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Mitogen-activated Protein Kinase and Its Activator Are Regulated by Hypertonic
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Abstract

Madin-Darby canine kidney cells behave like the renal medulla
and accumulate small organic solutes (osmolytes) in a hyper-
tonic environment. The accumulation of osmolytes is primarily
dependent on changes in gene expression of enzymes that syn-
thesize osmolytes (sorbitol) or transporters that uptake them
(myo-inositol, betaine, and taurine). The mechanism by which
hypertonicity increases the transcription of these genes, how-
ever, remains unclear. Recently, it has been reported that yeast
mitogen-activated protein (MAP) kinase and its activator,
MAP kinase-kinase, are involved in osmosensing signal trans-
duction and that mutants in these kinases fail to accumulate
glycerol, a yeast osmolyte. No information is available in mam-
mals regarding the role of MAP kinase in the cellular response
to hypertonicity. We have examined whether MAP kinase and
MAP kinase-kinase are regulated by extracellular osmolarity
in Madin-Darby canine kidney cells. Both kinases were acti-
vated by hypertonic stress in a time- and osmolarity-dependent
manner and reached their maximal activity within 10 min. Ad-
ditionally, it was suggested that MAP kinase was activated in a
protein kinase C-dependent manner. These results indicate
that MAP kinase and MAP kinase-kinase(s) are regulated by
extracellular osmolarity. (J. Clin. Invest. 1994. 93:2387-
2392.) Key words: osmolyte » mitogen-activated protein kinase-
kinase « hyperosmolarity « protein kinase C  transporter

Introduction

The renal medulla is the only tissue in mammals that normally
undergoes large changes in osmolarity. These changes are part
of the renal mechanism for producing a concentrated or di-
luted urine. When the medulla is hypertonic, the cells of the
medulla balance the high extracellular concentration of so-
dium chloride by accumulating high concentrations of small
organic solutes, termed osmolytes, through cellular uptake and
biosynthesis ( for reviews see references 1 and 2). The predomi-
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nant renal medullary organic osmolytes are sorbitol, myo-ino-
sitol, betaine, glycerophosphorylcholine, and taurine, which do
not perturb cell function, in contrast to high concentrations of
electrolytes. Sorbitol is produced from glucose by the enzyme
aldose reductase. Myo-inositol, betaine, and taurine are taken
up into cells by Na-coupled transporters (1, 2). The cDNAs for
aldose reductase and these osmolyte transporters have been
isolated, cloned, and characterized (3-6). It has been shown
that expression of these genes increases in response to hyper-
tonic stress (5, 7-11).

Hypertonicity also increases the levels of mRNA encoding
the early gene transcription factors, Egr-1 and c- fos in Madin-
Darby canine kidney (MDCK)! cells (12). The expression of
other genes is also affected. Na/K-ATPase expression increases
in response to hypertonic stress in human renal cells (13).
HSP70 is induced by hypertonic stress in MDCK cells (12).
Despite these studies, the signaling pathway of hypertonic
stress from the extracellular environment to the nucleus re-
mains unknown.

Mitogen-activated protein (MAP) kinase is known to be
activated quickly in response to various extracellular signals,
growth factors, and vasoactive peptides (for reviews see refer-
ences 14-17). MAP kinase is regulated by phosphorylation of
its own threonine and tyrosine residues, which is catalyzed by
the upstream molecule MAP kinase-kinase (for review see ref-
erence 18). Recently, it has been reported that the yeast coun-
terparts of MAP kinase and MAP kinase-kinase are involved in
osmosensing signal transduction and that mutants in these ki-
nases fail to grow normally in a hyperosmolar environment
(19). However, no information is available regarding such a
role in higher eukaryotes.

In this study, it was determined that MAP kinase and MAP
kinase-kinase were regulated by extracellular osmolarity in
MDCK cells. Several lines of evidence suggest that they partici-
pate in the cellular adaptation to osmotic stress in cultured
renal epithelial cells.

