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General introduction

CELL VOLUME REGULATION

Mammalian cells are surrounded by 2 selective permeable plasma membrane that allows
the interior of the cell to differ in compaosition from the surrounding solution. The plasma mem-
brane 1s formed by a bilayer of {phospho-) lipids and contains many different proteins.
Hydrophobic molecules such as hydrocarbons, carbon dioxide and oxygen, rapidly dissolve into
the membrane and can cross it by diffusion. Other small molecuies that are polar but uncharged,
for example water and ethanol, can also pass the merbrane by simple diffusion. In contrase, the
membrane is selectively permeable for specific ions and polar molecules that can only cross the
membtane barrier with the aid of specific membrane-spanning transport proteins. Some of
these proteins form hydrophilic channels through which specific molecules diffuse down their
concentradon gradient {passive transport). Other transport proteins use energy (direct or indi-
rect) to pump molecules against their concentration gradient into or out of the celi {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 water 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
volume regulatory mechanisms. In general, these involve the activation of transport pathways in
the plasma membrane, leading to either a net accumulation (regulatory volume increase or RVI)

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



General imfroduction

processes are schematically illustrated in Figure 1. The principal inorganic ions involved in volu-
me regulation are Na~™, IC* and Cl. Cell shrinkage leads to the net uptake of NaCl, through acti-
vation of Na*/H* and CI'/HCO; antiporters or by activation of Na™-K*-2Cl- or Na*-Cl sym-
porters (for reviews see: [1-3]), Osmortic cell swelling, however, leads to the extrusion of K* and
Cl by a paraliel activation of cation and anion selective ion channels in the majority of cell types
studied, or by activatdon of K/Cl ce-transport [3-6]. In additdon, the redistribution of ions is
often accompanied by the release or accumulation of organic osmolytes, such as polyols,
methylammes and certain amino acids, which do not interfere with cellular function (for reviews
see [2,7]).

Whereas the mode of activation of K*-channels involved in the RVD response is well-
known, involving a local rise in intracellular free CaZ* [8-11], the molecular identity and the

mechanism of activation of the volume-regulared anion channels (VRACs) have not yet been
fully elucidated.
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Figure 1. Schematic illustration of cell volume regulation

An increase in extracellular osmolarity or a decrease in osmolarity of the cytosol will lead 1o an efflux of
water from the cytosol o the extracellular medium resulting in cell shrinkage. 7 rerra, a decrease in extracellular
osmolarity, or an increase in the osmolarity of the cytosol will lead w cell swelling. In reaction to eell shrinkage, fon
transporters are activated resulting in the net uptake of NaCl, while cell swelling induces activation of jon channels

leading to K* and CI efflux. The insct 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, volume stress under physiological conditions is generally due to a change
in the intracellular osmotic pressure caused by hormone-regulated metabolic processes, by bulk
uprake and transport of nutrients, or by secretory processes. The osmolarity of the interstitial
fluid is carefully maintained within a narrow range by interlocking endocrine systems: a change
in plasma osmuolarity or volume is sensed by osmoreceptors in the brain and in attial and juxta-
glomerular endocrine cells, which respond by secreting hormones that affect thirst sensation and
the renal uptake or excretion of water and salts. By these mechanisms, many cell types in the
body are protected against Jarge disturbances in extracellular osmolarity. A notable exception are
the intestinal and renal epithelia, which experience frequent osmotic perrurbations of extracel-
lufar origin due to an isosmotic luminal fluid, or to rapid changes from hyperosmolanty o isos-
molarity during transition from antidiuresis to diutesis (kidney medulla) [6].

As proposed by Hiussinger and Schliess [12], 2 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 Nat/H* exchange, Na* /KF-2CI- cotransport and the Nat/IKt-
ATPase, stmulates the accumnulation of K¥, Na* and Cl- and subsequently induces cell swelling,
Glucagon, in contrast, induces the depletion of cellular KK*, Na™ and probably Cl- by simulta-
necously activating IK*-channels and Na*/K™-ATPase leading to cell shrinkage. In hepatocytes,
an increase in cell volume promotes a more anabolic metabolism, whereas a decrease in cell volu-
me triggers a catabolic pattern of cellular functdon [2,12].

Pathophysiological distutbances in osmolarity

Several pathological conditions lead to a disturbance of the body fluid osmolarity (for
review sec: [13]). An increasc 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 excessive diarthea, exposure to extremely hot climates or {chronic) renal
failure combined with the inability to replenish water. Hyperglycemia occurs most often in the
setting of diabetes mellitus, Uremia is caused by renal failure Jeading to an increased plasma con-
centration of urea. A decrease in extracellular osmolatity is seen in hyponatremia. A variety 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 alrerations in extracellular environment, cell swelling occurs also during periods

of an impairment of cellular metabolic activiry. Due 1o the processes that maintain the Gibbs-
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Donnan disequilibsium, a coastant supply of energy is necessary to maintain cell volume. It is
well known for many vears that ischaemia leads to acute cell swelling in the heart (one of the
most extensively studied organs), brain, kidney, gallbladder, liver and skeletal muscle [14].
Ischaemia causes a shift from aerobic metzbolism to anaerobic glycolysis, resulting in the accu-
mulation of metabolites such as inorganic phosphates and lacrate, which increase tissue osmo-
larity. In zero-flow ischaemia, there is no merabolite washout and osmolytes accumulate in the
extracellular space thereby reducing the transmembrane osmotic gradient. However, during low-
tlow ischaemia or reperfusion, osmoiyvtes expelled from cells are gradually washed away, redu-

cing extracellular osmolanty, 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 i [4,16,17]). The results of these studies
revealed that the cell swelling-induced current displays (1) a marked outward 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 1 (SCN->1->Be>Cl->F->gluconate?); and (4) an inhibition by common Cl-channel
blockers like 4-acetamido-4’-isothiocyanostlbene (SITS), 5-nitro-2-(3-phenylpropylamino}-ben-
zoate (NPPB} and diphenylamine-2-carboxylate (DPC). I addidon, 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 depolatizing membrane potentials and apparendy does not
mvolve purinoceptor activation {18].

The volume-sensitive anion conductance can also be studied in intact monolayers of
intact cells using macroscopic 3Cl or 1231 efflux assavs. In such an assay, the release of isotope
into the extracellular medium 1s quantified as 2 function of time. In Intestne 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 observed
during whole-cell patch clamp experiments, which lasts as long as the bathing solution remains
hypotonie, the anion efflux from intact cells is wansient, 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].
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Figure 2. Hypotonicity-induced anion conductance in Intestine 407

Time course of activation of the swelling-induced whole~-cell CI" cuvrent ac -10¢ and +100 mV holding
potentials, and its inhibidon by extracellular added suramin (100 uM, final concentradon). Insets (A-C) show CI cur-
rents in response to step pulses (2 s duraton) from -100 w +100 mV {in 23 mV increments) at a higher time resolu-
ton. The hypotwsnic-shock induced Cl° current displays a marked catward tectificaion and a strong voltage-depend-
ent inactivadon ar depolarizing membrane potentials (Tnset B). The inhibition of the CI7 current by suramin is most

prominent at depolarizing membrane potentials,

CANDIDATE PROTEINS FOR VOLUME-REGULATED AWNION CHANNELS

Several membrane proteins have been proposed to serve as a VRAC itself, or as an
important regulator of VRAC. The most plausible candidate proteins are discussed below

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 were found to dis-
play complementary patterns of expression in epithelial tssue [20]. Therefore, it was suggested
that CFTR and P-glycoprotein may have overlapping physiological functions. Both proteins were
found to be associated with cell volume regulation in distinet 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 [21]. Furthermore,
Valverde et al. [22] found that cell volume regulation after hypotonic challenge is defective in
mtestinal crypt epithelial cells isolated from CFTR knockout mice. However, in this cell type the

13
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impairment of RVD in CFIR -/- crypts appeared to be related to the inhibition of volume-sen-
sitive KT-channels rather than Cl-channels, suggesting that CFTR plays a crucial role in the ope-
ning of volume-sensitive i(t-channels [22]. Also in other cell types CEFTR-mediated CI currents
were found to function complertely independent of the volume-regulated anion currents [23-25].

P-givcoprotein (MDR-1) was suggested to be the volume-sensitive channel protein itself
bv Valverde et al. [26] who found that expression of the protein increased the volume-sensitive
Cl' currents significantly, whereas tamosifen, a P-glycoprotein inhibitor, was found to inhibit
both Cl-channel activity and the RVD response. Kunzelmann et al. [27], however, repotted that
in HT-29 colon adenocarcinoma cells, expression of P-glycoprotein did not affect the volume-
sensitive K* and Cl conductances. In addidon, in NIH-3T3 cells lacking P-glveoprotein expres-
sion, osmotic cell swelling leads to the development of a normal increase in Cl conductance and
an RVID) response [28]. Nevertheless, in some selected cell types P-glycoprotein does seem to
influence cell-volume recovery after swelling and may serve as a regulator of endogenous volu-
me-sensitive Cl-channels dependent on its (protein kinase C-modulated) phosphorvlaton 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 m Intestine 407 cells, despite the development
of large Cl currents 1n response to hypotonic stmulation (this thesis) suggests that CFTR is not
of crucial importance in the activation of volume-sensitive Cl- or K*-channels. A similar con-
clusion was reached by Nilius et al. [32] for calf pulmonar artery endothelial (CPAE) cells, who
likewise failed to detect forskolin- or cAMP-acdvited Cl- currents, the hallmark of CFTR, while
large Cl- currents were activated in these cells after hypotonic sumulation.

Both P-givcoprotein and CFTR have been reported to be involved in the regulation of
cell swelling- or deformation-induced ATP release in hepatocytes and red biood cells, respecd-
velv [33,34]. As discussed in Chapter Z, AT might subsequently act as an auto- or paracrine fac-
tor in the potentiation or even activation of VRACs. These two examples suggest that VRAC
regulation by the ABC proteins s probably rather complex, and could involve very indirect
mechanisms such as purinergic signalling,

CiC-2/3

In mammals, the CIC family of Cl-channels consists of nine known members (revie-
wed by [35]). Two of these members have been suggested to be associated with volume-sensit-
ve Cl currents: CIC-2 and CIC-3.

CIC-2 was found to contain intramolecular domains thar are sensidve to both hyperpo-
larization and extracellular hypotonicity [36]. In T84 cells, however, hypo-osmotic cell swelling
was 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 required for development of the volume-sensiti-
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Chapter 1

ve Cl current. This was confirmed by the findings of Xiong et al. [38], who report that expres-
sion of CIC-2 in Sf9 cells enhances the rate of RVD); however, the associated Cl- current was
distinct from the endogencus swelling-activated Cl- currents on the basis of pharmacology and
inhibition by an anti-ClC-2 antbody. Recently, Tewari et al. {39] demonstrated that the human
recombinant CIC-2 channel expressed in HEIC 293 cells are activated by ¢cAMP dependent pro-
tein kinase A (PICA) and arachidonic acid. This again supports the notion that CIC-2 is not iden-
tical to a VRAC, because osmo-sensitive Cl- currents are regulated independently of PKA, and
arc inhibited rather than activated by arachidonic acid in many cell types (Chapter 2).
Expression of CIC-3 in NIH/3T3 cells leads to 2 large Cl conductance under isosmo-
tic conditions, which exhibits properties identical to the hypotonicity-induced anion current in
native cells [40}. The current could be increased by inhibition of protein kinase C, whereas an
increase in intracellular free Ca?* reduced the current [41]. The latter suggests that in most cell
types, CIC-3 is not responsible for the volume-sensitive Cl current, since an increase in intra-
cellular Ca?* was found to potentiate ot even activate hyporonic shock-induced anion channels,
as discussed i Chapter 2. In addition, Du and Sorota [42] reported that in canine atrial cells,

PKC stimulates and does not prevent the volume-sensitive Cl- current.

ICln

Loy 15 a protein originally cloned from Madin-Darby canine kidney (MDCK) cells and
ubiquitously expressed in most organs and ussues (reviewed by [43]). Expression of the mRINA
encoding mammalian I, in Xengpur loevis cocytes induces a Cl- current reminiscent of the volu-
me-sensitive anion currents as found in almost all cell types studied so far [44]. Mutation of one
amino acid residue {G49) in the putative nucleotide-binding domain of the protein altered both
the nucleotide sensitivity and kinetics of the expressed current [44], suggesting that I 1s the
channel] protein itself rather than a regulating protein. Furthermore, the hypotonicity-induced
Cl currents in NIH/3T3 cells are suppressed by antisense oligonucleotides complementary to
the first 30 nucleotides of the coding region of the I, protein [45]. Musch et al. [46], however,

found that a hypotonic shock dose-dependently stimulates translocation of I, from the cyto-
sol to the Triton X-114-insoluble fraction. They found that I, does not insert into but associ-
ates with the membrane, suggesting that L~ acts as a channel regulator rather than as a channel
itself [46].

There are, however, observations that argue against a crucial role for I, in the activa-
tion of VRACs. Buvse ct al. [47], found that injection of CLC-6 RNA in Xemopus oocytes indu-
ced a Cl current identcal to I~ and therefore suggest that the I, current corresponds to an
endogenous conductance of Xenopus oocytes that can be actvated by expression of structurally
untelated proteins. Furthermore, some differences were found berween the Cl- current induced

by I, expression in Xengpas oocytes, and the endogenous hypotonicity-induced CI- currencs of
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Nenopus oocvtes; for example, unlike the hypotonicity-induced CI- currents, the currenrs induced
by Iy, were inhibited by cyclamate, and extracellular cAMP only inhibited the outward current
[481.

AIM AND SCOPE OF THIS THESIS

The aim of this thesis was to unravel the signal transduction pathwavs involved in regu-
latory cell volume decrease, with special emphasis on the regulation of VRACs. As 2 model, we
used the human fetal jejunum-derived epithelial cell ine Intestine 407, which does not express
Ca®"- and voltage-sensitive Cl-channels nor ¢cAMP/protein kinase A sensitive CFTR Cl-chan-
nels [8, 49-51]. This low background of Cl-channel activity and the manifestacion of large volu-
me-sensitive Cl° currents upon hypotonic samulation render these cells particularly suitable for
studyving VRACs. Chapter 2 gives an overview of the literature 1 reladon to our own results on
signalling mechanisms involved in cell volume regulation.

Erk-1/2 MAP kinase activation is a general phenomenon in hypotonic sdmuladon of
mammalian cells. Furthermore, in homology toe the veast cell system, an important role of Erk-
1/2 MAP kinase was suggested in the RVD, The role of Erk-1/2 MAP kinase in volume-sensi-
tive jon channel activatdon and the signal transduction pathway leading to hypotenicaty-induced
Erk-1/2 actvation was studied, as described in Chapter 3.

Like many kinds of mechanical stress, hypoteonic sumulation leads to the release of ATP
for many different mammalian cell types. Extracellular ATP is kaown €0 act as an autoctine fac-
tor by signalling through purinergic receptors on the cell membrane, Since purinergic stimula-
tion Is knewn to affect Clchannel activadon in several cell systems, the role of extracellular ATP
in swelling-induced anion channel activation was studied in Chapter 4. Furthermore, this chap-
ter describes the role of extracellular released ATP in the hypo-osmeotic 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 ATP Because hypo-osmotic swelling coincides with an increase in the rate of vesicle
recycling, a putative role for exocytosis in the release of ATP was evaluated.

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 studving surfaces
at nanometer resolution. Recently, attempts were made by several groups using this technique for
scanning and visualizing the sutface of living cells. In collaboradon with the group of Prof. J.
Greve and Prof. B.G. de Grooth (Deparument of Appled 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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Signalling mechanisms involved in cell
volume regulation

Thea van der Wijk, Hugo R de Jonge and Ben C. Tilly
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INTRODUCTION

Most mammalian cells have developed compensatory mechanisms to respond to the
variable osmotic stress caused by changes in the concentrations of intracellular osme-active 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),
activated by cell shrinkage and leading to a ner increase in the intracellular osmolarity, and the
Regulatory Volume Decrease (RVD), which is miggered by cell swelling and directs a reduction
in the tonicity of the cell. Whereas the RVI response depends on the activation of ion pumps
and carriers, the RVD response principally involves the concerted opening of cation and anion
selective 1on channels. To date, the K and Cl- conductances activated upon hypo-osmotic sti-
muiation have 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 mav differ between cell types. In this review, we will evaluate the different signalling
pathways activated by osmotic cell swelling and discuss their putative role(s) in ion channel regu-
lation, in maintaining cellular volume homeostasis and in paracrine signal transduction, with
emphasis on intestinal epithelial cells.
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INTRACELLULAR SIGNALLING MOLECULES INVOLVED IN THE RVD RES-
PONSE

Although present knowledge about signal transduction pathwayvs utilised to activate
VRACs 15 far from complete, several components of the cascade(s) have been recognised and
their crucial importance in the actvation or regulation of the anion conductance has been esta-
blished. To study cell swelling-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 Cl-channel activity. Apart from a large swel-
ling-induced anion current, these cells do not express other anion channels such as Ca?*- and
voltage-sensitive Cl'-channels or ¢cAMP/protein kinase A sensitive CFTR Cl-channels {1; 2-4].
Furthermore, in the sub-clone we used, P-glycoprotein expression was not detected using an
RNAse protection assay.

The different signalling molecules that are activated upon or increased by hypo-osmo-
tic cell swelling are listed below and their putatve tole in the regulation of VRACs is discussed.

Ca2+

In many different cell systems, hypo-osmotic cell swelling leads to an Increase in the
intracellular free Ca?t concentration (reviewed in: [3]). In the intestine, both in jejunal and colo-

nic epithelial cells, the RVD response was found to be triggered by an elevadon of [Ca®*]; [6; 7-

fuelin)

8]. Because inhibiton of the osmosensitive K* and/or Cl conductance will result in an impai-
red RVD response [9], it was impossible to distinguish between the effects of Ca®" on K*- or
Cl-selective channels, in these studies. In a number of cell models, an increase in [Ca’']; was
found to be critically involved in the activation of volume-sensitive Cl- currents [10-15]. In other
cell types, however, including Intestine 407 cells, a rise in [Ca?']; was not essential for the acri-
vation of swelling-induced Cl-channels [1, 16, 17-28].

Although not always involved in a direct actvation of VRACs, Ca?t mav play an impor-
taat role in regulating the magnitude of the compensatory response, Stimulation of Intestine 407
cells with Ca2"-mobhilizing (neuro-) hormones resulted in a potentiation of the cell swelling-
induced Cl efflux, which was absent in BAPTA-AM loaded cultures [29, 3]. This potentiation is
not due to an in increase in driving force (e.g. stimulation of Ca?*-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 pl25FAK and members of the MAP (mitogen-activated protein} kinase family [16, 30].
Treatment of the cells with tyrosine kinase inhibitors like herbimyein or gemstein largely redu-
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ced the cell swelling-induced anion efflux and, vice versa, promoting tyrosine phosphorvlation
by (petivanadate-mediated inhibitdon of phosphotyrosine phosphatases potentiated the anion
efflux triggered by non-saturating hypo-osmode 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. Involvement of protein tyrosine phosphorylation in the
activation. of VRACs has now been established In muldple other cell types, including cardiomy-
ocytes, endothelial cells and lymphocyees [28, 31-33]. Sorota [31] demonstrated that the inhibi-
ton of VRACs by genistein is abolished after intracellular application of ATPYS, but that ATPYS
by itself is not able to activate the channel. These dawm are in line with the notion that activation
of 2 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 VRACs as has been reported for
CFTR Cl-channels {34, 35]. Acavation of VRACs through a mechanism involving protein tyro-
sine phosphorylation is not universally observed in all cell models studied: both in ROS 17/2.8
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 tyrosine kinase involvement.

Sofar, the identity of the tyrosine kinase(s) required for the activation of VRACs has
been established only for a few cell types. For Jurkat T lymphocytes, strong evidence is available
that the Sre-like p56Ik tyrosine kinase is both essential and sufficient for VRAC activation [32,
38]. Using p56ick deficient J-Cam 1.6 cells it was demonstrated that the impaired volume regula-
ton of these cells could be restored by transfection of p506it [32]. Morcover, in these cells, a
direct activation of anion channels in excised membrane paiches was observed following addi-
don of putified p36' and ATP [38]. In endothelial cells, however, Sre-like kinases are apparently
not involved in VRAC activation, since specitic Src-activating peptides did not affect volume-
sensitve anion currents [33].

