). 

Membrane staining with FM 1-43 

Loading experiments \vere performed with cells gro\\'n on cO\'Crslips, at approx. 501j'i1 

con fluency. During exposure to 1 ~]'vI Fi\-'I 1-43, changes in fluorescence intensity were measured 

(excitation wmrelength = 479 nm; cmission wavelength = ,=i()B 11m) in a tluorcscencc spectro­

photometer (Hitachi F4500, Tiel, The Netherlands) at T7°C ':xpcriments were started after at 
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least 5 min of exposure to the FJ\I 1-43 to reach an equilibration of FM 1-43 dye partitioning 

into the plasma-membrane. \Xrashout experiments were performed with cells grown on petri dis­

hes, preloaded for 2 hours ·with F1'11-43, and visualized during the experiment using a fluore­

scence microscope. \\"ashout was studied by a continuous perfusing (2 ml/ min) using medium 

without FM 1-43. 

RESULTS 

Osmotic cell swelling leads to an increase in membrane labelling 

The effects of hypo-osmotic stimulation on the cell surface membrane area was studied 

using the styryl dye Fl\/I 1-43, a tluorescent probe that reversibly stains the lipid-liquid interface 

and does not penetrate the membrane [25]. upon fusion of vesicles ·with the plasma membrane 

or by inducing the unfolding of F~f 1-43 inaccessible plasma membrane, additional membrane 

area is exposed to the dye-containing bathing medium and fluorescence increases. As sho\vn in 

Figure 1, a shift from isotonic to a 40% hypotonic medium induced an increase in fluorescence 

above basal values. Like the release of ATP, the hypotonicity-provoked increase in E\f 1-43 flu­

orescence \vas inhibited by loading the cells with BAPTA-A1I or by treat~ent with cytochalasin 

B (Figure 1), suggesting that, the membrane expansion is Ca2+ -dependent and requires an intact 

actin cytoskeleton. Treating the cells with N-ethylmaleimide (NEw!), an inhibitor of SNARE 

proteins involved in vesicle docking and fusion, abolished the cell s\velling-induced increase in 

1 
0

- _551 --~---=~=="""=== _ _ l - control (iso) 

~ 5 [ ""''-'~'''--_____ • ______ control (hypo) 
~ -5 

1$ 5 r -= ....... -.,..~~~_-~~,...",= BAPTA.AM (hypo) 
c _sl 
~ 5,_ 
1! l ~----~-~~=~=~=== cytochalasin (hypo) 
o -5 
:J 

'" <J 

5 r _~ ____ """----_____ ---.....~ 
l ~ w. .- NEM (hypo) 
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5[~~~~~~ -. """V""""" ........ . ~v"_""''"'''''''' butanol (hypo) 
·5 
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ill 

Figure 1. Time course 
of hypotonic shock-induced 
increase in FM 1-43 fluorescence 
and its inhibition by cytochala­
sin B, BATPA-AM, NEM and n­
butanol 

After preincubation of 
the cells in isotonic medium wirh or 

without cytochalasin B (50 ~lj\J, 30 
mm), BAPTA-AM (25 ~M_ lh). 
NEJ\I (1 m':"'I, 13 min) or n-butanol 
(l'X" 1 h), as indicated in the tlgure, 
Intestine 407 cells grown on cover­
slips \vere placed in a cuvette \'vith 1 
I-tM F:\I 1-43 present in the bath 
solution throughout. After at least 5 
min of preincubation, cells were 
exposed to isotonic or 40% hypo­
tonic media with or without Cyto­

chalasin B, BAPTA-A\"I, NEl\1 or 
n-butanol; the arrow indicates a 
shift in medium. Traces are repre­
sentari\ce of at least 3 experiments. 
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tluorescence, supporting our notion that exocytosis occurs upon osmotic cell swelling. Addition 

of n-butanol (1°;() for 1h) to the medium, leading to an inhibition of phospholipase D-catalyscd 

formation of phosphatidic acid [26], also prevented the hypotonicity-induced increase in fluore­

scence (Figure 1). 

Osmotic cell swelling is accompanied by exocytosis 

To further investigate the notion that osmotic cell s\velling triggers exocytosis, intracel­

lular vesicular compartments \vere labelled by loading the cells \'lith Fi\11-43 for 15 minutes f01-

]o\ved by a continuous perfusion \vith medium to remove plasma membrane-associated dye. As 

sho\vn in Figure 2, changing the perfusion medium from isotonic to a 4(YYo hypotonic one, leads 

to a rapid decline of approx. 10% of intracellular FJVI 1-43 fluorescence, indicath-e for fusion of 

intracellular vesicles 'with the plasma membrane. After 2-3 minutes a plateau value was reached. 

:\latably, continuous perfusion of the cells \vith isotonic buffer did not diminish intracellular flu­

orescence. 
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Figure 2. Hypotonic stimulation leads to 
an increase in ,"vashont of preloaded FM 1-43 

Groups of 8-10 lntcsline 4(), cdls were pre­
load cd for 2 11 with F\[ 1-43 (1 ~li\r). Thereafter, cells 

\\·ere continuously perfused (2 ml/min) us:.jng medium 
without F~\11-43 (washout). After a calibration period 
of 5 min, the cxperimcnt \\"a~ started. A) Fluorescence 
microscope images of a group of lntestine 4(), cdb 
(full-color image on page 110). lmages were sampled 

ncry minute and shO\\' the tluorcscence intensity. /\ftt'r 
3 minutt·s, isotonic medium was replaced by a 4(1"/ 
hypotonic medium. B) Time course of f"luorescence 

during \\"<lshout of prdoaded Fi\J 1-43 is isotonic or 
4()'>-;, hypotonic mcdium. The arro\\" indicates the shift 

from isotonic to hypotonic medium (n:::4). 
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Osmotic cell swelling induced ATP release correlates with the activation of exocytosis 

As described above, it is tempting to propose a model in \\rhich the release of ATP by 

osmotic cell swelling is mediated by exocytosis. There is not only a close correlation bertveen the 

time course of the hvo processes, starting almost immediately after osmotic stimulation and 

lasting for 15 - 20 min, but in addition both processes were largely abolished after BAPTi\-AM 

loading or after treatment of the cells with cytochalasin B (Figures 1 - 3 and [8}). To further 

investigate this interrelationship, cells \vere treated \vith NE~I or n-butanol, inhibitors of cell 

swelling-induced exocytosis in these cells (cf. Figure 1). n-Butanol was also found to reduce the 

hypotonicity-provoked ATP release (76 ± 1 %; n=3), supporting the notion that exocytosis is 

likely to be im-olved. Pretreatment of the cells with NEM abolished the hypotonicity-induced 

ATP release as well, however, NE'.:I pretreatment also strongly reduced the intracellular ATP 

concentration by approx. 90% as measured after cell lysis. Therefore no conclusion can be dedu­

ced from the inhibitory effect of NEM on hypotonicity-induced ATP release. As shown in Table 

1, increasing the extracellular K+ concentration dose-dependently inhibited the ATP release. 

Inhibition of K+ release has already been reported to suppress Ca2 + -dependent exocytotic 

events [27]. Notably, an increase in [Ca2+], by treatment with the Ca+-ionophore A23187 (5IlNI) 

could promote the release of ATP in the absence of an osmotic shock by 227 ± 2 % (n=3). 

Table L Dose-dependent inhibition of ATP release by high extracellular K+ 
lntestine 407 monolayers "vere preincubated for 5 min with medium "vith different K+ concentrations (K+ concen­

triltion was enhanced by replacing ~il+). Thereafter, ATP release was determined after IS min of incubation "vith iso­
tonic or 40 l;'<) hypotonic medium with K- concentrations as indicated. Data are expressed as mean ± S.E.:l\L (n=3). 

;\sterisk indicates a signiticant difference from the control (p<O.05; Student t-test). 

[K+], (mlvI) 

5 (control) 
50 
75 
100 

ATP accumulation (% of hypotonic control) 

Isotonic Hypotonic 

15 ± 2 100 ± 8 
15 ± 1 84 ± 5 
11 ± 0 47 ± 7* 

7 + 2* 29 + 8* 

Table 2. Effect of actin- and microtubulin-cytoskeleton disturbing agents 
ATP release from Intestine 407 mono layers, pretreated as indicated, "vas determined after 15 min of incubation with 
isotonic or 4(1°/" hypotonic medium. Data are expressed as mean ± S.E.M. (n:::::3). 
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Experimental condition 
(concentration, preincubation period) 

Control 
Jasplakinolide(100 nM, 1 h) 

Nocodazol (1 0 !lg/ml, 2h) 
Paclitaxel (50 )l0.1, 2h;, 

ATP accumulation (% of hypotonic control) 

Isotonic 

17 ± 3 
27 ± 2 
21 ± 2 
1 C) + 5 

Hypotonic 

100 ± 6 
116 ± 7 
116 ± 2 

98 + 2 
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An intact actin-, but not tubulin-cytoskeleton, is a prerequisite for hypo-osmotic ATP 
release 

As reported previously, disruption of the actin cytoskeleton by treating the cells with 

cnochalasin B pre\"ented the cell swelling induced accumulation of extracellular ATP [8J. To fur­

ther investigate the invohTment of the cytoskeleton, cells were treated "\vith jasplakinol1de, a cell 

permeable agent that promotes actin polymerization and stabilization [28]. In addition, nocoda­

wI and paclitaxel were used, leading to a disruption (noeodazol, [29]) or an increased stability 

(paclitaxel, [30]) of the microtubular system. As shown in Table 2, neither jasplakinolide nor 

nocodazol or paclitaxel treatment did affect the cell swelling induced ATP release dramatically, 

indicating that an intact actin cytoskeleton, but not actin remodelling or intact microtubules, is 

required. 

Extracellular ATP is required for the hypotonicity-induced exocytosis 

Pretreatment of the cells ',:'lith the ATP hydrolase apyrase strongly inhibited the osmos­

hock-induced increase plasma membrane surface area as measured by the increase in F:\f 1-43 

fluorescence (Figure 3). Importantly, pretreatment of the cells "\vith apyrase did not reduce the 

intracellular ATP concentration as measured after cell lysis (results not shown). The effect of 

suramin or reactive blue (another purinoceptor inhibitor) on F1f 1-43 fluorescence could not be 

tested because of their interference with fluorescent detection. These data indicate that extra­

cellular ATP is required for the cell swelling-induced exocrtosis and suggests the existence of a 

positi\Ce feedback loop. 

