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Abstract. The Na™/H" exchanger isoforms NHEI,
NHE2, and NHE3 were all found to be expressed in
Ehrlich ascites tumor cells, as evaluated by Western
blotting and confocal microscopy. Under unstimu-
lated conditions, NHE1 was found predominantly in
the plasma membrane, NHE3 intracellularly, and
NHE?2 in both compartments. Osmotic cell shrinkage
elicited a rapid intracellular alkalinization, the sensi-
tivity of which to EIPA (ICs 0.19 um) and HOE 642
(ICso 0.85 pm) indicated that it predominantly re-
flected activation of NHE1. NHE activation by os-
motic shrinkage was inhibited by the protein kinase C
inhibitors chelerythrine (/Csq 12.5 pm), G6 6850 (5
um), and G6 6976 (1 um), and by the p38 MAPK
inhibitor SB 203580 (10 pum). Furthermore, hyper-
tonic cell shrinkage elicited a biphasic increase in p38
MAPK phosphorylation, with the first significant
increase detectable 2 minutes after the hypertonic
challenge. Neither myosin light chain kinase-specific
concentrations of ML-7 (ICsy 40 um) nor ERK1/2
inhibition by PD 98059 (50 um) had any effect on
NHE activation. Under isotonic conditions, the ser-
ine/threonine protein phosphatase inhibitor calyculin
A elicited an EIPA- and HOE 642-inhibitable intra-
cellular alkalinization, indicating NHE1 activation.
Similarly, shrinkage-induced NHE activation was
potentiated by calyculin A. The calyculin A-induced
alkalinization was not associated with an increase in
the free, intracellular calcium concentration, but was
abolished by chelerythrine. It is concluded that
shrinkage-induced NHE activation is dependent
on PKC and p38 MAPK, but not on MLCK or
ERK1/2. NHE activity under both iso- and hyper-
tonic conditions is increased by inhibition of serine/
threonine phosphatases, and this effect appears to be
PKC-dependent.
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Introduction

Seven mammalian Na™/H" exchanger (NHE) iso-
forms, NHE1-7, differing with respect to distribution
pattern and regulation, have been cloned and char-
acterized to date (Counillon & Pouyssegur, 2000;
Wakabayashi, Shigekawa, & Pouysségur, 1997; Nu-
mata & Orlowski, 2001). Most tissues studied express
several NHE isoforms. NHE1 is ubiquitously ex-
pressed in mammalian cells, and is, in polarized cells,
mainly localized to the basolateral membrane (see
Wakabayashi et al., 1997). NHE2 and NHE3 are
predominantly found in epithelial cells, with high
expression in kidney, intestine, and stomach. NHE2
is most commonly localized to the apical membrane
(e.g., Hoogerwerf et al., 1996; see Wakabayashi et al.,
1997), although a basolateral localization has also
been reported (Soleimani et al., 1994). NHE3 is found
both on the apical membrane and in endomembrane
compartments (Janecki et al., 1998). NHE4 and
NHES exhibit the highest expression in the stomach,
brain, and kidney (see Wakabayashi et al., 1997,
Rossmann et al.,, 2001; Attaphitaya, Nehrke, &
Melvin, 2001), and NHE6 and NHE7 appear to be
exclusively intracellular, localized to mitochondria
and to the trans-Golgi network, respectively (see
Counillon & Pouyssegur, 2000; Numata & Orlowski,
2001).

The NHEs play important roles in a range of
physiological processes, including the regulation of
cellular volume and pH, and the transepithelial
transport of NaCl, NaHCOs, and NH] (see Wa-
kabayashi et al., 1997; Counillon & Pouyssegur,
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2000). Ehrlich ascites tumor cells (EATC) exhibit
amiloride-sensitive Na*/H" exchange in response to
a variety of stimuli, such as intracellular acidifica-
tion (Kramheft, Lambert, & Hoffmann, 1988), sti-
mulation with Ca®*-mobilizing agonists, including
ATP (Wiener, Dubyak, & Scarpa, 1986; Pedersen
et al., 1998a), thrombin, bradykinin (Pedersen, Jor-
gensen, & Hoffmann, 1998b), and LPA (Pedersen
et al.,, 2000), and hypertonic cell shrinkage
(Levinson, 1991; Pedersen et al., 1996). However,
the molecular identity and localization of the NHE
isoforms in EATC, as well as their relative contri-
butions to Na™/H™ exchange after various stimuli,
are so far unknown.

Several lines of evidence suggest that serine/
threonine phosphorylation events play an important
role in the regulation of NHEI1. Thus, ATP is re-
quired for optimal NHET1 function, although not al-
ways reflecting a requirement for direct NHEI]
phosphorylation (see Wakabayashi et al., 1997), and
activation of NHEI1 by a range of stimuli is inhibited
by serine/threonine protein kinase inhibitors, and
activated or stimulated by serine/threonine protein
phosphatase inhibitors (Bianchini et al., 1991; Sardet,
Fafournoux, & Pouyssegur, 1991; see Malapert et al.,
1997; Wakabayashi et al., 1997). We have previously
found that at 25°C, the serine/threonine phosphatase
inhibitor calyculin A (CL-A) stimulates shrinkage-
induced NHE activity in EATC, but does not elicit
isotonic NHE activation, but the mechanism in-
volved was not further investigated (Pedersen et al.,
1996).

The NHE isoforms are differentially sensitive to
osmotic stress. Osmotic cell shrinkage activates
NHEI1, NHE2, and NHE4 (see Wakabayashi et al.,
1997; see also Nath et al., 1996 for a different view on
NHE2), whereas it inhibits NHE3 (Kapus et al.,
1994; Nath et al.,, 1996) and NHES (Attaphitaya
et al., 2001). The signal transduction mechanisms
leading to NHE activation by cell shrinkage remain
incompletely understood. Multiple protein kinases
are activated following hypertonic stress in mamma-
lian cells, including several protein kinase C (PKC)
isoforms (Larsen et al., 1994; Zhuang, Hirai, & Ohno,
2000; Miyata et al., 2001), myosin light chain kinase
(MLCK) (Klein & O’Neill, 1995; Krarup et al., 1998)
and the mitogen-activated protein kinase (MAPK)
subfamilies ERK1/2, P38 MAPK, and JNK/SAPK
(Pandey et al., 1999; Roger et al., 1999; Duzgun et al.,
2000; Gillis et al., 2001). In EATC, rapid, shrinkage-
induced activation has been directly demonstrated for
PKC (Larsen et al., 1994), and strongly suggested for
MLCK (Krarup et al., 1998).

Evidence regarding the possible roles of specific
serine/threonine protein kinases in the shrinkage-in-
duced NHE activation is, however, limited and often
conflicting. In EATC (Pedersen et al., 1996), but not
in lymphocytes (Grinstein et al., 1985a; Grinstein,
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Elder, & Furuya, 1985b), a PKC isoform appears to
play a role in this process. A role for MLCK in
shrinkage-induced NHE activation has been pro-
posed in rat astrocytes (Shrode et al., 1995) and in C6
cells (Shrode et al., 1997). As for the MAPK family, a
role for JNK in the hypertonic activation of a
Xenopus laevis NHE activity has recently been re-
ported (Goss et al., 2001). Roles for ERK1/2 and p38
MAPK in NHEI activation by other stimuli have
been demonstrated (Bianchini, L’Allemain, &
Pouyssegur, 1997; Khaled et al., 2001), as has the
involvement of p38 MAPK in the regulatory volume
increase (RVI) process (Roger et al., 1999; Sheikh-
Hamad et al., 1998), but available evidence has so far
argued against a role for either of the MAPK sub-
families in the shrinkage-induced NHE]1 activation in
mammalian cells.

