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Abstract

The capacity of the corneal epithelium to adapt to hypertonic challenge is dependent on the ability
of the cells to upregulate the expression and activity of cell membrane-associated Na-K-2Cl
cotransporterl (NKCC1). Yet, the signaling pathways that control this response during hypertonic
stress are still unclear. We studied stress-induced changes in proliferation and survival capacity of
SV40-immortalized human (HCEC) and rabbit (RCEC) corneal epithelial cells as a function of (i)
the magnitude of the hypertonic challenge, (ii) differential changes in activation of mitogen-activated
protein kinase (MAPK), and (iii) the extent of p38MAPK interaction with NKCCL1. Cells were
incubated in hypertonic (up to 600 mOsm) media for varying time periods up to 24 h. Phosphorylated
forms of p44/42, p38, and stress-activated protein kinase/c-Jun N-terminal kinase (SAPK/INK)
MAPK were immunoprecipitated from cell lysates, and the amount of each activated NKCC1-
associated MAPK was evaluated by Western blot/ECL assay. DNA integrity was assessed by
electrophoresis in a 2% agarose gel. Cell survival and proliferation were evaluated based on three
criteria; protein content, cell count, and the MTT assay. Exposure to media of 325-350 mOsm
increased proliferation of HCEC up to 75%, whereas this response was limited to <16% in RCEC.
At higher osmolarities, cell proliferation decreased in both species. SAPK/INK activity increased
150-fold in HCEC and <10-fold in RCEC, while DNA fragmentation occurred only in HCEC.
Compared to HCEC, the better RCEC survival rate was associated with higher p38MAPK activity
and near complete restoration of p44/42MAPK activity after the first 30 min. In both cell lines, the
amount of phospho-NKCC1 that coimmunoprecipitated with phospho-p38MAPK was proportional
to the magnitudes of their respective activation levels. However, no such associations occurred
between amounts of phosphorylated p44/42MAPK or SAPK/JNK and phospho-NKCC1. Under
isotonic conditions, with bumetanide-induced inhibition of RCEC and HCEC NKCC1 activities,
p44/42MAPK activity declined by 40 and 60%, respectively. Such declines led to proportional
decreases in cell proliferation. Survival of hypertonicity-stressed corneal epithelial cells depends
both on p38MAPK activation capacity and the ability of p38MAPK to stimulate NKCC1 activity
through protein-protein interaction. The level of NKCC1 activation affects the extent of cell volume
recovery and, in turn, epithelial survival capacity.
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1. Introduction

The barrier function provided by the corneal epithelium is essential for preservation of normal
vision. In this capacity, the corneal epithelium protects the corneal stroma from permeation of
noxious and infectious agents. Changes in proliferation and death (i.e., apoptosis) of the corneal
epithelial cells potentially compromises the efficacy of the barrier by disrupting tight junctional
integrity between the cells, thus resulting in the loss of optical transparency (Lu et al., 2001).

During an osmotic challenge, cells are able to function normally, provided that they are able
to sustain their volume within narrow (3%) boundaries; this is achieved through activation of
various regulatory volume mechanisms (Bortner and Cidlowski, 1998). The specific
mechanism that mediates maintenance of isotonic cell volume during hypertonic stress is
referred to as regulatory volume increase (RVI) (Hoffmann and Dunham, 1995; Hoffmann and
Simonsen, 1989; Strange, 2004). Such control is requisite for cell cycle progression and
proliferation (Anbari and Schultz, 1993; Burg, 2002). Should such regulation be inadequate,
cell proliferation declines and apoptosis may ensue (Bortner and Cidlowski, 1998; Maeno et
al., 2000; Okada et al., 2001). Exposure to a hypertonic stress that doubles normal osmolarity
is one of the well-known triggers of apoptosis (Rosette and Karin, 1996). Osmotic shrinkage
directly activates the apoptotic machinery in a variety of cell lines (Burg, 2002; Lang et al.,
2002; Moran et al., 2000; Terada et al., 2001), the effect being most prominent in cells that
lack or have limited capacity for RVI (Bortner and Cidlowski, 1996; Bortner and Cidlowski,
1998). Apoptosis, which occurs predominantly in proliferating cells, includes the following
successive stages: (i) reduction of cell volume and detachment from neighboring cells, (ii)
mitochondrial dysfunction, (iii) condensation of chromatin and (iv) fragmentation of DNA
(Kerr et al., 1972; King and Cidlowski, 1995; Michea et al., 2002).

The Na-K-2Cl cotransporter (NKCC), an essential component of the membrane ionic transport
mechanism underlying RVI activation (Geck and Pfeiffer, 1985; Jensen et al., 1993), has two
isoforms—NKCC1 and NKCC2 (Russell, 2000). The isoform mediating RV1 in secretory
epithelia, such as the corneal epithelium, is NKCCL1. In SV40-immortalized rabbit corneal
epithelial cells (RCEC), maintenance of regulatory volume mechanisms during chronic
hypertonic conditions is dependent on upregulation and protein expression of the NKCC1 gene
(Bildin et al., 2000). However, S\V40-immortalized human corneal epithelial cells (HCEC) are
unable to provide such a safeguard under similar conditions. This deficit is due to a much more
rapid decline in proliferative activity in HCEC than in RCEC during exposure to chronic
hypertonic stress. Such a limitation in HCEC is in concordance with their inability to maintain
their RVI capacity during exposure to a hypertonic challenge.

Upregulation of NKCC1 function is dependent on an increase in its phosphorylation status,
which may occur through stimulation of a limb of the mitogen-activated protein kinase
(MAPK) superfamily or via a volume-sensitive kinase (Klein et al., 1999; Kurihara et al.,
2002; Liedtke and Cole, 2002). Therefore, control of NKCC1 expression and activity is
essential for chronic/acute hypertonic stress adaptation, which is required for timely restoration
of the corneal epithelia’s barrier function in response to such challenges.