Methods

Materials and chemicals. MDCK cells were a generous gift from the
Japanese Cancer Research Resources Bank. cDNA of rat extracellular
signal-regulated kinase 2 (ERK2) was cloned from a rat cDNA library
by PCR as described previously (20). cDNA of the kinase-negative
ERK2 (ERK2-K52R), whose lysine-52 was substituted with arginine,
was prepared by site-directed point mutagenesis using wild-type ERK2
(ERK2-WT) as a template, as described previously (21). Each cDNA
was constructed into pGEX-2T (Pharmacia LKB Biotechnology Inc.,
Piscataway, NJ), and then glutathione S-transferase (GST)-ERK2 fu-
sion proteins, GST-ERK2-WT and GST-ERK2-K52R, were expressed
using Escherichia coli JM109. Each kinase fusion protein was purified
as described previously (20) and stored at —80°C until use. The rat
cDNA library was a generous gift from Y. Takai (Kobe University,
Kobe, Japan). DME, raffinese, cytochalasin B, myelin basic protein
(MBP), histone (type III-S), and protein A-Sepharose CL-4B were
purchased from Sigma Immunochemicals (St. Louis, MO). A protein
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kinase inhibitor, staurosporin, was purchased from Kyowa Medex Co.,
Ltd., (Tokyo, Japan). An inhibitor of myosin light chain kinase
(MLCK), ML-9, was purchased from BIOMOL Research Labs Inc.
(Plymouth Meeting, PA). Anti-MAP kinase monoclonal antibody
was purchased from Zymed Laboratories, Inc. (South San Francisco,
CA). Other chemicals were from commercial sources.

Cell culture and stimulation. MDCK cells were cultured in DME
supplemented with 10% FCS, 50 U/ml of penicillin, and 50 ug/ml of
streptomycin equilibrated with 5% CO,/95% air at 37°C. Cells were
passaged and grown to 80% confluent state and then cultured in serum-
free DME for 48 h. After rinsing twice with buffer A (10 mM Hepes
[pH 7.4], 130 mM NaCl, 5.4 mM KCl, 1.2 mM CaCl,, 1.2 mM
MgSO,, 0.1% dialyzed BSA), MDCK cells were incubated with buffer
A for 60 min and then treated with buffer A that was made hypertonic
by adding sodium chloride or raffinose for the time indicated. For
depletion of protein kinase C (PKC), cells in medium were treated
with 130 nM of PMA for 16 h. For the experiments using staurosporin,
ML-9, or cytochalasin B, cells were incubated in buffer A supple-
mented with these compounds at the indicated concentrations for 30
min and then exposed to hypertonic stress in their presence. All experi-
ments were performed using 25-30 passages of MDCK cells.

Immunoblotting and immunoprecipitation. Immunoblotting and
immunoprecipitation of MAP kinase were performed as described pre-
viously with a slight modification (22, 23). To detect signals of immu-
noblotting, biotin-labeled goat anti-mouse IgG and avidin/biotin sys-
tem were used (Vector Labs, Inc., Burlingame, CA). For immunopre-
cipitation, cells were scraped offin 1% SDS, 10 mM Tris/HCl, pH 7.5,
and boiled at 100°C for 5 min. After sonication, nuclei were removed
by brief centrifugation and an aliquot of the supernatant was diluted to
a final concentration of 150 mM NaCl, 10 mM Tris/HCl(pH 7.4), 1%
Triton X-100, 0.1% SDS, 0.5% NP-40, | mM EDTA, 1 mM EGTA, 0.2
mM sodium orthovanadate, 2 uM p-amidinophenylmethanesulfonyl
fluoride. This was used as the cell lysate. Immunoprecipitation was
carried out by sequentially incubating the cell lysate with anti-MAP
kinase antibody at 4°C for 1 h, with anti-mouse IgG (Zymed Laborato-
ries, Inc.) at 4°C for 1 h, and then with protein A-Sepharose CL-4B at
4°C for 30 min. After centrifugation, the precipitate was washed and
used as the immunoprecipitate.

Preparation of cytosol fraction. After the treatment of cells with
hypertonic buffer A, culture dishes were transferred quickly on ice, and
the buffer was aspirated thoroughly. Cells were scraped off with 500
ul/10-cm dish of ice-cold freshly prepared homogenizing buffer (20
mM Tris/HCI [pH 7.4], 2 mM EGTA, 10 mM B-glycerophosphate, 1
mM sodium orthovanadate, | mM DTT, 1 uM p-amidinophenyl-
methanesulfonyl fluoride, aprotinin [100 KIU /ml]). Homogenized by
brief sonication, the homogenate was centrifuged at 125,000 g at 4°C
for 30 min. The supernatant was collected as the cytosol fraction and
stored at —80°C until use.