MAP kinases

The MAP lkinases constitute a family of serine-threonine protein kinases, ubiquitously
expressed in cukaryotes, that are activated by such diverse stimuli as growth factors, (neuro-)hor-
mones, cvtokines as well as by several forms of cellular stress. Signalling through MAP kinases
involves the stimuladon of a “three-component module” (Figure 1) consistng of a MAP kina-
se kinase kinase (MKKK), a MAP kinase kinase (MKK) and, finally, the MAP kinases themsel-
ves (reviewed in: [39]). Three different subfamilies of MAP kinases have been recogaized in
mammalian cells: p42/pdd Erk-1/2, p38 MAP kinase and JINK, which are likely to play impor-
tant roles in cell proliferation and differentiation, in (preventon of) apoptosis and in the cellular
[ESPOLSES O SIreEss.

In the veast Saccharonsyces cerevisize, MAP 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 ronicity [40, 411, Cell shrinkage was found to activate the MAP kinase Hoglp, which

leads to an increase in glveerol synthesis and a restoration of the osmotic gradient [40]. Hoglp
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Figure 1. MAP kinase activation in yeast and mammalian cells

In budding yeast, cell swelling leads to (1) an activation of Mpklp through PKCT and (2) to an inactivation
of the MAP kinase Hoglp, by sdmulatng the histidine kinase Slnlp and a subsequent inhibition of its response regu-
lator Ssk1p, Cell shrinkage leads to activaton of Hoglp through a cascade involving Sho-1, Stellp and Phsp, and to
a refease of the Ssklp inectivation by Slntp inhibiten. In several mammalian cells, including lntestine 407, extracel-
Jular hypotonicity leads w activation of the MAP kinase Erk-1/2 (through the Ras/Raf pathway), and the stress-rela-

red MAP kinases JNK and p38. In addition to hyporonic stress, (severe) cell shrinkage is also able to activare JNK and
P38 [105]

displays a high similarity with the mammalian p38/JNK MAP kinases and is activated by Pbs2p
(MKK). As revealed by Maeda et al. [42] Pbs2p activiry is controlled by two distinet transmem-
brane osmoceprors (Figure 1); an osmosensor called Sholp and a “two-component system’” coni-
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 Ssklp and
the inhibidon of Ssk2/22p (both MKKIK’s). Finally this resulted in a reduced activity of PbsZp
and Hoglp. During periods of high extracellular osmolarity Sholp, an SH3 domain containing
receptor, 1s activated, and stimulates Pbs2p directy. At the same time, Slalp is inactivated and,
as a consequence, the inhibiton of Ssk2/22p is released. Unlike Hoglp, another MAP kinase,
Mpllyp, is activated by osmotic cell swelling through a mechanism involving PKC1 [41] (Figure
1). MpklIp is highly homologous to the mammalian Erk-1/2 MAP kinase and is required for
growth at low osmolarity, most likely by regulating cell wall properties [41].

In plants, a rransmembrane histidine kinase, structural similar to the yeast osmosensor
Sinlp, was recently found: ATHKT1 (Arabidopsis thakiana histidine kinase) protein [43].
Transcription of the ATHKI gene was found to be upregulated in response to changes in exter-
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nal osmolarity. Expression of ATHK1 gene into veast Jacking functional Slnlp and Sholp (s#74
thoTA double murant) leads to Hoglp activation and prevented high osmolarity induced cell
death [43], Taken rogether, these results suggest that, in plants, analogous 1o the veast system,
ATHKI functions as an osmosensor signalling through a MATP kinase cascade.

Hypotonicity-induced activaton of Erk-1/2 MAP kinases has been reported for all
mammalian cell types studied so far, including Intestine 407 cells {16, 44], H4IIE hepatoma cells
[45], primary rat hepatocytes [46], cardiac myocytes [47], astrocytes [28, 48], C6 glioma cells [49],
1solated rat pancreatic acini [30] and mIMCID3 renal cells [51]. In addidon, in many cell models,
hypo-osmotic cell swelling also leads to the activation of p38 and JNK MAP kinases {30, 47, 51-
53}. Unlike the activation of Mpklp in veast, the activation of Erk-1/2 by osmotic cell swelling
is independent of protein kinase C [44-46, 48-50], bur in several cell types including Intesune
407 cells, involves p21m and Rafl [44, 48, 49]. In primary astrocytes [48], but not in 2 number
of other cell models [44, 49, 30}, the hypotonicity-induced Erk-1/2 actvation was sensitive to
the Ptdins 3-kinase inhibitor wortmannin. In addition, pretreatment with pertussis toxin pre-
vented the swelling-induced Erk activaton in H4IIE rat hepatoma cells [45] and primary rat
hepatocytes {46] suggesting the involvement of Gy and Gor,,
and Intestine 407 cells [44].

Because Erk-1/2 and p38 MAP kinase activation is among the inidal signalling events

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

but not in C6 glioma cells [48]

activation of volume compensatory mechanisms, it is tempting to propose a model in which
MAP kinases play an important role in the regulation of the RVD response in mammalian cells.
However, in Intestine 407 cells, preventing MAP kinases activation by using specific inhibitors
(Erk1/2: PD098059; p38: SB203580) or by expression of dominant negative G proteins (Frk-
1/2: N17-p21ms; p38: N17-p2112) 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 treatmen: of mIMCD3 renal cells did not affect steady state
cell volume after 30 min of osmotic stress [51]. In astroevtes, however, Crepel et al. [28] found
that PD098059 reversibly inhibited activation of the Cl- current induced by hypo-osmotic sti-
mulation. The cell swelling-induced activation of JNK develops rather slowly and only after a
distinct lag phase of 10-20 min, arguing against a direct role of JNK in the RVD response {47,
52, 53; Tilly et al., unpublished results].

Because the funcdon of MAP kinases in the regulation of gene expression is well esta-
blished, it is attractive to propose a role for Frk-1/2 and p38 in restoring cellular homeostasis
and in promoting long-term survival, In mIMCD3 renal cells, the hypotonicity-induced Erk act-
vation was found to be at least partially responsible for the increased expression of Elk-1 and
Egr-1 [51]. Inhibition of Erk acuvation, however, did not affect cell viability in these cells or in
H4IIE hepatoma celis {51, 52]. In addition to transcription regulation, hypotonicity-provoked
Erk-1/2 and p38 activation were found to regulate hepatic raurocholate secretion and to inhibic
proteolysis in hepatocytes, respectively [46, 53].

I~
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G proteins

Intracellular admimstration of GTPYS, and thereby activation of guanine nucleotide-
binding regulatory proteins (G proteins), was found to activate anion-selective currents in seve-
ral cell types, including human HT29¢119A colonocytes, which could be inhibited by GDPPS
[33, 55, 56]. In addition, the RVD response was facilitated by GTPYS or NaF-AlF, in cervical
cancer and osteosarcoma cells [37, 58] and, in platelets, impaired by GDPBS [539]. Treatment with
pertussis toxin abrogated the RVD response in platelets and cervical cancer cells, suggesting the
involvement of Go, [58, 59]. In calf pulmonary artery endothelial cells (CPAE), the hypotonici-
ty-induced Cl* current was mimicked by cytosolic GTPYS and inhibited by GDPBS [33], indica-
ting a role for G proteins in the activation of the swelling-induced anion conductance. In other
cell types, however, the intracellular inroduction of non-hydrolyzable guanine nucleotides did
not affect the volume-sensitive anion current or the RVD response [58, 60].

Using Clostridinm botalinum cxoenzyme C3, we previously demonstrated that the ras-rela-
ted small G protein p21™o is involved in the actvation of the osmosensitive anion efflux in
Intestine 407 cells [30]. Involvement of p219 js not restricted to epithelial cells; comparable
results were recently obtained with bovine endothelial cells [61]. Regulaton of ion channels by
G proteins could be either directly, through interaction of the G protein (subunits) with the
channel protein itself, or indirectly, through the activation of signalling cascades. Several down-
streamn targets of p21™° have now been identified inclading the Rho kinase p160Rek 3 reguia-
ot of myosin light chain phosphatase (for review see: [62]). For bovine endothelal 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
(Y-27632) prevented activation of the volume-sensitive CI- conductance [61], suggesting the
involvement of mvosin phosphorylation. In Intestine 407 cells, however, the hypotonicity-pro-
voked anion efflux was not affecred by inhibitors of myosin light chain kinase [30]. In contrast,
in these cells, a swelling-induced and p21he dependent activation of phosphatidylinosito! 3-kina-
se (Ptdlns 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 transpors 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/ ot the total amount of F-actin. In several cell types,
a transient depolymerization of F-actin was found (PC12 cells [64]; IMCI cells [65]; Ehrlich
ascites tumor cells [66]; dogfish shark rectal gland cells [677). In C6 rat ghial cells and isolated rat
hepatocytes, however, osmotic cell swelling was accompanied by an increase in total F-actin [68,

69]. No clear changes in the relative amount of F-actin were found for shark rectal gland cells
170).
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Intestine 407 cells respond to hypo-osmotic stimulation with a very transient (2-5 min)
merease in total F-actin that coincides with the activation of a compensatory anion efflux [30].
In addition, a clear change in the subcellular distnbution of F-actin was observed, as revealed by
constructing confocal laser microscope images of cells stained with rhodamine-conjugated phal-
loidin. An almost immediate (< 60 5) increase in F-actin stress fibers was 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 microfilaments by cytochalasin B
or D) treatment leads to an impaired activation of VRACs and/or the RVD response (Necturus
gall bladder celis [71]; rabbit proximal tubule cells [72]; PC12 cells [66, 73]; HSG cells [19]; jurkat
fymphoma cells [74]; embryonic chick cardiac myocvtes [16]; prostate cancer spheroids {75]). In
other cell systems, phalloidin-mediated stabilization of F-actin prevented activation of VRACs
{76] and, sie versa, cytochalasin treatment potentiated [29, 30, 76} or even mimicked [77] the acti-
vation of VRACs by cell swelling.

Both the actin rearrangement (for review see:{78}) and VRAC ate regulated by p21the
[30, 61] suggesting a close correlation between cytoskeletal remodeling and channel activation.
To date, litdle is known about how cytoskeletal remodelling is coupled to the activation of osmo-
sensitive ion channels. Several reports suggest that the cytoskeletal reorganization is involved in
the hypotonicity-induced increase in intracellular CaZ* levels [75, 79], which, as discussed in the
section on Ca?*, plays an important role in regulating the RVD response. However, Cornet et al.

[66] showed opposite results; they found that the increase in [Ca®*],, was responsible for the

reorganization of F-actin through calmodulin and Ca®*-sensitive K*-channels [86]. Alternatively,
generation of actin filaments of a specific size mav be crucial for activation, 2 notion supported
by our observations that pretreatment of the cells with cytochalasin B potentiated the hyporo-
nicity-induced anion efflux. Direct moduladion of the activity of ion channels by actin filaments
1s 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), act-
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 (activared) ion channels into the plasma membrane. The dif-
ferent modes in which the cytoskeleton may affect ion channel activation are summatized in
Figure 2.
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Figure 2. Mechanisms of ion channel regulation by the cytoskeleton

Three different models are presented that theorerically could be involved in the regulation of ion channels
by cytoskeletal remodelling: A) direct activation by cytoskeletal elements or by proteins associated with the cyroshele-
ton, 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 intraceliufar signalling cascades by cell swelling,
hypo-osmotic stmulation 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
celi or modulate the responses of surrounding cells,

ATP

Several forms of cellular stress, including hypo-osmotic stimulation, were found to
increase the release of ATP. Extracellular ATP, acting through binding to P2Y-type purinocep-
tors, has been implicated in the activation of the osmosensitive CI” current in HT'C 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 sweiling-induced Cl- cut-
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 in these cells
[29]. Although not able to directly activate the osmosensitive conductance in Intestine 407 cells,

extracellular ATP, through a P2Y,-receptor-mediated increase in mtracellular Ca®", may play an

importans role in potentiating both the Kt and Ci- conductances (see: section CaZ™ and [29]).
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Involvement of P2Y,-receptors is not universal; in other cell models the ATP merabolite ade-

nosine was found to regulate VRACs through activation of the Al type adenosine receptor
(YHTE,, human tracheal epithelial cells [84]; RCCT-28A rabbit cortical collecting ducr cells [85]).

Besides its effects on the regulation of anion curreats, extracellularly released ATP was
found to be critically involved in the activaton of the Erk-1/2 members of the MAP kinase
family in Intestne 407 cells [29]. Not only were ATP and UTP in (sub) micromolatr concentra-
tions able to activate Erk-1/2 under isotonic conditions, but the hypotonicity-induced MAP
kinase activation was completely abolished in the presence of apvrase or the purinoceptor-inhi-
bitors suramin and reactive blue {29]. This implies that the actvation of Erk-1/2 by hypotonici-
ty is not a direct consequence of osmotic cell swelling, but instead involves an autocrine/para-
crine mechanism with ATP as 2 messenger. The ability of ATP and purinoceptors to activate
MAP kinases is not unprecedented; extracellularly added ATP was found to activate Frk-1/2 and
JNK in many different model systems [86-94].

To date it is not clear how the release of ATP from Intestne 407 cells is regulated.
Previcusly, Roman et al. [95] established an important role for the ABC transporter P-glycopro-
tein. Inhibidon of P-glycoprotein expression (by anti-sense oligonucleotides) or function (by
verapamil treatment) in Intestine 407 cells, however, did not affect the osmosensitive Cl current
[96]. In addition, in the subclone 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 activatdon of VRACs, the hypoto-
nicity-induced ATP release from Intestine 407 cells was sensitive to BAPTA-AM treatment and
inhibited by cytochalasin B [29], suggesting the involvement of exocytosis. This notion is sup-
ported by the observations that an increase in intracellular Ca*t could promote the release of
ATP in the absence of an osmo-shock [29, 85]. In addition to Ca2* and the cytoskeleton, Prdlns
3-kinase has also been implicated recenty [97].

Arachidonic acid

Several studies have considered a possible role of arachidonic acid or its metabelites In
the RVD response. In both human platelets and neuroblastoma cells, 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], Ehtlich ascites tumor cells [99], human neuro-
blastoma [98] and Intestine 407 cells [2] an inhibitory effect of arachidonic acid on the RVD and
VRACs was reported. The mechanism of this inhibition is unknown, but, because other
(un)saturated fatty acids (oleic, linoleic, linolenic and palmitoleic acid) mimic the inhibitory effect
on the RVD response, a nonspecific detergent effect was suggested [99].

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

LTD,, produced by lipoxygenase action on arachidonic acid, potentiated the RVD response and
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volume-sensitive K¥- and Cl-channels [8,100]. In addition, the LTD, receptor antagonist
SK&F 104353 as well as Lipoxygenase inhibitors {nordihvdroguaiaretic acid or ETH 615-139)
inhibited volume-sensitive Cl- currents in crvpts from distal colon and jejunum [101, 102] and in
hurnan fibroblasts [103], respectively. In cultured nonpigmented ciliary epithelial cells, however,
prostaglandin B2, 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-csmeotic stimulation of mam-
malian cells. Although some signalling molecules are only able to activate or modulate the RVD
and/ot osmosensitive anion channels in selected cell models, other signalling cascades seem to
be mote universally involved. These include the actdvation of one or more tyrosine kinases, G-
proteins and a tise in intracellular free Ca2* (Figure 3). Present knowledge, however, about the
molecuiar mechanism by which these signalling molecules affect the conductance state of the
channels involved in the RVD response is still rather fragmentary and detailed investigatons into
the mode of acdvation, 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 Tyrosine kinase(s)
P2Y,-R -
l \ p21me
p21ires PLC
l \ L
Erk-1/2 Ca? Cytoskeleton remodelling
} >
Homeostasis, v

Chloride channet

survival (?) activation

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

In Intestine 407 cells, hypotonic stress leads to the parallel actvadon of VRACs and the MAP kinase Frk-
1/2. VRAC activation was found to depend on tyrosine kinase(s), p217 and the cytoskeleton, while Erk activation
is caused by hyposhock-induced ATP release which, through an autocrine or paracrine mechanism, activates the puti-
noceptor P2Y,. In addition, an ATP/PZYZ mediated increases in intraceliular Calt may serve a8 a modulator of
VRAC activity.
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Osmotic swelling-induced activation of
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ABSTRACT

Human Intestine 407 cells respond to hypo-osmotic stress with a rapid stimulation of
compensatory lonic conductances accompanied by a transient increase in the activity of the
extracelular signal-regulated protein kinases Erk-1 and Erk-2. In this study, we examined the
upstream regulators of hypotonicity-induced Erk-1/2 activation and their possible role in cell-
volume regulation. The hypotonicity-provoked Erk-1/2 activation was greatly reduced in cells
pretreated with the specific mitogen-activated/Erk-activating kinase inhibitor PD098059 and
was preceded by a transient stmulation of Raf-1. Pretreatment of the cells with PMA,
GF109203X, wortmannin or Clastridism botnlinum C3 exoenzyme did not appreciably affect the
hypotonicity-provoked Erk-1/2 stimulation, suggesting the osmosensitive signalling pathway to
be largely independent of protein kinase C and p21m™e. In contrast, expression of dominant
negative RasN17 completely abolished the hypotonicity-induced Erk-1/2 activation. Stirnulation
of the swelling-induced ion efflux was independent of activation of these mitogen-activated
protein kinases, as revealed by hypotonicity-provoked isotope efflux from 121 and 8¢Rb*-loa-
ded cells after pretreatment with PD098059 and after expression of RasN17. In addition, the
cpidermal-growth-factor-induced potentiation of the hypotonicity-provoked anionic response
did not depend on the increase in Erk-1/2 activity but, instead, was found to depend on Ca?*
influx. Taken together, these results indicate that hypotonic stress induces Frk-1/2 activation
through the Ras/Raf-signalling pathway and atgue against a direct role for this pathway in cell-
volume control,
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INTRODUCTION

Most mammalian cells respond to changes in cellular volume with « net movement of
water driven by a redistribution of salt and/or small organic molecules (for reviews see [1,2]). As
a consequence of hyperosmotic stress, cells are triggered to accumulate osmolytes leading to a
subsequent influx of water (regulatory volume increase). In reverse, hypo-osmortic stress indu-
ces a loss of cellular water due to osmolyte release [regulatory volume decrease (RVD)]. Despite
the extenstve 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 tvpes, a general feature of cell signalling in response to hypotonic stress is the rapid
and transient activation of the exmacellular-signal-regulated protein kinases Erk-1/2. Activation
of these kinases has now been reported for a variety of mammalian cell tvpes, including Intestine
407 cells [3], hepatoma cells [4], hepatocytes [5], cardiac myocytes [0}, astrocytes [7] and €6 gli-
oma cells [8], as well as for yeast [91.

Frk-1/2 are members of the superfamily of mitogen-activated protein kinases (MAP
kinases): a group of serine/threonine kinases that are activated by dual-specificity protein kina-
ses through phosphorylation on both threonine and tyrosine residues. Exk-1/2 are activated by
diverse extracellular stimuli and affect many important cellular processes via protein phospho-
rylation of specific targets (for reviews see [10,11]). Several different pathways may lead to Erk-
1/2 actvatdon (reviewed ins [121). The pathway studied in most detail is the signalling cascade ini-
dated by tytosine kinase-containing receptors le.g epidermal growth factor (EGF) and platelet-
derived growth factor receptors], which involves activation of the small G-protein p217s (Ras).
Conversion of Ras-GDP into the active GTP-bound state, via couphng of the Grb2-Scs com-
plex to the receptor [13], recruits the Raf-1 kinase to the plasma membrane {14]. Subsequently,
Raf-1 becomes activated and phosphorylates the mitogen—actﬁvated/ Erk-activating kinase
(MEK) [15], a dual specificity protein kinase, which in turn activates Erk-1/2 [16].

1In addition to receptor tyrosine kinases, several G-proteins coupled to serpentine recep-
tors, as well as cell-surface adhesion receptors of the integrin family, have been idendfied as acti-
vators of Erk-1/2 [17,18]. These receptors have been suggested to activate the Ras/Erk path-
way via activation of Ptdlns 3-kinase (G-protein coupled receptors) or by binding of the focal
adhesion kinase p125'\ (integrin receptors) to the Grb2-Sos complex [19,20]. In addition, seve-
ral Ras-independent pathways have been reported that lead to Erk-1/2 activation. For instance,
Robbins et al. [21] and Chen et al. [22] found that expression of a dominant negative Ras mutant
did not affect Erk-1/2 activation by G-protein-bound and integrin receptors. Furthermore, EGT
has been reported to activate Erk-2 via Ras-independent pathways, which involve protein kina-
se C (PKC) activadon or intracellular CaZ* [Ca 2*]; increases [23-25].