During hypertonic stress in corneal epithelia, the identity of and interplay between the signaling
pathways that induce apoptosis are unclear. Differential activation by hypertonic stress of three
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major subfamilies of MAPK cascades determines cell survival and proliferative capacity. In
most cell lines, two of these subfamilies—stress-activated protein kinase/c-Jun N-terminal
kinase (SAPK/JNK) and p38MAPK—induce cell cycle delay, cellular repair, or apoptosis in
response to a hypertonic challenge (Kyriakis and Avruch, 1996). Another subfamily—p44/42
MAPK—is primarily responsible for transduction of mitogenic signals induced by growth
factor; inhibition of p44/42MAPK activity accelerates cell death (Lee et al., 2005). However,
in human limbal epithelial cells, hyperosmolarity-induced activation of the p44/42MAPK
pathway induces inflammation (Li et al., 2006). These considerations suggest that the dynamic
balance between the growth factor-activated p44/42MAPK pathway and the stress-activated
p38MAPK and SAPK/INK pathways is cell-type specific and may be critical for determining
whether a cell survives or undergoes apoptosis (Xia et al., 1995). During exposure to an acute
hypertonic challenge (i.e., 600 mOsm for 30 min), sufficient activation of the p38MAPK
pathway is essential for maintenance of epithelial cell volume as well as for recovery of
epithelial layer barrier function. On the other hand, restoration of p44/42MAPK activity seems
to be dependent on the extent of cell volume recovery (Bildin et al., 2003). Neither the identity
of nor the interactions between the hypertonic stress-activated signaling pathways that
determine cell fate have been delineated in either HCEC or RCEC. Furthermore, the nature of
the hypertonicity-induced MAPK pathway interaction with NKCCL1 has not been described.

The present study demonstrates that 24-hour exposure of HCEC to moderate (up to 350mQOsm)
increases in tonicity stimulates cell proliferation but does not induce cell death; however,
greater hypertonic stress does activate apoptosis. Survival of hypertonicity-stressed HCEC and
RCEC depends on both the magnitude of p38MAPK activation and on stimulation of NKCC1
activity. These effects are associated with p38MAPK/NKCC1 protein-protein interaction,
which are needed to elicit an adequate RVI response for survival.

2. Materials and methods

2.1. Cell culture and treatment

SV40-adenovirus-immortalized HCEC and RCEC (generous gifts from Dr. Araki-Sasaki,
Kumamaoto University Kumamoto, Japan) were cultured in Dulbecco's modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 5 ng/ml epidermal growth factor
(EGF), 5 pg/ml insulin, and an antibiotic mixture of penicillin and streptomycin. Cells were
grown in an atmosphere of 5% CO, and 95% ambient air at 37°C. Tonicity of the media was
increased by adding NaCl or sucrose.

2.2. Cell proliferation analysis

Cell proliferation was assessed by three separate methods: protein content measurement, cell
count, and the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. To
monitor proliferation by protein content, cells exposed to hypertonic (325-600 mOsm) media
for 24 h were lysed and protein amount measured using the Micro BCA protein assay kit (Pierce
Biotechnology, Rockford, IL, USA), as previously described, and normalized to the protein
amount under isotonic conditions. For cell count assays, cells were plated in 60-mm plates, as
described above, and cultured in a 300 mOsm medium for 24 h. Cells were then exposed to
hypertonic (325-600 mOsm) media. Trypsin-EDTA (0.05%) was used to detach cells from the
plates. Analiquot of this cell suspension was taken, and cells were counted in a hemocytometer
and exposed to trypan blue to monitor viability. Measurement of mitochondrial succinate
dehydrogenase (SDH) activity was achieved using the MTT assay kit according to
manufacturer’s instructions (American Type Culture Collection, Manassas, VA, USA). In
brief, corneal epithelial cells were seeded in 96-well plates (Falcon) at a density of 10% cells/
well in isotonic (300 mOsm) medium for 24 h. Isotonic medium was replaced by hypertonic
medium, as indicated above, for an additional 24 h. Cells were incubated with 10 pl MTT
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reagent for 2—4 h at 37°C. Following purple precipitate development, cells were solubilized
by adding DTT detergent reagent (100 pl) to each well and kept in the dark overnight.
Absorbance at 570 nm was measured using a Fusion™ Universal Microplate Analyzer (Perkin-
Elmer, Boston, MA, USA).

2.3. DNA fragmentation ladder assay

Genomic DNA was isolated using the Wizard Genomic DNA Purification Kit (Promega,
Madison, WI, USA), as described by the manufacturer. DNA integrity was analyzed by
electrophoresis in high-resolution 2% agarose gel (Bortner et al., 1995). Apoptosis was
evaluated based on DNA fragmentation (“laddering”), which was quantified using Sigmagel
software (Jandel Scientific, San Rafael, CA, USA).

2.4. Cell lysate preparation

Lysates were prepared using a previously described method, with slight modifications (Bildin
etal., 2000). In brief, cells were plated at a density of 10° cells in 60-mm culture plates (Fisher
Scientific, Pittsburgh, PA, USA) and grown to 60-70% confluence. Cells were deprived of
serum and growth factors for 24 h before treatment. After exposure to hypertonic media, cells
were washed twice with phosphate-buffered saline (PBS) and homogenized on ice with
homogenization buffer—20 mM Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1.5 mM EGTA,
2.5 mM sodium pyrophosphate, 10 mM B-glycerolphosphate, and 1 mM NazgVO,4)—
supplemented with a protease inhibitor mixture—1 mM benzamidine, 10 pg/ml leupeptin, 10
ug/mlaprotinin, and 1 mM phenylmethylsulfonyl fluoride (PMSF). Cells were sonicated (three
times at 40 mV for 10 s each) and centrifuged at 12 000 rpm for 15 min at 4°C to pellet cellular
debris. To obtain plasma membrane-enriched fractions, the supernatant was centrifuged at 32
000 rpm for 30 min at 4°C. The resulting pellets were resuspended in 100 ul of 2% sodium
dodecylsulphate (SDS). The total protein concentrations of the resulting whole cell and
membrane-enriched fraction lysates were measured with the Micro BCA protein assay Kit.
Lysates were dissolved in equal volumes of Laemmli sample buffer—12.5 mM Tris/HCI (pH
6.8), 4% SDS, 20% glycerol, 2.5% B-mercaptoethanol, and 0.1% bromophenol blue.

