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Chapter 1

introduction

Water movement across the plasma membrane

The plasma membrane of mammalian cells is formed by two layers of lipids (lipid
bilayer), primarily phospholipids, glycolipids and cholesterol, in which many
different proteins are embedded. Phospholipid consists of a glycerol backbone
esterified to fatty acids (the “lipid tail”) and, via a phosphate group, to either
choline, serine, inositol or ethanolamine (the “head group”). Whereas the head
group is hydrophilic and oriented towards the outer surface of the membrane,
the lipid tail is hydrophobic and pointed towards the inner part.

The plasma mermbrane is impermeable to large molecules like carbohydrates
and proteins but readily permeable to small uncharged molecules like oxygen,
water, and carbon dioxide. Molecules can move through the membrane either by
direct diffusion or through specialized channels or transport proteins (facilitated
diffusion}. In anisolated system, as stated by the Second Law of Thermodynamics,
all events move spontaneously from a higher energy state to a lower energy state
and are driven by the tendency to increase the entropy {degree for randomness/
disorder) [1]. When molecules are evenly distributed throughout the availabte
space, the entropy is at its maximum. Therefore, free moving molecules and
atoms (i.e. not part of a crystal structure and not restrained by additional forces)
tend to distribute themselves over an as large as possible area. As a consequence
of the Second Law of Thermodynamics, differences in the concentrations of
non-permeable solutes between the cell and its surrounding medium will result
in a redistribution of the solvent (e.g. water) to maintain the lowest energy
possible, a phenomenon known as osmosis. Therefore, in response to an osmotic
imbalance, water will move across a semi-permeable membrane until the water
molecules are equally distributed, resulting in swelling or shrinkage [2].

The Gibbs-Donnan effect refers to the observation that under certain conditions
charged molecules or ions fail to distribute evenly across a semi-permeable
membrane, At the Gibbs-Donnan equilibrium, the total number of paositive
charges balanced the total number of negative charges (bulk electroneutrality).
Due to the presence of charged membrane-impermeable macromolecules and
the electrogenic Na* /K™ pump, however, the Gibbs Donnan equilibrium will never
be obtained in an intact cell, leading to an asymmetric distribution of permeable
ions and the generation of the membrane potential [3].
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introduction

A consequence of the presence of negatively charged membrane-impermeable
proteins is the constant tendency of cells to accumulate water. To counteract a
potential increase in volume, sodium is removed from the cells by the Na*/K"
pump on the expenditure of metabolic energy. Because alterations in cell volume
may affect many biochemical and physiological processes, almost all cell types
have additional mechanisms to regulate their volume and to limit or prevent
swelling and shrinkage [3].

Physiological and pathological disturbances in osmolarity

Under physiological conditions, the osmolarity of the interstitial fluid is tightly
controlled to protect the cells in the body against major disturbances in the
extracellular osmolarity. Therefore, osmotic stressis generally due to intracellular
changes caused by the uptake or release of osmotically active substances {(amino
acids, sugars etc.), the formation or degradaticn of macromolecules (proteins,
glycogen) or hormaone-induced alterations in cellular metabolism,

Pathophysiological disturbances in osmolarity can be caused by alterations
in both the extra- and intracellular environment. A change in the extracellular
environment occurs during hypernatremia. Hypernatremia is caused by elevated
sodium levels in the blood as a result of dehydration due to for instance
diarrhoea or diabetes insipidus. Alterations in the intracellular enviroment are
mainly caused by a change in the cellular metabolic activity. For example during
ischaemia, anaerobic metabaolic processes result in an intracellular accumulation
of metabolites, including lactate and cther glycolytic products [4]. Furthermore,
ATP depletion inhibits the Na*/K*-pump, leading to dissipation of the Na* and K*
gradients and membrane depolarization. Now that the intracellular compartment
has become less negative, Cl7 has a tendency to accumulate intracellularly,
leading to osmotic cell swelling [5,6,7].

Changes in ion concentrations may play a role in apoptosis or necresis. During
apoptosis, inhibition of the Na*/ K'-ATPase results in decreased intraceliular
potassium and increased intracellular sedium concentrations [8]. The enhanced
efflux of potassium was found to augment apoptosis [8]. In addition, an increased
efflux of chloride resulted in apoptotic volume decrease (RVD) [8]. Apoptasis can
be prevented by a high extracellular concentration of potassium and by potassium
or chloride channel blockers [9,10].
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Chapter 1

Mechanisms of osmoregulation

Bacteria, fungi, algae and plants have evolved a rigid cell wall and are therefore
less susceptible to changes in the osmolarity of their environment. However, a
cell wall can only protect bacteria and cells from excessive swelling but not from
shrinkage. Organic osmolytes such as amino acids, polyols and methylamines
are used to increase the intracellutar osmolarity and to facilitate the uptake
of water. Bacteria like Halobacterium salanarium are able to survive in a high
salt enviroment (halophilic) by accumulating amino acids to prevent excessive
water loss [11]. Organisms living in a very dry environment like xerophilic yeasts
and fungi produce glycerol to increase their internal osmotarity to promote the
uptake of water. Other yeasts and fungi either produce or accumulate polyols
such as sorbitol, xylitol and mannitol to maintain volume [11].

Subject to salt stress, plants generally accumulate organic osmolytes such as
proline, valine, isoleucine, betaine, aspartic acid, glucose, fructose, sucrose,
mannitol and/or inositol by increasing their synthesis. Plant cells are generally
hypertonic compared to their environment. As a result, water witl enter the cells
and develop an internal pressure known as turgor. High turgor pressure opens the
stomata pores that allow water and gas exchange between the plant and the air.
Under high temperature and low humidity, abscisic acid (ABA) is released, leading
to an increase in [Ca2“°]i and an activation of the K™ channels. As a conseguence
stomata will close to prevent a further loss of water [11].

Marine animals use both organic and inorganic osmolytes to maintain
osmotic balance. The salt concentration of the blood and other body fluids
of elasmobranchs, sharks and rays, is cnly one-third of the concentration of
seawater. This low salt concentration is maintained by sodium and chloride
excretion through rectal gland and kidney. The shark kidney however, actively
reabsorbs urea. As a result, the total osmotic concentration of the blood equals
or stightly exceeds that of the seawater [12].

Saltwater bony fish are osmotically hypotonicas compared to theirenvironment.
Therefore, saltwater fish are at a constant risk of dehydration. To prevent water
loss, these fish drink sea water and expell the ingested salts via the gills (Na*,
Cl) or urine (Mg®", $O,%") by active transport. In contrast, the body fluids of
freshwater fish have a higher osmolarity as compared to their environment and
have a tendency to accumulate water. Excess water is removed by producing
large volumes of diluted urine. The subsequent loss of jons is compensated for by
active uptake via the gills [11]. Water regulation of amphibians is very similar to
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Introduction

that of freshwater fish. However, the skin serves as the main organ for the active
uptake of jons [12].

Hypofonic

Figure 1: Schematic illustration of cell volume regulation in mammalian cells.
Alteration in extracellutar osmolarity will result in redistribution of water, which rapidly
leads to cell volume changes. Upon cell shrinkage, ion transporters are activated for
the uptake of NaCl, facilitating water influx. This mechanism is commenly referred to
as regulatory volume increase (RVI}). Upon cell swelling, KCl and organic osmolytes are
respectively released through ion channels and organic osmolytes release pathways, which
will leads to water efflux, a phenomenon known as regulatory volume decrease (RVD).
(see page 172 for color figure)

in mammals, the osmolarity of the interstitial fluid is tightly regulated by adaptive
behaviour (thirst sensation) and by varying the salt concentration and volume of
the urine, which protect the cells against major disturbances in extracellular
osmolarity. Therefore, osmotic stress generally originates from changes in the
intracellular osmolarity. Because both swelling and shrinkage are potentially
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Chapter 1

deleterious for the cells, compensatory mechanisms have been developed. In
mammalian cells, shrinkage activates a regulatory volume increase (RVI} by the
uptake of NaCl through activation of Na*/H" and CL“/HCO{ exchangers or by
activation of Na*/ Cl™or Na™/ K'/ 2CL” symporters [13,14]. Cell swelling activates
a regulatory volume decrease (RVD). The RVD is mediated by the concomittant
release of KCl through K* - and Cl™ ~ selective ion channels or K'/CL™ -~ symporters
[13-15] and by the efflux of small molecules through an organic osmolytes release
pathway (Figure 1) [16-18].

Characteristics and molecular identity of VRAC

Upon osmotic swelling, K™~ and Cl™-selective ion channels are rapidly activated.
Different K™ channels participate in cell volume regulation inctuding voltage-
gated K* channels (Kv), CaZ'-dependent intermediate K* channels (maxi-K*),
stretch-activated K™ channels and swelling-activated K" channels (K', ..) [19].
The molecular identity of the ubiquitously expressed Volume-Regulated Anion
Channet (VRAC), however, despite its marked biophysical characteristics, has
not yet been resolved. Several candidates (CLC-2, CLC-3, [Cln, P-glycoprotein
and CaCCs) have been proposed, but none of them full fill all the electrical and
pharmacological criteria (table 1) [20-22]. Potential novel VRAC candidates will
be discussed more extensively in Chapter 7.

Osmosensing

A direct activation of the mechanosensitive channel Mscl by osmotic swelling-
induced membrane stretch has been found in the bacterium Escherichia coli [1,
23]. In many other organisms, however, the mechanism of osmosensing has been
found to be much more compticated or still remains an enigma.

In the yeast Saccharomyces cerevisiae, cell shrinkage activates the mitogen-
activated protein (MAP} kinase Hog1p ( high osmolarity glycerol response protein)
leading to an increase in glycerol synthesis and the restoration of the osmotic
gradient [11,24]. Hog1p is highly similar to the mammalian p38/JNK MAP kinases.
The Hog pathway is activated by the osmo-sensor Sho1p and by a ‘two-component
system’ composed of the Sln1p histidine kinase and the response regulator Sskip
[t1,24]. Sln1p is stimulated by a low extracellutar osmolarity and inactivates
Ssk1p by phosphorylation. Eventually, this results in the inhibition of Pbs2p
and finally Hoglp [11,24]. In yeast, the mucin-like proteins Msb2 and Hkriwere
also recognized as stress sensors which, together with Shot, stimulate the Hog

20



[ntroduction

pathway during hyperosmotic shrinkage. Mucins are transmembrane proteins
with heavily glycosylated extracellular domains and characterized by a Ser- and
Thr - enriched stretch of amino acids (STR domain) in the extracellular region,
Glycosylated polymers change their properties depending on the degree of water
accessibility. Therefore, high osmolarity might produce significant changes in
the STR region that are then transmitted to the rest of the protein [24]. Similar
osmosensing systems have been reported in bacteria, fungi and plants. In plants,
ATHK1, a transmembrane histidine kinase structurally retated to Sin1p has been
found [25].

Table 1: Characteristics of VRAC current compared to that of several VRAC candidate.

VRAC CIC-2 CIC-3 leln CaCC
Strong outward rectification Yes No Yes Yes Yes

Anion selectivity Eisenman’s sequence | ¥ Yes No Yes Yes Yes

Blocked by SITS, DPC, DIDS, NPPB Niflumic acids Yes Yes Yes* Yes Yes

Blocked by extraceltular nuclectides Yes ? Yes Yes No
Blocked by cyclamate AZT No ? ? Yes ?

Inactivation at positive potential >60 mV Yes Yes Disputed Yes No
*  Not by DPC

Y SNCT>F > NOyT B>l F

7 Not known

To date, little is known about the mechanisms mammalian cells utilize to detect
changes in their volume. Several mechanisms have been proposed, including
activation of mechano-sensitive ion channels, macromolecular crowding as well
as signalling via the extracellular matrix and integrin-receptors. Stretching or
compression of the membrane can activate mechano-sensitive ion channels. This
type of ion channel is expressed in many cell types [1,26]. Transient receptor
potential vanilloid-4 (TRPV4), a non-selective cation channel, may directly
sense volume changes [19]. This channel is activated by hypo-osmolarity and
membrane stretch. A change in the concentration of cytosolic proteins due to a
change in cell volume may also function as an osmo-sensor or osmo-transducer.
Alterations in the protein concentration can markedly influence thermodynamic
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Chapter 1

and catalytic activities of enzymes regulating membrane transport, through
a phenomenon known as macromolecutar crowding [27]. A most interesting
mechanism for osmo-sensing and -transduction, especially for epithelial cells,
is signalling via the extracellular matrix (ECM) and integrin receptors. The ECM
is composed of a variety of proteins and polysaccharides that are secreted
locally and assembled into an organized meshwork in close association with the
surface of the cell that produce them [28]. Among the matrix proteins that are
potentially involved in stretch-sensing are the proteogtycans. Proteoglycans are
major protein-glycosaminoglycan (polysaccharide chains) complexes that can
bind signalling molecules and subseguently stimulate or inhibit their signalling
activity. Other ECM proteins are collagens, fibronectin and taminin. Binding to
these ECM proteins are the integrins, transmembrane heterodymeric receptors
composed of a- and B- subunits. The extracellular domain of integrins are
bound to the ECM, whereas the cytoptasmic domain is associated with the actin
cytoskeleton. integrins can establish links between the inside and outside of the
cells. Upon stimulation, integrins aggregate and cluster in focal adhesions and
trigger phosphorylation of a number of intracellular proteins. Because integrins
are connected to bundles of actin filaments, changes in the matrix can lead
to a remodelling of cytoskeleton [29,30]. In addition, tyrosine kinase receptors
{TKRs), which also consist of an extracellular domain, a transmembrane element
and an intracellular domain with intrinsic sites for protein tyrosine kinase and
phosphorylation, have been proposed as volume sensors [19].

Intracellular signalling

Lipid-derived second messengers

Activated phosphatidylinositol-specific phospholipase CB (PI-PLCB) catalyses
the splicing of PIP, into diacylglycerol (DAG) and inositol 1,4,5-triphosphate
(IP;), leading to protein kinase C (PKC) activation and IP; receptor-mediated
intracellular CaZ* mobilization. In Ehrlich ascites tumor cells, PIP2 levels were
found to be decreased upon cell shrinkage and increased upon cell swelling [31].
DAG- and Ca?*- dependent PKC were found to contribute to the RVl in NIH/3T3
mouse fibroblasts [32] and Ehrlich ascites tumor cells [33]. In Ehrlich ascites
tumor cells, PKC was found to be activated in the late phase of RVD response,
leading to VRAC inhibition and termination of the RvD [34].
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Calcium

In several cell models, hypo-osmotic swelling results in an increase in the
intracellular free calcium concentration. In many cell models, Ca* has been found
to be directly involved in volume regulation and in the activation of compensatory
conductances [35-39]. Other cell types, however, including Intestine 407 cells,
do not depend on a rise in [Cal"]i to elicit the RVD response [19]. Although Ca?*
is not directly involved in the activation of VRAC in these cells, Ca2+—mobilizing
hormones like bradykinin or histamine are able to potentiate the hypotonicity-
provoked anion conductance [40,41].

Tyrosine kinases

Tyrosine kinases such as MAP kinases (ERK-1/2, p38), FAK and SRC are known to
be activated upon hyposmotic swelling. In Intestine 407 cells protein tyrosine
phosphorylation was found to be required for VRAC activation and for eliciting
the RVD response {42]. This dependency on tyrosine kinases has since been
established for many other cell types, including cardiomyocytes [43], endothelial
cells [44] and lymphocytes [45]. In a number of cell lines, however, including
ROS517/2.8 osteoblasts [46] and in CPAE cells, tyrosine kinase inhibitors were
found to be ineffective [47].

G proteins

Anion-selective currents in cell types such as human HT29cl1%A colonocytes
are activated by intracellular administration of GTPYS (to activation guanine
nucleotide-binding regulatory proteins, known as G proteins) and inactivated
by GDPBS {48]. The involvement of p21rho (a smalt G protein) in the activation
of osmosensitive efflux in Intestine 407 cells was demonstrated by intracellular
delivery of Clostridium botulinum exoenzyme C3. Similar results were obtained
with bovine endothelial cells [49].

Arachidonic acid

Increased release of arachidonic acid upon osmotic swelling is reported for many
cell types, including human neuroblastoma cells [50], Ehrlich ascites tumor cells
[51] and human platelets [52]. The increase is mainly caused by the activation
of phospholipase A2 (PLA,). Inhibition of PLA, was found to diminish the volume-
sensitive anion conductance in bovine pigmented ciliary epithelial cells [53],
rat brain endothelial cells [54] and human platelets [52]. Arachidonic acid can

23



Chapter 1

be metabolized in many ways. Leukotriene D4, one of its metabolites, has been
reported to be involved in the development of RVD in multiple cell types [18].

Vesicular transport

Emerging evidence demonstrates the involvement of vesicular transport in ion
channel regulation [55-58]. Intracellular vesicular transport can be divided
into a secretory and an endocytic pathway. The constitutive secretory pathway
begins with the synthesis of proteins within the endoplasmic reticulum (ER}.
Subsequently, the proteins are transported in vesicles to the Golgi apparatus,
where glycosylation can take place, to be finally delivered to the cell surface
by means of exocytosis. Exocytosis is essential for secreting ECM components,
for incorporating components of the plasma membrane (lipids), as well as for
membrane insertion of transmembrane proteins (receptors, ion channels). The
endocytic pathway starts with the formation of a membrane bud, followed by
the formation of a vesicle that ends up in the lysosome or cycles back to the
plasma membrane. Bud formation is facilitated by assembly of a protein coat,
leading to a disterticn of membrane conformation, and the formation of a coated
pit. Coated vesicles can be divided into COP (coat protein)-coated vesicles and
clathrin-coated vesicles [59]. COPI-coated vesicles bud from the Golgi and carry
their cargo from the Golgi to the ER. In contrast, COPIl-coated vesicles bud from
the ER and are responsible for the transport from the ER to the Golgi. Clathrin-
coated vesicles are responsible for the uptake of extracellular molecules from the
plasma membrane by endocytosis as well as for transport of molecules from the
trans Golgi network to the lysosomes. Clathrin-mediated internalization involves
the assembly of clathrin and its associated adaptin {AP-2) complex on the plasma
membrane, concentration of membrane proteins in clathrin-coated pits, budding
of the coated pits from the membrane mediated by dynamin, release of clathrin
and AP-2 from the vesicles, and reformation of new coated pits [60] (Figure 2),

Docking and fusion of vesicles

Vesicle docking and fusion is mediated by the soluble N-ethyimaleimide-sensitive
factor attachment protein receptor (SNARE) proteins. An interaction beiween
the vesicle-associated protein VAMP2 on the vesicle (a “v-SNARE”), syntaxin on
the plasma membrane {a “t-SNARE”) and SNAP25, an N-ethylmaleimide-sensitive
factor recruited from the cytosol, results in the formation of a complex that
directs membrane docking and fusion [61].
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Plasma membrane

Dynamin
L

Clathrin

Endogytosis |

| Ex ocytasis jw

v-SNARE

Early endosomes

Figure 2: Scheme of endo- and exocytosis. Endocytosis begins with the assembly of
clathrin coat, which leads to the formation of a vesicle. Dynamin mediates the release of
vesicle from the membrane, allowing it to travel towards the early endosomes. Exocytosis
is facilitated by the binding of v-SNARE to the t-SNARE. (see page 170 for color figure}

Directing vesicular transport: the Rab proteins

Coordination of vesicle trafficking requires Rab proteins. The Rab proteins are a
family of small GTP-binding proteins that function in specific vesicle transport
processes. Loss of function mutations of Rab GTPases result in many human
disease such as bleeding and pigmenting disorders (Griscelli syndrome), kidney
disease (tubercus sclerosis) and blindness (choroideremia). Overexpression of
Rab GTPases has been observed in a number of human cancers (prostate, liver
and breast cancer) [62]. A guanine nucleotide exchange factor (GEF) activates
Rab by exchanging GTP for GDP which leads to its association to the transport
vesicle. After vesicle fusion, a Rab GTPase hydrolyzes the GTP to GDP resulting
in the release from the vesicle [63] (Figure 3). Approximately 60 Rab proteins are
encoded by the human genome [64,65], but only a few have been characterized
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extensively. Rab5 is involved in the clathrin-coated endocytosis pathway and
regulates transport from the plasma membrane to the early endosomes [66]. The
cycling back of early endosomes back to the plasma membrane requires Rab4 and
Rab11 [67,68] (Figure 3). in addition, Rab7 mediates the transition from early
to late endosomes. Rab proteins have been reported to modulate cell surface
expression and function of epithelial ion channels such as the cystic fibrosis
transmembrane conductance regulator (CFTR}, the epithelial sodium channel
(ENaC) and calcium channels [69].

Plasma membrane

Dynamin

Clathrin % .
i
Ay - Q

p

T

3 Q
i ¥

I

Exccytosis

v-SNARE

Early endosomes

Figure 3: Rab proteins and their functions. Rab5 is involved in the clathrin-coated
endocytosis pathway. Exocytosis requires Rab4 and/or Rab11. Guanine nucleotide exchange
factor (GEF} activates Rab by exchanging GDP (closed circles) for GTP (open circles}. After
vesicle fusion, a Rab GTPase hydrolyzes the GTP {open circles) to GDP (closed circles)
resulting in a release of Rab proteins from the vesicle. (see page 171 for color figure)
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Cholesterol and vesicular transport

Besides phospholipids, the plasma membrane also consist of considerable amounts of
sphingolipids, glycolipids and cholesterol. More than 90% of cellular free cholesterol
is located at the plasma membrane [70]. Cholesterol intercalates between the
hydrophobic tails of the membrane lipids and interferes with the tight packing
of phospholipids [71]. Cholesterol therefore, is an important determinant for the
membrane fluidity and permeability. The cholesterot level of the ER pool depends
on the circulation of cholesterol from and to the plasma membrane {72]. The
relatively small pool of cholesterol in the endoplasmic reticulum responds rapidly
to changes in plasma membrane cholesterol and affects intracellular vesicular
transport. Depletion of plasma membrane cholesterot promotes exocytosis and
vice versa, an increase stimulates endocytosis [73,74]. In addition, intracellular
accumulation of cholesterol was found to block exocytosis through a mechanism
involving Rab4 [75].

Aim and scope of this thesis

The major aims of this study were to further explore the regulatory mechanisms of
Volume-Regulated Anion Channels (VRACs) and to search for molecular candidates
for VRAC. Intestine 407 cells are extremely suitable for this purpose because they
lack the expression of chloride conductances other than the cell swelling-activated
anfon conductance. Chapter 2 provides an overview of the different model systems
and methods that can be used to investigate cell volume regulation in mammalian
intestinal epithelial cells. In Chapter 3, we demonstrate that exocytosis contributes
to the development of the compensatory anion conductance hy recruitment
of additional anion channels from intracellular compartments to the plasma
membrane. Furthermore, impaired intracellular cholesterol transport as result of
defective NPC1 transport protein was found to reduce hypotonicity-provoked anion
efflux. Intracellular accumulation of cholesterol has also been observed in cultured
cell models of CF cells. Using our experience with Intestine 407 and NPC cells,
we tested the hypothesis that cholesterol depletion would promote recruitment
and plasma membrane retention of F508delCFTR (Chapter 4). The role of Rab
proteins and vesicular traffic in the regulation of VRAC is described in Chapter 5.
The data suggest that a significant fraction of the volume-sensitive Cl” channels
is localized intracellularly and is recruited to the plasma membrane upon osmatic
cell swelling. As a consequence, anion channels localized primarily in intracellular
compartments can no tonger be excluded as VRAC candidates. Chapter 6 shows an
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inventory of the putative intracellular Cl"- channels. Finally, the role of aquaperin
(AQP) water channels in cell volume regulation was studied. Using AQP knockdown
cells, we found that the hypotonicity-evoked fast increase in cell volume is a main
trigger for the activation of VRAC (Chapter 7).

