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Abstract. In hypertonicity-stressed (i.e., 600 mOsm) 
SV40-immortalized rabbit and human corneal epi- 
thelial cell layers (RCEC and HCEC, respectively), 
we characterized the relationship between time-de- 
pendent changes in translayer resistance, relative cell 
volume and modulation of MAPK superfamily ac- 
tivities. Sulforhodamine B permeability initially in- 
creased by 1.4- and 2-fold in RCEC and HCEC, 
respectively. Subsequently, recovery to its isotonic 
level only occurred in RCEC. Light scattering re- 
vealed that in RCEC 1) regulatory volume increase 
(RVI) extent was 20% greater; 2) RVI half-time was 
2.5-fold shorter. However, inhibition of Na-K-2CI 
cotransporter and Na/K-ATPase activity suppressed 
the RVI response more in HCEC. MAPK activity 
changes were as follows: 1) p38 was wave-like and 
faster as well as larger in RCEC than in HCEC (90- 
and 18-fold, respectively); 2) increases in SAPK/JNK 
activity were negligible in comparison to those of p38; 
3) Erkl/2 activity declined to 30-40% of their basal 
values. SB203580, a specific p38 inhibitor, dose de- 
pendently suppressed the RVI responses in both cell 
lines. However, neither U0126, which inhibits MEK, 
the kinase upstream of Erk, nor SP600125, inhibitor 
of SAPK/JNK, had any effect on this response. 
Taken together, sufficient activation of the p38 limb 
of the MAPK superfamily during a hypertonic chal- 
lenge is essential for maintaining epithelial cell vol- 
ume and translayer resistance. On the other hand, 
Erkl/2 activity restoration seems to be dependent on 
cell volume recovery. 
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Introduction 

Even though regulatory volume responses have been 
extensively characterized in different cell culture sys- 
tems, their functional significance to tissue homeo- 
stasis is not always apparent. Corneal epithelial layers 
in culture are a convenient and a relevant model to 
make such a determination. In these layers, it is 
possible to conveniently evaluate properties that are 
reflective of their ability in situ to act as a physical 
barrier against noxious agents and larger molecular 
weight hydrophilic solutes (Lu, Reinach & Kao, 
2001). A challenge to maintenance of barrier function 
in situ includes hypertonic stress, which results in cell 
shrinkage unless regulatory volume increase (RVI) is 
activated to restore cell volume toward its isotonic 
condition. Even though there is some evidence that 
these cells elicit changes in membrane ion transport 
parameters during exposure to an osmotic stress 
(Reinach, Ganapathy & Torres-Zamorano, 1994; 
Candia, Patarca & Alvarez, 1998) and that they ac- 
tivate RVI (Bildin et al., 1998), the role was not de- 
termined of regulatory volume behavior in the 
prevention of breakdown of barrier function. Fur- 
thermore, in this tissue there is no information re- 
garding the role of activation of osmosensitive cell 
signaling pathways in preservation of this function. 

In a wide variety of tissues, changes in cell-layer 
barrier function produced by hypertonic stress can be 
compensated for by restoring cell volume to its iso- 
tonic condition (Hallows & Knauf, 1994). This occurs 
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through the activation of RVI. Hypertonicity-in- 
duced RVI occurs as a result of stimulation of solute 
influx mechanisms followed by increases in in- 
tracellular osmolyte levels (O'Neill, 1999). The 
membrane ion transporters involved in a RVI re- 
sponse in different tissues can include: 1) Na/K-ATP- 
ase and Na-K-2C1 cotransporter (NKCC); 2) Na/H 
exchanger (NHE) and C1/HCO3 exchanger; and 3) 
organic osmolyte uptake. 