2.5. Kinase activity assay and immunoprecipitation

Activity of p38MAPK, p44/42MAPK, and SAPK/INK Kkinases was evaluated using kinase
assay kits in accordance with manufacturer’s instructions (Cell Signaling Technology, Inc.,
Beverly, MA). Immunoprecipitation experiments were performed as previously described (Du
et al., 2006). In brief, corneal epithelial cells grown in 60-mm culture plates were exposed to
isotonic media (300 mOsm) in the presence or absence of 50 uM bumetanide, or to hypertonic
media for the indicated time period. After harvesting the cells, a sample was centrifuged at 13
000 rpm at 4°C for 15 min. Cell lysates were subjected to immunoprecipitation. Supernatant
was pre-cleared with 50 ul of 50% vol/vol of Proteins A and G (Santa Cruz Biotechnology)
with the appropriate control 1gG for 30 min at 4°C, followed by centrifugation at 2500 rpm for
30 s. The Micro BCA protein assay kit was used to determine protein concentration. Equal
amounts of protein were subjected to immunoprecipitation with R5 anti-phospho-NKCC1
antibody (generously provided to us by B. Forbush, Yale University). In vitro p38MAP kinase
activity was measured in equal amounts of protein, immunoprecipitated with immobilized
p38MAPK (Thrl180/Tyr182) antibody. The kinase reaction was performed in the presence of
ATF2 fusion protein and cold ATP. Phosphorylation of ATF2 was measured by Western blot
using phospho-ATF2T71. For extracellular signal-regulated kinase (Erk)1/2 activity, Elk-1
(Ser383) was used as the substrate following immunoprecipitation with immobilized anti-
Erk1/2/ antibody. With the JINK assay, equal amounts of protein were immunoprecipitated with
c-Jun (Ser63) fusion protein beads overnight. After washing the beads, INK kinase assays were
performed according to manufacturer’s instructions (New England Biolabs, Ipswich, MA).
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Samples were loaded on an SDS-polyacrylamide gel, and immunoblotting was performed with
an antibody against phospho-specific c-Jun. Control immunoprecipitation was performed with
an equivalent amount of cell extract in the absence of primary antibody. Immunoprecipitated
proteins were subjected to Western blot analysis.

2.6. Western blot analysis

3. Results

Western blot analysis was performed as previously described (Bildin et al., 2000). Briefly,
resolved proteins were electrotransferred overnight to PVDF membranes. After blocking with
nonfat dry milk, blots were exposed for 2 h at room temperature to T4 anti-NKCC1
(Developmental Studies Hybridoma Bank, University of lowa, 1A, USA) (1:10 000), R5 anti-
phospho-NKCC1 (1:5000), and anti-p38 (Cell Signaling, Beverly Technology, Inc., MA,
USA), or to either phospho-specific monoclonal antibody ERK1/2 (Tyr-204), p38MAPK
(Thr-180/Tyr-182), Elk-1, ATF-2, or c-Jun (Cell Signaling, Beverly Technology, Inc., MA,
USA). Immunoreactive bands were detected with the appropriate horseradish peroxidase
(HRP)-conjugated secondary antibody (1:2000) and the ECL Plus kit (Amersham Biosciences,
Piscataway, NJ, USA). MAPK activities were quantified by scanning the X-ray film and
quantifying band density using Sigmagel software (Jandel Scientific, San Rafael, CA, USA).
Exposed membranes were stained with colloidal gold (Bio-Rad Laboratories, Hercules, CA,
USA) to verify that each lane contained a similar amount of protein.

3.1. Effects of hypertonicity on HCEC and RCEC proliferation and death

To assess whether increases in medium tonicity affect proliferation and viability of HCEC and
RCEC, we measured the effects of a 24-h increase in medium tonicity on cell protein content,
cell number, and mitochondrial activity during the cells’ logarithmic growth phase. The results
shown in Figures 1A and B indicate that biphasic changes occurred in HCEC, as determined
by protein content and cell count, respectively. At tonicities of 300-350 mOsm, HCEC cell
proliferation was stimulated by up to 175%; at higher tonicities, cell proliferation was
progressively suppressed and cell death observed. On the other hand, RCEC were nearly
insensitive to changes in medium tonicity up to 375 mOsm; however, at higher tonicities, cell
death occurred. Nevertheless, it should be noted that at 600 mOsm, the decline in RCEC
viability, as assessed by protein measurement, was significantly less than that of HCEC—5
and 56%, respectively (Fig. 1A). Cell counts of RCEC and HCEC revealed comparable
viability (2 and 54%, respectively) (Fig. 1B). These results correspond to the individual decline
reported for Erk1/2 activity in hypertonicity-stressed HCEC (Bildin et al., 2003). Further, they
are in agreement with our previous finding that the RVI capacity of RCEC declines less than
does that of HCEC during exposure to such challenges (Bildin et al., 2000). Another commonly
used approach for evaluating cell proliferation and viability is the MTT test, which monitors
mitochondrial SDH activity. Figure 1C shows that mitochondrial activity—normalized to cell
number—increased at values >350 mOsm in both cell lines. It is noteworthy that, at values up
to 350 mOsm, there was ~15% decline of mitochondrial activity normalized to protein content
in HCEC (Fig. 1C), even though the cell numbers rose (Figs. 1A and B). However, at values
>375 mOsm, increases in HCEC mitochondrial activity normalized to protein content were
much greater than those for RCEC.

