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Abstract

This review focuses on using the knowledge on volume-sensitive transport systems in Ehrlich ascites tumour cells and NIH-3T3 cells to
elucidate osmotic regulation of salt transport in epithelia. Using the intestine of the European eel (Anguilla anguilla) (an absorptive epithelium of
the type described in the renal cortex thick ascending limb (cTAL)) we have focused on the role of swelling-activated K+- and anion-conductive
pathways in response to hypotonicity, and on the role of the apical (luminal) Na+–K+–2Cl− cotransporter (NKCC2) in the response to
hypertonicity. The shrinkage-induced activation of NKCC2 involves an interaction between the cytoskeleton and protein phosphorylation events
via PKC and myosin light chain kinase (MLCK). Killifish (Fundulus heteroclitus) opercular epithelium is a Cl−-secreting epithelium of the type
described in exocrine glands, having a CFTR channel on the apical side and the Na+/K+ATPase, NKCC1 and a K+ channel on the basolateral side.
Osmotic control of Cl− secretion across the operculum epithelium includes: (i) hyperosmotic shrinkage activation of NKCC1 via PKC, MLCK,
p38, OSR1 and SPAK; (ii) deactivation of NKCC by hypotonic cell swelling and a protein phosphatase, and (iii) a protein tyrosine kinase acting
on the focal adhesion kinase (FAK) to set levels of NKCC activity.
© 2007 Published by Elsevier Inc.
Keywords: Fundulus heteroclitus; Anguilla anguilla; Opercular epithelium; Intestine; RVD; RVI; NKCC; Na+, K+, 2Cl− cotransport; SPAK; Protein kinase; Ussing
chamber

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2. Volume-sensitive ion transport systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.1. Swelling-activated K+ channels (IK,vol) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.2. Activation and regulation of IK,vol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.3. Swelling-activated anion channels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.4. The NKCC cotransporters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.4.1. Regulation of NKCC1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
Abbreviations: NKCC, Na+, K+, 2Cl−; RVI, volume regulatory increase; EATC, Ehrlich ascites tumour cells; SK, K channels having small conductance; IK,
intermediate conductance; BK, large conductance; 2P-4TM, four transmembrane-spanning segments; TASK-2, acid sensitive potassium channel; LTD4, leukotriene
D4; EET, 5′,6′-epoxyeicosatrienoic acid; PGE2, prostaglandin E2; VRAC, volume regulated outward rectifying anion current; BAE, bovine aortic endothelial; PTPs,
protein tyrosine phosphatases; PTKs, protein tyrosine kinases; PKA, protein kinase A; PKC, protein kinase C; CK2, casein kinase; MLCK, myosin light chain kinase;
MAPK, mitogen-activated protein kinase; JNK, c-Jun N-terminal kinase; Ste20, sterile 20; SPAK, sterile 20-related proline alanine-rich kinase; OSR1, oxidative stress
response 1 kinase; ELA, Ehrlich Lettre Ascites; WNK, with no K (lysine) protein kinase; FW, freshwater; SW, seawater.
☆ This paper was presented in the session “Water transport” at the Society of Experimental Biology's Annual Meeting at the University of Kent, Canterbury, UK
April 2nd–7th 2006.
⁎ Corresponding author. Tel.: +45 35321695; fax: +45 35321567.
E-mail address: ekhoffmann@aki.ku.dk (E.K. Hoffmann).
URL: http://www.aki.ku.dk/Cellsignalling/ (E.K. Hoffmann).

1095-6433/$ - see front matter © 2007 Published by Elsevier Inc.
doi:10.1016/j.cbpa.2006.11.023

mailto:ekhoffmann@aki.ku.dk
http://www.aki.ku.dk/Cellsignalling/
http://dx.doi.org/10.1016/j.cbpa.2006.11.023


30 E.K. Hoffmann et al. / Comparative Biochemistry and Physiology, Part A 148 (2007) 29–43
3. Osmosensing chloride-secreting cells of killifish opercular epithelium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1. Low to high salinities (hypertonicity) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2. Hypotonicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2.1. PKC and PKA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2.2. MAPKinases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2.3. SPAK and OSR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2.4. Protein phosphatases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2.5. Tyrosine kinases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.2.6. A preliminary synthesis model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.3. Agonist induction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4. European eel intestine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.1. Freshwater to seawater . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.1.1. Na+–K+–2Cl− in the hypertonic stress response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.1.2. The role of cytoskeleton and of protein phosphorylation events . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.1.3. PKC and MLCK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.2. Seawater to freshwater . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.2.1. K+ and Cl− channels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.2.2. Role of calcium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
1. Introduction

Swelling-activated K+ and anion channels are important
effectors during regulatory volume decrease (RVD after cell
swelling, whereas a Na+, K+, 2Cl− (NKCC) cotransporter and
a Na+/H+ exchanger play major roles in the regulatory
volume increase (RVI) following cell shrinkage. Transport
pathways involved in RVD and RVI have been investigated in
a wide variety of cell types (Hoffmann and Dunham, 1995;
Lang et al., 1998; Wehner et al., 2003; Hoffmann and
Pedersen, 2006). In the first part of this review we describe
briefly the swelling activated channels and the shrinkage-
activated NKCC and the signal transduction mechanisms
involved in the activation of these transport systems by
changes in cell volume. Other transport systems involved in
rapid volume regulation and aspects of long-term adaptation
to an anisosmotic environment are outside the scope of this
review. In the second part of this review we will try to
correlate this knowledge with the regulatory mechanisms
involved in osmotic regulation of salt transport in epithelia
using the killifish opercula epithelium and the eel intestinal
epithelium as examples.

2. Volume-sensitive ion transport systems

2.1. Swelling-activated K+ channels (IK,vol)

Swelling activation of a K+ leak pathway was initially
established in lymphocytes (Roti Roti and Rothstein, 1973)
and in Ehrlich ascites tumour cells (EATCs) (Hendil and
Hoffmann, 1974). This swelling-activated increase in K+

permeability has been established in different cell types to
be related to a variety of swelling-activated K+ channels
including Ca2+-activated channels of small conductance
(SK), intermediate conductance (IK) or large conductance
(BK); stretch-activated K+ channels; voltage-dependent K+

channels such as Kv 1.3 or Kv 1.5; KCNQ1/KCNE3
heterotetrameric channels and two-pore-regions, four-trans-
membrane-spanning segment (2P-4TM) K+ channels (Weh-
ner et al., 2003; Stutzin and Hoffmann, 2006). The most
likely candidate in EATCs is the 2P-4TM, acid-sensitive K+

channel (TASK-2) (Niemeyer et al., 2000; 2001a,b). Many
cloned K+ channels have been found to be sensitive to cell
volume changes when expressed in Xenopus oocytes or in
HEK 293 cells including SK and IK channels, KCNQ1 and
KCNQ4; HCN2 channels and TASK-2 channels (Calloe et
al., 2005).