Taken together, the studies described in this thesis indicate a novel mechanism
of YRAC activation, i.e. cell swelling-induced channel recruitment, and suggest
a role for intracellularly localized chloride channels in cell volume regulation.
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Chapter 2

Abstract

Most cells have to perform their physiological functions under a variable osmotic
stress which, because of the relatively high permeability of the plasma membrane
for water, may result in frequent alterations in cell size. Intestinal epithelial
cells are especially prone to changes in cell volume due to their high capacity of
salt and water transport and the high membrane expression of various nutrient
transporters. Therefore, to aveid excessive shrinkage or swelling, enterocytes,
like most cell types, have developed efficient mechanisms to maintain osmotic
balance.This chapter reviews selected model systems that can be used to
investigate cell volume regulation in intestinal epithelial cells, with emphasis on
the regulatory volume decrease (RVD), and the methods available to study the
compensatory redistribution of {organic) osmolytes. In addition, a brief summary
is presented of the pathways involved in osmosensing and osmosignalling in the
intestine.
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Volume regulation in intestinal epithelial cells

Introduction

Intestinal epithelial cells, like most cell types, are constantly exposed to
a variable osmotic stress caused by the uptake or release of osmotically
active substances (amino acids, sugars etc.), the formation or degradation of
macromolecules (proteins, glycogen), hormone-induced altterations in cellular
metabolism or changes in the osmolarity of the surrounding fluid. Because of the
relatively high water permeability of the plasma membrane, osmotic imbalances
will immediately trigger a redistribution of cellular water and, consequently,
induce a rapid change in cell volume. To protect the cells against the potentially
deleterious effects of alterations in size, almost all cell types have developed
compensatory mechanisms to prevent excessive shrinkage or swelling and to
restore their original volume (reviewed by 1,2,3,4,5,6). In general, adjustment
of the intracellular osmolarity is achieved by the activation of transport pathways
in the plasma membrane, leading to a net accumulation (regulatory volume
increase or RVI) or loss (regulatory volume decrease or RYD) of osmotically active
substances. Whereas the RVi involves the net uptake of NaCl through stimulation
of Na*/H"~ and Cl"/HCO, -exchangers or the activation of Na*/K*/2C1"- and Na*/
Cl™-symporters, the RVD largely depends on the release of KCl through K*- and
Cl-selective ion channels or by the activation of K™/CLl -symporters. In addition,
an organic osmolyte release pathway was found to be activated in response to
osmotic swelling in a number of cell models, resulting in the release of small
organic molecules such as taurine and betaine (For reviews see: 7; 8; 9}.

Properties of the ion channels and transporters activated during RVD in
intestinal epithelial cells

Hypo-osmotic stimulation of intestinal epithelial cells will result in a rapid
increase in cell volume and a subsequent activation of specific K" and Cl
channels, leading to a net efflux of KCl, which promotes the loss of cellular
water and restoration of the original cell volume. In cultured intestine 407 cells
, recovery of cell size is achieved within a 1-2 minute period after applying a
hypo-osmotic stimulus [10,11]. For isolated intact intestinal crypts, however,
considerable longer periods are needed to obtain full volume recovery [12,13].
Whereas the K™ conductance involved has been identified as a Ca2+—dependent
K* channel, sensitive to Ba%*, quinidine, tetraethylammonium and charybdotoxin
[10,14,15,16], the molecular identity of the anion channel (Volume-Regulated
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[10,14,15,16], the molecular identity of the anion channel (Volume-Regulated
Anion Channel, VRAC), despite its ubiquitous expression throughout the animal
kingdom and its marked biophysical profile, has not yet been elucidated. Several
potential candidates have been proposed, which include MDR-1/P-glycoprotein,
ClC-2, CIC-3 and ICin, however, none of them meet all the electrical and
pharmacelogical criteria of VRAC [17,18,19,20,21].

The cell swelling-activated chloride conductance has been studied in numerous
different cell types and its electrical characteristics were found to be very
similar in all models investigated. Key features of VRAC are: 1)} a strong outward
rectification and a prominent inactivation of the conductance at depolarising
potentials, 2} a permeability sequence that corresponds to the Eisenman’s
sequence | (SCN™ > I"> NO,” > Br™ > CI” > F~ > gluconate) and 3) inhibition by
common Cl -channel blockers such as 4-acetamido-4’-isothiocyanostilbene
(SITS), 4,4’ -Diisothiocyanatostilbene-2,2’-disulfonic acid (DIDS), 5-nitro-2-(3-
phenyl-propylamino)-benzoate (NPPB), diphenylamine-2-carboxylate (DPC)
and niflumic acid [6,17,18,19,21.]. Finally, the hypotonicity-provoked VRAC
activation in Intestine 407 cells was found to be potentiated, but not elicited,
by Ca’*-mobilizing hormones as well as by micromolar concentrations of ATP
[22,23]. In contrast, millimolar concentrations of ATP as well as the purinoceptor
antagonists suramin and Reactive Blue were found to inhibit VRAC [23]. This
inhibition is most prominent at depolarising membrane potentials and does not
involve purinoceptor activation and Caz‘”—signalling.

In addition to the activation of K" and C1™ channels, the release of small organic
osmolytes contribute significantly to the RVD response in many cell models. In
a number of tissues and cell types, the organic osmolyte release pathway was
found to be the major mechanism involved in cell volume correction [6-9]. In
Intestine 407 cells, osmotic cell swelling was found to promote the release of
taurine independently of the activation of VRAC. Unlike activation of the cell
swelling-induced anion conductance, activation of the organic anion release
pathway occurred only after a distinct lag time of approximately 30-60s [24]. In
addition, the threshold for activation of taurine release was reached only at a
relatively strong hypotonic stimulation. This suggests that, in Intestine 407 cells,
the release of organic osmolytes acts a second line of defence.
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Osmosensing and signalling

To date, very little is known about the molecular identity of the receptor involved
in osmosensing in vertebrates. A specific class of osmoreceptors belonging to the
family of histidine kinases has been identified in fungi, yeast and plants cells
[25-27]. Histidine-kinases however, as a part of the so-called two-component
systerns are rarely expressed in mammalian cells. Several alternative mechanisms
for osmosensing have been proposed, including macromolecular crowding,
signalling via the extracellular matrix and integrin receptors, as well as activation
of mechano-sensitive ion channels [3,6,17,28]. For intestinal epithelial cells,
the role of integrins and their effects on cytoskeletal rearrangements are of a
particular interest because of the sensitivity of YRAC in these cells for agents
that affect the integrity of the cytoskeleton and by the observation of several
groups that osmotic cell swelling is accompanied by a cytoskeletal reorganization
[29-33].

Although differences may exist between cell types, several general features
of cell signalling in response to hypo-osmotic stress have recently emerged.
Especially the requirement of protein tyrosine phosphorylation for the activation
of VRAC has been well documented. In the presence of tyrosine kinase inhibitors
like herbimycin A, genistein or tyrphostins, the cell swelling-activated anion
conductance was found to be largely reduced, whereas (per) vanadate inhibition
of phosphotyrosine phosphatases, to reduce phosphotyrosine phosphatase
activity, potentiated the anion efflux triggered by non-saturating hypo-osmotic
stimulation [11,34-36]. Many hypofonicity-activated (targets of} tyrosine kinases
have been reported over the last few years, including the focal adhesion kinase
(FAK), receptor tyrosine kinases like the epidermal growth factor receptor,
phosphatidylinositol-3-kinase and members of the families of SRC and MAP kinases
{for review see 37). Adirect activation of VRAC, however, has only been established
for the SRC-like p56lck tyrosine kinase in Jurkat T lymphocytes. For these cells,
strong evidence exists that pbélck is both essential and adequate for channel
activation [38]. This notion is supported by our observation that in Intestine 407
cells, the hypotonicity-provoked anion efflux is largely reduced after treating the
cells with damnacanthal, an inhibitor of p5élck (B.C.Tilly, unpublished results).
In Caco-2 colonocytes, however, targeting ¢-SRC to caveolae was found to inhibit
VRAC [39].

In addition to tyrosine kinases and/or phosphatases, the invelvement of G
proteins in the activation of the RVD has been reported. Indeed, activation of G
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proteins by the intracellular administration of GTPyS rapidly induced an anion-
selective current in several cell types, including human HT29cl19A colonocytes
[35,40]. Furthermore, a regulatory role for the Ras-related Gprotein p21Rho in
the activation of VRAC has been reported for Intestine 407 cells and various other
cell types [31,35,41,42,43]. Most plausibly, p21Rho exerts its function through
the induction of cytoskeletal remodelling. In Intestine 407 cells, the related
pi12Ras and its downstream target Raf-1, which are also activated during osmotic
cell swelling, did not affect VRAC regulation but were found to he essential for
activation of the ERK-1/2 MAP kinases [44]. Notably, although p21Rho is essential
for VRAC regulation, recent studies in bovine endothelial cells have shown that
Rho activation alone is not sufficient to induce opening of the channel [42]. The
hypotonicity-induced release of organic osmolytes was not sensitive to tyrosine
kinase or phosphatase inhibition and did not require p21Rho or Ptdins-3-kinase
activity, indicating that the efflux is regulated independently of VRAC [24].

Osmotic cell swelling is often accompanied by an increase in vesicle (re-)
cycling and exocytosis [45-48]. In Intestine 407 cells and several other cell
types, an increase in volume leads to the extracellular release of ATP, an almost
universal cellular response to mechanical stress, through a mechanism involving
exocytosis [44,48,49]. Although extracellular ATP is not directly involved in the
regulation of VRAC, purinergic receptor activation was found to trigger the
hypotonicity-provoked stimulation of ERK-1/2 in Intestine 407 cells [23,44]. It
has been reported that exocytosis contributes also to the development of the
compensatory anion conductance by the recruitment of additional anion channels
to the plasma membrane [50].

Osmotic cell swelling activates several distinct signalling pathways that are
often also associated with {neuro-} hormone and/or growth factor-associated
signal transduction. Whereas some of these cascades are coupled to the regulation
of VRAC, others, like the ATP-provoked activation of ERK-1/2, are apparently not
involved in channel regulation and, although speculative, may have a function in
restoring cellular homeostasis and in maintaining cell viability. Importantly, with
the notable exception of pbélck in Jurkat T cells, activation of these signalling
moelecules by itself is not sufficient to activate VRAC. Linking these widely utilized
signalling modules to an independent, but yet unidentified, ‘volume sensor’
not only preserves the specificity of the response but also couples the RVD to
pathways activated by hormonal stimulation, thereby facilitating the correction
of small changes in cell volume that may occur during hormone-induced changes
in cellular metabolism.
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Model systems

To investigate cellular responses to osmotic challenges in intestinal epithelial
cells, a variety of different model systems can be used that vary in their complexity
and in their resemblance to native intestinal epithelium. The human Intestine
407 [51] and rat IEC-6 [52] cells are examples of relatively fast propagating
epithelial cells, which can be easily maintained in culture using standard
conditions. Although they grow as monolayers, the cells are not interconnected
by junctional complexes and they do not develop into a semi-tight or “leaky”
epithelium, making them unsuitable for transepithelial potential or current
measurements in Ussing chambers. They are however, good model cells for patch
clamp and radioisotope efflux studies, as well as for biochemical analysis of signal
transduction cascades and optical imaging. In addition, as compared to many
other enterocyte or colonocyte cell types, expression of proteins can be modified
relatively easily using modern molecular genetic tools. Intestine 407 cells are
very suitable for investigating cell swelling-activated anion currents because
these cells lack expression of any other Cl” conductances aside VRAC, such as
Ca®*- and voltage-sensitive CI” channels or cCAMP/protein kinase A-sensitive CFTR
CU” channels [10,11,53]. In addition, P-glycoprotein expression was not detected
in the sub-clone used in our lab.

The colonocyte cell lines Caco-2 {54], HT29-cl.19A [55] and T84 [56,57] are
all derived from lung metastasis of human colonrectal cancers. As compared to
Intestine 407 and !EC-6 cells, they more closely resemble native enterocytes in
that they express the cystic fibrosis transmembrane conductance regulator (CFTR,
the chloride channel defective in cystic fibrosis patients), which is ubiquitously
present in the apical membrane of intestinal epithelial cells, and, when cultured
on a permeable support for at least 2 weeks, form semi-tight epithelia and
develop junctional complexes. When grown on Costar Transwell™ polycarbonate
cell culture inserts, these cell lines are not only suitable for Ussing chamber
experiments, but can be used also to determine independently the isotope efflux
from the apical and basolateral part of the celis.

Enterocytes, villi or crypts, isolated from freshly excised intestine, are
preparations of the native epithelial cells lining the gut. Although villi and crypt
preparations can be used to study changes in volume [12,13], for instance, using
time-lapse video imaging, and to unravel the signalling pathways triggered by
such a change biochemically, these models are less suitable to investigate ionic
responses using physiological techniques such as radioisotope efflux assays or
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patch clamping. This is partly due to an impaired cell viability, a short life span
after isolation and difficulties in attaching to a substrate. Suspensions of viilus
epitheiial cells however, have been used succesfully to investigate changes in
cell volume by electronic cell sizing using a Coulter counter [58]. In addition, this
preparation was found suitable to determine alterations in intraceflular pH and
[CaZ*], as well as to quantitate “ZNa* uptake and %*Rb* efflux in hypotonicity or
Na*-nutrient stimulated cells [59-61].

Perhaps the most physiclogical model for intact intestinal epithelium is
isolated muscle-stripped mucosa, which can be obtained from small laboratory
animals [62]. This model can also be used to study and compare the different
regions of the intestine [63,64]. In our laboratory, the preparation of muscle-
stripped mucosa for short circuit measurements in Ussing chambers is performed
as described by Andres et al. (1985). Briefly, under full anesthesia, the intestine
is removed and subsequently flushed extensively with ice-cold modified Meyler
solution (108 mM NacCl, 4.7 mM KCL, 1.3 mM CaClz, T mM MgC[Z, 20 mM NaHCO3,
0.8 mM Na,HPO,, 0.4 mM NaH,PO,, 20 mM Hepes and 10 mM glucose, pH 7.4).
Sections of approx. 3-4 cm were cut of the area of interest and placed on a glass
rod. Using a blunt scalpel, a superficial longitudinal incision was made and the
serosa and muscle layers were removed mechanically using tweezers. Thereafter,
the tissue was sliced open, mounted on a circular tissue holder and put between
the two Ussing chamber half cells. Both half chambers were perfused contineously
with modified Meyler solution at 37°C and gassed with 95% O, / 5% CO, .

Measuring ionic responses

Whole cell patch clamp

The single electrode patch clamp technique allows a direct evaluation of
the magnitude and the electrical properties of currents under voltage clamp
conditigns [65,66]. in its whole cell configuration, this method has been used
to study volume-sensitive channels under well-defined (ionic) conditions in
numerous cell models, leading to the identification of the K" channels involved
and to a detailed electrical characterization of VRAC (see above). Although
whole cell patch clamping is a well-established technique, widely used by many
different research groups around the werld, and almost all of the equipment
and software needed is available commercially, investigators who are planning
to introduce this technique in their own laboratory are strongly adviced to get
into contact with a lab specialized in membrane electrophysiology. This because
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of the special requirements needed to isolate the setup from environmental
electrical ncise and mechanical vibrations. Because a high-resistance seal
between the pipette and the cell membrane can be obtained easily when the
cell has a smooth surface [65,67], it is much easier to study cultured cells at
low densities than using fully differentiated enterocytes containing numerous
microvilli and an apical mucous layer. As a consequence, isolated villi and crypts
as well as stripped intact intestinal epithelium are less suitable for patch clamp
analysis. In combination with fluorescence microscopy, patch clamping is very
useful to study channel activation in cells transfected with fluorescently-tagged
vectors, making it possible to identify cells with high expression levels. Notably,
in contrast to the isotope efflux assays and short circuit measurements (described
below), the RVD is not functional under whole cell patch clamp conditions and
the cell swelling-induced currents last as long as the bathing solution remains
hypotonic with respect to the pipette solution (cf see 19).

Whole cell recordings can be obtained after disruption of the membrane
patch directly under the pipette by a mild negative pressure, creating a direct
access between the cell interior and the microelectrode. Although this atlow
us to control the intracellular composition, it could also result in a dilution of
essential cellular components and lead to a run down of the currents. To avoid
diffusion of small molecules, but not ions, the perforated patch configuration [68]
can be used, in which the membrane patch under the pipette is not disrupted but
instead permeabilized using pore-forming antibiotics (nystatin, amphothericin).

Toinvestigate VRAC activation in Intestine 407 cells, we used a bathing isotonic
solution composed of 110 mM CsCl, 5 mM MgSO4, 3.5 mM sodium gluconate, 12
mM Hepes, 8 mM Tris-HCl and 100 mM mannitol at pH 7.4 [23]. The intracellutar
pipette solution contained 110 mM CsCL, 2 mM MgSO4, 25 mM Hepes, 1 mM EGTA,
1 mM Na,ATP and 50 mM mannitol, pH 7.4. Patch pipettes were pulled from
borosilicate glass (Clark Electromedical Instruments, Pangbourne, Berks, UK),
heat polished and had a resistance of 2-3 M. Whole cell current recording were
made using a RK-300 amplifier (Bio-Logic, Claix, France) and digitized using a
Digidata 1200 AD converter (Axon Instruments Inc., Foster City, CA), To monitor
the development of the current, alternating step pulses (100-ms duration) from
0 to 100 mV were applied every 30 s. Voltage-dependence of whale-cell current
was monitored by applying step pulses (2-s duration, 7-s interval) from -100 my
to +100 mV with 25 mV increments (Figure 1}. For command pulse control, data
acquisition and analysis, pCLAMP 9 software (Axon Instruments, Union City, CA)
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was used. All data were sampled at 5 kHz after being low-pass filtered at 500
Hz.
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Figure 1: Volume-sensitive chloride currents from Intestine 407 cells. A) Whole cell
CU currents in control (isotonic) and hypo-osmotically stimulated cells in response to step
pulses (2 s duration) from -100 mV to 100 mV (25 mV increments). B) Current to voltage
relationship of the hypotonicity-provoked CL™ currents immediately after the onset of
the pulse (circles) and after reaching their plateau values {triangles). C) Time course of
the hypotonicity-provoked anion currents at ~100 and +100 mV as well as the voltage-
dependent inhibition of the currents by suramin (100 pM}.

Isotope efflux assay

The radioisotope efflux assay is a rapid and easy method to quantitate
alterations in ionic conductances as well as to determine the release of small
organic osmolytes from cultures of cells [24,69]. As a tracer for the chloride
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conductance, either 38C1~ or '2°” or both can be used. Cation conductances can
be evaluated by using 36Rb*, ZNa* or “°Ca?* for respectively K*, Na* and Ca%*
channel activity. An increase in the efflux of a specific isotope indicates the
activation and opening of that particular channel, but does not give accurate
informaticn about the magnitude or the direction of the current. For instance,
stimulation of *3Ca® -loaded Intestine 407 cells with bradykinin will result in a
rapid and transient radioisotope efflux, indicative for a transient opening of CaZ*
channels, which is against the electro-chemical gradient for Ca? {22; Figure 2C).
In addition, the efflux of tracer can occur through exchange with ions in the bath
and does not require the presence of a shunt conductance, for example, an almost
normal hypotonicity-provoked efflux of 123" can be observed from Intestine 407
cells treated with phorbol esters to block the potassium conductance (Figure 2
A,B).

To perform isctope efflux assays, cells can be grown in tissue culture dishes,
12 or 24 multiwell plates or tissue culture treated polycarbonate fitters (Costar
Transwell™). Although optimal labeling conditions may vary per cell type, we
routinely load our cells with 20-50 pCi/ml *®Ct™, 0.5-1 pCi/ml *3Ca?*, 5-10 pCi/
ml *2°~ and/or 0.5-1 pCi/ml 86Rb* in modified Mevyler solution for 2 h at 37°C
under a humidified atmosphere of 95% air / 5% CO,. Prior to the experiment,
the cells were washed 3 times with a low sodium isgtonic medium containing
mannitol (8¢ mM NaCl, 5 mM KCL, 1.3 mM CaClz, 1 mM MgCLZ, 10 mM glucose, 98
mM mannitol and 20 mM Hepes, pH 7.4), The radioisotope efflux from cells grown
in wells was determined by consecutive replacement (1-2 minute intervals) of
the medium (1 ml/well for 24 wells plates) with either isotonic or hypotonic
medium at 37°C. Hypotonic buffers were prepared by adjusting the mannitol
concentration. Residual isotope was determined at the end of the experiment by
dissolving the cells in 0.5 M NaOH. Alternatively, the cells can be incubated for
an additional 60 min in 1 ml of buffer to determine the amount of free diffusible
tracer still present after full equilibration. This procedure is especially useful if
a considerable amount of the tracer is immobilized intracellularly. When cells
are grown on filter insets, both the efflux from the mucosa (apical efflux, upper
compartment) and from the serosa (basolateral efflux, lower compartment} can
be determined by replacing the medium in the upper compartment as described
above and by simuttaneously transferring the filter inset to a consecutive well
containing fresh medium. Isotope efflux can be quantitated by B-scintillation (*¢C(”
or 45Caz") or y-scintillation (1251‘ with or without 8Rb*) counting. To compare
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the magnitude of the efflux during the experiment, the data are expressed as
“fractional efflux per minute” [69].
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Figure 2: Radioisotope efflux from Intestine 407 cells. '2°I” (A) and 36Rb* (B) efflux
from isotope-loaded hypo-osmotically-stimulated control (open symbals) and phorbol 12-
myristate 12-acetate-treated (PMA; 200 nM for 5 min; closed symbols) cultures. A marked
inhibition of the 3®Rb*, but not the "2°I", efflux was observed in PMA-treated cells. (€)
Hypotonicity-provoked efflux of 3H-taurine. (D} Efftux of 4ca?* from isotope-loaded cells
stimulated with bradykinin (closed symbols) or a hypo-osmotic (open symbols} medium.
All data are expressed as mean *5.E.M. for n=3. Arrows indicate time points of hypotonic
stimulation (70% tonicity, A-D) or addition of bradykinin (1 pM, D).
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A similar approach can be used to study the release of organic osmolytes. For
intestine 407 cells, loading for 2 h with 0.1 pCi/mt *H-taurine or 3H-choline was
found sufficient to get a reascnable intracellular accumulation [21]. To guantitate
the actual amount of taurine released, medium fractions can be collected at
the various time points and analyzed by reverse-phase HPLC after pre-column
derivatization with o-phthaldialdehydeas as described previously.

Ussing chamber experiments

The “Ussing chamber” technique is particular convenient for studying ionic
responses in intact muscle-stripped intestinal epithelium or in filter-grown
monclayers of cultured enterocytes that have developed a junctional complex.
This method not only allows a direct evaluation of the transepithelial potential
or current but can also be used to measure changes in the epithelial resistance
[reviewed by 70,71]. In comparison with patch clamp studies and radicisctope
efflux assays, Ussing chamber experiments have the advantage that intact cells
and epithelia, not impaled with micro-electrodes, are studied and that, unlike
tracer studies, the actual transepithelial current, as well as its direction can
be determined. A disadvantage of this method, however, is that the observed
current reflects the sum of the magnitudes and directions of all individual anion
and cation currents from both the mucosal (apical) or serosal (basolateral) sides.
Therefore, to evaluate a specific current, inhibitors should be used or conditions
shoutd be chosen that nullify other contributing conductances.

Since the first description of the Ussing chamber, by the Danish physiologist
Hans Ussing [72], a number of different designs have been reported, some
available commercially, that fit pieces of isolated intestinal epithelium, filter
inserts with cultured cells or even small pieces of tissue obtained from biopsies.
In general, the chamber consists of 2 separate compartments connected by a
small hole that can contain the tissue or the filter insert. Each compartment has
two electrodes, one (platinum) for current injections and one for transepithelial
voltage recording (calomel or Ag/AgCl electrode}. Using an amplifier suitable for
Ussing chamber studies, the transepithelial potential difference (PD) or the short
circuit current {Isc, under voltage clamp conditions), as well as by injecting a
current pulse of known magnitude the transepithelial electrical resistance (TEER)
can be determined. The most suitable chamber designs have half cells, which can
be perfused continucusly and independently of each ather, making changes in the
composition of the serosal and mucosal medium possible, and are temperature
controlled.
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Figure 3: Short circuit current recording of stimulated murine muscle-stripped ileum
mounted in an Ussing chamber. Arrows indicate time points of the shift to a hypotonic
medium (70% tonicity, serosal and mucosal) or the addition of forskolin (10 M, serosal), an
activator of CFTR-mediated Cl™ secretion, or glucose (10 mM, mucosal), initiating glucose-
coupled Na* uptake. Upward deflections represent a net current from the mucosal to the
serosal side of the chamber.