Using the human fetal jejunum-derived Intestine 407 cell line as 2 model, we have
recently demonstrated that hypo-osmortic cell swelling is accompanied by a rapid and transient

increase in tyrosine phosphorylation of several proteins, including p125F% and Erk-1/2, as well
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as by activation of PrdIns 3-kinase [3,20]. Furthermore, increased tyrosine phosphorvlation was
found to be an essential step in cliciting an RVD response [3]. The finding that EGF not only
activates the MAP kinases Erk-1/2 burt also strongly potentiates the hyvpotonicity-induced ion
efflux [3} suggested a role for Erk-1/2 in the activation and/or growth factor potentiation of the
osmosensitive anion efflux, This notion was supported by the recent findings that both the veast
Hoglp and Mpklp members of the MAP kinase family are critically involved in cell-volume
reguladon [9,27].

In this study we have investigated the regulatory pathway leading to hypotonicity-indu-
ced BErk-1/2 activation and evaluated the role of these MATP kinases in cell-volume reguladon.
The results presented indicate that the mansient, osmosensidve activation of Erk-1/2 m
Intestine 407 cells is downstream of the Ras/Raf pathway, and independent of PKC, Ca**
influx and PudIns 3-kinase. Treatment of the cells with the specific MEK inhibitor PD098059
or expression of dominant negative RasN17 prevented the cell swelling-induced Erk-1/2 acti-
vation, but did neither affected the osmosensitive anion efflux of its potendation by EGF. Taken

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

MATERIALS AND METHODS

Materials :

Radioisotopes (12T, 86Rb* and [Y->2P]ATP) and enhanced chemiluminescence (ECL)
detection kit were purchased from Amersham Nethetlands BV, (s Hertogenbosch, The
Netherlands). Antbodies and Syntde-2 were obtained from Santa Cruz Biotechnology Inc
(Santa Cruz, CA, USA). The MEK inhibitor PD098059, myelin basic protein (MBP) and GF
109203X were purchased from Calbiochem (La Jolla, CA, ULS.A)), Sigma (St. Louis, MO, US.A)
and Biomol (Plymouth Meeting, PA, UIS.A.} respectively. Protein A-Sepharose was obrained
from Pharmacia Biotech (Uppsala, Sweden). Recombinant CL batyfinum C3 excenzyme was 1so-
lated and prepared as described previously [28].

Cell culture

Intestine 407 cells were routinely grown as monolavers in Dulbecco’s modified Eagle’s
medium supplemented with 25 mM Hepes, 10% fetal calf serum, 1% non-essential amino acids,
40 mg/1 penicillin and 90 mg/1 streptomycin under a humidified atmosphere of 95% (), and 5%

CO, at 37°C. Before the experiments, cells were serum-starved overnight.

Assay of Erk-1/2 activity
After stimuladon, cells were washed once with ice-cold PBS and 1 ml of lysis buffer was
added (1% Triton X-100, 150 mM NaCl, 10 mM Tris-HCI, I mM EDTA, 1 mM EGTA, 0.5%
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Nomnidet P40, 0.2 mM Nay;VO,, 0.2 mM PMSE, 1% aprotinin and 50 tg/ml leupepan, pH 7.4).
After 10 min (0°C), lysates were collected, cleared by centrifugation and the supernatants were
incubated with polycional anti-Erk-2 antibodies (recognizing both Erk-2 and, to a lesser extent,
Erk-1) for 1 h. Thereafter, Protein A-Sepharose was added and the mixrure was incubated for
another hour. The immunoprecipitates were washed three times with lysis buffer and three tmes
with kinase buffer (10 mM Tris/HCL, 150 mM NaCl, 10 mM MgCl,, 0.5 mM dithiothreitol, piH
7.4), and Brk-1/2 acovity was determined by /r ##r0 phosphorylation of MBP Phosphorylation
was carried out in 40 Ul of kinase buffer supplemented with 0.5 mg/ml MBP and 25 pM ATP
+ 5 UCi of [y-3PIATP (30 min; 37°C). Reactions were terminated by the addition of DS sam-
ple buffer. The samples were boiled for 5 min and subjected to SDS/PAGE. Radioactivity of
MBP was quantified by a phospho-imaging system (Molecular Imaging System GS-363; Biorad).

Assay of Raf-1 activity

Cells were lysed in 50 mM Hepes, pH 7.5, containing 150 mM NaCl, 10% glycerol, 1%
Triton X-104, 1.5 mM MgCl,, 1 mM EGTA, 10 mM NaF, 1 mM Na;VO,, 1 mM PMSF and 1%
aprotinin {10 min, 0°C). Lysates were collected, cleared and incubated with 1 j.Lg/ml polivclonal
rabbit anti-Raf-1. Immune complexes were bound to Protein A-Sepharose and washed three
times with Ivsis buffer, twice with 0.5 M LICL, 0.3 M Tris/HCI, pH 7.5 and once with kinase buf-
fer (25 mM Tris/HCL, 10 mM MnCl,, T mM dithiothreitol, 25 mM B-glycerolphosphate, pH 7.5).
Raf-1 activity was determined using Syntide-2 as a substrate, Phosphorylation was carried out for
20 min at 30°C in 40 U of kinase buffer containing 125 uM Syntide-2 and 25 gM ATP + 5 puCi
of [y-*PJATP. Thereafter, samples were rapidly centrifugated and 15 U portions of the supet-
natants were spotred on Whatman p81 phosphocellulose paper. After extensive washing of the

paper with 0.85% phosphoric acid, 2P incotporation was monitored by phospho-imaging.

Kinase mobility shift assay

Monolayers of cells were stimulated as indicated in legends and incubations were ter-
minated by replacing the medium with boiling SIS sample buffer. Proteins were sepatated by
SDS/PAGE and clectrophoretically transferred to nitrocellulose. Proteins were stained with
polyclonal anti-Frk-1 antibodies (recognizing both Erk-1 and Erk-2) or polyclonal anti-Raf-1
antibodies and an ECL Western-blotting detection system according to the instructions provi-
ded by the manufacturers.

Vaccinia virus infection

Infections with recombinant vaccinia virus encoding the RasN17 mutant and wild-tvpe
vaccinia virus were performed as described previously [23]. After infection, the medium was
replaced by Dulbecco’s modified Fagle’s medium containing 0.25% BSA. Experiments were per-
tormed 16-18 h after infection.
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Efflux assays

Confluent monolayers of Intestine 407 cells were loaded with 5 wCi/m! '35 or 0.5 uCi
86Rb* for 2 h in modified Meyler solution (108 mM NaCl, 4.7 mM KCl, 1.3 mM CaCl,, 1 mM
MeCl,, 20 mM NaHCOj, 0.8 mM Na,HPO,, 0.4 mM Nal,PO,, 20 mM Hepes and 10 mM glu-
cose, pH 7.4} under a 95% O,/5% CO, humidified atmosphere. Subsequently, the cultures were
washed three times with isotonic buffer (80 mM NaCl, 4.7 mM KCI, 1.3 mM CaCl,, 1| mM
MgCly, 10 mM glucose, 95 mM mannitol and 20 mM Hepes, pH 7.4) and radioisotope efflux
was determined by replacing the medium at 1-2 min intervals. Hypotonic buffers were prepared
by adjusting the concentraton of mannitol. Radioactivity in the medium was determined by -

radiation counting and expressed as fractional efflux per minute as described previously {29].

RESULTS

Activation and phosphorylation of Erk-1/2 and Raf-1 in response to hypo-osmotic cell
swelling

Previously, a transient increase in Firk-1 and Erk-2 phosphorylation, as demonstrated by
a shift in electrophoretic mobility on SDS/PAGE, has been observed after hypotonic stimula-
tion of Intestine 407 cells [3]. Recently, however, it has been reported that a mobility shift could
already be observed after phosphorylation of either & tyrosine or a threonine residue of Erk-
1/2, whereas phosphorylation of both residues is required to induce activation of Erk-1/2 [10].
Therefore, we quantified hypo-osmotic swelling-induced Erk-1/2 kinase activity more directly,
using MBP as a substrate. A tme course of Erk-1/2 activity, as determined in confluent Intestine
407 cultures exposed to a 30% hypotonic shock (70% tonicity), is shown in Figure 1.

Figure 1. Timme course of hypotonic shock-

300 r S il v induced phosphorylation and activation of
paZ> . s Erk-1/2 in Intestine 407 cells

¢ Hypo EGF Cells were exposed e 30% hyporonic

I medium for the times indicated in the presence of

g 200 UM sodium orthovanadate (total exposure ime

200 + was 10 min at all tme points). Frk-1/2 were

immunoprecipitated and enzyme activity was meas-
ured using MBI as a substrate. Data are expressed
as percentage of activity in cells exposed to isotonic
medium (mean T S.EM., n=3). The insert shows
the clectrophoretic mobility shift of Frk-1/2
i00 @ (p44/p42) induced by a 5 min exposure to 30%
hypotonic medium or by BGE (30 ng/ml).

.I
Y
—

MBP phosphorylation (% of control)
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Activation started without an apparent lag phase and peaked after 5 min. Thereafter, the Erk-
1/2 actvity slowly declined to prestimulatory levels. No further activation of Erk-1/2 was
observed within 2-4 h after osmotic stimulation (results not shown). The csmosensitive stimu-
lation of Erk-1/2 1s a direct consequence of MEK activity, since pretreatment of the cells with
the specific MEK inhibitor PID098059 [30], at concentrations that effectively block EGF-indu-
ced increase in MAP kinase activity, greatly reduced Erk-mediated MBP phosphorylation
(Table 1).

Table 1. Effect of the MEK inhibitor PD098059 on hypotonicity- and EGF-induced Etrk-1/2 activation

Control or PD098O39 (50 pM for 2 h) pretreated cultures, were exposed to isotonic medium, to 30% hypo-
ronic medium or to 50 ng/mi EGF for 5 min. Thereafter, Erk-1/2 were immunoprecipitared and enzyme activity was
determined using MBP as a substrate. Data are expressed as percentage of activity in cells exposed to isctonic medi-
um and not pretreated with PIDO%8059 (mean & S EM., n=3).

Erk-1/2 activity (% controi)

Pretreatment Isotonic Hypotonic EGF
None 100 + 11 279 + 19 303 4 32
PD098039 46+ 5 98 + 26 108 % 7
A
time{min) 0 1 2 5 102030 O  Figure2 Time course of hypotonic

shock-induced Raf-1 phosphorylation

and activation
Cells were exposed to 30%
150 hypotonic medium for the times indicated.
-[- A} Electrophoretic mobility shift of Raf-1.
& Whote cell lysates were separated by SDS-
\T PAGE followed by western bloting
Immunoblors were incubated with anti-
J_ Raf-1 antbodies. B) Raf-1 kinase acuviy.

125

T Raf-1 was immunoprecipitated and enzy-
f me activity was measured using Syatide-2

5 °
100 o8 \\T as substrate. Dhata are expressed as percen-
@ tage of actvity In cells exposed to isotonic

medium (mean + SE.M., n=4).
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In order to establish upsweam signalling components of the hypotonicitv-induced
MEK/Erk activation, we studied the effects of osmotic cell swelling on both Raf-1 phosphory-
lation and activity. After a lag period of approx. 5 min, a marked increase in Raf-1 phosphory-
lation, as evidenced by a decreased clectrophoretic mobility, was observed, which lasted for more
than 30 min (Figure 2A}. The hypotonicity-induced activation of Raf-1, however, as determined
by in vitro phosphorylation using Syntide-2 as a substrate, started immediately and was very tran-
sient, peaking at 2 min after stimulation (Figure 2B). Subsequently, Raf-1 activity rapidly decli-
ned to levels even below the control values. Notably, the decrease in Raf-1 activity coincided wich
an increase in Raf-1 phosphorylation.

Osmotic activation of Erk-1/2 is largely independent of PKC

PIKC has previously been identified as an activator of MEI and Erk-1/2 through a sa-
mulation of Raf-1 kinase [31-33]. To investigate a possible regulatory role for PKC in the hypo-
tonicity-induced activation of Erk-1/2, cells were pretreated with 100 nM PMA to either activa-
te (5 min pretreatment) or downregulate (24 h pretreaunent) PKC. Whereas activation of PKC
by a brief treatment with PMA markedly stimulated Erk-1/2 under isotonic condidons, a fur-
ther increase in activity of the MAP kinases was still observed after hypo-osmotic cell swelling
(Table 2). Furthermore, down-regulation of PKC by prolonged PMA treatment only slightly
affected hypotonicity-induced Erk-1/2 sdmuladon (Table 2). Pretreatment of cells with the spe-
cific PKC inhibitor GX 109203X (1 uM for 20 min} virtually abolished the PMA stdmulation of
Erk-1/2 activity, but caused only 2 minor inhibition of the hypotonicity-provoked increase in
actvity (Table 3). Taken together, these results suggest that hvpotonic stress activaes Erk-1/2
principally via a PKC-independent pathway:.

Table 2. Effect of PMA on the hypotonicity-induced Erk-1/2 activation

Control and PMA prerreated {100 oM for 3 min or 24 h} cells were exposed to 30% hypotonic medium or
isoronic medium for 3 min. Thereafter, the cells were lysed and Erk-1/2 enzyme actvity was determined in immun-
oprecipitates using MBP as a substrate, Data are expressed as percentage of acdvity in untreated cells {mean + S.EAM.,
n=4).

Hrk-1/2 activity (Y conrrol)

Pretreatment Isotonic Hypotonic
None 100 £ 15 373% 15
PMA (5 min) 325 306 460 £ 16
PMA (24 ) 93 £ 31 267 £ 33
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Table 3. Effect of GF 19203X on the hypotonicity-induced Erk-1/2 activation

Cells were exposed for 5 min to isotonic medium, 30% hypotonic medium, or 100 aM PMA in contzel and
GF 109203X pretreated (1 pM for 20 min) cultures. Thereafter, Erk-1/2 were immunoprecipitated and enzyme act-
vity was derermined using MBP as a substeate. Dara are expressed as percenrage of activiry in untreated cells (mean

+ SEM., n=6).

Firk-1/2 activity (% of control)

Pretreatment Isotonic Hypotonic PMA (5 min)
None 100L5 331+ 16 368 £ 27
GF 109203X 120 £ 16 262 £ 37 1351 16

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

To investigate the putative invoivement of the small GTPase Ras in the hypotonicity-
induced Erk-1/2 actvation, 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 virus completely abolished the hypotonic-stress-induced Erk-1/2 activa-
tion, whereas mock virus infection affected their stimulation only slightly (Figure 3). Unlike the
hypotonicity-provoked Erk-1/2 sdmulation, activation of these MAP kinases by EGF was only
partially inhibited after expression of RasIN17. This may be due to EGF-triggered activation of
alternative Ras-independent pathways, as has been reported by others [23-25].

600 Figure 3. Effect of RasNI17 exptes-
sion on hypotonicity- and EGF-
induced Erk-1/2 activation

Prior to exposing the cells to
e 5 isotonic (open bars), 30% hypotonic
S 5400+ (closed bars) or EGF (50 ng/ml) -con-

[ e
t—i 3 taining {hatched bars) media, cells were
3o transfected with recombinant vaccinia
= «% virus expressing RasN17 or with wild
2o type virus (Mock). Erk-1/2 were
5 % 200+ immunoprecipitated and activity was
% ' measured using MBP as a substrate,
= ¢ i Data are expressed as percentage of
~ activity in uninfected {Control) cells
exposed to isotonic medium (mean *
0 S.EM., n=3). The insert shows a rep-
Control RasN17 Mock resentative autoradiograph of 2p-
labelled MBP separated by SDS-

PAGE.
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In wortnannin-teeated (G.1-1 UM; 30 min) cells, neither basal nor the osmosensitive
Etk-1/2 activities were affected (results not shown). In addition, pretreatment of the cells with
Ci botnlimnm C3 exoenzyme under conditions that inhibited the hypotonicity-induced anion
efflux, p125FAK phosphorylation as well as PtdIns 3-kinase activation (cf. [26}) markedly redu-
ced basal Erk-1/2 activity but did not prevent Etk-1/2 stimulation by osmotic cell swelling
(Table 4), arguing against a direct involvement of pl125F3h and PtdIns 3-kinase in hypotonicity-
induced activation of the Ras/Frtk cascade.

Table 4. Effect of Clostridium botulinum C3 exo-enzyme on hypotonicity-induced Erk-1/2 activation

Cells were exposed for 3 min to isotonic medium or 30% hyporonic medium in the absence ot presence of
50 pg/ml C3 exo-enzyme {48 h). After lvsis of the cells, Erk-1/2 were immunoprecipitated and enzyme activity was
measuted using MBP as a substrate. Dara are expressed as percentage of sctivity in untreated cultures exposed 1o iso-
tonic medinum {mean * S.EM., n=3).

Etk-1/2 activity (% control)

Pretreatinent Isotonic Hypotonic
None 100+£3 188 = 4
C3 exo-enzyme 50%8 105 £ 17

Erk-1/2 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 Hoglp kinase was mutated and inactive, suggesting an
important role for members of the MAP kinase family in cell-volume regulaton [27]. To investi-
gate the role of Erk-1/2 in the activation of the osmosensitive anion conductance, hypotonici-
ty-provoked 1251 efflux was determined in PD098059-pretreated cultures. As cleatly shown in
Figure 4(A), PD098059 (50 uM, 2 h) inhibition of MEK did not affect the swelling-induced 1251-
efflux, whereas Erk-1/2 activation was almost completely abolished (cf. Table 1). Likewise, the
osmosensitive S0Rb* efflux, indicative for IK*-channel activation, remained unaffected in the pre-
sence of PD098059. In addition, no significant dectease in osmosensitive jodide efflux was
observed in cells expressing RasN17 (Figure 4B).

We previously reported arr EGF-induced potentation of the osmosensitive anion efflux
in Intestine 407 cells [3]. Since, in addition to the activation of the Ras/Firk signalling cascade,

EGF is also able to raise [Ca?*]; by the release of Ca?® from intracellular stores and by actva-

don of plasma-membrane Ca?" 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 stll 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-1/2 but instead involves a rise in [Ca?*),. Importantly, Erk-1/2 activa-
tion by EGF or osmotic cell swelling was not reduced in EGTA-containing media (data not
shown). To summarize, these results indicate that Erk-1/2 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 1251- and 86Rb* efflux

A) Radioisotope efflux was determined from control {open symbols) and PD098039 treated (30 pM, 2 hy
closed symbols) cultures. Circles and wiangles represent 1251 and 8RBT efflux respectively. Dara are expressed as
fractional isotope efflax (mean + SEM., n=3), Arrow indicates a shift from isotonic to 30% hypotonic medium.
B} Control cultures and cells infected with either recombinant vaccinia virus expressing RasN17 or with wild tvpe vac-

cinia virus (Mock) were osmotically stimulared (30% hypotonicicy) and fractional 1251 efflux was determined. Data
are expressed as mean & SEM. (n=0).
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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 trizngles) cells were exposed to a 20% hypotonic medium and fractional 1251" efflus was determined. A) Effects
of pretrestment with 50 UM PDO098059. B) Effects of chelating extracellalar Ca2* by the addidon of excess EGTA
(1.3 mM) during the assay. Data are expressed as mean + SE.M. (n=3). Arrow indicates a shift from isotonic 1o hypo-
tonic medium.

DISCUSSION

Osmotic cell swelling rapidly leads to the phosphorylation and/or activadon of a num-
ber of signalling enzymes concomitant with an increase in the conductance of compensatory ion
channels. Among these enzymes, the Frk-1/2 members of the MAP kinase family arc of parti-
cular interest since (1) they are rapidly and transiently activated, without an appatent lag phase;
{2} treatment of the cells with the Erk-1/2 activator EGF potentiates the hypotonicity-induced
anion effiux {3]; (3) in yeast, the MAP kinases Hoglp and Mplklp 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 actdvation as well as their role in ionchannel activation.

Hyportonic actvation of Erk-1/2 in Intesune 407 cells was accompanied by a rapid and
transient increase in Raf-1 activity and was greatly reduced in cells pretreated with the MEK inhi-
bitor PD098059. In addition, expression of dominant-negative RasN17 in the cells abolished
hypatonicity-induced Erk-1/2 activation. These results clearly indicate that the osmotc cell swel-
ling-induced acuvation of Erk-1/2 is a direct consequence of Ras GDP/GTP exchange, analo-
gous to the activation of Erk-1/2 by tyrosine kinase-containing receptors. This notion is sup-
ported by our observations that the osmosensitive Erk-1/2 stimuladon was largely independent
of PKC acting directly on Raf-1. A hypotonicity-induced phosphorvlation of Raf-1, as reported
in this study, was also found in H4I1E hepatoma and C6 glioma cells {4,8]. However, a clear dis-
crepancy exists between Raf-1 activation and its phosphoryladon. As is evident from our results,

43



Ras/ Rafsignalling in Evk-1/2 activation

cell swelling-induced Raf-1 activation was rapid and very transient, returning to a level even
below prestimulatory activity within 2-5 min, whereas Raf-1 phosphorylaton was oaly observed
after 5 min of exposure to hypotonic medium. These observations are in agreement with the fin-
dings of Wartmann et al. [36], who recently reported that subsequent to its activation by Ras,
Raf-1 is immediately inactivated by hyperphosphorylation.