2.2. Activation and regulation of IK,vol

Various eicosanoids seem to be involved in regulation of
swelling-activated channels (Hoffmann, 2000; Stutzin and
Hoffmann, 2006). In human platelets the 12-HPETE product,
hepoxilin A activates IK,vol (Margalit and Livne, 1991, 1992)
and in EATC, leukotriene D4 (LTD4) activates IK,vol
independent of any increase in cytosolic Ca2+ (Jørgensen et
al., 1997; Hoffmann, 1999; Hougaard et al., 2000). A role for
LTD4 has also been shown in some other cell types but in
several cell types the RVD response seems to be independent
of LTD4 (Stutzin and Hoffmann, 2006). The eicosanoids
responsible for activation of RVD vary among cell types and
the channels involved, but a common theme is that PLA2 is
activated during RVD, which releases arachidonic acid from
the membrane phospholipids, as originally established in
EATCs (Thoroed et al., 1997) and in IMCD cells (Tinel et al.,
1997). In EATCs, activation of the 85-kDa Ca2+-dependent
cPLA2 results in the release of arachidonic acid predominantly
from the nuclear membrane (Pedersen et al., 2000). The
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RVD response in EATCs is inhibited by tyrosine kinase
inhibitors, and it has been suggested, that tyrosine kinases
are implicated in the activation of cPLA2α (Hoffmann,
2000). Whether tyrosin kinases are directly involed in
activation of some or all of the swelling activated K+

channels is still uncertain. Other eicosanoids of interest with
RVD are 5′,6′-epoxyeicosatrienoic acid (EET), which
activates TRPV4 (see Nilius et al., 2004; Cohen, 2005),
and the prostaglandin E2 (PGE2), which increases Na+

permeability in EATCs (Lambert, 1987).

2.3. Swelling-activated anion channels

Cl− transport is for the most part carried out by an
exchange-diffusion process with the conductive Cl− perme-
ability being very low in isotonic steady-state cells. This low
permeability means that Cl− conductance in many cells is
much lower than the K+ conductance. Cl− channels activated
by cell swelling are thus crucial elements in the RVD process.
In EATCs it has been demonstrated that less than 5% of the
Cl− flux is a conductive leak flux (Hoffmann et al., 1975,
1979) and that the Cl− conductance is much lower than the
K+ conductance (Hoffmann et al., 1979). In agreement with
these observations is the finding that Cl− flux increases
during cell swelling in EATCs reflecting a swelling-activated
increase in Cl− conductance (Hoffmann, 1978, 1982).
Swelling-activated Cl− channels were thus first suggested in
EATCs (Hoffmann, 1978, 1982) and soon after in lympho-
cytes (Grinstein et al., 1982) and have later been found in all
cells investigated.

The biophysical features and pharmacology of the
volume-regulated anion current (VRAC) are relatively
similar in various cell types (Nilius et al., 1997). This
will not be discussed here, but there are several excellent
reviews of the subject (see Jentsch, 1996; Nilius et al.,
1997; Jentsch et al., 2002; de Tassigny et al., 2003; Nilius
and Droogmans, 2003; Stutzin and Hoffmann, 2006).
Blockers of VRAC with high affinity and selectivity are
unfortunately lacking but recently a new inhibitor of the
family of acidic diaryl-ureas, NS3728, has been found to
inhibit VRAC in HEK-293 cells and in EATC with an IC50

around 0.4 μM (Helix et al., 2003; Klausen et al., 2006).
VRAC activity in bovine aortic endothelial (BAE) cells
(Levitan et al., 2000; Romanenko et al., 2002, 2004) and in
EATCs (Klausen et al., 2006) is modulated by changes in
membrane cholesterol content that result in an increase in
VRAC activity under modest osmotic shock, in cholesterol-
depleted cells.

Tyrosine phosphatases (PTPs) blockers increase VRAC
opening, and several inhibitors of protein tyrosine kinases
(PTKs), including genistein, prevent VRAC activation, indicat-
ing that VRAC activation essentially relies on a strict
phosphorylation/dephosphorylation balance (Tilly et al., 1993;
Voets et al., 1998; Nilius et al., 2000; Du et al., 2004). There are
indications that a member of the Src-family of PTKs is involved
in VRAC activation (Lepple-Wienhues et al., 1998, 2000). It
seems that the Rho pathway has a permissive effect in VRAC
activation both in NIH3T3 cells (Pedersen et al., 2002) and in
CPAE cells (Carton et al., 2002).

2.4. The NKCC cotransporters

Two distinct isoforms of the NKCC cotransporters have been
cloned (NKCC1 and NKCC2). NKCC1 was first cloned from
the shark (Squalus acanthias) rectal gland (Xu et al., 1994) and
from the mouse inner medullary collecting duct (Delpire et al.,
1994; Payne et al., 1995). NKCC1 is expressed ubiquitously
and has a central role in keeping [Cl−]I above electrochemical
equilibrium and in cell volume regulation (Hoffmann and
Dunham, 1995) and epithelial salt secretion (Haas and Forbush,
2000). NKCC1 is activated by cell shrinkage, as first
demonstrated in avian erythrocytes and EATCs (Kregenow,
1981; Hoffmann et al., 1983), and later seen in most other cell
types studied (see Russell, 1983; Hoffmann and Dunham, 1995;
Flatman, 2002). NKCC1 has protein kinase A (PKA), protein
kinase C (PKC) and casein kinase (CK2) consensus sites
(Russell, 1983; Flatman, 2002), and its activation seems to be
mediated by direct phosphorylation of several serine/threonine
residues (Haas and Forbush, 2000). Activation could be via one
specific NKCC1 kinase (Lytle, 1997) Three of the phosphoac-
ceptors in the N terminus of NKCC1 have been identified
(Darman and Forbush, 2002).

NKCC2 is a kidney-specific cotransporter, expressed on the
apical membrane in the mammalian thick ascending limb of
Henle's loop (Gamba et al., 1994; Payne and Forbush, 1994,
1995; Igarashi et al., 1995; Starremans et al., 2003) and in the
shark kidney (Gagnon et al., 2002). An absorptive form of
NKCC localized on the apical membrane has however also been
found in the intestine of the Japanese eel (Anguilla japonica)
(Ando and Utida, 1986), European eel (Anguilla anguilla)
(Trischitta et al., 1992; Marvao et al., 1994) and winter flounder
(Pseudopleuronectes americanus) (Palfrey and Rao, 1983;
Suvitayavat et al., 1994), where it accounts for the active
intestinal Cl− absorption. A cDNA fragment coding for a
homologue of renal NKCC2 was cloned from eel intestine and
has a high similarity to cot2 (see Lionetto and Schettino, 2006).
Both renal NKCC2 and the eel intestine luminal NKCC2
homologue are active under isotonic conditions and increase
their activity following hypertonic stress (Gamba, 2005;
Lionetto and Schettino, 2006).

