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Di Ciano-Oliveira, Caterina, Monika Lodyga, Lingzhi Fan,
Katalin Szászi, Hiroshi Hosoya, Ori D. Rotstein, and András
Kapus. Is myosin light-chain phosphorylation a regulatory signal
for the osmotic activation of the Na�-K�-2Cl� cotransporter? Am J
Physiol Cell Physiol 289: C68–C81, 2005. First published February
23, 2005; doi:10.1152/ajpcell.00631.2004.—Myosin light-chain (MLC)
kinase (MLCK)-dependent increase in MLC phosphorylation has
been proposed to be a key mediator of the hyperosmotic activation of
the Na�-K�-2Cl� cotransporter (NKCC). To address this hypothesis
and to assess whether MLC phosphorylation plays a signaling or
permissive role in NKCC regulation, we used pharmacological and
genetic means to manipulate MLCK, MLC phosphorylation, or my-
osin ATPase activity and followed the impact of these alterations on
the hypertonic stimulation of NKCC in porcine kidney tubular LLC-
PK1 epithelial cells. We found that the MLCK inhibitor ML-7
suppressed NKCC activity independently of MLC phosphorylation.
Notably, ML-7 reduced both basal and hypertonically stimulated
NKCC activity without influencing MLC phosphorylation under these
conditions, and it inhibited NKCC activation by Cl� depletion, a
treatment that did not increase MLC phosphorylation. Furthermore,
prevention of the osmotically induced increase in MLC phosphoryla-
tion by viral induction of cells with a nonphosphorylatable, dominant
negative MLC mutant (AA-MLC) did not affect the hypertonic
activation of NKCC. Conversely, a constitutively active MLC mutant
(DD-MLC) that mimics the diphosphorylated form neither stimulated
isotonic nor potentiated hypertonic NKCC activity. Furthermore, a
depolarization-induced increase in endogenous MLC phosphorylation
failed to activate NKCC. However, complete abolition of basal MLC
phosphorylation by K252a or the inhibition of myosin ATPase by
blebbistatin significantly reduced the osmotic stimulation of NKCC
without suppressing its basal or Cl� depletion-triggered activity.
These results indicate that an increase in MLC phosphorylation is
neither a sufficient nor a necessary signal to stimulate NKCC in
tubular cells. However, basal myosin activity plays a permissive role
in the optimal osmotic responsiveness of NKCC.
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COTRANSPORTER (NKCC) is a loop diuretic-
sensitive electroneutral ion translocator that plays vital roles in
salt and water secretion and reabsorbtion, thereby regulating
the fluid homeostasis of the whole organism. NKCC is also a
key component of volume regulation at the single-cell level as
a major mediator of regulatory volume increase, an adaptive
response to cell shrinkage (16, 17, 48). The NKCC family
consists of two isoforms: the ubiquitously expressed NKCC1,
which in secretory epithelial cells is localized to the basolateral
membrane, and NKCC2, the apical or reabsorptive isoform,

which is expressed in cells of the macula densa and the thick
ascending limb of Henle in the kidney (17, 19). There are two
main physiological parameters that regulate both isoforms:
intracellular Cl� concentration ([Cl�]i) and cell volume (4, 22,
37, 38, 47). A decrease in [Cl�]i or in cell volume induces the
phosphorylation of NKCC on threonine (and potentially on
serine) residues and concomitantly leads to the activation of the
cotransporter (7, 18, 38, 43). Recently, the proline-alanine-rich
STE20-related kinase (PASK) has emerged as an attractive
candidate for mediation of NKCC phosphorylation, because it
binds to NKCC (10, 46), it can be activated by both Cl�

depletion and cell shrinkage, and its dominant negative form
inhibits NKCC activation by these stimuli (10). However,
disruption of the PASK-NKCC binding did not affect NKCC
activation (45). Thus, while the identity of the responsible
kinases remains an intriguing question, it appears plausible that
PASK and/or an as yet unidentified PASK-like kinase partic-
ipate in NKCC phosphorylation and regulation.

Interestingly, cell shrinkage is thought to activate NKCC
through another mechanism as well, which presumably is
independent of its direct phosphorylation but involves the
phosphorylation of the myosin light chain (MLC) and the
ensuing increase in cell contractility (26). This notion is based
on observations that cell shrinkage provoked the phosphoryla-
tion of MLC (26, 53) on Thr18 and Ser19 (9) and pharmaco-
logical inhibition of MLC phosphorylation by MLC kinase
(MLCK) inhibitors prevented or reduced the hyperosmotic (9,
26, 27) or agonist-induced (1, 20) stimulation of NKCC.
However, other findings cast doubt on the validity of this
conclusion as inferred from the above inhibitor experiments,
the vast majority of which were based on the use of ML-7, or
the related ML-9, piperazine-derivative inhibitors of MLCK.
Remarkably, while in certain cell types ML-7 potently inhib-
ited the shrinkage-induced activation of NKCC (with Ki � 0.5
�M corresponding to its effect on MLCK) (27, 43), the
required inhibitor concentration was two orders of magnitude
higher in other cells (9, 26), in which the drug may not be
sufficiently specific and could affect NKCC activation inde-
pendently of MLCK (3, 25, 49). Accordingly, it remained to be
tested whether ML-7 selectively abrogates the hypertonic reg-
ulation of NKCC or also interferes with the contractility-
independent (e.g., Cl� depletion induced) activation of the
cotransporter. Moreover, our previous studies (9) showed that
in LLC-PK1 porcine kidney tubular cells, the majority of the
osmotically induced MLC phosphorylation is mediated by the
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Rho-Rho kinase (ROK) pathway. While the inhibition of ROK
drastically reduced hypertonicity-provoked MLC phosphoryla-
tion, it had no effect on hypertonic NKCC stimulation. In
contrast, ML-7 efficiently reduced osmotic NKCC activation
but only marginally affected MLC phosphorylation. The sub-
stantial uncoupling between the two phenomena raised the
question whether a cause-and-effect relationship exists be-
tween MLC phosphorylation and NKCC activation or whether
these phenomena are parallel but independent events. Even if
such a relationship exists, however, it remains to be determined
whether an increase in myosin phosphorylation is in fact a
signal for the osmotic activation of NKCC or whether a basal
level of MLC phosphorylation (or myosin ATPase activity) is
merely a permissive factor necessary for the maximal osmotic
stimulation of the cotransporter. Finally, MLCK-mediated reg-
ulation does not necessarily occur through myosin phosphor-
ylation, because MLCK can activate myosin ATPase activity
without phosphorylation (14, 54), and MLCK has been
reported to act on transporters in a myosin-independent
manner (50).

To address the above-described possibilities, we tested the
effect of ML-7 on the osmotically stimulated and Cl� deple-
tion-triggered activation of NKCC and compared the effect of
ML-7 with a structurally different MLCK inhibitor. Besides
this pharmacological approach, we applied genetic tools as
well. We generated retroviruses expressing MLC mutants that
mimic either the nonphosphorylated or the doubly phosphory-
lated forms of MLC (13, 24) and showed that they act as
dominant negative and constitutively active variants, respec-
tively. We then determined the effect of these MLC mutants on
endogenous MLC phosphorylation and NKCC activity. Fi-
nally, to discriminate the role of myosin phosphorylation per se
from myosin ATPase activity, we used blebbistatin, a novel
and highly specific myosin II ATPase inhibitor. Our results
show that in LLC-PK1 cells, ML-7 inhibits NKCC, but not via
the inhibition of MLCK. Furthermore, a rise in MLC phos-
phorylation is not a signal to activate NKCC, because it is
neither necessary nor sufficient for the full osmotic stimulation
of the transporter. On the other hand, basal myosin ATPase
activity is a prerequisite for the complete osmotic activation of
NKCC, suggesting that it exerts a permissive effect.