It still remains to be established how osmotic cell swelling activates Ras. A possible
mechanism involves the Ras-related GTPase p21the, which has been identified as an intermedi-
ate in the lysophosphatidic acid- and integrin-receptor-induced Erk-1/2 activation [28,37,38].
Using C/. botulinnm C3 exoenzyme-treated cells, we previously demonstrated the involvement of
p21te in the osmosensitive increase in anion conductance as well as in p125FAK phosphoryla-
tion and PtdIns 3-kinase activation [26]. Phosphorylated p125FAh as well as Ptdlns 3-kinase are
able to activate Ras by respectively direct binding to the Grb2-SH2/SH3 adaptor protein or by
stmulating a Src-like kinase, which subsequently activates the She-Grb2-SOS complex [19,20].
Our results, however, argue against a role for p21the, p125FAK or Prdlns 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. Fusthermore, pretreatment of the cells
with the Ptdlns 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
actvation in astrocytes was found to be completely abolished after PrdIns 3-kinase inhibition [71.
Alternatively, several heterotrimeric G-proteins have been identified as activators of Ras-type
GTPase (teviewed in [39]). Both pertussis toxin-sensitive G,y subunits as well as pertussis toxin-
insensitive G(t), and GOt subunits have been implicated in the activation of MAP kinases.
Whereas 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
Wijk and B.C.Tilly, unpublished works). These discrepancies in PrdIns 3-kinase and G; involve-
ment in the hypotenicity-induced Erk-1/2 activation clearly suggests that upstream regulators
may differ between model systems,

In the yeast Saccharonzyces cerevisiae, both the HOG1 and the PBS2 genes, which encode
respectively a MAP kinase (Hoglp) and a MAP kinase kinase, are essential for adequately
responding to an increase in extracetlular tonicity [27]. Recently, the yeast osmosensor involved
in actvating the HOGT1 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 “seascor”) and the cytosolic Ssklp response regulator. As, in
most mammalian cell types studied, a rapid activation of Erk-1/2 is among the initial signalling
events after osmotic cell swelling, it is tempting to propose a model in which the Ras/Erk cas-
cade plays an important role in the RVD tesponse. This notion is supported by several observa-

tions that cellular and oncogenic Ras can affect jon-transport systems [42-44]. Our results,
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however, using the specific MEI inhibitor PD0O%8059 as well as the expression of dominant-
negative RasN17, clearly demonstrate that the Ras/Raf/MEK/Erk cascade is not involved in the
activation of compensatory lonic conducrances in hyporenically sumulated Intestine 407 cells.
Moreover, EGF potentiation of the hypotonicity-induced anion efflux occurs through elevation
of {Ca’*]; rather than Erk-1/2 activation. A potential role for Ca®” signalling in the potentiation
of the hypotonicity-induced ionic conductances in Intestine 407 cells was pteviously established
by the observations that Ca?*-mobilizing hormones as well as thapsigargin and the Ca?*-ionop-
hore A23187 were able to enhance, but not to trigger, the osmosensitive ionic fluxes [45].

In additon to Erk-1/2, several odier members of the MAP kinase family have recently
been reported. Among these, the p38 MAD kinase 1s of a particular interest because of its high
homology to Hoglp and, in Intestine 407 cells, its rapid activation on osmotic cell swelling [46].
It is very unlikely, however, that p38 is invalved in the acuvation of osmosensitive ionic chan-
nels, because inhibition of p38 MAP kinase, using the specific p38 inhibitor SB203580, did not
block the osmosensitive anion efflux and, unlike Erk-1/2, activation of p38 MAP kinase using
cytokines or anisomyein did not potentiate the ionic response [46]. The role of ¢-Jun N-termi-
nal kinase (JNK), a third member of the MAP kinase family which becomes activated upon ceil
swelling in cardiac myocytes {6] as well as Intestine 407 cells (B.C. Tilly, unpublished work), in the
regulation of osmosensitve lonic fluxes remains to be established.

To date, little is known about the physiological role of Erk-1/2 actvation during the
RVD response. An increased expression of the intermediate early genes c-fos and cjun has been
observed in osmotically stimulated hepatoma cells and cardiomyocytes [4,6], suggesting a role
for Erk-1/2 in transcription regulation, maintaining cellular homeostasis and/or long-term sur-
vival. Activation of the Ras/Erk-signalling cascade has been widely 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-1/2 activation as well as a subsequent translocation to the nucleus
was found to be a prerequisite for Gy-S transidon and cell division to occur [47,48]. Yet, in
Intestine 407 cells, Erk-1/2 activation is transient and a second phase is lacking, rendering a role
for cell swelling-induced Erk-1/2 activation in cell proliferadon uniikely. A more acute role for
hypotonicity-activazed Erk-1/2 has been proposed for hepatocytes [1,51. In rthese cells, a relation
has been found between Erk-1/2 activation and the rapid cell swelling-induced excretion of tau-
rocholate into bile. In addition, Erlk-2 has been reported to activate phospholipase A,, the enzy-
me regulating arachidonic acid release, suggesting a possible involvement of Erk-1/2 in inter-
cellular signalling [49]. However, for epithelial cell lines such as Intestine 407, a functional role
for hypotonicity-provoked Erk-1/2 activation remains to be established.

The results of this study also have implications for the interpretation of our original
observadon that protein tyrosine phosphorylation is an essential event in the activation mecha-
nism of cell swelling-induced compensatory onic fluxes [3]. Since the Ras/Erk cascade is appa-
renty not involved in the regulation of osmosensitive ionic channels, it follows that the tyrosi-
ne kinase(s) or phosphatase(s) involved in cell volume regulation are distinct from MEIK.
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Osmotic cell swelling-induced ATP release
mediates the activation of Erk-1/2 but not
the activation of osmo-sensitive anion
channels

Thea van der Wiik, Hugo R. de Jonge, Ben C. Tilly

Biochenzical Journal, 1999; 343: 579-586

ABSTRACT

Human Intestine 407 cells respond to hypo-osmaotic stress by the rapid release of ATP
into the extracellular medium, A difference in fime course of activation as well as in the sensid-
vity to cytochalasin B treatment and BAPTA-AM [1,2-bis-(2-amino-phenoxy)ethane-NN NN~
tetra-acetic acid acetoxymethyl ester] loading suggests that ATP leaves the cell through a path-
way 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 volume-sensitve anion channels as well as on the hypotonicity-induced activation of
extracellular signal-regulated protein kinases (Erk-1/2) were investigated. Micromolar concen-
trations of ATP were unable to elicit an isotope efflux from '?I--loaded cells by itself, but stron-
gly potentiated the hypotonicity-provoked anion efflux through a Ca?*-dependent mechanism.
The order of potency of nucleotides (ATP = UTP = ATPYS > ADP = AMP >> adenosine =
cAMP) indicaced the involvement of P2Y, receptors. In contrast, millimolar concentrations of
ATP markedly inhibited both the osmodcally induced isotope effiux and whole-cell CI- currents.
Inhibition of whole-cell Cl- currents, not only by millimolar concentrations of ATP but also by
the purinoceptor antagonists suramin and reactive blue, was observed most prominently at
depolarizing holding potentials, suggesting 2 direct interaction with volume-sensitive Cl- chan-
nels rather than interaction with purinoceptors. Both ATP and UTP, at submicromolar levels,
were found to act as potent activators of Erl-1/2 in Intestine 407 cells. Addition of the ATP
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hydrolase apyrase to the bath greatly reduced the hypotonicity-induced Erk-1/2 activation, bur
did not affect the swelling-induced isotope efflux or whole-cell Cl- currents. Furthermore, pre-
rreatment with suramin or reactive blue almost completely prevented the hypo-osmotic activa-
ton 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 activation but does not serve as

an activaror of volume-sensitive compensatory Cl currents.

INTRODUCTION

Most cell types studied to date respond to alterations in cell volume by evoking specific
compensatory mechanisms. In general, osmotic cell swelling leads to the activation of K* and
Cl selective 1onic channels and, depending on cell ype and expesimental conditions, to an
accompanying efflux of organic osmolytes (amine acids, polvols and methylamines; reviewed in
[1}). Although the mechanism of activation of the volume-sensitive Cl- channels is as yet elusi-
ve, protein tyrosine phosphorylaton was found to be crigeally involved in multiple cell types [2-
6]. Furthermore, activation of the ras-related G-prorein p21Rhe appeared to be a prerequisite for
activation of the volume-regulated Cl' channels 1n bovine endothelial cells and human Intestine
4057 cells [6, 7]. Hypo-osmotic cell swelling is accompanied by a rapid phosphorylation and/or
activation of a number of other signalling enzymes including members of the MAP kinase
(mitogen-actvated protein kinase} family [2, 5-14], Acovation of MAP kinases, however, was not
mandatory for the regulation of osmosensitive Cl- channels [13, 14]. Although the molecular
identity of the Cl channels involved in cellular volume regulation is not vet cleat, the bioelectri-
cal properties of osmosensitive Cl- currents have been studied in many cell types. These currents
are characterized by a marked outward rectification, a strong inactivation at positive holding
potendals and an inhibition by extraceliularly applied nucleotides (reviewed in [15,16]).

Recent evidence indicates that ATP is released rapidly from cells in response to increas-
es in cellular cAMP, mechanical stress or osmotic cell swelling [17-19]. Furthermore, extraceliu-
lar ATP has been recognized as an autocrine factor involved in increasing transmembrane Cl
permeabilities and in the activation of volume-sensitive Cl- 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 Ca?*, but
additionally results in the activation of MAP kinases, including extracellular signal-regulated pro-
tein kinases (BErk-1/2) [21-27] and the stress-activated protein kinase SAPK /NI [28, 29].

In this study, we used the human fetal jejunum-denived Intestine 407 cell ine as a model
to investgate the role of extacellularly released ATTP in the regulation of volume-sensitive CI
channels as well as its putative involvement in the activaton of Erk-1/2 by hypotonicity. Hypo-

osmotic cell swelling 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 volume-sensitive Cl- channels.
Furthermore, in contrast with previous observations in other cell moedels [18, 30, 313, autoci-
ne/paracrine ATP signalling did not serve as a trigger to activate volume-sensitive Cl- channels.
ATP signalling through P2Y receptors, however, was found to be fully responsible for the hypo-
osmotic activation of Erk-1/2.

MATERIALS AND METHODS

Materials

Radioisotopes (12317, 45Ca27, and [Y-3?P]ATP) and erhanced chemiluminiscenice (ECL)
kit were purchased from Amersham Netherlands BV, (s Hertogenbosch, The Netherlands).
Polyclonal anti-Erk antibody was obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA,
U.S.A). The Ca?*-lonophore A23187 and cytotoxicity detection kit (actate dehydrogenase were
trom Boehringer (Mannheim, Germany), and MTT (3-[4,5-dimethylthiazoly}-2]-2 5-diphenvlte-
trazolium bromide), Protein A-Sepharose and luciferin/luciferase reagent were obtained from
Janssen Chimica (Geel, Belgium}, Pharmacia Biotech (Uppsala, Sweden) and Promega (Medison,
WI, US.AL) respectively. Other chemicals wege purchased from Sigma (St. Louis, MO, US.AL).

Cell culture

Intestne 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/1
penicillin and 90 mg/1 strepromyein under a humidified atmosphere of 95% O,/5% CO, at
37°C. Prior to the experiments, cells were serum-starved overnight. Cell viability was assessed by
determining lactate dehydrogenase leakage according to the instructions provided by the manu-

facturer (Boehringer Mannheim) and by quantifying MTT conversion as described by Hansen et
al. [32].

Efflux assays

Confluent monolayers of Intestine 407 cells were loaded with 5 pCi/ml 1251- or 0.5 uCi
45Ca?* for 2 b in modified Mevler solution {108 mM NaCl, 4.7 mM KCl, 1.3 mM CaCl,, 1 mM
MgCl,, 20 mM NaHCQO;, 0.8 mM Na,HPO,, 0.4 mM NatH,PO,, 20 mM Hepes and 10 mM glu-
cose, pH 7.4} under a 95% O,/ 5% CO, humidified atmosphere. Subsequently, the cultures were
washed three times with isotonic buffer (80 mM NzCl, 47 mM KCl, 1.3 mM CaCl,, 1 mM
MgCly, 10 mM glucose, 95 mM mannitol and 20 mM Hepes, pH 7.4). Hypotonic buffers were
prepared by adjusting the concentration of mannitol. Radio-isotope efflux was determined by

replacing the medium at 1-2 min intervals, quantified by 3- ot y-radiation counting and expressed
as fractional efflux per minute as described previously [33].
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Luciferin/luciferase assay

Cells were seeded at a concentration of 104/cm? and incubared for 4 h under a humi-
dified atmosphere of 95% O,/5% CQO, at 37°C. Thereafter, cells were washed four dmes with
isoronic buffer (80 mM NaCl, 4.7 mM KCI, 1.3 mM CaCl,, 1 mM MgCl,, 10 mM glucose, 95
mM mannitol and 20 mM Hepes, pH 7.4). ATP release was measured in real ime immediately
after adding isotonic or hypotonic buffer containing the luciferin-luciferase reagent using a
Topcount NXT luminometer (Packard, Meriden, CT, US.AL). 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 was assessed using a cryoscopic osmometer (Osmomat 030; Salm & Kipp BV,
Breukelen, The Netherlands).

Measurement of whole-cell CI- currents

Cells were bathed in a soluton containing 110 mM CsCl 5 mM MgSOy, 3.5 mM Na-
oJuconaat, 12 mM Hepes, 8 mM Tris, 100 mM mannitol, pH 7.4. The intracellular pipette solu-
tion contatned 110 mM CaCl, 2 mM MgSQy,, 25 mM Hepes, T mM EGTA, 1 mM Na,ATP, 50
mM mannito! pH 7.4, Patch pipetres were pulled from borosilicate glass (Clark Electromedical
Instruments, Pangbourne, Berks., UK. and had a resistance of 2-3 MQ. To monitor the time-
course of current activaton, alternating step pulses (100 ms duration) from 0 to £100 mV were
applied every 30 s. Voltage dependence of whole-cell current was monitored by applying step
pulses (2 s duration, 7 s intervals) from -100 mV to +100 mV with 25 mV increments. For com-
mand pulse control, data acquisivion and analysis pCLAMP 6 software (Axon Instruments,
Foster City, CA, USA) was used. All data were sampled at 5 kHz after being low-pass filtered
at 500 Hz with a Bessel filter (Axon Instruments).

Erk-1/E1tk-2 activity assay

After stimulation, cells were washed once with ice-cold PBS and 1 ml of lysis buifer was
added (1% Triton X-100, 150 mM NaCl, 10 mM Tris/HCL 1 mM EDTA, T mM EGTA, 0.5%
Nonidet P-40, 0.2 mM Na,VO,, 0.2 mM PMSE, 1% aprotinin and 30 g/m! leupeptin, pH 7.4).
After 10 min (0°C), lysates were collected, cleared by cenuifugation and the supernatants were
incubated with polyclonal ano-Erk antibodies (recognizing both Erk-2 and, to a lesser extent,
Frk-1) for T h. Thereafter, protein A-Sepharose was added and the mixture was incubated for a
further hour. The immunoptecipitates were washed three times with lvsis buffer and three times
with kinase buffer (10 mM Tris/HCL, 150 mM NaCl, 10 mM MgCl,, 0.5 mM dithiothreitol, pH
7.4) and Erk-1/2 activity was determined by iz wifro phosphorylation of mvelin basic protein
(MBP). Phosphorylation was carried out in 40 i of kinase buffer supplemented with 0.5 mg/ml
MBP, 25 pM ATP + 5 pCi of [y-PJATP (30 min, 37°C). After termination of the reactions by
rapid centrifugation, boiling SDS sample buffer was added to the supernatants. The samples
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were boiled for 5 min and subjected w SDS/PAGE. Radioactvity of MBP was quantfied by a
phospho-imaging system (Molecular Imaging System (S-363; Biorad, CA, US.A).

RESULTS

Osmotic cell swelling stimulates ATP release

The releasc of ATP from hypotonicity-provoked Intestine 407 cells was monitored con-
tinuously using a luciferin/luciferase bioluminescence assay. As shown 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) was a tendency to level off observed. Notably, the regulatory
volume decrease response under these conditions is completed within approx. 2-3 min {2].
Under all conditions tested, no detectable increase in luminescence was observed in the presen-
ce of the nucleotde hydrolase apyrase (results not shown),

20
. T-{ Figure 1. ATP release in response to hypo-
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Pretreatment of the cells with 1,2-bis-(Z-amino-phenoxy)ethane-N, NN, N -tetra-acetic
acid acetoxymethyl ester (BAPTA-AM) or cytochalasin B significandy inhibited the hypotenici-
tv-induced ATP release (Table 1). In contrast, the hypotonicity provoked conductive 125T—efflux
was unaffected by BAPTA-AM loading and was suongly potentiated by pretreatment with cyto-
chalasin B after submaximal stimulation (20% hypotonicity; Table 1). Cytrochalasin B, however,
did not affect the response to a saturatng stimulus (30-50%; Table 1). These results, together
with a clear difference in the time-course of activation/inactivation of osmosensitive ATP

release and anion efflux (peaks within 1-2 minutes), suggest that ATP leaves the cell through a
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pathway separate from the volume-sensitive anion channels. Notzbly, no significant differences
were observed in either lactate dehvdrogenase leakage or MTT conversion within 15 min of
osmetic stimulation (50% tonicity, results net shown), indicating, together with our findings that
the release of ATP is regulated by intracellular calcium and requires an intact cytoskeleron, 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 was quandtared from control, BAPTA-AM loaded (25 UM, 1h) and
cytochalasin B prewreated (30 uM, 30 min} Intestine 407 cells, ATP accumulation was determined after 13 min of
mncubaton with isotonic or hypotonic medium, Activation of the anion conductance was determined by measuring
the initial increase in fractional 1221~ efflux ar 90 s after changing the medium for an isotonic or hypotonic medium.
Data are expressed as mean * SE.M. (n=3). Asterisk indicates a significant difference from the control (p<0.05;
Student t-test).

ATP accumulation Increase in fracdonal iodide efflux
{pmol/ 1 cells) %o/ emin)
Experimental  Isotonic 50% Isotonic 20% 50%
condition Hypotonic Hypotonic  Hypotonic
Control 43+ 1.0 23.1 £ 4.1 07104 67+17 324103

BAPTA-AM 1.9+ 08 7oL 23% 02101 64105 311*14
Cytochalasin B 0.3 & 0.2* 8.0 £ 2.0* 1.4+15 153 L1 205+19

Effects of extracellular nucleotides on osmosensitive anion efflux

The effects of extraceliular ATT on anion transport were investigated by quantifyving
radioisotope efflux from 251--loaded monolayers of Intestine 407 cells. Whereas extracellular
ATP (0.1 uM-10 mM) was unable to evoke a 12°1- efflux by itself (Figure 2A), micromolar con-
cencrations (10-100 uM) greatly potentiated the anion efflux in response to a submaximal (20%
reduction in tonicity} osmosic 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 mcrease in driving force (stimulation of Ca®7-activated K* channels). Two different
experiments were performed to investigate whether the isotope efflux is mainly 2 function of the
number of activated anion channels or is affected also by the membrane potental
(1) Potentiation of the efflux by ATP was not observed after maximal (30% teduction in tonici-
tv) hypotonic stimulation: peak '231- efflux: 38.7 *+ 0.8%/min in the absence and 39.8 &
1.5%/min in the presence of 100 pM ATP (mean + SE.M., n=3). Under these conditions the
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S6RbT efflux (indicatve for the KT permeability) was increased approx. 2-fold: peak 8Rb ™" cfflux:
3.5 © 0.2%/min in the absence and 5.9 * 0.4%/min in the presence of 100 UM ATP (n=3).
(i) Treating the cells with the K™ ionophore valinomyein (10 uM) did not further increase the
125]- efflux in response to a 30% hypotonic medium: peak 1 efflux was 32.2 + 2.8%/min in
the control versus 31.7 + 1.2%/min in the presence of valinomycin (n=3). Furthermore, as
published previously [34], brief treatment of the cells with PMA completely inbibited the hypo-
tonicity-induced 36Rb* efflux, but did not affect the osmosensitive 1231 efflux. These results
show that the isotope efflux is virtually independent of the membrane potential. Taken together,
micromolar concentrations of extracellular ATP potendate the 1231 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 (Z 1 mM), not only reduced the potentiation of the
hypotonicity-provoled 12T efflux, but eventually abolished the isotope efflux almost complete-
Iy (Figure ZA). Similar results (not shown) were obtained when Mg-ATP was used, indicatng that

the inhibition observed is not due to a reduction in extracellular [Mg?*].
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Figute 2. Effects of ATP on radioisotope release from 1251~ or #5Ca2* loaded cells.
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A) Dose-dependency of the effects of ATP on the fractional 1253 efflux from control (open symbols) and
osmaotically stmulated (20% hypotonicity, closed symbols) cultures. B) Dose-dependency of the ATP-induced fracu-
onal #Ca2* efflux from radivisotope loaded cells under isoronic conditions. Data are expressed as mean +
SEM.(n=3).
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Pretreatment of the cells with BAPTA-AM (25 uM, 1h) 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 efflux by extracellular ATP is due to an increase in intracellular Ca2t.
Indeed, addition of ATP to the medium was found to result in an increased cellular mobiliza-
tion of Ca?t, as quantified by *5Ca’" efflux from isotope-loaded cells (Figure 2B). The ATP-
mediated Ca®" release starts, like the potentiation of the hypotonicity-ptovoked anion efflux, at
micromolar conditions and saturates at approx. 0.1-1 mM, 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.