1 

<J 

1 min 

control (iso) 

control (hypo) 

apyrase (iso) 

apyrase (hypo) 

Figure 3. Apyrase inhi­
bits the hypotonic shock-induced 
increase in FM 1-43 fluorescence 

Intestine 407 cells grown on 
coverslips were placed in a cu\·ette 
\\"ith 1 IJ.M Fi\I 1-43 present in the 
bath solution throughout. After at 

least 5 min of preincubation, cells 
were exposed to isotonic or 4(YY<) 
hypotonic media with or without apy­
nlse (3 units/ml); the arrow indicates a 
shift in medium. Traces are represen­
tatiye of at least 3 experiments. 
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DISCUSSION 

In many different cell models, mechanical stress, such as osmotic cell swelling, leads to 

a regulated release of ATP into the surrounding fluid [5-8]. Several potential mechanisms ha\'e 

been proposed to be involved in ATP release, including conductive efflux through anion chan­

nels (such as CFTR) , utilization of specific (ABC-type of) transporters as well as exocnosis 

[31,32]. In Intestine 407 cells, results from previous studies indicated that the involvement of 

anion channels is unlikely because 1) these cells do not express CFTR and 2) the regulation of 

osmo-sensitive anion channels and release of ATp is clearly distinct [7,8,12,33]. In Intestine 407 

cells, the hypotonicity-provoked release of ATP was found to depend critically on an increase in 

[Ca2+L and on an intact actin cytoskeleton [8]. Importantly, however, actin remodelling as \-vell as 

the microtubular system is apparently not involved (Table 2). In Intestine 407 celis, treatment 

with n-butanollargely inhibited the cell swelling-induced ATP release. In the presence of n-buta­

nol, hypotonicity-induced activation of phospholipase D (S.F.B. Tomassen et aI., manuscript in 

preparation) leads to the formation of phosphatidyl-butanol instead of phosphatidic acid, pre­

venting the synthesis of polyphosphorylated inositol lipids that are essential for membrane traf­

ficking (revie\ved by [26]). Taken together, the results suggest that exocytosis is involved in the 

osmotic cell swelling-induced release of ATP. This notion is supported by the observations that 

an increase in [Ca2+Ji alone is able to trigger release of ATP [34; Results section of this chapter]. 

Increase of extracellular K+, which is known to block the release of K-'- and thereby the 

RVD response, dose-dependently blocked the hypotonic shock-induced ATp release in Intestine 

407 cells. These findings are in line with the findings of Light et a1. [10], who showed that K~­

channel blockers inhibit hypotonic shock-induced ATP release. Fujiwara et aI., found that inhi­

bition of KCI release, by increasing extracellular KCI under isosmotic conditions or by selecti­

vely inhibiting K+ - or Cl--channels, suppressed the Ca2- -dependent exocytotic events evoked by 

acetylcholine in guinea-pig antral mucous cells [27]. These results are in line with our suggestion 

that ATP is released by an exocytotic mechanism and may also explain the reported modulato­

ry role of CFTR CJ--channel activity in hypotonic shock-induced ATp release [33]. The mecha­

nism by which KCI release is related to exocytosis is unknown, however, Fujiwara et al. [27] sug­

gest that cell shrinkage induced by KCI release is the trigger for exocytosis. A more remote pos­

sibility is that depolarization of the cell membrane by increasing extracellular K+ is responsible 

for the reduction in exocytosis. This explanation is not likely since depolarization is known to be 

in favour of exocytosis through the activation of voltage sensiti\re Ca2<channels 135]. The role 

of membrane polarization in hypotonicity-induced ATP release could be clarified by testing the 

effect of CI"- and K+ -channel inhibitors. However, most of these inhibitors (suramin, SITS, 

Gd3+ and quinidin) interfere with the luciferin/luciferase assay and can therefore not be used. 

The observation of an activation of exocytosis by osmotic cell s\velling in Intestine 407 

cells is not unprecedented. :".forphometric analysis of electron micrograph images of rat hepa-
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tocytes revealed a marked enlargement of the membrane surface area ,,"vithin 5 min of hypoto­

nic exposure [36J. In addition, Bruck et aL [37J observed an increase in the release of horsera­

dish peroxidase (HRP) after hypotonic stimulation from an HRP loaded perfused liver. Similarly, 

reducing the osmolarity of the surrounding medium promoted the release of FITe-coupled 
dextrans (J\f\'(' 72000) from preloaded inner medullary collecting duct kidney cells [38]. 

Because exocytosis, \vhen exceeding the tate of endocytosis, leads to an increase in the 

plasma membrane surface area, membrane capacity measurements wefe performed by us and 

others to quantify exocytosis in response to hypotonic stimulation. In several different cell types, 

an increase in membrane capacity has been reported after hypotonic stimulation [39-42]. In OUf 

hands, attempts to monitor changes in membrane capacitance after hypo-osmotic stimulation of 

Intestine 407 cells were unreliable due to the large change in membrane conductance (ca. 1 nS 

in control versus 42 nS in osmotically stimulated cells [calculated from the results of Chapter 4]). 

The results obtained with the fluorescent membrane dye FJvI 1-43, however, clearly demonstra­

te that exocytosis is promoted by cell swelling, because 1) the area of plasma membrane \vith 

access to extracellular applied dye is rapidly increasing after hypo-osmotic stimulation, and 2) 

intracellular membranes labelled \vith F1I 1-43 migrate to the plasma membrane upon osmotic 

cell swelling. 

Like the hypotonicity-induced ATP release, the increase in total membrane area depen­

ded on an intact actin cytoskeleton, intracellular calcium levels and PLD activity. Furthermore, 

apyrase completely inhibited the hypotonic shock-induced FivI 1-43 fluorescence, which sug­

gests that extracellular ATP is required for the cell s\velling-induced exocytosis. By this positive 

feedback loop, ATP seems to stimulate its O\vn release. The mechanism of action of this feed­

back loop needs to be further imTestigated. 

To conclude, unlike the release of ATP, the anion conductance triggered by osmotic cell 

s\velling does not require an increased rate of exocytosis, arguing against a role for channel 

recruitment bv vesicle fusion (d. see Chapter 2). 

REFERENCES 

1. Haussinger, D. 1996, Biochem.J. 313, 697-710 
2. O'Neill, w:c. 1999, Am. J. Ph"sioL 276, C99S-CL011 
3. Strange, K, Emma, F. and Jackson, P.S. 1996, Am. J. Physiol. 2'70, C711-C730. 
4. Cossins, A.R. and Gibson, JS. 1997, J, Exp. Bio!. 200,343-352. 
:-!. \'\'ang, Y, Roman, R., LidoL~ky, S.D. and Fitz,J,G 1996, Proc. "\lad. Acad. CSA. 93, 12020-12025. 
6. Taylor, A.L, Kudlow, B.A., .".Ians, I'-.L., Gruenen, D.c., Guggino, Y(B. and Schwiebert, E.i\L 1998, Am. J. 

Physiol. 275, C1391-C14CJ6. 
Hazama, A., Shimizu, T, Ando~Akatsuka, Y., Hayashi, S., Tanaka, S., ;\Iaeno, E. and Okada, Y. 1999, J Gen. 
PhysioL 114, 525-33. 

8. Van del' \'';''ijk, T, De .longe, H.R. and Tilly, B.C. 1999, Biochem. J 343, 579-586. 
9. Roman, R.M., Peranchak, A.F., Salter, Ko., \:(ang, Y. and ritz, JG 1999, Am. J PhysioL 276, G 1391-G 1400. 
10. Light, DR, Capes, TL, Gronau, RT and Adler, !\-LR. 1999, Am.J PhysioL 277, C480-C491. 

75 



l-f)potoniciIJt-induced exo~ytosis 

11. Hazama, A. and Okada, Y. 1988,]. Physiol. 402, 687 -702. 
12. Tilly, B.C., Van den Berghe, :;-...::., Tcrtoolen, L.G.J., Edixhoven, 01.]. nnd De Jonge, H.R 1993, J. BioL Chern. 268, 

19919-19922. 
13. SchEess, E, Schreiber, R. and I-Eiussinger, D. 1993, Biochem]. 309, 13-17. 
14. Dm"enport, KR., Sohaskey, j\1., Kamada, Y. and Levin, D-E. 1995,]. Biol. Chem. 270, 30157-30161. 
15. .Noe, B., Schliess, E, \'\'ettstein, :1\.1., Heinrich, S. and I-Eiussinger, D. 1996, Gatroenterology 11 0, 858-865. 
16. Sadoshima,]., Qui, Z., j\[organ,].P and lzumo, S. 1996, EMBO J. 15, 5535-5546. 
17. Schliess, E, Sinning, R., Fischer, R, Schmalenbach, C. and I-Eiussinger, 0. 1996, Biochem. J. 320, 167-171. 
18. Sinning, R, Schlless, F, Kubitz, R. and Haussinger, 0. 1997, FEBS Lett. 400, 163-167. 
19. Han, B., lUonowski-Stumpe, H., Schliess, F, ~Ieereis-Schwanke, K., Luthen, R., Sata, N., Haussinger, 0. and 

Niederau, C. 1997, Gastroenterology, 113, 1756-1766. 

20. Van der \,\:'ijk, T., Dorrestijn, j., ~arumiya, S., ?\.1aassen, lA., De Jonge, H.R, and Tilly, B.C. "1998, Biochem. J. 331, 
863-869. 

21, Crepel, v., Panenka, \X'., Kelly, 11.E., and :t\1c. Vica, B.A. 1998, j. Neurosci. 18, 1196-1206. 
22. Zhang, Z., Yang, X-Y. and Cohen, 0.),1. 1998, Am.]. Physiol. 275, CI104-Cl112. 
23. Al-Awqati, Q. 1995, Science 269, 805-506. 
24, Cantiello, H.P. 1997, Biosci. Rep. 17,147-171. 
25. Smith, C.B. and Betz, \'('.J. 1996, Nature, 380, 531334. 
26. Jones, 0., Morgan, C. and Cockcroft, S. 1999, Bioch. Biophys. Actn 1439, 229-244. 
27. Fujiwara, S., Shimamoto, c., Katsu, K.I., Imai, Y and 1':akahari, T. 1999,J Physiol. 516, 85-100. 
28. 13ubb, M.R., Sendero\\'icz, A .. .\I., Sausville, E.A., Duncan, K.L. and Korn, E.D 1994]. BioI. Chern. 269, 14869~ 

14871. 
29. De Brabander, :'vI., De ?-vlay, J, Joniau, \'1. and GellenS, G. 1977, Cell. Biol. Int. Rep. 1, 177-183. 
30. Schiff, PB. and Hot\vitz, S.B. 1980, Proe. Nat!. Acad. Sci. LSA. 77, 1561-1565. 
31. Etcheberrigaray, R., Fiedler,JL., Pollard, RB. and Rojas, E. 1991, Ann. NY Acad. Sci. 635, 90-99. 
32. Granja, R, Izaguirre, v., Calvo, S., Gonzalez-Garcia, C. and Cena, V. 1996,]. :-Jeurochem. 67, 1056-1062. 
33. Hazama, A, Fan, H.T., Abdullae\", 1., ~Iaeno, E., Tanaka, S., Ando-Akatsuka, Y, Okada, Y. 2000, ]. Physiol. 