2.4.1. Regulation of NKCC1
A number of ser/thr kinases seem to be important in NKCC1

regulation, although there is no evidence that any kinase directly
phosphorylate NKCC1 in vivo. The three primary ser/thr
kinases are PKC, myosin light chain kinase (MLCK) and PKA.
PKC is activated after cell shrinkage in some cells (Larsen et al.,
1994; Liedtke and Cole, 2002), but does not seem to be directly
involved in activation of NKCC1 by cell shrinkage in most cells
investigated (Pewitt et al., 1990; Panet and Atlan, 1990;
Suvitayavat et al., 1994; Krarup et al., 1998). PKC-δ is however
found to stimulate NKCC1 in rabbit tracheal epithelial cells
during shrinkage (Liedtke and Cole, 2002). In a follow-up study
the same group found that PKC-δ colocalizes with actin and
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NKCC1 in the periphery of the cells and, that an interaction
between PKC-δ and the cytoskeleton is necessary for NKCC1
activation (Liedtke et al., 2003; Smallwood et al., 2004). This
PKC–NKCC complex could represent an osmosensing
mechanism.

MLCK seems to play an important role: the MLCK
inhibitor ML-7 inhibits shrinkage-induced activation of
NKCC1 in various cell types, including Ehrlich cells (Krarup
et al., 1998),vascular endothelial cells (O'Donnell et al., 1995;
Klein and O'Neill, 1995), and kidney epithelial cells (Ciano-
Oliveira et al., 2003) and under osmotic shrinkage phosphor-
ylates MLC in some cell types (Klein and O'Neill, 1995;
Takeda et al., 1993). These results could suggest a possible
causal link between MLCK/MLC phosphorylation and the
shrinkage activation of NKCC1. Nevertheless recent evidences
(Ciano-Oliveira et al., 2005) indicate that ML-7 suppresses
NKCC activity in kidney tubular LLC-PK1 cells indepen-
dently of MLC phosphorylation. Thus, it seems that activation
of NKCC1 by cell shrinkage is not dependent on MLC
phosphorylation per se but rather on the redistribution of
myosin to the cortical region (Ciano-Oliveira et al., 2005). In
agreement with this hypothesis, myosin II is translocated to the
cortical region in EATCs after cell shrinkage (Hoffmann et al.,
2002; Pedersen and Hoffmann, 2002). PKA stimulates
NKCC1 and increases its phosphorylation but indirectly via
a phosphorylation of NKCC1 by PKA (Haas and Forbush,
2000). PKA does not seem to be involved in the shrinkage
activation of NKCC1 (Pewitt et al., 1990; Krarup et al., 1998;
Hoffmann and Mills, 1999).

Calyculin A, a ser/thr protein phosphatase inhibitor,
stimulates NKCC1 in EATC (Krarup et al., 1998) and in
many other cell types (Pewitt et al., 1990; Palfrey and Pewitt,
1993; Lytle, 1997; Krarup et al., 1998; Lionetto et al., 2002;
Flatman, 2002) in agreement with the idea that regulation of
NKCC1 is determined by phosphorylation/dephosphorylation.
In shark rectal gland epithelium, a salt-secreting epithelium that
shares many functional aspects with the secreting cells of the
teleost gill and operculum membrane, there is a PP1 binding site
in the amino terminus of NKCC1 at residues 107–122, and PP1
co-immunoprecipitates with NKCC1 (Darman et al., 2001).
Thus, it seems that the activity of NKCC1 is regulated by a ser/
thr kinase and its analogous phosphatase, both of which are
again regulated by other upstream ser/thr kinases and
phosphatases.

In addition to the ser/thr kinases discussed above several
other kinases are somehow involved in regulation of NKCC1.
P38 mitogen-activated protein kinase (MAPK) is activated by
cell shrinkage in many cells (Roger et al., 1999; Gillis et al.,
2001; Shen et al., 2002; Umenishi and Schrier, 2003; Bildin et
al., 2003; Pedersen et al., 2002; Hoffmann et al., 2004; Friis et
al., 2005; Marshall et al., 2005) but strangely enough p38
MAPK actually inhibits NKCC1 function in muscle cells
(Gosmanov et al., 2002) apparently through an inhibition of
ERK MAPK.

Another MAP kinase, c-Jun N-terminal kinase (JNK), is
activated in endothelial cells after cell shrinkage, and JNK
immuno-precipitated from shrunken cells, can directly phos-
phorylate NKCC1 fusion proteins, JNK immuno-precipitated
from isotonic cells cannot do this (Klein et al., 1999). However,
shrinkage activation of JNK is much too slow to account for the
very fast activation of NKCC1, and shrinkage-induced JNK
activation is not always seen in cells with shrinkage-induced
NKCC1 activity (Liedtke and Cole, 2002).

The sterile 20 (Ste20)-related praline-alanine-rich kinase
(SPAK) and the oxidative stress response 1 kinase (OSR1) bind
to the N-terminal region of NKCC1 and NKCC2 (Piechotta et
al., 2003; Delpire et al., 2003), and SPAK increases the activity
of NKCC1 and is somehow involved in its activation after cell
shrinkage (Delpire and Gagnon, 2006; Gagnon et al., 2006a,b).
Additionally, NKCC1 and SPAK colocalize during hypertonic
shrinkage in Ehrlich Lettre Ascites (ELA) cells (Darborg et al.,
2005). Moreover, two upstream kinases WNK (with no lysine)
1 and WNK 4 are widely expressed SPAK-binding proteins and
seem to act as direct activators of SPAK and OSR1 (Vitari et al.,
2005) suggesting that WNK1, 4 and SPAK/OSR1 mediate the
osmotic stress signal to the transporters.

Several investigations also suggest a role for cytoskeleton
rearrangement in activation of NKCC1 (Hoffmann and Mills,
1999; Pedersen et al., 2001; Liedtke et al., 2003). Activation of
NKCC1 by cell shrinkage is inhibited by cytochalasins but is
unaffected by phalloidin (Jessen and Hoffmann, 1992;
Matthews et al., 1998; Hoffmann and Mills, 1999). Meanwhile,
cell shrinkage of most cells is associated with reinforcement of
the cortical cytoskeleton (see Hoffmann and Mills, 1999;
Pedersen et al., 2001). In EATCs, we have suggested a three-
state model for NKCC: (i) a silent state under isotonic
conditions dependent on the integrity of the actin cytoskeleton
(State I) in which the rates of phosphorylation and depho-
sphorylation are similar; (ii) a partly activated and not further
activatable state (State II) in which F-actin is depolymerized
and there is a loss of myosin II from the cortical region and (iii)
an entirely activated state (State III), which can only be
obtained in the presence of an intact actin cytoskeleton. Cell
shrinkage causes NKCC1 to enter State III as a result of the
formation of a cortical F-actin/myosin II network to which the
kinase(s) that are involved in shrinkage-induced NKCC1
activation may translocate (Hoffmann and Pedersen, 2006).
As F-actin assembly increases, it is likely that a variety of
proteins act as a scaffold to the actin network, thereby
triggering the activation of the signaling cascade. For example,
it is known that SPAK fails to interact with G-actin but binds to
F-actin (Tsutsumi et al., 2000) thus, SPAK could be recruited
and activated during F-actin assembly.