40
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Extracellular ATP is known to induce Ca®* mobilization by activation of G-protein-
coupled purinoceptors, which are divided into subtypes on the basis of differing agonist-affini-
ty series (reviewed in [35]). To investigate the receptor involved in the ATP effect on the osmo-
sensitive anjon efflux, the relative potencies of adenine- and uridine-containing nucleotides were
determined. As shown in Table 2, this affinity profile (UTP=ATP=ATPYS>ADP=AMP; cAMP
and adenosine ineffective) closely resembles the agonist specificity of the P2Y, (=P2U) type of

receptor as characterized by Lustig et al. [36].
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Table 2. Ordet of potency of nucleotides in potentiating the hypotonicity induced 1251 efflux in Intestine
407 cells

Lncreasc in fracdonal 1231 efflux in response to 2 20% hypotonic shock was determined in the absence or
presence of equimolar concenrrations (10 UMY of extracellular nucleotides, Dara are expressed as percentage of the
control. Asterisk indicates a significant difference from the control (p<0.03; Student +-test).

Experimental condition  Mean £ S E.M. (n)

Control 100£ 6 (8)
ATP 194 £ 8 (8)
ATPYS 186 £ 7% (5)
Uurp 185 £ 17+ (3)
ADP 153 8+(3)
GDhP 140 £ 12 (3)
GTPYS 138+ 9% (3
AMP 134 £14 (3)
GTP 122+ 2% (3)
Adenosine w7E 3 3
cAMP 91x15 (3

Effect of purinoceptor antagonists and the ATP hydrolase apyrase on osmosensitive CI-
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 1%31- efflux in intact cells were 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
latge, 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 inactiva-
tion at depolarizing holding potentials. Additon 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 apyrase to the bathing solution did not prevent the activa-
tion of the osmosensitive current (Figure 5A) nor did it affect the magnitude of the cell swel-

ling-induced 1230 efflux from intact cells (Table 3). Similar results were obtained when a hexo-
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Isotonic

Figure 4. Volume-sensitive chloride

_\\ currents in Intestine 407 cells
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: cells in response to step pulses from -100
\ mV o +100 mV (25 mV increments). C)
Inhibition of the celt swelling induced CI°

Hypotonic current by extracellular ATP (5 mM).
Traces are representative for 20 (A/B)

and 6 (C} experiments respectively.

Hypotenic + ATP

1nA
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kinase/glucose system was used to trap released ATP (results not shown). Furthermore, addi-
tion of micromolar concentrations of ATP to the bathing solution did not induce an increase in
Cl- current under isotonic conditions (Figure 5B). Taken together, these findings again indicate
that, under our conditions, extraceilularly released ATP triggered by osmotic cell swelling is not
involved in the activation or potentiation of volume-sensitve Cl 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,
addidon of suramin (Figure 5A) or reactive blue (results not shown) to the bathing solution
effectively decreased swelling-induced whole-cell Cl currents. Inhibiton by both antagonists,
like the inhibidon by millimolar concentradons of extracellular ATP (Figure 5B), was volmge-
dependent (outward currents were inhibited much more prominently than inward currents).
Combined with the observation that addition of apyrase to the bathing solutdon had no effect
on the development of hypotonicity-induced Cl currents (Figure 5A and Table 3), these results
indicate that the inhibition of hypotonicity-induced Cl- 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-provoked
whale cell CI cutrents at =100 mV and
+100 mV in the presence of apyrase (3
LU./ml) and after subsequent addition of
suramin {160 pM). B) Magnirude of the
whole cell CI” curtents after addidon of
ATP (50 UM), a shift to a hypotonic
medium (30% hypotonicity) and subse-
quent addition of 5 mM ATP. Traces are
representative for 0 experiments.

Table 3. Effect of ATP hydrolase apyrase and purinoceptor antagonists on hypotonicity-induced 1251

efflux

Fractional 231~ efflux was determined in response to a 20% and 30% hypotonic shock in the presence or
absence {control) of 3U/ml apyrase, 100 pM suramin or 100 UM reactive blue. Data are expressed as percentage of
control (mean £ SEM., n=3). Asterisk indicates a significant difference from the control (p<0.05; Student t-test).

Hypotonieity
Experimental condition 20% 30%
Control 100+ 5 100£5
Apyrase 93+ 38 108 £5
Suramin 38 = 4* 55 £ oF
Reactive blue 34+ 4% 754 2
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Autoctine release of ATP mediates swelling-induced Erk-1/2 activation

Recently, we demonstrared that hypo-osmortic stimulation of Intestine 407 cells transi-
ently activates Erk-1/2 through the Ras/Raf signalling pathway [14]. Because ATP has been
reported to activate MAP kinases in some other cell types {21-27], we investigated the possible
autocrine/ paracriné involvement of osmodcally released ATR It was found that extracellular
ATP under isotonic condidons acts as a potent activator of Erk-1/2 in Intestine 407 cells (Figure
6). For comparison, the effect of a 30% hypotonic shock on Etk-1/2 activation is also shown in
Figute 6. Stimulation of Erk-1/2 started at concentrations of 0.1-0.3 UM, indicating thar the
threshold for MAP kinase activation by ATP is two orders of magnitude lower than its thres-
hold for the acdvation of Ca?* efflux and for the potentiatdon of osmosensitive anion efflux (see
Figute 2). As shown in Figure 7(A), teatment of the cells with apyrase (3 units/ml) not only
abolished the ATP/UTP-induced Erk-1/2 acdvation, but also almost completely inhibired its
activation by hypo-osmotic stress. Moreover, pretreatment of the cells with suramin (100 UM,
15 min) or reactive blue (100 UM, 15 min} significantly inhibited the hypotonicity-induced Erk-
1/2 activation (Figure 7B). These results indicate that extracellular ATP, acting as an autoctine
factor, is largely responsible for the hypotonicity-induced Erk-1/2 acdvation and, because UTP
was equipotent, mediates its effects through P2Y, receptor signalling,
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Figure 7. Extracellular released ATP
activates Brk-1/2

Erk-1/2 was immuno—precipim-

: : ted and enzyme activity was determined
S R -t -+ Apyrase .

‘ s d using MBP as a substrate. A) Following a 5
lsotonic  Hypotonic ATP UTP " i

min incubation with vehicle () or with 3
U/ml apyrase (+), cells were exposed for
another 5 min to either isoronic medium,
30% hypotonic medium, 100 M ATP or
100 uM UTP in the presence of NagV(y

o

g 200 | E?;OO UM). Shown is an auwtoradiograph of
= 2<P-labelled MBP separated by SDS/PAGE;
3 data are representative tor 3 independent
o experiments. By Following 15 min incuba-
= 200 tion with vehicle (<), with reactive blue (100
5 uM) or suramin (100 UM), cells were
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2100 [ Dara are expressed as percentage of the
2 untreated control (mean * S.EM.; n=3)
[?_' Asterisk indicates a significant difference
g trom the control (p<<0.05; Student t-test).
0 - Reactive blue  Suramin
DISCUSSION

Hypo-osmotic cell swelling induces a rapid increase in the K*- and Cl-selective con-
ductances and the concomitant activation of multple signaliing pathwayvs. In Intestine 407 celis,
some components of these pathways, like p21™© and PtdIns 3-kinase, were found to be indis-
pensable for a proper acuvation of the volume-sensitive CI- channels, whereas others, like the
members of the MAP kinase superfamily, are apparently not involved [2, 7, 13, 14}. Recent stu-
dies in HTC hepatoma cells suggest that both the hypotonicity-induced CI- current activation
and the subsequent cell-volume recovery completely depend on a cell swelling-induced conduc-
tive ATP efflux {18, 30]. Simtlar to HTC hepatoma cells, Intestine 407 cells respond to 2 hypo-
osmotic shock with a release of ATP into the medium. The ATP release was sdmulus-depend-
ent and reladvely sustained, lasting for at least 10-15 minutes. Notably, the regulatory volume
decrease response under these conditions is completed in approx. 2-3 min [2]. Both the ATP-
binding-cassette proteins CFTR (cystic fibrosis transmembrane-conductance regulator) and P-

glycoprowein have been proposed to function as ATP-release channels or to regulate an, as-yet-
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unidentified, associated ionic channel [17, 30, 38-40]. Other investigators, however, failed to esta-
blish a link between CFTR/P-glvcoprotein 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 inhibidon of P-glycoprotein expression or function by treatment with anti-
sense oligonucleotides or verapamil did not affect the osmosensitive Cl- current [44].
Hvpotonicity-induced ATP release was inhibited by BAPTA-AM and cytochalasin B whereas cell
swelling-induced anion efflux was strongly potentiated by cytochalasin B treatment and unaffec-
ted by Ca?" chelation (see Table 1). These findings, together with the difference in kinetics bet-
ween hypotonicity-induced ATP release and anion efflux, argue against conductive ATP efflux
through volume-regulated Cl channels. In contrast, although rather speculative, the dependency
of the ATP release on intracellular Ca®* and an intact cytoskeleton suggests the involvement of
an exocytotic process.

Based upon the inhibitory action of apyrase and of the purinoceptor antagonists sura-
min and reactive blue, Wang et al. {18] concluded that, in HTC rat hepatoma cells, extracellular-
ly released ATP, through a P2-type receptor other that P2Y,, was obligatory for the activation of
volume-sensitive anion channels. The results of our study, however, demonstrate clearly that
extracellulasly released ATP is not involved in the actvation of osmo-regulated Ci channels in
Intestine 407 cells, as evidenced by the inability of applied ATP to evoke an anien conductance
under isotonic conditions and by the insensitivity of the hypotonicity-provoked anion efflux to
ap;irase. Instead of a direct activation of Cl conductances, micromolar concentrations of ATP
were found to greatly potentiate the onic response to & submaximal hypotonic stimulus, most
likely through P2Y,-receptor activation (as evidenced by the order of potency of different
nucleotides) and subsequent Ca2* mobilization (as evidenced by 4Ca?*-efflux studies and poten-
tiation studies in BAPTA-AM loaded cultures).

Potentiation of the lonic responses to osmotic cell swelling is not unprecedented.
Indeed, in Intestine 407 cells, Ca?t-mobilizing hormones as well as the phosphotyrosine phos-
phatase inhibitor (peroxo)vanadate and cytochalasin B were found to increase the anion efflux
[2, 7, 34]. These datz confirm the previous notion that Intestine 407 cells do not express Ca?*-
activated anion channels [2, 34] implying that ATP/Ca?* potentiation of anion efflux is a regu-
latory property of the volume-sensitive Cl channels.

Importantly, the inhibition of volume-sensitive Cl- channels by millimolar concentra-
tions of ATP appeared to be independent of P2Y,-receptor signalling because at those concen-
trations the ATP activation of *5Ca?* efflux was unaffected. Not only high concentrations of
extracellular ATP (>5 mM), but also the purinoceptor antagonists suramin and reactive blue,
were found to inhibit both the volume-sensitive anion efflux and the hypotonicity-provoked
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whole-cell Cl current significantly. These results are in line with the recent findings of Gallietta
ct al. {45], who reported an inhibiton of swelling-induced taurine efflux and CI- currents by puri-
noceptor antagonists in 9HTLE cells. The inhibiton by ATP, suramin and reactive blue (i.e. by

both putinoceptor agonist and antagonists) was voltage dependent and therefore suggests a
direct interaction with the extracellular domains of the channel protein. This property renders
these antagonists less suirable for investigating the involvement of purinoceptors in Cl- channel
actvation, but maies it tempting to speculate that volume-regulated anion channels share homo-
logous nucleotide-binding domains with the P2ZY; receptors. Notably, the ATP concentrations
reached in the close prosimity of the ceils iz pize are difficult to assess. As recently shown by
Beigi et al. [46], who used cell surface-attached luciferase to measure ATP release from platelets,
the ATP concentration measured by scluble luciferase in bulk extracellular tluids, as done in our
studies, may greatly underesdmate the concentration of ATP at the ccll surface. Considering the
micromolar rather than millimolar concentrarions of released ATP found ar the cell surface by
Beigi et al. [40], the physiological role for cell swelling-induced ATP release is most plausibly
potentiation of channel activity (requiring micromolar levels of extracellular ATP) rather than
channel inhibition.

A general feature of cell signalling in response to hypotonic stress is the acrivation of
the extracellular signal-regulated protein kinases Erk-1 and Erk-2 [2, 8-14]. In this study, we
demonstrate that the activadon of these MATP kinases is not a direct consequence of osmotic
cell swelling, but instead involves an autocrine/ paracrine loop with ATTP as the first messenger,
The ability of exogenously added ATP to potenuate the osmoseasitive anion efflux is somew-
hat contradictory to the observations that released ATP is responsible for Erk-1/2 activation but
is apparently not involved in the regulation of 12°I" efflux or Cl current (e.g no reduction in
magnitude in the presence of apyrase; Table 3 and Figure 5A). We suggest that there are at least
two plausible explanations for this apparent discrepancy. First, comparison of Figures 2A and 6
shows that the threshold for Erk-1/2 activation by ATP is about two orders of magnitude lower
compated with ATP-potendation of the anion efflux or activation of Ca?* channels. Second, in
conrrast with the condidons of the Erk-1/2 experiments, in the efflux assay, the extraceliular
medium is replaced at 1 min intervals to assess the release of radioisotope, thereby reducing
unstirred layer dimensions and preventing ATP to accumulate.

The finding that UTP is as effective as ATP suggests a second role for the P2Y; recep-
tot, a G-protein coupled recepror, which was also found to be responsible for the potentation
of the swelling-induced anion efflux. In several cell systems, receptors coupled to the G-proein
subfamilies Gy, Gy, G, of Gyypq3 were found to activate the Ras/Raf/Erk cascade (reviewed
in [47, 48)). However, since the hypotonicity-provoked activation of Erk-1/2 was insensitive to
pertussis toxin in Intestine 407 cells [14], involvement of G, is not likely. Notably, Erk-1/2 acti-
vation was found to be more sensitive to extracellular ATP than the Ca**-mediated potentiation

of hypotonicity-induced anion efffux (submicromolar versus micromolar levels). The reason for
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this difference is unknown, but may relate to the involvement of multipie P2Y,-receptor sub-

types, or to a different sensitvity of the signalling pathways ¢ submaximal receptor activation.
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osmotic cell swelling; a putative mechanism

for the hypotonicity-provoked release of
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ABSTRACT

Osmotic swelling of Intestine 407 cells leads to a rapid release of ATT, through a mech-
anism involving a rise in intracellular free Ca®* and depending on an intact cytoskeleton (Van der
Wijk et al,, Biochem. }. 343, 579-586, 1999). In this study, we further investigated a possible role
of regulated exocytosis in this process. Using the fluorescent membrane probe FM 1-43, an
immediate increase in cell surface membrane arca was observed after hypo-osmotic stimulation.
Treatment of the cells with N-ethylmaleimide, an inhibitor of SNARE (soluble N-ethvlmalei-
mide-sensitive factor attachment protein receptors) proteins, completely abolished this increase.
In additon, after labelling the intraceliular vesicle compartments with FM 1-43, hypo-osmortic
stimulation led to 2 prominent reducton of intracellular fluorescence. Taken together, these
results strongly suggest that osmotic cell swelling is accompanied by a sdmulation of exocytosis.
Like the cell swelling-induced ATP release, but in contrast to the actvation of volume-regulated
anion channels (Van der Wijk et al., Biochem. J. 343, 579-586, 1999), the hypotonicity-induced
lncrease in membrane area was diminished after BAPTA-AM loading or cyrochalasin B rreat-
ment, In addition, both the increase in plasma membrane area triggered by osmotic cell swelling
as well 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 activadon of volume-sensitive anion channels. Unexpectedly, we
obscrved 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 exrracellular ATP is required
for the cell swelling-induced exocytosis. These data suggest the existence of a positive 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 volume regu-
latory processes, which in general comprises a transient increase in Kt and Cl conductances of
the membrane (for reviews see: [1-4]. As a result, KCl and water exit the cell and cell volume 1s
rapidly restored (Regulatory Volume Decrease, or RVD). In addition to ion channel activation,
osmotic swelling, like many other forms of mechanical stress, Is known to promote the release
of ATP, 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 types [5,6,9,10], either through the stimulation of a Ca2*-dependent K efflux [10], or by the
activation of volume-sensitive Cl-channels [5,9].

In Intestine 407 cells, extracellular ATP was not required for the dircct activation of
volume-sensitive Cl-channels [8]. However, (sub-)micromolar concentrations of extracellular
ATP were found to potentiate the hypotonicity-provoked anion efflux in a Ca®*-dependent man-
ner [8]. Because the volume-sensitive K¥-channels in Intestine 407, in contrast to osmo-regula-
ted anion channels, are Ca?* dependent {11], a putative role for ATP in the activation of K*-
channels is appealing, Unlike the activation of volume-sensitive anion channels, osmotcally
induced ATP release was found to be cridgeally involved in the activation of extracetlular-signal-
regulated protein kinase {(Frk)-1/2 activation in Intestine 407 cells [8]. Although the role of
hypotonicity-stimulated Erk-1/2 activation in the RVD response remains to be elucidated, acti-
vation of these MAP kinases by cell swelling has been observed in all cell models studied {12-
22].

To date, a number of possible pathways have 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 transportet(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 we use, P-glycoprotein expression was not detected
18,12}, 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 tme-scale of activadon/inactivation as well as in its sensitivity to
inhibitors [7,8], it was 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

[Ca?7]; as well as on an intact cytoskeleton [8], suggesting the involvement of exocytosis.
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In this study, changes in membrane surface area in response to osmotic cell swelling
were monitored 10 Intestine 407 cells using the fluorescent membrane dye FM 1-43. The resules
strongly suggest that exocytosis is involved in the hypotonicity-induced ATP release. [n addition,
the results argue against an exo-/ endocytotic cycle involved in the activation of volume-sensi-
tive anicn channels.

MATERIALS AND METHODS

Materials

Luciferin/luciferase reagent was obtained from Promega Corporadon (Medison, WI);
FM 1-43, jasplakinolide and paditaxel were from Molecular Probes (Eugene, OR). The Ca?*-
ionophore A23187 was obtained from Boehringer (Mannheim, Germany). Other chemicals were
purchased from Sigma (St. Louls, MO},

Cell culture

Intestine 407 cells were routinely grown as monolayers in Dulbecco’s modified Eagle’s
medium (DMEM)] supplemnented with 25 mM N-2-hydroxy-ethylpiperazine-N’-Z-ethanesulfonic
acid (Flepes), 10% fetal calf serum, 1% non-essental amino acids, 40 mg/] penicillin and 90
mg/1 streptomycin under a humidified atmosphere of 95% O, and 5% CO;, at 37°C. Prior to

the experiments, cells were serum-starved overnight.

Luciferin/luciferase assay

Cells were seeded at a concentration of 10,000/cm? and incubated for 4 h under a
humidified atmosphere of 95% O, and 5% CO, at 37°C. Thereafter, cells were washed four
times with isotonic buffer (80 mM NaCl, 4.7 mnM KCl, 1.3 mM CaCl;, 1 mM MgCl,, 10 mM glu-
cose, 95 mM mannico] and 20 mM Hepes, pH 7.4). ATP releasc was measured in real time
immediately after adding isotonic or hypotonic buffer containing the luciferin/luciferase reagent
using a TopcountNXT luminometer (Packard, Meriden, CT). Values are expressed as accurnu-
lation of extracellular ATP in time and corrected for the ATP consumption by the luciferase
reaction. Hypotonic buffers were prepared by adjusting the concentration of mannitol and

osmolarity was assessed using a crvoscopic osmometer (Qsmomat 030; Salm & Kipp BV,
Breukelen, The Netherlands).