Assay of kinase activity. Activity of MAP kinase was measured by
the in-gel kinase assay method as described previously (24, 25). Activ-
ity of MAP kinase-kinase was measured using recombinant MAP ki-
nase as described previously with a slight modification (20, 26, 27).
Briefly, 20 ug protein of the cytosol fraction was incubated with 500 ng
of GST-ERK2-WT in 100 yl of reaction mixture (20 mM Tris/HCl
[pH 7.4], 2 mM EGTA, 10 mM MgCl,, 100 xM ATP) at 25°C for 10
min. After adding SDS sampling buffer for boiling and electrophoresis,
activity of GST-ERK2 was measured by the in-gel kinase assay
method. To study the effect of staurosporin on MAP kinase-kinase, the
cytosol fraction was incubated with GST-ERK2-WT as described
above, except that it was performed in the presence of staurosporin at
the concentration indicated. To detect phosphorylation of GST-ERK2
by the cytosol fraction, 5 ug of protein of the cytosol fraction was incu-
bated with 500 ng of GST-ERK2-WT or GST-ERK2-K52R in 50 ul of
reaction mixture using 100 uM [v-3?P]ATP (25 uCi/ml) instead of
nonlabeled ATP at 25°C for 10 min. The sample was applied on SDS-
PAGE, and the dried gel was exposed to XAR film (Eastman Kodak
Co., Rochester, NY). Radioactivity was measured by a bioimaging
analyzer (BAS2000; Fuji Photo Film Co., Ltd., Tokyo, Japan).
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Other procedures. Protein concentrations were measured as de-
scribed previously (28).

Results

MAP kinase activation by hypertonic stress. MBP phosphory-
lating activities markedly increased in the MDCK cell lysate,
when cells were incubated with buffer A that was made hyper-
tonic by adding sodium chloride to a total osmolarity of 1,000
mosmol/kg of H,0O at 37°C for 10 min (Fig. 1, lanes I and 2).
Immunoblotting of the cell lysate with anti-MAP kinase mono-
clonal antibody showed 49- and 42-kD bands (Fig. 1, lanes 3
and 4). These kinases were exclusively immunoprecipitated
from the cell lysate with the same antibody (Fig. 1, lanes 5 and
6). In addition, when histone was used as a substrate of the
in-gel kinase assay, these kinases did not phosphorylate it (data
not shown). For these reasons, they were identified as MAP
kinases of MDCK cells. The cytosol fraction from MDCK cells
that were incubated with hypertonic buffer A also showed the
activation of the same kinases as the cell lysate (Fig. 1, lanes 7
and 8). To exclude the effects of detergents, we used the cytosol
fraction as the sample for the following studies. The 49-kD
MAP kinase was activated by hypertonicity in a time-depen-
dent manner. It reached its maximal activity 10 min after cells
were exposed to hypertonic stress (Fig. 2). Half-maximal activ-
ity was sustained at least up to 60 min. Similar results were
obtained for the 42-kD MAP kinase.

Osmolarity-dependent activation of MAP kinase. The 49-
kD MAP kinase was activated by hypertonic stress in a osmo-
larity-dependent manner (Fig. 3). This activity increased al-
most linearly up to 1,000 mosmol/kg of H,O by adding so-
dium chloride and decreased at 1,500 mosmol/kg of H,O.
When using raffinose to make buffer A hypertonic instead of
sodium chloride, MAP kinase was activated more effectively
and reached its maximum at 550 mosmol/kg of H,O. Similar
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Figure 1. MAP kinase activation by hypertonic stress. MDCK cells
were stimulated at 37°C for 10 min with isotonic or hypertonic buffer
A. Hypertonicity was induced by adding sodium chloride to a total
osmolarity of 1,000 mosmol/kg of H,O. For the in-gel kinase assay,
each aliquot of the sample was applied on SDS-PAGE using 10%
polyacrylamide gel containing 0.5 mg/ml MBP. After renaturation
of the sample, it was incubated with [y-32P]JATP. Phosphorylated
MBP was visualized by autoradiography. Anti-MAP kinase antibody
was used for immunoblotting and immunoprecipitation. Lanes I and
2, the in-gel kinase assay of the cell lysate; lanes 3 and 4, immuno-
blotting of the cell lysate; lanes 5 and 6, the in-gel kinase assay of the
immunoprecipitate from the cell lysate; lanes 7 and 8, the in-gel ki-
nase assay of the cytosol fraction. The black and white arrowheads
represent the 49- and 42-kD MAP kinases, respectively. Molecular
standards are indicated at the left side. The results are representative
of three independent experiments.
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Figure 2. Time course of MAP kinase activation induced by hyper-
tonic stress. MDCK cells were stimulated as described in the legend