NKCC1 can also be activated by the addition of agonists,
that induce inositol-phosphate-mediated Ca2+ signalling, result-
ing in KCl loss followed by cell shrinkage. This mechanism is
well described in secreting epithelia but is also found in cells in
suspension, such as EATCs (Jensen et al., 1993; Hoffmann et
al., 1993). Whether cotransport activation could result from a
drop in cellular Cl− activity, or from cell shrinkage has been a
matter of debate. The fact that both a drop in intracellular Cl−

activity and cell shrinkage influence activation of the cotran-
sport system was first proposed by Ussing (1982); the idea that a
reduced intracellular Cl− concentration could play a permissive
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role in the activation of the cotransporter was subsequently
discussed for EATCs (Hoffmann et al., 1983) and thymocytes
(Grinstein et al., 1983). In EATC it has been demonstrated that
when cell shrinkage is prevented by use of a K+ rich equilibrium
salt solution (KCl substituted for NaCl in the medium),
activation of the cotransporter essentially disappeared (Hoff-
mann, 1993). Thus, actual cell shrinkage (or a decrease in
cellular Cl− activity) is a prerequisite for a pronounced and
persistent activation of NKCC1. However, that experiment did
not distinguish between the drop in cellular Cl− activity and cell
shrinkage as effectors, a problem that also applies to secretory
epithelia. The relative importance of cell shrinkage versus the
decrease in cytosolic Cl− activity in secretory epithelia is still
unsolved. There is evidence that the key event in activation of
NKCC1 is the drop in cytosolic Cl− activity, rather than
shrinkage (Lytle and Forbush, 1996; Hoffmann and Mills, 1999;
Russell, 2000). Results for the killifish (Fundulus heteroclitus)
epithelium (see below) and the shark rectal gland (Greger et al.,
1999), however, point to an essential role for cell shrinkage
thus, it seems that both cell shrinkage and a decrease in Cl−

concentration can increase NKCC1 activity.

3. Osmosensing chloride-secreting cells of killifish
opercular epithelium

The euryhaline killifish (or mummichog) Fundulus hetero-
clitus is known for its exceptional euryhalinity and can tolerate
salinities ranging from freshwater (FW) to seawater (SW) to
hypersaline conditions, as well as having the capacity to adapt
quickly to large changes in salinity, such as direct FW-to-SW
and reverse transfers. The killifish opercular epithelium and the
skin of other euryhaline species, such as the goby (Gillichthys
mirabilis) are rich in chloride cells; they provide useful
surrogate models for understanding branchial ion transport and
an excellent system for examining the regulation of salt and
water transport in Cl− secreting epithelia (Karnaky et al., 1977;
Marshall, 1977; Zadunaisky, 1984; Pequeux and Gilles, 1988;
Marshall and Bryson, 1998). The opercular epithelium contains
a high density of mitochondrion-rich, Cl− secreting cells
(4×105 cells/cm2) and the short circuit current, measured in
Ussing-style membrane chambers, equals the Cl− net flux from
the blood side (basolateral) to the SW side (apical) (Karnaky et
al., 1977; Karnaky, 1992; Marshall et al., 1998). The opercular
epithelium can secrete Cl− even into full-strength saline
(500 mM NaCl) bathing the mucosal side under these
conditions, the open circuit potential rises to approximately
+40 mV (Pequeux and Gilles, 1988) thus demonstrating than
the in vitro system can operate in a manner similar to the whole
animal.

Below, we review the osmosensing of the operculum
epithelium when exposed to hypertonicity and hypotonicity,
respectively. The major idea is that this osmosensing is
dependent on the volume sensitivity of K+ and Cl− channels
and on the integrin/FAK mechanosensor, in turn controlling the
NKCC1 transporter as described in Section 1. In addition, we
will briefly discuss the importance of cell volume changes for
agonist induction of Cl− secretion.
3.1. Low to high salinities (hypertonicity)

When FW killifish are transferred to SW, the plasma
osmolarity increases initially to about 70 mOsm, and the
complete return to normal plasma osmolarity takes a few days
(Zadunaisky et al., 1995). The acclimation from low to high
salinities involves a phase during which the secretion of Cl− via
chloride cells is rapidly increased in response to the initial
increase in blood osmolarity. To imitate this increase in blood
osmolarity, Zadunaisky et al. (1995) added either mannitol or
NaCl to the basolateral side of the isolated operculum
epithelium. They found that the signal for fast adaptation to
higher salinities is in fact the increased tonicity of the plasma,
resulting in cell shrinkage and activation of the NKCC
cotransporter and the Na+/H+ exchanger (Zadunaisky et al.,
1995). This finding is very similar to that observed for the RVI
process seen in most cells studied (e.g. Hoffmann and Dunham,
1995). Here we focus only on the role of NKCC1.

The mitochondrion-rich cells in the operculum epithelium of
the killifish express the NKCC1 isoform (Kunzelmann and
Mall, 2002). Because NKCC1 is important for regulation of cell
volume as well as for secretion of Cl−, one likely hypothesis is
that the volume sensitivity of NKCC1 is important for osmotic
regulation of the whole animal through control of gill Cl−

secretion. Opercular membrane Cl− secretion was indeed found
to be sensitive to basolateral NKCC inhibitors like bumetanide,
piretanide and furosemide and insensitive to a Cl−/HCO3

−

inhibitor DIDS (Eriksson and Wistrand, 1986). In addition, Cl−

secretion is blocked in K+-free (Marshall and Bryson, 1998) and
Na+-free salines, consistent with a role for a NKCC cotran-
sporter in mediation of Cl− transport. Potassium sensitivity of
the NKCC-based ion secretion has also been demonstrated
(Marshall and Bryson, 1998). As evidenced from Western blot
analysis using anti-phosphoserine-antibodies, a heavily serine-
phosphorylated protein of the molecular size of NKCC1 was
seen in opercular epithelia from SW-adapted killifish, but was
only weakly present in epithelia from FW-adapted fish
(Hoffmann et al., 2002). Thus, adaptation to SW enhances
expression of the NKCC1 protein and/or a ser/thr kinase, which
subsequently can phosphorylate NKCC1. In addition, NKCC1
expression (measured by qRT-PCR) in the gills increased
sequentially after transfer of killifish from brackish water to SW
but not to FW (Scott et al., 2004). Expression of NKCC1 was
found to be decreased after transfer in both gills and opercular
epithelium (Hoffmann and Mills, 1999; Scott et al., 2005).