Membrane staining with FM 1-43

Loading experiments were performed with cclls grown on coversiips, at appros. 50%
confluency. During exposure to T UM FM 1-43, changes in flucrescence intensity were measured
(excitation wavelength = 479 nm; emission wavelength = 598 nm) in a fluorescence spectro-

hotometer (Hitachi F4300, Tiel, The Netherlands) at 37°C. ixperiments were started after at
P > {
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least 5 min of exposure to the FM 1-43 to reach an equilibration of FM 1-43 dye partitioning
into the plasma-membrane. Washout experiments were performed with cells grown on petri dis-
hes, preloaded for 2 hours with 'M 1-43, and visualized during the experiment using a fluore-
scence microscope. Washout 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 ares was studied
using the styryl dyve FM 1-43, a fluorescent 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 FM 1-43 inaccessible plasma membrane, addizional membrane
area is exposed to the dye-containing bathing medium and fluorescence increases. As shown 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 FM 1-43 flu-
orescence was inhibited by loading the cells with BAPTA-AM or by treatment with cytochalasin
B (Figure 1}, suggesting that, the membrane expansion is Ca?*-dependent and requires an intact
actin cytoskeleton. Treating the cells with N-ethylmaleimide (NEM), an inhibitor of SNARE

proteins involved in vesicle docking and fusion, abolished the cell swelling-induced increase in

Figure 1, Time course
of Thypotonic shock-induced
\L increase in FM 1-43 fluorescence
s and its inhibition by cytochala-
control (iso) sin B, BATPA-AM, NEM and n-

o stk butanol
L5y W After preincubation of
5 e control {hypo} the cells in isotonic medium with or
= z i without cytochalasin B (30 pM, 30
T et === BAPTA-AM (hypo) ™0, BAPTA-AM (25 uM, 1b),
c 5t NEM (1 mM, 15 min) or n-butanol
§ 5 - . (1%, Th}, as indicated in the figure,
o et === cytochalasin (hypo) Intesdne 407 cells grown on cover-
% ‘z i slips were placed in a cuvetre with 1
= . N L uM FM 1-43 present in the bath
< sl = = NEM (hypo} soluton throughout. After at least 5
5 min of preincubation, eclls were
TR R AT A o butanol (hypo) exposed to isotonic or 40% hypo-

-5 =

tonmic media with or without cyto-
chalasin B, BAPTA-AM, NEM or
n-buranol; the arrow indicates a
shift in medium. Traces are repre-

1 min sentacive of at least 3 experiments.
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tluorescence, supportng our noton that exocytosis occurs upon osmotic cell swelling. Addidon
of n-butanol (1% for 1h) to the medium, leading to an inhibition of phospholipase D-catalysed
formation of phosphatidic acid [26], also prevented the hypotonicity-induced inerease in fluore-
scence (Figure 1).

Osmotic cell swelling is accompanied by exocytosis

To further investigate the notion that osmotic cell swelling triggers exocytosis, ntracel-
lular vesicular compartments were labelled by loading the cells with FM 1-43 for 15 minutes fol-
lowed by a continuous perfusion with medium to remove plasma membrane-associated dve. As
shown in Figure 2, changing the perfusion medium from isotonic to a 40% hypotonic one, leads
to a rapid decline of approx. 10% of intracellular FM 1-43 fluorescence, indicative for fusion of
intracellular vesicles with the plasma membrane. After 2-3 minutes a plateau value was reached.
Notably, continuous perfusion of the cells with isotonic buffer did not diminish intracellufar flu-
orescence.

A isotonic , hypotonic

hypotonic

B 120 Figure 2. Hypotonic stimulation leads to
an increase in washout of preloaded FM 1-43

= 110 ) Groups (;Frb'—lf) Intestine 407 cells were pre-
5 loaded for 2 h with FM 1-43 (1 pM). Thereafter, cells
% were continuously perfused {2 ml/min) using medium
E 100 without TM 1-43 (washour). After a calibration period
;’9 of 5 min, the experiment was started. A) Fluorescence
'é' a0 microscope images of a group of Intestine 407 cells
5 (full-color image on page 110). Images were sampled
§ every minute and show the fluorescence intensiny Afrer
g 80 3 minutes, isotonic medium was rcplaccd by a 40%
B hypotonic medium. B) Time course of fluorescence
70 during washour of preloaded FM 1-43 §s Isotonic or
‘r 4 : ! ! ! 4% hypotonic medium. The arrow indicates the shift

. 5 10 15 <0 from jsotonic to hypotonic medium {(n=4).

time (min}



Hypotonicity-induced exocytosis

Osmotic cell swelling induced ATP release correlates with the activation of exocytosis
As described above, it is tempting to propose a model in which the release of ATP by
osmotic cell swelling is mediated by exocytosis. There is not only a close correlation berween the
time coutse of the two processes, starting almost immediately after osmotic stimulation and
lasting for 15 - 20 min, but in additon both processes were largely abolished after BAPTA-AM
loading or after weatment of the cells with cytochalasin B (Figures 1 - 3 and [8]). To further
investigate this interrelationship, cells were treated with NEM or n-butanol, inhibitors of cell
swelling-induced exocvtosis 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 involved. Pretreatment of the cells with NEM abolished the hypotonicity-induced
ATP release as well, however, NEM pretrearment also strongly reduced the intracellular ATP
concentration by approx. 9% 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 Ca?*-dependent exocytotic
events [27]. Notably, an increase in [Ca2*]; by weatment with the Ca*t-ionophore A23187 (5 pM)

could promote the release of ATP in the absence of an osmotic shock by 227 £ 2 % (n=3).

Table 1. Dose-dependent inhibition of ATP release by high extracellular K*

Intestine 407 monolayers were preincubated for 5 min with medivm with different Kt concentradons (KT concen-
tration was enhanced by replacing Na't). Thereafter, ATP release was determined after 15 min of incubation with iso-
tonic or 40% hypotonic medium with K™ concentradons as indicated. Data are expressed as mean T SEM. (n=3).
Asterisk indicates a significant difference from the control (p<8.05; Student t-teso).

ATP accumuiation (% of hypotonic control)

<) (M) Isotonic Hypotonic
5 {control) 15+2 1008
50 15+1 84+5
75 11+0 47 + 7*
100 T 2x 29 + g*

Table 2. Effect of actin- and microtubulin-cytoskeleton disturbing agents
ATP release from Intestine 407 monolayers, pretreated as indicated, was determined after 15 min of incubation with
sotonic or 40% hypotonic medium. Pata are expressed as mean + SE.M. (n=3).

ATP accumudation (% of hypotonic control)

Experimental condition

{concentration, preincubation period) Isotonic Hypotonic
Control 17+ 3 100 + 6
jasplakjno]jde(f 06 nM, “‘1) 2742 116+ 7
Nocodazol (10Ug/ml, 2h) 21+ 2 116 + 2
Paclitaxel (50 UM, 2l 1945 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
cytechalasin B prevented the cell swelling induced accumulation of extracellular ATP {8]. To fur-
ther invesdgate the involvement of the cytoskeleton, cells were treated with jasplakinolide, a cell
permeable agent that promotes actin polymerization and srabilizaton [28]. In addition, nocoda-
zol and paclitaxel were used, leading to a disrupton {nocodazol, [29]) or an increased stability
(paclitaxel, [30]} of the microtubular system. As shown in Table 2, neither jasplakinolide nor
nocodazoi or pacliraxel treatment did affect the cell swelling induced ATP release dramatically,

indicating that an iarct actin cytoskeleton, but not aciin remodelling or intact microtubules, 1s
required.

Extracellular ATP is required for the hypotonicity-induced exocytasis

Pretreatment of the cells with the ATP hydrolase apyrase strongly inhibited the osmos-
hock-induced increase plasma membrane surface area as measured by the increase in FM 1-43
fluorescence (Figure 3). Importantly, pretreatment of the cells with apyrase did not reduce the
intracellular ATP concentration as measured after cell lysis (results not shown). The effect of
suramin or reactive blue (another purinceeptor inhibitor) on FM 1-43 fluorescence could not be
tested because of their interference with fluorescent detection. These data indicate that exira-

cellular ATP is required for the cell swelling-induced exocytosis and suggests the existence of a
positive feedback loop.

Figure 3. Apyrase inhi-

bits the hypotonic shock-induced
increase in FM 1-43 fluorescence

control (iso) Intestne 407 ceils grown on

:: W coverslips were placed in a cuverte

L control (Aypo) with 1 pM FM 1-43 present in the

bath solution throughout. After ar

Ea—

i

. feast 5 min of preincubation, cells

apyrase {(1s0) ) o o

5L were exposed o isotonic or 40%
hypotonic media with or without apy-

Y . . N 5 . T

. apyrase {hypo)  rase (3 units/ml); the arrow indicates a

shift in medium. Traces are represen-

A fluorescence (% of t

tative of at least 3 experiments.
1 min

(W5



Hypotonicity-induced exocytosis

DISCUSSION

In many different cell models, mechanical stress, such as osmotic cell swelling, leads to
a regulated release of ATP inte the surrounding fluid [5-8]. Several potental mechanisms have
been proposed to be invelved in ATP release, including conductive efflux through anion chan-
nels (such as CFTR), utilization of specific (ABC-type of) transporters as well as exocytosis
[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
[Ca?*]; and on an intact actin cytoskeleton [8]. Importantly, however, actin remodelling as well as
the microtubular system is apparently not invelved (Table 2). In Intestine 407 cells, treatment
with n-butanol largely inhibited the cell swelling-induced ATP release. In the presence of n-buta-
nol, hypotonicity-induced activation of phospholipase D (SIB. Tomassen et al., manuscript in
preparation) leads to the formation of phosphatidyi-butanol instead of phosphatidic acid, pre-
venting the synthesis of polyphosphorylated inositol lipids that are essential for membrane traf-
ficking (reviewed by [26]). Taken together, the resules 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 [Ca®t]; 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 K7 and thereby the
RVD response, dose-dependently blocked the hypatonic shock-induced ATT release in Intestine
407 cells. These findings are in line with the findings of Light et al. {10}, who showed that IC*-
channel blockers inhibit hypotonic shock-induced ATP release. Fujiwara et al., found that inhi-
biton of KCl release, by increasing extracellular KCJ under sosmotic conditions or by selecti-

velv mhibiting K*- or Cl-channels, suppressed the Ca?*-dependent exocytotic events evoked by
acetylcholine in guinea-pig antral mucous cells [27). These results are in line with our suggeston
that ATP is released by an exocytotic mechanism and may also explain the reported modulato-
ry role of CFTR Cl-channel actdvity 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 KCl release is the wrigger for exocytosis. A more remote pos-
sibility is that depolarization of the cell membrane by increasing extracellular IC* is responsible
for the reduction in exocytosis. This explanation is not likely since depolarization is kaown to be
in favour of exocytosis through the activation of voltage sensidve Ca?*-channels [35], The role
of membrane polarization in hypotonicity-induced ATP release could be clarified by testing the
effect of Cl- and K*-channe! inhibitors. However, mast of these inhibitors (suramin, SITS,
Gd** and quinidin} interfere with the luciferin/luciferase assay and can therefore not be used.
The observation of an activation of exocytosis by osmotic cell swelling in Intestine 407

cells is not unprecedented. Morphometric analysis of electron micrograph images of rat hepa-
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tocytes revealed a marked enlargement of the membrane surface area within 5 min of hypoto-
nic exposure [36]. [n addidon, Bruck et al. [37] observed an increase in the release of hogsera-
dish peroxidase (HRP) after hypotonic stimulaton from an HRP loaded perfused liver. Similatly,
reducing the osmolarity of the surrounding medium promoted the release of FITC-coupled
dextrans (MW 72000) from preloaded inner medullary collecting duct kidney cells [38].

Because exocytosis, when exceeding the rate of endocytosis, leads to an increase in the
plasma membrane surface area, membrane capacity measurements were performed by us and
others to quantify exocyrosis in response to hypotonic stimulation. In several different cell types,
an increase in membrane capacity has been reported after hypotonic stimulation [39-42]. In our
haads, attempts to monitor changes in membrane capacitance after hypo-osmotic stimulation of
Intestine 407 celis were unreliable duc to the large change in membrane conductance {ca. 1 n§
in control versus 42 nS in osmorically sumulated cells [calculated from the results of Chapter 4},
The results obrained with the fluorescent membrane dye FM 1-43, however, clearly demonstra-
te that exocytosis is promoted by cell swelling, because 1) the area of plasma membrane with
access to extracellular applied dye is rapidly increasing after hypo-osmotic stimulation, and 2)
intracellular membranes labelled with FM 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 FM 1-43 fluorescence, which sug-
gests that extracellular ATP is required for the cell swelling-induced exocytosis. By this positive
feedback loop, ATP seems to stimulate its own release. The mechanism of action of this feed-
back loop needs to be further investigated.

To conclude, unkike the release of AT, the anion conductance wriggered by osmotic cell
swelling does not require an increased rate of exocytosis, arguing against a role for channel
recruitment by vesicle fusion (cf. see Chapter 2).
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Osmotic cell swelling-induced endocytosis
is regulated by ion channel activity and by
extracellular ATP
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ABSTRACT

Hypo-osmotic stimuladon of Intestine 407 cells not only results in the activation of
volume-regulated ion channels, but also triggers exocytosis and the subsequent release of ATT.
Using exogeneously added TRITC-dextrans we investigated putative endocytotic processes trig-
gered by cell swelling. Hypo-osmotic sumuladon of Intestne 407 cells resulted in a robust (>100
fold) increase in the uptake of TRITC-dextran. Accumulation started after a distinet lag time of
2 - 3 mmutes (Le. after completion of the regulatory volume decrease) and lasted for approx.
10 - 15 minutes. Hypotonic stimulation was completely inhibited in the presence of 4-acetami-
do-4-isothiocyanostilbene (SITS), suramin, genistein or millimolar concentrations of ATP, all
substances known to block the activation of volume-sensitive Cl-channels. In contrast, K*-
channel inhibitors ke Gd*™ and quinidine, as well as high [K*| coataining extracellular media
potentiated both basal and osmotically promoted endocytosis. These results suggest that depo-
lanzation of the cell functions as a trigger to induce endocytosis. Unlike the cell swelling-indu-
ced exocyrosis (Chapter 5), loading of the cells with BAPTA-AM or treatment with cvtochala-
sin B did not affect the hypotonicity-induced endocytosis, indicating that both processes ate not
directly coupled. The osmotic swelling-induced uptake of TRITC-dextran was largely prevented
in the presence of the ATP hydrolase apyrase. Exposure of the cells to micromelar concentra-
tions of ATP under isotonic conditions however did not affect the TRITC-dextran uptake. In
suminary, the results indicate that cell swelling promotes an Increase in the rate of endocytosis,
independentdy of the hypotonicity-induced cxocytosis, that is triggered by membrane depolari-
zation and is dependent on extracellular ATP.
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Hypatonicity-induced endocytosss

INTRODUCTION

In general, most mammalian cells respond to an increase in volume with the actvation
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, water will exit too and the
original cell volume will be restored. In Intestine 407 cells, the volume-regulated K*-channels arc
activated by a cell swelling-induced increase in [Ca®*); [1], while the opening of volume-sensiti-

ve Ch-channels depends on the activation of tyrosine kinase(s) and the G-protein p21the 2 3],
Recently, we observed that hypo-osmote stimulaton wiggers exocytosis in Intestine 407 cells.
Exocytosis was found to be the mechanism responsible for the release of endogenous ATP but
was not involved in the activation of volume-regulated Cl-channels (Chapter 5). In addition, the
hypotonicity-induced release of ATP was found responsible for the activation of Erk-1/2 MAP
kinases associated with osmotic cell swelling [4].

Because (increased) exo- and endocytosis often coinaide [5,6], the hypotonicity-indaced
increase in exocytosis is expected to be accompanied by an increase in endocyrosis. Indeed, for
renal absorptive epirhelial cells as well as for inner medullary collecting duct cells, an increase in
endocytosis rate was found upon hypotonic stimuladon [7.8]. Using membrane impermeable
TRITC-dextrans as a marker for endocytosis, we investigated the occurrence of a similar
increase in the rate of endocytosis in Intestine 407 cells, as well as its mode of regulation, We
observed an increase in intracellular fluorescence after hypo-osmorte stimulation, starting after a
lag of 2 - 3 min and lasting for at least 10 - 15 min. Furthermore, we found that hypotonicity-
induced endocytosis is regulated independently of the csmotcally-triggered exocyrosis and
requires membrane depolarization and extracellular ATP.

MATERIALS AND METHODS

Materials

Luciferin/luciferase reagent was obtained from Promega Corportation (Medison, WT).
TRITC-dextran, FM 1-43 and jasplakinohde were from Molecular Probes {(Eugene, OR).
PD098059 and SB203580 were obtained from Calbiochem (La Jolla, CA, US.A)). Other chemi-
cals were purchased from Sigma (St. Louis, MO).

Cell culture

Intestine 407 cells were routinely grown as monolayers in Dulbecco’s modified Eagle’s
medium supplemented with 25 mM N-2-hydroxy-ethylpiperazine-N'-2-ethanesulfonic acid
(Hepes), 10% fetal calf serum, 1% non-essential amino acids, 40 mg/1 penicillin and 90 mg/1
streptomycin under a humidified atmosphere of 95% O, and 5% COy, at 37°C. Prior to the

experiments, cells were serum-starved overnighr.
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TRITC-dextran uptake

Cells grown on coverslips (at 80 - 90% confluency) were incubated with 0.5 mg/mi
TRITC-dextran (MW 10,000 Da) in isotonic (30 mM NaCl, 4.7 mM KCl, 1.3 mM CaCl,, | mM
MgCl,, 10 mM glucose, 35 mM mannitol and 20 mM Hepes, pH 7.4) or hypotonic buffer (iso-
tonic medium without mannitol). Thereafter, the cells were washed three times with ice-cold
phosphate-buffered saline (PBS) and fixed with 2 2% formaldehvde solution for 20 min.
Maximal images of 15 optical sections parallel to the substratum were constructed by confocal
microscopy using a 63x oil immersion objective {(Axiovert 135M; Zeiss, Oberkochen, Germany).
The sections were each Tm apart and the images consist of 512x512 pixels with 2 distance of
0.625 um. Endocytosis was quantified using KS400 software (version 2.0; Contron,
Oberkochen, Germany) by counting the number of fluorescent spots with a size between 3-75
pixels (representng endosomal vesicles), after subtraction of background fluorescence.
Background fluorescence was set as measuring the mean pixel intensity of a circle drawn 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 independently of hypotonicity- induced
exocytosis

Hypotonic cell swelling dose-dependently induces an increase in the uptake of TRITC-
dextran, a marker for endocytosis. Figure 1 shows confocal images of Intestine 407 monolayers
incubated for 3 min with 0.3 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 massive uptake was found after
a more severe challenge (40 - 50% reducticn in tonicity). The time course of TRITC-dextran
uptake of Iatestine 407 cultures exposed to 1sotonic or a 40% hypotonic medium is shown in
Figure 2. The cell swelling-induced increase in endocytosis shows a distinct lag-phase of approx.
2 - 3 min, Le. starts only after completon of the RVD response [2], and levels off after approx.
10 - 15 min.

As shown previously, hypotonicity-induced exocytosis was almost completely inhibited
by BAPTA-AM or cytochalasin B (see Chapter 5). To investigate whether endocytosis occurs as
a direct result of an increase in exocytosts, we studied the effect of these treatments on hypoto-
nicity-induced endocytosis. We found that the cell swelling-induced endocytosis was not sensiti-
ve to BAPTA-AM loading nor to cytochalasin B pretreatment (Table 1), suggestng that hypo-
tonicity-induced endocytosis does not require an increase in {Ca?¥]; and is not sensitive to dis-

rupton of the actin cytoskeleton.



Hypotonscity-indnced endocytosts

300 mOsm 270 mOsm

240 mOsm 210 mOsm

180 mQOsm 150 mOsm

Figure 1. TRITC-dextran uptake induced by lowering medium osmolagity

Cells grown on coverslips were incubated for 5 min with TRITC-dexuan containing medium (0.3 mg/ml)
with different osmolarities as indicated in the figure. After fixation, images were constructed as indicated in Materials
and Methods using CSLM. The images are representative of 10 images from 2 independent experiments (bar = 25
pmj. Full-color image on page 111.
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Figure 2. Time course of hypotonici-
ty-induced TRITC-dextran uptake

Cells grown on coverslips
were incubared for the tmes ndicated
with TRITC-dextran containing isotonic
or 40% hypotonic medium (0.5 mg/mi).
After fixation, images were constructed
as indicated in Materials and Methods
using CSLLM. The number of vesicles (s
determined as described in Materals and
Methods. Data are given as mean £
S.EM. (n=5).