MATERIALS AND METHODS

Chemicals and antibodies. Bumetanide, ouabain, polybrene, and
TGF-�1 were obtained from Sigma (St. Louis, MO). Blebbistatin,
ML-7, latrunculin B (LatB), and Y-27632 were purchased from
Calbiochem (San Diego, CA). Toxin B isolated from Clostridium
difficile was purchased from TechLab (Blacksburg, VA), and K252a
was obtained from Biomol (Plymouth Meeting, PA). Rhodamine-
labeled phalloidin was purchased from Molecular Probes (Eugene,
OR). EcoRI, XhoI, Taq, and Pfu were obtained from New England
BioLabs (Beverly, MA), and DNA ligase was purchased from
GIBCO-BRL (Grand Island, NY). The following antibodies were
used. Monoclonal anti-Myc, polyclonal anti-MLC, and peroxidase-
conjugated anti-goat antibodies were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA). Polyclonal antibody directed against
diphosphorylated MLC (i.e., phospho-Thr18 and phospho-Ser19)
were purchased from Cell Signaling Technology (Beverly, MA) and
Santa Cruz Biotechnology. Anti-rabbit fluorescein isothiocyanate
(FITC), anti-goat FITC, and anti-mouse Cy3 were obtained from
Jackson ImmunoResearch (West Grove, PA). Peroxidase-conjugated
anti-mouse antibody was purchased from Amersham (Piscataway, NJ).

Cell culture. The porcine kidney epithelial cell line, LLC-PK1, was
used for all experiments. This cell line offers two major advantages
relevant to the investigated question. Hypertonicity induces sizable
and well-quantifiable MLC phosphorylation in LLC-PK1 cells, and
the basic characteristics of this process have been described in our
previous studies (9). LLC-PK1 cells possess substantial NKCC activ-
ity under basal conditions that is activated severalfold upon hyper-
tonic exposure. For the generation of viral particles, AAV-293 cells
(Stratagene, La Jolla, CA) were used. Cells were grown in a humid-
ified atmosphere of air-CO2 (19:1 vol/vol) at 37°C in Dulbecco’s
modified Eagle’s medium (DMEM; GIBCO-BRL) supplemented with
10% fetal bovine serum (Sigma) and 1% antibiotic suspension (pen-
icillin and streptomycin; Sigma).

Media and cell treatment. For serum depletion, cells were incu-
bated in HCO3

�-free RPMI 1640 buffered with 25 mM HEPES to pH
7.4 (HPMI; osmolarity 290 � 5) for 3 h. The following media were
used for treatments. The isotonic NaCl medium (Iso NaCl) consisted
of (in mM) 130 NaCl, 3 KCl, 1 MgCl2, 1 CaCl2, 20 HEPES, pH 7.4,
and 5 glucose. An isotonic sodium methane sulfonic acid (Iso
NaMSA)-based solution was used for Cl� depletion and consisted of
(in mM) 125 methane sulfonic acid, 125 NaOH, 3 KOH, 1 MgSO4, 1
CaSO4, 20 HEPES, pH 7.4, and 5 glucose. To achieve membrane
depolarization, we used an isotonic KCl (Iso KCl) medium containing
(in mM) 130 KCl, 3 NaCl, 1 MgCl2, 1 CaCl2, 20 HEPES, and 5
glucose. Cell-cell contact disassembly was induced by replacing 1
mM CaCl2 with 1 mM EGTA in the Iso NaCl and Iso KCl solutions.
For 86Rb uptake experiments, Iso NaCl and Iso NaMSA were sup-
plemented with 2 mM KCl or KOH, respectively (final concentration
5 mM), and 0.3 mM Na2HPO4. Hyperosmolarity was achieved by the
addition of either 100 mM sucrose for the 86Rb uptake assays or 300
mM sucrose for all other experiments. Unless otherwise stated,
LLC-PK1 cells were grown to confluence, serum deprived in HPMI
for 3 h, and then preincubated with Iso NaCl solution for 10–30 min.
They were then treated as described in the figure legends.

Plasmids. Plasmids encoding green fluorescent protein (GFP; Clon-
tech, Palo Alto, CA) and C3 transferase, an enzyme that inactivates
Rho via ADP ribosylation (2), were described previously. Wild-type
myosin regulatory light chain MRLC2 (WT-MLC) or mutant MRLC2
in which Thr18 and Ser19 were replaced with alanines (AA-MLC) or
with aspartic acid (DD-MLC) were cloned into pcDNA3.1 with
COOH-terminal Myc and His tags as described previously (24). For
viral transduction, we subcloned WT-, AA-, and DD-MLC into the
retroviral expression vector, pFB-Neo (Stratagene) as follows. The
inserts were amplified from the pcDNA3.1 using primers 5�-CG-
GAATTCCGCCACCATGTCGAGCAAAAAG-3� (forward) and 5�-
CGCTCGAGTCAATGGTGATGGTGATG-3� (reverse) so that the
COOH-terminal Myc and His tags were maintained. The purified PCR
products (WT-, AA-, and DD-MLC) were then cloned into the
pFB-Neo at the EcoRI and XhoI restriction sites. The presence of an
insert was verified by digestion with EcoRI and XhoI. Subsequently,
the mutants were verified by performing sequence analysis.

Transient transfection. Transient transfection was performed using
FuGene6 reagent (Roche, Indianapolis, IN) according to the manu-
facturer’s instructions. Unless otherwise stated, cells were transfected
with 1 �g of plasmid DNA per well of a six-well plate. The
DNA-to-FuGene6 reagent ratio was 1 �g to 2.5 �l, respectively. The
details of cotransfection are specified under the corresponding figures.

Preparation of viral particles and viral transduction of LLC-PK1
cells. The pVPack system from Stratagene was used to prepare viral
particles from pFB-Neo vectors containing the WT-, AA-, and DD-
MLC inserts. Briefly, AAV-293 cells growing in T75 tissue culture
flasks were triple transfected at 30% confluence with 4 �g each of
pVPack-GP gag-pol-expressing vector, pVPack-VSV-G envelope-
expressing vector, and pFB-Neo (WT-, AA-, or DD-MLC) using
FuGene6 transfection reagent. After 12–16 h, the growth medium
(i.e., DMEM with serum and antibiotics) was replaced with 9 ml of
fresh growth medium. After an additional 72 h, the medium was
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collected and centrifuged at 2,000 rpm for 10 min. The supernatants
containing viral particles were then filtered with 0.45-�m Millex HV
filters (Millipore, Billerica, MA) and stored in working aliquots at
�80°C until further use. LLC-PK1 cells were transduced as follows.
Supernatants containing viral particles were mixed with growth me-
dium (2:1 vol/vol for 6-well plates or 3:1 vol/vol for 12-well plates)
and supplemented with 25 �M polybrene (Sigma). This mixture was
applied to LLC-PK1 cells at 30% confluence for 16 h and subse-
quently was replaced with normal growth medium. After an additional
48 h, experiments were performed.

Determination of NKCC activity. NKCC activity was monitored by
analyzing the bumetanide-sensitive cellular uptake of 86Rb essentially
as described previously (9). Briefly, confluent LLC-PK1 cells grown
in 12-well plates were serum depleted for 3 h. Cells were then
incubated in Iso NaCl for 10 min, followed by pretreatment with Iso
NaCl (for subsequent isotonic and hypertonic treatment) or with Iso
MSA (for Cl� depletion) for another 30 min. The Na�-K� pump
inhibitor ouabain (1 mM) was then added for 2 min. Finally, cells
were treated with Iso NaCl (for isotonic and Cl� depletion experi-
ments) or Iso NaCl � 100 mM sucrose (for hypertonic experiments)
containing 1 mM ouabain and 1.5 �Ci 86Rb. After 7 min (or as
indicated for the time course), the cells were washed 5 times with
ice-cold 0.1 M MgCl2, air dried, and dissolved in 0.2% SDS. The
amount of 86Rb taken up by the cells was measured using an LS-6500
scintillation counter (Beckman Coulter, Fullerton, CA). When
present, pharmacological inhibitors were added to all solutions at the
same concentration. To determine the NKCC-dependent component
of 86Rb uptake, all experiments were performed in the presence or
absence of bumetanide (100 �M), which was added at the same time
as ouabain.

Statistical analysis. 86Rb uptake experiments were performed three
times, and if not specified otherwise (see dose-response curve shown
in Fig. 1C), duplicate or triplicate experiments were performed for
each condition. The NKCC activity (expressed as nmol K�/7 min/
well) was calculated after subtracting the bumetanide-insensitive
fraction. The protein content per well was 227 � 6 �g (n � 24 wells)
as determined using random sampling. Protein determination and
visual inspection showed that none of the treatments caused detach-
ment of cells from the wells. One-way ANOVA or unpaired t-tests
(see Fig. 6C) were performed using GraphPad Prism version 4.00
software (GraphPad Software, San Diego, CA). P � 0.05 was con-
sidered statistically significant.