to Fig. 1. After the time indicated, the cytosol fraction was prepared.
Phosphate-32 incorporated into MBP was measured by a bioimaging
analyzer. (4) Autoradiography of the in-gel kinase assay. The black
and white arrowheads indicate 49- and 42-kD MAP kinases, respec-
tively. ( B) Radioactivity of phosphate-32 incorporated into MBP by
49-kD MAP kinase. The results are representative of three indepen-
dent experiments.

results were obtained for the 42-kD MAP kinase (data not
shown).

MAP kinase-kinase activation by hypertonic stress. Be-
cause of its molecular mass of 70 kD, a recombinant MAP
kinase, GST-ERK2, is easy to distinguish from endogenous
MAP kinases in polyacrylamide gel (20, 27). Since it shows no
basal activity, the change of its activity is detected very sensi-
tively (20, 27). For these reasons, GST-ERK2 is very useful for
detecting the activity of MAP kinase-kinase (20, 27). Incu-
bated with the cytosol fraction from cells exposed to hypertonic
stress, the activated GST-ERK2-WT was detected by the in-gel
kinase assay (Fig. 4 4). This indicated that a factor(s) activat-
ing GST-ERK2-WT was induced by hypertonic stress. This
factor(s) showed its maximal activity when the cytosol fraction
was prepared from cells exposed to hypertonic stress for 10 min
(Fig. 4, A and C). Next, we examined whether GST-ERK?2 was
phosphorylated or not under the same condition, because its
activity was dependent upon its own phosphorylation cata-
lyzed by MAP kinase-kinase(s) (20). GST-ERK-WT was
phosphorylated in parallel with its activity when it was incu-
bated with the cytosol fraction from cells exposed to hypertonic
stress for the time indicated (Fig. 4 B). GST-ERK2-K52R,
which was disrupted on its ATP-binding site and had no kinase
activity (data not shown) (21), was also phosphorylated by
incubation with the cytosol fraction in the same way (Fig. 4 B).
Therefore, the phosphorylation of GST-ERK?2 was not due to
autophosphorylation. These results indicated that this fac-
tor(s) was a kinase, namely MAP kinase-kinase(s).

MAP kinase activation was reversible. To confirm whether
MAP kinase activity was regulated by extracellular osmolarity,
hypertonic buffer A was changed to an isotonic buffer 30 min

Hypertonicity Activates Mitogen-activated Protein Kinase and Its Activator

after cells were exposed to hypertonic stress. The activity of
49-kD MAP kinase decreased quickly and returned to near
basal levels at 30 min after the shift (Fig. 5). MAP kinase was
activated when cells were reexposed to hypertonic buffer A at
30 min (Fig. 5). This result excluded the possibility that the
change of MAP kinase activity was due to permanent cell dam-
age. Similar results were obtained for the 42-kD MAP kinase
(data not shown).

Effects of various inhibitors on MAP kinase activation.
Some extracellular signals activate MAP kinase through PKC
(for review see reference 15). To determine whether MAP ki-
nase and MAP kinase-kinase(s) of MDCK cells were activated
by hypertonic stress through PKC, the experiment was per-
formed in the presence or absence of PKC. When PKC was
depleted by incubation of cells with 130 nM PMA for 16 h, the
activation of 49-kD MAP kinase by hypertonic stress was abol-
ished completely (Fig. 6 4). When cells were treated with
staurosporin, an inhibitor of PKC, for 30 min and stimulated
with hypertonic buffer A containing staurosporin, the activa-
tion of 49-kD MAP kinase was inhibited in a dose-dependent
manner (Fig. 6 B). The 50% inhibitory concentration was
~10~"7 M. Additionally, staurosporin inhibited MAP kinase
activation induced by the cytosol fraction of cells exposed to
hypertonic stress as well, and the 50% inhibitory concentration
was also ~10~7 M (Fig. 6 B). An inhibitor of MLCK, ML-9,
showed no prevention of MAP kinase activation. Cytochalasin
B (20 uM) also had no effect on MAP kinase activation (Fig. 6
B). Similar results were obtained for the 42-kD MAP kinase
(data not shown).