U~ond.) 523, 1-11. 
34. 1Iusante, L., Zegarra-':'Joran, 0., Monaldo, PG., Ponzoni, ~J. and Galietta, J.L. 1999,.J. BioI. Chern. 274, 11701-

11707. 
35. Parnas, H., Segel, L., Dudel,]. and Parnas, I. 2000, Trends ~eurosci. 23, 60-68. 
36. Pfaller, \'(':, W'illinger, c., Stoll, B., Hallbrucker, c., Lang, F and Haussinger, D. 1993,.J. Cell. Physiol. 154,248-

253. 
37. Bruck, R, Haddad, P, Graf, J- and Boyer, J-L. 1992, Am. J Physiol. 262, Gl)06-G812. 
38. Czekay, R-P, I(jnne-Saffran, E. and Kinne, R.K.H. 1994, EuropeanJ Cell. Bio!. 63, 20-31. 
39. Okada, Y, Hazama, A, Hashimoto, ,-\., ?>Iaruyamn, Y. and Kuba/i\L 1992, Blochim. Biophys. Acta 1107, 201-

205. 

40. Graf, J, Rupnik, "'\1., Zupancic, G. and Loree, R. 1995, Biophys. ]., 68, 1359-1363. 
41. Ross, PE., Garber, S.S. and Cahalan, i>I.D 1994, Biophys.]. 66, 169-178. 

42. friis, UG., Jensen, B.L., Aas, ].K. and Skutt, 0. 1999, Cire. Res. 84, 929-936. 

76 



6 
Osmotic cell swelling-induced endocytosis 
is regulated by ion channel activity and by 

extracell ular ATP 

ABSTRACT 

Thea van der \'Cijk, Alex L.Nigg, Adriaan B. Houtsmuller, 
Hugo R. de Jonge and Ben C. Tilly 

In preparation 

Hypo-osmotic stimulation of Intestine 407 cells not only results in the activation of 

volume-regulated ion channels, but also triggers exocywsis and the subsequent release of ATE 

Lsing exogeneously added TRITC-dextrans we investigated putative endocytotic processes trig­

gered by cell s\vclling. Hypo-osmotic stimulation of Intestine 407 cells resulted in a robust (>100 

fold) increase in the uptake of TRITe-dextran. Accumulation started after a distinct lag time of 

2 - 3 minutes (i.e. after completion of the regulatory volume decrease) and lasted for approx. 

10 - 15 minutes. Hypotonic stimulation \vas completely inhibited in the presence of 4-acetami­

do-4'-isothiocyanostilbene (SITS), suramin, genistein or millimolar concentrations of ATP, all 

substances kno\vn to block the activation of volume-sensitive Cl--channels. In contrast, K-r-_ 

channel inhibitors like Gd3- and quinidine, as well as high [1(+] containing extracellular media 

potentiated both basal and osmotically promoted endocytosis. These results suggest that depo­

larization of the cell functions as a trigger to induce endocytosis. Unlike the cell swelling-indu­

ced exocvrosis (Chapter 5), loading of the cells with BAPTf\-A;vI or treatment with cytochala­

sin B did not affect the hypotonicity-induced endocytosis, indicating that both processes are not 

directly coupled. The osmotic s\velling-induced uptake of TRITC-dextran was largely prevented 

in the presence of the ATP hydrolase apyrase. Exposure of the cells to micro molar concentra­

tions of ATP under isotonic conditions however did not affect the TRITC-dextran uptake. In 

summary, the results indicate that cell swelling promotes an increase in the rate of endocytosis, 

independently of the hypotonicity-induced exocytosis, that is triggered by membrane depolari­

zation and is dependent on extracellular ATP. 

77 



HJpotonicity-indlfced el1do~)'iosis -----------------------------

INTRODUCTION 

In general, most mammalian cells respond to an increase in yolume \\'ith the actiyation 

of separate K+ - and Cl--selective ion channels. Through these channels, KCl moves out of the 

cell, thereby reducing the intracellular osmolarity. As a consequence, \.vater will exit too and the 

original cell \Tolume will be restored. In Intestine 407 cells, the volume-regulated K+ ~channels are 

actiyated by a cell swelling-induced increase in [Ca2+)i [1], \.vhile the opening of yolume-sensiti­

ve Cl--channels depends on the activation of tyrosine kinase(s) and the G-protein p21 rho [2,31. 

Recently, \ve observed that hypo-osmotic stimulation triggers exocytosis in Intestine 407 cells. 

Exocytosis was found to be the mechanism responsible for the release of endogenous ATP but 

was not in\Colved in the activation of yolume-regulated Cl--channels (Chapter 5). In addition, the 

hypotonicity-induced release of ATP was found responsible for the activation of Erk-l/2 '\L\P 

kinases associated with osmotic cell swelling [4]. 

Because (increased) exo- and endocytosis often coincide [5,6], the hypotonicity-induced 

increase in exocytosis is expected to be accompanied by an increase in endocytosis. Indeed, for 

renal absorptive epithelial cells as \vell as for inner medullary collecting duct cells, an increase in 

endocytosis rate \vas found upon hypotonic stimulation [7,8]. lJsing membrane impermeable 

TRITC-dextrans as a marker for endocytosis, \ve investigated the occurrence of a similar 

increase in the rate of endocytosis in Intestine 407 cells, as vlell as its mode of regulation. \'{le 

obsen-ed an increase in intracellular fluorescence after hypo-osmotic stimulation, starting after a 

lag of 2 - 3 min and lasting for at least 10 - 15 min. Furthermore, \ve found that hypotonicity~ 

induced endocytosis is regulated independently of the osmotically-triggered exocytosis and 

requires membrane depolarization and extracellular ATP. 

MATERIALS AND METHODS 

Materials 

Luciferin/luciferase reagent \vas obtained from Promega Corporation (J\,ledison, \1:;"1). 

TRITC-dextran, P:vl 1-43 and jasplakinolide were from :Vlolecular Probes (Eugene, OR). 

PD098059 and SB203580 were obtained from Calbiochem (La Jolla, CA, U.S.A.). Other chemi­

cals were purchased from Sigma (St. Louis, MO). 

Cell culture 

Intestine 407 cells were routinely gro\vn as monolayers in Dulbecco's modified Eagle'S 

medium supplemented with 25 mM 1\:-2-hydroxy-ethylpiperazine-I\:' -2-ethanesulforuc acid 

(Hepes), 10% fetal calf serum, 1 % non-essential amino acids, 40 mg/l penicillin and 90 mg/l 

streptomycin under a humidified atmosphere of 95% O 2 and 5% CO2 at 3rc. Prior to the 

experiments, cells were serum~starved overnight. 
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Chapter 6 

TRITe-dextran uptake 

Cells gro\\·'n on cmrerslips (at 80 - 90{Yo conf1uency) were incubated vlith 0.5 mg/ml 

TRITC-dextran (M\X' 10,000 Da) in isotonic (80 m;\ll'\aCl, 4.7 m:\1 KC1, 1.3 mM CaC12, 1 m!lI 

MgC12, 10 mM glucose, 95 mM mannitol and 20 m:\1 Hepes, pH 7.4) or hypotonic buffer (iso­

tonic medium without mannitol). Thereafter, the cells \vere \vashed three times \vith ice-cold 

phosphate-buffered saline (PBS) and fixed with a 2'/'0 formaldehyde solution for 20 min. 

nIaximal images of 15 optical sections parallel to the substratum \vere constructed by confocal 

microscopy using a 63x oil immersion objective (AximTert 135:\'£; Zeiss, Oberkochen, Germany). 

The sections \vere each lj.1m apart and the images consist of 512x512 pixels 'with a distance of 

0.625 j.1m. Endocytosis ,-vas quantified using KS400 sofnvare (version 2.0; Con troll, 

Oberkochen, Germany) by counting the number of fluorescent spots with a size bet\."veen 3-75 

pixels (representing endosomal vesicles), after subtraction of background fluorescence. 

Background fluorescence was set as measuring the mean pixel intensity of a circle dra\vn in the 

background increased by 5 times its standard deviation. Autofluorescence of the Intestine 407 

cells was chosen as the background. 

RESULTS 

Hypotonic cell swelling induces endocytosis independendy of hypotonicity- induced 

exocytosis 

Hypotonic cell s\velling dose-dependently induces an increase in the uptake of TRITC­

dextran, a marker for endocytosis. Figure 1 shO\vs confocal images of Intestine 407 monolayer;; 

incubated for 5 min with 0.5 mg/ml TRITC~dextran in media with differing osmolarity. A 

modest increase in intracellular trapping of TRITC-dextran was already observed after stimula­

tion of the cells with mild hypotonic media (10 - 20%), whereas a massi,ee uptake was found after 

a more severe challenge (40 - 50% reduction in tonicity). The time course of TRiTe-dextran 

uptake of Intestine 407 cultures exposed to isotonic or a 40% hypotonic medium is sho\vn in 

Fit,TUre 2. The cell s\\relling-induced increase in endocytosis sho\vs a distinct lag-phase of approx. 

2 - 3 min, i.e. starts only after completion of the RVD response [2], and levels off after approx. 

10 - 15 min. 