Various Cl− channel and K+ channel blockers added to the
basolateral side of the killifish operculum epithelium all
inhibited the steady-state Cl− current as well as hypertonic
(NaCl or mannitol) stimulation of the Cl− secretion. The PKC
inhibitor chelerythrine and the MLCK inhibitor ML-7 had
strong inhibitory effects on the hypertonic activation of the Cl−

secretion as seen in Fig. 1, indicating that both MLCK and PKC
are involved (Hoffmann et al., 2002). It was later shown that the
PKCα and PKCβ1 inhibitor Gö6976 had little effect, suggest-
ing that these subtypes are not involved (Marshall et al., 2005)
thus, other isoforms of cPKC or the novel pPKCs like e.g.
PKCδ must be involved. As mentioned in the Introduction,



Fig. 2. Hypotonic shock (reduction of saline osmolarity by 60 mOsm/kg) sharply redu
isotonic conditions produces an overshoot in Isc (upper panel, second arrow), the siz
panel), suggestive of regulatory volume decrease compensation after hypotonic sho

Fig. 1. (A) The response to hyperosmolarity obtained by addition of mannitol
(100 mOsm) is significantly inhibited (p=0.014) by the protein kinase C
inhibitor chelerythrine (40 μM) added to the basolateral side before addition of
mannitol. Number of independent experiments: mannitol (n=13), chelerythrine
+mannitol (n=3). (B) Effect of the MLCK inhibitor ML-7 (5 μM) on the
response to mannitol (100 mOsm). ML-7 was added to the basolateral side
before addition of mannitol. Number of independent experiments: mannitol
(n=13), ML-7 plus mannitol (n=7). The inhibition is not significant on the 5%
level (p=0.07). Redrawn from Hoffmann et al. (2002).
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PKCδ is involved in the activation of NKCC1 in rabbit tracheal
epithelial cells.

The two PKA inhibitors, H-89 and KT 5720, had no effect
on the increase in current after mannitol addition, however, an
isoproterenol stimulus was entirely blocked by H-89, signifying
that the shrinkage activation of the NKCC cotransporter is
independent of PKA activation, but that PKA is involved in
activating the apical Cl− channel via c-AMP {Hoffmann, 2002
2164 /id}. Steady-state Cl− transport is stimulated by a PP-1 and
PK2A ser/thr phosphatase inhibitor and inhibited by a PKC
inhibitor. A PKA inhibitor had no effect thus, Cl− transport
seems to be controlled by constant phosphorylation and
dephosphorylation involving PKC but not PKA (Hoffmann et
al., 2002).

3.2. Hypotonicity

Exposure of the isolated opercular epithelium to a hypotonic
environment is physiologically relevant because small estuarine
fish like Fundulus heteroclitus are exposed regularly to FW
microenvironments (∼3% SW (1.0 g NaCl/l) or lower) when
they feed in shallow water. Because the animals return to SW in
between tides, only short-term regulatory mechanisms are
needed rather than a permanent acclimation to FW (Marshall,
2003). There is a major drop in plasma osmolarity of
approximately 60 mOsm/kg within the first 6 h after transfer
of a killifish from SW to FW and the plasma osmolarity is
restored within 24 h (Marshall et al., 2000).

To study the regulation of the hypotonic response, we
exposed isolated opercular epithelia of killifish mounted in
Ussing chambers to a hypotonic shock. Addition of hypotonic
saline to the basolateral side of the operculum epithelium
quickly inhibited Cl− secretion (Fig. 2) in a dose-dependent
fashion (Fig. 3), an effect that resulted from a change as small as
ces Isc to low, stable levels in isolated killifish opercular epithelia. Restoration of
e of which is a function of the overall time spent in hypotonic conditions (lower
ck. Redrawn from Marshall et al. (2005).
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20 mOsm/kg in osmolarity; thus it was not seen after addition of
NaCl depleted isosmotic solutions (Zadunaisky et al., 1998;
Marshall et al., 2000; Hoffmann et al., 2002). Restoration of
osmolarity generated an overshoot in the Cl− current that
increased with the time of exposure to the hypotonic conditions
(see Fig. 2) (Marshall et al., 2005). The decrease in current
probably reflects a cell swelling and an RVD process. The
overshoot in current after the return to isotonic medium was
construed as an indication of a cell shrinkage after restoration of
osmolarity resulting from the ion loss that had occurred during
the RVD process which made the cells now hypotonic to a
normal isoosmotic medium. There is preliminary evidence that
inhibition of the Cl− secretion under hypotonic conditions might
partly result from swelling-activated Cl− channels on the
basolateral membrane (Zadunaisky et al., 1998) but for the
most part, it seems that the basolateral cotransporter NKCC is
the main player in the regulation. The hypothesis is that
hypotonicity (cell swelling) by a series of steps dephosphor-
ylates NKCC and decreases ion uptake, thereby inhibiting
transepithelial Cl− transport. Conversely, hypertonic shock
would shrink cells, phosphorylate NKCC, induce ion uptake at
the basolateral membrane, and augment transepithelial Cl−

transport, likely linked to RVI. Several kinases and phospha-
tases, discussed below, have been found to play a role in the
regulation. Following discussion of these proteins, we present a
preliminarymodel of this regulation involving these key players.

3.2.1. PKC and PKA
Chelerythrine, a rather general PKC inhibitor, significantly

inhibited the resting membrane current Hoffmann et al., 2002, but
had no effect on the current inhibition in hypotonic medium
(Marshall et al., 2005). Chelerythrine blocked the recovery of the
membrane current when isotonic solutions were restored
(Marshall et al., 2005), indicating as discussed above the
involvement of PKC in current stimulation (Hoffmann et al.,
2002). Gö6976, which inhibits the PKCα,β subtypes, had
Fig. 3. The degree of Isc inhibition in killifish opercular membranes is a function
of the size of the hypotonic shock applied. Hypotonic shock as little as
20 mOsm/kg produced a significant decrease in Isc (mean±SEM, n=10) and the
inhibition increased with greater hypotonic shock, indicating that the system
responds to very small osmotic stimuli. Redrawn from Marshall et al. (2000).
essentially no effect, however, suggesting that PKCα and
PKCβ1 are not involved (Marshall et al., 2005). H-89, which
blocks PKA, did not interfere with hypotonic current inhibition
but it did inhibit the recovery after restoration of isotonic
conditions, indicating involvement of PKA in current recovery
(Marshall et al., 2005).

3.2.2. MAPKinases
In gill cells from F. heteroclitus that were exposed to osmotic

shock, Kultz and Avila (2001) observed changes in activity and
abundance of JNK and p38MAPKs with a 5-fold increase in the
expression of p38 after transfer from FW to SW. These findings
point to the involvement of kinase cascades in the volume
responses in the gill cells. JNK and p38 MAPK have both been
implicated in volume responses of several cell types (see Section
1) thus, we examined MAP kinase phosphorylation after
hypotonic stress and tested the effect of MAP kinase inhibitors
on current response. Hypotonic stress rapidly and transiently
increased the level of phosphorylated p38 MAPK (pp38)
(measured by Western analysis) by 8-fold at 5 min, followed
by a decrease and then a slower increase to 7 fold at 60 min
(Marshall et al., 2005). The rapid activation of p38 with
hypotonic shock (at 5 min) points to an involvement of this
kinase in the swelling-induced inhibition of the Cl− secretion
that follows the same time course. The p38 kinase inhibitor SB
203580 significantly enhanced the decrease in current thus, it
seems that p38 inhibits the hypotonic decrease in current
(Marshall et al., 2005). The p38 inhibitor also inhibited current
recovery when isotonic solution was restored, an outcome
consistent with the idea that p38 stimulates an increase and
inhibits a decrease in current. JNK was biphasically activated
(i.e. phosphorylated) by both hypotonic and hypertonic shock
with an increase of about 40–50% after 5 min. In hypertonic
medium pJNKwas still high after 30 min (Marshall et al., 2005).