To study transepithelial potentials and short circuit currents in murine or rat
intestinal epithelium, small sections stripped mucosa were mounted in Ussing
chambers (0.3 cm? exposed area) perfused with modified Meyler solution
continuously gasses with 95% O, / 5% CO, at 37°C. The potential difference
was measured using calomel electrodes (Radiometer, Copenhagen, Denmark)
connected to each of the half chambers by KCl-agar bridges; current (1-10 pA)
was injected through platinum electrodes. The electrodes were connected to a
DVC-1000 Dual Channel Voltage/Current clamp amplifier (WPI, Berlin, Germany}).
Data were digitised using a Digidata 1322A AD converter (Axon Instruments,
Union City, CA) and analysed using AxoScope software (Axon Instruments, Union
City, CA). Two Ussing chambers were used simultaneously to record the PD or
Isc. The PD was expressed relative to the potential of the serosal side of the
tissue; an Isc current from mucosa o serosa was designated positive. The isc
was measured continuously with the transepithelial voltage set at the PD value.
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To evoke hyperosmotically-induced changes in Isc, mannitol could be added
to either the serosal and/or the mucosal side of the tissue. To avoid junction
potentials however, it is better to study hypotonicity-provoked currents in
chambers perfused with a low sodium and mannitol containing modified Meyler
solution. A hypo-osmotic stimulus can than be applied by switching the perfusion
medium to one containing less mannitol. The magnitude of the Isc current in
response to mucosal glucose, a consequence of electrogenic Na*-driven glucose
uptake, will help the experimentator to evaluate tissue viability. Figure 3, shows
an example of osmotically induced changes in Isc in murine ileum.

Fluorometric quantification of intracellular ion concentrations

To date, fluorescent probes are frequently used as easy and non-invasive tools
to study changes in the intracelluar concentrations of ions or to determine
alterations in membrane potential and intracellular pH in many different model
systems. In addition, several of these indicators have been proven to be suitable
for high-throughput quantitative studies. The use of fluorescent anion indicators
has been boosted by search for pharmacological potentiators and correctors
of F508delCFTR, the most common mutant CFTR chloride channel identified in
cystic fibrosis patients. Most fluorescent anion indicatars, such as SPQ and MQAE
(Molecular Probes, Eugene, OR, U.5.A.), are methoxyquinolinium derivatives and
have a rather poor plasma membrane permeability [73]. As a consequence loading
of the cells with these probes may take many hours. Recently, a halide-sensitive
derivative of Green Fluorescent Protein (YFP-H148Q/1152L) has been generated
which could be expressed in target cells, thereby avoiding long periods of loading
[74]. Although these indicators are very useful to study channel activation under
isotonic conditions, the fluorescence signal is sensitive to changes in probe
concentration, limiting their suitability for studies of ion concentration changes
in response to changes in cell volume.

Concluding remarks

To date, a wide variety of model systems and techniques are available to study
osmo-sensing and osmo-signalling in intestinal epithelial cells. However, despite
many years of intensive research by multiple groups, important questions such

as the identity of the volume sensor VRAC and the transporter/channel involved
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in organic osmolyte release, remain to be resolved. In addition, our present
knowledge about the processes linking the putative osmosensor to its effectors
is rather limited. Perhaps newly emerging technologies, such as gene knockdown
with small interfering RNAs (5iRNA; cf. see 75) in either cells or intact animals,
may help elucidating these questions.

50



Volume regulation in intestinat epithelial cells

References

13.

14.

16.

17.

18.

19,

Lang, F, Busch, G.L., Ritter, M., Volkt, H., Waldegger, 5., Gulbins, E. and Maussinger, D. (1998).
Functional significance of cell volume regulatory mechanisms. Physiol.Rev. 78, 247-306.
O'Neill, W.C. (1999). Physiological significance of volume-regulatory transporters. Am.J.Physiol.
276, C995-C1011.

Mangin and Orlov (2001). Mechanisms of cell volume reguiation and possible nature of the cell
velumne sensor. Pathophysiology 8, 77-88.

Wehner, F., Olsen, H., Tinel, H., Kinne-5affran, E. and Kinne, R.K.H. {2003). Cell volume
regulation: osmolytes, osmolyte transport, and signal transduction. Rev.Physiol.Biochem.
Pharmacol. 148, 1-80.

Strange, K. (2004). Cellular volume homeostasis, Adv.Physiol.Educ. 28, 155-159.
Pasantes-Morales, H., Lezama, .A.P., Rameos-Mandujano, G. and Tuz, K.L. {2006). Mechanisms of
cell volume regulation in hypo-osmolality. Am.J.Med, 119, 54-511.

Junankar, P.R. and Kirk, K. {2000). Organic osmolyte channels: a comparative view. Cell.Physiol.
Biochem. 10, 355-360.

Pasantes-Morales, H., Franco, R., Ochoa, L. and Ordaz, B, (2002). Osmosensitive release of
neurotransmitter amino acids: relevance and mechanisms. Neurochem.Res. 27,59-65.
Lambert, [.H. (2004). Regulation of the cellular content of the organic osmolyte taurine in
mammalian cells. Neurochem.Res. 29, 27-63.

Hazama, A. and Okada, Y. (1988). CaZ+ sensitivity of volume-regulatory K+ and Cl- channels in
cultured human epithelial cells. J.Physiol. 402, 687-702.

Tilly, B.C., van den Berghe, N., Tertoolen, L.G.J., Edixhoven, M.J. and de Jonge, H.R. (1993).
Protein tyrosine phasphorylation is involved in osmoregulation of ionic conductances. J.Biof.
Chem. 268, 19919-19922.

Q’Brien, J.A., Waiters, R.J. and Sepdlveda, F.V, (1991). Regulatory volume decrease in small
intestinal crypts is inhibited by K+ and Cl- channel blockers. Biochim.Biophys.Acta 1079, 501-
504.

Mignen, 0., Le Gall, C., Harvey, B.J. and Thomas, 5. (1999). Volume regulation following
hypotonic shock in isolated ¢rypts of mouse distal colen. J.Physicl. 515, 501-510,

Niemeyer, M.L., Cid, L.P. and Sepllveda, F.V. (2001). K+ cenductance activated during regulatory
volume decrease. Comp.Biochem.Physiol.A Mol.Integr.Physicl, 130, 565-575,

Grunnet, M., MacAutay, N., Jorgensen, N.K., Olesen, S.P. and Kiaerke, D.A. (2002). Regulation
of cloned, CaZ+-activated K+ channels by cell volume changes. Pfliigers Arch. 444, 167-177.
Wang, J., Morishima, S. and Okada, Y. (2003). IK channels are involved in the regulatory volume
decrease in human epithelial ceils. Am.J.Physiol. 284, C77-C84.

Okada, Y. (1997). Volume expansion-sensing outward rectifier Cl- channel: fresh start to the
molecular identity and velume sensor. Am. J.Physiol. 273, C755-C789.

Jentsch, T.J. Stein, V., Weinreich, F. and Zdebik, A.A. (2002). Molecular structure and
physiological function of chloride channets. Physiol.Rev. 82, 503-568.

Nilius, B. and Droogmans, G. (2003). Amazing chloride channels: an overview. Acta Physiol.
Scand. 177, 119-147.

31



Chapter 2

20,

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

2.

3%

34.

35.

36.

52

Sardini, A., Amey, J.S., Weylandt, K.H., Nobles, M., Valverde, M.A. and Higgins, C.E. {2003).
Cell volume regulation and swelling-activated chloride channels. Biochim.Biophys. Acta. 1618,
153-162.

Okada, Y. {2006). Celt volume-sensitive chloride channels: phenotypic preperties and melecular
identity. Contrib.Nephrol. 152, 9-24.

Tilly, B.C., Edixhoven, M.J., van den Berghe, N., Bot, A.G. and de Jonge, H.R. (1994).
Ca2+-mobilizing hermones potentiate hypotonicity-induced activation of ionic conductances in
Intestine 407 cells. Am.J.Physiol. 267, C1271-C1278.

Van der Wijk, T., de Jonge, H.R. and Tilly, B.C. (1999). Osmotic celi swelling-induced ATP
release mediates the activation of Erk-1/2 but not the activation of asmo-sensitive anion
channels. Biochemical J. 343, 57%9-586.

Tomassen, 5.F.B., Fekkes, D., de Jonge, H.R. and Tilly, B.C. {2004}. Osmotic swelling provoked
release of organic asmolytes in human intestinat epithelial cells: relation to chloride ¢hannel
activation and regulation by PKC. Am.J.Physiol. 286, C1417-C1422.

Urao, T., Yamaguchi-Shinozaki, K. and Shinozaki, K. {2000). Tweo-component systems in plant
signal transduction. Trends Plant Sci. 5, 67-74.

Hohmann, $. (2002). Osmotic stress signaling and osmoadaptation in yeasts. Micrebiol. Mo!. Biol.
Rev. 66, 300-372.

Grefen, C. and Harter, K. (2004). Plant two-component systems: principles, functions,
complexity and cross talk. Planta 219, 733-742.

Haussinger, D. Reinehr, R. and Schliess F. (2006). The hepatocyte integrin system and cell
volume sensing. Acta Physiol. (Oxf) 187, 249-255.

Foskett, J.K., and Spring, K.R. (1985). Involvernent of calcium and cytoskeleton in gatlbladder
epithelial cell volume regulation. Am.J.Physiol. 248, C27-C36.

Cornet, M., Lambert, [.H., and Hoffmann, E.K. (1993). Relation between cytoskeleton, hypo-
osmotic treatment, and velume regulation in Ehrlich ascites tumer cells. J.Membr.8iol. 131,
55-66.

Tilly, B.C., Edixhoven, M.J., Tertoolen, L.G.J. Morii, N., Saitoh, Y., Narumiya, S. and de Jonge,
H.R. (1996). Activation of the osmo-sensitive chloride conductance involves p2irhe and is
accompanied by a transient reorganization of the F-actin cytoskeleton. Mol.Biol.Cell. 7, 1419-
1427.

Pedersen, S.F., Mills, J.W, and Hoffmann, E.K. (1999). Role of the F-actin cytoskeleton in the
RVD and RVI processes in Ehrlich ascites tumor cells. Exp.Cell Res. 252, 63-74.

Carton, I., Hermans, D. and Eggermont, J. (2003). Hypotonicity induces membrane protrusions
and actin remadeling via activation of small GTPases Rac and Cdc42 in Rat-1 fibroblasts. Am
J.Physiol. 285, C935-C944,

Sorota, S. {1995}. Tyrosine protein kinase inhibitors prevent activation of cardiac swelling-
induced chloride current. Pfliigers Arch. 431, 178-185.

Voets, T., Manolopoulos, V., Eggermont, J., Ellory, C., Droogmans, G. and Nilius, B, (1998).
Regulation of a swelling-activated chloride current in bovine endothelium by protein tyrosine
phosphorylation and G proteins. J.Physiol. 506, 341-352.

Shi, C., Barnes, S., Coca-Prados, M. and Kelly, M.E. (2002). Protein tyrosine kinase and protein
phosphatase signaling pathways regulate volume-sensitive chloride currents in a nonpigmented
ciliary epithetial cell line. Invest.Ophthalmol. Vis.5ci. 43, 1525-1532,



Volume regutation in intestinal epithelial cells

i7.

3a.

39.

40,

41,

42,

43,

45.

46.

47.

48.

49,

30.

51,

52.

Pasantes-Morales, M., Lezama, .A.P, Ramos-Mandujano, G. {(2006b). Tyrosine kinases and
osmolyte fluxes during hyposmotic swelling. Acta Physiol. (Oxf) 187, 93-102.
Lepple-Wienhues, A., Szabo, 1., Laun, T., Kaba, N.K., Gulbins, E. and Lang, F. (1998}. The tyrosine
kinase pS6lck mediates activation of swelling-induced chloride channels in lymphocytes. J.Cell
Biol. 141, 281-286.

Trouet, D., Carton, |., Hermans, D., Dreogmans, G., Nilius, B. and Eggermont, J. (2001).
Inhibition of VRAC by c-Src tyrasine kinase targeted to caveolae is mediated by the Src homology
domains. Am.J.Physiol. 281, C248-C256.

Tilly, B.C., Kansen, M., van Gageldenk, P.G.M., van den Berghe, N., Bijman, J., Galjaard, H.
and de Jonge, H.R. (1991). G-proteins mediate intestinal chloride channel activation. J.Biol.
Chem. 266, 2036-2040.

Estevez. A.Y., Bond, T. and Strange, K. (2001).Regulation of I(Cl,swell) in neuroblastoma cells
by G protein signaling pathways. Am.J.Physiol. 281, C89-C98.

Carton, I., Trouet, D., Hermans, D., Barth, H., Aktories, K., Droogmans, G., Jorgensen, N.K.,
Hoffmann, E.K., Nilius, B. and Eggermont, J. (2002). RhoA exerts a permissive effect on volume-
regulated anion channels in vascular endothelial cells. Am.Jf Physiol. 283, C115-C125.
Pedersen, 5.F., Beisner, K.H., Hougaard, C., Willumsen, B.M., Lambert, 1.H. and Hoffmann, E.K.
(2002). Rho family GTP binding proteins are involved in the regulatory volume decrease process
in NIH3T3 mouse fibroblasts. J.Physicl. 541, 779-796.

Van der Wijk, T., Dorrestijn, J., Narumiya, 5., Maassen, J.A., de Jonge, H.R, and Tilly, B.C,
(1998). Osmotic swelling-induced activation of the extracellilar signal-regulated protein
kinases Erk-1 and Erk-2 involves the Ras/Raf signalling pathway. Biochemical J. 331, 863-869.
Bruck, R., Haddad, P., Graf, J., and Boyer, J. L, (1992). Regulatory volume decrease stimulates
bile flow, bile acid excretion, and exocytosis in isclated perfused rat liver. Am.J.Physiol. 262,
G806-G812.

Okada, Y., Hazama, A., Hashimoto, A., Maruyama, Y., and Kubo, M. (1992). Exocytosis upon
osmotic swelling in hurnan epithelial cells. Biochim.Biophys.Acta 1107, 201-205.

Strbak, V. and Greer, M.A. (2002). Regulation of hormone secretion by acute cell volume
changes: CaZ+-independent hormone secretion. Cell.Physiol.Biochem. 10, 393-402.

Van der Wijk, T., Tomassen, S.F.B., Houtsmuiler, A.B., de Jonge, H.R. and Tilly, B.C. (2003).
Increased vesicle recycling in response to osmotic cell-swelling; cause and consequence of
hypotenicity-provoked ATP release. J.Biol. Chem. 278, 40020-40025.

Hazama, A., Shimizu, T., Ando-Akatsuka, Y., Hayashi, S., Tanaka, S., Maeno, E., and Okada, Y.
(1999). Swelling-induced, CFTR-independent ATP release from a human epithelial cell line: lack
of correlation with volume-sensitive Cl- channels. J.Gen.Physiol. 114, 525-533

Lim, €.H., Schoaonderwoerd, K., Kleijer, W_J., De Jonge, H.R. and Tilly, B.C. (2006). Regulation
of the cell swelling-activated chloride conductance by cholesterol-rich membrane domains.
Acta Physiol. (Oxf). 187, 295-303.

Henle, G. and Deinhardt, F. (1957). The establishment of strains of human cells in tissue culture.
J.tmmunof. 79, 54-59.

Quaroni. A,, Wands, 1., Trelstad, R.L. and Isselbacher, K.J. (1979). Epithelioid ceil cultures
from rat small intestine. Characterization by morphologic and immunologic criteria. J.Celf
Biol. 80, 248-265.

23



Chapter 2

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

34

Kubc, M. and Okada, Y (1992). Volume-regulatory Cl- channel currents in cultured human
epithelial cells. J.Physiol. 456, 351-371.

Fogh, J., Fogh, J.M. and QOrfeo, T. (1977). One hundred and twenty-seven cultured human tumor
cell lines preducing tumors in nude mice. J Natl Cancer Inst. 59, 221-226.

Augeron, C., Maoret, J.J., Laboisse, C.L. and Grasset, E (1986). Permanently differentiated cell
clones isolated from the human colonic adenocarcinoma cell line HT-29: possible models for
the study of ien transport and mucuc productien. In: Alvarado, F and Van Os, C.H. {eds.} lon
gradient coupled transport, Elsevier, pp. 363-366.

Murakami, H. and Masui, H. {1980). Hormonal control of human colon carcinoma cell growth in
serum-free medium. Proc.Natl.Acad.5ci. USA 77, 3464-3468.

Dharmsathaphorn, K., McRoberts, J.A., Mandel, K.G., Tisdale. L.D. and Masui, H. (1984). A
human colonic tumeor cell line that maintains vectorial electrolyte transport. Am.J.Physiol.
246, G204-G208.

MaclLeod, R.J. and Hamilton, J.R. (1990). Regulatory volume increase in mammalian jejunal
villus cells is due to bumetanide-sensitive NaKCl2 cotransport. Am.J.Physiol. 258, GA65-G674.
Macleod, R.J., Lembessis, P. and Hamilton, J.R. (1992). Differences in Ca2+-mediation of
hypotonic and Na+-nutrient regulatory volume decrease in suspensions of jejunal enterocytes.
J.Membr.Biol. 130, 23-31.

Macleod, R.J. and Hamilton, J.R. (1996). Activation of Na+/H+ exchange i3 required for
regulatory volume decrease after modest “physiological” valume increases in jejunal villus
epithelial celis. J.Biol.Chem. 271, 23138-23145.

Macleod, R.J. and Hamilton, J.R. (1999). Increases in intracellular pH and Ca(2+) are essential
for K(+) channel activation after medest ‘physiological’ swelling in villus epithelial cells,
J.Membr.Biol. 172, 47-58.

Andres, H., Bock, R., Bridges, R.J., Rummel, W. and Schreiner, J. {1985). Submucosal plexus
and electrolyte transport across rat colenic mucosa. J.Physiol. 364, 301-312,

Diener, M., Bertog, M., Fromm, M. and Scharrer, E. (1996). Segmental heterogeneity of swelling-
induced Cl- transport in rat small intestine. Pflligers Arch. 432, 293-300.

Hérger, S., Schultheifl, G. and Diener, M, (1998). Segment-specific effects of epinephrine on ion
transport in the colon of the rat. Am.J.Physiol, 275, 1367-1376.

Hamill, O.P., Marty, A., Neher, E., Sakmann, B. and Sigworth, F.4. (198t} Improved patch-clamp
techniques for high-resolution current recording from cells and cell-free membrane paiches.
Pfligers Arch. 391, 85-100.

Sakmann, B. and Neher, E. (1984). Patch ciamp techniques for studying ionic channels in
excitable membranes. Ann.Rev.Physiol. 46, 455-472.

Neher, E. (1981). Unit conductance studies in biclogical membranes. In; Baket PF (ed),
Techniques in cellular physiology, Elsevier/North-Holland Biochemical Press, Amsterdam.
Levitan, £.5. and Kramer, R.H. (1990). Neuropeptide madulation of single calcium and potassium
channels detected with a new patch clamp configuration. Nature 348, 545-547.

Vaandrager, A.B., Bajnath, R., Groot, J.A., Bot, A.G.M., and De Jonge, H.R. {1991). CaZ+ and
CAMP activate different chloride efflux pathways in HT-29.cl19A colonic epithelial ceil line.
Am.J.Physiol. 261, G958-G965.



Volume regulation in intestinal epithelial cells

70.

71.

72.

73.

74,

75,

De Jonge, H.R., Ballmann, M., Veeze, H., Bronsveld, [., Stanke, F., Tummler, B. and Sinaasappel,
M. {2004). Ex vivo CF diagnosis by intestinal current measurements (ICM) in small aperture,
circulating Ussing chambers, J.Cyst.Fibros. 3, 159-163.

Hug, M.J. (2002). Transepithelial measurements using the Ussing chamber. The online Virtual
Repository of Cystic Fibrosis European Network 2002. http://central.igc.gulbenkian.pt/cftr/
vr/ d/fhug_transepithelial_measurements_using_the_ussing_chamber.pdf

Ussing, H.H. and Zerahn, K. (1951). Active transport of sodium as the source of electric current
in the short-circuited isolated frog skin. Acta. Physiol.5cand. 23, 110-127.

VYerkman, A.5. {1990}. Development and biological applicatiens of chicride-sensitive fluorescent
indicators. Am.J.Physiol, 259, C375-C388.

Galietta, L.J. V., Haggie, PM., and Verkman, A.S. (2001). Green fluorescent protein-based
halide indicators with improved chioride and iodide affinities. FEBS Lett. 499, 220-224.
Eckstein, F. {2003). Small non-coding RNAs as magic bullets. Trends Biochem.5¢i. 8, 445-452,

55






Christina H. Lim1,

Kees Schoonderwoerdz,
Wim J. Kleijer?,
Hugo R. de Jonge' and

Ben C.Tilly'

1Departments of Biochemistry and
2Clinical Genetics, Erasmus MC, University Medical Center,

Rotterdam, the Netherlands

Acta Physiologica (Oxf), 187 (2006}, 295-303



Chapter 3

Abstract

Aim: The role of high cholesterol-containing microdomains in the signal transduction

cascade leading to the activation of Yolume-Regulated Anion Channels (VRACs) was
studied.

Methods: Osmotic cell swelling-induced efflux of 12°I" was determined in human
epithelial intestine 407 cells and in skin fibroblasts obtained frem healthy contrels or
Niemann Pick type C (NPC) patients. Cellular cholesterol content was modulated by

pre-incubation with 2-hydroxypropyl-B-cyclodextrin in the presence of acceptor
lipid vesicles.

Results: Osmotic cell swelling of human Intestine 407 cells leads to the rapid
activation of a compensatory anion conductance. Treatment of the cells with
cyclodextrin enhanced the response to submaximal hypotenic stimulation by
approx. twofold, but did not further increase the efflux elicited by a saturating
stimulus. In contrast, the volume-sensitive anion efflux was markedly inhibited
when cholesterol-loaded cyclodextrin was used. Potentiation of the response by
cholesterol depletion was maintained in caveolin-1 deficient Caco-2 colonocytes
as well as in sphingomyelinase-treated Intestine 407 cells, indicating that
cholesterol-rich microdomains are not crucially involved. However, treatment
of the cells with progesterone, an inhibitor of NPCi-dependent endosomal
cholesterol trafficking, not only markedly reduced the hypoteonicity-provoked
anion efflux, but also prevented its potentiation by cyclodextrin. In addition, the
volume-sensitive anion efflux from human NPC skin fibroblasts was significantly
smaller when compared to control fibroblasts.

Conclusions: The results support a model of regulatory volume decrease involving
recruitment of volume-sensitive anion channels frem intracellular compartments
to the plasma membrane.
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Introduction

Most mammalian cells respond to osmotic swelling by a rapid activation of
compensatory mechanisms that encompass K* and Cl” selective ionic channels
as well as an organic osmolyte release pathway [for review see: 1-4]. As a
consequence, osmolytes will leave the cells, driving the efflux of water, and
promoting the restoration of cellular volume (regulatory volume decrease,
RVD}. In Intestine 407 cells, an epithelial cell line derived from human fetal
jejunum, the osmo-sensitive K™ conductance has been identified as the calcium-
dependent intermediate K'-channel {I,) [5]- The molecular identity of the anion
conductance in these and other cell types however, similar to the identity of
the organic osmolyte release pathway, remains to be elucidated [6]. Besides the
rapid release of osmolytes, osmatic cell swelling, similar to many other forms of
mechanical stress, triggers the extraceilular release of ATP through a mechanism
which, in Intestine 407 cells, involves exocytosis [7,8].

Although the molecular identity of the Volume-Regulated Anion Channel (VRAC)
has not been elucidated so far, its biophysical properties are well established and
do not differ considerably between the cell models studied [6,9]. In addition,
several components of the signalling cascade(s) leading to channel activation,
such as tyrosine kinases and the Rho GTPase, have been identified [6,10,11].
Recently, a putative role for caveclae, cholesterol-rich microdomains of the
plasma membrane involved in transmembrane signalling [for review see: 12],
in the regulation of cell-swelling activated Cl™ channels has been demonstrated
[13,14]. Trouet et al. [13] found that the volume-sensitive anion conductance
was limited in caveolin-1 deficient cell types, but could be enhanced robustly
by overexpression of the protein. In addition, transfection of calf pulmonary
artery endothelial {CPAE) cells with mutant caveolin-1, thereby disturbing the
formation of caveolae, was found to markedly reduce the hypotonicity-induced
anion current [14]. Other studies suggest a direct effect of the lipid composition
of the plasma membrane on the regulation of VRAC activity [15]. A decrease
in plasma membrane cholesterol content enhanced the swelling-induced anion
current whereas an increase in cholesterol cantent resulted in channel inhibition
[15,16]. Based upon these results, a mechanism involving a shift in equilibrium
between the channel open and closed states was suggested [15,16]. In addition,
because alterations in the cholesterol content of the plasma membrane modulate
the rate of endocytosis [17-20], the internalization of channel proteins may also
be affected.
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in the present study we investigated the putative role of cholesterol containing
micro-domains of the plasma membrane in the regulation of the cell swelling-
induced anion channels in cultured intestine 407 cells. This cell line is particularly
suitable for studying cell swelling-regulated Cl” channels because other anion
channels, i.e. Ca?*-, voltage-activated or cAMP/protein kinase A-activated CFTR
CU channels, are not expressed in this cell line [10].