Discussion

Renal medullary cells adapt to hyperosmolar environments
under the physiological conditions that are part of the mecha-
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Figure 3. Osmolarity-dependency of 49-kD MAP kinase activation
induced by hypertonic stress. MDCK cells were stimulated with buffer
A made hypertonic by adding sodium chloride or raffinose to the
osmolarity indicated. After 10 min, the cytosol fraction was prepared,
and MAP kinase activity was assayed as described in the legend to
Fig. 1. The results are representative of three independent experiments.
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Figure 4. Activation of MAP kinase-kinase by hypertonic stress. 10 ug
protein of the cytosol fraction was incubated with 500 ng of GST-
ERK2-WT or -K52R in the reaction mixture at 25°C for 10 min. (4)
Phosphorylated MBP by GST-ERK2 was detected by the in-gel kinase
assay method. (B) Phosphate-32 incorporated into GST-ERK2. The
cytosol fraction was incubated with GST-ERK2-WT or -K52R in the
presence of [y-32P]ATP. Each sample was applied on SDS-PAGE
using 10% polyacrylamide gel without MBP, and autoradiography
was performed. (C) Radioactivity of phosphate-32 incorporated into
MBP by GST-ERK2-WT. Black and white arrowheads indicate
GST-ERK2-WT and -K52R, respectively. The results are representa-
tive of three independent experiments.

nism of producing a concentrated urine (1, 2). A variety of cell
responses to hypertonic stress has been reported (1, 2), and the
responses are generally divided into two categories. One is the
initial response such as the regulation of cell volume, which
does not need gene expression, and the other is the induction of
mRNA levels and protein products of osmoregulatory genes
such as osmolyte transporters. Levels of mRNA encoding early
gene transcription factors, Egr-1 and c- fos, are also induced by
hypertonic stress (12). Until recently, however, little informa-
tion was available regarding the mechanism by which the signal
of extracellular osmolarity reached the nucleus to regulate the
expression of these genes.

MAP kinase and its activator(s), MAP kinase-kinase(s),
are thought to be key enzymes that transduce the extracellular
signals to the nucleus, since they are activated by various
growth factors in vitro and in a cell cycle-dependent manner in
vivo (for reviews see references 14, 15, 18). Very recently, it
has been reported that an MAP kinase homologue of budding
yeast, HOG1, and its activator, PBS2, play an important role in
the osmosensing pathway (19). Mutants lacking HOG1 or
PBS2 showed abnormal cell growth on hyperosmolar medium
(19). In this paper, we report the regulation of MAP kinase and
MAP kinase-kinase by hypertonic stress in a renal epithelial
cell line, MDCK cells.

By immunoblotting and immunoprecipitation with anti-
MAP kinase antibody, we detected two bands both in the lysate
and cytosol fraction from hypertonicity-treated MDCK cells
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(Fig. 1). The molecular masses were ~49 and 42 kD, respec-
tively. These enzymes phosphorylated MBP, but not histone.
Therefore, we identified them as MAP kinases of MDCK cells.
Another band with a molecular mass of ~55 kD was detected
in the cell lysate by the in-gel kinase assay (Fig. 1, lanes I and
2), but since they phosphorylated histone other than MBP and
were not affected by hypertonic stress, they were not identified
in this study. It has been reported that MAP kinase has several
isozymes in various mammalian cells (14, 15), which are re-
ferred to as the ERK family. Both MAP kinases of MDCK cells
most likely belong to the ERK family. They showed maximal
activity 10 min after exposure to hypertonic stress (Fig. 2), and
this peak time is comparable with the previous studies using
growth factors (14, 15). MAP kinases of MDCK cells were
activated in an osmolarity-dependent manner, which was lin-
ear up to 1,000 mosmol/kg of H,O when the osmolarity was
adjusted by the addition of sodium chloride (Fig. 3). The activ-
ity of MAP kinase decreased to 60% of the maximum at 1,500
mosmol/kg of H,0, which seemed to be toxic for cultured
cells. Raffinose, a neutral sugar, activated MAP kinases more
effectively, about twice as much at 500 mosmol/kg of H,O
(Fig. 3). Regarding the induction of an osmolyte transporter
gene by hypertonicity, similar differences induced by raffinose
and sodium chloride have been reported ( 10). The mechanism
of this phenomenon remains to be examined.