3.2.3. SPAK and OSR
As discussed in Section 1, SPAK is a prime candidate for

involvement in NKCC1 regulation. Immunoblot analysis
showed that SPAK and OSR1 both were present in SW and
FW acclimated fish with higher expression in FW. Immunocy-
tochemical analysis showed that SPAK, OSR1 and phosphory-
lated focal adhesion kinase (pY407-FAK) were colocalized with
NKCC at the basolateral membrane (Marshall et al., 2005).

3.2.4. Protein phosphatases
The ser/thr protein phosphatases (PP1 and PP2A) inhibitor

calyculin A augmented the steady-state current, and slowed
the hypotonic current inhibition but significantly exacerbated
the total decline in current (Hoffmann et al., 2002). The same
outcome was seen with okadaic acid, and in addition, the
recovery after restoration of osmolarity was completely
blocked (Marshall et al., 2005). As discussed in Section 1,
both the ser/thr protein phosphatases PP1 and PP2A bind
directly to and regulate NKCC1 in shark rectal gland cells
thus, it is likely that PP1 and/or PP2A may also be involved in
dephosphorylation of NKCC1 in the killifish. This mechanism
could explain the increase in steady-state current and the slow
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down of the decrease in current in hypotonic medium but the
fact that the total decease is potentiated and that the recovery
is completely blocked points to a different role for a
phosphatase.

3.2.5. Tyrosine kinases
The protein tyrosine kinase inhibitor genistein inhibited

chloride secretion opercular epithelia from in SW-adapted fish
in a way that mimicked the hypotonic response (Marshall et al.,
2000, 2005). If the current was first inhibited with the α-
adrenergic agonist clonidine then the tyrosine kinase inhibitor
genistein instead increased the chloride current (Marshall et al.,
2005). Thus, it seems that both a steady-state-stimulated and a
steady-state-inhibited conditions are dependent on a tyrosine
kinase. Genistein both inhibited the Cl− secretion from high
currents (Marshall et al., 2000) and dephosphorylated FAK at
the Y407 tyrosine phosphorylation site, as detected by
immunocytochemistry (Marshall et al., 2005). Hypotonic
shock also caused rapid dephosphorylation of FAK at position
Y407 (Marshall et al., 2005) and phosphorylated FAK was
highly colocalized with NKCC and SPAK (Marshall et al.,
2005). These findings are suggestive of an osmosensitive
complex involving FAK and NKCC, but it is not known at this
time whether any or all of the other phosphorylation sites on
FAK are responsive to hypotonic shock.
Fig. 4. A hypothetical model of the regulation of NKCC in the basolateral membran
side is below; cytosolic components above. Right: the kinases that have been demon
stimuli and ultimate NKCC activation associated with regulatory volume increase
colocalized with NKCC (FAK, OSR1 and SPAK). Because SPAK and OSR1 coimm
The order of the others in the cascade is unknown. Left: the inhibitory cascade t
coimmunoprecipate with NKCC. On this side are some of the known players (JNK
which in other systems are associated with detection and mediation of hypotonic str
result in NKCC becoming phosphorylated (i.e. a pseudo-stable phase of stimulation d
state during RVD). The reason FAK is shown occluding phosphorylation sites is becau
Isc when it is high as well as increasing Isc when it is low. The PTK depicted separa
3.2.6. A preliminary synthesis model
A preliminary model for rapid control of CFTR and NKCC

in chloride cells has been presented (see Fig. 4) (Marshall et
al., 2005) and includes, (1) activation of NKCC and CFTR
via cAMP/PKA; (2) activation of NKCC during cell shrinkage
by PKC, MLCK, p38, OSR1 and SPAK, (3) deactivation of
NKCC by hypotonic cell swelling, Ca2+ and an as-yet-
unidentified protein phosphatase; and (4) involvement of a
protein tyrosine kinase acting on FAK to set levels of NKCC
activity. As discussed above, prostaglandins are known to be
involved in cellular osmotic responses and in EATCs, for
example, it has been demonstrated that cPLA2 is activated by
hypotonic shock, resulting in an increase in arachidonic acid
release and increased eicosanoid synthesis (Hoffmann, 2000).
PGE2 is known to rapidly inhibit Cl− secretion in the
opercular membrane of Fundulus heteroclitus (Vanpraag et
al., 1987; Evans et al., 2004) and the tissue metabolizes
several different eicosanoids, including prostaglandins, leuko-
trienes and hydroxyeicosatetraenoic acids (Vanpraag et al.,
1987). Therefore a potential role for prostaglandins in the
hypotonic response of the opercular epithelium was also
examined. However, the cyclooxygenase inhibitor indometha-
cin had no effect, indicating that involvement of prostaglan-
dins in the volume response is unlikely (Marshall et al.,
2005).
e of chloride secreting cells in isolated killifish opercular epithelia. Extracellular
strated to be near the basolateral membrane and that are activated by hypertonic
(RVI), viz. JNK, MLCK, and P38 MAPK. Also included are kinases that are
unoproecipitate with NKCC in other systems, they are placed nearest to NKCC.
erminating with PP1, a phosphatase that in other systems has been shown to
and p38 MAPK), but also included is involvement of Integrin, cSRC and ERK,
ess. The model proposes three conditions: an unstable regulating phase that can
uring RVI) or becoming dephosphorylated and entering a pseudo stable inactive
se of the unusual effect of the PTK genistein on the system, causing a decrease in
tely from FAK could be FAK itself.



Fig. 5. Effect of isoproterenol (10−5 M) on the short-circuit current with or
without simultaneous addition of 20% distilled water to avoid cell shrinkage
induced by isoproterenol. The change in current is calculated as the difference
between the current before addition of the agonist and the current after a new
steady state is attained. The addition of isoproterenol to the 300 mOsm Ringer's
solution stimulated the short-circuit current to 258 μA/cm2, addition of
isoproterenol in distilled water to a final osmolarity of 240 mOsm gave a
significantly smaller increase in current (p<0.01). In fact the current was even
lower than the steady-state current before stimulation. The number of
independent experiments: isoproterenol in 300 mOsm Ringer's (n=12),
isoproterenol in 240 mOsm Ringer's (n=4). Reproduced from Hoffmann et al.
(2002).
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3.3. Agonist induction

The β-agonist isoproterenol stimulates Cl− secretion in
standard saline solutions. We examined the Cl− current
activation in response to isoproterenol under conditions in
which Cl− activity drops with or without concomitant cell
shrinkage, because cell volume in the latter case was associated
with an increased value by simultaneous addition of water
resulting in a weakly hypotonic solution (240 mOsm) (see Fig.
5) (Hoffmann et al., 2002). Under both conditions [Cl−i]
decreased followed by cell shrinkage in the isotonic solution but
without cell shrinkage in the hypotonic solution. In the latter
situation all stimulation with isoproterenol disappeared. We
could conclude that a key process for activation of the NKCC1
cotransporter after addition of isoproterenol is cell shrinkage
(Hoffmann et al., 2002).