The cell signaling pathways that mediate mem- 
brane ion transport activation are very diverse in 
different tissues and only partially characterized. In 
numerous different cell types, cell signaling events 
initially responding to a hypertonic stress involve 
increases in the activity of different branches of the 
mitogen-activated protein kinase (MAPK) super- 
family: ERK (extracellular signal-regulated kinase), 
JNK (c-Jun N-terminal kinase), and p38MAPK. In 
Madin-Darby canine kidney epithelial cells hyperos- 
motic stress causes sequential stimulation of Raf-1 
kinase followed by the Erkl/2 limb, and in parallel $6 
kinase, via predominately protein kinase C-depen- 
dent and tyrosine kinase-independent pathways 
(Terada et al., 1994). In contrast, in C6 glioma cells, 
Erkl/2 activity was reduced under hyperosmotic (405 
mOsm) conditions, compared to the isotonic control 
(Sinning et al., 1997). A detailed study in NIH/3T3 
cells showed that the hypertonicity-induced signaling 
pathway involved sequential PLC activation, DAG 
release followed by PKCalpha, PKCdelta, and 
PKCepsilon translocation from the cytosol to the 
membrane, resulting in Erkl/2 activation (Zhuang, 
Hirai & Ohno, 2000). At the same time, activity of 
stress-activated protein kinase JNK was not affected. 
In bovine aortic endothelial cells, NaC1 (350 mOsm) 
significantly increased first the level of expression 
of p38 within 2 minutes, Erkl/2 and JNK after 10 
minutes, with peak activation occurring between 
30 and 60 minutes, followed by return to baseline 
levels within 2 h (Duzgun et al., 2000). In the rat 
medullary thick ascending limb of Henle, hyperos- 
molality induced activation of p38 MAPK and 
Erkl/2 with no evidence for involvement of JNK 
(Watts et al., 1998). Even though osmolality-induced 
modulation of the MAPK cascade component ac- 
tivity was described, there is limited understanding 
about their specific roles in eliciting RVI behavior 
during such challenges. 

In some tissues, the RVI response significantly 
depends on increases in NKCC activity in hyperto- 
nicity-stressed cells (Russell, 2000). However, the cell 
signaling pathways that mediate NKCC activation 
are unknown. Recently, we found that hypertonic 
exposure lasting from 2 to 48 h was less injurious to 
RCEC than to HCEC. This was evident because in 
RCEC declines in proliferation and RVI capacity 
were markedly smaller than in HCEC. RCEC 
adapted better than HCEC because only RCEC were 

able to upregulate NKCC gene and protein expres- 
sion as well as its functional activity (Bildin et al., 
2000). These observations suggest there are signifi- 
cant differences in volume regulatory mechanisms as 
well as cell-signaling pathways activated by hyper- 
tonic stress in these cell lines. 

Therefore, we compare here in RCEC and 
HCEC the short-term (i.e., acute) effects of hyper- 
tonic (600 mOsm) challenge on the cell layers' barrier 
function, which was evaluated based on measure- 
ments of: 1) sulforhodamine B dye penetration and 2) 
translayer electrical resistance (Rt). The time depen- 
dence of changes in these parameters was compared 
with RVI responses during exposure to such stress. In 
parallel experiments, we analyzed the kinetics and 
magnitude of Erkl/2, JNK and p38 MAPK activa- 
tion. In addition, we investigated the effects of spe- 
cific inhibitors of these cell-signaling pathways on 
RVI kinetics in these cell lines. Our results indicate 
that RVI and recovery of barrier properties are faster 
and more complete in RCEC than in HCEC. These 
contrasting effects are associated with differences in 
rapidity and magnitude of MAPK superfamily limb 
activation. 

Materials and Methods 

CELL CULTURE 

SV40-adenovirus immortalized HCEC and RCEC, a generous gift 
from Dr. Araki-Sasaki (Kinki Univ., Hyogo, Japan), were cultured 
in Dulbecco's modified Eagle medium supplemented with 10% fetal 
bovine serum, 10 ng/ml EGF, 1 gg/ml insulin and an antibiotic 
mixture containing penicillin and streptomycin (Araki et al., 1993). 
The cells were grown in an atmosphere of 5% CO~, 95% ambient 
air at 37~ Medium hypertonicity was increased by adding NaCI 
to standard Krebs-Ringer buffer (in raM): NaCI 122.9; NaHCO3 25; 
KC1 5; NaH2PO4(H~O) 1; MgSO4 1; CaC12 1.7; glucose 5.5; 
HEPES 5.3. 

MONITORING OF RELATIVE CELL VOLUME 

Hypertonicity-induced changes in cell volume were evaluated based 
on a modified light scattering technique first described by Fisch- 
barg (Fischbarg et al., 1993; Bildin et al., 2000). Analyses were 
performed using paired-data statistics: Student's t-test for inde- 
pendent means. Cell signal transduction pathway inhibitors 
SB203580 (p38MAPK), U0126 (MEK) and SP600125 (SAPK/ 
JNK), were purchased from BIOMOL Research Laboratories 
(Plymouth Meeting, PA). 