Consequently, the aims of the present study
were, firstly, to establish which NHE isoforms are
present in EATC and determine their subcellular
localization, and secondly, to further elucidate the
role of protein phosphorylation-dephosphorylation
events in NHE regulation under iso- and hypertonic
conditions. It is concluded that NHE1, NHE2, and
NHE3 are all present in EATC, with different sub-
cellular localization patterns. The shrinkage-induced
NHE activation is dependent on PKC and p38
MAPK, but not on MLCK or ERK1/2. NHE ac-
tivity is increased under both iso- and hypertonic
conditions by inhibition of serine/threonine phos-
phatases, and this effect appears to be counteracted
by inhibition of PKC.

Part of these results has previously been pre-
sented in abstract form (Varming, Pedersen, &
Hoffmann, 1998).

Materials and Methods

REAGENTS

Unless otherwise stated, all reagents were of analytical grade and
obtained from Sigma (St. Louis, MO) or Mallinckrodt Baker B.V.
(Deventer, Netherlands). Heparin was from Leo (Ballerup, DK).
ML-7 was from Calbiochem (Bad Soden, Germany), and was
dissolved at 5 mm in 96% ethanol. G6 6850, G6 6976, SB 203580
and PD 098059 were also from Calbiochem and were dissolved at
1, 0.5, 2 and 20 mm, respectively, in desiccated DMSO. Calyculin A
and chelerythrine were from Alomone Laboratories (Jerusalem,
Israel), and were dissolved at 20 pum in 96% ethanol, and at 2.5 mm
in ddH,O, respectively. HOE 642 (a kind gift from Dr. W. Scholz,
Merck, Darmstadt, Germany) was dissolved at 0.5 mm in ddH,O.
EIPA was from Molecular Probes (Leiden, the Netherlands), and
was dissolved at 2.5 mm in ddH,O. Fura-2-AM and BCECF-AM,
also from Molecular Probes, were dissolved at 10 and 1.2 mm,
respectively, in desiccated DMSO. Poly-L-lysine (250 mg/ml) was
dissolved in ddH,O, and nigericin (I mg/ml) in 96% ethanol. All
these reagents were stored at —20°C until use. Stock solutions of
paraformaldehyde (20% w/v in ddH,0) were prepared fresh regu-
larly, and kept at 4°C.
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MEDIA AND CELL SUSPENSIONS

Standard medium contained (in mm) 143 NaCl, 5 KCI, 1 MgSO,,
1 Na,HPO,, 1 CaCl,, 3.3 MOPS, 3.3. TES, and 5 HEPES. NaOH
was used to adjust pH to 7.4. The hypertonic (600 mOsm) medium
was prepared by doubling the concentrations of all ions except
Ca®>* compared to the standard medium (310 mOsm), while
maintaining the same concentrations of MOPS, TES and HEPES.
In the p38 Western blot experiments, the hypertonic medium was
prepared by addition of NaCl to a final osmolarity of 600 mOsm.
In KCl medium, KCI was substituted for NaCl in equimolar
amount, and pH was adjusted with KOH.

Ehrlich ascites tumor cells (EATC, hyperdiploid strain) were
maintained in NMRI mice by weekly intraperitoneal transplanta-
tion. One week after transplantation, the cells in the ascites fluid
were harvested in standard incubation medium with added heparin
(2.5 IU/ml), as described previously (Hoffmann, Lambert, & Si-
monsen, 1986). The cells were washed 2-3 times in heparin-free
standard medium by centrifugation (700x g, 45 sec), and resus-
pended at a cytocrit of 4-8%. Prior to experiments, the cells were
incubated for 15-30 min in the standard medium, in a water bath
with gentle shaking. Unless otherwise indicated, experiments were
carried out at 37°C.

NHE IsoForM IDENTIFICATION AND LOCALIZATION

Polyclonal primary antibodies recognizing the C-terminal ends of
NHEI (ab 1950), NHE2 (ab 597), or NHE3 (ab 1380), respectively,
were a generous gift from Dr. M. Donowitz, Johns Hopkins Uni-
versity, USA. The antibodies have been described previously, and
are known to exhibit essentially no cross-reactivity between iso-
forms (Tsé et al., 1994b; Hoogerwerf et al., 1996).

For SDS-PAGE and Western blotting, crude cell membranes
were prepared by pelleting cell aliquots, followed by resuspension
in stabilization buffer (62.5 mm Tris, 138.6 mm SDS, 18% glycerol),
boiling for 5 min, and homogenization through 27-G and 18-G
syringes. Samples (45 pg protein) were diluted 1:1 in double
Laemmli buffer, boiled 5 min, resolved by SDS-PAGE gel elec-
trophoresis, and electrotransferred onto nitrocellulose membranes.
Membranes were blocked for 1 hr at room temperature (150 mm
NaCl, 13 mm Tris, 5% nonfat dry milk), and incubated with pri-
mary antibodies (1:1000 in blocking buffer) overnight at 4°C and
then for 1 hr at room temperature. The membranes were washed
(150 mm NaCl, 13 mm Tris, 0.02% Triton X-100), incubated for 2
hr with horseradish peroxidase (HRP)-conjugated goat anti-rabbit
secondary antibody (1:3000), washed, and bound secondary anti-
body was detected by enhanced chemiluminescence (ECL)
(Amersham, Buckinhamshire, England), in some experiments, the
reducing agents dithiothreitol (DTT, 0.2 M) or mercaptoethanol
(2%) were added to the solubilization buffer.

For immunolocalization experiments, cell aliquots were para-
formaldehyde-fixed as described previously (Pedersen et al., 1999)
and allowed to settle on clean, poly-L-lysine-coated no. 1 cover-
slips. Cells were permeabilized for 10 min with 0.02% Triton X-100
in TBS (in mm: 150 NaCl, 10 Tris HCI, 1 MgCl,, 1 mm EGTA, pH
7.4, and, unless otherwise indicated, 0.1% w/v azide), followed by
three washes in TBS, blocking for 1 hr with normal goat serum
(1:10 in TBS with 1% w/v BSA), incubation for 1 hr with primary
antibody (1:1000 in TBS with 1% w/v BSA), three washes in TBS
with 1% w/v BSA, incubation for 1 hr with FITC-conjugated goat
anti-rabbit IgG (Sigma Immunochemicals, 1:1000 in TBS with 1%
w/v BSA), and four washes in TBS with 1% w/v BSA. Samples
were mounted on glass slides with spacers to prevent compression
(mounting medium: 10% TBS, 90% glycerol, 0.6 mg/l DABCO),
and viewed using a 40x/1.25 NA plan apochromat objective
mounted on a Leica DM IRB/E microscope coupled to a Leica
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TSC NT confocal laser scanning unit (Leica Lasertechnik, Hei-
delberg, Germany). Excitation- and emission wavelengths were 488
nm and 520 nm, respectively, optical slice thickness was 1 pm, and
images were frame-averaged.