4. European eel intestine

The intestine of the euryhaline teleost European eel (Anguilla
anguilla) is used as a model of a salt-absorbing epithelium; this
epithelium is naturally, physiologically exposed to changes in
extracellular osmolarity when the eel migrates from FW to SW
and vice versa.

The ion transport model described for eel intestine is
essentially identical to the model for the thick ascending limb
(cTAL) of the mammalian renal cortex (Greger, 1985). NKCC2
in parallel with a K+ conductance is localized on the apical
membrane and accounts for the luminal uptake of Cl−; it
operates in series with a basolateral Cl− conductance and
presumably a basolateral electroneutral KCl cotransport. The
Na+–K+–ATPase on the basolateral membrane generates an
inwardly directed electrochemical gradient for Na+, which
provides the driving force for NKCC2 (Schettino and Lionetto,
2003). In the eel intestine, the transepithelial Cl− active
transport drives transepithelial Na+ diffusive transport, directed
by a transepithelial electrical potential of several millivolts
(negative on the serosal side) and a measurable short circuit
current (Schettino and Lionetto, 2003). Therefore, in the eel
intestine, the absorptive NKCC2 can be functionally detected as
bumetanide-sensitive, short-circuit current that represents about
90–95% of the overall short-circuit current of the epithelium.

4.1. Freshwater to seawater

When the eel moves from FW to SW, the intestinal
epithelium is exposed to hyper-osmotic stress from the luminal
side, the result of the SW that the fish drink (Maetz and
Skadhauge, 1968), and from the basolateral side, from a rapid
40% increase in plasma osmolarity (about 137±34 mOsm). The
plasma then slowly returns to normal plasma osmolarity
(Lionetto et al., 2001). When isolated eel intestines from FW-
adapted yellow eels are exposed on both sides by mannitol
addition to a 25% increase in osmolarity, there is a biphasic cell
shrinkage (measured as a decrease in epithelium height)
amounting to 32% after 5 min exposure, followed by an RVI
process (Lionetto et al., 2001). The rapid osmotic shrinkage
reflects a high water permeability, the consequence of the
presence of two aquaporin homologues (Martinez et al., 2005).

During such hypertonic stress (Ringer's osmolarity:
315 mOsm→375 mOsm with mannitol), there is a biphasic
increase in short circuit current (Isc) and transepithelial voltage
(Vte). The initial phase which lasts about 10–15 min correlates
with cellular shrinkage, while the second phase, which is
maximal after 40–60 min, correlates with the RVI process (Fig.
6) (Lionetto et al., 2001; 2002). The initial transient phase is
sensitive to Cl− channel blockers and seems to represent a loss
of Cl− via basolateral Cl− channels and a loss of K+ via apical
K+ channels (Lionetto and Schettino, 2006).

4.1.1. Na+–K+–2Cl− in the hypertonic stress response
As shown in Fig. 6, the second phase of the Vte and Isc

response, which correlates with an RVI process, is completely
inhibited by 10 μM bumetanide (added in the luminal bathing
solution), revealing that the second phase is due to the
shrinkage-induced stimulation of the cotransporter (Lionetto
et al., 2001, 2002). Serosal addition of dimethyl-amiloride
(100 μM), a specific inhibitor of NHE1 had no effect on the
hyperosmotic response, excluding any role for the Na+/H+

antiporter in the response (Lionetto and Schettino, 2006).
Luminal bumetanide not only can completely inhibit the second
phase of the epithelium response to hypertonic stress but also
can completely abolish epithelium RVI following hypertonic
stress, as demonstrated by morphometrical analysis of epithe-
lium height following osmotic stress (Fig. 6). The data show



Fig. 6. Effect of bumetanide on RVI response (A) and electrophysiological
response (B) to hypertonic stress in eel intestine. Redrawn from Lionetto and
Schettino (2006).
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that in the eel intestinal epithelium the hypertonicity of the
external medium results in cell shrinkage which is a signal to
increase NKCC2 activity. The high transepithelial Cl− current is
then carried through the luminal NKCC2 and the basolateral
Cl− channels. As discussed in the Introduction, a homologue of
the renal NKCC2 is found in the luminal membrane of the eel
intestine. Research with renal cells has shown that increased
external osmolarity can increase NKCC2 activity (Gamba and
Bobadilla, 2004). Similar to the situation with renal NKCC2, it
seems that the eel intestine luminal NKCC2 also is active under
basal isotonic conditions but dramatically increases its activity
during hypertonic stress.

4.1.2. The role of cytoskeleton and of protein phosphorylation
events

The actin-based cytoskeleton is implicated in volume-
sensing and regulation in a wide range of cells and tissues
(see e.g. Pedersen et al., 1999, 2001; Hoffmann and Mills,
1999) and as discussed in the Introduction, there is abundant
evidence that shrinkage activation of NKCC is controlled by the
actin-based cytoskeleton. It should be mentioned that most
studies have focused on NKCC1, while little research has
addressed NKCC2.

The eel enterocytes have a strong cortical F-actin cytoske-
leton, specifically at the apical membrane (Lionetto et al.,
2002). The bumetanide-sensitive response of Vte and Isc to
hypertonicity was potently inhibited by treatment with 20 μM
cytochalasin D or 0.5 μM latrunculin A, known to induce F-
actin depolymerization by different molecular mechanisms. The
effectiveness of actin agents suggests that the activation of
NKCC during hypertonic stress requires the integrity of the F-
actin cytoskeleton (Lionetto et al., 2002). In contrast to the
cytoskeleton involvement found in many other cells (see
Introduction), no detectable modification in F-actin cytoskele-
ton was seen in the eel intestine after hypertonic stress exposure,
and no significant changes in F-actin content were found using a
quantitative F-actin assay (Lionetto et al., 2002). The results
suggest that hypertonic activation of the cotransporter in eel
intestine requires the integrity of the F-actin microfilament
system but not a F-actin remodelling or an increase in
polymerization (Lionetto et al., 2002).