Determination of MLC phosphorylation using urea glycerol PAGE.
SAMPLE PREPARATION. After treatment, LLC-PK1 cells grown in six-
well plates were lysed in 950 �l of ice-cold acetone containing 10%
trichloroacetic acid and 10 mM dithiothreitol. The cell lysates were
then scraped from the wells and centrifuged for 10 min at 12,000 rpm.
The resulting pellet was washed with 1 ml of pure acetone, allowed to
air dry, and dissolved for 1 h in 60 �l of freshly made sample buffer
containing 8.02 M urea, 234 mM sucrose, 23 mM glycine, 10.4 mM
dithiothreitol, 20 mM Tris-Base, pH 8.6, and 0.01% bromophenol
blue. Samples were then centrifuged for 10 min at 12,000 rpm, and
40–45 �l of supernatant were loaded onto the urea glycerol gels as
described previously (9).

ELECTROPHORESIS. Twelve percent urea glycerol gels were prerun
for 1 h at 180 V in running buffer containing 23 mM glycine, 20 mM
Tris-Base, pH 8.6, 2.44 mM thioglycolic acid, and 0.97 mM dithio-
threitol. Samples were then loaded, and the gels were run at 260 V for
1 h and at 300 V for 	2.5 h. The gels were then transferred to
nitrocellulose using a mini-electrophoretic transfer cell (Bio-Rad
Laboratories, Hercules, CA). Blots were blocked in Tris-buffered
saline (TBS) containing 5% bovine serum albumin (Sigma) and
incubated with the corresponding primary antibody. Binding of the
antibody was visualized using the relevant (anti-mouse or anti-goat)
peroxidase-conjugated secondary antibodies (1:3,000 dilution) with
enhanced chemiluminescence (PerkinElmer, Boston, MA). Densito-
metric analysis of blots was performed using a Bio-Rad GS-690

imaging densitometer and Molecular Analyst software (version 1.5;
Bio-Rad Laboratories) as described previously (9).

Immunofluorescence. After treatment, confluent cells grown on
25-mm coverslips were fixed for 30 min in the treatment medium
supplemented with 4% paraformaldehyde. The coverslips were exten-
sively washed with PBS, incubated with 100 mM glycine in PBS for
10 min, permeabilized with 0.1% Triton X-100 in PBS for 20 min, and
then blocked in 5% bovine serum albumin in TBS for 1 h. Subse-
quently, the samples were incubated with primary antibodies for 1 h,
washed with PBS, and incubated with fluorescently labeled secondary
antibody for 1 h. The coverslips were then washed and mounted on
glass slides using Dako mounting solution. The staining was visual-
ized using a Nikon Eclipse TE200 fluorescent microscope (
100 and

20 lens objectives) coupled to a cooled, charge-coupled device
camera (C4742-95; Hamamatsu Photonics, Hamamatsu City, Japan)
driven by Simple PCI software.

RT-PCR for NKCC1 and NKCC2. Total RNA was extracted from
LLC-PK1 cells, porcine aortic endothelial cells (PAECs), mouse
embryonic fibroblasts (MEFs), and whole kidney of Black 6 mice
using TRIzol (Invitrogen, San Diego, CA) according to the manufac-
turer’s instructions. cDNA was synthesized from 5 �g of total RNA
using SuperScript II Reverse Transcriptase (Invitrogen) and
poly(A)� �oligo(dT)12–18 as a template primer. The cDNA were sub-
sequently subjected to PCR using specific primers for NKCC1,
NKCC2, and �-actin. The specific primers were designed from the
alignment of human, mouse, and rat sequences for NKCC1 and
NKCC2 and pig, mouse, and human sequences for �-actin. The
primers were as follows. For NKCC1, the forward primer was 5�-
CGGAGAGCGATGGCTACTTT-3� and the reverse primer was 5�-
CAGAAGGCACCTCAAGGCTAA-3� with an estimated 800-bp
amplicon. For NKCC2, the forward primer was 5�-CAGCTTTAG-
GCCTGGGAATCA-3� and the reverse primer was 5�-GCCTAT-
TGACCCACCGAACTC-3� with an estimated 600-bp amplicon.
For �-actin, the forward primer was 5�-AACTGGGACGACATG-
GAGAA-3� and the reverse primer was 5�-TACTCCTGCTTGCT-
GATCCAC-3� with an estimated 700-bp amplicon. Each reaction was
performed with 2 �l of cDNA from the RT-PCR reaction, 0.3 �l of
10
 PCR buffer, 1 �l of 50 mM MgCl2, 0.7 �l of 10 mM dNTP, 1
�l each of forward and reverse primers, 0.3 �l of Taq DNA poly-
merase (5 U/�l), and 21 �l of sterile distilled water. The PCR
products were separated on 0.8% agarose gel.

RESULTS

Effect of ML-7 on basal, hypertonicity-stimulated, and Cl�

depletion-induced activity of NKCC in kidney tubular cells.
Initially, we characterized the time dependence of NKCC
activity under isotonic and hypertonic conditions in porcine
kidney tubular LLC-PK1 cells by measuring the ouabain-
insensitive and bumetanide-sensitive uptake of 86Rb during a
period of 15 min. Figure 1A shows that under isotonic condi-
tions, 86Rb uptake increased linearly in this time range. When
hypertonic stress was induced by 100 mM sucrose concomitant
with the addition of 86Rb, there was no increase in the isotope
uptake after 1 min; however, after 3 min, 86Rb uptake in-
creased linearly and its rate was 3.6-fold that under isotonic
conditions (Fig. 1A). The initial lag phase likely corresponds to
the time required for the activation of NKCC as reported
previously (36, 44). On the basis of these observations, we
measured 86Rb uptake at 7 min for all subsequent experiments,
when isotope accumulation was strictly linear with time and
sufficient to provide good resolution for inhibitor studies.
Figure 1B shows that under isotonic conditions, the bumet-
anide-sensitive uptake was 	60% of the total ouabain-insen-
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sitive uptake. Thus any measured change in isotope uptake
reflected proportional changes in NKCC activity.

Previous studies (26, 27, 43), including our own (9), have
indicated that the MLCK inhibitor ML-7 can substantially
reduce hyperosmotic activation of NKCC. However, the sen-
sitivity to ML-7 varied significantly in different cell types. To
determine the ML-7 sensitivity of NKCC in LLC-PK1 cells,
we investigated the dependence of the transport rate on ML-7
concentration. Fifty percent reduction in the hypertonically
stimulated uptake rate was attained at 	50 �M ML-7, while 75
�M (the routinely applied maximal concentration) caused
	60% inhibition (Fig. 1C). No significant further inhibition
was observed at 100 �M (data not shown), and to avoid
potential toxic effects, higher concentrations were not applied.
Interestingly, these studies indicated that the basal (i.e., iso-
tonic) NKCC activity was also sensitive to ML-7. In fact, the
drug inhibited the isotonic and hypertonically stimulated trans-
port to the same extent, causing 	60% reduction at 75 �M
(Fig. 1C). Furthermore, although the maximal hypertonic
transport rates were strongly suppressed in the presence of
ML-7, NKCC remained clearly activatable by osmotic stress,
without any significant change in the relative increase over
isotonic values. These observations suggested that ML-7 might
not specifically target the osmotically induced signaling path-
ways responsible for NKCC stimulation. To substantiate this
notion, we used Cl� depletion, an alternative means by which
to activate NKCC, and compared the effect of ML-7 on NKCC
activity enhanced by Cl� depletion, hypertonicity, or the com-
bination of these stimuli. Cl� depletion was achieved by
incubating LLC-PK1 cells in an isotonic Cl�-free, methane
sulfonic acid-based solution (Iso NaMSA) for 30 min (38),
followed by readdition of Cl� under iso- or hypertonic condi-
tions in the presence of 86Rb. As shown in Fig. 2A, compared
with the isotonic control, NKCC activity was increased 4.0-
and 4.2-fold by Cl� depletion and hyperosmotic stress, respec-
tively. Importantly, the effect of the two stimuli together was
only slightly higher than it was after stimulation with these
entities individually, suggesting either that each of the trigger-
ing factors can exert a near-maximal effect individually or that
they use largely overlapping signaling mechanisms (Fig. 2A).
Next, we determined the effect of ML-7 under these same
conditions. In the presence of 75 �M ML-7, NKCC activity
was reduced by 	60% when stimulated by either Cl� deple-
tion or hyperosmolarity, or both, clearly indicating that this
drug is not specific for hyperosmotic induced NKCC activation
(Fig. 2A).