EstimAaTION OF P38 MAPK PHOSPHORYLATION

After harvesting as above, EATC were pelleted at 700x g for 45 sec
and resuspended at cytokrit 4% in a 5-ml volume of either isotonic
standard medium or in hypertonic medium (600 mOsm) for 15 sec,
1, 2, 3, 10 or 30 min. Two hundred-pl volumes of cell suspension
were then transferred to 200 pl boiling lysis buffer (2% SDS, 20 mm
TRIS pH 7.4, 0.1% Tween-20, 2 mMm orthovanadate) for 5 min
followed by 3 x 15-sec sonication. Cell homogenates were centri-
fuged at 20,000x g for 5 min at 4°C, and protein concentration in
2-ul aliquots of supernatants with solubilized proteins was deter-
mined with a DC protein assay (BIO-RAD) using the GeneQuant
pro (Pharmacia). Proteins in samples (60 pg of protein) were re-
solved under denaturing and reducing conditions (SDS-PAGE)
according to NuPAGE (10% NuPAGE Bis-TRIS with NuPAGE
MOPS SDS Running Buffer [NP0002]) and TRIS-glycine (12%)
minigel procedures for the NOVEX Xcell (E19001) system (NO-
VEX, San Diego, CA). MARK12™ (NOVEX) were used as mo-
lecular mass markers. Resolved proteins were stained with
Coomassie brilliant blue, and gels were dried with Dry Ease™
Drying System from NOVEX (NI2387) according to the manu-
facturers instructions. Resolved profiles and molecular mass
markers were electrophoretically transferred from SDS-PAGE gel
onto nitrocellulose membranes according to the NOVEX Western
transfer apparatus instructions for the NOVEX blot module
(E19051), Membranes were blocked overnight in blocking buffer,
TBST (pH 7.5) with 5% nonfat milk at 4°C, followed by incubation
in blocking buffer with a polyclonal rabbit antibody to phos-
phorylated p38 MAPK (thr180/tyr182) (New England Biolabs,
1:100 in blocking buffer) for 2 hr at room temperature. Binding of
primary antibody was detected using alkaline phosphatase (AP)-
conjugated goat anti-rabbit IgG secondary antibody (Jackson
ImmunoResearch Laboratories) (diluted 1:400 in blocking buffer)
and visualized with BCIP/NBT (Kirkegaard & Perry Laboratories,
MD). Band intensity was estimated using the Kodak Image Station
440CF and Kodak 1D 3.5.

EsTIMATION OF INTRACELLULAR pH (pH;)

Loading of EATC with BCECF-AM and measurement of pH; were
performed essentially as previously described (Pedersen et al.,
1996). Briefly, cells were incubated at 37°C with BCECF-AM (3.6
puMm) in standard medium (cytocrit 4%), washed twice in standard
medium containing BSA (1 mg/ml), and resuspended in this me-
dium at a cytocrit of 8%. The loaded cells were diluted at a cytocrit
of 0.3% in the stirred, thermostatted cuvette of a Perkin-Elmer
LS-5 luminescence spectrophotometer. Emission was detected at
525 nm after excitation at 445 nm and 495 nm. Extracellular
fluorescence (~5-10% of the total signal) was subtracted prior to
calculation of the 445 nm/495 nm ratio and linear calibration to
pH; according to (Thomas et al., 1979).

ESTIMATION OF THE FREE, INTRACELLULAR
CarciuM CONCENTRATION ([Ca”]i)

Loading of EATC with fura-2-AM and measurement of [Ca®"];
were performed essentially as previously described (Jorgensen,
Lambert, & Hoffmann, 1996). Cells were incubated at 37°C with
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Fig. 1. Western blot analysis of NHE isoforms in Ehrlich ascites
tumor cells. Crude membrane fractions from Ehrlich ascites tumor
cells (EATC), prepared as described in Materials and Methods,
were separated on 6% SDS-polyacrylamide gels and electrotrans-
ferred onto nitrocellulose membranes. Membranes were blocked
for unspecific labeling, and probed for the presence of the NHE
isoforms using rabbit polyclonal antibodies against the C-terminal
end of NHEI (4), NHE2 (B), or NHE3 (C) (1:1000), HRP-con-
jugated goat anti-rabbit antibody (1:3000), and detection by ECL.

fura-2-AM (2 pm) in standard medium (cytocrit 4%), washed twice
in standard medium containing BSA (1 mg/ml), and resuspended in
BSA-free standard medium at a cytocrit of 8%. The loaded cells
were diluted at a cytocrit of 0.5% in the stirred, thermostatted cu-
vette of a PTI Ratiomaster luminescence spectrophotometer.
Emission was detected at 510 nm after excitation at 340 nm and 380
nm. Extracellular fluorescence was subtracted prior to calculation
of the 340 nm/380 nm ratio, which is used as an estimate of ([CaH]i)

DATA ANALYSIS AND STATISTICS

The rate of change in intracellular H" concentration (A[H'];) was
calculated from the [H']; at times 0.5 min and 1.5 min after ex-
posure to hypertonic conditions, as ((H'];, 9o see—[H'Li, 30 sec)/60-
Data are given as —A[H']; (in mol x 1”' x min~"). As only data
obtained under identical osmotic conditions are directly compared,
no attempt was made to correct for the intracellular buffering
power, which appears to vary relatively little with osmolarity in
EATC in the range 310-600 mOsm, as tested in a previous study
(Pedersen et al., 1996). The initial pH; varies between experiments,
and NHE activation by cell shrinkage is dependent on pH; (see Fig.
3B). Therefore, data were generally calculated relative to the rate
from a control experiment with the same initial pH;, except when
all inhibitors used in a given series could be shown to have no effect
on initial pH;. ICsy values for inhibition of shrinkage-induced
NHE activity were calculated wusing the equation y =
Ymax © (1=1(1 + ICso/[inhibitor])), where y and yn,.x are the al-
kalinization rate at any given concentration of inhibitor, or in the
absence of inhibitor, respectively. The only exception to this was
the ICsy for chelerythrine, which was estimated from the dose-
response curve as the concentration required to inhibit the response
by 50%, as the datapoints obtained could not be fitted using the
above equation.

ABBREVIATIONS

BCECF-AM:2",7"-bis-(2-carboxyethyl)-5,6-carboxyfluorescein, tet-
raacetoxymethylester; chelerythrine: 1,2-dimethoxy-N-methyl[1,3]
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In all experiments, labelling in the absence of primary antibody was
found to be essentially undetectable (D). The horizontal bars re-
present the positions of molecular weight markers (from top) 202.2,
103.1 and 67.5 kDa. The experiments shown are representative of 4
(NHEI), 4 (NHE2), and 3 (NHE3) independent experiments in the
absence, and 2 independent experiments for each isoform in the
presence of the reducing agents dithiothretiol (DTT, 0.2 M) and
mercaptoethanol (2%).