MAP kinase is known to be regulated by its own phosphor-
ylation that is catalyzed by MAP kinase-kinase. A recombinant
MAP kinase, GST-ERK2-WT, was phosphorylated and acti-
vated by the cytosol fraction from hypertonicity-treated cells
(Fig. 4, A-C). Autophosphorylation of GST-ERK2-WT was
denied by the experiment using GST-ERK2-K52R with no
kinase activity (Fig. 4 B). Because we used GST-ERK2 as a
substrate for MAP kinase-kinase assay in excess of endogenous
MAP kinases, which were quantified by Coomassie brilliant
blue protein staining of gel (data not shown), endogenous
MAP kinases were unlikely to competitively inhibit the activa-
tion and phosphorylation of GST-ERK2-WT catalyzed by
MAP kinase-kinase. In fact, endogenous MAP kinases in the
cytosol fraction were not activated further by incubation with

Figure 5. Effect of nor-
malizing the extracellu-
lar osmolarity on MAP
kinase activity. Hyper-
tonic buffer A was
changed to isotonic
buffer A 30 min after
cells were exposed to
hypertonic stress (so-
dium chloride, a final
osmolarity of 1,000
mosmol/kg of H,0).
30 min after normaliz-
ing osmolarity, cells
under isotonic condi-
tion were reexposed to
hypertonic stress. At the
times indicated, the cy-
tosol fraction was pre-
pared, and MAP kinase
activity was assayed by
the in-gel kinase assay
method. The activity at 0 min after switching back was designated as
100%. The results are representative of three independent experiments.
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Figure 6. Effects of
PMA, staurosporin, and
ML-9 on 49-kD MAP
kinase activation in-
duced by hypertonic
stress. (A) Effect of
PMA. MDCK cells were
cultured in the presence
or absence of 130 nM
PMA, DME, 0.1% BSA
3 456 at 37°C for 16 h under
ML 5% CO,. After washing,
%oyp they were stimulated for
10 min with buffer A
alone (lanes 1 and 4),
and supplemented with
sodium chloride (a final
osmolarity of 1,000
P S S — mosmol/kg of H,0)
057167 16™16° 10° 16 16°16°  (lanes 2 and 5) or 150
Concentration (M) nM PMA (lanes 3 and
6). (B) Effects of staurosporin, ML-9, and cytochalasin B. MDCK
cells were treated with the various concentrations of staurosporin,
ML-9, or cytochalasin B for 30 min and then exposed to buffer A
made hypertonic by adding sodium chloride to 1,000 mosmol/kg of
H,0 in the presence of each inhibitor. MAP kinase activity was mea-
sured by the in-gel kinase assay method, and in B, the activity in the
absence of inhibitors was designated as 100%. STAURO (MDCK),
the effect of staurosporin on hypertonicity-induced 49-kD MAP ki-
nase activation in MDCK cells; STAURO (Cell-free), the effect of
staurosporin on GST-ERK2 activation. Staurosporin was added to
the cytosol fraction from cells exposed to hypertonicity in the absence
of staurosporin; ML-9, the effect of ML-9 on hypertonicity-induced
MAP kinase activation in MDCK cells; CyB, the effect of cytochala-
sin B on hypertonicity-induced MAP kinase activation in MDCK
cells. The results are representative of three independent experiments.
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GST-ERK2 (data not shown), and the time course of GST-
ERK2 activation was so different from that of MAP kinase that
endogenous MAP kinase did not seem to contribute to the
phosphorylation and activation of GST-ERK2. These results
indicate that MAP kinase-kinase(s) in MDCK cells was acti-
vated by hypertonic stress.