Because ML-7 suppressed the Cl� depletion-induced NKCC
activation, we wanted to determine whether Cl� depletion
resulted in increased MLC phosphorylation. To answer this
question, LLC-PK1 cells were treated with either isotonic
Cl�-containing or Cl�-free medium for 20 min or exposed to
hypertonicity as a positive control. Subsequently, the differen-
tially phosphorylated forms of MLC were separated using urea
glycerol PAGE. In agreement with our previous findings (9),
LLC-PK1 cells expressed two isoforms of MLC, both of which
can be mono- or diphosphorylated. Accordingly, upon urea
glycerol PAGE, MLC can be separated into three doublets (6
bands), with the two uppermost bands corresponding to non-
phosphorylated MLC, the middle two bands corresponding to
monophosphorylated MLC (pMLC), and the lower two bands
corresponding to diphosphorylated MLC (ppMLC). Hyperos-

Fig. 1. Time dependence and ML-7 sensitivity of Na�-K�-2Cl� cotransporter
(NKCC) activity under isotonic (Iso, E) and hypertonic (Hyp, ■ ) conditions in
LLC-PK1 cells. Confluent LLC-PK1 cells were serum deprived for 3 h and
then preincubated with isotonic NaCl medium (Iso NaCl) for 10 min. Unless
otherwise stated, this pretreatment was performed for all subsequent experi-
ments. NKCC activity was then measured as the bumetanide-sensitive (and
ouabain-insensitive) uptake of 86Rb (see MATERIALS AND METHODS). A: time
course for hyperosmotic NKCC activation. LLC-PK1 cells were treated either
isotonically or hypertonically with the addition of 100 mM sucrose to the Iso
NaCl medium in the presence of 1.5 �Ci 86Rb for the indicated times. Two
independent experiments were performed in duplicate for each time point. A
representative experiment is shown. B: total and bumetanide-insensitive 86Rb
uptake. Ouabain-treated LLC-PK1 cells were challenged iso- or hypertonically
in the presence or absence of bumetanide for 7 min as above (n � 11, with each
experiment performed in duplicate or in triplicate). C: dose-dependent inhibi-
tion of NKCC activity by ML-7. Serum-deprived LLC-PK1 cells were prein-
cubated in Iso NaCl for 30 min in the absence or presence of various
concentrations of ML-7. Cells were then treated isotonically or hypertonically
for 7 min under the same inhibitor conditions, and 86Rb uptake was determined
(n � 3). For all subsequent experiments, cellular uptake of 86Rb was measured
after 7 min of treatment.
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motic stress induced a substantial increase in both mono- and
diphosphorylated forms of MLC, in accordance with our pre-
vious observations (Fig. 2C, left). In sharp contrast, Cl� de-
pletion failed to induce any detectable change in the phosphor-
ylation status of MLC (Fig. 2C, left). The finding that ML-7
suppressed the Cl� depletion-facilitated NKCC activity, de-
spite the fact that this stimulus does not elicit MLC phosphor-
ylation, not only confirms that ML-7 is not specific for the
hyperosmotic activation of NKCC but also suggests that the
NKCC-inhibiting effect of ML-7 likely occurs independently
of its MLCK-inhibiting action. Furthermore, ML-7 failed to
prevent the hyperosmolarity-induced MLC phosphorylation in
LLC-PK1 cells (Fig. 2C, middle) (9). Thus extreme care should
be taken when interpreting results based on the use of ML-7,
because this drug (at least in epithelial cells) does not appear to
be an appropriate tool with which to study the role of MLCK
or MLCK-dependent MLC phosphorylation in the hyperosmo-
larity-induced activation of NKCC.

Differential effects of K525a on basal activity and hyperos-
motic or Cl� depletion-induced activation of NKCC. The
above results by no means exclude the potential involvement of
MLCK or MLC phosphorylation in the osmotic regulation of
NKCC. To better address this issue, we used K252a, a potent
and structurally distinct inhibitor of MLCK that has been

shown to bind directly to and interfere with MLCK (42).
Surprisingly, K252a (5 �M) increased the basal NKCC activity
twofold (P � 0.05) (Fig. 2B), an effect that is in contrast to the
inhibitory action of ML-7. Moreover, K252a significantly (P �
0.01) reduced the hyperosmosis-induced NKCC activation by
	36% compared with the level of osmotically stimulated
transport observed in the absence of the inhibitor. Because
K252a increased the basal activity, its inhibitory action is even
more pronounced when expressed as a relative increase over
the corresponding isotonic transport; hyperosmotic treatment
induced a 5.0-fold increase under control conditions, whereas
it caused only 1.6-fold activation when K252a was present.
Importantly, K252a did not reduce the Cl� depletion-induced
uptake of 86Rb through NKCC, again in contrast to the action
of ML-7. Having seen this differential effect, we tested the
impact of K252a on basal and hypertonicity-provoked MLC
phosphorylation. The drug abolished the basal mono- and
diphosphorylation of MLC in resting cells and prevented the
increase in phosphorylation upon hypertonic stimulation (Fig.
2C, right). Taken together, K252a inhibited neither the basal
NKCC activity nor the Cl� depletion-induced activation of the
cotransporter, yet it completely suppressed MLC phosphory-
lation. However, K252a specifically interfered with the hyper-
osmotic activation of NKCC, suggesting that MLCK (or MLC

Fig. 2. Differential effect of ML-7 and K252a on NKCC activation and myosin light-chain (MLC) phosphorylation. A and B: NKCC activity. LLC-PK1 cells
were incubated in Iso NaCl in the presence or absence of 75 �M ML-7 or 5 �M K252a for 10 min and treated with Iso NaCl or Cl�-free isotonic sodium methane
sulfonic acid (Iso NaMSA; for Cl� depletion, Cl�-dep) for an additional 30 min in the presence of the same inhibitor concentrations. The media were then
replaced with Cl�-containing Iso NaCl that was either isotonic (for Iso and Cl�-dep) or hypertonic (�100 mM sucrose; for Hyp and Hyp � Cl�-dep) for 7 min
in the presence of 1.5 �Ci 86Rb (n � 3). C: MLC phosphorylation. LLC-PK1 cells were incubated in Iso NaCl for 30 min in the absence or presence of ML-7
or K252a. Under the same inhibitor conditions, cells were subsequently treated either hypertonically (300 mM sucrose, 20 min) or Cl� depleted (Iso NaMSA,
30 min) and then lysed. Differentially phosphorylated forms of MLC were separated by performing urea glycerol PAGE, followed by Western blot analysis (WB)
for total MLC. The top two bands represent nonphosphorylated MLC, the middle two bands represent monophosphorylated MLC (pMLC), and the bottom two

bands represent diphosphorylated MLC (ppMLC). Blot shown is representative of four similar experiments.
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phosphorylation) may play a partial role in the hyperosmotic
stimulation of the cotransporter.

Novel tools to study the role of MLC phosphorylation in
osmotic NKCC activation. MLCK has been shown to alter ion
transport through both MLC phosphorylation-dependent and
-independent mechanisms (50). Furthermore, whether MLC
phosphorylation or merely myosin activity is involved in trans-
porter regulation remains questionable, because the latter can
be regulated in a phosphorylation-independent manner as well
(14, 54). To approach these issues, we targeted MLC phos-
phorylation per se rather than MLCK activity. To this end, we
applied MLC mutants that mimic the nonphosphorylated or the
diphosphorylated MLC. In the nonphosphorylatable mutant
(AA-MLC), the target serine and threonine residues were
replaced with alanine, whereas in the diphosphorylation-like
mutant (DD-MLC), they were exchanged for aspartate (24).