4.1.3. PKC and MLCK
For NKCC, both PKC and MLCK have been assigned a role

in shrinkage induced activation and both are known to interact
with actin cytoskeleton, as discussed in the Introduction.
Inhibitors of PKC and MLCK were therefore tested against
the bumetanide-sensitive Isc increase following hypertonic
stress. Chelerythrine (the PKC inhibitor) blocked the bumeta-
nide-sensitive Isc increase, suggesting that PKC is involved in
hypertonic NKCC2 stimulation (Lionetto et al., 2002). Which
PKC isoform is involved has not been investigated, and neither
has the question of whether the role of PKC in NKCC activation
could result from a possible interaction with the cytoskeleton.
The MLCK inhibitor ML-7 (20 μM) also abolished the
hypertonic bumetanide-sensitive Isc and Vte response in
agreement with what has been seen in several cell types (see
Section 1). As discussed in Section 1, a possible causal link
between MLCK/MLC phosphorylation and the shrinkage
activation of NKCC1 has been suggested, but other possibilities
are also debated (Ciano-Oliveira et al., 2005), thus further
studies are needed to clarify the role of MLCK in the
stimulation of NKCC2 in eel intestine.

4.2. Seawater to freshwater

When the eel moves from SW to FW, the intestine is exposed
to hypotonicity both on the basolateral side because of the initial
∼20% decrease in plasma osmolarity (Lionetto et al., 2005) and
on the apical side because the drinking behaviour of the eel can
result in a very hypotonic medium (Maetz and Skadhauge,
1968). Eel intestinal epithelium mounted in an Ussing chamber
responded to a hypotonic medium with a biphasic decrease in
Isc and Vte. The current changes were associated with an RVD
response recorded by morphometrical measurement of epithe-
lium height (Lionetto et al., 2005). As mentioned above, both
membranes in the eel intestine have a high water permeability
because of the presence of two aquaporin homologues
(Martinez et al., 2005). Thus, it is likely that KCl efflux on
both membranes is followed by osmotic water loss through
aquaporins accounting for the RVD response. The possibility
that the observed decrease of Vte and Isc induced by
hypotonicity might be the result of an inhibition of the luminal
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NKCC cotransporter was ruled out by the observation that
luminal blockage of NKCC2 by bumetanide did not alter the
decrease in Vte and Isc induced by external hypotonicity
remained unaltered after (Lionetto and Schettino, 2006).

4.2.1. K+ and Cl− channels
As described in the Introduction an RVD response in

epithelial and non-epithelial cells is predominantly correlated
with the activation of K+ and Cl− efflux through independent
swelling-activated K+ and anion channels. The hypotonic
response in Vte and Isc in the eel intestine was found to be a
result of activation of several anion and K+-conductive
pathways on both the apical and the basolateral membranes as
shown in Fig. 7 which shows iberiotoxin-sensitive high
conductance (BK) Ca-activated K+ channels on the apical and
basolateral membranes, apamin-sensitive small conductance
(SK) Ca-activated K+ channels mainly on the basolateral
membrane and DIDS-sensitive anion channels on the apical
membrane.

The hypotonicity-induced activation of large-conductance
BK channels is reported to occur in other epithelial cell types
such as the human bronchial epithelial cell line (Fernandez-
Fernandez et al., 2002), rabbit kidney proximal tubule cells
(Dubé et al., 1990), hepatocytes (Pon and Hill, 1997), rat
collecting tubules (Stoner and Morley, 1995), and osteoblasts
(Weskamp et al., 2000). SK channels have previously been
reported to be involved in the RVD response in human liver
cells (Roman et al., 2002). Involvement of both BK and SK
swelling-activated channels in the same cell type has not been
reported before although in human liver cells, an unidentified
Fig. 7. Ionic conductances activated during RVD response
additional swelling-activated K+ channel also seems to be
involved (Roman et al., 2002). The Ba2+-sensitive basal K+

conductance is not involved in the response to hypotonicity in
the eel intestine, as the electrogenic response was unaffected
by serosal or mucosal application of Ba2+. Apically added
DIDS however significantly reduced the initial Vte response
and the functional integrity of the basal Cl− conductive
pathway on the basolateral membrane is also required in the
second phase of the hypotonicity response which was
significantly inhibited by DIDS or NPPB added to the
basolateral side. DIDS also affected on the basal electro-
physiological parameters. Lionetto et al. (2005) concluded that
hypotonic cell swelling in the eel intestine epithelium activates
predominantly basolateral K+ conductances and predominantly
apical anion conductances.

4.2.2. Role of calcium
Chelation of intracellular Ca2+ by BAPTA-AM resulted in a

significant inhibition of the hypotonic response; thus intracel-
lular Ca2+ is important for the hypotonicity-induced decrease in
Vte and Isc (Lionetto et al., 2005). Depletion of the intracellular
stores with thapsigargin had no effect, whereas the electro-
physiological response to hypotonic stress was completely
abolished in a Ca2+-free Ringer's. It was suggested that a
swelling-activated influx of Ca2+ increases local cytosolic Ca2+-
activating BK and SK channels (Lionetto et al., 2005). With
respect to the increase in Cl− conductance, with nonspecific
inhibitors like DIDS and NPPB it is not possible to tell whether
we are dealing with CACC or with VRAC, and this distinction
needs to be further investigated.
in eel intestine. Redrawn from Lionetto et al. (2005).
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5. Conclusions

It is well known that epithelial transport involving the entry
or extrusion of osmotically active substances at the basolateral
and apical cellular membranes represents a continuous
challenge to epithelial cell volume regulation, because slight
changes in the large apical or basolateral fluxes will lead to
rapid changes in cell volume (Hoffmann and Ussing, 1992;
Hoffmann and Dunham, 1995; Harvey, 1994; Beck et al., 1994).
In addition, some epithelia can experience changes in extra-
cellular osmolarity. Animals such as the killifish that naturally
must adapt quickly to changes in external salinity via transport
systems responsive to blood osmolarity are ideal models for
such osmoresponsiveness. The response is easily measured and
the target of the response is local, within the same cell. Thus the
mitochondrion-rich cells of the killifish opercular membrane are
a good model. Similarly, the intestine of the euryhaline teleost
European eel is an excellent model of a salt-absorbing
epithelium; in the eel, this epithelium is physiologically
exposed to changes in extracellular osmolarity when the fish
migrates from FW to SW and vice versa.

A diversity of cellular responses to changes in intracellular or
extracellular osmolarity is emerging and at the effector level, it
involves volume-sensitive channels (IK,vol VRAC and various
non-selective channels including TRP channels) and shrinkage-
activated transport systems like NKCC1 and NHE1. The picture
of osmosensing or volume sensing specifically in epithelial cells
is, however, still incomplete. The advent of phosphorylation- or
site-specific antibodies for the well-conserved proteins that are
in play may make systematic screening of existing models for
the diversity of osmosensing mechanisms and of effector
transport proteins routine. As such, the intestine system should
be screened for upstream kinases like FAK and for candidates in
the sensing system like FAK, cSRC and integrin. In addition the
chloride cell system should be screened for totally unknown
effectors involved after cell swelling, like direct volume
sensitive channels. In this way, a clearer image of volume
sensing in epithelia can be achieved.
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