As sho\\,rn prei,riously, hypotonicity-induced exocytosis \Vas almost completely inhibited 

by BAPTA-A11 or cytochalasin B (see Chapter 5). To investigate whether endocytosis occurs as 

a direct result of an increase in exocytosis, we studied the effect of these treatments on hypoto­

nicity-induced endocytosis. \'('e found that the cell s\velling-induced endocytosis \vas not sensiti­

ve to BAPTA-A1f loading nor to cytochalasin B pretreatment (Table 1), suggesting that hypo­

tonicity-induced endocytosis does not require an increase in [Ca2+]j and is not sensiti'{e to dis­

ruption of the actin cytoskeleton. 
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300 mOsm 270 mOsm 

240 mOsm 210 mOsm 

180 mOsm 150 mOsm 

Figure 1. TRITe-dextran uptake induced by lowering medium osmolarity 
Cells grown on coverslips were incubated for 5 min ,"vith TRITC-dextran containing medium (0.5 mg/ ml) 

with different osmolarities as indicated in the figure. After fixation, images were cons[f1Jcted as indicated in j\Iflterials 
and Methods using CSLl\I. The images are representative of 10 images from 2 independent experiments (bar::: 25 
).lm). Full-color image on page 111. 
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Figure 2. Time course of hypotonici­
ty-induced TRITe-dextran uptake 

Cells grown on cOH:r~ljps 

were incubated for the times indicated 
\\"ith TRITC-dexwlO containing isotonic 
or 40% hypotonic medium (Ll.5 mg/ml). 
After fixation, images \\"ere constructed 
as indicated in \Iaterials and i\Iethods 
using CSL\I. The number of n~sicles is 
determined as described in :\laterials and 
Methods. Data arc giH~n as mean :!: 

S.E.i\I. (0=5) . 

Table 1. Role of [Ca2+L and actin cytoskeleton in hyposhock-induced TRITe-dextran endocytosis 

TRITe-dextran endocytosis was Cjuanti6ed in Intestine 407 cells from confocal images of cells exposed for 
10 min to isotonic or 40'!;(1 hypotonic medium containing (15 mg/ ml TRITC-dextran \-\'ith or without indicated agents. 
Data are expressed as mean ± 5.1':::'.:'1. (n). Asterisk indicates a significant difference from the control (p«UJ5; Student 
t-test). 

Experimental condition 

(concentration, preincubation period) 

Control 

BAPTA-AM (25/-1:\1, lh) 

A23187 (51111) 
Cytochalasin B (501lM, 30 min) 
J asplakinolide (100 nM, 1 h) 

TRITe-dextran endocytosis C>~) of hypotonic 
control) 

Isotonic 

6 ± 2 (10) 
3±1 (7) 
2 ± 1 (5) 

12 ± 3 
6+2 

(5) 
(-\ J j 

Hypotonic 

100 ± 6 (10) 
86 ± 19 (7) 
91 ± 26 (5) 

109 ± 20 (5) 
32 ± 7' (5) 

In addition, in Intestine 407 cells, endocytosis could not be provoked by a major 

increase in [Ca2+]j under isotonic conditions, because pretreatment of the cells \virh the calcium 

ionophore A23187 did not provoke TRITC-dextran uptake (Table 1). Unlike cytochalasin B, jas­

plakinolide, which induces actin stabilization and polymerization if! litro [9], partly inhibited 

osmosensiti-ve endocytosis (fable 1). These results suggest that although endocytosis is not sen­

sitive to disruption of the actin cytoskeleton, fixation of the cytoskeleton affects hypotonicity­

induced endocytosis. Taken together, these results suggest the lack of a direct relationship bet­

Vleen hypotonicity-induced endocytosis and exocytosis. 
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Depolarization induced by volume-sensitive Cl--channel activity triggers hypotonicity­

induced endocytosis 

As summarized in Figure 3, hypotonicity-stimulated TRITC-dextran uptake is strongly 

inhibited by the yolume-sensitiye Cl--channel inhibitors SITS and suramin as well as by genistein 

and millimolar concentrations of extracellular ATP that block the yolume-sensitiye activation of 

the ion conductance. In contrast, inhibition of 1<:+ -channels by quinidine or GcP- potentiated 

both the basal and osmotic shock-induced endocytosis. As shown preyiously by Hazama and 

Okada [1], hypo-osmotic stimulation of Intestine 407 cells leads to a fast and transient hyper­

polarization of the cells followed bv a slower, more prolonged depolarization, due to the subse­

quent acti,-arion of K-'- and C]- channels. Because inhibition of Cl--channels is likely to preyent 

membrane depolarization after hypo-osmotic stimulation, ·whereas 1(+ channel blockers pro­

mote depolarization, it is attracti\'e to propose a model in which the membrane potential regu­

lates endocJ,tosis. This notion is supported by our obsen-ation that in the presence of high 

extracellular [1(-1 (50 ml\.I) hypotonicity-induced endocytosis in Intestine 407 cells is increased 

by "Pprox. 2-fold (Figure 3). 
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Figure 3. Effect of CI-- and K+ -chan­

nel blockers on hypotonicity-induced 

endocytosis 

After preincubation of 

Intestine 407 cells in ismonic medium 

with Of without SITS (100 ~\1), suramin 

(lOO I .. L\f), ATP (5 m\f), quinidine (50() 

~J\f), gadolinium (lOO ~i\f) Of high [1"'::-] 

(50 mi\f), cells were exposed for !l) min 

to isotonic (open bars) or 40'!/o hypotonic 

(hatched bars) medium containing 0.5 

mg/ ml TRITe-dextran with or without 

indicated agems. After tlxation, TRlTC­

dextran endocytosis was quantified from 

confocal images. Data are expressed as 

mean:!: S.E.J\L (0=5). Asterisk indicates a 

significant difference from the control 

(p<O.05; Smdent t-rest). 



C/!apter 6 

Extracellular apyrase inhibits the osmotic shock-induced endocytosis 

In the presence of the ATP-hydrolase apyrase, the hJ'po-osmotic shock-induced 

increase in the uptake of TRITC-dextrans \vas almost completely abolished (Table 2), suggesting 

an essential role for extracellular ATP in cell swelling-induced endocytosis. Ho\vc\-er, addition of 

micromolar concentrations of ATP alone, giving rise to a limited increase in [Ca2+]j [4J, \'vas not 

able to stimulate the endocytotic uptake of TRITC-dextrans, nor did it enhance the response to 

hypo-osmotic stimulation (Table 2). Taken together, the results suggest that a basal lC\Tel of 

extracellular ATP is required but not sufficient for hypo-osmotic shock-induced endocytosis. 

Table 2. Role of extracellular ATP and MAP kinases in hyposhock-induced TRITe-dextran endocytosis 

TRITC-dextran endocytosis was quantified in Intestine 407 cells from confocal inuges of cells exposed for 

10 min to isotonic or 40';;;, hypotonic mediurn containing 0.5 mg/ ml TRITe-dextran with or \dthout indicated agents. 

Data arc expressed as mean ± S.E..t\I. (n). Asterisk indicates a significant difference from the control (p<(l.05; Student 

t-test). 
---------------------------------------------------

Experimental condition 

(concentration, preincubation period) 

Control 
Apyrase (3 e/ml, 2 min) 

A TP (10 !-lcv!, 5 min) 

PD098059 (50!-li\!, 2h) 

SB203580 (50 Wd, 2h) 

TRITe-dextran endocytosis ex> of hypotonic 
control) 

Isotonic 

5 ± 1 (6) 
1 ± 1 (5) 
7 ± 2 (5) 
4 ± 1 (5) 
2 ± 1 (5) 

Hypotonic 

100 ± 3 (13) 
11 ± 3 (5) 

135 ± 20 (5) 
45 ± 5' (10) 
45 ± 4' (9) 

A regulatory role for :MAP kinases in endocytosis 

Release of endogenous ATP \vas sho\vn to stimulate the :\{AP kinase Erk-1/2 through 

P2Y2 purinoceptor activation [4]. Inhibition of Erk-1/2 with the MEK inhibitor PD098059 par­

tially inhibited the hypos hock-induced endocytosis (Table 2), which may partly explain its 

dependence on extracellular ATP. In addition, inhibition of the MAP kinase p38 with the speci­

fic inhibitor SB203580 also diminished cell swelling-induced endocnosis (Table 2). 

DISCUSSION 

To e\Taluate whether osmotic cell s\velling leads to an increased rate of endocytosis, \ve 

studied the uptake of TRITC-labelled dextran (MW 10,000) in response to hypotonic stimula­

tion. A dose-dependent increase in dextran uptake was found in response to hypotonic stimula­

tion \-'lith a characteristic lag time of approx. 2-3 min, i.e. starting only after completion of the 
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RVD response, and reaching its maximum after approx. 5 min. Thereafter, the rate of endocy­

tosis returned to basal levels within another S to 10 min. L sing bO\Tine adrenal chromatin cells, 

Smith and Beets [10] found a similar time lag between the onset of exocytosis and endocytosis) 

after eyoking massiye and prolonged exocytosis by including SO ~:rvI Ca2, in the patch-pipette, 

and they suggested that endocytosis is triggered by exocytosis [10]. Furthermore, a negative cor­

relation \vas obsen-ed be"t\veen the increase in membrane tension and endocytosis, i.e. membra­

ne expansion \vas found to increase endocytosis [11 J. Taken together, this suggests that the dela­

yed onset of endocytosis in response to cell swelling may be triggered by the preceding increase 

in exocytosis. 

In case of hypo-osmotic cell s\velling, it could be argued that the immediate increase of 

exoc~·tosis is a necessary or essential mechanism to increase membrane surface, allowing cell 

swelling and preyenting a deleterious increase in membrane tension. Exocytosis in combination 

\vith the RVD response will result in a low membrane tension, which may subsequently senT as 

a trigger for endocytosis. However, the results presented clearly demonstrate that exo- and endo­

cytosis arc regulated independently in hypo-osmotically stimulated Intestine 407 cells. Both cyto­

chalasin B treatment and BAPTA-l\J\I loading, which strongly inhibit cell swelling-induced exo­

cytosis (Chapter 5), have no effect on the hypotonicity-induced endocytosis. In addition, exocy­

tosis, but not endocytosis, can be triggered by raising [Ca2'L in the absence of osmotic stimula­

tion. Although \\'e cannot exclude that a reduction in membrane tension plays a role in actiya­

ting endocytosis, the contribution of membrane insertion through exocytosis can only playa 

minor role. 