Initially, we tested whether these constructs indeed behave
like inactive (and dominant negative) and constitutively active
forms of MLC. LLC-PK1 cells were transiently transfected
with plasmids encoding Myc-tagged WT-MLC, AA-MLC, or
DD-MLC and then immunostained 48 h later using an anti-
Myc antibody. As shown in Fig. 3A (left), WT-MLC showed a
fairly even cytosolic distribution, with a few fine fibers and
faint peripheral enrichment. Conversely, AA-MLC was mostly
cytosolic (Fig. 3A, middle); however, in nonconfluent mono-
layers, AA-MLC occasionally localized to fibrous structures at
free edges of the cell (data not shown). In contrast, DD-MLC
assembled into numerous thick stress fibers and showed some
peripheral enrichment (Fig. 3A, right), similarly to observa-
tions in HeLa cells (24). The observation that DD-MLC more
readily assembles into fibers suggests that it may be part of
functional actomyosin structures and thus behaves like phos-
phorylated MLC.

Next, we assessed whether AA-MLC could inhibit the phos-
phorylation of endogenous MLC, thereby acting as a dominant
negative. Initially, we wanted to test this possibility indepen-
dently of any osmotically induced changes; therefore, we took
advantage of our previous findings that TGF-�1 (39) or plasma
membrane depolarization by high K� (our unpublished results)
induce robust MLC phosphorylation in LLC-PK1 cells. To
determine whether AA-MLC could inhibit the phosphorylation
of endogenous MLC by these stimuli, LLC-PK1 cells were
transiently transfected with AA-MLC and subsequently either
treated with 4 ng/ml TGF-�1 for 3 days or acutely exposed to
a K�-based, Ca2�-free solution. Ca2� removal was shown to
further potentiate the depolarization-induced MLC phosphor-
ylation (our unpublished results and Ref. 12). Cells were then
fixed and immunostained for ppMLC with a ppMLC-specific
antibody and for Myc to identify the successfully transfected
cells. Under control conditions, total ppMLC staining was
weak, with negligible cytosolic labeling and some accumula-
tion in the nucleus (Fig. 3B, top left) as reported previously
(39). Transfection of AA-MLC had no effect on the basal
staining, indicating that the ppMLC antibody does not cross
react with AA-MLC (Fig. 3B, left; outlined transfected cells).
As expected, TGF-�1 treatment caused an increase in MLC
phosphorylation, which was predominantly visible in central
fibrous structures (Fig. 3B, top middle). Importantly, in cells
transfected with AA-MLC (Fig. 3B, asterisk), TGF-�1-induced
MLC phosphorylation was entirely prevented (Fig. 3B, mid-
dle). Similarly, the depolarization-induced MLC phosphoryla-

tion, which occurred both centrally and at the cell cortex, was
dramatically reduced in AA-MLC-transfected cells, albeit the
peripheral MLC appeared to be slightly less sensitive to inhi-
bition by AA-MLC (Fig. 3B, right; outlined transfected cells).
Taken together, these results indicate that AA-MLC can be
used to interfere with endogenous MLC phosphorylation.

We next assessed the ability of DD-MLC to act as a
constitutively active mutant. To this end, we made use of C3
transferase (C3), an enzyme that inactivates Rho by ADP
ribosylation, leading to reduced MLC phosphorylation and
consequent stress fiber disassembly (6, 28). To determine
whether DD-MLC could restore stress fibers in cells in which
Rho was inactivated, LLC-PK1 cells were transfected with
plasmids encoding C3 and GFP (to identify successfully trans-
fected cells) with or without cotransfection with DD-MLC.
Forty-eight hours later, cells were fixed and stained for F-actin
using rhodamine-labeled phalloidin. In accordance with our
previous results (39), cotransfection with C3 and GFP (aster-
isk) resulted in the complete loss of stress fibers in 86% (n �
100 cells) of LLC-PK1 cells; that is, only 14% of the cells
displayed some stress fibers (Fig. 3C, left, and graph). How-
ever, when cells were triple transfected with DD-MLC, C3,
and GFP, stress fiber assembly was rescued, because 74% of
the transfected cells (asterisks) contained numerous stress fi-
bers (Fig. 3C, right, and graph). Collectively, these results
indicate that AA-MLC and DD-MLC can behave as dominant
negative and constitutively active mutants, respectively, and
thus are appropriate tools with which to examine the role of
MLC phosphorylation in NKCC activation.

Effect of MLC mutants on osmotic stress-induced MLC
phosphorylation and NKCC activation. To assess and quantify
the effect of WT-, AA-, and DD-MLC on the hyperosmolarity-
induced phosphorylation of endogenous MLC and on NKCC
activation, we subcloned these Myc-tagged constructs into a
retroviral vector. This approach was necessary because both
urea glycerol PAGE and 86Rb uptake are cell population-based
assays, which require that a large percentage of the cells
express the tested constructs. The efficiency of viral transduc-
tion was assessed by immunostaining with an anti-Myc anti-
body. As shown in (Fig. 4A, top), confluent monolayers of
LLC-PK1 cells were readily infected with each of the three
mutants (WT-, AA-, and DD-MLC), consistently resulting in at
least 70–80% efficiency. The intracellular distribution of the
virally introduced MLC mutants was similar to that of the
plasmid-based transfection (Fig. 4A, bottom).

We then evaluated the ability of AA-MLC to interfere with
the hypertonicity-induced MLC phosphorylation. LLC-PK1
cells were either transduced with virus encoding WT-MLC or
AA-MLC or left untransduced (Control). Three days later they
were treated iso- or hypertonically (�300 mM sucrose), and
MLC isoforms were separated using urea glycerol PAGE. To
verify expression and assess the behavior of the transfected
constructs, the blots were first probed with an anti-Myc anti-
body. As expected, nontransduced cells did not have any
Myc-reactive bands (Fig. 4B, lanes 1 and 2), whereas LLC-
PK1 cells transduced with WT-MLC showed three Myc-reac-
tive bands, indicating that this mutant was effectively mono-
and diphosphorylated (Fig. 4B, lanes 3 and 4). Moreover,
hypertonicity induced phosphorylation of WT-MLC, which
manifested as a decreased proportion of the nonphosphorylated
form and a concomitantly increased proportion of the mono-
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Fig. 3. Characterization of MLC mutants. A: subcellular distribution. LLC-PK1 cells were transiently transfected with 1 �g of Myc-tagged wild-type myosin
regulatory light chain MRLC2 (WT-MLC) or mutant MRLC2 in which Thr18 and Ser19 were replaced with alanines (AA-MLC) or with aspartic acid
(DD-MLC), and 48 h later they were fixed and stained for Myc. B: dominant negative effect of AA-MLC on TGF-�1-induced and membrane depolarization
(Depol)-induced MLC phosphorylation. AA-MLC (1 �g) was transiently transfected into LLC-PK1 cells. Six hours after transfection, cells were treated with
vehicle (Control and Depol) or with 4 ng/ml TGF-�1. After an additional 3 days, cells were treated with either Iso NaCl (Control and TGF-�1) or Iso KCl to
induce membrane depolarization (Depol) for 15 min, and subsequently immunostained for ppMLC (top) and Myc to identify successfully transfected cells
(bottom; outline or asterisks indicate the AA-transfected cells). C: DD-MLC rescues stress fibers in C3-transferase-transfected cells. LLC-PK1 cells were
transfected with plasmids encoding green fluorescent protein (GFP; 0.3 �g) and C3-transferase (1 �g) alone (right) or with DD-MLC (1 �g) (left). After 48 h,
cells were fixed and stained for F-actin using rhodamine-phalloidin (top), and successful transfection was indicated by the presence of GFP (bottom; asterisks
indicate successfully tranfected cells). The percentage of cells with stress fibers was then determined for C3 and C3 � DD-MLC-expressing cells (n � 100 cells
for each condition).
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Fig. 4. Viral transduction of LLC-PK1 cells with various MLC mutants. A: transduction efficiency of MLC-encoding viruses in LLC-PK1 cells. LLC-PK1 cells
were transduced with viral particles encoding WT-, AA-, or DD-MLC, and 48 h later they were immunostained for Myc to identify successfully transduced cells.
To assess infection efficiency, Myc staining of confluent monolayers of LLC-PK1 cells is shown at 
200 magnification (top). To verify the spatial distribution
of virally transduced MLC mutants, islands of LLC-PK1 cells are shown (
1,000 magnification; bottom). B and C: effect of WT-MLC and AA-MLC on the
osmotic phosphorylation of endogenous MLC. LLC-PK1 cells were either left untreated or transduced with WT-MLC or AA-MLC. After 48 h, cells were serum
starved and treated either isotonically or hypertonically (300 mM sucrose, 20 min). Cells were then lysed, and differentially phosphorylated forms of MLC were
separated by performing urea glycerol PAGE. The expression and phosphorylation status of exogenously expressed MLC (i.e., Myc-tagged WT-MLC and
AA-MLC) was determined using Western blot analysis with an anti-Myc antibody (B). The blot was then reprobed with an MLC antibody that recognizes both
Myc-tagged and endogenous MLC (C). D: percentage of non-, mono-, and diphosphorylated MLC for each condition was determined using densitometric
analysis of a representative blot (n � 3 experiments) and plotted.
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and diphosphorylated forms (Fig. 4B, lanes 3 and 4). In
contrast, LLC-PK1 cells transduced with AA-MLC showed
only one Myc-reactive band, which migrated close to the
nonphosphorylated WT-MLC and showed no change after
hypertonic exposure. (Fig. 4B, lanes 5 and 6). The blots were
then reprobed with anti-MLC antibody, which detects both
endogenous and Myc-tagged MLC (Fig. 4C), and the amount
of non-, mono-, and diphosphorylated forms in each lane was
determined and plotted as a percentage of the total MLC (Fig.
4D). It is noteworthy that the Myc-tagged WT-MLC comi-
grated with endogenous MLC, thus this determination reflects
the changes in total MLC phosphorylation. In contrast, AA-
MLC clearly migrated above the six endogenous bands nor-
mally present, thereby allowing us to determine its effect on
endogenous MLC. As expected, in untransduced cells, endog-
enous MLC was both mono- and diphosphorylated by hyper-
tonicity (Fig. 4, C and D, lanes 1 and 2). Interestingly, under
isotonic conditions, cells transduced with either WT-MLC or
AA-MLC exhibited a slight increase in diphosphorylated MLC
compared with untransduced controls (Fig. 4, C and D, lanes 3
and 5). Nonetheless, in cells expressing WT-MLC, osmotic
stress was still able to cause a decrease in nonphosphorylated
MLC and an increase in diphosphorylated MLC, indicating
that WT-MLC did not interfere with the hypertonic effect (Fig.
4, C and D, lanes 3 and 4). In contrast, in cells transduced with
AA-MLC, hypertonicity failed to induce a change in the
relative amounts of non-, mono-, and diphosphorylated MLC,
suggesting that AA-MLC effectively inhibited the hypertonic
MLC response (Fig. 4, C and D, lanes 5 and 6).