Materials and methods

Materials

Radioisotopes were cbtained from Amersham Netherlands B.V. {‘s Hertogenbosch,
The Netherlands). Other chemicals were purchased from Sigma (S5t. Louis, MO).
Human control and Niemann-Pick type C (NPC) skin fibroblasts were obtained from
the European Cell Bank (Rotterdam, the Netherlands). High-density lipoproteins
(HDL) and low density lipoproteins (LDL} were isolated from blood of healthy
volunteers by sequential ultra-centrifugation using standard technigues [21].

Cell culture

Intestine 407 cells, Caco2 cells and human skin fibroblasts were routinely grown
as monolayers in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
25 mM N-2-hydroxy-ethylpiperazine-N’-Z-ethanesulfonic acid (Hepes; Intestine
407 and Caco? cells only), 10% fetal calf serum, 1% non-essential amino acids,
40 mg L penicillin and 90 mg L streptomycin under a humidified atmosphere
of 95% O, and 5% CO, at 37°C. Hypotonic buffers were prepared by adjusting
the concentration of mannitol and osmolality was assessed using a cryoscopic
osmometer {Osmomat 030, Salm & Kipp B.V., Breukelen, The Netherlands).

Efflux assay

Monolayers of cells were loaded for 2 hwith 5 uCimL™" 2™ in the absence or presence
of 2% 2-hydroxypropyl-8-cyclodextrin {CD) and 1 mM phosphatidylcholine large
unilaminar vesicles (PC-LUVs) and washed 3 times with isotonic buffer (80 mm
NaCl, 5 mM KCl, 1.3 mM CaCl,, 1 mM MgCL,, 10 mMm glucose, 95 mM mannitol
and 20 mM Hepes, pH 7.4) prior to the assay. Isotope efflux was determined
at 37°C by replacing the medium at 1-2 minute intervals. Hypotonic buffers
were prepared by reducing the concentration of mannitol. Radioactivity in the
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media was determined by gamma- radiation counting and expressed as fractional
efflux per minute as described previously [22]. All experiments were performed
in triplicate and repeated at least 3 times.

Filipin staining

Cultures of human control and NPC skin fibroblasts were fixated using 3%
paraformaldehyde in phosphate-buffered saline {PBS) for 60 min. Thereafter,
the cells were washed (PBS, 3 times), treated with 50 mM glycine in PBS ( 30
min) to quench paraformaldehyde and stained with filipin (40 pg mL™", 30 min).
Epifluorescence was examined using an inverted Olympus [X50 microscope and
images were acquired and analyzed using AnalySiS imaging software (Soft Imaging
Systems, Munster, Germany).

Results

Stimulation of the volume regulated anion conductance by 2-hydroxypropyl-8-
cyclodextrin and LUVs

Treatment of Intestine 407 cells with 2-hydroxypropyl-B-cyclodextrin (CD) in
the presence of phosphatidylcholine large unilaminar vesicles (PC-LUVs) led to
a reduction in total cetlular cholesterol by approx. 50 %, whereas acceptor lipid
vesicles alone were not effective {cholesterol content of control, CD/PC-LUVs~
and PC-LUVs-treated cells; 90.2 £ 9.3, 47.7 = 2.8 and 87.3 = 10.8 nmol mg'1
protein respectively).

In CD/PC-LUVs treated cells, an approx. twofold increase in the fractional
iodide efflux triggered by a mild hypotonic stimulus (80% tonicity) was observed
(Figure 1). This stimulation of the response was not found when PC-LUVs were
used in the absence of CD or when cholesterol-bound CD (0.1 mol mol*1)/
PC-LUVs were used (Figure 1). In contrast, these conditions resulted in reduced
hypotenicity-proveked iodide efflux, indicating a diminished anion conductance,
Upon CD/PC-LUVs treatment, the anion efflux was increased only slightly after
stimulation with hypotonic stimuli that elicited a saturafing response (= 30%
reduction in osmolarity [23]), suggesting that cholesterol depletion potentiated
VRAC activity but did not induce an additional efflux pathway distinct from VRAC
(Figure 2).
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Figure 1: Stimulation of the hypotonicity-provoked 1231 efflux by €D/ LUVs. Control and
CD/PC-LUVs treated cultures of '2°I"-loaded Intestine 407 cells were stimulated with
a hypotonic medium (80% tonicity). Thereafter, the fractional radio-isotope efflux was
determined as described under Material and method. Closed circles: untreated cultures;
open triangles: cultures treated with PC~LUVs alone; open circles: cultures treated with
PC-LUVs in the presence of CD; closed triangles: cultures treated with cholesterol-loaded
CD (0.1 mol mol") and PC-LUVs. Data are expressed as mean £5.E.M. for n=3. Arrow
marks time point of shift to a hypotonic medium. A significant potentiation or inhibition
of the hypotonicity-induced efflux relative to the untreated control is indicated by t or *
respectively {p > 0.05; Student’s t-test),

The concept that modulation of the amount of plasma membrane cholesterol
affects the volume-regulated anion conductance was corroborated by our finding
that a reduction in cholesterol synthesis, using atorvastatin, likewise resulted
in a potentiation of the respense, whereas exposure to hydroxycholesterol
led to a distinct inhibition {Table 1}. Furthermore, treatment of the cells with
isolated High Density Lipoproteins (HDL), involved in physiological transport of
cholesterol from peripheral cells to the liver, mimicked the effect of atorvastatin
on the swelling-induced efflux, whereas incubation with Low Density Lipoproteins
{l.DL), implicated in cellular cholesterol uptake, had no effect (Table 2). Notably,
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the anton efflux through forskolin- or 8-bromo-cAMP activated CFTR chloride
channels expressed in murine IEC-CF7 enterocytes or NIH-3T3 fibroblasts was not
affected by CD/PC-LUVs pretreatment (results not shown).

60 r %

20

1251 efflux (%/min)

20% 30%

Figure 2: CD/PC-LUVs-mediated potentiation of the hypotonicity-induced 1251 efflux.
Fractional 23" efflux from control (open bars) and CD/PC-LUVs-treated (solid bars)
cultures under isotonic (Iso) and hypotonic conditions (20% or 30% reduction in tonicity).
Data are expressed as mean +5.E.M for n=3. Asterisk indicates a significant difference with
the untreated control (p < 0.05; Student’s t-test).

Potentiation of VRAC involves recruitment from intracellular compartments
To investigate a putative role for cholesterol-containing microdomains of the
plasma membrane, such as caveolae and/or cholesterol/sphingolipid-containing
lipid rafts, in the regulation of VRAC, we studied the cell swelling-induced
anion efflux in caveolin-1 deficient Caco-2 cells [13,24,25] as well as in
sphingomyelinase treated Intestine 407 cells. As is clear from Figure 3, disruption
of these microdomains did not affect the ability of CD/PC-L.UVs to potentiate the
hypotonicity-provoked anion efflux, suggesting that these domains do not play a
critical role in VRAC regulation.
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Table 1: Modulation of plasma membrane cholesterol

Reduction of tonicity (%) Increase in fractional iodide efflux (% min™")
Control Hydroxycholesterol Atorvastatin
20 11.7+1.5 6.2 £0.4* 18.3 £ 1.5*

30 36.3+0.6 27.2 + 0.6* n.d.

Cultures of Intestine 407 cells were treated with hydraxycholesterol (25 uM for 2 h) or with atorvastatin
{10 pM, 20 h). Hypotonicity-induced increase in isotope efflux is expressed as mean z5.E.M (n=3). n.d.

= not determined. Asterisk indicates a significant difference with the untreated control (p < 4.05).

Table 2: Modulation of hypotonicity-provoked 2% efflux by LDL and HDL

Increase in fractional iodide efflux (% min~")

Control 10.4+ 0.4
CD/PC-LUVs 27.0+£0.8*
LDL 11.7 0.9
HDL 18.1 £1.3*

Cultures of intestine 407 cells were treated with either CD/PC-LUVs or isolated human LDL (2 mM,
2 h) or HDL (1 mM, 2h} prior to hypeo-osmotic stimulation. Hypotonicity-induced (20% reduction in
tonicity) increase in isctope efflux are expressed as mean £5.E.M (n=3). Asterisk indicates a significant

difference with the untreated control {p < 3,03).

Alternative targets for the action of CD/PC-LUVs are the recycling endosomes
or retrosomes involved in intracellular cholesterol transport [26-28]. it has been
established that trafficking of these organelles is inhibited in the presence of
the steroid progesterone [29,30]. To investigate a putative role for endosomes
in recruiting VRAC to the plasma membrane, cells were treated with 30 M
progesterone for 2 h. As shown in Figure4a, the cell swelling-induced increase
in 1231~ efflux triggered by a mild (20%) reduction in tonicity was only slightly
affected in progesterone-treated cultures. In contrast, a marked inhibition was
observed when a more severe hypotonic stimulation (30% reduction in tonicity)
was applied, resulting in a slower development of the efflux and lower peak
values Figure 4a). In addition, potentiation of the anion efflux by CD/PC-LUVYs
was largely inhibited {Figure 4b). These results suggest that the potentiation
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of the Cl” conductance, at least partly, depends on channel recruitment from
endosomal vesicles.

20 -

1251 offlux (%/min)

Sma

o =y
Control |—I
Control i—i

CD/LUVs Sma

Intestine 407 Caco-2

Figure 3: Lipid rafts and caveclae are not crucially involved in the CD/LUVs potentiation
of the cell swelling-induced anion efflux. Potentiation of the hypotonicity-provoked efflux
of anions by CD/LUVs from control and sphingomyelinase (Sma; 2 1.U. mL™* for 30 min)-
treated Intestine 407 cells and from caveolin-1 deficient Caco-2 cells (Mirre et al. 1996,
Trouet et al, 1999, Patlolla et al. 2004). Because the anion effiux from Caco-2 cells is less
responsive to hypo-osmotic stimulation (Trouet et al. 1999}, the tonicity of the hypotonic
buffer was reduced to 50% of the isotonic medium, allowing a better comparison with
the Intestine 407 cells (which were stimulated with a 20% hypotonic medium). Data are
expressed as the hypotonicity-induced increase in fractional iodide efflux relative to the
isotonic control (mean +5.E.M. for n=3}. Asterisk indicates a significant difference with
the control (p < 0.05; Student’s t-test).
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Figure 4: Cell swelling-induced anion efflux in progesterone-treated cells. (A) Control
(open symbels) and progesterone-treated (30 pM for 2 h; closed symbols) 1351 [paded
cultures of Intestine 407 cells were challenged with 20% (circles) or 30% (triangles)
hypotonic media. {B) Fractional efflux from untreated (open symbols) and progestercne-
treated (30 pM for 2 h; closed symbols) cultures stimulated with a 20% hypotonic medium.
Circles: control cultures; triangles: CD/LUVs-treated cuttures. Arrows indicate start of
osmotic stimulation. Data are expressed as mean =5.E.M. for n=3. Asterisk indicates a
significant difference of the hypotonicity-provoked efflux relative to the untreated control
{p < 0.05; Student’s t-test).

Activation of VRAC is reduced in skin fibrobiasts obtained from Niemann Pick
type C patients

Endosomes involved in the transport of cholesterol to the plasma membrane or
to other vesicular compartments contain the NPC1 transport protein, which is
defective in patients with the Niemann-Pick type C disease [for a recent review
see: 31]. Although the physiological function of the NPC1 protein remains to
be established, mutations in the gene encoding this protein result in a massive
intracellular accumulation of cholesterol. Using control and NPC skin fibroblasts,
we studied the role of the NPC1-containing endosomes in the cell swelling-
induced activation of VRAC. As shown in Figure 5, a dramatic increase in the
amount of intracellular vesicles as well as in filipin staining of cholesterol was
observed in NPC cells, indicating a massive accumulation of cholesterol into
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endosomal compartments. Osmotic cell swelling of the NPC fibroblasts did not
affect intracellular filipin staining, suggesting that these cholestercl-containing
vesicles are rather immobile and do not migrate to the plasma membrane (Figure
6). However, the Niemann Pick C condition resulted in a significant reduction in
the hypotoncity-induced fractional 1251~ offlux when compared with control cells
(Figure 7), supporting our notion that NPC1-dependent recycling of endosomes
contributes to the recruitment of VRAC. Because the inhibition of the cell
swelling-induced anion efflux in the mutant fibroblasts was only partial, it also
indicates that a substantial portion of the VRAC channels already pre-exist in the
plasma membrane or are recruited through {an) alternative pathway(s).

Figure 5: Intracellular accumulation of cholesterol in cultured skin fibroblasts obtained
from Niemann Pick C patients. Phase contrast {a, ¢} and filipin fluorescence (b, d) images
obtained from control (a, b} and Niemann Pick type € (¢, d) human skin fibroblasts.
Data are representative for fibroblasts obtained from 3 different control persons and 3
different NPC patients.
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Figure 6: Osmotic cell swelling does not affect intraceflular cholesterol accumulation
in Niemann Pick C type fibroblasts, Fluorescence images of filipin-stained Niemann Pick
C human skin fibroblast stimulated with a 30% hypotonic medium for 2, 5 or 10 minutes
prior to fixation.
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Figure 7: Hypotonicity-provoked anion efflux from control and NPC skin fibroblasts,
Osmotic cell swelling-induced efflux from isotope-loaded control (open symbots) and NPC
{closed symbols) skin fibroblasts. Circles and triangles represent stimulation with 20% or
an 30% hypotonic medium respectively. Data presented are representative for fibroblasts
obtained from 3 different control persons and 3 NPC patients and expressed as mean
+5.E.M. for triplicate incubations. Arrow marks the shift from an isotonic to a hypotonic
solution. Asterisk indicates a significant difference in the hypotonicity-provoked efflux
(20% and 30%) in NPC skin fibroblasts relative to control fibroblasts (p < 0.05; Student’s
t-test).

Discussion

Osmotic swelling of epithelial Intestine 407 cells rapidly activates a compensatory
anion conductance through a signalling mechanism involving p21 Rho, protein
tyrasine Kkinase(s) and/or phosphatase(s) and (a remodeling of) the F-actin
cytoskeleton [10,11]. For CPAE cells, a crucial role for caveolae in the activation
of VRAC has been reported, based on the observations that the magnitude of the
cell swelling-induced Cl™ current was proportional to the level of expression of
caveolin-1 [13,14]. In bovine endothelial cells however, treatment of the cells
with CD, leading to a disruption of the caveolae [32], resulted in a potentiation of
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the swelling-induced current [15,16]. Furthermore, using cholesterol analogues,
Romanenko et al. demonstrated that the physical properties of the lipid bilayer
(e.g. membrane fluidity, susceptibility to deformation, phospholipid ordering)
play a key role in the regulation of VRAC. Modulation of ion channel properties
by alterations in the lipid environment is not unprecedented but has alsoc been
reported also for Na*, K* and Ca?* conductances [33-37]. In addition, association
of channel proteins with lipid microdomains such as lipid rafts or caveolae has
been demonstrated for a number of distinct ion channels [for review see: 38].

As observed in bovine endothelial cells [15], the volume-sensitive anion
efflux from Intestine 407 cells was robustly potentiated by treating the cells
with CD in the presence of PC-LUVs. This potentiation was not observed when
PC-LUVs were used in the absence of CD or when the cells were exposed to
cholesterol-lpaded CD. We cannot exclude that an increase in the open state
probability of the channel, as has been reported for endothelial cells [15,16],
contributes to the observed increase in the volume-sensitive anion conductance.
However, our observation that the CD/PC-LUVs- induced potentiaticn of the
cell swelling provoked '#31- efflux was completely absent in cells treated with
progesterone, known to block trafficking of cholestercl containing vesicles to the
plasma membrane [29], suggests that depletion of plasma membrane cholesterol
promotes the recruitment of VRAC. Stimulation of exocytosis by osmotic cell
swelling has been reported previously by our laboratory as well as by others [8,39-
41] and, in Intestine 407 cells, is an essential step in the extracellular release
of ATP [7,8]. Our present observations additionally suggest that exocytosis might
also contribute to the development of the compensatory anion conductance.
Several lines of evidence support a role for VRAC recruitment during the RVD
response. First, the activation of the hypotonicity-provoked anion efflux was
impaired in cells exposed to progesterone [cf. Figure 4a]. Second, compared with
normal skin fibroblasts, the volume-sensitive anfon conductance is smaller in skin
fibroblasts obtained from Niemann Pick type C patients [cf. Figure 6] characterized
by a specific defect in cholesterol transport to the plasma membrane [27,28].
It should be noted, however, that inhibition of exocytosis reduced the volume-
sensitive anion efflux only partly, suggesting that other mechanisms, for instance
a cell swelling-induced unfolding of plasma membrane invaginations [9], might
also contribute to the recruitment of VRAC.

ft has been well established that plasma membrane levels of cholesterol
markedly affect endocytosis and the subsequent recycling of endosomes to the
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membrane. Depletion of cholesterol was found to inhibit clathrin-coated pit
budding and to increase theretention of receptors and glycosylphosphatidylinositol
(GPI)-linked proteins in the plasma membrane [17-19]. Vice versa, an increase
in cholesterol is known to stimulate endocytosis [20]. In addition to promoting
exocytosis, osmotic cell swelling of Intestine 407 cells also resulted in a robust
increase in the rate of endocytosis, starting after a distinct lag time of 2-3 min
[8]. Most plausibly therefore, CB/PC-LUVs treatment may, in addition to VRAC
recruitment, also result in a prolonged retention of the chloride channels in the
plasma membrane which could contribute to the observed potentiation of the
chloride efflux. Increased membrane retention may also explain the potentiating
effect of CD/LUVs in caveolin-1 deficient Caco? cells [e.g. see: 13,14]; although
the total number of VRAC docking sites is apparently reduced in this cell line, a
decrease in the rate of endocytosis may result in an increased volume-sensitive
anion efflux.

In addition to alterations in vesicle trafficking, depletion of plasma membrane
cholesterol has been reported fo increase membrane stiffness [42] and to induce
a reorganization of the F-actin cytoskeleton [42-44]. Both phenomena might have
consequences for the development of compensatory conductances during the RVD,
either by altering osmo-sensing or by modulating channel regulation. Especially
the effects of CD exposure on the cytoskeleton are of interest because F-actin
remodeling in response to osmotic cell swelling has been reported previously in
several cell models, including Intestine 407 cells [11], and has been implicated
in the regulation of VRAC [reviewed in: 1-4,6].

In conclusion, the results presented support a model in which the recruitment
of volume-sensitive anion channels from intracellular compartments act as an
important step in the mechanism of YRAC activation. Atthough the molecular
identity of VRAC still remains an enigma, our observations imply that intracellutarly
localized Cl™ channels should be included as possible candidates in a search for
the identity of Volume-Regulated Anion Channels.
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Chapter 4

Abstract

Background/aims: F508delCFTR-, but not wtCFTR-, expressing fibroblasts
resemble Niemann Pick type C cells in the massive intracellular accumulation of
free cholesterol. The recruitment and activation of F508delCFTR by cholesterol
depletion was studied.

Methods: Filipin staining, forskolin-stimulated anion efflux and FITC-dextran
uptake were studied in control cells and fibroblasts treated with 2-hydroxypropyl
B-cyclodextrin and phosphatidylcholine large unilamellar vesicles to deplete
cellular free cholesterol.

Results: Treatment of F508delCFTR-, but not wtCFTR-, expressing fibroblasts with
2-hydroxypropyl B~cyclodextrin resulted in a reduction in cellular cholesterol
and a potentiation of the forskolin-induced anion efflux. In addition, forskolin
also promoted a massive increase in the rate of endocytosis in F508delCFTR
fibroblasts, which was absent in genistein- or cyclodextrin-treated cultures.

Conclusion; The results not only suggest that reducing cellular cholesterol may
serve as pharmacotherapeutic tool in the treatment of cystic fibrosis but also
reveal a novel mechanism for genistein regulation of F508delCFTR, i.e. retention
by inhibition of endocytosis.
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Introduction

Cystic fibrosis (CF), the most common fatal hereditary disease among Caucasians,
is caused by mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR} [1]. CFTR is a CAMP/protein kinase A- and cGMP/protein kinase
G-ll-regulated Cl™ channel [2,3] crucially involved in transepithelial salt and
water transport. In the Western population more than 70% of the mutations in
CFTR appear to be a deletion of a phenylalanine residue at amino-acid position 508
{F508delCFTR) [1,4], resulting in an incompletely processed protein, defective in
its ability to traffic to the plasma membrane [5,6]. Although a small fraction of
F508delCFTR protein may reach the plasma membrane and retain its function as
cAMP-activated chloride channel [7-9], the reduced number of channels at the
cell surface leads to dramatically impaired transepithelial transport of chloride
[8]. In addition, atthough glycosylaticn of CFTR is not required for CFTR function
[10], F508delCFTR exhibits a significant decrease in the open probability [11,
12] and a strongly reduced cell surface half-life as compared to wild-type [8,13,
14], which also contribute to the diminished Cl” conductance and, consequently,
water flux.

In a previous study, we investigated the role of cholesterol-containing
micro-domains of the plasma membrane in the activation of Volume-Regulated
Anion Channels (VRACs). Intestine 407 cells were treated with 2-hydroxypropyl
B-cyclodextrin in the presence of Phosphatidylcholine Large Unilamellar
Vesicles (CD/PC-LUVs). CD/PC-LUVs depletes plasma membrane cholesterol.
Consequently, the endosomal recycling rate was accelerated to replenish plasma
membrane cholesterol. As a result, the endocytoesis was inhibited [15-17]. When
Intestine 407 cells were depleted of cholesterol, the cell swelling-provoked
anion conductance was increased approximately 2 fold [18]. From these studies,
we proposed a model of VRAC regulation involving recruitment of channels from
cholesterol containing intracellular compartments [18]. This model is supported
by our observation that in Niemann Pick type C (NPC) fibroblasts {acking the
functional NPC1 protein involved in cellular cholesterol transport, as well as
in cells treated with an inhibitor of intracellular cholesterol transport, the cell
swelling-induced anion efflux was strongly impaired [18]. In addition, experiments
with Niemann Pick type C skin fibroblasts revealed that the volume-sensitive anion
efflux could be restored by CD/LUVs-induced cholesterol depletion. (C.H.Lim
and B.C.Tilly, unpublished results).
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Recently, White et al. showed that F508delCFTR-expressing epithelial cells
develop an NPC-like phenotype [19,20]. To investigate whether recruitment
and activation of F508delCFTR could be (partially) restored by cholesterol
depletion, analogous to the model proposed for VRAC regulation in Intestine
407 cells [18], the forskolin-stimulated anion efflux was studied in wtCFTR- and
F508delCFTR-expressing murine 373 fibroblasts. The results clearly demonstrate
that a reduction of cellutar cholesterol promotes an increase in the forskolin-
stimulated anion efflux from F508delCFTR~containing fibroblasts whereas the
efflux from wtCFTR-expressing cells was not affected. In addition, the results
suggest inhibition of endocytosis as a novel mechanism by which genistein is able
to enhance CFTR activity in intact cells.

Material and methods

Materials

Radioisotope was obtained from Amersham Netherlands B.V. (‘s Hertogenbosch,
the Netherlands). FITC-conjugated dextran (MW=10,000 Da} and FM1-43 were
from Invitrogen Molecular Probes (Leiden, the Netherlands). Other chemicals
were purchased from Sigma (St. Louis, MO, USA)

Cell culture

Swiss 3T3 fibroblasts stably expressing human wtCFTR or F508delCFTR were a
generous gift of Dr. Michael J. Welsh [21]. The cells were grown routinely as
monolayers in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% foetal calf serum, 40 mg/l penicillin and 90 mg/l streptomycin under a
humidified atmosphere of 95% 0, and 5% CO, at 37°C. All experiments were
carried out at 37°C.

Filipin staining

Cultures of cells were fixated using 3% paraformaldehyde in phosphate-
buffered saline (PBS) for 60 min. Thereafter, the cells were washed three times
{phosphate-buffered saline), treated with 50 mM glycine in PBS (30 min) to quench
paraformaldehyde and stained with filipin (40 pyg/ml, 30 min). Epifluorescence
was examined using an inverted Olympus [X50 microscope and images were
acquired and analysed using AnalySiS imaging software (Soft Imaging Systems,
Miinster, Germany).
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FM1.43 staining

Cultures of cells were fixated using 3% paraformaldehyde in phosphate-
buffered saline (PBS) for 60 min. Thereafter, the cells were washed three times
{phosphate-buffered saline), treated with 50 mM glycine in PBS (30 min) to quench
paraformaldehyde and stained with FM1.43 (1 uM, 30 min). Epiflucrescence was
examined using an inverted Olympus I1X50 microscope and images were acquired

and analysed using AnalySiS imaging software (5oft Imaging Systems, Munster,
Germany).