To evaluate whether there are differences between HCEC and RCEC resistance to different
kinds of osmatic stress, we compared protein contents of cells and mitochondrial activity after
4 h of incubation in a 600 mOsm medium supplemented with either NaCl or sucrose. Figure
2A shows that the protein content of RCEC was more invariant than that of HCEC, suggesting
that RCEC are better able to withstand hyperosmolar stress than are HCEC. Only in HCEC, 4
h exposure to hyperosmolar conditions induced by NaCl supplementation resulted in a greater
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suppression of cell survival than that induced by sucrose—70 and 50%, respectively. However,
these results are not reflective of those obtained with the MTT test. In HCEC, there was an
initial increase (up to 60%) in MTT activity; in RCEC, MTT activity decreased by 50% after
the first 30 min and remained unchanged thereafter. The disparity in results shown in Figures
1 and 2 suggests that the MTT test reflects biphasic changes in mitochondrial activity in dying
cells. This test is, therefore, of limited value for evaluating the effect of hypertonic stress on
cell proliferation and viability. In other words, the MTT test is reflective only of mitochondrial
activity, which is not always an indicator of cell number.

3.2 Relationship between hypertonicity-induced HCEC and RCEC death and differential
activation of SAPK/INK

We investigated (i) whether there is a correlation between development of apoptosis in HCEC
and RCEC and (ii) the adaptive capabilities of HCEC and RCEC during a 6 h exposure to
hypertonic stress. This was accomplished by analyzing DNA integrity after exposure of cells
to a hypertonic (NaCl, 600 mOsm) medium. Figure 3 (inset) shows the time-dependent losses
of HCEC DNA integrity. However, DNA laddering was not observed in RCEC. Quantification
of these data (Fig. 3) demonstrates that after a 6 h exposure to hypertonicity, nearly 50% of
HCEC DNA was fragmented. These results indicate that hypertonicity-induced apoptosis
develops more rapidly in HCEC than in RCEC, a finding consistent with the lesser capability
of HCEC to sustain their RV capacity and proliferate in a hypertonic environment.

Figure 4 (insets A and B) shows a representative Western blot analysis of the time dependence
of SAPK/INK activation in HCEC and RCEC, respectively. After the indicated periods of
exposure to hypertonic media, cells were harvested and lysed. Then, the N-terminal portion of
the c-Jun transcription factor was used to selectively “pull down” SAPK/IJNK from cell lysates.
This was followed by separation on SDS-PAGE. Activity of SAPK/INK was measured on the
basis of its ability to phosphorylate c-Jun. Figure 4 (inset A) demonstrates that HCEC SAPK/
JNK activity increased ~150-fold during the first 4 h of hypertonic stress and continued to
increase for another 2 h. At the same time, the maximum increase of RCEC SAPK/JNK activity
remained <10-fold (Fig. 4, inset B). The correspondence between the time courses for initiation
of apoptosis and activation of SAPK/JNK suggests this signaling pathway to be a mediator of
this response.

3.3 Dependence of p44/42MAPK, p38MAPK and SAPK/JNK activities on NKCC inhibition

Increases in NKCC1 activity and expression are important factors in maintaining isotonic cell
volume during the cell’s exposure to a hypertonic challenge. Proper isotonic maintenance
depends on the ability of cells to upregulate NKCC1 gene expression under osmotic stress
(Schliess et al., 2002). Conversely, the failure of cells to adequately adapt to osmotic stresses
is associated with declines in NKCC1 phosphorylation status or activity (O'Donnell et al.,
1995). The resulting cell shrinkage can lead to the development of apoptosis (Friis et al.,
2005). Accordingly, we evaluated whether bumetanide-induced inhibition of NKCC1 is
responsible for the cell signaling changes that produce alterations in cell proliferation,
ultimately leading to programmed cell death. Figure 5 (A—C) demonstrates typical changes in
HCEC and RCEC Erk1/2 (i.e., p44/42MAPK), p38MAPK, and SAPK/INK activities after 5
min of exposure to isotonic medium in the absence and presence of 50 uM bumetanide. In each
figure, the upper panel shows the effect of NKCC1 inhibition on the ability of “pulled down”
kinases to selectively phosphorylate Elk-1, ATF-2, and c-Jun. Graphic representation of these
data shows that there were (i) >40 and 60% declines in p44/42MAPK activity and (ii) greater
than four- and three-fold increases in p38MAPK activity in RCEC and HCEC, respectively.
On the other hand, SAPK/INK was only activated by ~25% in both cell lines. These results
are in agreement with previous data that indicate that cell shrinkage induced by NKCC1
inhibition leads to (i) declines in Erk1/2 activity and cell proliferation and (ii) activation of
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p38MAPK and RVI, resulting in recovery of cell volume (Bildin et al., 2003; Bildin et al.,
2000). Such restoration is sufficient to stimulate Erk1/2 activity and increase cell proliferation.