Next, we tested the effects of the MLC mutants on basal and
stimulated NKCC activity. LLC-PK1 cells were either un-
treated (Control) or infected with WT-, AA-, or DD-MLC, and
3 days later NKCC activity was determined under isotonic and
hypertonic conditions. As shown in Fig. 5, hypertonicity in-
creased the rate of NKCC activity 5.1-fold in untransduced
control cells (Control). A similar effect was observed in WT-
MLC infected cells, indicating that the presence of exog-
enously supplied MLC does not interfere with the basal NKCC

activity or its hypertonic stimulation (WT-MLC, Fig. 5). In
AA-MLC-expressing cells, the basal (isotonic) NKCC activity
was slightly elevated, although this was not significantly dif-
ferent from control or WT-MLC-expressing cells (Fig. 5).
Importantly, in AA-MLC-expressing cells, hyperosmolarity
remained able to stimulate NKCC to the same level observed
in nontransduced or WT-MLC-expressing cells (AA-MLC,
Fig. 5). Finally, transduction with DD-MLC failed to signifi-
cantly increase NKCC activity, suggesting that DD-MLC is
insufficient to activate NKCC (DD-MLC, Fig. 5). Furthermore,
in the presence of DD-MLC, the hyperosmotic NKCC activity
reached the same level as that of control cells (DD-MLC, Fig.
5). Taken together, these results show that while AA-MLC can
suppress hyperosmotically induced MLC phosphorylation, it
has no significant effect on hyperosmotic NKCC activation.
Furthermore, expression of DD-MLC, which mimics phos-
phorylated MLC, does not in itself activate NKCC and cannot
potentiate hyperosmolarity-induced activation of NKCC.
These results suggest that MLC phosphorylation per se is
neither required nor sufficient for hyperosmotic NKCC activa-
tion.

Induction of cortical MLC phosphorylation is not sufficient
for NKCC activation. Next, we asked whether an increase in
endogenous myosin phosphorylation could affect NKCC. We
also considered that the MLC mutants might not efficiently
distribute in all MLC pools. Because NKCC is likely to be
affected by near-membrane (i.e., peripheral) MLC pools, we
wished to test the effect of elevated peripheral MLC phosphor-
ylation on NKCC. Uncoupling of cell-cell contacts by removal
of extracellular Ca2� has been shown to induce peripheral
MLC accumulation and phosphorylation in epithelial cells (12,
23), and our data show that this phenomenon is present in
LLC-PK1 cells as well. Indeed, there was very little ppMLC in
the cytosol or at the periphery in control cells, while Ca2�

removal resulted in a robust accumulation of ppMLC at the cell
periphery (Fig. 6, A and B). In parallel experiments, we
determined NKCC activity under the same conditions. As
shown in Fig. 6C, Ca2� removal had no significant effect on
NKCC activity, strongly suggesting that peripheral MLC phos-
phorylation in itself is insufficient to activate the cotransporter.
The lack of activation was not due to a Ca2� removal-induced
suppression of transporter activity, because NKCC remained
responsive to, and was markedly activated by, hypertonic stress
after Ca2� removal (Fig. 6C).

To assess the mechanism underlying peripheral MLC phos-
phorylation upon Ca2� removal, we tested the effect of various
inhibitors on this process. ML-7 did not prevent the rise in
MLC phosphorylation (Fig. 6D), while both the ROK inhibitor
Y-27632 and the Rho family inhibitor Clostridium toxin B
abolished this response (Fig. 6, E and F). This suggests that the
ensuing peripheral MLC phosphorylation was mediated by the
ROK pathway. These data further substantiate the dissociation
between peripheral MLC phosphorylation and NKCC regula-
tion. Specifically, ML-7 inhibited NKCC but did not reduce
peripheral MLC phosphorylation, whereas Y-27632 and Clos-
tridium toxin B, which were able to prevent peripheral MLC
phosphorylation, had no effect on basal or hyperosmotically
induced NKCC activity (9) (not shown for Clostridium toxin B).

Myosin ATPase activity contributes to hyperosmotic regu-
lation of NKCC. MLCK has been shown to influence myosin
ATPase activity in a MLC phosphorylation-independent fash-

Fig. 5. The effect of MLC mutants on basal and hyperosmotically stimulated
NKCC activity. LLC-PK1 cells were either left untreated (Control) or trans-
duced with viral particles encoding WT-, AA-, or DD-MLC, and 72 h later, the
bumetanide-sensitive 86Rb uptake was determined under isotonic and hyper-
tonic conditions (n � 3). One-way ANOVA showed that none of the isotonic
values were significantly different from each other and that none of the
hypertonic values were significantly different from each other. P � 0.05.
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ion (14, 54) by directly binding to the myosin heavy chain and
stimulating myosin ATPase activity. Furthermore, while an
increase in myosin phosphorylation is not the signal for en-
hanced NKCC activity, a basal level of myosin activity may be
a necessary permissive factor for the hypertonic response. To
examine this possibility, we used blebbistatin, a novel and
highly specific inhibitor of myosin II ATPase activity (33, 52).
To determine whether blebbistatin effectively penetrated the
cells, we initially performed F-actin staining. Blebbistatin
caused a dramatic reduction in the number of stress fibers and
induced a relaxed cell morphology, which manifested as a
longer and convoluted actin rim at the cell perimeter (Fig. 7A).
Next, we tested the effect of the drug on the osmotic and Cl�

depletion-induced NKCC activation. As shown in Fig. 7B,
blebbistatin did not significantly alter the basal activity of
NKCC. Importantly, it reduced hypertonicity-induced NKCC
activation by 38% (P � 0.001), while it had no effect on Cl�

depletion-induced activation (Fig. 7B). Interestingly, MLCK
inhibition using K252a, which abolished basal MLC phosphor-
ylation, showed the same effect as blebbistatin in that both
compounds specifically, and to a similar extent, inhibited the
hyperosmolarity-induced NKCC activity. These findings sug-
gest that myosin ATPase activity is a significant factor in the
osmotic regulation of NKCC, and they are consistent with the
possibility that MLCK may regulate NKCC activity by directly
regulating myosin ATPase activity.