In contrast, our results suggest that the cell swelling-induced endocytosis is triggered by 

cell membrane depolarization induced by the activation of yolume-sensitive Cl--channels, becau­

se inhibition of these channels by the CI· channel blocking agents SITS, suramin, millimolar con­

centrations of ATP and genistein, all inhibitors of VRAC acti\ration l2,4], prevented the hypo­

tonicity-induced endocytosis. Furthermore, enforced plasma membrane depolarization, using 

1'-+ -channel blockers (quinidin or Gd3+), triggers endocytosls in the absence of osmotic stimu­

lation and greatly potentiates the cell s\velling-induced endocytosis. In addition, high extracellu­

lar [K-] increased the hypotonicity-induced endocytosis. This suggests that membrane depolari­

zation rather than reduced membrane tension is the primary trigger to actl\Tate endocytosis. In 

line with our results, a role for depolarization in endocytosis has been reported for adrenal chro­

maffin cells l121. 
Recently, Lazarowski et al. [131 reported a constitutive release of ATP and other nucle­

otides in several cell models, leading to a "purinergic tone" \."vith potential physiological signifi­

cance. Extracellular ATP, through purinoceptor activation, has been reported to be in\'ohred in 

membrane trafficking in a variety of different cell types. Ho\vever, the mode of action as well as 

the signalling pathways used may differ significantly among cell types. In some cells, extracellu­

lar ATP promotes vesicle trafficking leading to net exocytosis and an increase in cell capacitan­

ce [14~19J. In contrast, in othcr cell types, extracellular ATP was found to suppress exocytosis 
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[20-23]. Both the stimulaton- and the inhibiton- effects of ATP hm-e been ascribed to a modu­

lation of [Ca2+"L; ATP has been reported to increase as well as to decrease [Ca2+]j in selected cell 

models [14,20,21 J. In addition, G-protein dependent, but Ca2+ -independent, mechanisms of 

ATP regulation of exocytosis, both potentiation and inhibition hmTc been reported [14,22,231. 

In Intestine 407 cells, apyrase \-vas found to inhibit the hypo-osmotic shock-induced 

change in F!\I 1-43 fluorescence (Chapter 5) as well as in TRITC-dextran uptake almost com­

pletely. The effect of the putinoceptot inhibitot suramin on TRITC-dextran uptake is in line 

v\,'ith this finding, ho\vever, no distinction can be made between the effect of suramin on Cl-­

channel act1yity and purinoceptor inhibition. Addition of micro molar concentrations of ATP to 

the medium did not affect basal or hypotonicity-induced endocytosis. This suggests that a mini­

mal level of extracellular ATP is required, but not sufficient, to promote endocytosis. Although 

ATP is able to taise [Ca2+]i in Intestine 407 cells [4], the effect(s) of ATP on endocytosis is like­

ly to be Ca2+ independent because treatment of the cells with A23187, leading to a massi\~e and 

prolonged increase in [Ca2+li, did not affect endocytosis. 

Hypotonic stimulation leads to a rapid activation of the Erk-1/2 ivli\.P kinases in all cell 

types studied to date (see Chapter 2). In Intestine 407 cells, Erk-1/2 activation is mediated 

through a p21 Ras /Raf pathway and im"olves ATP as an autocrine or paracrine factor [4,24]. 

Because treatment of the cells \'lith the specific ~\lEK inhibitor PD098059, leading to an inhibi­

tion of Erk-1/2, as well as with SB203580, an inhibitor of the p38 !\lAP kinase, partially inhi­

bited both the uptake of TRITC-coupled dextran, both MAP kinases are likely to be inmh-eci, 

either directly or indirectly, in the acti\Tation of endocytosis is suggesti\Te. Indeed, 1'\akashima et 

al. [25l recently reported that binding of EGF and insulin to their respective receptors lead to 

the endocytosis of the receptor-ligand complexes through a mechanism involving p21 Ras. A role 

for lvIAP kinases in regulation of membrane traffic is not unprecedented; Erk-l/2 has been 

reported to be invohred in regulated insulin-receptor trafficking subsequent to the internalization 

process [261. Furthermore, downregulation of Erk-l/2 activity resulted in inhibition of human 

polymorphonuclear leukocyte phagocytosis [27"1. Other putati\Te p21 Ra~ effectors however, like 

the small GTP-binding protein Rab or Ral, might also be imcolved [25,28J. 

In conclusion, hypotonic stimulation results in an increase in the rate of endocytosis, 

triggered by depolarization due to the activation of volume-regulated (]--cbannel but independ­

ent of the s\velling-induced increase in exocytosis. In addition, the presence of extracellular ATP 

is a prerequlsite for endocytosis, possibly through its ability to promote the acti\T<ltion of i\L\P 

kinases. 
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Visualizing membrane and cytokeletal 
dynamics in response to cell swelling 

Nicoleta ~astasa, Thea van der \'Vijk, Kees 0. van der Werf, Bart G. de Grootb, 

Hugo R. de Jonge and Ben C. Tilly 

In preparation 

ABSTRACT 

Osmotic s\velling of Intestine 407 cells not only results in a rapid activation of volume~ 

sensitive ion channels, but also triggers a robust increase in membrane traffic. Because of. its 

limited resolution, dynamic processes at the plasma membrane of living cells are difficult to 

absence using con\-entional fluorescent microscopy techniques. In this report, \ve e\raluated the 

perspecti\Tes of Atomic Force 1\licroscopy (AFJ\I), a novel technique \vhich allows \risualization 

of surface topology at ultrahigh resolution, to study the dynamics of membrane surface remo­

delling in liying Intestine 407 cells. \\\~ found that contact mode AFj\I using soft cantilevers 

(spring constants of 0.01 ~ 0.02 "lIm) is preferable to tapping mode i\FM, performed with more 

stiff cantilevers (spring constant of 0.5 N/m), because the force applied to the cell in tapping 

mode AFtv! destroyed cellular surface structures. L sing contact mode i\F\I with soft cantilevers, 

structures \vere \'isualized that closely resemble confocal images of the apical actin cytoskeleton 

obtained by staining F-acnn 'with TRITe-conjugated phalloidin. 

INTRODUCTION 

i\Ia1l1lTIalian cells respond to osmotic cell swelling by acti\Tating volume regulatory 

mechanisms. In addition to activation of ion channels, leading to a decrease in intracellular 

osmotic prc;.;sure, Intestine 407 cells also respond to hypo-osmotic stress by a rapid alteration of 
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the organization of cellular F-actin and by an increase in membrane traffic (Chapter Sand 6). In 

general, the cell membrane and the associated cytoskeleton are thought to be remodelled co­

ordinately in response to mechanical stresses, such as osmotic cell s\velling (for revie\v see: [1}). 

Fluorescence and electron microscopy are routinely used to study the cell membrane and the 

associated cytoskeleton. These techniques, ho"\vever, require chemical fixation or quickly frozen 

tissues and are therefore not very suitable for studying dynamic processes in living cells. 

Atomic force microscopy (AP:\I) has been applied successfully as a tool to study native 

organic material and to obtain three-dimensional images at nanometer resolution. Several groups 

have now started to use the AF.;\.'f to study surface topology of intact mammalian cells. During 

AFi\'f scanning, a sharp tip attached to a soft cantilever moves over the surface of the cell and 

the deflection of the cantilever is recorded continuously. The deflection is determined from the 

reflection of a laser beam focused on the back of the reflecting cantilever. 

Although AFivl on living cells is still in an early de,'elopmental stage, several attempts 

have been made using AF\J for studying changes in cell membrane topography. Images of living 

cells have been acquired using both contact mode AP:\I [2,3] and tapping mode APM [4-7]. 

C sing contact mode AF?vl, the probe is in continuous contact \vith the surface, \vhereas in tap­

ping mode AF!vl, the cantilever oscillates at a high frequency and only makes intermittent cell 

surface contacts. These topographic studies have given information about dynamical membrane 

processes such as exocytosis [8]. 

In addition to surface topology, AFi\'1 has been shown to be very useful for analysing 

the elastic properties of the cell surface [9] and for quantifying the volume of cells adhered to a 

substrate [101. The elastic properties of a cell surface can be studied by analysing force-distance 

curves, created by quantifying the indentation of the cell membrane in response to different for­

ces applied [9]. Because of the large contribution of the cortical cytoskeleton to the stiffness of 

the apical membrane, information about the elastic properties of the membrane may reflect the 

cytoskeletal structure inside the cell [11-13]. Using the AF:\l, very precise cell volume estimations 

have been obtained by processing multiple images into a 3D structure of the cell [101. Taken 

together, APi",! is a novel, promising and attractive tool to investigate cell surface topology and 

dynamics as \ve11 as alterations in the elastic properties of the membrane and its associated cyto­

skeleton in intact cells. 

MATERIALS AND METHODS 

Cell culture 

Intestine 407 cells were routinely grown as monolayers in Dulbecco's modified Eagle'S 

medium supplemented with 25 mlVI Hepes, 10'10 fetal calf serum, 11/'0 non-essential amino acids, 

40 mg/l penicillin and 90 mg/l streptomycin under a humidified atmosphere of 95°;;1 02 and 5% 

CO2 at 37°c:. 
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F-actin staining and visualization 

Cells gro\vn on coverslips wefe fixed for 20 min \vith YYo formaldehyde after 5 min of 

stimulation with isotonic or hypotonic media. After permeabilization ·with 0.2%1 Triton X-100 in 

PBS, cell were stained with TRITC-conjugated phalloidin (250 mg/ml in PBS; Sigma, St. Louis, 

1{O, C.s.A). Confocal images were made with a x63 oil immersion objective. 

Atomic force microscopy 

A stand-alone AF~I system integrated with an optical microscope was llsed as described 

in detail previously [14]. Intestine 407 cells were cultured in Petri dishes for several days until 

large islands of cells (> 1 00 cells) \vere formed. Prior to the experiments, cells were washed se\re­

ral times with PBS and incubated in Hepes buffered medium (80 mM NaCl, 4.7 mM KCl, 1.3 

mM CaCl" 1 mM 1{gCl" 10 m11 glucose, 95 m!'vI mannitol and 20 m1I Hepes, pH 7.4). All 

experiments wefe performed at room temperature. Two modes of AFiYl \vere used in this study; 

the tapping mode and the contact mode. In contact mode AF:\{ (DC mode), the feedback of the 

piezo tube keeps the force (and thereby the height) between the tip and the sample constant, 

with the deflection as a set point for the loop. Tapping mode AFM (AC mode) is based on ampli­

tude detection of the oscillating tip. At the bottom of the cantilever swing, the tip touches the 

surface and the feedback loop keeps the amplitude decrease constant. Three types of Si,N4 can­

tilever tips were used which differ in stiffness: k[',=0.5 N/m, kB,=0.02 N/m or kc'=O.Ol :'-J/m. 

The cantilever was attached to a piezo tube which has three degrees of freedom (Figure 1). 

Scanning in the x,Y- direction was limited to an area of 20 Jlm x 20 J..1m, while the maximum z 

tr,,"el was 5 11m. The tip of the pyramidal formed cantilever had a typical radius of 20 nm and 

a height of 311m. 

Piezo tube 
---~-,-...... 