3.4 Interaction between NKCC1 and p38MAPK in hypertonicity-stressed cells

It is possible that SAPK/JNK activation leads to apoptosis, whereas p38MAPK activation may
—through its interaction with NKCC1—induce expression of an adaptive response to
hypertonic stress. Our finding that there is an association between hypertonic stress-induced
NKCC1 and p38MAPK activation led us to explore the nature of this interaction. Conceivably,
this kinase merely activates NKCC1 via phosphorylation. Another possibility is that pP38MAPK
is involved in inducing NKCC1 trafficking to the cell membrane. Accordingly, we determined
if acute hypertonic stress leads to changes in (i) association of p44/42MAPK, p38MAPK, and
JNK/SAPK with a cell membrane-enriched fraction containing NKCC1 and (ii) amount of
coimmunoprecipitation of NKCC1 with these phosphorylated kinases. Figure 6A (upper panel)
shows a representative Western blot comparing time-dependent accumulation of NKCC1 in a
cell membrane-enriched fraction, isolated from HCEC and RCEC, following exposure to 600
mOsm hypertonic stress. Figure 6B summarizes the results obtained from such experiments.
Under isotonic conditions, RCEC contains ~two-fold greater total NKCC1 protein content than
does HCEC. Hypertonic conditions induced a 2.4-fold increase in the amount of total NKCC1
in HCEC after 30 min exposure. In RCEC, there was only a 30% increase in cotransporter
accumulation. Figure 6A (lower panel) shows the time-dependent changes in amounts of total
p38MAPK associated with membrane samples of the same membrane-enriched fraction.
Quantification of both cell lines shows that there were similar increases (~5.5-fold) in total
p38MAPK/cell membrane association after the first 5 min (Fig. 6C). However, in RCEC, such
associations declined four-fold after 30 min of hypertonic challenge, whereas there were no
significant changes in HCEC. There were no traces of SAPK/JNK in cell membrane-enriched
fractions, and the insignificant p44/42MAPK contamination of the samples remained
unchanged during hypertonic exposure (data not shown). Taken together, these data document
that there are hypertonic stress-induced increases in cell membrane-associated total p38MAPK
and NKCC1. However, kinetics and patterns of changes in association differ between the two
cell lines. Despite the higher expression level of RCEC NKCC1 under non-stimulated
conditions, hypertonic stress triggers more translocation of NKCC1 to HCEC plasma
membrane than to RCEC plasma membrane. These results suggest that the adaptive response
of RCEC to hypertonic challenge does not result from increased membrane accumulation of
total NKCC1 or p38MAPK during such stress.

To verify if, in hypertonicity-stressed cells, interaction of p38MAPK with NKCC1 is dependent
on kinase activity, we immunoprecipitated phospho-p38MAPK and analyzed its ability to
phosphorylate substrate (ATF-2) and varying amounts of coimmunoprecipitated NKCCL1.
Figure 7A and B show the changes in p38MAPK activity and phospho-p38MAPK/NKCC1
interaction in HCEC and RCEC, respectively, during exposure for 28 min to hypertonic stress.
There was a 20-fold increase in p38MAPK activity and a nearly eight-fold rise in the amount
of phospho-NKCC1 that associated with phospho-p38MAPK in HCEC after 8 min (Fig. 7A).
This trend was maintained for up to 28 min, with insignificant changes in p38MAPK activity
and interaction with NKCC1. There was a remarkable (>90-fold) increase in p38MAPK
activity and an increase of nearly 40-fold in its association with NKCC in RCEC after 2 min.
Thereafter, in RCEC, there was a ~4.5-fold decrease in both p38MAPK activity and in amounts
of associated phospho-NKCC1. No significant amounts of phosphorylated p44/42MAPK and
SAPK/JNK coimmunoprecipitated with p38MAPK/NKCCL1. Additionally, phospho-NKCC1
was never “pulled-down” by anti-phospho-p44/42MAPK or SAPK/JNK monoclonal
antibodies. These results suggest that the p38MAPK/NKCCL1 interaction is strongly related to
p38MAPK phosphorylation status, and that hypertonicity-induced NKCC1 activation is
dependent on that interaction. Therefore, in RCEC, the initial hypertonicity-induced increases
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in p38MAPK activity and its association with NKCC1 were ~four- and six-fold greater,
respectively, than those observed in HCEC. These large differences between HCEC and RCEC
in p38MAP kinase activation and NKCC1 association dwindled after 28 min, but were still
evident.

4. Discussion

In this study, SV40-immortalized RCEC and HCEC were used, rather than primary cultures
of their counterparts. The results obtained with these lines are highly relevant, since previous
studies indicate that transformation does not alter growth factor control of proliferation, cell
cycle progression, or phenotypic cytokeratin profile expression (Kang 2001; Araki-Sasaki et
al, 1993; Araki-Sasaki, 1995). Another consideration for the validity of their use is that
physiological responses to challenges are more consistent in these cell lines, since the cells are
in a more uniform functional state prior to reaching confluence than are those in primary
culture.

Accordingly, the effects of a 24-h exposure to hypertonic stress (325-600 mOsm) on
proliferation and viability of HCEC and RCEC were evaluated based on measurements of
protein content, cell count, and results of the MTT test. In HCEC, there was ~75% stimulation
of cell proliferation during incubation in media of 350 mOsm (Fig. 1). Such stimulation could
be related to the increases in NKCC1 activity induced by this hypertonic challenge, since
NKCC1 activation promotes proliferation. The dependence of an increase in proliferation on
NKCC1 activation is indicated by the finding that this response is suppressed by bumetanide
(Bildin et al., 2000). This association was described in human skin fibroblasts, in which
stimulation of bumetanide-sensitive NKCC by different mitogens was shown to be essential
for cell proliferation (Panet and Atlan, 1991), and the NKCC inhibitors—bumetanide and
furosemide—were shown to inhibit cell proliferation (Panet et al., 1994). Additional evidence
for the dependence of proliferation on amount of NKCC1 comes from the finding that gene
overexpression augments cell proliferation in human skin fibroblasts (Panet et al., 2000). In
the current study, however, the association between tonicity-induced increases in NKCC1
activity and proliferation is species-specific. Only in HCEC did a relatively small increase in
tonicity (up to 350 mOsm) stimulate proliferation, whereas RCEC were insensitive to changes
of up to 400 mOsm. A possible explanation for this disparity is that the RCEC NKCC1 plasma
membrane content is much higher than in HCEC under isotonic conditions (Fig. 6A). This
difference is reflected in the observation that RCEC recover their relative isotonic cell volume
more completely and more rapidly (1.6-fold) than do HCEC during acute hypertonic challenge
(Bildin et al., 2000). Such a difference in extent and rapidity of recovery suggests that RCEC
restore cell contacts more rapidly than do HCEC. Restoration of cell contacts, in turn,
suppresses proliferation and maintains the cells in a quiescent state. It is conceivable that a
delay in restoration of cell contacts in HCEC accounts for why the ERK pathway activation
was only observed in HCEC (data not shown).