MONITORING OF TRANSEP1THELIAL DYE PENETRATION 

Confluent RCEC and HCEC layers grown on semipermeable 
polycarbonate Transwell inserts (24 mm diameter and 0.4 p.m pore 
size; Costar, Cambridge, MA) were placed in a bicameral chamber 
and initially bathed on both sides with 300 mOsm isotonic Krebs- 
Ringer buffer. Hyperosmotic challenge was performed in both 
chambers at the same time. The chambers were stirred continu- 
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Fig. 1. Comparison of time-dependent effects of acute exposure to 
a hypertonic stress on RCEC and HCEC translayer dye penetra- 
tion rate. Controls were incubated in isotonic medium (300 mOsm), 
whereas the challenged layers were bathed in 600 mOsm medium. 
Both media contained 25 50 gg/ml sulforhodamine B. Changes in 
dye penetration rate were characterized based on measurements of 
light absorption at 565 nm in samples collected every 2 minutes and 
normalized to their isotonic value. The individual responses for the 
RCEC and HCEC are shown as open squares and circles, respec- 
tively. Data are means • SEM. 

ously with a Teflon stir bar at ~250 rpm. The receiver- and donor- 
side volumes were ~45 ml and 2 ml, respectively. The donor side 
contained 25 50 gg/ml sulforhodamine B, Mr - 559, (Sigma, St. 
Louis, MO). Dye penetration was measured by sample collection 
every 2 minutes fiom the receiver side, which was replaced at a rate 
of 0.5 ml/min. Dye absorption at 565 mn was measured in a 
spectrophotometer. Dye penetration rate measured during expo- 
sure to a 600 mOsm challenge was normalized to its isotonic value. 

MEASUREMENTS OF Rt 

R t measurements were used as an index of epithelial layer barrier 
function. The cells were seeded onto semipermeable polycarbonate 
Transwell inserts (1.13 cm 2 and 0.4 gm pore size) and allowed to 
grow to confluence. Inserts were placed into modified Ussing 
chambers and specific Rt was measured with a DVC 1000 voltage/ 
current clamp by sending 50 gA and measuring amplitude of the 
peak voltage deflection every 20 seconds. Both devices were manu- 
factured by World Precision Instruments, Sarasota, FL. Solution 
challenges were performed without disassembling. Simultaneous 
draining/refilling of the chamber took about 12 seconds. Hydro- 
static pressure on both sides of the insert was kept equal. The final 
Rt values were calculated by subtracting the resistance of bare 
polycarbonate filters exposed to isotonic or 600 mOsm solutions 
from the total resistance of the epithelial cell layers. The results are 
expressed as f2 �9 cm 2. 

KINASE ACTIVITY ASSAY 

A period of up to 28 minutes was used to characterize the effect of 
an acute hypertonic challenge. Cells were homogenized by soni- 
cation and centrifuged at 500 x g for 15 minutes. Activity of JNK, 
p38MAPK and Erkl/2 kinases in supernatants was evaluated with 
kinase assay kits (Cell Signaling Technology, Inc., Beverly, MA). 
Briefly, in each case the phospho form of kinase was immunopre- 
cipitated with a specific antibody to measure its activity. Active 

Fig. 2. Hypertonicity-induced RVI responses by RCEC and 
HCEC. Subconfluent layers grown on 11 x 22 mm rectangular glass 
coverslips were illuminated with a rectangular cross-section light 
beam (5 mW helium-neon laser plus expander). The intensity of 
light scattered by the cells was converted to relative intracellular 
volume. Representative experiments are shown. 

p38MAPK was obtained through "pull down" from cell lysates 
with immobilized monoclonal phospho-p38MAPK (Thrl80/ 
Tyr182) antibody and thereafter incubated with ATF-2 fusion 
protein, a substrate for active p38, in the presence of ATP and 
kinase buffer. JNK was immunoprecipitated with c-Jun (1-89) fu- 
sion protein containing a high-affinity binding site for JNK, and 
then the kinase reaction leading to c-Jun phosphorylation was 
carried out in the presence of cold ATP. A monoclonal phospho- 
Erkl/2 (Thr202 and Tyr204) antibody was used to selectively 
precipitate active Erkl/2 from lysates. The resulting complex was 
then incubated with Elk-1 fusion protein in the presence of ATP 
and kinase buffer. Denatured samples were electrophoresed on 
7.5% polyacrylamide SDS minigels. Resolved proteins were elec- 
trotransferred overnight to PVDF membranes. After blocking with 
nonfat dry milk, the blots were exposed for 2 h at room tempera- 
ture to an appropriate dilution of phospho-kinase monoclonal 
antibodies: 1) ATF-2 (Thr71) to evaluate p38 activity; 2) c-Jun 
(Ser63) and 3) Elk-1 (Ser383). Thereafter membranes were exposed 
to a 1:2000 dilution of rabbit antimouse HRP-labeled IgG. The 
immunoreactive bands were detected with ECL + Plus kit (Amer- 
sham Biosciences, Piscataway, N J). Films were scanned and band 
density was quantified using Sigmagel software (Jandel Scientific, 
San Rafael, CA). Exposed membranes were stained with Colloidal 
Gold (BioRad Laboratories, Hercules, CA) to verify that each lane 
contained similar amount of material. 