Previous studies have shown that, in certain cell types, the
F-actin skeleton plays an important role in the regulation of
NKCC upon osmotic (20, 41) or hormonal stimulation (32, 34,
40). Because blebbistatin induced stress fiber disassembly and
therefore a major change in the actin skeleton, it was conceiv-
able that its effect on the transport was not directly due to the
inhibition of the myosin ATPase, but rather to the consequent

disruption of the actin skeleton. To address this possibility, we
treated the cells with latrunculin B (LatB), a potent actin
monomer-sequestering agent that was shown to inhibit NKCC
activation in lung epithelial cells (32). LatB caused gross
F-actin depolymerization that manifested in the elimination of
stress fibers and a drastic decrease in the intensity of the
peripheral F-actin ring (Fig. 7A). Despite these robust cytoskel-
etal changes, LatB affected neither the basal activity of NKCC
nor its hyperosmotic stimulation (Fig. 7C). Similar results were
obtained when the cytoskeleton was disrupted with Clostrid-
ium toxin B, a potent inhibitor of Rho, Rac, and Cdc42 (not
shown). Thus, although these Rho family GTPases are stimu-
lated by hyperosmolarity (8, 9, 30), our results indicate that
neither their activity nor overall cytoskeletal integrity is re-
quired for the osmotic stimulation of NKCC in LLC-PK1 cells.
These observations also imply that the inhibitory action of
blebbistatin was not due to alterations in F-actin. On the other
hand, our findings do not exclude the possibility that remaining
peripheral F-actin structures, which may be less affected by the
applied pharmacological agents, participate in the maintenance
of localized, actomyosin-based contractility.

LLC-PK1 cells express mRNA for both NKCC1 and NKCC2.
Because LLC-PK1 cells are derived from the kidney and have
been reported to contain NKCC activity in their apical (brush
border) membrane (5), we wondered which cotransporter iso-
forms they might express. Because the commercially available
antibodies produced poor labeling in LLC-PK1 cells, we
sought to gain some insight into this question by performing
RT-PCR (Fig. 8). We designed isoform-specific primers on the
basis of the alignment of human, rat, and mouse sequences for
NKCC1 and NKCC2. With the use of these probes, the
message for both NKCC1 and NKCC2 was clearly detected in
murine kidney, a tissue that served as a positive control.

Fig. 6. Induction of peripheral MLC phosphor-
ylation fails to induce NKCC activation. Ca2�

removal-induced peripheral MLC phosphoryla-
tion, and the effect of various inhibitors on the
process is shown. LLC-PK1 cells were preincu-
bated in Iso NaCl containing vehicle (A and B),
75 �M ML-7 (D), 20 �M Y-27632 (E), or 0.8
�g/ml Clostridium toxin B (F) for 30 min. F: 0.8
�g/ml Clostridium toxin B was already present
during serum deprivation until cell rounding was
achieved (	2–3 h). Subsequently, cells were
either left untreated (A) or exposed to Ca2�-free
Iso NaCl for 15 min (B and D–F) in the presence
of vehicle or under the same inhibitor condi-
tions. Cells were then fixed and immunostained
using a ppMLC-specific antibody. C: effect of
external Ca2� removal on basal and osmotically
stimulated NKCC activity. LLC-PK1 cells were
incubated in Ca2�-containing (�) or Ca2�-free
(�) medium for 5 min. Subsequently, NKCC
activity was determined as the bumetanide-sen-
sitive cellular uptake of 86Rb under isotonic or
hypertonic conditions in the presence (�) or
absence (�) of external Ca2�. A representative
sample of two separate experiments performed
in triplicate is shown.
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Importantly, LLC-PK1 cells also contained mRNA for both
NKCC1 and NKCC2. In contrast, only NKCC1 mRNA was
present in PAECs as well as in MEFs. As a loading control,
�-actin RT-PCR was performed, which showed comparable
message levels in each sample (Fig. 8). Collectively, these data
show that our probes were able to specifically amplify NKCC1
and NKCC2 from both murine and porcine tissues and that
LLC-PK1 cells express both isoforms at the mRNA level.
Clearly, future studies are warranted to establish whether (and
if so, to what extent) NKCC2 might contribute to the apical
NKCC activity in LLC-PK1 cells (see DISCUSSION).

DISCUSSION

The central aim of the present study was to examine the role
of MLC phosphorylation in the osmotic regulation of NKCC.
On the basis of pharmacological and genetic approaches,
which either induce or mimic MLC phosphorylation, our
results clearly indicate that an increase in MLC phosphoryla-
tion itself is not a sufficient trigger to activate NKCC in kidney
tubular cells. Moreover, prevention of the hypertonicity-in-

duced increase in endogenous MLC phosphorylation by a
dominant negative form of MLC did not reduce the osmotic
stimulation of NKCC, providing further evidence that a net rise
in MLC phosphorylation is not necessary for the effect. On the
other hand, basal myosin ATPase activity proved to be a
requirement for the maximal stimulation of NKCC by hyper-
osmotic stress, indicating a permissive role for the contractile
apparatus in the regulation of the cotransporter.

These conclusions may appear somewhat surprising because
previous reports from several laboratories, including our own,
have shown that the MLCK inhibitor ML-7 or ML-9 reduced
the osmotic (9, 26, 27) or agonist-induced (1, 20) activation of
NKCC. Indeed, the notion of the contractile regulation of
NKCC stemmed from such pharmacological studies. However,
several observations support the concept that the ML-7-in-
duced inhibition of NKCC is not (or is not exclusively) due to
the inhibition of MLCK-mediated MLC phosphorylation. The
dose of ML-7 required to achieve maximal inhibition ranged
from �1 �M to �100 �M, depending on the cell type tested.
Because the Ki of ML-7 for MLCK is 0.3 �M, results obtained
at near-micromolar doses (e.g., in Ehrlich ascites cells; Ref. 27)
likely reflect an MLCK-dependent effect. However, this result
is doubtful at higher concentrations, at which the drug is
known to affect a variety of other kinases, including PKA
(IC50 � 21 �M) and PKC (IC50 � 42 �M) (as listed in the
Biomol catalog; see also Refs. 25, 49). Importantly, our data
provide direct evidence that in LLC-PK1 cells, ML-7 exerts its
effect independently of MLC phosphorylation. First, ML-7
inhibited the hypertonicity-induced and Cl� depletion-trig-
gered NKCC activation equally, despite the fact that Cl�

depletion (as opposed to hypertonicity) did not provoke any
MLC phosphorylation. Second, ML-7 reduced the basal NKCC
activity as well, without inducing a decrease in basal MLC
phosphorylation. This effect is in contrast to that of K252a,
which abolished basal MLC phosphorylation without reducing

Fig. 7. Inhibition of myosin II ATPase using
blebbistatin reduces osmotic activation of
NKCC, independent of stress fiber disassem-
bly. Serum-deprived LLC-PK1 cells were
preincubated in Iso NaCl in either the ab-
sence (Control) or the presence of blebbista-
tin (100 �M) or latrunculin B (LatB; 5 �M)
for 30 min. In A and B, blebbistatin was
already present during serum deprivation. A:
cells were stained for F-actin using rhodam-
ine-phalloidin. B and C: cells were incubated
in Iso NaCl or Iso NaMSA for 30 min under
the same inhibitor conditions. Subsequently,
cells were incubated in Cl�-containing me-
dium that was either isotonic (Iso and Cl�-
dep) or hypertonic (Hyp) while maintaining
the same inhibitor concentrations, and bu-
metanide-sensitive 86Rb uptake was deter-
mined (B and C; n � 3).