Determination of cellular total free cholesterol

Cells were sonicated in PBS and cholesterol in the cell lysate was determined
enzymatically using a commercially avaitable kit (Wako Chemicals GmbH, Neuss,
Germany) according to the manufacturer’s instructions.

Efflux assay

Monolayers of cells were loaded for 2 h with 5 uCi 1234~ in the absence or presence
of 2% 2-hydroxypropyl-B-cyclodextrin {CD) and 0.5 mM phosphatidylcholine large
unilamellar vesicles (PC-LUVs). Prior to the assay, the cells were washed 3 times
in isotonic buffer (130 mM NaCl, 5 mM KCL, 1.3 mM CaClZ, 1 mM MgCLZ, 10 mM
glucose and 20 mM HEPES, pH 7.4). Isotope efflux was determined at 37°C by
replacing the medium at 1-2 minute intervals. Radioactivity in the medium was
determined by gamma- radiation counting and expressed as fractional efflux per
minute as described previously [22].

FITC-dextran uptake
Cells on coverslips at 80-90% confluency were incubated for 10 min in a medium
containing 0.5 mg/ml FITC-dextran (10,000 Da) in the absence or presence of
forskolin (10 pM) and/or genistein (100 pM). After the incubation, cells were
washed three times with ice-cold phosphate-buffered saline and fixed with 2%
paraformaldehyde for 20 min. Using a 40X oil immersion objective {Axiovert
135M, Zeiss, Oberkochen, Germany}, confocal images of 512 X 512 pixels (0.22
pum /pixel) were constructed by summation of 15 optical sections parallel to the
substratum, each 1 pm apart. Endocytosis was quantified using KS400 software
(Zeiss Oberkochen, Germany) by counting the number of fluorescent spots sized
between 3 and 75 pixels, after subtraction of background fluorescence. Background
fluorescence was determined by measuring the mean pixel intensity and adding
five times its standard deviation of a circle drawn in the background.
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Results

Intraceliular accumulation of cholesterol in murine 373 fibroblasts expressing
F508delCFTR

As compared to the parental and wtCFTR-expressing cells, F508delCFTR
fibroblasts contain an enlarged intracellular area of vesicular structures,
localized predominantly around the nucleus (Figure 1 A-C). Because White et al.
recently showed that F508delCFTR-expressing epithelial cells develop a NPC-like
phenotype, we studied the amount and cellular distribution of cholesterol in
these fibroblast cell lines. Using filipin-treated cell cultures, accumulation
of free cholesterol was found around the nucleus of F508delCFTR-expressing
fibroblasts (Figure 1¢), a phenomenon characteristic for NPC1-deficient cells [23-
26]. In contrast, little if any filipin staining was observed in parental or wtCFTR
expressing cells (Figure 1a, b). Determination of the total amount of free cellular
cholesterol confirmed the increased accumulation of cholesterol in F508delCFTR
cells (cholesterol content of parental, wtCFTR- and F508delCFTR-expressing 3T3
fibroblasts: 17, 18 and 24 pg/mg protein, respectively).

Parental . wf;CF'fR F508delCFTR

Figure 1: Increased intracellular accumulation of cholesterol in fibroblasts expressing
human F508delCFTR. Cellular distribution of cholesterol in filipin-stained parental
(A, a), wtCFTR- (B, b) and F508delCFTR- (C, c) expressing fibroblasts. Each image is
representative of a total of 15 images taken from 5 individual experiments using 5 different
batches of cells. A-C: phase contrast images; a-c: fluorescent images.
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Figure 2: CD/PC-LUVs treatment potentiate the forskolin- and genistein-induced
anion efflux from F508delCFTR but not from parental or wtCFTR-expressing cells.
A) Fractional 23" efflux from wtCFTR-expressing fibroblasts (A) stimulated with either
forskolin (10 uM; open circles), genistein (100 pM; closed triangles) or both (closed
circles). B - D) "I efflux from control (open circles) and CD/PC-LUVs-treated (closed
circles} cultures of parental (B), wtCFTR- (C) and F508delCFTR- (D) expressing fibroblasts
stimulated with forskolin (10 pM) and genistein (100 uM). Closed triangles represents the
unstimutated control. Data are expressed as mean £5.E.M for n=3. Arrow marks time point
of forskolin and/or genistein addition. No error bar is given when the S.E.M. is smaller
than the size of the symbol used. Asterisk indicates a significant difference from the
cantrol (p < 0.05).
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CD/PC-LUVs treatment promotes rescue of F508delCFTR

Recently, we demonstrated that the osmotic cell swelling-induced activation of
VRAC {Volume Regulated Anion Conductance) was impaired in both NPC1 fibroblasts
as well as in cholesterol-loaded Intestine 407 epithelial cells [18]. In addition we
found that treatment of these cells with CD/PC-LUVs markedly potentiated the
jonic response, through a mechanism which most likely involved recruitment
of addition channels by promoting vesicular transport [18]. To investigate the
effect(s) of CD/PC-LUVs treatment on the anion efflux of the different clones of
373 fibroblasts, we first tested the effects of forskolin and genistein on wtCFTR
fibroblasts. In line with previous studies, forskolin and genistein by themselves
were able to promote the efflux of iodide from wtCFTR fibroblasts, simultaneous
addition of both agonists, however, elicited the largest response (Figure 2A). As
expected, genistein and forskolin did not provoke a 2’| "-efflux from parental 3T3
fibroblasts lacking CFTR (Figure 2B). In contrast, a slight increase in the anion
efflux was observed after stimulating F508delCFTR fibroblasts with genistein
and forskolin (Figure 2D). This response was enhanced by at least two-fold in
F508delCFTR cells treated with CD/PC-LUVs. As compared to low temperature
rescue of F508delCFTR function, a 2 h period of CD/LUVs treatment enhanced
F508delCFTR activity to a level of approx 50% of an overnight incubation at
26°C (results not shown). Notably, the response to genistein and forskolin was
not increased in CD/PC-LUVs-treated wtCFTR cells (Figure 2C). These results
suggest that CD/PC~LUVs treatment, analogous to its effect on the recruitment
of VRAC, is able to increase surface expression of F508delCFTR,

Cholesterol accumulation is reduced in CD/PC-LUVs-treated F50delCFTR
fibroblasts

To evaluate whether cholesterel depletion is able to promote vesicle movement
to the plasma membrane, the effects of CD/PC-LUVs on the intracellular
distribution of cholesterol was studied in the different cell models. As
shown in Figure 3A, accumulation of cholesterol was largely reduced in
F508delCFTR-expressing cells treated with CD/PC-LUVs, but not in the parental
cell line or in wtCFTR fibroblasts. Notably, incubation of the three different cell
types with the fluorescent membrane probe FM-1.43 did not show any difference
in the amount or distribution of intracellular vesicular compartments nor did
it reveal a decrease in staining after CD/PC-LUVs treatment (Figure 3B). Taken
together, these results suggest that a distinct intracellular compartment exists
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in F508delCFTR-expressing cells, containing free cholesterol and at least some
F508delCFTR, that can be accumulated at the plasma membrane by reducing
plasma membrane cholesterol.

Control

CD/PC-LUVYs

Parental wtCFTR F508delCFTR

Controf

CD/PC-LUYs

Parental wtCFTR F508delCFTR

Figure 3: Reduction of intracellular cholesterol in F508delCFTR fibroblasts after CD/
PC-LUVs treatment. Filipin staining (A) was compared with FM-1.43 staining (B). Images
of parental (A, a), wtCFTR (B, b} and F508delCFTR (C, c) fibroblasts were taken before
(A - C) and after (a - c} CD/PC-LUVs treatment. Each image is representative of a total of
9 images taken from 3 individual experiments,

83



Chapter 4

Control Forskolin Genistein Forskelin + genistein ~ CD/PC-LUVs

Figure 4: Modulation of the rate of endocytosis by forskolin and genistein in F508delCFTR
cells. Endocytosis was determined by the uptake of FITC-conjugated dextran. Control
cells (A,a) were compared with treated cells. Cultures were treated with 10 pM forskolin
(B, b), 100 uM genistein (C, ¢}, forskolin and genistein (D, d) or CD/PC-LUVs (E, e) as
described under “Materials and Methods”. A-E: fluorescence images. a-e: fluorescence
merged with phase contrast images. Each image is representative of a total of 9 images
taken from 3 individual experiments.

Regulation of endocytosis in 3T3fibroblasts by forskolin and genistein

To further pursue a putative role for vesicle cycling in the regulation of plasma
membrane expression of F508delCFTR, the magnitude of endocytosis was
studied by quantitating the cellular uptake of fluorescently labelled dextran.
In F508delCFTR~expressing fibroblasts, the uptake of FITC-dextran was robustly
increased by stimulating the cells with forskolin (Figure 4 and Table 1). In
contrast, forskolin appears to reduce endocytosis in both parental and wtCFTR
cells (Table 1). Surprisingly, the uptake of FITC-dextran was almost completely
abolished in both control and forskolin-stimulated F508delCFTR cells treated
with genistein (Figure 4 and Table 1). A comparable effect of genistein was
also observed in parental and wtCFTR fibroblasts (Table 1). Similar to genistein
treatment, incubation with CD/PC~LUVs largely prevented the uptake of dextran
in both parental, wt-CFTR expressing and F508delCFTR-expressing cells {Figure
4 and Table 1).
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Table 1: Modulation of endocytosis in parental, wtCFTR- and F508delCFTR-expressing
fibroblasts

Treatment Parental wtCFTR F508delCFTR
Control - 50+ 1 64 = 4 22 £1
Forskolin 24+5 20+ 4 113+ 5
Genistein 10:2 1825 4.7:0.3
Forsk. + Gen. 9:2" 13+2 7+3
CD/PC-LUVs - 7:5 Mzt 2.0:0.3
Forskelin 1.3:0.2 1142 411
Genistein 1.3:0.9 0.7:+0.1 0.7+0.2"
Forsk. + Gen. 912 1.0£0.2 1.0 0.3

Endocytosis was determined by the uptake of FITC-conjugated dextran and quantitated as
described under “Materials and methods”. Data are expressed as the number of fluorescent
spots (mean +5.E.M for n=3}. Concentrations used: forskolin, 10 pM; genistein, 100 uMm.
Asterisk indicates a significant difference from the untreated control (p < 0.01).

Discussion

In this study, we have demonstrated that a CD/PC-LUVs-mediated reduction
in cellular cholesterol boosted the forskolin-provoked anion efflux from
F508delCFTR-expressing cells approximately 2 fold. Modulation of ionic
conductances by alterations in the lipid composition of membranes is not
unprecedented and has been reported for VRAC as well as for several cation
channels [15-17,27,28]. At least two different mechanisms can underlie the
observed increase in the forskolin-stimulated efflux: (1) a modulation of the
activity of the channel protein itself, altering the channel open and closed state
[27,29], and (2) an increase in the number of channels in the plasma membrane
by recruitment from intracellular compartments and/or by a prolonged retention
in the membrane [15-17]. It is now well established that cholesterol-containing
microdomains play an important role during the process of endocytosis. Indeed,
depletion of plasma membrane cholesterol using CD/PC-LUVs largely inhibits
endocytaosis [15,16] and, vice versa, increasing membrane cholesterol is found
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to promote endocytosis [30]. Although we do not entirely exclude the possibility
that the open channel probability of F508delCFTR may also be affected by CD/
PC-LUVs treatment, both the reduction of intracellutar filipin staining and the
inhibition of FITC-dextran uptake upon CD/PC-LUVs treatment indicate that
additional channels are incorporated and/or retained into the plasma membrane
in F508delCFTR-expressing fibroblasts. A similar mechanism has recently been
proposed for the activation of a compensatory CU” current in osmotically
stimulated Intestine 407 cells [18].

Both wild-type and mutant CFTR are internalised by clathrin-dependent
endocytosis [31-33], although it seems that the rate of internalisation is higher
for mutant CFTR [14,34]. Using dominant-negative mutants of Rme-1, a protein
involved in endosomal cycling, it has been demonstrated that at least part of the
CFTR escapes lysosomal degradation and recycles back to the plasma membrane
[35]. Endocytotic trafficking of CFTR is regulated by several members of the Rab
family of GTPases, including Rab 4 and 11, leading to recycling of the channels
to the plasma membrane, and Rab 5, which promotes channel endocytosis [14].
Transport towards the membrane is inhibited in F508delCFTR-expressing cells
but can be rescued by reduced temperature [6,36], chemicals chaperones like
DMSO, glycerol [37,38] and proteasome inhibitors [14], most likely by promoting
proper folding or stabilization of the mutant protein.

In this study, we showed that F508delCFTR-expressing fibroblasts, like several
other F508delCFTR expressing cell models [19,20], have a NPC-like phenotype,
i.e. a marked intracellular accumulation of cholesterol. Although cholesterol-
containing vesicles are present throughout the cell, a marked accumulation of
cholesterol was observed around the nucleus. This predominant perinuclear
staining likely reflects the most important cellular area of CFTR synthesis,
maturation and/or degradation, but may be additionally enhanced by the
increased cell thickness at this region. The direct relation between F508delCFTR
expression and cholesterol accurnulation has not been fully established yet,
however, White et al. reported that alterations in the regulation of NOS2, STAT1,
SMAD3, and Rho A protein expression, which occur in NPC1 cells, are also observed
in these CF models, suggesting that similar regulatory mechanism are involved
[19]. Notably, cholesterol accumulation and an increase in Rho A expression was
also observed in cells defective in ATP-binding cassette protein A1 (ABCA1), a
cholesterol transporting ABC~transporter protein structurally related to CFTR
[39]. Recently, the NPC1 protein has been proposed to function as a lipid flippase
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of late endosomes and to promote the generation of transport vesicles by
membrane deformation. The normal function of NPC1 is affected by the absence
of NPC-2, a cholesterol binding protein, in such way that the cytosolic factors
necessary for vesicle budding were inefficiently recruited, thereby disrupting
vesicular formation and finally leading to the accumulation of many lipids [40].
In addition, increased cholesterol accumulation by itself can impair F508delCFTR
trafficking by a direct inhibition of Rab 4, one of the Rab G proteins involved in
CFTR recycling [25].

CFTR is activated by cAMP-dependent activation however, this process poorly
activates F508delCFTR. The isoflavone genistein is able to potentiate CFTR by a
direct binding to NBD-2 [41-43]. Our efflux assay demonstrated that genistein
could augment the cAMP-dependent activation in CFTR-expressing fibroblasts. In
F508delCFTR-expressing cells, neither genistein nor forskolin alone could induce
a significant increase in the conductance after the CD/PC-LUVs treatment.
However, the combination of both stabilized and potentiated the anion
conductance. The cAMP-dependent activation is known to stimulate trafficking
of CFTR to the plasma membrane in control cells [32,33,44,45] but not in CF cells
[45]. Our dextran experiment demonstrates that forskolin stimulates endocytosis
in F508delCFTR-expressing fibroblasts but not in parental and wtCFTR-expressing
cells. This is in line with previous observations that the half-life of F508delCFTR
in the plasma membrane is reduced {13,14,34] and with the findings of Bradbury
et al. that elevated levels of cAMP fail to inhibit fluid phase endocytosis in
F508delCFTR expressing cells [46]. This study also demonstrates for the first
time that the genistein, which has previously been found to inhibit endocytosis
in some model systems [47,48], can fully counter act the forskolin-induced FITC
dextran uptake (Figure 4). This novel finding suggest that the beneficial effect
of genistein on CFTR-mediated Cl” secretion may result from a dual action:
potentiation of the CFTR Cl” channel by binding to CFTR and stabilizing the
channel in its open state [41-43] and promotion of its retention in the plasma
membrane through inhibition of endocytosis.

In this study we showed that treatment of F508delCFTR-expressing fibroblasts
with CD/PC-LUVs potentiated the forskolin-induced anion efflux approximately
2 fold. We were however, unable to detect an increase in the amount of fully
glycosylated mature CFTR {C-band) in CD/PC-LUVs-treated cells by Western
blotting (resuits not shewn). This indicates that CD/PC-LUVs treatment does
not promote maturation of F508delCFTR but instead stimulates F508delCFTR
trafficking to the membrane or, more likely, promotes channel retention.
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Using mouse models, Dorin et al. demenstrated that 5 % mature CFTR is sufficient
to restore intestinal chloride transport to 50% of normal level and to reach a
100% survival [49]. Furthermore, 8% of mature protein was found to correspond
with normal cAMP-mediated chloride secretion in caecum and 40% residual
cAMP-stimulated jejunal chloride secretion [50,51]. Because the forskolin-
induced efflux in cells treated with CD-LUVs is approx. 10-15 % of the maximum
response observed in CFTR expressing cells (Figure 2D) it would be of interest to
further investigate the potential beneficial effects of a drug-mediated decrease
in cellular cholesterol, for example by using atorvastatin, on the rescue of
F508delCFTR in a more physiological model.
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Chapter 5

Abstract

In Intestine 407 cells, the hypo-osmotic activation of Volume-Regulated Anion
Channels {(VRACs) was found to be accompanied by the rapid and robust onset
of exocytosis and, after a distinct lag period of several minutes, by an increase
in the rate of endocytosis [1]. Inhibition of exocytoesis, by treating the cells
with N-ethylmaleimide or C. botulinum neurotoxin F, significantly reduced the
hypotonicity-provoked anion efflux, whereas inhibition of endocytosis, using
chlorpromazine, resulted in a significant increase of the basal efflux. These results
suggest that vesicle cycling plays a role in the regulation of VRAC. To further
pursue this notion, the role of Rab GTPases in the activation of VRAC was studied.
Human Intestine 407 cells were transfected with plasmids encoding fluorescently
tagged wildtype (WT) or dominant negative (DN) Rab4, Rab5 or Rab11 proteins.
Both inhibition of exocytosis, by expressing Rab11DN or Rab4DN, and stimulation
of endocytosis, by introducing Rab5WT, strongly reduced the volume-sensitive
anion efflux. Stimulation of exocytosis however, using Rab11WT, did not increase
the hypotonicity- provoked anion efflux but resulted in a considerable rise in
basal efflux. This increase in basal conductance was also observed when Rab5DN
was expressed. Taken together, our data suggest that a significant fraction of
the volume-sensitive Cl” channels is localized intracellularly and is recruited to
the plasma membrane upon osmotic cell swelling. Consequently, anion channels
localized primarily in intraceliular compartments can no longer be excluded as
candidates in the search for the molecular identity of VRAC.
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Introduction

Due to the high water permeability of the plasma membrane, an osmotic
imbalance of either physiological or pathological origin will rapidly induce a
redistribution of water and, consequently, result in cell swelling or shrinkage.
Osmotic cell swelling is accompanied by a fast activation of Volume-Regulated
Anion Channels (VRACs). Despite its ubiquitous expression and its marked
biophysical characteristics, as studied by the whole cell patch clamp technique
in many different cell types, the molecular identity of VRAC still needs to be
resolved. Several candidates have been proposed, including p-glycoprotein,
ClC-2, ClC-3, CaCC and ICln, none of them however, comply with all of the
electrical and pharmacological criteria [2,3]. In addition to the activation of
compensatory conductances, osmotic cell swelling is accompanied by exocytosis,
and, after a distinct tag time, by endocytosis [4].

It is now well established that the lipid composition of the plasma membrane
can affect the activity of a number of ion channels, including VRAC [5-9].
This could be due to altered physical properties of the bilayer that shift the
equilibrium between the channel open and closed state [6,10] or, indirectly,
by affecting membrane retention [7-9]. Recently, we have shown that the cell
swelling-induced activation of VRAC is markedly reduced in skin fibroblasts derived
from patients suffering from the hereditary Niemann Pick type C cholesterol
storage disease [11]. These patients are defective in NPC1, resulting in massive
intracellular accumulation of cholesterol and an impaired endosomal cycling
[11-14]. In addition we demonstrated that depletion of cellular cholesterol, by
treating cells with 2-hydroxypropyl-8-cyclodextrin in the presence of acceptor
lipid vesicles, increased the volume-sensitive anion efflux of Intestine 407 cells by
approximately 2 fold. This potentiation was absent when trafficking of cholesterol
containing vesicles o the plasma membrane was blocked by progesterone [11].
Taken together, these results suggested that VRAC recruitment to the plasma
membrane may contribute to the activation of the compensatory conductance
[11].

Exocytosis depends on the movement and the subsequent docking and fusion
of vesicles with the plasma membrane [15,16]. Among the various proteins that
participate in these processes are Rab type of GTPases, involved in directing
vesicle transport, and the soluble N-ethylmaleimide-sensitive factor attachment
protein receptor {SNARE) proteins, responsible for docking and fusion (for review
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see: [17,18]). Approximately 60 Rab proteins are encoded by the human genome
[19,20] of which several have been implicated in the regulation of ion channels.
Whereas membrane expression of the epithelial Na* channel (ENaC}) has found to
be regulated by Rab4 and Rab27a, both Rab5 and Rab11 are involved in the cell
surface retention of wildtype and F508delCFTR [21]. In addition, Rab11 has been
reported to diminished the Transient Receptor Potential TRPV5/6 mediated Ca*
influx [22].

To further pursue a putative role for vesicle cycling and channel recruitment
during cell volume regulation, we studied the role of Rabb, invelved in clathrin-
coated endocytosis [23], and Rab 4 and Rab11, both involved in a rapid and
direct recycling route from the early endosomes back to the celi surface [24,25],
in the activation of the cell swelling-induced anion efflux. Taken together, our
data not only support a model of cell swelling-induced recruitment of VRAC from
intracellular stores, but also suggest new molecular candidates for VRAC.

Material and methods

Materials

Radioisotope was obtained from Amersham Netherlands B.V.
(‘s Hertogenbosch, the Netherlands). Wild-type and dominant negative Rab
constructs expressed as DsRed fusions {(Rab3), CFP fusions (Rab4) or GFP fusions
(Rab11) were a generous gift from Prof. Dr. R. Pagano and Dr. D. Marks {Mayo Clinic
College of Medicine, Rochester, USA). Clostridium botulinum neurotoxin F and
the Chariot™ protein delivery kit were obtained from respectively Calbiochem (La
Jolla, CA, U.5.A.) and Active Motif (Rixensart, Belgium). FITC-conjugated dextran
{MW=10,000 Da) and TRITC-conjugated dextran (MW=10,000 Da) were purchased
from Invitrogen Molecular Probes (Leiden, the Netherlands). All chemicals were
purchased from Sigma (5t. Louis, MO).

(125|—)

Cell culture and transfection

Intestine 407 cells were routinely grown as menolayers in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 25 mM Hepes, 10% fetal calf serum,
1% non-essential amino acids, 40 mg/t penicillin and 90 mg/{ streptomycin under
a humidified atmosphere of 95% O, and 5% CO, at 37°C. Cells were transfected
with rab encoding plasmids using Lipofectamine Plus Reagent (Invitrogen, Breda,
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the Netherlands) and used 48 h after transfection. Clostridium botulinum toxin
F was introduced intracellularly using the Chariot™ protein delivery kit according
to the manufacturer’s instructions.

Efflux assay

Confluent monolayer of cells were loaded with 5uCi/mt 1231~ for 2 h in modified
Mevyler solution (108 mM NaCl, 4.7 M KCL, 1.3 mM CaClz, 1 mM MgCLz, 20 mM
NaHCO3, 0.8 mM NaH,PO,H,0, 0.4 mM Na,HPO,, 10 mM glucose and 20 mMm
HEPES, pH 7.4). Prior to the assay, the cells were washed 3 times with isotonic
buffer (80 mM NaCl, 5 mM KCL, 1.3 mM CaClZ, 1 mM MgClZ, 10 mM glucose, 95 mM
mannitol and 20 mM HEPES, pH 7.5). Isotope efflux was determined at 37°C by
replacing the medium at 1-2 minute intervals. The cells were stimulated with
20% or 30% hypotonic medium. Hypotonic buffers were prepared by adjusting the
concentration of mannitol. '2°I” Radioactivity in the medium was determined
by y- radiation counting. Data were expressed as fractional efflux per minute as
described previously [26].

Dextran uptake

Cells grown on coverslips (80-90% confluency) were incubated for 10 min in 40%
hypotonic medium containing either 0.5 mg/ml FITC-dextran (MW 10,000 Da)
or 0.5 mg/ml TRITC~dextran (MW 10,000 Da). After the incubation, the cells
were washed three times with ice-cold phosphate-buffered saline and fixed
with 2% paraformaldehyde for 20 min. Confocal images of 512x512 pixels were
constructed by summation of 15 optical sections parallel to the substratum and
each 1 pm apart.