At tonicities >375 mOsm, progressive cell death occurred first in HCEC and then in RCEC.
These data are in agreement with those of other mammalian cell reports, which indicate that
osmotic shrinkage slows cell proliferation as result of (i) blocks at the G1 and G2/M
checkpoints, and (ii) S-phase prolongation (Burg, 2002; Dmitrieva et al., 2001; Michea et al.,
2000). Increases in osmolality to levels >550 mOsm/kg induced apoptosis. However, at 600
mOsm, the decline in viability of RCEC was significantly less than that of HCEC—5 and 56%,
respectively—as determined by protein content measurement. This ability of RCEC to better
withstand such a challenge is consistent with the capacity of RCEC to upregulate NKCC1
mMRNA and protein expression; HCEC did not induce such a response (Bildin et al., 2000).
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Three of the many indices used to evaluate cell proliferation rates are measurements of protein
content, cell count, and characterization of mitochondrial activity (the MTT test). However,
our results indicate that MTT test is not an accurate indicator of cell proliferation under the
studied conditions. The discrepancy lies in the fact that increases in mitochondrial activity were
not correspondingly associated with changes in protein amounts and cell number (Figs. 1 and
2). At concentrations <375 mOsm, protein content and cell number (Figs. 1A and B) declined.
However, the ratio of mitochondrial SDH activities to protein content increased (Fig. 1C).
Another disparity is that in the 300-350 mOsm range, proliferation—based on protein content
and cell number—increased, while the normalized MTT assay did not reflect such an increase.
In other words, for HCEC in <350 mOsm medium, the MTT level fell ~15%, even though
Figures 1A and B show that the cell number rose (up to 75%). Furthermore, >375 mOsm,
HCEC increases in SDH activity per cell were much greater than those of RCEC, even though
protein content and cell number (i.e., cell viability) declined more markedly in HCEC. Similar
types of discrepancies are evident from the results shown in Figures 2A and 2B. A tenable
explanation for why changes in mitochondrial activity do not necessarily parallel those of
proliferation is based on a study performed in cultivated yeast. In that study, increases in
medium osmolarity over the same range employed in this study led to a five-fold activation of
6-phosphofructo-2-kinase and, ultimately, increases in SDH activity, with no corresponding
effect on proliferation (Dihazi et al., 2004). Another example of a disparity between the results
obtained with the two assays is that decreased MTT-reducing activity was observed in human
endothelial cells 1 h immediately following inhibition of NADPH oxidase activity, whereas
cell viability was invariant, as estimated by other methods (Balcerczyk et al., 2005). These
considerations, coupled with those in this study, indicate that the MTT assay is not an accurate
measure of proliferation, since mitochondrial activity can increase despite no change (or even
a decline) in proliferation. Another example in which the MTT assay results do not mirror
changes in proliferation is that mitochondrial activity increases prior to apoptosis. Therefore,
the MTT assay should not be used to evaluate changes in cell viability resulting from conditions
that could induce apoptosis.

Increasing medium osmolarity to >500 mOsm can trigger apoptosis, as indicated by
nucleosomal DNA laddering (King and Cidlowski, 1995; Michea et al., 2000; Rosette and
Karin, 1996; Terada et al., 2001). The DNA fragmentation ladder assay shown in Figure 3
reveals a progressive time-dependent increase in HCEC DNA fragmentation. After 6 h
incubation in 600 mOsm, ~50% of the HCEC DNA was fragmented. However, such an effect
was not observed in RCEC. The earlier onset of apoptosis in HCEC than in RCEC is consistent
with the lower capacity of HCEC to undergo RVI and to proliferate in a hypertonic medium
(Bildin et al., 2000). The greater resilience of RCEC versus RCEC to withstand hypertonic
challenges is in agreement with findings from other studies that indicate that maintenance of
cell volume regulatory capacity correlates with resistance to apoptotic cell death during
hypertonic stress. Only cells that exhibit a loss in cell volume degrade their DNA (Bortner and
Cidlowski, 1996). Although nonlymphoid cells lines (e.g., L cells, COS, HelLa, and GH3)
showed a similar initial reduction in cell volume in response to hypertonic conditions, they
subsequently maintained volume or regulated back to a near normal cell volume. In other
words, an essential adaptation to hypertonic stress is a sustained cell volume regulatory
capacity, since offsetting shrinkage protects against induction of apoptosis.