benzo-dioxolo[5,6-c]phenanthridinium chloride; DABCO: triethyl-
ene diamine; 1, 4 diazabicyclo-[2.2.2]octane; EATC: Ehrlich ascites
tumor cells; EGTA: Ethylene glycol-bis(b-aminoethylether)-
N,N,N’,N’-tetraacetic acid; EIPA: 5’(N-ethyl-N-isopropyl)amilo-
ride, hydrochloride; ERK1/2: extracellular signal regulated kinase
1/2; G6 6850: 1H-pyrrole-2,5-dione,3-(1-(3-dimethylamino)pro-
pyl)-1H-indol-3-yl)-4-(1 H-indol-3-yl)-[MESH]; G6 6976: 12H-in-
dolo(2,3-a)pyrrolo(3,4-c)carbazole-12-propanenitrile,5,5,7,13-tetra
hydro-13-methyl-5-oxo-[MESH]; HEPES: N-(2-hydroxyethyl)pip-
erazine-N’-2-ethanesulfonic acid; HOE 642:4-isopropyl-3-ethyl-
sulphonylbenzoyl-guanidine  methanesulphonate; JNK/SAPK:
c-Jun N-terminal kinase/stress activated protein kinase; MARK:
mitogen activated protein kinase; MKK1: MAPK kinase 1;
ML7: 5-Iodonaphtalene-1-sulfonyl)homopiperazine, hydrochloride;
MLCK: myosin light chain kinase; MOPS: 3-(N-morpholino)pro-
panesulfonic acid; NHE: sodium proton exchanger; PD98059: 2’-
amino-3'methoxoflavone; PKA: protein kinase A; PKC: protein
kinase C; SB203580: 4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-
5-(4-pyridyl)1H-imidazole; TBS: tris-buffered saline; TES: N-
tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid.

Results

IpEnTIFICATION OF NHE Isororms NHEI, NHE2,
AND NHE3 1N EHRrRLICH AscITES TuMOR CELLS

Western blot analysis of crude membrane fractions
was used to analyze for the possible presence of
NHE isoforms in the Ehrlich ascites tumor cells
(EATC), using polyclonal antibodies raised against
the C-termini of NHE1, NHE2, and NHE3 (see
Materials and Methods). The NHEI antibody (ab
1950) mainly recognized a protein of about 90 kDa,
a few kDa above and below which two additional,
weaker bands were visible (Fig. 14). Bands of about
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195 kDa and of about 67 kDa or less, respectively,
were also detected in most experiments.' The NHE2
antibody (ab 597) recognized several proteins of
estimated molecular weights 95, 81, 74, and about
67 kDa (Fig. 1B). Finally, the NHE3 antibody (ab
1380) recognized a protein of about 84 kDa, and, in
some experiments, also a band of about 170 kDa
(Fig. 1C). In contrast, in experiments in which the
reducing agents dithiothreitol (DTT, 0.2 ™M) or
mercaptoethanol (2%) were included in the solubi-
lization buffer to reduce all the NHE protein to the
monomer form, the presumed dimer bands were
either nondetectable (NHE1) or very weak (NHE3)
(compare lane / with lanes 2 and 3 in Fig. 14 and
(). No labelling could be detected in the absence of
primary antibody (Fig. 1D).

SUBCELLULAR LocaLizaTtioN oF NHE1, NHE2,
AND NHE3

The subcellular localization of NHE1, NHE2, and
NHE3 was studied by confocal visualization of
fixed, permeabilized EATC, labelled with the same
polyclonal antibodies used for Western blot. NHEI-
immunolabelling was prominent in the cortical re-
gion in or closely adjacent to the plasma membrane,
but could also readily be detected in intracellular
regions (Fig. 2A4). Significant NHE2 labelling was
seen both in the cortical region and intracellularly,
with a “patchy” distribution, suggesting the associ-
ation of the exchanger with intracellular compart-
ment(s) (Fig. 2B). NHE3 labeling exhibited a similar
patchy distribution pattern over most of the intra-
cellular compartment, but was essentially absent
from the plasma membrane (Fig. 2C). In controls, in
which primary antibody was omitted, only very
faint, diffuse intracellular fluorescence could be de-
tected (Fig. 2D).

ErrFeEcT oF OsmoTtic CELL SHRINKAGE
oN NHE AcTtiviTy

When EATC loaded with the fluorescent pH indica-
tor BCECF were diluted in hypertonic medium (600
mOsm, compared to 310 mOsm isotonic), a rapid
intracellular alkalinization was seen after a brief lag
time of about 20 sec (Fig. 34). The shrinkage-induced
NHE activity was found to correlate inversely and in
a sigmoidal fashion with the pH; measured immedi-
ately after hypertonic exposure (Fig. 3B). The
shrinkage-induced intracellular alkalinization was
inhibited by EIPA and HOE 642 with ICs, values of
0.19 pum and 0.85 pm, respectively (Fig. 3C,D), indi-

The poor electrotransfer efficiency of very high molecular weight
proteins may explain why the 195 kDa (and for NHE3, 170 kDa)
bands were not always detected.
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cating that it mainly reflected activation of NHEI
(see Discussion).

PossiBLE RoLEs orF PKC anp MLCK
IN THE SHRINKAGE-INDUCED ACTIVATION OF NHE

Preincubation with the protein kinase C inhibitor
chelerythrine inhibited the shrinkage-induced NHE
activation in a concentration-dependent manner,
with an ICs value estimated at 12.5 um (Fig. 44). To
further address the possible involvement of PKC, we
next tested the effect of two other PKC inhibitors, G6
6850, which inhibits both the conventional Ca’*-de-
pendent PKC isoforms (o,pI) and the Ca®" inde-
pendent novel PKC (3,¢) isoforms, and G6 6976,
which selectively inhibits the conventional PKC iso-
forms (Martiny-Baron et al., 1993; Way, Chou, &
King, 2000) (Fig. 4B). As seen, preincubation with
G0 6850 (5 um, 30 min, p<0.002, n = 8) or G6 6976
(1 pm, 30 min, p<0.03, n = 8) inhibited shrinkage-
induced NHE activation by about 40% and 30%,
respectively.

In contrast, the MLCK inhibitor ML-7 had little
effect on the shrinkage-induced NHE activation in
EATC (Fig. 4D). The ICsy for inhibition of shrink-
age-induced NHE activity by ML-7 was estimated at
40 pum, compared to reported /Csy values of 0.3 pum
for MLCK, 21 um for PKA, and 42 um for PKC
(Saitoh et al., 1987).

PossiBLE RorLes oF ERK1/2 anD p38 MAPK
IN THE SHRINKAGE-INDUCED ACTIVATION OF NHE

Figure 5 shows the effect of the MEKKI inhibitor
(i.e., preventing activation of the MEKK!1 substrates
ERK1/2) PD 098059 (50 pm, 30 min) and the p38
MAPK inhibitor SB 203580 (10 pm, 30 min) on the
shrinkage-induced NHE activation. As seen, the ini-
tial rate of shrinkage-induced NHE activity is unaf-
fected by pretreatment with PD 098059 (n = 4), but
is inhibited by about 35% by pretreatment with SB
203580 (n = 8, p<0.03), suggesting that p38 MAPK
is involved in the activation of NHE by osmotic
shrinkage in EATC.

Further supporting this notion, Western blot
analysis showed a rapid increase in p38 MAPK
phosphorylation, corresponding to activation, after a
hypertonic challenge of the same magnitude as that
used to elicit NHE activation (Fig. 6). As can be seen,
the hypertonic challenge induced a biphasic increase
in p38 MAPK phosphorylation in EATC over time,
with significantly increased p38 MAPK phosphory-
lation detectable two min after hypertonic challenge.
The phosphorylation appeared to return to control
levels at time 5 min, followed by a larger, significant
increase again at time 10-30 min after hypertonic
challenge.