Confocal Immunofluorescence

The localization of dextran and/or Rabs in Intestine 407 cells was examined using
a confocal microscope (Zeiss, LSM510META) with a 40X oil immersion objective
(Axiovert 135M, Zeiss, Oberkochen,Germanys).
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Results

The hypotonicity-provoked anion efflux is reduced after inhibition of
exocytosis

Osmotic cell swelling not only activate compensatory Cl” and K* conductances, but
also rapidly induces exocytosis [4]. To investigate a putative role for exocytosis
in the regulation of VRAC, Intestine 407 cells were incubated with the sulfhydryt
reagens N-ethylmaleimide (NEM)}, leading to inactivation of SNAP-25, one of the
SNARE proteins involved in vesicle docking and fusion {18,27]. As shown in Figure
1, the hypotenicity-induced 251~ efflux activation was largely abolished in NEM
treated celis, suggesting that upon osmotic stimulation additional channels are
recruited and inserted into the membrane by vesicle fusion.
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Figure 1: Inhibition of the osmotic swelling-induced iodide efflux by N-ethylmaleimide.
Control Intestine 407 cells (open circles) and cells treated with 1 mM N-ethylmaleimide
((20 min, closed triangles) were stimulated with a 30% hypotonic medium. Addition of NEM
together with the hypo-osmotic stimulus (open triangles) did not reduce the iodide efflux,
indicating that NEM does not act as a direct blocker of VRAC under these conditions.
Arrow indicates the shift to a 30% hypotonic medium. Data are expressed as mean £5.E.M.

for n=3. No error bars were given when the S.E.M. is smaller than the size of the symbol
used.
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To further substantiate our notion that recruitment of VRAC from endosomal
compartments may be part of its regulation, the metalloprotease Clostridium
botulinurm neurotoxin F was introduced into Intestine 407 cells using the
Chariot™ protein transfection kit. Neurotoxin F specifically cleaves the vesicle
associated SNARE protein VAMP2, leading to a blockade of vesicle fusion and
subsequent of exocytosis. As shown in Figure 2, the volume-sensitive anion efflux
was substantially reduced in cells treated with neurotoxin F, again supporting
our notion that exocytosis is involved in the development of the compensatory
anion efflux (Figure 2A). Because the reduction of the volume-sensitive efflux
could be due to an inhibition of regulated exocytosis or due to interference
with constitutively cycling of VRAC containing vesicles, the cells were treated
with neurotoxin F for various time points. As shown in Figure 2B, an equal,
approximately 50% reduction of the osmo-sensitive anion efflux was observed
after either 2 h or 4 h of neurotoxin F treatment, suggesting that the reduction of
the cell swelling-activated anion release by neurotoxin F results from an inhibition
of regulated exocytosis rather than a reduction in the rate of constitutive vesicle
cycling. Prolonged treatment of the cells with neurotoxin F (20 h) only slightly
further reduced the volume-sensitive anion efflux {(Figure 2B). Partial inhibition
of the swelling-provoked anion efflux was also ohserved in Brefeldin A treated
cells (Figure 3).

After a distinct lag period, the swelling-provoked exocytosis in Intestine 407
cells is accompanied by an increase in the rate of endocytosis [1]. We therefore
investigated the effects of modulation of endeocytosis on the magnitude of the
hypotonicity-induced anion efflux. Treatment of the cells with chlorpromazine, to
inhibit clathrin-dependent endocytosis, only slightly affected the hypotonicity-
provoked anion efflux but did significantly increase the basal, unstimulated efflux
(Figure 3).

Taken together, the results suggest the existence of an intracellular and
neurotoxin F~sensitive pool of VRAC in Intestine 407 cells that is rapidly recruited
to the plasma membrane upon hypo-osmotic stimulation.
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Figure 2: Osmotic cell swelling-induced iodide efflux in control and C. botulinum
neurotoxin F treated cells. (A) Fractional 2% -efflux from controt {open symbols) and
neurotoxin F-treated (closed symbols) was quantitated after stimulation with a 20%
(triangles) or 30% (circles) hypotonic medium. Asterisk indicates a significant decrease in
the peak value of the efflux relative to the untreated control (p < 0.05; Student’s t-test) (B)
Hypotonicity-induced 1251 offlux (30% hypotonicity) from control (open circles) cultures
and cultures treated with neurotoxin F for 2, 4 or 20 h {closed circles, open triangles
and closed triangles, respectively). Peak values of 2, 4 and 20h were all significantly
lower than the control (p > 0.001; Student’s t-test). The hypotonicity-provoked iodide
efflux after 2h and 4h of neurotoxin F treatment did not differ significantly {p-value:
0.25; Student’s f-test). A small but significant decrease in the efflux between 2 an 20
h as well as between 4 h and 20 h treatment was observed (p-values: 0.004 and 0.005,
respectively). Data are expressed as mean +5.E.M. for n=3. Arrow marks the time point
of shift to a hypotonic medium, No error bars were given when the S.E.M. is smaller than
the size of the symbol used.
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Figure 3: Effects of pharmacological inhibition of exo- or endocytosis on the cell
swelling-induced iodide efflux. The basal (open bars} and hypotonicity-provoked efflux
(solid bars) of control cells were compared with the efflux from C. botulinum toxin F
chlorpromazine (25 pg/ml, 1 hour) or Brefeldin A (50 pg/ml, 4 hours) treated cells. Both
C. botulinum toxin F and Brefeldin A partially inhibited the volume sensitive anion efflux.
Chlorpromazine had no effect on the anion efflux but resulted in significantly higher basat
efflux. Cells were stimulated with a 30% hypotonic medium. T p < 0.05 relative to the
efflux from unstimulated control cells; * p < 0.05 relative to the efflux from hypotonicity-
stimulated cells.

Rab type GTPases are involved in the regulation of YRAC

Rab proteins are known to control vesicular trafficking at various stages in the
endocytic cycle. Whereas Rab5 directs transport from the plasma membrane
to the early endosomes, both Rab4 and Rab11 control the recycling to the cell
surface [23-25]. To further persue the involvement of vesicle cycling in the
regulation of the volume-sensitive anion conductance, the roles of Rab4, ~5 and
-11 GTPases were studied. |ntestine 407 cells were transfected with plasmids
encoding wild-type or dominant negative Rab4, -5 or -11 proteins fused to CFP
(Rab4), DsRed (Rab5) or GFP (Rab11). Confocal immunofluorescence microscopy
showed that Rab4WT, Ran3WT and Rab5DN were all predominantly concentrated
in vesicular structures around the nucleus (Figure 4). Whereas Rab11WT staining
was punctuate and widely dispersed throughout the cytosol, Rab11DN had a more
vesicular and prenucleair localization (Figure 4). Rab4DN fluorescence in the
cytoplasm, however, was rather diffuse (Figure 4).
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Rab4wT Rab4DN

Rab5WT Rab5DN

Rab11WT Rab11DN

Figure 4: Cellular localization of Rab proteins. Intestine 407 cells were transfected with
wildtype (WT} or dominant negative (DN) plasmids encoding CFP-tagged Rab4, DsRed-
tagged Rabb or GFP-tagged Rab11 proteins. (see page 173 for color figure)
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Rab4DN

Rab5DN

Rab11WT Rab11DN

Figure 5: Co-localization of Rab proteins and dextran. Cells transfected with wild-type
(WT) or dominant negative (DN) plasmids encoding CFP-tagged Rab4, or GFP-tagged
Rab1t proteins were incubated with TRITC-labelled dextran MW 10,000 (0.5 mg/ml,
10 minutes). Cells transfected with wildtype (WT) or dominant negative (DN) plasmids
encoding DsRed-tagged Rabb proteins were incubated with FITC-labelled dextran. QOnly
Rab5 WT was found to be localized close to dextran containing endosomes. (see page 174

for color figure)
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Rab transfected cells were briefly incubated with fluorescently labeled dextrans
as a marker for endocytic vesicles. A clear co-localization was observed only in
cells expressing Rab5WT but not in cells transfected with Rab5DN (Figure 5).
In addition, no co-localization was also absent in cells transfected with either
wildtype or dominant negative Rab4 or Rab11 (Figure 5).
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Figure 6: Effects reduced membrane retention on the cell swelling provoked anion
efflux. Hypotonicty-provoked 12°1 - efflux from control (A-C; open circles) and Rab4DN-(A,
closed circles), Rab5WT- (B, closed circles) and Rab11DN- (C; closed circles) expressing
cells. Arrow indicates the shift to a 30% hypotonic medium. Data are expressed as mean

+5.E.M. for n=3. No error bars were given when the S.E.M. is smaller than the size of the
symbol used.

To evaluate a functional role for Rab proteins in the regulation of VRAC, the
hypotonicity-provoked anion efflux was studied in cells transfected with the
different Rab encoding plasmids. [n an attempt to reduce the plasma membrane
expression of VRAC, Rab4DN and Rad11DN as well as Rab5WT transfected cells
were used, leading to either an inhibition of Rab4 and -11 mediated exocytosis
or to a stimulation of Rab5 facillitated endocytosis (Rab5WT expressing cells). As
has been shown for NEM- and neurotoxin F-treated cells (Figures 1-3), inhibition
of exocytosis resulted in a marked reduction of the cell swelling-induced anion
efflux (Figure 6). Stimulation of endocytosis however, using Rab5WT expressing
cells, also resulted in an attenuated response. Surprisingly, promoting plasma
membrane retention by blocking Rab5-mediated endocytosis with Rab5DN
overexpression or by stimulating exocytosis using Rab4WT or Rab11WT expressing
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cells did not increase the hypotonicity-evoked 1251~ offlux but instead resulted in
a somewhat diminished response in Rab5DN and Rab11WT cells (Figure 7). This
reduction in the magnitude of the cell swelling-induced efflux was accompanied
by an increase in the basal, unstimulated efflux (Figure 7).
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Figure 7: Effects of increased membrane retention on the cell swelling provoked
anion efflux. Basal (open bars) and hypotonicity-provoked (solid bars) 1251_efflux from
control, Rab4WT, Rab5DN and Rab11WT expressing cells. Cells were stimulated with a 30%
hypotonic medium. Both basal and stimulated efflux are expressed as percentage relative
to the fractional efflux of the control (mean =5.E.M., n=3), Asteriks indicates a significant

difference from (p < 0.05) the control.
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Discussion

Osmotic swelling of Intestine 407 cells not only rapidly activates the release of
osmolytes but was also found to stimulate exocytosis as well as endocytosis. In
this study, we demonstrate that inhibition of exocytosis leads to a reduced efflux
of anions, suggesting that at least part of the cell swelling-activated Cl™ channels
are localized intracellularly and are recruited to the plasma membrane upon
hypo-osmetic stimulation,

Involvement of vesicle cycling in the regulation of plasma membrane
expression of chloride channels is not unprecedented. Recent evidence indicates
that CFTR chloride channels undergo rapid endocytosis through a mechanism
involving clathrin-coated vesicles [28-30]. Using dominant-negative mutants of
Rme-1, a protein involved in endosomal cycling, it has been demonstrated that
at least part of the internalized CFTR escapes from lysosomal degradation and
recycles back to the plasma membrane [31]. Endocytotic trafficking of CFTR is
regulated by several members of the Rab family of GTPases, including Rab5, which
promotes channel endocytosis, Rab7, directing its movement to late endosomes
and lysosomes, and Rabt1, leading to recycling of the channels to the plasma
membrane {21].

In Intestine 407 cells, inhibition of exocytosis, by treating the cells with
agents that interfere with vesicle docking and fusion (NEM or neurotoxin F} or by
transfection with dominant negative Rab4 or Rab11 to inhibit vesicle movement
to the plasma membrane, resulted in a marked inhibition of the cell swelling-
activated anion efflux (Figures 1, 2a and 6 respectively). Promoting exocytosis
however, using cells overexpressing wild-type Rab4 or Rab11, did not potentiate
the hypotonicity-induced anion efflux (Figure 7). In contrast, a moderate
reduction of the response was observed in Rab11WT transfected cells (Figure 7).
This reduction in the volume-sensitive effiux was accompanied by an increase in
the anion permeability under basal, unstimulated conditions {Figure 7). A similar
increase in the basal efflux was observed after inhibition of endocytosis using
chlorpromazine or transfection with Rab5DN (Figures 3 and 7 respectively). These
experiments suggest a redistribution of VRAC from intracellular compartments
to the plasma membrane under these conditions. Notably, because the basal
conductance was found to be increased, the results also suggest that freshly
recruited VRAC is in an activated state.
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The inhibition of the osmo-sensitive anion efflux observed in Rab4DN-, Rab5WT-
or Rab11-DN overexpressing cells as well as in cells treated with neurotoxin F
was incomplete. Although we cannoct exclude that this is due at least in part to
a suboptimal transfection efficiency, the observation that a chemical compound
NEM reduced the response to an osmoshock by at most 60% also, suggests
the existence of two distinct populations of channels, a neurotoxin-sensitive
intracellular poot and a population of VRACs residing in the plasma membrane.
Because prolonged treatment of Intestine 407 cells (20 h) with neurotoxin F did
hardly reduce the swelling-induced efflux any further, it is apparent that the
rate of constitutive recycling of VRAC containing vesicles is relatively slow in
comparison with other chloride channels including CFTR [28-30].

In several model systems, an increase in intracellular free Ca?* is able to
trigger or modulate the activity of the transmembrane chloride conductance
[32-36]. Indeed, although Intestine 407 cells do not express Ca’'-sensitive
anion channels, the hypotaonicity-provoked anion efflux was found to be robustly
potentiated by Ca2+—mobilizing hormones such as bradykinin, histamine and ATP
[37]. It has been demonstrated that a rise in [Caz*]i could promote exocytosis in
Intestine 407 cells [1,38]. Therefore, it is tempting to speculate that exocytosis
and VRAC recruitment in addition to direct effects on channel gating, underlies
the mechanism involved in the potentiation of the osmo-sensitive conductance
by Ca2+-mobilizing hormones in Intestine 407 cells. This notion is supported by
the observations that Ca’* chelation did not dramatically affect the hypotonicity-
induced anion efflux by itself, but stroengly reduced exocytosis and the hormone-
induced potentiation [1,37]. Whereas the hypotonicity-provoked 1251~ efflux
was reduced in BAPTA-AM loaded cells, it should be noted that an increase in
[Caz"]i by itself was unable to activate VRAC [37]. This indicates that besides
channel recruitment, an additional signal, for instance reduced fonic strength or
macromolecular crowding (for review see [39]), is required.

Taken together, our results suggest that recruitment of volume-sensitive anion
channels contribute to the development of the RVD response. This also provides
a plausible explanation for our previous finding [37], that the Ca2+—m0bilizing
hormones are able to potentiate the volume-sensitive anion conductance in
Intestine 407 cells that do not express I ... To date, the molecular identity of
VRAC has not yet been established. In the light of our finding of cell swelling-
induced VRAC recycling it is tempting to postulate a major role for predominantly
intracellularly localized anion channels as putative molecular candidates for
VRAC.
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Chapter 6

Abstract

Intestine 407 cells lack the expression of chloride conductances other than the cell
swelling-activated anion conductance. In the search for a molecular candidate
for the Volume-Regulated Anion Channel (VRAC), we selected these cells for
studying the expression of proteins that have recently been recognized as putative
chloride channels. From RT-PCR studies the expression of bestrophin (hBest1), the
human homologue of tweety (TTYH3)}, and the primarily intracellularly localized
chloride channels ICln, CLIC1, CLICZ and CLIC4 were demonstrated.
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Introduction

Chloride is by far the most abundant anion in animals and its transmembrane
movement is facilitated by a variety of Cl--selective channels. Cl- channels are
regulated by such divers mechanisms as direct ligand-induced gating, activation by
changes in the membrane potential or in cell volume, increases in the intraceltular
concentrations of CaZ* or cyclic nucleotides as well as through phosphorylation
of the channel protein itself. The physiological role of chloride channels is not
limited to the regulation of cellular excitability, transepithelial salt and water
transport, (vesicular) pH and cell volume. It is likely that these channels are
involved also in more general biological processes such as cell growth, apoptosis
and cell migration [1-4].

Usingthewholecellpatchclamptechnique, the biophysicaland pharmacological
characteristics of the Volume-Regulated Anion Channel (VRAC} have been
extensively studied and were found to be very similar in many different model cells
used [3,5]. lts molecular identity however still remains to be elucidated. Several
candidates have been proposed, however, none of them meets all the electrical
and pharmacological criteria [4-6]. Especially CLC-3 has been put forward as the
molecular equivalent of VRAC [7-9], mostly because transfection of Hela cells
with CLC-3 antisense DNA was found not only to reduce both the cell swelling-
activated anion current but also to abolish the RVD response [10]. Although CLC3
resembles VRAC in many of its characteristics, some of its properties, including
protein kinase C regulation, channel rectification and inhibitor sensitivity, were
found to be at variance with VRAC [11-15]. Recent studies however, have clearly
demonstrated that the volume-sensitive chloride conductance is still present in
Clen3 -/- mice lacking CLC3, arguing against the crucial involvement of CLC3 in
cell volume regulation [16,17].

Recently, we provided evidence for the existence of a pool of intracellular
localized VRACs that is recruited to the plasma membrane upon hypo-osmotic
stimulation (e.g. see Chapter 5). Recruitment from intracellular compartments
is not unprecedented, {Cln, a ubiquitously expressed putative chloride channet
protein, has been found in ealier studies to translocate from the cytosol to the
plasma membrane upon hypo-osmotic stimulation. [18]. Intestine 407 cells do
not express voltage-, calcium-, cAMP/protein kinase A (CFTR)-activated anion
channels in the plasma membrane [19]. Instead, only the volume-sensitive
chloride conductance has been observed. This property renders this cell line an
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excellent model for studies towards the elucidation of the molecular identity of
VRAC. In this study, we investigated the expression of several newly recognized
chloride channels in Intestine 407 cells.

Material and methods

Materials

Primers for 1Cln were kindly donated by Dr. M.Paulmichl (Paracelcus University,
Salzburg). CLIC primers and siRNAs were generous gifts from Dr. B.Ponsioen and Dr.
W.H.Moolenaar (NKI, Amsterdam}. Primers for hTTY1-3 and hBest1 were designed
using the published sequences from the human gene bank at the National Center
for Biotechnology Information (NCBI). Primer sites were selected around intron
splice sites.

Cell culture

Intestine 407 cells were routinely grown as monolayers in Dulbecco’s moedified
Eagle’s medium (DMEM)} supplemented with 25 mM N-Z-hydroxy-ethylpiperaz
ine-N’-2-ethanesulfonic acid (Hepes), 10% fetal calf serum, 1% non-essential
amino acids, 40 mg/l penicillin and 90 mg/l streptomycin under a humidified
atmosphere of 95% 02 and 5% CO2 at 37°C.

RNA isolation, amplification, and analysis

Total cellular RNA was isolated from Intestine 407 cells using an Ultraspec®
total RNA isolation kit (Biotecx, Houston, TX, USA) according to the protocol
provided by the manufacturer. First-strand cDNA synthesis was performed
from 1 pg of total RNA using Promega M-MLY reverse transcriptase using the
manufacturer’s protocol and reaction buffers {Promega Benelux BY, Leiden, the
Netherlands). The reaction was inactivated by raising the temperature to 70°C
for 5 minutes, followed by the addition of 5 ug RNAse and 15 min. incubation
at 37°C. PCR reactions were performed in a total volume of 25 pl containing
0.4 units of REDTag DNA polymerase (Sigma, St. Louis, Mi}, approx. 10 ng of
total cDNA, 1X REDTag PCR buffer, 2 mM MgCl2, 0.2 mM dNTPs, and 0.2 M of
each primer. The PCR program consisted of 35 cycles of 45 seconds at 94°C, 45
seconds at 55°C, 40 seconds at 72°C and a final extension at 72°C for 10 minutes.
The PCR products were subsequently analyzed on 1% agarose gel containing 0.2
pgml-1 etidium bremide.
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Results and discussion

Expression of tweety homologues, bestrophin, ICIn and CLICs in Intestine 407
cells

Expression of the recently recognized putative chloride channels was studied in
intestine 407 cells by RT-PCR. These channels include ICln, bestrophin (hBest1)
and human homoloques of the Drosophila tweety (hTTYH1-3) as well as members
of the CLIC family (CLIC1-6).

Tweety (dTTY1)}, a gene located in Brosophila flightless locus, is required for
normal flight and is both structuratly and functionally related to large conductance
chtoride channels [20]. The three human hemologues of tweety (hTTYH1-3)
possess 5 or 6 transmembrane segments and have been recognized as novel maxi
Cl” channels. Whereas both hTTYH2 and 3 were identified as Ca’*-activated Cl”
channels by whole cell patch clamping, hTTYH1 was found to encode for a Ca*-
independent and swelling-activated anion channel [20], making this channel a
potential VRAC candidate. As clearly shown in Figure 1, only hTTYH3 expression
was observed in Intestine 407 cells, which is remarkable because these cells do
not express Ca?*-activated Cl™-channels in their plasma membrane [19]. The
absence of a detectable hTTYH1 expression however, makes it very unlikely that
hTTYH1 channels are the molecular basis of the robust Cl conductance triggered
by osmotic cell swelling in Intestine 407 cells.

Bestrophins belong to a family of proteins that consist of four transmembrane
spanning domains and may form multimeric chloride channels that are inhibited
by SH-specific reagents [21]. Furthermore, some members of the bestrophin
family are sensitive to intracellular calcium and may represent Ca?*-sensitive
anion channels. Although bestrophins are recognized as novel Cl™-channels, little
is as yet known about their physiological roles. Mutations in hBest1 result in a
juvenile form of macular degeneration (Best disease) and channel disfunction,
the relationship between the observed pathology and the altered jon channel
activity however remains to be established [21,22]. In hBest1 transfected HEK
cells, the volume-sensitive anion current was found to be dramatically increased,
suggesting that hBest1 could serve as a molecular candidate for VRAC [23].
Expression of hBest1 was observed in [ntestine 407 cells (Figure 2). Because of
its apparent CaZ*-sensitivity however, it seems unlikely that this channel may
represent VRAC in these cells.
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Both ICln and members of the CLIC family of anion channels are primarily
localized in the cytosol but may translocate to the plasma membrane upon
activation. Expression of [CIn in Xenopus oocytes resulted in an outwardly
rectifying anion current which closely resembles VRAC [24]. ICln interact with
several other proteins and may serve as a “connector hub”. In addition to
its putative function as a Cl” channel, ICln may be involved in several other
regulatory pathways include regutation of cell morphology, angiogenesis and RNA
processing (for review see: [25]). Like many other cell types, ICln is expressed
in Intestine 407 cells (Figure 2). Because of the observed lethality of genetic
knockdown of ICln in cell lines, C. elegans and mice it is difficult to investigate
its direct involvement in cell volume regulation [26].

CLIC (chloride intracellular channel) proteins belong to a family of chloride
channels whose physiological roles are yet unclear. The CLIC proteins have
little homology to other chloride channels and exist in both a soluble cytosolic
and a membrane-inserted form [27,28]. The proteins have some homology to
glutathione S-transferases, suggesting that, Uike ICln, they may have additional
cellular functions [29]. The CLIC homologue EXC-4 has been found to be critically
involved in the formation of the excretory canal in C. elegans, which consists of
a single elongated cell with an intracellular tube [30]. Loss of EXC-4 function
results in the disruption of the tubular structure of the lumen by the formation
of cystic enlargements, perhaps as a consequence of excessive swelling [30]. In
Intestine 407 cells, expression of CLIC1, -2 and -4, but hardly any CLIC3, -5 and
~6, was detected by RT-PCR (Figure 3).

TTYH GP

1 2 3 12 3
MIimimimwwwlIlm

300 bp

Figure 1: Expression of the human homologues of the Drosophila tweety in human
Intestine 407 cells and mouse brain. mRNA expression of hTTY1, hTTY2 and hTTY3 in
Intestine 407 cells (I} and in mouse brain (m). GAPDH (G) was used as a reference. Alt
bands have the predicted length {(M=marker}.
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Figure 2: Expression of bestrophin and ICIn in Intestine 407 cells. Expression of hBest1
(B) and ICIn{IC) in Intestine 407 cells was determined by RT-PCR. GAPDH {G) was used as
a reference.

__ Intestine 407 _ Water
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Figure 3: Expression of members of the CLIC family of chloride channels in Intestine 407
cells. Expression of CLIC1-6 in Intestine 407 cells. GAPDH (G) was used as a reference.