The characterization of stress-activated signaling pathways that induce regulatory volume
responses or apoptosis is complex for a variety of reasons. For one thing, there may be crosstalk
between the various pathways, coupled with the possibility that the same pathway may mediate
different responses in different species. These pathways include MAPK cascades, which are
triggered by osmotic shrinkage to induce apoptosis (Lang et al., 1998). Both ERKSs and the
stress-activated kinase p38 have been implicated in controlling cell survival (Junger et al.,
2003). On the other hand, a number of other reports suggest that SAPK/INK pathway activation
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is an important determinant for inducing cell survival or apoptosis (Malek et al., 1998; Reinehr
et al., 2002; Xia et al., 1995). Accordingly, we analyzed the time dependence of SAPK/INK
activation in HCEC and RCEC. As can be seen in Figure 4, SAPK/IJNK activity increased
maximally >150-fold after the first 4 h of exposure to hypertonic stress in HCEC. However,
in RCEC, this effect was limited to an increase of <10-fold even after 6 h. The correspondence
between the time courses of SAPK/INK activation and apoptosis development (DNA
fragmentation shown in Fig. 3) suggests that this signaling pathway mediates this response.
The inability of HCEC to restore their relative isotonic cell volume through RVI activation
during acute hypertonic exposure leads to programmed cell death. This finding is consistent
with those showing that osmotic shrinkage directly impinges on the apoptotic machinery in a
variety of cell types (Burg, 2002; Lang et al., 2002; Moran et al., 2000; Terada et al., 2001).
The relationship between osmotic shrinkage and apoptosis induction seems to be the most
pronounced in cells that are incapable of offsetting osmotic-induced shrinkage through RVI
(Bortner and Cidlowski, 1996).

During exposure to a hypertonic challenge, RCEC adapt better than do HCEC. This is because
RCEC are able to effectively offset shrinkage through NKCC1 upregulation of gene protein
expression and ion transport activity (Bildin etal., 2000). Here, we determined if, under isotonic
conditions, bumetanide-induced inhibition of NKCC1 activity, followed by cell shrinkage,
induces changes in cell signaling that either compensate for losses in NKCC1 activity by
maintaining proliferative capacity or induce programmed cell death. Figure 5 (A—C) contrasts
changes in HCEC and RCEC Erk1/2 (i.e., p44/42MAPK), p38MAPK, and SAPK/INK
activities after 5 min of cell exposure to isotonic medium in the absence and presence of 50
uM bumetanide. Even such a short-term blockage of NKCC1 activity caused 34 and 53%
decreases in 86Rb uptake (Bildin et al., 2000), and >40 and 60% declines in p44/42MAPK
activity in RCEC and HCEC, respectively (Fig. 5A). These declines also led to proportional
decreases in proliferation of the two different cell types. At the same time, >four- and three-
fold stimulation of p38MAPK activity in RCEC and HCEC, respectively, occurred (Fig. 5B).
As we suggested, the extent and rate of recovery of p44/42MAPK activity and cell proliferation
are dependent on the magnitude of p38MAPK activation and on the extent of restoration of
cell volume (Bildin et al., 2003). On the other hand, the increases of SAPK/INK in both cell
lines were limited to only ~25%. This small increase suggests that this stress-activated kinase
is not directly involved in mediating NKCC1-induced cell volume regulation. Taken together,
these results and previous data are in agreement with one another, and show that the cell
shrinkage induced by NKCC1 inhibition leads to (i) declines in Erk1/2 activity and cell
proliferation and (ii) p38MAPK and RV activation, resulting in recovery of cell volume. Such
restoration is sufficient to induce Erk1/2 activity and cell proliferation.

Our findings that there is an association between hypertonic stress-induced p38MAPK and
NKCC1 activation led us to investigate the nature of this interaction. It is conceivable that this
kinase activates NKCCL1 by direct phosphorylation or that p38MAPK is involved in inducing
NKCC1 trafficking to the cell membrane. Figure 6A documents the time-dependent
accumulation of total NKCCL1 in cell membrane-enriched fractions isolated from HCEC and
RCEC. Surprisingly, during exposure to 600 mOsm hypertonic medium, the rate of NKCC1
accumulation into this fraction was >1.6-fold higher in HCEC than in RCEC. However, in
isotonic medium, the NKCC1 content was ~two-fold greater in RCEC than in HCEC,; this
difference closely parallels the difference in NKCC1 mRNA amounts between these cell lines
(Bildin et al., 2000). In contrast, the results shown in Figure 6A indicate that cell membrane
fraction-associated total p38MAPK increased ~5.5-fold after the first 5 min in both cell lines.
Regarding NKCC1 mobilization into this fraction, the increase was ~two-fold higher in HCEC
than that in RCEC. In addition, after 30 min of exposure, the relative amounts of total
p38MAPK associated with the cell membrane-containing fraction isolated from HCEC
membrane remained nearly unchanged, whereas it fell nearly four-fold in RCEC. However,
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NKCC1 trafficking into this cell membrane-enriched fraction remained unchanged in both cell
lines (Fig. 6A). Taken together, these results make it unlikely that p38MAPK is involved in
the NKCC1 trafficking necessary to activate RV1 in response to hypertonic stress.

To evaluate if, in hypertonicity-stressed cells, interaction of p38MAPK with NKCC1 is
dependent on its kinase activity, phospho-p38 from cell lysates were immunoprecipitated.
Thereafter, analyses were performed to determine (i) p38MAPK’s ability to phosphorylate a
substrate (ATF-2) and (ii) if phospho-NKCC1 coimmunoprecipitates in the same membrane-
containing fraction. After 8 min in HCEC, there was a 20-fold increase in p38MAPK activity
and a nearly eight-fold rise in the amount of phospho-NKCC1 associated with this kinase (Fig.
7A). These values—with small deviations—remained unchanged for the next 20 min. In the
first 2 min, p38MAPK activation reached a maximum of 90-fold above the pre-stressed level
for RCEC. This increase was associated with ~50-fold increase in its association with phospho-
NKCC1 (Fig. 7B). After 28 min of exposure, there were ~4.5-fold decreases in both p38MAPK
activity and amounts of associated phospho-NKCC1. Such changes in p38MAPK
phosphorylation status after 30 min of hyperosmotic challenge are in agreement with results
presented in Figure 6B, which shows that the total p38MAPK membrane-associated amounts
were relatively unchanged in HCEC. In contrast, these amounts decreased in a manner similar
to the declines in phospho-p38MAPK level in RCEC. Furthermore, there is a very good
correspondence between the kinetics of hypertonicity-induced changes in p38MAPK activity,
stimulation of 86Rb uptake, RV responses, p44/42MAPK activity recovery (Bildin et al.,
2003;Bildin et al., 2000), and survival of HCEC and RCEC.