====cZaLnZtiIZev"e=r2r:W ~ 

Mirror 

Figure 1. Atomic force 
microscope 

Schematic repre­
sentation of an ,\PM set-up. 

Indicated are the three 
degrees of freedom of the 

piezo tube and the two 
degrees of freedom of the 

cantilever. The x,y directions 
represent the scanning mon.'­
ment and the z direction is 
rdated to the topographical 
height. The det1ection (D) of 
the cantilever gives the nor­
mal force transduction (adhe­
sion, electrostatic-, magnetic-, 

,"ao del' \\'aals- and replllsion­

forces) and the torsion (T) 
gives the lateral force trans­
duction (friction force). 
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RESULTS 

Cytoskeleton changes induced by hypotonic stimulation 

As shown previously, hypotonic stimulation leads to a transient increase in total cellular 

F-actin, which returns to basal levels within 5 min of stimulation [15].10 addition, we found that 

the cellular distribution of F-actin was rapidly altered. A transient increase in stress fibre forma­

tion was observed at the basal part of the ceU, whereas the amount of apical F-actin associated 

with the plasma membrane ruffles, was dramatically reduced [15]. Figure 2 shows confocal ima­

ges of the apical, perinuclear and basal part of the cell after 60 seconds of hypo-osmotic sti­

mulation (30% hypotonic solution); at that time-point the increase in total F-actin was maximal 

[15]. In addition to a clear increase in stress fibre formation and a reduction in apical F-actin 

(Figure 2A/B and 2E/F), a dramatic increase of F-actin was found at the perinuclear side to the 

cell (Figure 2C/D). 
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Figure 2. Hypotonic-shock 
ind uced F-actin cytoskeleton 
remodelling 

r..!on olayers of 
Intestine 407 cclls, grown on 
coYcrslips, wcrc stimulated with 
isotonic (A, C and E) or 40% 
hypotonic medium (B, D and F) 
for 1 min . Thcreafter, the cells 
wcre fixed and stained with 
TRITC-conjugatcd phalloidin as 
desc ribed under "!\ Iaterials & 
J\ lethods" . Confocal images were 
constructed from the basal (1\ 
and B), the perinuclcar (C and D) 
and rhe apical side parts of lhe 
cell (E and F). The im:lges pre­
sented are representative out o f 
10 obtained from 2 independent 

experiments. 



Chapter 7 

Using the AFM for studying membrane elasticity 

Force-\rersus-distance curves give information abollt the contact point or region and 

about the sample viscoelasticity. In the case of hard surfaces, the contact is \vell detined and 

there is a visible transition betv/cen the attractive and the repulsive regime. For soft surfaces, the 

contact point is more difficult to define, since the surface \vill be deformed easily by the force of 

the tip (Nastasa and Van der \\'erf, unpublished results). The cantilever behaves as a second 

order harmonic oscillator, which can be regarded as a spring in case of low frequencies. By 

representing the elastic behaviour of a cantilever-sample system as t\vo springs in a serie (Figure 

3), the linear dependence of the cantilever deflection (6d) to the tip-sample separation (6z) IS 

related directly to the stiffness of the sample by the following equation: 

1 

k sample 

kc;mtile\'<:r 
+ 1 

\vhere k represents the spring constant/stiffness of the sample and cantilever, respectively. 

Therefore, at a known value of the spring constant and the deflections of the cantilever, the 

stiffness of the cell (ksamplJ can be determined. Experimental force curves \vere obtained by 

applying a triangular signal and by ramping the piezo tube up and do\vn with constant speed at 

frequencies bet\veen 0.6 - 1.2 Hz. Figure 4 shows hvo force curves acquired by tapping on a soft 

surface (cell) or a hard surface (petri dish). In this particular example, the stiffness of the cell was 

12.6 mN/m. For Intestine 407 cells, the membrane stiffness is about 8 - 14 m:\l/m. Typical cell 

membrane stiffnesses mentioned in literature are in the order of 10 mN/m) [16,17]. 

IJ F 

I ___ ~ 
Figure 3. Spring-model of the tip­
sample interaction 

j'\'fodd of the tip-sample 
inrenction with the elastic behayjour 

approach. f=kLiz is the applied force 
and .6.d the total deflection measured. 
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Figure 4. Force curves for hard (Petri dish) and soft (cell) surface 

Stiffness can be determined from the slope of the equation: y=A..;- Bx; the slope is B;:::,6,d/6z. Stiffness is 

giwn by S=k 16d/ L\.z I =f I L\.z. Since I Shard I > I 5soft I, the force cunT will be steeper for hard surfaces. In this case 

Scell=20 rn1\;/m*O.63=12.6 mN/m. At x=323 nm, keelJ equals kcantile\'cr (0.02 N/m). The cell stiffness presents a 

non-linear behayiour "\\'ith indentation 

Membrane topology of Intestine 407 cells as determined using the tapping or contact 

rnodeAFM 

For tapping mode inyestigations, an F-type cantilever (kr=0.5 ).J / m) \.vas used. In liquid, 

this cantilever has a resonance frequency of 28 - 35 kHz. Figure S shows the topography (Figure 

SA) and error signal (Figure 5B) of the surface of Intestine 407 cells, scanned with high inden­

tations and small amplitudes (Arrcc=218.4 nm, f\dpoinr=118.3 nm, 2=50 11m and the applied 

force is F=25 nN). Fine structures are visible, but, due to the high-energy transfer during Scan­

ning, the cell surface changes dramatically during the scanning procedure and repeated scanning 

will eventually lead to cell death. 

In contact mode, soft type cantilevers ("·pe Band C; kB=O.02 "1m and kc=O.Ol "1m) 
\vere used. A major disadvantage, most notably when larger scan forces are used, is a significant 

friction force. A high friction force may lead to a distorted image especially when soft objects 

like intact cells are studied. Therefore, only very weak scanning forces can be used. This is 

accomplished by finding a contact point \vith minimal deflection, corresponding to a force of 

0.1 - 1 nN. In this situation, contact is maintained solely by the adhesion force bet\veen the cell 

and the tip. The major advantage of this type of surface analysis is its high resolution. This mode 
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of scanning results in a surface image sho\ving highly detailed fibre-like structures that seem to 

originate from high density centres (Figure 6). The surface topology map constructed from this 

images sho\vs a striking resemblance \vith the apical actin cytoskeleton as visualized using con­

focal laser microscopy (cf. see Figure 2). 

Figure 5. Cell surface topography in tapping mode AFM at high indentation 

Shown is an APi\I image of Intestine 4(J7 cell surface scanned at high indentations and small am.plitudes 

(.:\frcc:::218.4 nm, ''\erpoim=11S.3 om, z::::5(1 11m and the applied force is P:::25 n='!). ;\) Giyes the topography and B) 

the error signal. Scan area is 18 11m x 18 !J.l11. Image resolution is 300 points/line x 300 lines/images and the delay 

bct\vccn t\\"O pixels is 1 (l(J() )ls (1 kI-IL pixel frclluency). 

Figure 6. Cell surface topography in contact mode AFM at small indentation 

Shown are AFtJ images of t\vo cells scanned in the contact mode at a contact point that giyes minimal 

deflection (applied force is F=O.l ~ 1 nN). Scan 'area is 18)lID x 18 )lm.lmage resolution is 300 points/Ene x 300 

ljnes/images aod the delay between t\yo pixels is 1000 !ls (1 kHz pixel frequency). 
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DISCUSSION 

In this preliminary study, \ve investigated the feasibility to construct high-resolution 

topological images of li\Cing Intestine 407 cells using the AFi\·L At least two properties of li\'ing 

mammalian cells make them rather difficult specimen for AF0,.I studies; (1) the softness of the 

(membrane) surface and (2) the relatively large differences in height. Due to the softness of the 

cell surface, a contact point is mort difficult to define and the membrane is damaged easily. 

Because of the vulnerability of the cell membrane, we experienced that scanning in contact 

mode with very soft cantilevers is preferred to scanning in the tapping mode, \-vhen the cell is 

subjected to relatively large forces. Substantial differences in height is a second major complica­

tion for studying intact cells with AFi\I, because the maximum z travel of the piezo tube is only 

5 ~m. Scanning soft preparations \vith relatively large differences in height can therefore cause 

deformation of the surface, leading to folding of cellular structures in the direction of the scan 

mO\Tement. The cantilever tip has a height of 3 ).lm with a shape that can be considered as 

pyramidal on the first 2.8 11m and conical on the last 0.2 11m. Applying AFtvI on preparations 

with large differences in height, the tip \vall of the cantilever will start to contribute to the image, 

a phenomenon called "wall imaging". 

Studying dynamic membrane processes, like exo- or endocytosis, remodelling of the 

cortical, membrane-associated cytoskeleton or changes in cellular volume, all require a high time­

resolution since all these processes are expected to occur on a time scale of minutes or less. In 

our study, to acquire an image of 18 11m x 18 11m took about 4 min. The time resolution can be 

much improved by scanning much smaller membrane patches or by constructing simple line 

scans. In the apical membrane of pancreatic acinar cells, Schneider et a1. [8] found so-called 

"pits" \vith a diameter of approx. 500 nm to 2000 nm, each containing multiple depressions ran­

ging from 100 nm to 200 nm in size. A membrane patch of roughly 2 11m x 2 )..lm contains 

approx. 20 depressions. Stimulation of the cells with J\1as7, thereby activating secretion, leads to 

an increase in the diameter of the depressions by approx. 35% after 5 minutes. \\/ithin 30 minu­

tes after addition of :VIas7, the size of the depressions returned toward basal conditions [8J. The 

enlargement of the depressions is suggested to be due to vesicle fusion at so-called "exocytotic 

fusion pores" [8]. Because Intestine 407 cells, unlike the synaptic terminals of neurones, are 

more likely to have a rather slow secretory machinery as observed in pancreatic aciner cells, \vlth 

a time scale of minutes rather than seconds or less cells [18,19], a reduction of the scan area to 

2 ~m x 2 !lm will meet both the time resolution requirements as well as the likelihood to captu­

re exo- and endocytotic events. It must be stressed, however, that the time resolution described 

by Schneider et a1. [8J is biased by the fact that the AF;v! experiments were performed at room 

temperature. 