Conclusions

Although Intestine 407 cells lack most of the well established “classical” anion
conductances, they do express several proteins that have recently been recognized
as potential chloride channels. Especially members of the CLIC family, which
are primarily localized intracellularly but are able to translocate to the plasma
membrane, may serve as potential VRAC candidates. This notion is supported
by cur preliminary observation that the cell swelling-activated iodide efflux is
reduced in cells treated with CLIC1/4 siRNAs (unpublished results).
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Chapter 7

Abstract

Osmotic swelling of human Intestine 407 epithelial cells rapidly activates
the efflux of chloride and potassium ions as well as the extracellular release
of organic osmolytes. Activation of these compensatory effluxes was largely
abolished in cells treated with bivalent mercury ions. Surprisingly, hyposmotic
activation of the Volume-Regulated Anion Channel (VRAC) under whole cell
patch clamp conditions was only slightly affected by intra- or extracellular I-Egz’",
suggesting the involvement of ng*—sensitive aquaporins (AQPs) in osmotic cell
swelling and/or the subsequent regulatory volume decrease (RVD). To further
substantiate a role for AQPs during cell volume regulation, cells with reduced
protein levels of one or more of the AQPs expressed (AQP1, 3 and 7 in our clone of
intestine 407 cells) were generated using a siRNA-based gene silencing technigue.
Whereas a knockdown of either AQP1, 3 or 7 resulted in a partial inhibition of
the hypotonicity-provoked iodide, rubidium and taurine efflux, knockdown of
all three AQPs resulted in an almost complete inhibition. AQP knockdown also
markedly reduced the rate but not the extent of osmotic cell swelling and almost
completely prevented the RVD response. in addition, the rapid and transient
formation of membrane protuberances upon osmotic swelling of Intestine 407
cells was absent in AQP knockdown cells. The results not only indicate that the
hypotonicity-evoked fast increase in cell volume as well as the formation of
protuberances are facilitated by a rapid influx of water through AQPs, but also
suggest that the rate of cell swelling is a critical determinant for the activation

of the compensatory csmolyte effluxes and for the initiation of the RVD response
in intact cells.
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Introduction

Because of the relatively high water permeability of the mammalian plasma
membrane, variations in the concentrations of osmotically active intracellular
substances or in the csmolarity of the surrounding fluid will immediately lead
to a redistribution of water. As a result, cells are continuously prone to changes
in their volume. Because alterations in cell size may potentially be hazardous,
almost all cell types have developed efficient mechanisms to maintain their
volume within a certain range [1,2]. Upon osmotic cell swelling, Ci -and
K*-selective channels are activated rapidly, leading to the net efflux of KCL.
{1-3]. [n addition, an organic osmolyte release pathway is activated, resulting in
the release of small organic solutes such as betaine and taurine [4]. In Intestine
407 cells, the efflux of organic osmolytes was activated only after a distinct lag
time of ~-30-60 s and lasted for approximately least 8-12 min [5]. Subseguent
to the release of these osmolytes, water will leave the cell and its original cell
volume will be restored, a mechanism commonly referred to as regulatory volume
decrease (RVD). Despite its ubiquitous expression and its marked biophysical
characteristics, the molecular identity of the anion channel activated during the
RVD (designated Volume-Regulated Anion Channels or VRAC) has not yet been
elucidated. Several candidates have been proposed, but none of them comply
with all the electrical and pharmacological criteria [6,7]. The K* conductance
involved in the RVYD response in Intestine 407 cells however, has been identified
as a Ca’*-dependent intermediate K* channel [8].

Water can move across the plasma membrane by diffusion through the
lipid bilayer, as ion hydratation through ion channels [9] or through specific
“water channels” or aquaporins (AQPs). The AQPs are a large family of integral
membrane proteins widely expressed in prokaryotes, yeast, animals and plants
[10,11]. At least 11 isoforms have been identified in mammalian tissues. AQPs are
highly expressed in water-transporting organs such as the kidney, as well as in
numerous other tissues and cell types including the choroid plexus, the eye lens,
endothelium and erythrocytes [12-14]. In the gastro-intestinal tract, a role for
AQPs in fat malabsorbtion, intrahepatic bile production, pancreatic secretion and
saliva production has been proposed [13]. Whereas many mammalian AQPs are
exclusively permeable to water, others (AQP3, 6, 7, 9, and 10) are also able to
transport small polar molecules including glycerol and urea [15-19]. Interestingly,
AQP6 was reported to conduct anions as well [20]. Recently, Kida et al. [21]
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reported that functional AQP3 channels are essential for the RVD-driven water
release from Intestine 407 cells after osmotic ceil swelling [21]. These results
prompted us to investigate the possible relationship(s) between AQPs and the
regulation of the compensatory osmolyte fluxes. In line with the observations
by Kida et al. [21], we found that the RVD response is impaired in cells lacking
functional AQPs. The results also demonstrate, however, that all three osmolyte
release pathways (i.e. for C17, K" and taurine) are almost fully inhibited after AQP
knockdown in intact cells grown as monolayers. In addition, the rate of osmotic
swelling was dramatically reduced in cells lacking AQPs. Taken together, the data
suggest that a fast increase in cell volume is a prerequisite for the activation of
these compensatory fluxes in Intestine 407 cells. The results therefore indicate
that knockdown of AQPs prevents the RVD response by the failure of the cell
to activate the osmolyte release pathways but not by abolishing its capacity to
accurnulate water.

Methods

Materials

Radioisotopes (*H-Taurine, 1251 8pp~ and 38C17) were purchased from GE
Healthcare Netherland. (Zeist, the Netherlands). Enhanced chemiluminescence
(ECL) Detection kit was purchased from Pierce (Rockford, [L, USA). All other
chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture

Intestine 407 cells were routinely grown as monolayers in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 25 mM Hepes, 10% fetal calf serum,
1% non-essential amino acids, 40 mgl™" penicillin and 90 mgl™! streptomycin
under a humidified atmosphere of 95% O, and 5% CO, at 37°C.

RNA isolation, amplification, and analysis

Total cellular RNA was isolated from Intestine 407 cells using an Ultraspec® total
RNA isolation kit (Biotecx, Houston, TX, USA} according to the protocol provided
by the manufacturer, First-strand cDNA synthesis was performed from 1 pg of
total RNA using Promega M-MLV reverse transcriptase using the manufacturer’s
protocol and reaction buffers (Promega Benelux BV, Leiden, the Netherlands).
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The reaction was inactivated by raising the temperature to 70°C for 5 minutes,
followed by the addition of 5 pg RNAse and 15 min. incubation at 37°C.

AQP PCR primers were designed using the published sequences from the
human gene bank at the National Center for Biotechnology [nformation (NCBI).
Primer sites were selected around intron splice sites. The amplifications were
performed using the primer sets listed in Table 1.

PCR reactions were performed in a total volume of 25 yl containing 0.4 units
of REDTag DNA polymerase (Sigma, St. Louis, Mi), approx. 10 ng of total cDNA, 1X
REDTaq PCR buffer, 2 mM MgCl,, 0.2 mM dNTPs, and 0.2 gM of each primer, The
PCR program consisted of 35 cycles of 45 seconds at 94°C, 45 seconds at 55°C, 40
seconds at 72°C and a final extension at 72°C for 10 minutes. The PCR products
were subsequently analyzed on 1% agarose gel containing 0.2 pgml'1 etidium
bromide. The sequence was verified using dye termination sequencing.

AQP gene silencing

Human AQP mRNA sequences were obtained from the NCBI website. Single-
stranded small interfering RNA (siRNA) oligonucleotides were designed using the
Ambion online tool for siRNA design (http://www.ambion.com/techiib/misc/
siRNA_finder.html} and checked for significant homology with stretches from other
human genes by performing a BLAST search at www.ncbi.nlm.nih.gov/BLAST.
Two complementary DNA cligonucleotides containing the selected sequence, a
hairpin sequence and the reverse complement of the selected sequence, were
designed, annealed and ligated into the pSilencer 3.1-HI hygro vector (Ambion,
Austin, Texas, USA). Intestine 407 cells were transfected with the siRNA plasmids
using Lipofectamin Plus (Invitrogen, Breda, the Netherlands). A list of sense and
anti-sense primer sets is presented in Table 2.
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Table 1: List of primer sequences

Primer Product size bp {base pair) Primer sequence

AQPO 394 S TGTCTTCTTTGGOGCTGGGGTCCTC-37
5" -ATTCCGCCTCTCGTCGTATGT-3

AQP1 283 5-CCCTGGGCTTCAAATACC-3’
5’ -COGCCAAGCGAGTTCCCAGTCAG-3'

AQP2 386 5'-TCCATGAGATCACGCCAGCAGA-3'
5'-GCGAGCGGATTCAGCCATTACC-3'

AQP3 381 5"-CCTTTGGCTTTGCTGTCACTCTGG-3!
5'-CTCGGGGGACGOGGTTGTTGTAAG-3’

AQP4 244 5 -TTCTGGCCATGCTTATTTTTGTTC-3’
5'-CACTGGGCTGCGATGTAGA-3!

AQP5 406 5'-CGCTGCTCCGGGCTTTCTTCTACG-3’
5'-GCAGCCAGGACCGCCCCCACGAT-37

AQPé& 444 5" -ACGGTGGGGGCTGCTCTGCTTTAT-3°
5'-TGCCCCTGTCCCCACCTCTA-Y'

AQP7 448 5"-CTACACGGCCATTCTCCACT c-3
3"-ACCCCGATGATGACCACGAGGATG-3’

AQP8 299 3-GTGGGTGGCAGGTGGCGAGTGT-3’
57-CCCCCGAGCAGCTGTGAGACC-3”

AQP9 357 5'-AACTGCTGATCGTGGGAGAAAATG-3’
37-CAACCAAAGGGCCCACTACAGGAA-3’

AQP10 449 5'-GGTCAAGCTCCCCATTTACATC-375-
GGAGGCCAGCACCAGGAGAGTC-Y’

AQP PCR primers were designed based on the published sequences from the human gene bank in the
National Centre for Biotechnology Information (NCBI) by comparing chromosomal DNA with cDNA.

Primer sites were selected around intron splice sites.

Efflux assay

Monolayer of cells were loaded for 2 h with the isotope (5pCiml-1 1217, 0.5 puCiml ™
85rb*, 5 pCiml™" 36CL™ or 0.1 pCiml™" 3H-taurine). Prior to the assay, the cells
were washed 3 times with isotonic buffer (80 mM NaCl, 5 mM KCL, 1.3 mM CaCEZ'
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1 mM MgC{2 10 mM glucose, 95 mM mannitol and 20 mM HEPES, pH 7.5). Isotope
efflux was determined at 37°C by replacing the medium at 1-2 minute intervals.
Hypotonic media were prepared by adjusting the concentration of mannitol.
Radioactivity in the medium was determined by y- (125I‘ and 36Rb+) or B-(3H and
36Cl'} radiation counting. Data were expressed as fractional efflux per minute.

Table 2: siRNA sequence

siRNA Sequence

Scram  GATCCCGTCTCTGCTTCACTGGTTGATTCAAGAGATCAACCAGTGAAGCAGAGATTTTTTGGAAA
AGCTTTECCAAAAAATCTCTGCTTCACTGGTTGATCTCTTGAATCAACCAGTGAAGCAGAGACCG

AQP1T  GATCCCGAAGAAGCTCTTCTGGAGGTTCAAGAGACCTCCAGAAGAGCTTCTTCTTTTTTGGAAA
AGCTTTTCCAAAAAAGAAGAAGCTCTTCTGGAGGTCTCTFGAACCTCCAGAAGAGCTTCTTCGG

AQP3  GATCCCGTGGCTTCTTTGACCAGTTCTTCAAGAGAGAACTGGTCAAAGAAGCCATTTTTTGGAAA
AGCTTTTCCAAAAAATGGCTTCTTTGACCAGTTCTCTCTTGAAGAACTGGTCAAAGAAGCCACGG

AQP7  GATCCCGATGGGATCTCATGAACCCTTCAAGAGAGGGTTCATGAGATCCCATC GGAAA
AGCTTTTCCAAAAAGATGGGATCTCATGAACCCTCTCTTGAAGGGTTCATGAGATCCCATCGG

Human AQP mRNA sequence was obtained from the NCBI webside. Single-stranded siRNA (small
interference RNA) oligonucleotides were designed according to the Ambion online tool for primer
design.

BLAST (Basic Local Alignment Search Tool) search was conducted to confirm that the sequences are
not consistent with other gene sequences.

Scram = Scrambled construct AQP3

Western blot

The cells were washed three times and lyzed in Laemli-sample buffer. Equal
amounts of protein was loaded, separated electrophoretically by SDS-PAGE
and subsequently transferred fo a nitrocellulose membrane. The membrane
was blocked with 3% non-fat dried milk in Tris-Tween-buffered saline (TTBS)
for two hours. AQP1 and AQP7 antibodies were purchased from Sigma-Aldrich
(St. Louis, MO, USA), anti-AQP3 antibody was obtained from Santa Cruz
Biotechnology Inc. (SantaCruz, CA, USA). Immunoreactivity was detected using
horseradish peroxidase- {HRP) coupled secondary antibodies and an Enhanced
Chemiluminescence (ECL) Detection kit.
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Time-lapse video imaging

Intestine 407 cells were transfected with siRNA at 50% confluency and used in
the experiments after 48 hours of the transfection. Images were acquired every
second for 4 minutes using AnalySIS imaging software (Soft Imaging System,
Munster, Germany) and an inverted Olympus [X50 microscope.

Results

Inhibition of the cell-swelling provoked osmolyte effluxes by bivalent mercury
ions

Hypo-osmotic stimulation of Intestine 407 cells results in the immediate opening
of CU” and K* selective ion channels and the activation of an organic osmolyte
release pathway. Treatment of the cells with HgCL, (10 gM) not only inhibited the
cell swelling-induced *°Ct™ efflux almost completely (Figure 1A), but also abolished
the hypotonicity-proveked release of organic osmolytes (Figure 1B). In contrast
however, the cell swelling activated chloride current, as determined by using the
whole cell patch clamp technique, was only slightly affected by the presence of
HgCL, (Figure 2). Previously, we have demonstrated that the cell swelling-induced
efflux of Cl7, K" and organic osmolytes is regulated independently and invoives
different release pathways [5]. Because it is unlikely that low concentrations of
HgCl, affect these pathways similarly, we postulated that mercury-sensitive AQPs
might serve as potential targets. This notion is supported by our observation
that the hypotonicity-provoked efflux of *CL is no longer inhibited when HgCl,
was added after the initial phase of cell swelling (i.e. 30 s after the onset of
hypotonic stimulation, results not shown).

Expression of AQPs in Intestine 407 cells

To further evaluate a potential role for mercury-sensitive AQPs during osmotic
cell swelling and the subsequent RVD response, expression of AQPO - 10 was
studied by RT-PCR. As shown in Figure 3, amplified fragments of the predicted
length were found for AQP1, 3 and 7 in all experiments (n=5) performed, the
highest expression level being observed for AQP1 and 3. In 2 out of 5 experiments,
an additional low expression of AQP4 was also observed. No bands were ever
observed when primers for AQPO, 2, 5, 6 and 8-10 were used. Expression of AQP1,
3 and 7 was confirmed by excising the corresponding band from the gel followed
by DNA sequencing.
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Figure 1: |nhibition of the cell swelling-provoked chiloride and taurine efflux by
bivalent mercury jons. A) Hypotonicity-provoked 36¢| efflux in the absence or presence
of HgCl,. Open circles represent control and closed circtes HgCl,-treated (10 pM, 10 min}
cultures. Arrow indicates the shift to a 30% hypotonic medium. B) Cell swelling-induced
3[H]—taurine release. Open bars represent the efflux under isotonic, solid bars under hypo-
osmotic (30% hypotonic) conditions. Data are expressed as mean +SEM for n=3. No error
bar is given when the SEM is smaller than the size of the symbol used.

AQP gene silencing

Cells with a reduced expression of AQP1, 3 and/or 7 were generated using a
siRNA~based gene-silencing technique. Two days after transfection of Intestine
407 cells with siRNAs targeting either AQP1, 3 or 7, mRNA was isolated and AQP
expression was analyzed by means of RT-PCR as described under “Materials and
methods”. As compared to control cells, AQP1, 3 and 7 mRNA expression was
strongly reduced in siRNA treated cells (Figure 4A). In addition, expression of
AQP1, 3 and 7 proteins was also markedly reduced in AQP-knockdown cells (Figure
4B). As shown in Fig 4B, siRNA treatment reduced both the nonglycosylated and
the glycosylated forms of AQP1, 3 and 7 [22,23].

Reduced hypotonicity-provoked effluxes in AQP knockdown cells

To investigate a putative role for AQPs in the activation of hypotonicity-induced
efflux of osmolytes, the cell swelling-provoked efflux of 251" and #Rb* were
determined in control and AQP-knockdown cells. As compared to control cells,
both the '2°I" and #Rb* efflux were markedly reduced after AQP1, 3 or 7
knockdown (Figure 5A, B), the 8Rb* efflux being slightly less affected than the

123~ efflux. In addition, because the hypotonicity-provoked release of organic
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osmolytes was alse found to be sensitive to HgCl2 {see Figure 1), the efflux of
taurine was studied in cells treated with AQP3 siRNAs. Like the release of jodide
and rubidium, the taurine efflux was also inhibited after AQP3 knockdown (Figure
5C).
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Figure 2: The cell sweiling-activated chloride current was only slightly affected by
bivalent mercuryions under whole cell patch clamp condition. Anion currentsin response
to step pulses from =100 mV to +100 mV (25 mV increments) from control cells (A, B) and
cells exposed to extracellular (C; 10 minutes preincubation} or intracellular (D} HgCl,
(10 pM). The cell swelling-induced anion conductance was proveked by a hyperosmotic
(450m Osm) pipette solution (B-D). A: Isotonic control. Traces are representative of at
least 5 independent experiments.
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Figure 3: Expression of AQPs in Intestine 407 cells. Aquaporin 0-10 mRNA expression in
intestine 407 cells. The RT-PCR was repeated several times with different batches of cells
and the products were checked by excising the band from the gel and sequencing. M =
marker. G = GAPDH expression.

Notably, the efflux of 1251~ and 36Rp* triggered by a hypo-osmotic medium
were partly inhibited in cells with the reduced expression of AQP1, 3 or 7. To
investigate whether a reduction of the expession of multiple AQP species could
further decrease the asmo-sensitive anion efflux, double and a triple knockdown
cells were generated. As shown in Figure 6, the cell swelling-induced 1251~ offlux
was significantly lower in AQP1-3 and AQP3-7, but not AQP1-7 knockdown cells,
An almost complete inhibition however (reduced to less than ~ 10-15 % of the
scrambled controt) was cbserved after AQP1, 3, 7 triple knockdowns.

Hypotonicity-induced blebbing and cell swelling in AQP knockdown cells

To visualize hypotonicity-provoked changes in cell volume and morphology, images
of monclayers of control and AQP1, 3, 7-knockdown cells were acquired each
second for a period of at least 4 min after osmotic stimulation. As shown in Figure
7, hypo-osmotic stimulation of Intestine 407 cell swelling was accompanied by a
transient formation of plasma membrane protuberances, which were absent in
cells treated with AQP-specific siRNAs. AQP-knockdown cells however, are still
able to increase their volume upon hypo-osmotic stimulation, but fail to exhibit
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an RVD response (Figure 8A,C). A similar inhibition of the RVD response has been
previously reported by Kida et al. [21] using cells treated with the sulfhydryl
reagent methylmethanethio-sulphonate {MMTS) to inhibit AQP3. Importantly,
although the AQP knockdown cells were able to increase their volume upon
osmotic stimutation, the rate of cell swelling was markedly reduced as compared
to control cells (Figure 8A, B). Especially in AQP1, 3, 7 triple knockdown cells,
the initial rate of swelling was very low.

AQP1  AQP3  AQP7 GAPDH Water
Mmoo Cd C3 c7 c137 G137

VvV w o

¥V =

- + - + - +

AQP1 AQP3 AQP7

Figure 4: AQP gene silencing. A) mRNA expression of AQP1, AQP3, AQP7 and GAPDH in
control and siRNA-treated cells. C = control cells, 1 = AQP1-siRNA-treated, 3 = AQP3-
siRNA-treated and 7 = AQP7-siRNA-treated cells. B): Protein expression of AQP1, AQP3
and AQP7 in control (-} and siRNA-treated cells (+}. The core (non-glycosylated) protein is
indicated by “n” (~28 kDa), the glycosylated species are indicated by “g” (~35kDa). The
results are representative for 3 individual experiments using 3 different batches of cells.
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Figure 5: Reduced hypotonicity-provoked efflux in AQP-knockdown cells. Control and
siRNA-treated Intestine 407 cells were loaded with *251” (A), BRb* (B) or *[H]-taurine (C}.
A, B): Hypotonicity-provoked efflux of respectively 2~ and %6Rb* from control and AQP
siRNA-treated cells. Open circles, closed triangles and open triangles represent AQP1,
AQP3 and AQP7-knockdown cells, respectively. Closed circles represent the untreated
control. Arrows indicate shift to a 30% hypotonic medium. C: Taurine efflux from control
and AQP3 siRNA-treated cells. Open and solid bars represent the taurine efflux under
isotonic and 30% hypotonic conditions respectively. Data are expressed as mean +5EM for
n=3. No error bar is given when the SEM is smaller than the size of the symbol used.
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Figure 6: Comparison of single and muitiple knockdown of AQPs. '2%” efflux from control
and AQP siRNA-treated Intestine 407 cells was determined under 30% hypotonic conditions,
Cells were transfected with plasmids expressing AQP1, AQP3 and/or AQP7 siRNA. Data are
expressed as mean +SEM for n=3. *) represents a significance difference from cells treated
with scrambled AQP3 siRNA (p < 0.05). 1) represents a significant difference from cells
treated with AQP3 siRNA (p < 0.05). Control: mock-transfected cells.
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t= 0 seconds t= 25 seconds t= 4 minutes

Control
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Figure 7: Hypotonicity-provoked formation of membrane protrusions is absent in
AQP-knockdown ceils. Control (upper panels) cells and siRNA-treated Intestine 407
cells (lower panels) were stimulated by 40% hypotonic buffer. Images were taken before
stimulation (time = (), and 25 seconds or 4 minutes after stimulation. Arrows indicate
position of membrane protrusions. Each image is representative for 3 images taken from
3 individual experiments using 3 different batches of cells.
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Figure 8: Delayed swelling and impaired RVD response in AQP-knockdown Intestine 407
cells. A, Control (closed circles), scrambled AQP3 treated (closed squares), AQP1-(open
circles}, 3-(closed triangles), 7-(open triangles) and triple-knockdown (open squares)
intestine 407 cells were stimulated with 40% hypotonic buffer. Cell size was measured
before stimulation (t = 0 s} and up to 4 min after stimulation. Data are expressed as mean
+ SEM (n=6) B, Enlargement, first 25 s after stimulation, of panel A. C. The increase in cell
size after 4 minutes of hypo-osmotic stimulation (40% hypotenicity) relative to the initial
cell size. C = control cells; S = cells transfected with scrambled AQP3 siRNA plasmid and
1, 3 and 7 = cells transfected with plasmids encoding respectively AQP1, AQP3 or AQP7
siRNA. Asterisk indicates a significance difference relative to the scrambled control (n=6,
p < 0.01).
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Discussion

n this study, we have shown that the hypotonicity-provoked efflux of 3¢,
86Rb* and 3H-taurine were inhibited after brief treatment of the cells with low
concentrations of bivalent mercury ions. Because it is rather unlikely that low
concentrations of Hg?* similarly affect such diverse transporters as cell swelling-
activated anion and cation channels and the organic osmolyte release pathway,
a reduced rate of osmotic cell swelling through inhibition of mercury-sensitive
AQPs was postulated. With the exception of AQPO and AQP4, all AQPs have been
found sensitive to bivalent mercury ions [24].