Fig. 2. Subcellular localization of NHE isoforms in EATC. Cells
suspended in isotonic standard medium were fixed in 2% para-
formaldehyde, washed, allowed to settle on poly-L-lysine coated no.
1 coverslips, and permeabilized using 0.02% Triton X-100. Per-
meabilized cells were blocked for unspecific labeling, incubated for
1 hr with antibodies against NHE1 (4), NHE2 (B), or NHE3 (C)
(1:1000), washed, incubated for 1 hr with FITC-conjugated goat

ErrecT oF CALYCULIN A oN NHE AcTIviTY

IN EATC uNDER IsoToNic CONDITIONS: POSSIBLE
ol

RoLEs oF PKC AND oF CHANGEs IN [Ca®"];

The possible role of serine/threonine protein phos-
phatases in the regulation of NHE activity under
steady-state isotonic conditions was investigated us-
ing calyculin A (CL-A), which inhibits PP1 and PP2a
with in vitro inhibition constants in the nanomolar

. Pedersen et al.: Na™/H" Exchangers in Ehrlich Cells

anti-rabbit I1gG (1:1000), washed, mounted and viewed using the
488-nm Ar/Kr line of a Leica TSC NT confocal laser scanning unit
on a Leica DM IRB/E microscope (for details, see Materials and
Methods). In the absence of primary antibody, no (D) or only very
faint, diffuse intracellular fluorescence could be detected. The ex-
periments shown are representative of four independent experi-
ments for each isoform.

range (Takai et al., 1995). Figure 74 illustrates pH;
over time in EATC suspended in isotonic standard
medium (open circles), and after exposure to 100 nm
CL-A (filled circles) as indicated by the arrow. As
seen, exposure to CL-A resulted in a significant in-
tracellular  alkalinization of 7.7 + 1.62 x 10~°
mol x 17! x min~"!, preceded by a lag time of about
2 min (n = 11). The CL-A-induced intracellular al-
kalinization was abolished in the presence of either
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Fig. 3. Activation of NHE by osmotic cell shrinkage: effects of
pH;, EIPA, and HOE 642. (4) Activation of NHE by osmotic cell
shrinkage. BCECF-loaded cells were diluted in hypertonic (600
mOsm) medium in the thermostatted (37°C) spectrophotometer
cuvette at time zero, and pH; was monitored over time as described
in Materials and Methods, under control conditions (O), or in the
presence of 5 um EIPA (@) or HOE 642 (A). The data shown are
representative of 45 (ctrl.), 4 (EIPA), and 4 (HOE 642) separate
experiments, respectively. (B) Dependence of NHE activation on
pH;. The figure illustrates the relationship between the pH; mea-
sured immediately after dilution of the cells in the cuvette, and the
rate of decrease in A[H"]; (i.e., intracellular alkalinization) from
time 0.5-1.5 min, i.e., after NHE activation. Data shown are cal-
culated from the experiments shown in (4) and each data point
represents a single experiment, except when two experiments hap-
pened to have the same pH;. (C) Effect of EIPA on shrinkage-

EIPA (5 pm, n = 3, Fig. 7B), indicating that it pre-
dominantly reflected activation of NHEI. Pre-incu-
bation with chelerythrine (15 um, 14 min) completely
prevented the CL-A-induced NHEI1 activation (Fig.
7B), suggesting that CL-A may exert its effect on
NHET]1 activity by inhibiting the dephosphorylation
of a PKC substrate(s). Finally, exposure to 100 nm
CL-A did not elicit a detectable increase in [Ca®"]; in
EATC suspended in isotonic standard medium (Fig.
7C, n = 6), arguing against a role for detectable
[Ca’"]; increases in the effect of CL-A on NHEI.
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induced NHE activation. The experimental procedure was as in (4)
with EIPA present from time zero at the concentration indicated.
Data are calculated relative to a control experiment with the same
initial pH; (for details, see Materials and Methods). ICs, values for
inhibition of shrinkage-induced NHE activity were calculated using
the equation y = ynax - (1-1/(1 + ICsp/[inhibitor])), where y and
Vmax are the alkalinization rate at any given concentration of in-
hibitor, or in the absence of inhibitor, respectively. Data shown are
means with sem error bars. The number of independent experi-
ments is 5 for 1 um EIPA, and 4 for all other concentrations. (D)
Effect of HOE 642 on shrinkage-induced NHE activation. Exper-
imental procedures and data analysis were as described above,
except that HOE 642 instead of EIPA was present from time zero
at the concentration indicated. Means with SEM error bars are
shown. The number of independent experiments is 4 for 5 pm HOE
642, and 3 for all other concentrations.

EFrFEcT OF CL-A ON SHRINKAGE-INDUCED
NHE AcTtIiviTty

The effects of CL-A on NHE activity under hyper-
tonic conditions are illustrated in Fig. 8. As seen in
Fig. 84 and quantified in Fig. 8B, the rate of
shrinkage-induced intracellular alkalinization was
increased by 60% in the presence of CL-A (100 nm)
(p<0.001, n = 3). CL-A treatment also essentially
abolished the lag period between hypertonic exposure
and exchanger activation (n = 3, Fig. 84). Similar to
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Fig. 4. Effect of inhibitors of PKC and MLCK on shrinkage-in-
duced NHE activation. (4) Effect of chelerythrine on shrinkage-
induced NHE activation. Experimental procedures were as in
Fig. 34, except that the cells had been preincubated with chel-
erythrine at the concentration indicated for 14 min prior to hy-
pertonic exposure, and chelerythrine was present throughout the
experiment. Relative —A[H *];/min values were calculated as de-
scribed in the legend to Fig. 3B, except that /Cs, was estimated
manually as the concentration required for half-maximal inhibition
(for details, see Materials and Methods). Data shown are means
with sem error bars, and the number of independent experiments is
5 for the 15-um concentration, and 3 for all other concentrations.
(B) Effect of G6 6850 and G6 6976 on shrinkage-induced NHE
activation. Experimental procedures were as in Fig. 34, except that
where indicated, the cells had been pre-incubated with G6 6850 (5
M, 30 min) or G6 6976 (1 um, 30 min), and these inhibitors were
present throughout the experiments. —A[H *];/min was calculated
as in Fig. 3B, and is given relative to the corresponding control
experiment. The data shown are means with SEm error bars, of 8
independent experiments for each condition. *P values are <0.002
(G6 6850) and <0.03 (G6 6976). (C) Effect of ML-7 on shrinkage-
induced NHE activation. Experimental procedures were as in 4,
except that the cells had been preincubated with ML-7 at the
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Fig. 5. Possible roles of MAPK subfamilies ERK1/2 and p38
MAPK in the shrinkage-induced NHE activation. (A4) Effect of the
MEKKI1 inhibitor PD 98059 and the p38 MAPK inhibitor SB
203580 on shrinkage-induced NHE activation. Experimental pro-
cedures were as in Fig. 34, except that where indicated, the cells
had been pre-incubated for 30 min with PD 098059 (40 pum), or SB
203580 (10 pum), and these compounds were present throughout the
experiment. Relative —A[H *];/min values were calculated as de-
scribed in Fig. 3B. Data shown are relative to the corresponding
control value, with sEm error bars, of 4 independent experiments
for PD 98059 (p>0.25), and 8 independent experiments for SB
203580. *Significantly different from control (p <0.03).

that in the absence of CL-A, the shrinkage-induced
NHE activation in the presence of CL-A was inhib-
ited by chelerythrine (Fig. 8B).