Fig. 8. LLC-PK1 cells contain mRNA for both NKCC1 and NKCC2. Total
mRNA was isolated from mouse kidney, LLC-PK1 cells, porcine aortic
endothelial cells (PAEC), and mouse embryonic fibroblasts (MEF). RT-PCR
was then performed using primers specific for NKCC1, NKCC2, and �-actin.
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either the basal or the Cl� depletion-enhanced activity of the
cotransporter; however, it specifically inhibited the hypertonic
stimulation of NKCC. In addition, blebbistatin, a direct and
specific inhibitor of myosin ATPase (33, 52), also failed to
affect basal or Cl� depletion-induced transport, while it par-
tially inhibited the hypertonic effect. Finally, it is noteworthy
that the maximal (	60%) inhibition exerted by ML-7 was
significantly higher than the reduction (	35%) obtained after
total inhibition of basal MLC phosphorylation or the myosin
ATPase. The latter observation also implies that a substantial
portion of the osmotic NKCC activation is entirely independent
of myosin.

Clearly, in our cellular setting, ML-7 affects NKCC regula-
tion through factors other than MLC phosphorylation. Consis-
tent with this idea is the hypothesis that ML-7 might influence
putative volume sensitive kinases because it activated the
K�-Cl� cotransporter (KCC), a swelling-stimulated ion trans-
locator, apparently in an MLCK-independent fashion (25).
Because KCC is regulated by a swelling-inactivated kinase and
can also bind to PASK (46), it is conceivable that PASK or
similar kinases might be sensitive to ML-7. An argument
against this possibility is that ML-7 was reported not to inhibit
the total level of NKCC phosphorylation (26). However, an
important complicating factor in the interpretation of these data
is that ML-7 in itself strongly increased NKCC phosphoryla-
tion under isotonic conditions (26). This finding implies that
ML-7 may indeed modify NKCC phosphorylation. Because
the individual target threonine and serine residues, some of
which may be stimulatory or inhibitory (11, 35), have not been
identified, future studies are required to clarify the functional
significance of this phenomenon. Regrettably, we were unable
to precipitate NKCC from LLC-PK1 cells efficiently with the
available antibodies. Nonetheless, regardless of the underlying
mechanism, these observations verify that NKCC inhibition
obtained by high ML-7 concentrations cannot be accounted for
by an inhibitory action on MLC phosphorylation.

In principle, two major factors may be responsible for the
differential inhibitor sensitivity of the hyperosmotic stimula-
tion of NKCC in various cells: differences in the signaling
pathways relaying osmostress to the cotransporter and/or dif-
ferences in the cotransporter isoform being affected by these
pathways. Regarding the first possibility, it is very likely that
the relative contribution of MLCK to MLC phosphorylation
varies greatly in different tissues. For example, in LLC-PK1
cells, the ROK pathway appears to be the primary, although not
the exclusive, determinant of overall MLC phosphorylation (9,
39). It is conceivable, however, that in Ehrlich ascites cells,
MLCK has a predominant role, and therefore its inhibition
could reduce basal MLC phosphorylation and thus myosin
ATPase activity to a subthreshold level that is insufficient to
maintain a permissive effect for osmotic activation.

Previously, the contractile regulation of NKCC was studied
in cells that express NKCC1 exclusively. Our data show that,
at least at the mRNA level, LLC-PK1 cells express NKCC2 as
well. Interestingly, LLC-PK1 cells have been shown to contain
apically localized (brush border) NKCC activity (5). Because
our transport measurements were conducted on confluent
monolayers with 86Rb added from the apical side, it seems
probable that apical cotransporters significantly contributed to
the measured unidirectional ion flux. While these findings are
consistent with the possibility that NKCC2 might participate in

the measured cotransporter activity, it remains to be estab-
lished whether the apical cotransporter of LLC-PK1 cells is
indeed NKCC2. Similarly, future studies are warranted to
address whether the permissive (as opposed to signaling) role
of myosin described herein is a property of both isoforms or is
a characteristic of NKCC2.

The limitations of the pharmacological approaches prompted
us to investigate the role of myosin phosphorylation by cell
biological means as well. This was achieved with the use of
myosin mutants that are either nonphosphorylatable (AA-
MLC) or mimic the diphosphorylated form (DD-MLC). AA-
MLC has been shown to inhibit cell migration in HeLa cells
and was proposed to act both by replacing the normal MLC in
myosin and by inhibiting MLCK (13). We verified that AA-
MLC acts as a potent dominant negative construct in LLC-PK1
cells, because it abrogated MLC phosphorylation induced by
TGF-�1, depolarization, or hyperosmolarity. However, AA-
MLC (similar to WT-MLC) did not suppress, and in fact
slightly elevated, basal MLC phosphorylation, an effect that
might be due to its interference with myosin phosphatase. We
also showed that DD-MLC functions as a constitutively active
construct, because it was able to prevent the cytoskeleton-
disrupting effects of Rho inactivation. Nonetheless, AA- or
DD-MLC did not interfere with the basal or osmotic activity of
NKCC. These findings, together with our previous observation
that ROK inhibition drastically reduces MLC phosphorylation
yet has no effect on NKCC activation (9), provide strong
support for the concept that an increase in MLC phosphoryla-
tion is not a trigger for osmotic cotransporter activation.

Nonetheless, it remained plausible that a basal level of
myosin-dependent contractility could play a permissive role in
the shrinkage-induced cotransporter activation. Indeed, this
notion was supported by our findings that the myosin II
ATPase inhibitor blebbistatin reduced the osmotic activation of
NKCC by 35% and that the total abolition of MLC phosphor-
ylation by K252a was accompanied by a similar reduction in
hypertonic transport. Importantly, neither treatment reduced
the isotonic NKCC activity. If MLCK activity is a necessary
upstream component of this effect, it may contribute to con-
tractility via two mechanisms. First, MLCK may maintain a
basal level of phosphorylation of a small pool of MLC near the
plasma membrane. However, this MLC pool must be ROK
independent and unavailable to inhibition by AA-MLC. This
possibility cannot be excluded fully, because AA-MLC, which
abolished central MLC phosphorylation by TGF-�1 treatment,
appeared to be slightly less effective at inhibiting peripheral
MLC phosphorylation induced by depolarization. Alterna-
tively, MLCK may bypass MLC phosphorylation and act
directly on myosin. This possibility is supported by findings
that MLCK can bind directly to myosin II and stimulate its
ATPase activity (14, 54). Conceivably, MLCK may influence
NKCC activity directly as reported for a Ca2� channel (50).
However, this mechanism is less likely, because myosin activ-
ity proved to be involved in osmotic cotransporter activation.

The mechanism whereby myosin activity contributes to the
maintenance of the osmotic sensitivity of NKCC remains to be
elucidated. Myosin activity may help to keep NKCC in a
responsive conformation or may provide a cytoskeletal struc-
ture necessary for the docking of NKCC-regulatory factors.

Finally, because the various pharmacological agents could
affect non-MLC-related signaling events as well (e.g., K252a
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also inhibits PKC and PKA), we should briefly consider their
potential involvement. PKC has been implicated in osmotic
NKCC1 stimulation (21, 31), presumably upstream of ERK
(31, 55). However, in LLC-PK1 cells, inhibition of ERK
activation by PD-98059 had no effect on the osmotic stimula-
tion of NKCC (data not shown). PKA was reported to inhibit
NKCC2 (29), which may account for the stimulatory effect of
K252a on basal transport, but not for the inhibitory effect on
hypertonic stimulation. Importantly, both ML-7 and K252a
might influence calmodulin (CaM)-dependent signaling, which
also was implicated in NKCC regulation (27). However, hy-
pertonicity does not significantly alter cytosolic Ca2� (43), and
chelation of intracellular Ca2� by BAPTA did not alter the
hypertonic 86Rb uptake in our cells (data not shown), in
agreement with earlier findings in endothelium (43). Nonethe-
less, Ca2�-independent, tyrosine phosphorylation-mediated ac-
tivation of CaM and its subsequent binding to the Na�/H�

exchanger type 1 (NHE1) has been described as a prime
mechanism for the osmotic activation of NHE1. Interestingly,
a high concentration of ML-7 blocks the osmotic NHE1 acti-
vation as well (51), in a presumably MLCK-independent man-
ner (15). Direct activation of NKCC by CaM should be
considered an attractive candidate mechanism because both
NKCC1 and NKCC2 have putative CaM-binding sites, and our
preliminary data suggest that CaM translocates to the cell
periphery upon osmotic shock. Future studies should test the
hypothesis that the alternative CaM activation represents an
ML-7-sensitive yet MLCK-independent mechanism involved
in the osmotic regulation of NKCC isoforms.
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