Using contact mode AFM and cantilevers with a low spring constant (0.01 - 0.02 :\11m) 
detailed fibre-like structures were visible on the surface map. The resemblance benveen these 

AF)'! images and the distribution of F-actin at the apical side of the cell suggests that the cor-
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tical cytoskeleton, just beneath the plasma membrane and perhaps interacting with the lipid bila­

yer, is \Cisualized \\'ith this technique. The apical cytoskeleton gives a counter force when probed 

b\" the AFj\:1 tip. This mechanical tension intluences the indentation of the cantile\~er and there­

by gives the notion of altitude differences on the surface of the cell. Experiments with agents 

that interfere \I;.'ith the cytoskeletal nct\vork (cytochalasin B, jasplakinolidc, nocodazol and pacli­

taxel) are necessary to \Trify that these structures afC indeed im"olycd. 

Taken together, these initial studies sho\\' that high resolution AFJ\.f is a new and prom­

ising approach to study membrane topology in intact cells. To capture membrane remodelling 

efficiently, howe\Cer, it is recommendable to in1prOye the time resolution \vhile keeping the scan 

area as large as possible. Furthermore, a large scan range is required for proper cell-\'olume 

measurements. If these requirements are met, i\E\f \vill be a powerful approach to study dyna­

mic processes within plasma membranes in living ceJJs. HO\\Te\-er, it should be noted that the 

interpretation of J\FJ\f images of li\Ting cells are complicated by the fact that the images are 

based on both a height map and a local stiffness map. 
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Summary, concluding remarks 
and future perspectives 

A major aim of the studies described in this thesis \",as to delineate the signal transduction 
path\vays in\Tohred in the RVD response of Intestine 407 cells, \J;,'ith emphasis on their effects on 
VRAC activity. A major line of investigation was focused on the role and acti\ration pathway of 
the i,V\P kinases Erk-l/2. Erk-l/2 is highly homologous to the yeast :\lAP kinase Mpklp that 
is required for growth at low osmolarity [1]. In analogy to yeast, an important role for Erk-l /2, 
which are activated upon osmotic cell s\velling in all mammalian cell types studied to date, in the 
\'olume regulatory response has been suggested previously. A second line of investigations v.,ras 
the role of endogenously released ATP in the RVD response. Extracellularly released ATP was 
suggested to be responsible for the activation of VRAC by an auto-/paracrine pathway in HTC 
hepatoma cells as well as in rat biliary epithelial cells [2,3]. Here we studied not only the mecha­
nism by which ATP is released upon hypotonic stimulation, but also its effect on intracellular 
signalling as ",rell as its role in volume regulatory responses in Intestine 407 cells. 

REGULATION OF VRAC ACTIVITY IN INTESTINE 407 CELLS 

Attempts to gain a better understanding of the regulation of compensatory responses 

to hypo-osmotic stress are hampered significantly by the lack of information about the molecu­

lar identity of the Cl--channel imrolved. Several candidates have been proposed, but none of 

them have all the specific characteristics kno\vn to be associated \vith volume-sensitive anion 

channels (see Chapter 1). c.lembers of established families of transport proteins such as the 

ABC-type of transporters and members of the CIC family might contribute to, but are not requi-
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red for the \Tolume-sensitiye C\- current (Chapter 1). Furthermore, since most if not all cell types 

express volume-sensitive anion channels, it has been \Tery difficult to identify potential channel 

proteins by expression cloning. In the \'Cry near future, however, mapping of the human geno­

me will be completed (for reyiew see: [4]). It is likely that many new potential ion channels will 

be discovered, one or more of them serving a function in cell \Tolume control. Besides the lack 

of knowledge on channel identity, also \Try little is known about the osmo-receptor or osmo­

sensor. In the yeast SaccbaroJJ~y(es cernisim: as well as in the plant Arobidops/s fbo/iona, a transmem­

brane histidine kinase (a so-called 1:\vo component system) functions as the osmo-sensor [5,6]. 

In contrast to prokaryotic, lo\\rer eukaryotic and plant cells, histidine kinases are very rare in 
mammalian cellular signal transduction. So far, only a few examples have been documented [7-

91- Although involvement of histidine kinases cannot be excluded yet, it is more likely that other 

proteins, c.g. of cytoskeletal origin, or perhaps the channel protein itself, might function as an 

osmo-sensot. This notion is supported by the obsenTations that adjustment of cellular volume 

after osmotic swelling is much faster in mammalian cell types as compared to bacterial, yeast or 

plant cells. 

The osmo-sensor may be sensiti\Te to different aspects of hypo-osmotic stress; we can 

distinguish a chemical and a physical factor. The chemical factor includes the reduction in osmo­

tic pressure, while the physical factor incorporates the mechanical stretch of the cell membrane 

and the attached cytoskeleton. Several groups have postulated that reduction of intracellular 

ionic strength rebrulates VRAC acthrity [10,111- Cannon et al. [10] found that ionic strength only 

modulates but does not trigger VRAC activity; they demonstrated that positive pressure on the 

patch pipette, ·which forces the cell to swell without changing intracellular ion strength, activated 

VRAC. Voets et al. f111, however, showed that a reduction in intracellular ionic strength itself is 

the initial trigger for \lRAC activity. They found that lowering ionic strength \-vas sufficient to 

activate VRAC even \-,.,-hen the volume was not increased. Furthermore, and in contrast to the 

findings of Cannon et al. [10], they reported that an increase in cellular volume without chan­

ging ionic strength did not induce VRA .. C activity [11]. In this light it '.vill be interesting to investi­

gate the sensitivity of VRAC and its modulators on intracellular ionic strength in Intestine 407 

cells. 

A potential candidate for being the osmo-sensor is the VRA.C protein itself. Stretch­

sensitivity or ion strength-sensitivity of VRAC, ho'.vever, can be investigated only after isolation 

and reconstitution of the protein into artificial lipid bilayers. To date, only a fe\v examples of 

stretch-actiyated channels in lipid bilayers have been reported, the bacterial NIscL non-selective 

ion channels being the most extensively studied [12]. Crystallographic data and studies with 

mutant proteins resulted in a plausible model for the regulation of membrane-tension-gated 

"'!seL (for review see: [13]). The channel, which is suggested to provide an efflux pathway for 

solutes upon hypotonic stress, is a homopentamer with each subunit contributing to the pore. 

According to the so-called "mechanical wheel model", lateral membrane stress induces the heli­

ces to move and thereby increase the pore size [14]. To investigate whether or not VR.AC itself 
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acts as a stretch-sensitive channel analogous to bacterial rviscL, the isolation and purification of 

the protein is a prerequisite. 

Alternatively, VRAC may be regulated by stretch- or ion strength-sensitive enzymes loca­

ted near the channel. The folding of membrane proteins could be affected by the lateral pres­

sure that lipids exert on protein domains. Activation of phospholipase A2 by membrane tension 

has previously been reported [15]. The magnitude and direction of the lateral pressure depends 

on the lipid composition of the membrane [16J. Consequently, a change in membrane compo­

sition might int1uence protein folding and perhaps modulate its function. In a preliminary study, 

\.ve reduced the cholesterol content of Intestine 407 cells and observed a tvm-fold increase in the 

hypotonicity-induced VRAC activity (unpublished results). 

In Chapter 2, we already speculated about putati\,e mechanisms by which VRAC modu­

lating factors (cytoskeleton, [Ca2+]; and tyrosine kinase phosphorvlation) alter VRAC activity. \'i'e 

postulated three different ways bv which the cytoskeleton might act on VR;\C activity; (1) bY a 

direct interaction bet\veen the F-actin cytoskeleton, or auxiliary proteins associated \'vith the 

cytoskeleton, and the channel, (2) by promoting unfolding of the plasma membrane, thereby 

increasing the accessibility of channels, and (3) by recruitment of channels through regulated 

vesicle fusion. In the experiments described in Chapter 5, \\re indeed found strong evidence for 

the occurrence of it fast increase in exocytosis in response to hypotonic stimulation. Disruption 

of the F-actin filaments by cytochalasin B, however, \\rhich markedly potentiated VRAC activity, 

inhibited the yolume-sensitive increase in exocytosis, making it very unlikely that a significant 

portion of the hypotonicity-induced anion current is brought about by the insertion of ion 

channels through vesicle fusion. In contrast, inhibition of exocytosis might promote the \Tolu­

me-sensitive anion efflux by preventing membrane insertion and thereby increasing membrane 

tension. 

MAP KINASE AND AUTOCRINE ATP IN CELL VOLUME REGULATION 

In Intestine 407 celis, Erk-l /2 is activated by the Ras/Raf/:>.!EK pathway (Chapter 3); 

the "classical" signalEng cascade through which tyrosine kinase-containing receptors induce Erk-

1/2 activation. As summarized in Figure 1, our studies indicate that upstream of Ras, a P2Y2-

type purinoceptor is involved, activated by endogenously released ATP (Chapter 4). For a num­

ber of different cell models, it has been obsen"ed that activation of Erk-l /2 by G protein-cou­

pled receptors requires a stimulation of clathrin-mediated endocytosis [17-20]. Pierce et al. [21J 

showed that Erk-l /2 activation stimulated by a(2A) adrenergic receptor activation is sensitive to 

inhibitors of the dathrin-mediated endocytosis, whereas the receptor itself is not internalized. 

They suggested that G protein-activated endocytosis leads to transactivation of the EGF recep­

tor and subsequent stimulation of the Ras/Raf/MEK pathway, and that internalization of the 

EGF receptor or a downstream effector is an essential step in Erk-l/2 activation [21J. \X'hether 
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receptor-mediated endocytosis is also required for the acti\Cation of Erk-1/2 by hypo-osmotic 

cell s\velling needs to be inyestigated further. This may be achie\-ed by studying the effects of 

inhibitors of clathrin-mediated endocytosis (phenylarsine oxide [22], monensin l23] or dansylca­

dayerin [24]). 

Osmotic cell swelling 

#C00Si~ 
ATP release 

/~ 
Endocytosis P2Y 2-R 

!~ 
p2Fas PLC 

! ~ 
Erk-1/2 

Homeostasis, 
survival (?) 

Tyrosine kinase(s) 

1 
p21 rho 

1 
ca2.~toskeleln remodelling 

Chloride channel 
activation 

Figure 1. Cellular signalling in Intestine 407 cells induced by hypotonic stimulation 

In Intestine 407 cells, hypotonic stimulation leads to the actiYatioll of VRACs. which inyol\-cs tyrosine kina­

scs(s). p2Fho and the actin-cytoskeleton. [n parallel, osmotic ce11 s\\"elling induces an increase in exocytosis, which \\"a5 

found to be responsibk for A TP release. Through an autocrin.e or paracrine mechanism, hypotonic shock-induced 

,\TP release acti\"ates P2Y2 purinoceptors. Besides the actiyation of Erk-l/2 through Ras/Raf signalling, P2Y2 acti­

\"atiun may modulate VR .... \C acth"ity by increasing ICa2+k furthermore, [he presence of extracellular ATP was requi­

red for both the hypotonicity-induced em-and endocytosis. 