Discussion

NHEI1, NHE2, ANpD NHE3 PRESENCE AND
LocaLizaTioN IN EATC

Ehrlich ascites tumor cells (EATC) have been exten-
sively characterized with respect to NHE function
(Kramheft et al., 1988; Wiener et al., 1986; Levinson,
1991; Pedersen et al., 1996; 1998a; 1998b; Pedersen et
al., 2000). The present findings, which strongly indi-
cate that both NHE1, NHE2, and NHE3 are present
in EATC, at plasma membrane-intracellular distri-
bution ratios comparable to those reported in other
cell types, substantiate the usefulness of these cells as
a model system for further studies of NHE function.

NHEI! is an N- and O-glycosylated protein, re-
sulting in a net molecular weight of 100-110 kDa
compared to the calculated molecular weight of
about 90 kDa (Counillon, Pouysségur, & Reithmeier,
1994; Shrode et al., 1998; see Wakabayashi et al.,

<

concentration indicated for 30 min prior to hypertonic exposure,
and ML-7 was present throughout the experiment. Relative
—A[H *];/min values and ICs, were calculated as described in the
legend to Fig. 3B. Data shown are means with sem error bars. The
number of independent experiments is 3 at all concentrations, ex-
cept at 40 pum, where it is 7.
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phorylation. (4) EATC were exposed to isotonic
B l (310 mOsm) or hypertonic (600 mOsm) medium
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below each panel. Crude membrane fractions
6 were prepared as described in Materials and
Methods, separated by SDS-PAGE, transferred
5 to nitrocellulose membranes, and labeled with an
antibody recognizing phosphorylated p38
4 MAPK. The experiment shown is representative
B of 3 independent experiments at each osmolarity.
(B) Quantitative analysis of increase in time-de-
3F pendent p38 MAPK phosphorylation intensities
e ool s of hypertonic challenge relative to isotonic con-
2k I trols. Band intensity relative to that in the cor-
responding isotonic control was estimated using
densitometric software as described in Materials
1F |"i—| and Methods. * and ** indicate a significant
difference from the isotonic control value at the
0.05 and 0.01 level, respectively (n = 3).
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1997). In Western blots of EATC crude membrane
fractions, the most prominent immunoreactive band
labelled by the NHEI antibody had a molecular
weight of about 90 kDa, a few kDa above and below
which two additional weaker bands could be detect-
ed. The lower molecular weight bands most likely
correspond to incompletely glycosylated NHEI,
consistent with findings in most other cell types
studied (e.g. Counillon et al., 1994; Tsé et al., 1994,
Shrode et al., 1998; Cavet et al., 1999; Practorius
et al., 2000; see Wakabayashi et al., 1997). It has been
proposed that immature NHEI is only seen in sig-
nificant amounts in cells overexpressing NHEI
(Shrode et al., 1998). However, the present findings,
in conjunction with similar recent findings of 80- and
100-kDa NHE1 bands in mouse duodenal epithelial
cells (Praetorius et al., 2000), would appear to argue
against this notion. The NHE2 antibody labelled four
bands with estimated molecular weights of about 67,
74, 81, and 95 kDa, in close agreement with findings
in NHE2-transfected PS120 cells (Tsé et al., 1994a),
in which it was suggested that the 75-kDa band cor-
responded to nonglycosylated NHE2 and the 85-kDa
band to an O-glycosylated form of NHE2. Indeed,
multiple bands of molecular weights between 65 and
95 kDa appear to be a general phenomenon for
NHE2 in various tissues (Cavet et al., 1999; Hoo-

gerwerf et al., 1996; Praetorius et al., 2000). Given
that significant differences between tissues have also
been reported for the subcellular localization and
regulation of NHE2 (see Introduction), it may be
speculated that there may in fact be more than one
functional form of this isoform. The NHE3 antibody
recognized a single .protein of about 84 kDa, in good
agreement with findings from other cell types (Hoo-
gerwerf et al., 1996; Cavet et al., 1999; Praetorius
et al., 2000). Finally, additional bands of approxi-
mately 195 and 170 kDa, respectively, were seen for
NHEI and NHE3, whereas bands in this range were
not detected for NHE2 (Fig. 1). These bands were not
seen after inclusion of potent reducing agents in the
solubilization buffer, and it seems likely that they
may represent homodimers. This is in good agree-
ment with previous reports suggesting that both
NHEI and NHE3 can form stable dimers (Fafour-
noux, Noél, & Pouysségur, 1994). It is, to the
knowledge of the authors, not yet clear whether the
functional unit for either isoform is a monomer or a
dimer (see Wakabayashi et al., 1997).

The subcellular localization of the NHE isoforms
differed between the three isoforms. In congruence
with findings from other cell types (Counillon et al.,
1994; D’Souza et al., 1998; Shrode et al., 1998; Cavet
et al., 1999), prominent NHEI1 labeling was seen
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Fig. 7. Effect of calyculin A on NHE activity in EATC under
isotonic conditions. (4) Effect of calyculin A (CL-A) on pH;.
BCECF-loaded cells were diluted in isotonic (310 mOsm) standard
medium in the fluorescence spectrophotometer cuvette at time zero
under control conditions (O), or after addition of calyculin A (CL-
A, 100 nm) as indicated by the arrow (@®). The experiment shown is
representative of a total of 11 independent experiments for CL-A
and 20 for ctrl. (B) Effects of EIPA and chelerythrine on the CL-A-
mediated decrease in A[H " J;. The experimental procedure was as in
A, except that where indicated, EIPA (5 pm) was present from time
zero, or chelerythrine (15 pm) was present from 14 min prior to
dilution of the cells in the cuvette, and throughout the experiment.
The A[H *]; was calculated from time 2.0-3.0 min after addition of
CL-A, except for the isotonic control value, which changes little
with time and was calculated from 0.5-1.5 min after dilution of the
cells in the cuvette. Data are means with sEm error bars, of 20
(Ctrl), 11 (CL-A), 3 (CL-A + EIPA) or 8 (CL-A + Chel.) inde-
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throughout the plasma membrane. This localization
is consistent with kinetic studies, which demonstrated
that short-term regulation of this isoform is associ-
ated with changes in the K, for intracellular H'
rather than with changes in V., 1.€., arguing against
a role for recruitment of NHEI from intracellular
stores (e.g., Levine et al., 1993). Intracellular NHEI
labeling was also detectable, probably representing
the presence of immature forms of the exchanger in
the endoplasmic reticulum or Golgi compartments, as
also suggested by other workers (Shrode et al., 1998).
The NHE2 antibody labeled epitopes both in the
plasma membrane and in intracellular compartments,
consistent both with kinetic data indicating regula-
tion of NHE2 by changes in V., (Levine et al.,
1993), and with other studies of NHE2 subcellular
localization (Cavet et al., 1999; Aharonovitz et al.,
2001). Finally, NHE3 was almost exclusively located
to the intracellular compartment, in good agreement
with the well-documented role of redistribution be-
tween the plasma membrane and intracellular com-
partments in the regulation of this isoform (e.g.,
D’Souza et al., 1998; Janeckl et al., 1998; Cavet et al.,
1999). Interestingly, however, the relative distribution
of NHE3 ranges from mainly plasma membrane-as-
sociated in Caco-2 cells (Janecki et al., 1998) to al-
most exclusively intracellular in NHE3-expressing
PS120 cells (Cavet et al., 1999).