Surprisingly, in clear contrast to the 36C |~ efflux, the hypotonicity-provoked CL-
current measured using the whole cell path clamp technique, was only moderately
affected by I-Ig2+ treatment. Similar observations have been reported recently by
Kida et al. [21]. Using the sulfhydryl reagent MMTS as an alternative way to inhibit
aquaporin-mediated water fluxes, they found a fully active volume-sensitive Cl™
conductance under patch clamp conditions whereas, in intact cells, the RVD
response was completely blocked. Notably, this inhibition was still present in
gramicidin-treated cells, indicating that the K conductance is not rate limiting
[21]. Under whole cell patch clamp conditions, the anion conductance has been
found to develop gradually over a period of several minutes and stays active as
long as the surrounding medium remains hypotonic [25-27]. Inintact cells however,
the hypotonicty-provoked anion efflux starts almost instantaneously and lasts for
only 2-3 minutes. Therefore, these observations suggest that, in intact cells, the
rate of cell swelling is of crucial importance to trigger the compensatory anion
efflux. Although speculative, the results may suggest the existence of two modes
of VRAC activation, a fast mechanism that may involve channel recruitment [28]
and a slower one, observed under patch clamp conditions, which might involve
activation by membrane stretch, ionic strength and/or molecular crowding {1].

AQP expression may vary between the different clones of Intestine 407 celis
available. The clone routinely used in our laboratory was found to express AQP1,
3 and 7, whereas another clone of this cell line expressed AQP3 only [21]. In our
cells, all three members of the AQP family were required to fully activate the
hypotonicity-provoken anion efflux and, vice versa, knockdown of all three AQPs
was needed to maximally suppress the efflux. Notably, the 1231~ offlux was found
to be more affected by the knockdown of a singe AQP family member than the
86Rh" efflux (Figure 5A). In addition, we found that the iodide efflux was more
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sensitive to MMTS treatment than the rubidium efflux (results not shown). These
results indicate that, in line with early observations showing that the activation
of a K" current precedes the Cl” conductance [29], the efflux of cations is more
sensitive to small changes in cell volume.

Hypo-osmaotic stimulation of Intestine 407 cells grown as monolayers also
induced an immediate and transient formation of membrane protuberances or
blebs, which was absent in AQP knockdown cell. Membrane blebbing is often
associated with apoptosis [30,31] and necrosis [31], but has also been observed
during migration [32], mitosis [33] and spreading after plating [34]. Mareover,
brief activation of ATP-gated PZX7 receptors was also found to induce pseudo-
apoptotic blebbing [35]. Using an annexin V based apoptosis kit, however, we
were not able to detect any evidence for an increased induction of early stage
apoptosis in osmotically stimulated Intestine 407 cells. The observed blehs are
possibly formed as a result of a rapid increase in intracellular pressure due to
the fast movement of water through AQPs. When the fluid driven expansion of
the cell membrane is faster than the rate of actin polymerization, cytosolic fluid
is squeezed through less rigid areas of the cortical cytoskeleton and blebs are
formed [34,36,37]. This phenomenon could be enhanced by the cell swelling
induces depolymerization of the actin cytoskeleton that has been cbserved in
many different cell models [3,38-40]. A thin layer of actin however was found
to surround blebs [34,41,42], which may play a role during the RVD associated
retraction of the protuberances [31,34,41-43]. Alternatively, the blebs may
represent cellular domains of increased membrane insertion, Because exocytosis
has been found to occur rapidly upon osmotic swelling of intestine 407 cells and
recruitment of VRAC from intracellular compartments has been suggested [28,44],
it is tempting to suggest that these blebs represent sites of VRAC insertion.

The rate of osmotic swelling was found to be reduced in AQP knockdown cells
(Figure 8A, B), which coincides with a reduced activation of the compensatory
osmolyte release pathways (Figures 5, 6) and an inhibition of the RVD response
{Figure 84, C). This suggests that rapid cell swelling is required to promote the
efflux of osmolytes and to drive the RVD. To conclude, the results indicate that
a high rate of cell swelling is a prerequisite for activating compensatory ion
conductances and that the inability to promote the release of osmolytes underlies
the absence of the RVD response in AQP siRNA-treated cells. Clearly further
research is needed to identify the molecular mechanism by which changes in the
rate of cell swelling are able to determine the efficacy of VRAC activation and
the RVD response.
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Chapter 8

General Discussion

This thesis focuses mainly on the regulation of Yolume-Regulated Anion Channels
(VRACs) and the search for its molecular candidates. The results described in
this thesis demonstrate that rapid cell swelling, facilitated by water transport
through aquaporins, is required for the activation of VRACs. Furthermore, our
study also demonstrates that a significant fraction of the volume-sensitive Cl”
channels is localized intracellularly and is recruited to the plasma membrane
by exocytosis upon osmotic cell swelling. Although the identity of VRAC still
remains an enigma, the results of our study suggest that in the search for the
molecular identity of VRAC, anion channels localized primarily in intracellular
compartments should be considered as prime candidates.

1. YRAC recruitment and recycling

Cellular vesicle transport as well as transport protein function can be modulated
by the lipid composition of the plasma membrane [1-4]. Treating the cells with
CD/PC-LUVs, to deplete plasma membrane cholesterol, was found to result in
enhanced exocytosis and reduced endocytosis [1-4]. As compared to control cells,
the hypotonicity-provoked anion conductance was increased by approximately 2
fold in CD/PC-LUVs-treated Intestine 407 cells, indicative for an increase in the
number of active and plasma membrane localized VRAC channels. This can be
explained by an increase in the open state probability of the individual channels
(as has been reported in references 5 and 6}, by recruitment of additional {open)
channels, by prolonged plasma membrane retention of channels [8] or by a
combination of such mechanisms.

Caveolae and lipid rafts are distinct membrane areas with a high content
of cholesterol [7,1]. Because the CD/PC-LUVs-mediated potentiation of the
hypotonicity-provoked anion efflux was not changed in either caveolin-1
deficient or in sphingomyelinase-treated cells [8], a crucial role for caveolae
and lipids rafts in the regulation of VRAC seems unlikely. Alternative cholesterol-
sensitive membrane domains are the so-cailed recycling endosomes [9]. These
organelles are involved in receptor cycling, non-secretory exocytosis as well as
NPC-dependent recycling of cholesterol [9]. Skin fibroblasts of NPC patients,
characterized by a massive intracellular accumulation of free cholesterol due toa
specific defect in cholesterol transport {10,11], showed a much reduced volurme-
sensitive anion conductance compared as to the control [8], suggesting a role for
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endosomes in the regulation of VRAC, This notion is supported by the observation
that progestercne, a steroid known to block trafficking of cholesterol containing
vesicles [12], not only reduced the cell-swelling induced anion efflux but also
diminished its potentiation by CD/PC-LUVs [8]. Similar effects of cholesterol
depletionwere observed in mouse fibroblast expressing a traffickingmutant of CFTR
(F508delCFTR), an epithelial chloride channel crucially involved in transepithelial
salt and water transport [8]. Interestingly, F508delCFTR -expressing fibroblasts
and several other F508delCFTR expressing cell models were found to display
a NPC-like phenotype, i.e. a marked intracellular accumulation of cholesterol,
reflecting a secondary defect in endosomal recycling [8,13]. Treating these cells
with CD/PC~LUVs reduced the accumulation of cholesterol and potentiated the
CFTR activity, as monitored by forskolin- and genistein- induced efflux of anions
[8]. In F508del-CFTR expressing fibroblasts the rate of endocytosis was markedly
reduced upen CD/ PC-LUVs treatment, as demonstrated by a diminished uptake
of fluorescently labelled dextran {8]. Taken together, the results indicate that
cholesterol depletion can be used to trigger anion channel recruitment and
retention in the plasma membrane, thereby enhancing the capacity of the cell
for anion secretion.

It is remarkable that different cystic fibrosis (CF) cell models display a NPC-like
phenotype. In NPC cells, this phenotype is caused by mutations in NPC1, a protein
that has been proposed to function as a flippase [14]. By moving lipids from the
inner to the outer leaflet of the membrane, NPC1 urges the membrane to curve.
The absence of functional NPC1 prevents the lipid redistribution and subsequent
vesicte budding and finally leads to excessive cholesterol accumulation [14]. The
mechanism by which accumulated F508del-CFTR perturbs lipid metabolism and
vesicle budding, however, remains to be established. A comparable accumulation
of cholesterol has heen observed in cells defective in ATP-binding cassette
protein A1 (ABCA1). ABCA1 is a cholesterol transport protein and structurally
related to CFTR [15].

2. Putative involvement of intracellularly localized chloride channels

Exocytosis depends on adequate vesicle docking and fusion and is mediated by
the so-called SNARE proteins, Binding of a v-SNARE to SNAP-25 and a t-SNARE
forms a comptex that finally leads to membrane docking and fusion [16]. Both
NEM (inactivates SNAP-25) and Clostridium botulinum toxin F (cleaves v-SNARE
proteins) are inhibitors of exocytosis [17,18] and were found to reduce the
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volume-sensitive anion efflux [Chapter 5, this thesis]. These results further
support our hypothesis that exocytosis and channel recruitment contribute to the
development of the RVD response. In our model we propose the existence of two
pools of VRAC channels, an intracellularly localized neurotoxin F-sensitive pool
that is rapidly recruited to the plasma membrane upon hypo-osmotic stimulation
and a toxin-insensitive pool with a low turn-over rate that is constitutively
present in the plasma membrane [Chapter 6, this thesis].

Rab proteins (smatl GTPase) are among the numerous proteins involved in
regulating cellular vesicle trafficking [19-22]. The role of Rab4, -5 and -11
in the regulation of VYRAC was studied by expressing their active or dominant
negative forms in Intestine 407 cells. Our results indicate that inhibition of
exocytosis {by introducing Rab4DN or Rab1iDN) or stimulation of endocytosis
(Rab5WT) markedly reduced the volume-sensitive anion efflux, while stimulating
exocytosis (Rab11WT) or inhibiting endocytosis (Rab5DN) resulted in higher basal
efflux. These results indicate that modulation of exo- and endocytosis gives
rise to a redistribution of YRAC and further support our notion that channel
recruitment plays an important role in VRAC regulation. A role for Rab GTPases
in the regulation of ion channels is not unprecedented. Rab proteins are known
to modulate the surface expression of other channels such as F508del-CFTR [23]
and ENaC [20,24].

3. The rate of swelling is important for RVD

For adequate transport of water through the lipid bilayer, diffusion alone is often
not sufficient. Therefore, most cells express “water channels” or aquaporins
(AQPs), which play a crucial role in (trans-} cellular water transport [25-29].
Brief treatment of Intestine 407 cells with low concentrations of bivalent
mercury jons markedly reduced the osmolyte release pathways (i.e. for C1", K*
and taurine) triggered by hypo-osmotic cell swelling [Chapter 7, this thesis]. This
inhibition is most likely caused by reduced osmotic cell swelling as consequence
of a reduced influx of water through mercury-sensitive AQPs. At least three
different AQPs are expressed in Intestine 407 cells: AQP1, 3 and 7 [Chapter 7,
this thesis]. Xnockdown of AQP by siRNA was found to markedly reduce the rate
of osmotic cell swelling, however, a slow and steady increase in cell volume was
still observed [25, Chapter 7, this thesis]. Surprisingly, activation of YRAC was
found to be almost completely defective in AQP deficients cells, despite the
observed increase in cell volume. Taken together, these results suggests that
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the rate rather than the extent of cell swelling determines the activation of
compensatory ion conductances and that the absence of RYD response in slowly
swelling cells (resulting from AQP knock down) is caused by their inability to
properly activate the osmolytes release pathways.

4. VRAC regulation by a rapid increase of intracellular water

The rate of water entry may in principle influence the regulation of ion channels
through several distinct mechanisms. First, the plasma membrane may stretch
upen cell swelling [30], teading to increased mechanical tension [31] and/or
the release of stretch-induced messengers such as ATP that can regulate certain
types of ion channels [32]. Nonselective stretch-activated cation channels for
instance might contribute to the RYD by activating Cal*-sensitive K* channels
through an increase of intracellular Ca’” [32]. The activation of stretch-sensitive
channels however requires a considerable amount of stretching [33]. Significant
stretching was found to be obtained only when cell volume was increased by
more than 60%. Notably, volume regulatory mechanisms are already activated
by a 5%-10% increase in volume [34]. [n addition, although osmotic swelling
of Intestine 407 cells releases ATP into the medium, ATP alone was unable to
directly activate VRAC [35]. Secondly, reduced macromolecular crowding and
ionic strength, triggered by osmotic cell swelling, can markedly influence the
thermodynamic and catalytic activities of enzymes that regulate transmembrane
transport [36]. Although an increase in ionic strength might play a role during the
RVI [37], our results in AQP deficient cells suggest that the rate of cell swelling
but not an increase in cell volume by itself determines the activation of VRAC,
arguing against a role for macromolecular crowding.

Finally, plasma membrane unfolding as result of the rapid increase in cell
volume might expose additional and previously cryptic ion channels. Although we
cannot exclude a contribution of the latter mechanism, the results in Chapter 5
strongly suggest a role for VRAC activation by vesicle fusion. How rapid changes
in cell volume are translated into exocytosis remains an enigma.

5. Concluding remarks

Research into the signal transduction of cell volume regulation by many different
groups has revealed that multiple signalling pathways may be involved [38-44].
These pathways include Ca®" mobilization, (receptor) tyrosine kinases, MAP

145



Chapter 8

kinases, G proteins like p217'9, ATP release as well as PI-3-kinase and PKB (for
reviews see: [33,45,46]). Although activation or inhibition of these pathways may
modulate activity of VRAC channels, none of these signalling pathways and/or
molecules was found to be sufficient to trigger its activation. A notable exception
is p56ld‘ which was found to directly activate VRAC in excised membrane patches
of p56{‘:k deficient J-Cam 1.6 cells [47]. Because most of these signalling pathways
also affect vesicle cycling, it is tempting to speculate that these pathways are
not directly involved in channel opening or closing, but act as modulators of the
recruitment and/or endocytosis of VRAC, determining its cellular distribution.
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Summary

Summary

Any change in osmolarity, either of intracellular or extracellular origin, will
initially result in swelling or shrinkage of cells. Because alterations in cell volume
affect several important cellular functions including growth, necrosis, apoptosis
and migration, it is of vital importance for a cell to be able to correct changes in
its volume. In this thesis, we mainly focussed on the regulatory volume decrease
(RVD) response triggered by osmotic cell swelling in epitheliat cells. Upon asmatic
cell swelling, potassium and chloride channels are rapidly activated. As a result,
potassium and chloride will leave the cell, driving the efflux of water. This initial
phase is followed by a delayed and prolonged release of organic osmolytes.
Activation of these compensatory mechnisms is accompanied by a rapid increase
in exo- and endocytosis and the extracellular release of ATP.

Although the activation of these compensatory mechanisms has been observed
in many different cell models, the molecular pathways involved in osmo-sensing
and -signalling are still largely unresolved as is the molecular identity of several
of the transporters involved., The aim of this project was to study the regulation
of Volume Regulated Anion Channels (VRAC) and to search for potential molecular
candidates. Chapter Z summarize the different model systems and methods that
can be used to investigate cell volume regulation in intestinal epithelial cells.

In Chapter 3, we report the role of recycling endosomes in the regulation of
VRAC. The recycling endosomes are involved in the NPC1-dependent trafficking
of cholesterol. Depleting plasma membrane cholesterol promotes exocytosis and
inhibits endocytosis thereby potentiating the volume-regulated anion efflux.
Notably, human skin fibroblasts with defective NPC1 protein showed, besides a
massive intracellular accumulation of cholesterol, a reduced volume-sensitive
anion conductance as compared to the control. From these experiments we
conctuded that exocytosis contributes to the development of the compensatory
anion efflux by recruiting additional anion channels to the plasma membrane.

Cholesterol accumulation has also been observed in cultured cystic fibrosis
(CF) cells. In Chapter 4, we continued our research on cholesterol dependent
membrane cycling using murine fibroblasts expressing a frafficking mutant of
the CFTR CI” channel, F508delCFTR. Depletion of plasma membrane cholesterol,
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shown previously to promote exocytosis and to slow down endocytosis, was
found to rescue F508delCFTR channels to the plasma membrane. A more detailed
study of the role of exo- and endocytosis in the regulation of VRAC is described
in Chapter 5. Compounds that interfere with vesicle docking and fusion, as
well as {overjexpression of several Rab proteins, were used to manipulate
intracellular vesicutar trafficking. Both inhibition of exocytosis and stimulation
of endocytosis reduced the volume-sensitive anion efflux, while stimulating
exocytosis and inhibiting endocytosis resulted in higher basal efflux. Together,
the data suggest that a significant fraction of the volume-sensitive Cl” channels is
localized intracellularly and is recruited to the plasma membrane upon osmotic
cell swelling. Therefore, anion channels localized primarily in intracellular
compartments can no longer be excluded as YRAC candidates. Chapter 6 shows
an inventory of the intracellular CU” channels expressed in Intestinal 407 cells.
Initial experiments put CLICs forward as novel potential VRAC candidates and as
a channel family for future study.

In Chapter 7, we describe the role of aquaporins (AQPs) in cell volume regulation.
[n Intestine 407 cells, the AQP isoforms 1, 3 and 7 are expressed. In cells deficient
in one or more AQPs, both the rate of cell swelling as well as the activation of
the hypotonicity-provoked anion efflux were decreased. Notably, knockdown of
AQPs only slowed down but did not prevent osmotic swelling. Our data indicate
that AQPs are required for rapid cell swelling and that the swelling rate, rather
than the extent of cell swelling, is a crucial factor in the activation mechanism
of VRAC.
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Samenvatting

Elke verandering in de extra- of intraceliulaire osmolariteit zal leiden tot
veranderingen in het volume van cellen. Omdat deze verandering vitale cellulaire
functies als groei, necrosis, apoptosis and migratie kunnen beinvloeden, is het
belangrijk dat ceilen volume veranderingen snel en effectief kunnen corrigeren.
in dit proefschrift beschrijven we vooral processen die te maken hebben met de
gereguleerde volume afname (regulatory volume decrease, RVD), een respons
die door celzwelling wordt geactiveerd. Bijna onmiddellijk na een toename
van het celvolume worden kalium en chloride kanalen in de plasmamembraan
geactiveerd. Hierdoor verlaat KCl en water de cel. Deze fase wordt gevolgd door
een vertraagde maar langer aanhoudende efflux van organische osmolieten.
Activering van deze compenserende mechanismen gaat samen met een snelle
toename in exo- and endocytosis en met de extracellulaire afgifte van ATP.

Hoewel deze compenserende mechanismen in veel verschitlende celmodellen
zijn bestudeerd, zijn de moleculaire wegen die bij de activering betrokken
zijn nog grotendeels onopgelost. Ook de moleculaire identiteit van een aantal
van de betrokken kanalen en transporteurs is nog niet bekend. Het doel van
dit project was om de regulering door celzwelling geactiveerde anion kanalen
(Volume-Regulated Anion Channels, VRACs) te bestuderen en mogelijke nieuwe
moleculaire kandidaten te vinden.

Hoofdstuk 2 geeft een overzicht van verschillende modelsystemen en methoden
die gebruikt kunnen worden om celvolume regulatie in darmepiteelcellen te
bestuderen.

In Hoofdstuk 3 beschrijven we de rol van de recirculerende endosomen in de
regulatie van VRAC. Recirculerende endosomen zijn betrokken bij het NPC1-
afhankelijk intracellulair transport van cholesterol. Verlaging van cholesterol in
de plasmamembraan resulteert in een stimulatie van exocytose en een remming
van de endocytose. Het gevolg hiervan is dat de volume-gereguleerde anion
efflux wordt gepotentieerd. Humane huidfibroblasten die een defect NPC1 eifwit
tot expressie brengen vertoonden naast een massale intracellutaire cholesterol
ophoping ook een verminderde volume gevoelige anmion conductantie. Uit deze
experimenten kunnen we conctuderen dat exocytose een belangrijke rol speelt in
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de activering van de compenserende anion efflux door middel van de rekrutering
van additionele anion kanalen naar het plasmamembraan.

Een intracellulaire ophoping van cholesterol is ook waargenomen in cellen die het
mutant CFTR Clkanaal eiwit F508delCFTR tot expressie brengen. In Hoofdstuk 4
beschrijven we onderzoek naar de cholesterol afhankelijke membraan (re)cycling
in huidcellen waarin F508delCFTR tot expressie is gebracht. De F508del mutatie
veroorzaak een eiwitvouwing defect waardoor het CFTR zijn bestemming in de
plasmamembraan niet kan bereiken. Depletie van plasma membraan cholesterol,
met als doel exocytose te stimuleren en endocytose te vertragen, bleek de
aanwezigheid van F508delCFTR in het plasmamembraan te verhogen.

Een gedetailleerde studie naar de rol van exo- en endocytose in de regulatie van
VRAC wordt beschreven in Hoofdstuk 5. Farmaca die de associatie en fusie van
membraanblaasjes met het plasmamembraan beinvloeden, en (over)expressie
van Rab eiwitten, werden gebruikt om het intracellulaire membraantransport
te manipuleren. Remming van exocytose en/of stimulatie van endocytose
verminderde de celzwelling-geactiveerde anion efflux, terwijl stimulatie van
exocytose en inhibitie van endocytose een verhoging van de basale efflux tot
gevolg had. Tesamen suggereren deze resultaten dat een significant deel van de
volume gevoelige C1” kanalen intracellulair is gelokaliseerd en bij celzwelling
naar de plasmamembraan wordt gerekruteerd. Een belangrijke conclusie uit dit
model is dat ook chloride kanalen met een voornamelijk intracellulaire lokalisatie
als potentiéle moleculaire kandidaten voor VRAC beschouwd moeten worden.

Hoofdstuk 6 geeft een overzicht van de expressie van een aantal eiwitten in
Intestine 407 cellen die recent als chloride kanaal zijn getdentificeerd. Uit deze
oriénterende studie blijkt dat de voornamelijk intracellulair gelokaliseerde
CLIC chloride kanalen mogelijke kandidaten voor VRAC zijn, en nader studie
behoeven.

In Hoofdstuk 7 wordt de rol van aquaporines (AQP, waterkanalen) bij de osmotische
celzwelling en volume regulatie beschreven. In Intestine 407 cellen komen de
isoformen AQP1, 3 en 7 tot expressie. Verlaging van de expressie van een of meer
van deze AQPs, verminderde zowel de snelheid van celzwelling als de activering
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van de compensatoire anion efflux, maar voorkwam de uiteindelijke toename
van het celvelume niet. Deze resultaten tonen aan dat AQPs nodig zijn voor een
snelle celzwelling. De snetheid van celzwelling, maar niet de mate van zwelling,
bepaalt of de VRAC kanalen gerekruteerd en geactiveerd worden, waardoor de
celzwelling gecorrigeerd wordt.
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Appendix: Full-color version

Hypotonic Hypertonic
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Chapter 1, figure 1: Schematic illustration of cell volume regulation in mammalian
cells.

Alteration in extracellular osmolarity will result in redistribution of water, which rapidly
leads to cell volume changes. Upon cell shrinkage, ion transporters are activated for
the uptake of NaCl, facilitating water influx. This mechanism is commenly referred to
as regulatory volume increase (RVI). Upon cell swelling, KCl and organic osmolytes are
respectively released through ion channels and organic osmolytes release pathways, which

will leads to water efflux, a phenomenon known as regulatory volume decrease (RVD).
(see page 19)
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Chapter 1, figure 2: Scheme of endo- and exocytosis. Endocytosis begins with the
assembly of clathrin coat, which leads to the formation of a vesicle. Dynamin mediates the
release of vesicle from the membrane, allowing it to travel towards the early endosomes.
Exocytosis is facilitated by the binding of v-SNARE to the t-SNARE. (see page 25)
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Chapter 1, figure 3: Rab proteins and their functions. Rab5 is involved in the clathrin-
coated endocytosis pathway. Exocytosis requires Rab4 and/or Rab11. Guanine nucleotide

exchange factor (GEF) activates Rab by exchanging GDP (closed circles) for GTP (open

circles). After vesicle fusion, a Rab GTPase hydrolyzes the GTP (open circles) to GDP

(closed circles) resulting in a release of Rab proteins from the vesicle. (see page 26)
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Chapter 5, figure 4: Cellular localization of Rab proteins. Intestine 407 cells were
transfected with wildtype (WT) or dominant negative (DN) plasmids encoding CFP-tagged
Rab4, DsRed-tagged Rab5 or GFP-tagged Rab11 proteins. (see page 102)
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Chapter 5, figure 5: Co-localization of Rab proteins and dextran. Cells transfected
with wildtype (WT) or dominant negative (DN) plasmids encoding CFP-tagged Rab4,
or GFP-tagged Rab11 proteins were incubated with TRITC-labelled dextran MW 10,000
(0.5 mg/ml, 10 minutes). Cells transfected with wildtype (WT) or dominant negative
(DN) plasmids encoding DsRed-tagged Rab5 proteins were incubated with FITC-labelled
dextran. Only Rab5 WT was found to be localized close to dextran containing endosomes.
(see page 103)
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