Table 1. Role of [Ca2t]; and actin cytoskeleton in hyposhock-induced TRITC-dextran endocytosis

TRITC-dextran endocytosis was quantfied in Intestine 407 cells from confocal images of cells exposed for
10 min to sotonic or 40% hypotonic medium containing (.5 mg/ml TRITC-dextran with or without indicated agents.
Data are expressed as mean T SEM. (n). Asterisk indicates a significant difference from the control {p<0.05; Student

t-test).

TRITC-dextran endocytosis (Yo of hypotonic

controly

Experimental condition

{concentration, preincubaton period)  Isotonic Hypotonic
Control 6+ 2 (10) 100 £ 6 (10)
BAPTA-AM (25UM, 1h) 3+1 () 86+ 19 (7)
A23187 (SUM) 2x1 (5 91+ 26 (%)
Cytochalasin B (50UM, 30 min) 1243 (5_) 109 = 2Q (—i’)
Jasplakinolide (100 n)M, 1h) 62 (5 327 (5)

In addidon, in Intestine 407 cells, endocytosis could not be provoked by a major

increase in [Ca?*]; under isotonic conditions, because pretreatment of the cells with the calcium

ionophore A23187 did not provoke TRITC-dextran uptake (Table 1). Unlike cytochalasin B, jas-
plakinolide, which induces actin stabilization and polymetization i wiro [9], partly inhibited

osmosensitive endocytosis (Table 13, These results suggest that although endocytosis is not sen-

sitive to disruption of the actin cvtoskeleton, fixation of the cytoskeleton affects hypotonicity-

induced endocytosis. Taken together, these results suggest the lack of a direct relationship bet-

ween hyporonicity-induced endocytosis and exocytosis.
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Hipotonicity-induced endocytosis

Depolarization induced by volume-sensitive Cl-channel activity triggers hypotonicity-
induced endocytosis

As swnmarized in Figure 3, hypotonicity-stimulated TRITC-dextran uprake is strongly
inhibited by the volume-sensitive Cl-channel inhibitors SITS and suramin as well as by genistein
and millimolar concentrations of extracellular ATP that block the velume-sensitive actvation of
the ion conductance. In contrast, inhibition of K'-channels by quinidine or Gd*™ potentiated
both the basal and osmotic shock-induced endocytosis. As shown previously by Hazama and
Okada [1], hypo-osmotic sumulation of Intestine 407 cells leads to a fast and tansient hyper-
polarization of the cells followed by a slower, more prolonged depolatization, due to the subse-
guent activaton of K7 and CI' channels. Because inhibition of Cl-channels is likely to prevent
membrane depolarization after hypo-osmotic stimulation, whereas KT channel blockers pro-
mote depolarization, it is attractive to propose a model in which the membrane potential regu-
tates endocytosis. This notion is supported by our observation that in the presence of high
extracellular [IK7] (50 mM) hypotonicitv-induced endocytosis in Intestine 407 cells is increased
by approx. 2-fold (Figure 3).
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= «
= I Figure 3, Effect of Cl- and K*-chan-
= 2
§ 5000 7% nel blockers on hypotonicity-induced
S B endocytosis
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o e
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Chapiter 6

Extracellular apyrase inhibits the osmotic shock-induced endocytosis

In the presence of the ATP-hydrolase apyrase, the hypo-osmotc shock-induced
Increase in the uptake of TRITC-dextrans was almost completely abolished (Table 2), suggesting
an essential role for extracellular ATP in cell swelling-induced endocytosis. However, addidon of
micromalar concentrations of ATP alone, giving rise to a limited increase in [Ca?*]; [4], was not
able to stimulate the endocyrotic uptake of TRITC-dextrans, nor did it enhance the response to
hypo-osmotic stimulation (Table Z). Taken together, the results suggest that a basal level of
extracellular ATP is required but not sufficient for hypo-osmetic shock-induced endocyrosis.

Table 2. Role of extracellular ATP and MAP kinases in hyposhock-induced TRITC-dextran endocytosis

TRITC-dextran endocytosis was quantified in Intestine 407 cells from confocal images of cells exposed for
10 min to isotonic or 40% hypotonic medium containing 0.5 mg/m] TRITC-dexrran with or without indicated agents.
Data are expressed as mean £ S.E.M. {n}. Asterisk indicates a significant difference from the control {p<0.03; Student
L-Test).

TRITC-dextran endocytosis (Vo of hypotonic

control)

Experimental condition

{concentration, preincubation period)  Isotonic Hypotonic
Control ) 5116 WoE£3 (13
Apyrase (3 U/ml, 2 min) 1415 11+3 (5)
ATP (10 UM, 5 min) TE2(5 135 £ 20 (5)
PDO98GE9 (S0UM, 2h) 41 (5 454 3 (10)
SB203580 (50 UM, 2h) 221(5 45 4 (9)

A regulatory role for MAP kinases in endocytosis

Release of endogenous ATP was shown to stimulate the MAP kinase Erlk-1/2 through
P2Y, purinoceptor activation [4]. Inhibition of Erlk-1/2 with the MEK inhibitor PD098059 par-
tially Inhibited the hyposhock-induced endocyrosis (Table 23, which may partly explain its
dependence on extracellular ATP. In addition, inhibitdon of the MAP kinase p38 with the speci-
fic inhibitor SB203580 also diminished cell sweliing-induced endocytosis (Table 2).

DISCUSSION

To evaluate whether osmotic cell swelling leads to an increased rate of endocytosis, we
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 samula-
tion with a characteristic lag time of approx. 2-3 min, ie. 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 5 to 10 min. Using bovine adrenal chromatin cells,
Smith and Beets [10] found a similar time Jag berween the onset of exccytosis and endocytosis,
after evoking massive and prolonged exocytosis by including 50 UM Ca** in the patch-pipetrte,
and they suggested that endocyrosis is wigrered by exocytosis [10]. Furthermore, a negative cor-
relation was observed betweea the increase in membrane tension and endocytosis, i.e. membra-
ne expansion was found to increase endocytosis [11]. Taken together, this suggests that the dela-
ved onset of endocytosis in response to cell swelling may be miggered by the preceding increase
in exoCytosis.,

In case of hypo-osmotic cell swelling, it could be argued that the immediate increase of
ex0CYInsis s a necessary or essental mechanism to increase membrane surface, allowing cell
swelling and preventing a deleterious increase in membrane tension. Exocytosis in combinaton
with the RVD response will result in a low membrane tension, which may subsequently serve as
a trigger for endocytosis. However, the results presented cleardy demonstrate that exo- and endo-
cvtosis are regulated independently in hypo-osmotically stimulated Intestine 407 cells. Both cyto-
chalasin B treatment and BAPTA-AM loading, which strongly inhibit cell swelling-induced exo-
cveosis (Chapter 5), have no effect on the hypotonicity-induced endocyiosis. In addition, exocy-
tosis, but not endoeytosis, can be triggered by raising [Ca?7); in the absence of osmote stimula-
don. Although we cannot exclude that a reduction in membrane tension plays a role 1n activa-
ting endocytosis, the contribution of membrane insertion through exocvtosis can only play a
minor role.

In contrast, our results suggest that the cell swelling-induced endocytosis is wiggered by
cell membrane depolarization induced by the activatton of volume-sensitive Cl-channels, becau-
se inhibition of these channels by the CI channel blocking agents SITS, suramin, miilimolar con-
centrations of ATP and genistein, all inhibitors of VRAC activation [2,4], prevented the hypo-
tonicityv-induced endecvtosis. Furthermore, enforced plasma membrane depolarization, using
K*-channel blockers {quinidin or Gd*"), trigeers endocytosis in the absence of osmotic stimu-
Jation and gready potentiates the cell swelling-induced endocytosis. In addition, high extracellu-
Jar [IX7] increased the hypotonicity-induced endocytosis. This suggests thar membrane depolari-
zation rather than reduced membrzne tension is the primary trigger to activare endocyvtosis. In
line with our results, a role for depolarization in endocytosis has been reported for adrenal chro-
maffin cells {12].

Recently, Lazarowski et al. [13] reported a constitutive release of ATP and other nucle-
otides in several cell models, leading to a “purinergic tone” with potential physiological signifi-
cance. Bxtracellular ATYP, through purinoceptor activation, has been reported to be involved in
membrane trafficking in a vagety of different cell types. However, 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 [14-19]. In contrast, in other cell types, extracellular ATP was found to suppress exocytosis
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[20-23]. Both the stimulatory and the inhibitory effects of ATP have been ascribed to a modu-

lation of [Ca’");; ATP has been reported to increase as well as to decrease [CaZ™], in selected cell

models [14,20,21}. In addidon, G-protein dependent, but Ca?™-independent, mechanisms of
ATP regulation of exocytosis, both potentiation and inhibidon have been reported {14,22,23].
In Intestine 407 cells, apyrase was found to inhibit the hypo-osmotic shock-induced
change in FM 1-43 fluorescence (Chapter 3) as well as in TRITC-dextran uptake almost com-
pletely. The effect of the purinoceptor inhibitor suramin on TRITC-dextran uptake is in line
with this finding, however, no distinction can be made between the effect of suramin on Cl-
channel activity and purinoceptor inhibition. Addition of micromolar 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 raise [Ca®']; in Intestine 407 cells 4], the effect(s) of ATP on endocytosis is like-

Iy to be Ca?* independent because treatment of the cells with AZ3187, leading to a massive and
prolonged increase in [Ca?'], did not affect endocytosis.

Hypotonic stimulation leads to 2 rapid activation of the Exk-1/2 MAP kinases in all cell
types studied to date (sece Chapter 2). In Intestine 407 cells, Erk-1/2 activation is mediated
through a p21Ras/Raf pathway and involves ATP as an autoctine or paracrine factor {4,24].
Because treatment of the cells with the specitic MEK inhibitor PDO98059, leading to an inhibi-
tion of Erk-1/2, as well as with SB203580, an inhibitor of the p38 MAP kinase, partially inhi-
bited both the uptake of TRITC-coupled dextran, both MAP kinases are likely to be involved,
cither directly or indirectly, in the activation of endocytosis is suggestive. Indeed, Nakashima et
al. [25] 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%as, A role
for MAP kinases in regulation of membrane traffic is not unprecedented; Erk-1/2 has been
teported to be involved in regulated insulin-recepror trafficking subsequent to the internalization
process [26]. Furthermore, downregulation of Erk-1/2 activity resulted in inhibition of human
polymorphonuclear leukocyte phagocytosis [27]. Other putative p21Ra effectors however, like
the small GTP-binding protein Rab or Ral, might also be involved [25,28].

I conclusion, hypotonic stimulation results in an increase in the rate of cadocvtosis,
triggered by depolarizatdon due to the activation of volume-regulated Ci-channel but independ-
ent of the swelling-induced increase in exocytosis. In addidon, the presence of extracellular ATP
is a prereguisite for endocytosis, possibly through its abilicy to promote the activadon of MAP

kinases.

o]
{63



Hipotonicity-induced endocytosis
REFERENCES

1. Hazama, A. and Okada, Y. 1988, }. Physiol. 402, 687-702.

2. Tilly, B.C, Van den Berghe, N., Terwolen, L.G]., Edixhoven, M.J. and De jonge, H.R. 1993, ]. Biol. Chem.

268, 19919-19922.

Tilly, B.C., Edizhoven, M.J., Tertoolen, L.G.J.,, Morll, IN., Saitoh, ¥, Narumiya, S. and De Jonge, H.R. 1996,

Mol Biol, Cell. 7, 1419-1427.

Van der Wik, T, De Jonge, H.R., and Tilly, B.C. 1999, Biochem. ]. 343, 579-586.

Augustine, G.). and Neher, E. 1992, |. Physiol, 450, 247-271,

Neher, E. and Zucker, R. 1993, Neuron 10, 21-30.

Czekay, R-P, Kinne-Saffran, E. and Kiane, RIH. 1994, European 1. Cell, Biol. 63, 20-31.

Reid, J.M. and R.G. O'Neil. {2000} Biochem. Biophys. Res. Commun,, 271, 429-434,

9. Bubb, M.R,, Senderowicz, AM., Sausville, E.A., Duncan, K.L. and Korn, ED. 1994, ]. Biol. Chem. 269,
14869-14871.

10, Smith, CB. and Betz, W 1996, Natwre, 380, 531-534.

11, Raucher, D, and Sheetz, MLP. 1999, . Cell. Biol. 144, 497-504.

12. Burgovne, R.D. 1995, Pfluchers. Arch. 430, 213-219,

13, Lazarowski, E.R., Boucher, R.C. and Harden, T, 2000, J. Biol. Chem. 275, 31061-31068.

14, Lee, S.C. and Pappone, PA. 1999, Biophys. J. 76, 2297-2306.

15, Thiele, LE., Hug, M.],, Hubrer, M. and Greger, R. 1998, Cell. Physiol. Biochem. §, 61-74.

16. Nunez, L., Villalobos, C and Frawley, LS. 1997, Am. ]. Physiol. 272, E1117-E1123.

7. Guo, X.W, Merlin, D, Laboisse, C. and Hopfer, U. 1997, Am. ]. Physiol. 273, C804-C809,

18, Merdin, D, Guo, X, Martin, K., Laboisse, C., Landis, ., Dubyak, G. and Hopfer, U. 1996, Am. |. Physiol, 271,

C612-Co0y. '

19, Greger R, Allert N, Frobe U, Normann € 1993, Pflugers. Arch. 424, 329-334.

20. Ulate, G, Scott, S.R,, Gonzalez, )., Gilabert, JA. and Artalejo, AR. 2000, Pflugers. Arch. 439, 304-314.

21. Powell, AD, Teschemacher, A.G, and Seward, E.P. 2000, ]. Neutosci. 15, 606-614.

22, Lim, ¥, Kim, 5., Yan, H.DD. and Kim, }. 1997, Pflugers, Arch, 433, 3442,

23. Poulsen, C.R., Bokvist, K, Olsen, HL., Hoy, M,, Capito, K., Gilon, P and Gromada, }. 1999, Diabetes, 48,
2171-2181.

24, Vao der Wik, T, Dorrestin, ], Narumiya, S., Maassen, J.A., De Jonge, H.R. and Tilly, B.C. 1998, Biochem. |.
331, 863-869.

25, Nakashima, S., Morinaka, K., Kovama, 5., Tkeda, M., Kishida, M., Okawa, I, Iwamarsu, A., Kishida, 8. and
IKikuchi, A. 1999, EMBO ]. 18, 3629-3642.

26, Sakaoka, T, Wada, T, Ishihara, H., Takara, Y., Haruta, T., Usui, I, Ishiki, M. and Kobayashi, M, 1999,
Endoctinology, 140, 3826-3834.

27, Raeder, EM., Mansfield, PL, Hinkovska-Galcheva, R., Kjeldsen, L., Sayman, .A. and Boxer, L.A. 1999, Blood
93, 686-693.

28. Barbieri, MLA., Kohn, A.I, Roth, R.A. and Stahl, PD. 1998, | Biol. Chem. 273, 19367-19370.

R =

[a]

50



Visualizing membrane and cytokeletal
dynamics 1n response to cell swelling
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ABSTRACT

Osmotic swelling of Intestine 407 cells not only results in a rapid activation of volume-
sensitive fon 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
observe using conventional fluorescent microscopy techniques. In this report, we evaluated the
perspectves of Atomic Force Microscopy (AFM), a novel technique which allows visualization
of surface topology at ultrahigh resolution, to study the dynamics of membrane surface remo-
delling in living Intestine 407 cells, We found that contact mode AFM using soft cantilevers
(spring constants of (.01 - 0.02 N/m) is preferable to tapping mode AFM, performed with more
suff cantilevers (spring constant of 0.5 N/m), because the force applied to the cell in tapping
mode AFM destroyed cellular surface structures. Using contact mode AFM with soft cantilevers,
structures were visualized that closely resemble confocal images of the apical actin cvtoskeleton
obtained by staining F-actin with TRITC-conjugated phalloidin.

INTRODUCTION

Manimalian cells respond to osmotic cell swelling by activating volume regulatory
mechanisms. In addition to actvation of ion channels, leading to a decrease in intracellular

osmotic pressure, Intestine 407 cells also respond to hypo-osmotic stress by 2 rapid alteration of
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AFM imaging of Intestine 407 cells

the organization of cellular F-actin and by an increase in membrane traffic (Chapter 5 and 6). In
general, the cell membrane and the associated cvtoskeleton are thought to be remodelled co-
ordinately in response to mechanical stresses, such as osmotic cell swelling (for review see: [1]).
Fluorescence and electron microscopy are routinely used to study the cell membrane and the
associated cytoskeleton. These techniques, however, require chemical {ixation or quickly frozen
tissues and are therefore not very suitable for studying dynamic processes in living cells.

Atormic force microscopy (AFM) 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 AFM to study surface ropology of intact mammalian cells. During
AFM 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 AFM on living cells is still in an early developmental stage, several atrempts
have been made using AI'M for studying changes in cell membrane topography. Images of living
cells have been acquired using both contact mode AFM [2,3] and tapping mode AFM [4-7].
Using contact mode AFM, the probe is in continuous contact with the surface, whereas in tap-
ping mode AFM, the cantlever 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, AFM 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 [10]. The elastdc properdes of a cell surface can be studied by analysing force-distance
curves, created by quantfying 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
cvtoskeletal structure inside the celi [11-13]. Using the AFM, very precise cell volume estimations
have been obrained by processing multiple images into a 3D structure of the cell {10]. Taken
together, AFM is a novel, promising and attractive tool to investgate cell surface topology and

dynamics as well 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 mM Hepes, 10% fetal calf serum, 1% non-essential amino acids,
40 mg/1 penicillin and 90 mg/1 sirepromycin under a humidified atmosphere of 95% O, and 5%
CO, at 37°C.
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F-actin staining and visualization

Cells grown on coverslips were fixed for 20 min with 3% formaldehyde after 5 min of
stimulation with isotonic or hypotonic media. After permeabilization with 0.2% Tritor X-100 in
PBS, cell were stained with TRITC-conjugated phalloidin (250 mg/ml in PBS; Sigma, St. Louis,
MO, US.A). Confocal images were made with a x63 oil immersion objective.

Atomic force microscopy

A stand-alone AFM system integrated with an optical microscope was used as described
in detail previously [14]. Intestine 407 cells were cultured in Petri dishes for several days untl
large islands of cells (100 cells) were formed. Prior w the experiments, cells were washed seve-
ral times with PBS and mcubated in Hepes buffered medium (80 mM NaCl, 4.7 mM KCI, 1.3
mM CaCl,, 1 mM MgCl,, 10 mM glucose, 95 mM mannito] and 20 mM Hepes, pH 7.4). All
experiments were performed at room temperature. Two modes of AFM were used in this study;
the tapping mode and the contact mode. In contact mode AFM (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;Ny can-
tilever tips were used which differ in stiffness: kp=0.5 N/m, kg=0.02 N/m or kc=0.01 N/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 Um x 20 Wm, while the maximum z
travel was 5 um. The dp of the pyramidal formed cantilever had a typical radius of 20 nm and
a height of 3 Hm.

Figure 1. Atomic force
microscope

Piezo tube

Schematic repre-
sentation of an AFM set-up.
Indicated are the three
Mirror degrees of freedom of the
piezo tube and the wwo
degrees of freedom of the
cantilever, The x,v directions
represent the scanning move-
ment and the z direction is
related to the topographical
height. The deflection (12) of
the cantlever gives the nor-
mal force transduction (adhe-
sion, electrostatic-, magneric-,
van der Waals- and repulsion-
forces) and the rtorsion (T}
gives the lateral force trans-
ducden (fricdon foree).

Detector
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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]. In 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 cell, 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
induced F-actin cytoskeleton
remodelling

Monolayers of
Intestine 407 cells, grown on
coverslips, were stimulated with
isotonic (A, C and E) or 40%
hypotonic medium (B, D and F)
for 1 min. Thereafter, the cells
were fixed and stained with
TRITC-conjugated phalloidin as
described under “Materials &
Methods™. Confocal images were
constructed from the basal (A
and B), the perinuclear (C and D)
and the apical side parts of the
cell (E and F). The images pre-
sented are representative out of
10 obtained from 2 independent
experiments.
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Using the AFM for studying membrane elasticity

Force-versus-distance curves give informaton about the contact point or region and
about the sample viscoelasticity. In the case of hard surfaces, the contact 1s well defined and
there is a visible transition between the attractive and the repulsive regime. For soft surfaces, the
contact point is more difficult to define, since the surface will be deformed easily by the force of
the tip (Nastasa and Van der Werf, uapublished resuits). The cantilever behaves as a second
order harmonic oscillator, which can be regarded as a spring in case of low frequencies. By
representing the elasde behaviour of a cantilever-sample system as two springs in a serie (Figure
3), the linear dependence of the cantilever defiection (Ad) to the tip-sample separation (Az) is
related directly to the stiffness of the sample by the following equation:

Ad 1

Az I
I

sample

+ 1

cantlever

where k represents the spring constant/stuffness 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 (ko) can be determined. Experimental force curves were obtained by
applying a triangular signal and by ramping the piezo tube up and down with constant speed at
frequencies between 0.6 - 1.2 Hz. Figure 4 shows two force curves acquired by tapping on a soft
surface (cell) or a hard sutrface (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 mN/m. Typical cell
membrane stiffnesses mendoned in literature are in the order of 10 mN/m) [16,17].