CELL SHRINKAGE PREDOMINANTLY AcTIVATES NHE1

Osmotic cell shrinkage elicited a rapid intracellular
alkalinization in EATC, previously shown to result
from amiloride-sensitive Na®/H™ exchange (Levin-
son, 1991; Pedersen et al., 1996). The shrinkage-
induced NHE activity correlated inversely with pH; in
a sigmoidal fashion, presumably due to the allosteric
regulation of the transporter by intracellular H* (see
Wakabayashi et al., 1997). The shrinkage-induced
NHE activation was inhibited by EIPA and HOE 642
with ICsq values of 0.19 um and 0.85 pm, respectively,
suggesting that it predominantly reflected activation
of the NHEI isoform (Wakabayashi et al., 1992;
Scholz et al., 1995). Thus, our findings suggest that
although NHE2 is present in EATC, it contributes

pendent experiments. * indicates a significant difference from the
isotonic control (p values <0.0001 for both conditions); ** indi-
cates a significant difference from the value in the presence of CL-A
alone (p values<0.01 for CL-A + EIPA, and <0.0001 for CL-
A + Chel.). (C) Effect of CL-A on [Ca®"];. Fura-2-loaded cells
were diluted in isotonic standard medium in the fluorescence
spectrophotometer cuvette at time zero. Excitation wavelengths
were 340 nm and 380 nm, and emission was measured at 510 nm.
CL-A (100 nm) was added as indicated by the arrow. The back-
ground-corrected 340 nm/380 nm fura-2 ratio is provided as a
measure for [Ca" ;. The experiment shown is representative of a
total of 6 separate experiments.
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Fig. 8. Effect of CL-A on the shrinkage-induced NHE activation.
(A) Activation of NHE by osmotic shrinkage in the presence of CL-
A. Experimental procedures were as in Fig. 34, except that where
indicated, CL-A (100 nm) was present from time zero. The traces
shown are representative of 45 (control) and 3 (CL-A) independent
experiments. (B) Experimental procedures as in panel 4, except that
where indicated, the cells had been pre-incubated with chelerythrine
(15 pMm, 14 min), in which case both CL-A (100 nm) and chel-

little if any to RVI, in agreement with recent findings
in the mucous cells of the rabbit gastric epithelium
(Rossmann et al., 2001). Further supporting the
conclusion that shrinkage-activated Nat/H' ex-
change is predominantly NHEI-mediated, NHE3 is
not activated by osmotic shrinkage, NHE4 is not
inhibited by low EIPA or HOE 642 concentrations,
and NHES is unlikely to be present in EATC.

ROLE OF SERINE/THREONINE PROTEIN KINASES
IN THE SHRINKAGE-INDUCED NHE ACTIVATION

PKC

We have previously suggested that at 25°C, PKC
plays a role in shrinkage-induced NHE activation in
EATC (Pedersen et al., 1996). This appeared some-
what controversial at the time, as studies in human
lymphocytes (Grinstein et al., 1986a) and rat astro-
cytes (Shrode et al., 1995) had argued against a role
for PKC in this process. Another issue of concern
arose when the specificity of one of the inhibitors
used, chelerythrine (Herbert et al., 1990), as a PKC
inhibitor was challenged by some (e.g., Lee et al.,
1998), although not by other (e.g., Keenan, Goode, &
Pears, 1997) recent reports. In the light of this, we
have here further addressed the role of PKC. Also at
37°C, shrinkage-induced NHE activation was inhib-
ited by chelerythrine, with an ICsq value of 12.5 pm.
Moreover, NHE activation was inhibited by the more
specific PKC inhibitors G6 6976, which selectively
inhibits the Ca®"-dependent, conventional ¢PKC
isoforms, and G066 6850, which inhibits both ¢PKC
(o, 1) and the novel (n)PKC (3,¢) isoforms (Martiny-
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erythrine (15 pm) were present from time zero. Relative —A[H "]/
min values from time 0.5-1.5 min were calculated as in Fig. 3B.
Data are presented as means with SEM error bars, relative to the
hypertonic control value for each series, and represent 3 (CL-A), 5
(Chel.) and 5 (CL-A + Chel.) independent sets of experiments.
*indicates a significant difference from the corresponding hyper-
tonic control value (p values: Ctrl. vs. Ctrl. + CL-A: p<0.001;
Ctrl. vs. Chel.: p<0.0005; Ctrl. vs. CL-A + Chel.: p>0.05).

Baron et al., 1993; see Way et al., 2000). At the
concentrations used, G6 6976 should be highly spe-
cific for PKC (Martiny-Baron et al., 1993). It can not
be entirely excluded that G6 6850 may have exerted
some inhibition of PKA at the concentration used (in
vitro ICsy 2 uMm, Toullec et al., 1991). However, this
should if anything lead to an underestimation of the
inhibitory effect of G6 6850, as PKA may slightly
inhibit shrinkage-induced NHE activity in EATC,
judged from the inhibitory effect of 200 pum 8-Br-
cAMP (Pedersen et al., 1994). Thus, the data strongly
support our previous conclusion that PKC plays a
role in shrinkage-induced activation of NHE in
EATC. Both G6 6850 and G6 6976 significantly in-
hibited the response. However, if the effect of Go6
6850 on NHE activity is indeed underestimated, the
data may point to the involvement of a Ca’"-inde-
pendent PKC isoform, consistent with the lack of
effect of the Ca®* chelator BAPTA on the response
(Pedersen et al., 1996), and the absence of detectable
increases in [Ca®"]; in EATC after osmotic shrinkage
(Pedersen et al., 1998b). Supporting this notion, ac-
tivation of both conventional (c¢), novel (n), and
atypical (a) PKC isoforms by hypertonicity was re-
cently reported in NIH/3T3 cells (Zhuang et al.,
2000), and NHEI activation by the «PKC, PKCE has
been directly demonstrated (Sauvage et al., 2000).
The discrepancy between our results and those found
in lymphocytes (Grinstein et al., 1986a) and astro-
cytes (Shrode et al., 1995) may reflect differences in
shrinkage-induced signalling, as PKC is activated by
osmotic cell shrinkage in EATC (Larsen et al., 1994),
but not in lymphocytes (Grinstein et al., 1986b).
However, it may also be noted that in both of the
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above-mentioned studies, the argument was mainly
based on PKC depletion using phorbol esters, which
would not have downregulated the «PKC isoforms
such as PKCE (see Hug & Sarre, 1993).