Compared with MAP kinase, MAP kinase-kinase seemed
to be activated more slowly and transiently (Fig. 4). This might
be partly because of the higher basal activity of endogenous
MAP kinase. Nishida’s group (29) has reported that MAP ki-
nase phosphorylates and activates MAP kinase-kinase and pro-
posed a positive feedback loop between the two. If true, this
might explain the accelerated activation of MAP kinase-kinase.
Furthermore, since active MAP kinase-kinase catalytically
phosphorylates and activates MAP kinase, the initial response
of MAP kinase-kinase may be small but enough to activate
MAP kinase. Alternatively, there is a possibility that unidenti-
fied MAP kinase activator, which may be difficult to detect by
our assay system, may be involved in the initial activation of
MAP kinase. Once MAP kinase was activated by hypertonic-
ity, extracellular hypertonicity was essential to maintain its ac-
tivation, but not MAP kinase-kinase (Figs. 4 and 5). These
results suggest that MAP kinase is regulated by unidentified
inactivators, possibly protein phosphatases, rather than MAP
kinase-kinase in the later stages.

To examine the involvement of other signaling molecules,
pharmacological studies were performed. MAP kinases of
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MDCK cells were markedly activated by 150 nM PMA as well
as by hypertonic stress. Activation by 150 nM PMA or by hy-
pertonicity were both abolished when PKC was depleted by the
treatment of cells with 130 nM PMA for 16 h (Fig. 6 4). This
suggests that hypertonic stress activated MAP kinases of
MDCK cells in a PKC-dependent manner. Staurosporin,
which is sometimes used as an inhibitor of PKC, did not estab-
lish that PKC was involved in hypertonicity-induced MAP ki-
nase activation because staurosporin inhibited a range of ki-
nases including MAP kinase-kinase (Fig. 6 B) (21, 26).

After osmotic swelling or shrinking in an anisosmotic envi-
ronment, many cells recover their original volume by adjusting
the concentration of intracellular inorganic ions and osmo-
lytes, which are referred to as regulatory volume increase or
decrease (1). The change of cell volume activates stretch-acti-
vated ion channels (30), and it is postulated that the sensitivity
of these channels is regulated by submembrane cytoskeletal
elements (31). It is reported that hypertonic stress induces the
phosphorylation of myosin light chain in cultured mesangial
cells (32). In light of these studies, we examined whether
MLCK was involved in the pathway of hypertonicity-induced
MAP kinase activation. MDCK cells were stimulated with hy-
pertonic stress in the presence of ML-9, an inhibitor of MLCK;
no inhibition was observed in hypertonicity-induced MAP ki-
nase activation (Fig. 6 B). We also examined the effect of cyto-
chalasin B, an inhibitor of microfilaments, on MAP kinase
activation. When MDCK cells were treated with 20 uM of cy-
tochalasin B, it showed no effect on MAP kinase activation.
Although cytochalasin B inhibits the function of ion transport-
ers in various cells (10, 33, 34), it is still unknown whether it
inhibits the expression of osmolyte transporters. At least, it is
unlikely that microfilaments associate directly to MAP kinase
activation.

There are several lines of evidence showing that MAP ki-
nase regulates gene transcription and protein translation di-
rectly or indirectly. First, MAP kinase activation is dependent
upon cell cycle (14, 15). Second, MAP kinase is activated by
various growth factors (14, 15). Third, MAP kinase phosphor-
ylates transcription factors, c-jun and c-myc in vitro (35).
Fourth, MAP kinase translocates from cytoplasm to the nu-
cleus in response to growth factors (36). Fifth, MAP kinase
phosphorylates and activates S6 kinase II that is thought to
regulate the translational efficiency of 40S ribosomal subunits
(14). In light of these findings, a yeast study (19) and our
results, it is hypothesized that hypertonicity-induced MAP ki-
nases of MDCK cells may regulate transcription and/or trans-
lation of osmolarity-associated genes such as osmolyte trans-
porters and osmolyte synthetases. Alternatively, it has also
been reported that a variety of vasoactive peptides activate
MAP kinases in cultured cells such as vascular smooth muscle
cells and renal mesangial cells (16, 17). Since they are low-turn-
over cells in vivo, it is likely that MAP kinase does not regulate
transcription or translation, but rather regulates cell physiologi-
cal functions such as vasoconstriction and mesangial contrac-
tion. Anisosmotic stress induces phosphorylation of Na/K/
2Cl cotransporter and Na/K exchanger that are necessary for
regulatory volume increase (37, 38). MAP kinase in MDCK
cells may also regulate the functions of osmoregulatory gene
products directly or indirectly by their phosphorylation, but
this has not yet been studied.

Although our results together with previous studies suggest
that MAP kinase-kinase and MAP kinase are closely associated
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with the regulation of osmoregulatory genes or their products,
additional works will be required to confirm a direct relation-
ship.
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