Figure 3. Spring-model of the tip-
sample interaction

Model of the tip-sample
interaction with the elastic behaviour
approach. F=kAz is the applied force

Ad

and Ad the rotal deflection measured.
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Figute 4. Force curves for hard (Petri dish) and soft (cell) surface

Stiffness can be determined from the slope of the equaton: v=A+Bx; the slope is B=Ad/Az. Sdffness is
given by S:HAd/AzI =F/Az. Since Ishmdb |SSO&E, the force curve will be steeper for hard surfaces. In this case
Seen™20 mIN/m*0.63=12.6 mN/m. At z=323 nm, kg equals ko, yilever {,02 N/m). The cell stiffness presents a
non-linear behaviour with indenration )

Membrane topology of Intestine 407 cells as determined using the tapping or contact
mode AFM

For tapping mode investigations, an F-type cantilever (kp=0.5 N/m) was used. In liquid,
this cantilever has a resonance frequency of 28 - 35 kHz. Figure 5 shows the topography (Figure
5A) and error signal (Figure 5B) of the surface of Intestine 407 cells, scanned with high inden-
rations and small amplitudes (Ag . =218.4 nm, A, o, =118.3 nm, z=50 nm and the applied
force is F=25 nN). Fipe 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 (tvpe B and C; ky=0.02 N/m and k=0.01 N/m}
were used. A major disadvantage, most notably when larger scan forces are used, is a significant
friction force. A high friction force mav 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 with minimal deflecton, corresponding to a force of
0.1 - 1 nIN. In this situation, contact is maineained solely by the adhesion force berween 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 showing highly detailed fibre-like structures that scem to
originate from high density centres (Figure 6). The surface topology map constructed from this
images shows a striking resemblance with the apical actin cvtoskeleton as visualized using con-

focal laser microscopy (cf. see Figure 2).

Figure 5. Cell surface topography in tapping mode AFM ar high indentation

Shown is an AFM Image of Intestine 407 cell surface scanned at high indentatons and small amplitudes
(Afpe=218.4 am, "\sctpojnt:i 18.3 nm, z=50 nm and the applied force is F=25 aN). A) Gives the topography and B)
the error signal. Scan area is 18 um x 18 tm. Image resolutdon is 300 points/line x 300 lines/images and the delay

between two pixels i 1000 Us {1 kHz pixel frequency).

Figure 6. Cell surface topography in contact mode AFM at small indentation
Shown are AFM images of two cells scanned in the contact mode at a contact point that gives minimal
deflection (applied force s F=0.1 - 1 nN). Scan area is 18 lm x 18 Pm. Image resolution is 300 points/line x 300

lines/images and the delay between two pixels is 1000 ps (1 kHiz pixel frequency).
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DISCUSSION

In this preliminary study, we investugated the feasibility to construct high-resolution
topological images of living Intestine 407 cells using the AFM. At least two properties of living
mammalian cells make them rather difficult specimen for AFM 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 more 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, when the cell is
subjected to relatively large forces. Substandal differences in height is a second major complica-
don for studving intact cells with AFM, because the maximum z travel of the piezo tube is only
5 Wm. Scanning soft preparations with reladvely large differences in height can therefore cause
detormation of the surface, leading to folding of cellular structures in the direction of the scan
movement. The cantdever tip has a height of 3 [m with a shape that can be considered as
pyramidal on the first 2.8 m and conical on the last 0.2 Um. Applying AFM on preparations
with large differences in height, the tip wall of the cantilever will start to contribute to the image,
a phenomenon called “wall imaging”.

Studying dynamic membrane processes, like exo- or endocvtosis, remodelling of the
cortical, membrane-associated cytoskeleton or changes in cellular volume, all require a high time-
resoluton since all these processes are expected to occur on 4 time scale of minutes or less. In
our study, to acquire an image of 18 wm x 18 Um 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, Schaeider et al. [8] found so-called
“pits” with a diameter of approx. 500 nm w 2000 nm, each conraining multiple depressions ran-
ging from 100 nm to 200 nm in size. A membrane patch of roughly 2 pim x 2 Wm contains
approx. 20 depressions. Stimulation of the cells with Mas7, thereby activating secretion, leads to
an increase in the diameter of the depressions by approx. 35% after 5 minutes. Within 30 minu-
tes after addition of Mas7, the size of the depressions returned toward basal conditions [8]. 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 sectetory machinery as observed in pancreatic aciner cells, with
a time scale of minutes rather than seconds or less cells {18,19], a reduction of the scan area to
2 um x 2 um 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 al. [8] is biased by the fact that the AFM experiments were performed at room
temperature.

Using contact mode AFM and cantilevers with a low spring constant (0.01 - 0.02 N/m)
detailed fibre-like structures were visible on the surface map. The resemblance between these
AFM 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-
ver, 1s visualized with this technique. The apical cytoskeleton gives a counter force when probed
by the AFM tip. This mechanical tension influences the indentaton of the cantilever and there-
by gives the noton of aldrude differences on the surface of the cell. Experiments with agents
that interfere with the cytoskeleral necwork (cvtochalasin B, jasplakinolide, nocodazol and pacli-
taxel) are necessary to verify that these structures are indeed involved,

Taken together, these inidhal studies show that high resolution AFM 1s 4 new and prom-
ising approach o study membrane topology in intact cells. To capture membrane remodelling
effictenty, however, it is recommendable to improve the time resolution while keeping the scan
area as large as possible. Furthermore, a large scan range is required for proper cell-volume
measurements. If these requirements are mer, AFM will be a powerful approach to study dyna-
mic processes within plasma membranes in living cells. However, it should be noted that the
interpretation of AFM images of living 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 was to delineate the signal transduction
pathways involved in the RVD response of Intestine 407 cells, with emphasis on their effects on
VRAC activity. A major line of investgation was focused on the role and activation pathway of
the MAP kinases FErk-1/2. Erk-1/2 is highly homologous to the yeast MAP kinase Mpklp that
is required for growth at low osmolarity [1]. In analogy to veast, an important role for Erk-1/2,
which ave activated upon osmotic celi swelling in all mammalian cell types swudied to date, in the
volume regulatory response has been suggested previously. A second line of investigations was
the role of endogenously released ATP in the RVD response. Extracellularly released ATP was
suggested to be responsibie 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 sumulation, but also 1ts effect on intracellular
signalling as well 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 zbout the molecu-
lar identity of the Cl-channel involved. Several candidates have been proposed, but none of
them have all the specific characteristics known to be assodated with volume-sensiave anion
channels (see Chapter 1). Members 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 volume-sensitive Cl current (Chapter 1), Furthermore, since most if not all cell tvpes
express volume-sensitive anion channels, it has been very difficult to identify potential channel
proteins by expression cloning, In the very near future, however, mapping of the human geno-
me will be completed (for review sece: [4]). It is likely that many new potential ion channels will
be discovered, one or more of them serving a function in cell volume control. Besides the lack
of knowledge on channel identty, also very litde s known about the ocsmo-receptor or osmo-
sensot. In the yeast Saccharommyoes cerevisiae as well as in the plant Arabidopsis thaliana, a transmem-
brane histidine kinase (a so-called two component system) functions as the csme-sensor [5,6].
In contrast to prokaryote, lower eukaryotic and plant cells, hisudine kinases are very rare in
mammalian cellular signal transduction. So far, only a few exarnples have been documented [7-
9]. Although involvement of histidine kinases cannor be excluded vet, it is more likely that other
proteins, €.g of cytoskeletal origin, or perhaps the channel protein irself, might function as an
osmo-sensor. This notdon is supported by the observations that adjustment of cellular volume
after osmotic swelling 1s much faster in mammalian cell types as compared to bacterial, yeast or
plane cells,

The osmo-sensor may be sensitive 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 regulates VRAC activiry [10,11]. 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
VRAL, Voets et al. [11], however, showed that a reduction in intracellular ionie strength itself is
the initial tigger for VRAC activity. They found that lowering ionic strength was sufficient to
activate VRAC even when 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 VRAC activity [11]. In this light it will be interesting to investi-
gate the sensitivity of VRAC and its modulators on intraceltular ionic strength in Intestine 407
cells.

A potential candidate for being the osmo-sensor is the VRAC protein itself. Stretch-
sensitivity or jon strength-sensitivity of VRAC, however, can be investigated only after isolation
and reconstitution of the protein into artificial lipid bilayers. To date, only a few examples of
stretch-activated channels in lipid bilayers have been reported, the bacterial Mscl. non-selective
ion channels being the most extensively studied [12]. Crysrallographic data and studies with
mutant proteins resulted in & plausible model for the regulation of membrane-tension-gated
MscL. (for review see: [13]). The channel, which is suggested to provide an efflux pathway for
solutes upon hypotonic stress, is 2 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 VRAC itself
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acts as a stretch-sensitive channel analogous to bacterial MscL, the isolatien and purificadon of
the protein is a prerequisite.

Alternatively, VRAC may be regulated by strerch- 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 A, by membrane tension
has previcusly been reported [15]. The magmitude and direction of the lateral pressure depends
on the lipid composition of the membrane [16]. Consequenty, a change in membrane compo-
sition might influence protein folding and perhaps modulate its function. In a preliminary study,
we reduced the cholesterol content of Intestine 407 cells and observed a two-fold ncrease in the
hypotonicity-induced VRAC activity (unpublished results).

In Chapter 2, we already speculated about putative mechanisms by which VRAC modu-
lating factors {cytoskeleton, [Ca?"); and tyrosine kinase phosphorylation) alter VRAC activity. We
postulated three different ways by which the cyroskeleton might act on VRAC activity; (1) by a
direct interaction between the F-actin cytoskeleton, or auxiliary proteins assoctated with 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, we indeed found strong evidence for
the occurrence of a fast increase in exocytosis in response to hypotonic sdmuladon. Disruption
of the F-actin filaments by cytochalasin B, however, which markedly potentiated VRAC activity,
inhibited the volume-sensitive increase in exocytosls, 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 volu-
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 cells, Fitl-1/2 is activated by the Ras/Raf/MEK pathway (Chapter 3);
the “classical” signalling cascade through which tyrosine kinase-containing receptors induce Erk-
1/2 activation. As summarized in Figure 1, our studies mdicate that upstream of Ras, a P2Y,-
type purinoceptor is involved, activated by endogenously released ATP (Chapter 4). For a num-
ber of ditferent cell models, it has been observed that activation of Erk-1/2 by G protein-cou-
pled receptors requires a stimulation of clathrin-mediated endocytosis [17-20]. Pierce et al. [21}
showed that Erk-1/2 activation stimulated by 0(2A) adrenergic receptor activation is sensitive to
inhibitars 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-1/2 activation [21]. Whether
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receptor-mediated endocytosis is also required for the activation of Erk-1/2 by hypo-osmotic
cell swelling needs o be investigated further. This may be achieved by studying the effects of
inhibitors of clathtin-mediated endocytosis {phenylarsine oxide [22], monensin {23] or dansylca-
daverin [24]).

Osmotic cell swelling

Exocytosis

&

ATP release Tyrosine kinase(s)

]

Endocytosis  P2Y,-R

p21 rha
p2ires  PLC
Erk-1/2 Ca® Cytoskeleton remodelling

l ;

Homeoestasis,

survival (7} Chicride channel

activation

Figure 1. Cellular signalling in Intestine 407 cells induced by hypotonic stimulation

In lntestne 407 cells, hypotonie stimulation leads to the activation of YVRACs, which invelves terosine kina-
sesfs), pliﬂm and the actin-cytoskeleron. [n parallel, osmotic cell swelling induces an increase 1 exocytosis, which was
found w be responsible for ATP release. Thtough an autoerine or paracring mechanism, hypotonic shock-induced
ATP release activates P2Y, purinoceprors. Besides the activation of Erk-1/2 through Ras/Raf signalling, P2Y5 acu-
vation may modulate VRAC actviry by increasing [Ca?t]. Furthermore, the presence of extracellular ATP was requi-

red for bath the hypotonicity-induced exo-and endocyvtosis.

In addition to Erk-1/2 activation, two other members of the MAP kinase family, p38
and INK, were activated by hypotonic stimulation as well. Neither of these kinases, however, was
involved in regulating volume-sensitive ion channels [Chapter 3; 23]. Because inhibitors of the
Erk-1/2 and p38 MAP kinases were found to reduce hypotonicity-provoked endocytosis, these
MAP kinases might play a role in cell swelling-induced membrane traffic (Chapter 6). In analo-
oy, it 1s of interest that in veast cells the MAP kinase Mpklp is suggested to be involved in the
increase in cell wall synthesis upon hypotenic sumuladon [1], which involves exocytotic secre-
tion of cell wall material, In additon, MAP kinases, through their putative role in vesicle traffic-
king, may also play a role in the insertion and/or retrieval of other transporters. During prolon-

ged hypo-osmotic sumulation, the ionic balance/membrane potential must be restored while
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keeping intracellular osmolariry low: This is attained during the late phase of the RVD response
by the adjustment of metabolism and transport of organic osmoiyees that do not perturb cellu-
lar protein function. It is tempting to speculate that vesicle transport regulated by MAP kinases
18 involved 1n the retrieval of these organic osmolyte transporters. Hiussinger et al. [26] propo-
sed that the fusion of bile salt transporter bearing vesicles with the canalicular membrane during
hypo-osmotic stimulation depends on Erk-1/2 activation [27]. It is unclear, however, how MADP
kinases do affect exo- and endocytosis. [n liver cells, microtubule associated proteins downsere-
am of Erk-1/2 arc suggested to be involved [26,27]. In Intestune 407 cells, however, cell swel-
ling-induced membrane traffic was found insensitive tc 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, Whether an increase in cellular
volume requires an increase in exocytosis may be verified by studying the effect of exocytosis
inhibitots (like cytochalasin B or BAPTA-AM [Chapter 5]) on changes in cellular volume in
response to hypotonic stimulation. Likewise, the role of endocytosis inhibitors (such as apyrase)
on hypotonicity-induced voiume changes will clarify a role for endocyrosis in RVD.

Using electron microscopy, Pfaller et al. [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 swelling than in 1sotonic controls. Morphometric analvsis revealed
that hypotonic stimuladon, which leads o an increase in cellular volume of 25%, nearly doub-
les the plasma membrane sutface within 5 min of exposure [28]. Thereafter, the surface/volu-
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 plasma membra-
ne. It has to be considered, however, that these studies were all performed on fixated prepara-
tions and not on living cells, In this thesis, we report the results of our preliminary attempts to
study changes in the surface topology of Intestine 407 cells with AFM (Chapter 7). Although
several improvements ate required, the outcome suggests that AFM 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 beschreven naar het mechanisme van signaal-overdracht
betrokken bij de regulatie van het celvolumne. Dit mechanisme (de ‘regulatory volume decrease’
of RVD) wordt geactiveerd na blootstelling van de cel aan een omgeving met een lage osmoti-
sche druk (hypotone stimulatie) of na een toename van de intracellulaire osmotische druk.
Celvolume-regulatic voorkomt langdurige functie-bedreigende celzwelling. Een toename van de
intraceilulaire osmotische druk kan c.a optreden bij hormoon-gereguleerde metabole processen
en opname van nutriénten door de cel. Een afname in extracellulaire osmotsche druk is onder
normale, fysiologische omstandigheden uitsluitend te verwachten bij nier- en-darmepitheel. In
dit proefschrift is de aandacht speciaal gevestigd op het chloride-kanaal dat betrokken is bij de
regulatie van het celvolume: het zogenaamde volume-gevoelige anionkanaal of VRAC. Voor dit
onderzoek is de humane epitheliale cellijn Intestine 407 als model gebruikt. Deze it foctaal jeju-
num gefsoleerde cellijn is bij uitstek geschikr voor onderzoek naar de regulatie van VRAC, aan-
gezien weinig andere chloride-kanalen, zoals calcium- en volt-geactiveerde chloride-kanalen, en
geen CFTR-kanalen, in deze cellijn tor expressie komen.

In hoofdstuk 2 wordt een overzicht gegeven van de veelheid aan signaaltransductie-
routes die geactveerd worden na hypotone stimulatie van zoogdiercellen. Alhoewel de betrok-
kenheid van sommige signaalmoleculen bij de celvolume-regulatie celrype-afhankelijk lijkt te zijn,
blijken enkele signaalroutes meer universcel een rol te spelen. Kinases die in alle bestudeerde
zoogdiercellen worden geactiveerd na hypotone stimulatie, zijn Erk-1/2 behorernde tot de fami-
lie van de MAP kinases. In Intestine 407 cellen worden Erk-1/2 geactiveerd door de
Ras/Raf/MEK route (hoofdstuk 3). Deze Ras/Raf/MEK/Erk-1/2 signaalrransductieroute
blijkt echter niet betrokken te zija bij de activering van volume-gercguleerde ionkanalen
(hoofdstuk 3).

Zoals vele vormen van cellulaire stress leidt ook hypotone stirnulatie tot het secretercn
van ATP door zoogdiercelien. ATP kan als autocriene factor optreden door middel van active-
ring van purinerge receptoren, We vonden dar extracellulair ATP tot een verhoging van de intra-
ceilulaire calciumconcentratie leidt, en via dit mechanisme de activiteit van het volume-gevoeli-
ge chloride-kanaal potenticert (hoofdstuk 4). Voorts bleck dat het bij de celzwelling vrijgeko-
men ATP verantwoordelilk is voor de activering van Erk-1/2 via binding aan en activering van
de P2Y, receptor (hoofdstuk 4).

Het mechanisme van ATP-secretie als gevolg van osmotische celzwelling bleek athan-
kelijk te zzjn van een intact cytoskelet, van cen verhoging van de intracellulaire calciumconcen-
tratie, en van de activiteit van SNARE-tvpe fusie-elwitten (eiwitten betrokken bij de fusie van

vesicles met de plasmamembraan) en phospholipase D (hoofdstuk 5). Deze bevindingen sug-
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gereren dat exocytose betrekken is bij het secretieproces. In overeenstemming met dit model
vonden we dat hypotone stimulatie leidt tot een toename in oppervlak van het celmembraan,
zoals gemeten met behulp van de fluorescerende membraan probe FM 1-43 (hoofdstuk 5.
Voorts werd aangetoond dat osmotische celzwelling leidt tot een verhoogde snelheid van endo-
cytose, welke echter optreedt met een vertraging van 2 - 3 minuten en na 10 - 15 min weer op
controle miveau is teruggekeerd (hoofdstuk 6). We vonden dat de endocytose kritisch afhanke-
lijk is van de toename in activiteir van het volume-gereguleerde chloride-kanaal, en mogelijk een
gevolg 1s van de depolarisatie van de plasmamembraan veroorzaakt door een verhoogde efflux
van 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 dootr remmers
van Erk-1/2 activiteit suggereert dat een deel van de effecten van ATP wordt bewerkstelliad
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 celopperviak van levende Intestine 407 cellen met
behulp van de atomic force microscoop. Hoewel het systeem nog verder geoptimaliseerd moet
worden, zijn de eerste interpreteerbare resultaten verkregen (hoofdstuk 7).
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Jsotonic .. _hypotonic

Figure 2A. Hypotonic stimulation leads to an increase in washout of preloaded FM 1-43; Fluorescence microscope images of a group of
Intestine 407 cells

Groups of 8-10 Intestine 407 cells were preloaded for 2 h with FM 1-43 (1 uM). Thereafter, cells were continuously perfused (2 ml/min) using medi-
um without FM 1-43 (washout). After a calibration period of 5 min, the experiment was started. Images were sampled every minute and show the fluorescence
intensity. After 3 minutes, isotonic medium 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. TRITC-dextran uptake induced by lowering medium osmolarity

Cells grown on coverslips were incubated for 5 min with TRITC-dextran containing medium (0.5 mg/ml)
with different osmolarities as indicated in the figure. After fixation, images were constructed as indicated in Materials
and Methods using CSLM. The images are representative of 10 images from 2 independent experiments (bar = 25

pm).
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