In addition to Erk-l/2 actiYation, two other members of the '\IAP kinase family, p38 

and J1\; K, were actiyated by hypotonic stimulation as well. ~either of these kinases, ho\vever, was 

inn)lved in regulating volllme-sensiti\Te ion channels [Chapter 3; 25]. Because inhibitors of the 

Erk-1/2 and p38 1IAP kinases \-vere found to reduce hypotonicity-prm·oked endocytosis, these 

J\L-\P kinases might playa role in cell s\velling-induced membrane traffic (Chapter 6). In analo­

gy, it is of interest that in yeast cells the 11AP kinase ~Jpk1 p is suggested to be involved in the 

increase in cell wall synthesis upon hypotonic stimulation [1], which involves exocytotic secre­

tion of cell wall material. In addition, .i\lAP kinases, through their putative role in vesicle traffic­

king, may also playa role in the insertion and/or retrieval of other transporters. During prolon­

ged hypo-osmotic stimulation, the ionic balance/membrane potential must be restored \'-'hile 
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keeping intracellular osmolarity low. This is attained during the late phase of the RVD response 

by the adjustment of metabolism and transport of organic osmolytes that do not perturb cellu­

lar protein function. It is tempting to speculate that \Tcsiclc transport regulated by :\LAP kinases 

is involved in the retric\Tal of these organic osmolyte transporters. Haussinger ct al. [26] propo­

sed that the fusion of bile salt transporter bearing vesicles with the canalicular membrane during 

hypo-osmotic stimulation depends on ErL-1/2 activation [27]. It is unclear, howe\'er, how :\lAP 

kinases do affect exo- and endocytosis. In liver cells, microtubule associated proteins downstre­

am of Erk-1/2 are suggested to be involved [26,27]. In Intestine 407 cells, however, cell swel­

ling-induced membrane traffic \\Tas found insensitive to microtubule disrupting agents 

(Chapters 5 and 6). 

CELL SWELLING: MEMBRANE UNFOLDING OR INCREASE IN MEMBRANE 

AREA DUE TO EXOCYTOSIS 

In addition to the above-mentioned role in receptor cycling and transporter inser­

tion/retrieval and the involvement in the increased secretion of autocrine factors like ATP, exo­

and endocytotic processes may serve as a mechanism to change the total plasma membrane area, 

necessary for allowing cell swelling and subsequent shrinkage. \Y'hether an increase in cellular 

volume requires an increase in exocytosis may be 'verified by studying the effect of exocytosis 

inhibitors (like cytochalasin B or BAPTA-A.!'>! [Chapter 5]) on changes in cellular volume in 

response to hypotonic stimulation. Likewise~ the role of endocytosis inhibitors (such as apyrase) 

on hypotonicity-induced volume changes \vi11 clarify a role for endocytosis in RVD. 

Lsing elecrron microscopy, Pfaller et ale [28] found that the cell surface is not smoothe­

ned by hypotonic stimulation in rat hepatocytes. In fact, the cell membrane displays even more 

microvilli during osmotic cell s\velling than in isotonic controls. :c\10rphometric analysis re\Taled 

that hnJotonic stimulation, which leads to an increase in cellular volume of 2YY(I, nearly doub­

les the plasma membrane surface within 5 min of exposure r28]. Thereafter, the surface/nJlu­

me ratio returns to control values after approx. 15 min [28]. These results suggest that hypoto­

nic stimulation leads to an increase in exocytosis rather than unfolding of the pla;.;ma membra­

ne. It has to be considered, howc\'er, that these studies were all performed on fixated prepara­

tions and not on liying cells. In this thesis, \,ve report the results of our preliminary attempts to 

study changes in the surface topology of Intestine 407 cells with AF?\T (Chapter 7). Although 

seyeral improyements arc required, the outcome suggests that AF1Vl may indeed turn out to be 

a more suitable technique to study membrane surface and topology in living cells. 
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Samenvatting 

In dit proefschrift is onderzoek beschrc\Tcn naar het mechanisme van signaal-overdracht 

betrokken bij de regulatie van het celvolume. Dit mechanisme (de 'regulatory volume decrease' 

of RVD) \vordt geactiveerd na blootstelling van de eel aan cen omgeving met een lage osmoti­

sche druk (hypotone stimulane) of na een toename van de intracellulaire osmorische druk. 

Celvolume-regulatie voorkomt langdurige functie-bedreigende celz\velling. Een toename van de 

intracellulaire osmousche druk kan o.a optreden bij hormoon-gereguleerde metabole processen 

en opname van nutrienten door de eel. Een afname in extracellulaire osmotische druk is onder 

normale, fysiologische omstandigheden uitsluitend te vcnvachten bij nier- en darmepitheeL In 

dit proefschrift is de aandacht speciaal gevesrigd op het chloride-kanaal dat betrokken is bij de 

regularie van het celvolume: het zogenaamde volume-gevoelige anionkanaal of VR/\C. Voor dit 

onderzoek is de humane epitheliale cellijn Intestine 407 als model gebruikt. Deze uit foetaal jeju­

num g6s01eerde cellijn is bij uitstek geschikt voor onderzoek naar de regulatie van VRAC, aan­

gezien weinig andere chloride-kanalen, zoals calcium- en volt-geacriveerde chloride-kanalen, en 

geen CFTR-kanalen, in deze cellijn tot expressie komen. 

In hoofdstuk 2 \vordt een overzicht gegeven van de \Teelheid aan signaaltransductie­

routes die geactiveerd \vorden na hypotone stimulatie van zoogdiercellen. Alhoewel de betrok­

kenheid van sommige signaalmoleculen bij de celvolume-regulatie celtype-atnankelijk Iiikt te zijn, 

blijken enkele signaairoutes meer universeel een rol te spelen. Kinases die in alIe bestudeerde 

zoogdiercellen worden geactiveerd na hypotone stimulatie, zijn Erk-1/2 behorende tot de fami­

lie van de l-vlAP kinases. In Intestine 407 cellen \vorden Erk-l/2 geactiveerd door de 

Ras/Raf/MEK route (hoofdstuk 3). Deze Ras/Raf/MEK/Erk-l/2 signaaltransductieroute 

blijkt echter niet betrokken te zijn bij de activering van volume-gereguleerde ionkanalen 

(hoofdstuk 3). 

Zoais vele vormen van cellulaire stress leidt ook hypotone stimulatie tot het secreteren 

van ATP door zoogdiercellen. ATP kan als autocriene factor optreden door middel van acti\T­

ring van purinerge receptoren. \\;'e vonden dat extracellulair ATP tot een verhoging van de intra­

cellulaire calciurnconcentrarie leidt, en \ria dit mechanisme de activiteit van het volume-gevoeli­

ge chloride-kanaal potentieert (hoofdstuk 4). Voorts bleek dat het bij de celzwelling \Tijgeko­

men ATP verannvoordelijk is voor de activcring \'an Erk-l/2 via binding aan en activering van 

de P2Y 2 receptor (hoofdstuk 4). 

Het mechanisme van ATP-secretie als gcvolg van osmotische celzwelling bleek at1un­

kelijk te zijn van een intact cytoskelet, van een verhoging van de intracellulaire calciumconcen­

tracie, en \ran de activiteit van SJ\.:ARE-type fusie-eiwitten (ciwitten bctrokken bij de fusie van 

vesicles met de plasmamembraan) en phospholipase D (hoofdstuk 5). Deze bevindingen sug-
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gereren dat exocytose betrokken is bij het secretieproces. In overeenstemming met dit model 

yonden \ve dat hypotone stimulatie leidt tot een toename in oppervlak van het celmembraan, 

zoals gemeten met behulp van de fluorescerende membraan probe Fi\[ 1-43 (hoofdstuk 5). 

Voorts werd aangetoond dat osmotische celzwelling leidt tot een verhoogde snelheid \Can endo­

cytose, welke echter optreedt met een vertraging van 2 - 3 minuten en na 10 - 15 min weer op 

controle niveau is teruggekeerd (hoofdstuk 6). \"\"e vonden dat de endocytose kritisch afhanke­

hjk is van de toename in actiyiteit van het volume-gereguleerde chloride-kanaaI, en mogelijk een 

ge\'oig is van de depolarisatie van de plasmamembraan veroorzaakt door een verhoogde efflux 

\·an chloride (hoofdstuk 6). 

Autocrien werkend extracellulair ATP bleek cruciaal te zijn voor de door celzwelling 

geactiveerde exo- en endocytose. De gedeeltelijke remming van beide processen door remmers 

van Erk-1/2 activiteit suggereert dat een deel van de effecten van ATP wordt bewerkstelligd 

middels Erk·1/2 (hoofdstuk 6). 

Tot slot hebben we, om de membraan dynamiek beter te kunnen bestuderen, een begin 

gemaakt met het in kaart brengen van het celoppervlak van levende Intestine 407 cellen met 

behulp van de atomic force microscoop. Hoe"wel het systeem nog verder geoptimaliseerd moet 

v,'orden, zijn de eerste interpreteerbare resultaten \Cerkregen (hoofdstuk 7). 
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Figure 2A. Hypotonic s tim ulation leads to an increase in washou t of prcloadcd PM 1-43; Fluorescence microscope images of a group of 

Intes tine 407 cells 
Groups of 8-10 Intestine 407 cells WCf C prcloaded for 2 h with Fj\·] 1-43 ( I ~t j\ I) . T hereafter, cells WCfC continuously perfused (2 ml/min) us ing: medi­

um without r tvI 1-43 (washo ut). After a calib raLion period of 5 min , the experiment was started. Images wcrc sampled cvcf)' minute and show lhc f-luoresccnce 
in tensi ty. After 3 minutes, isoton.ic med ium was replaced by a 40% hypotonic medium. 
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Appendix 

300 mOsm 270 mOsm 

240 mOsm 210 mOsm 

180 mOsm 150 mOsm 

Figure 1. T RITe-dextran uptake induced by lowering m edium osm olarity 
Cells grown on coverslips were incubated fo r 5 mi n wi th TRlTC-dextran containing medium (0.5 mg/ mI) 

wi th di ffe rent osmolarities as indicated in the figure. After fixation, images were constructed as indicated in Materials 
and i\'lethods using CSLi\{ The images arc representative of 10 images from 2 independent experiments (bar = 25 

~m) . 
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