MLCK

In marked contrast to the effect of the PKC in-
hibitors, the MLCK inhibitor ML-7 only marginally
inhibited the shrinkage-induced NHE activation in
EATC. The ICs, for inhibition of shrinkage-induced
NHE activity by ML-7 was about 40 um, compared
to reported ICsy values of 0.3 um for MLCK, 21 um
for PKA, and 42 pm for PKC (Saitoh et al., 1987).
Importantly, the high ICs, value does not reflect a
poor penetration of ML-7 in EATC, as the shrink-
age-induced activation of the Na™, K", 2CI™ co-
transporter (NKCC) in these cells is inhibited by ML-
7 with an ICsq value of 0.4 pm, using the same in-
cubation protocol (Krarup et al., 1998). Although a
role for MLCK in shrinkage-induced NHE activation
in astrocytes was proposed based on an even higher
ICsy value (56 um, Shrode et al., 1995), the results
presented here strongly argue against the notion that
MLCK plays a role in the shrinkage-induced NHE
activation in EATC. Rather, the similar /Csq values
for inhibition of PKC and NHE by ML-7 may sub-
stantiate the proposed role of PKC in this process.

MAP Kinases p38 and ERKI/2

ERK1/2, p38 MAPK, and JNK are activated by os-
motic shrinkage in many cell types (Pandey et al.,
1999; Roger et al., 1999; Duzgun et al., 2000; Gillis
et al., 2001; Goss et al., 2001), and ERK1/2 plays an
important role in NHE]1 activation by several growth
factors (e.g., Bianchini et al., 1997). However, the
MEKKI inhibitor PD 98059, which prevents activa-
tion of ERK1/2 (Dudley et al., 1995) had no effect on
shrinkage-induced NHE activation in EATC, arguing
against a role for ERK1/2 in the process. This is in
good agreement with findings in other cell types
(Bianchini et al., 1997; Roger et al., 1999; Gillis et al.,
2001). In contrast, the p38 MAPK inhibitor SB
203580, considered highly specific to p38 MAPK
(e.g., Davies et al., 2000), significantly inhibited the
shrinkage-induced NHE activation in EATC, indi-
cating that p38 MAPK plays an important role in the
activation process. Consistent with this, p38 MAPK
was found to be rapidly phosphorylated, i.e., acti-
vated, in EATC following hypertonic challenge, in
agreement with reports in a range of other cell types
(Roger et al., 1999; Duzgun et al., 2000; Gillis et al.,
2001). The p38 MAPK phosphorylation appeared to
be biphasic, exhibiting a significant increase from
time 2 to 3 minutes after hypertonic challenge, fol-
lowed by a decrease to control levels, and a second
and larger increase in the period 10 to 30 minutes
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after hypertonic challenge. The fast activation is
consistent with recent data demonstrating that inhi-
bition of p38 MAPK is required for the rapid, amil-
oride-dependent (see Sun et al., 1990) RVI process in
rat inner medullary collecting duct cells (Roger et al.,
1999). Other rapid, nongenomic effects of p38 MAPK
on NHEI have also been demonstrated; for instance,
trophic factor withdrawal results in rapid, p38
MAPK-dependent phosphorylation and activation of
NHEL! in murine pro-B-cells (Khaled et al., 2001).
Previous reports in NHEI-expressing PS120 cells
(Bianchini et al., 1997) and in U937 cells (Gillis et al.,
2001) have argued against a role for p38 MAPK in
shrinkage-induced NHEI1 activation. However, at
least in the former, p38 MAPK was not activated by
the osmotic shrinkage (Bianchini et al., 1997). The
second increase in p38 MAPK phosphorylation is
likely to play a role in longer-term effects of hyper-
tonic challenge. Notably, shrinkage-induced activa-
tion of p38 MAPK celicits, within 30 min of shrinkage,
the transcriptional upregulation of the serum-and-
glucocorticoid-dependent serine/threonine kinase,
sgk (Bell et al., 2000, Waldegger et al., 2000), which is
chelerythrine-sensitive (Lang et al., 2000). While the
rapid time course of shrinkage-induced NHE1 acti-
vation seen in the present study is not consistent with
a role for the sgk pathway in the fast activation
process, this warrants future investigations of
whether sgk plays other roles in the shrinkage-in-
duced regulation of NHE].

Taken together, these findings indicate that PKC
and p38 MAPK, but not MLCK or ERK1/2, play
important roles in NHE activation by shrinkage in
EATC, and thus substantiate the notion that regu-
lation of a given NHE isoform can vary based on the
cell type in which it is expressed (see e.g. Aharonovitz
et al., 2001, and references therein). The possible
mechanisms of activation of PKC and p38 MAPK by
cell shrinkage have yet to be elucidated. For PKC,
documented possibilities include shrinkage-induced
changes in F-actin organization (see Pedersen et al.,
2001), or cellular hydration status (Giorgione &
Epand, 1997), whereas for p38 MAPK, candidate
pathways involve the focal adhesion kinase-related
tyrosine kinase PYK2 (Pandey et al., 1999) and the
small GTP-binding protein cdc42 (Wesselborg et al.,
1997).

INHIBITION OF SERINE/THREONINE PROTEIN
PHOSPHATASES AcCTIVATES NHE UNDER IsoToNIC
ConDITIONS AND POTENTIATES NHE AcCTIVATION
BY CELL SHRINKAGE

Exposure of EATC to 100 nm of the serine/threonine
phosphatase inhibitor calyculin A (CL-A) under iso-
tonic conditions resulted in an EIPA-inhibitable
NHE activation, preceded by a lag time of about 2
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min. Consistent with the present findings, CL-A has
been found to activate NHER in trout red blood cells,
in a manner apparently involving transporter re-
cruitment to the plasma membrane (see Malapert
et al., 1997). Moreover, okadaic acid, which inhibits
PP2A similarly but PP1 much less potently than CL-
A (Takai et al., 1995), phosphorylated and activated
NHE in lymphocytes (Bianchini et al., 1991), al-
though the kinase targets involved were not identified.

In the present study, the CL-A-mediated NHE
activation was not associated with an increase in
[Ca**'];, but could be completely blocked by the PKC
inhibitor chelerythrine. Similarly, the shrinkage-in-
duced NHE activation was potentiated in the presence
of CL-A, an effect fully blocked by EIPA and inhibited
by chelerythrine. Thus, in both cases, it seems that CL-
A predominantly activates the NHEI isoform, and
that the process is dependent on a PKC, most likely one
of the Ca’* -independent PKC isoforms. The fact that
isotonic NHE activation by CL-A occurs at 37°C (this
study), but not at 25°C (Pedersen et al., 1996), may
suggest that PKC is partly active under isotonic con-
ditionsin EATC at 37 but not at 25°C. CL-A treatment
does not cause cell shrinkage in EATC (Krarup et al.,
1998), which could secondarily have activated PKC
and NHE. CL-A does, however, elicit rapid morpho-
logical and cytoskeletal changes in EATC, including
prominent plasma membrane blebbing and extensive
rearrangement of F-actin and myosin II (Pedersen &
Hoffmann, 2001). Preliminary immunofluorescence
data indicate that NHEI is present in high density in
the CL-A-induced blebs (S.F. Pedersen, unpublished),
but whether NHE1 density at the cell surface is altered
by the CL-A treatment has yet to be determined.

In conclusion, NHE1, NHE2, and NHES3 are all
present in EATC, with different subcellular localiza-
tion patterns. The shrinkage-induced NHE activa-
tion, which predominantly reflects activation of
NHEI, is dependent on PKC and p38 MAPK, but
not on MLCK or ERK1/2. NHE activity is increased
under both iso- and hypertonic conditions by inhi-
bition of serine/threonine phosphatases, and this ef-
fect also appears to be PKC-dependent.
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