Taken together, our data suggest that p38MAPK/NKCCL interaction is fundamentally related
to p38MAPK phosphorylation status and that hypertonicity-induced NKCC1 activation is
dependent on that interaction. The rapid and very substantial p38MAPK activation leads to
increases in NKCC1 activity, which determines the kinetics and extent of RVI-mediated
recovery to the isotonic condition. These events determine if corneal epithelial cells will be
able, under conditions of hyperosmolar adversity, to recover their p44/42MAPK activity,
proliferate, adapt to stress, and avoid SAPK/INK activation, i.e., avoid apoptosis. In other
words, survival of hypertonicity-stressed corneal epithelial cells depends both on p38MAPK
activation capacity and on the ability of p38MAPK to stimulate NKCC1 activity through
protein-protein interaction. It is still unclear what the immediate substrate is for p38MAPK in
RCEC and HCEC. There may be intervening steps between p38MAPK activation and NKCC1
phosphorylation. The level of NKCC1 activation affects the extent of cell volume recovery
and, in turn, epithelial survival capacity. Figure 8 summarizes our current understanding of the
mechanisms controlling cell fate in HCEC and RCEC during exposure to hypertonic stress.
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Fig. 1.

Hypertonicity-induced species-specific changes in corneal epithelial cell proliferation. HCEC
and RCEC, initially cultured in 300 mOsm medium, were subsequently exposed to hypertonic
(325-600 mOsm) media for an additional 24 h. (A) Protein content normalized to the protein
amount under isotonic conditions (%) was used as an index of cell number. (B) Cell
proliferation status, as determined by cell count with the aid of a hemocytometer and trypan
blue to monitor viability. (C) Hypertonicity-dependent changes in SDH activity, normalized
to protein content. SDH activity was evaluated based on results of the MTT assay. Cell viability
was defined as a ratio (%) of mitochondrial SDH activity of treated cells to untreated cells.
Data are presented as the mean +SEM of three independent experiments.
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Time-dependent effects of hyperosmolarity on RCEC and HCEC proliferation. Corneal
epithelial cells were initially cultured in a 300 mOsm medium, which was replaced by 600
mOsm medium, in which cells were cultured for up to 4 h. Osmolarity was increased by
supplementation with NaCl or sucrose. (A) Percentage of total protein from treated cells
normalized to the protein content under isotonic conditions, as an indicator of cell proliferation.
(B) Time-dependent changes in SDH activity normalized to protein content. Cell viability was
defined as the ratio (expressed as a %) of mitochondrial SDH activity of treated cells to
untreated cells. Experiments were performed in triplicate for each osmolarity. Values are
reported as means +SEM.
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Fig. 3.

Comparison of hypertonicity-induced DNA fragmentation in HCEC and RCEC. DNA integrity
was analyzed by high-resolution 2% agarose gel electrophoresis following exposure of RCEC
and HCEC to 600 mOsm medium for up to 6 h. Experiments were performed in triplicate for
each osmolarity. VValues are reported as means +SEM. Inset: Representative DNA
fragmentation blot.
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Fig. 4.

Time-dependent effects of hypertonicity on SAPK/INK activity. RCEC and HCEC were
exposed to 600 mOsm medium for up to 6 h. SAPK/INK was pulled down by the N-terminal
portion of the c-Jun transcription factor, and its activity evaluated based on its ability to
phosphorylate c-Jun. Inset: Representative Western blot of typical experiments performed on
“pull-downs” obtained from HCEC (inset A) and RCEC (inset B) lysates. Data are presented
as the mean £SEM of independent experiments carried out in triplicate for each osmolarity.
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Fig. 5.

Changes in MAPK limb activities in RCEC and HCEC induced by inhibition of NKCC1. Under
isotonic conditions, RCEC and HCEC were exposed to 50uM bumetanide for 5 min. Activities
of p44/42, p38, and SAPK/INK MAPK were measured based on results of Western blot
analysis of the phosphorylation status of Elk-1 (A), ATF-2 (B), and c-Jun (C), respectively.
Summaries of experiments performed in triplicate and values are reported as means +SEM.
Representative Western blot of typical experimental results are shown above each summary
figure.
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Fig. 6.

Time-dependent changes in RCEC and HCEC cell membrane-associated NKCC1 and
p38MAPK content. Cells were exposed to 600 mOsm stress for up to 30 min. Plasma
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membrane-enriched fraction was assayed for total NKCC1 and p38MAPK content using
Western blot analysis. (A) Blots from a typical experiment. Upper panel indicates NKCC1
content detected with T4 antibody. Bottom panel shows p38MAPK content using anti-
p38MAPK antibody. Panels (B) and (C) provide graphic summaries of the representative
results shown in panel (A). Experiments were performed in triplicate at each osmolarity.
Results are reported as means +SEM.
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Fig. 7.
Hypertonicity-induced changes of p38MAPK activity and NKCCL1 content in RCEC and

HCEC cell membrane-enriched fractions. Cells were exposed to 600 mOsm stress for up to 28
min, and assayed at each of the indicated times for phosphorylated p38MAPK and NKCC1.
Results for HCEC (A) and RCEC (B) are plotted on a semi-logarithmic scale and normalized
to the control as a function of time. Experiments were performed in triplicate for each
osmolarity. Data are reported as means SEM.
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l
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Differential responses of HCEC and RCEC to hypertonic stress. Summary of the mechanisms
accounting for apoptosis or proliferation in HCEC and RCEC during hypertonic stress.
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