Results 

CHANGES IN TRANSLAYER DYE-PENETRATION RATE, 

RESISTANCE AND CELL VOLUME REGULATION 

To evaluate the effects of an acute hypertonic chal- 
lenge on barrier function in confluent HCEC and 
RCEC layers, we compared sulforhodamine B pene- 
tration rates across these layers under isotonic and 
600 mOsm hyperosmotic conditions. The results 
shown in Fig. 1 reveal that in HCEC during the first 5 
minutes of exposure to this challenge, dye penetration 
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Table 1. Differential RVI behavior during 20 min exposure to 600 mOsm challenge 

RCEC HCEC 

RVI (%) r (sec) RVI (%) r (sec) 

No inhibitor 84.1 + 0.8 71.5 + 4.8 65.5 + 2.4 170.3 • 4.7 
Bumetanide 70.1 • 2.7 72.0 • 5.6 48.4 • 5.3 369.2 • 16.2 
Ouabain 70.0 + 1.8 115.4 • 4.2 (50.1 • 10.1)* 465.1 + 45.3 

Values represent the mean of 6 to 9 independent experiments (~ SEM). Bumetamide and Ouabain concentration, 50 I.tM. 
* In this case, parameters were evaluated after 15 min. 

Fig. 3. Hypertonicity-induced changes in transepithelial electrical 
resistence R t (TEER) in RCEC and HCEC. The cells were grown to 
confluence on semipermeable polycarbonate inserts. TEER was 
measured by sending 50 gA and measuring amplitude of the peak 
voltage. The final TEER values were calculated by subtracting the 
resistance of bare polycarbonate inserts exposed to isotonic or 600 
mOsm solutions from the total resistance of the epithelial cell 
layers. 

rate increased up to 200%. It then stabilized at a 
slightly lower value without returning towards its 
isotonic baseline value (n = 9). In contrast, in RCEC, 
dye penetration rate initially increased during 5 
minutes by 150% and then remained stable for 4 
minutes. Subsequently, the dye penetration rate 
gradually declined and after 16 minutes reached its 
isotonic value despite the continued presence of the 
hypertonic challenge. 

To identify the physiological mechanisms un- 
derlying these changes in dye penetration rate, light 
scattering measurements were used to evaluate RVI 
responses occurring during exposure to a hypertonic 
challenge. Figure 2 shows the results of a represen- 
tative experiment following the substitution of iso- 
tonic NaC1 Ringer (300 mOsm) medium with its 600 
mOsm counterpart. Due to hypertonic stress, there 
was initially in both cell lines a rapid decrease in 
relative cell volume followed by RVI responses. RVI 
responses were evaluated based on: 1) the extent of 
RVI after 20 minutes, which is expressed as a percent 
of the initial cell volume; 2) half time of this process 

(z). The average responses (Table l) indicate that in 
fact the r and the extent of RVI were markedly dif- 
ferent in the two cell lines. RVI in RCEC was about 
20% greater and z was about 2.5-fold shorter than 
that in HCEC. Taken together, these data suggest 
that the pattern of changes in dye penetration rate is 
dependent on the RVI response occurring during a 
hypertonic challenge. 

Another approach towards characterizing barrier- 
function behavior during exposure to a hypertonic 
challenge is to measure translayer electrical resistance 
(TEER; Rt). This measurement reflects tight-junc- 
tional integrity, which we hypothesized is dependent 
on the magnitude and kinetics of RVI responses 
during a hypertonic challenge. HCEC and RCEC 
were cultured atop an insert until they reached a Rt of 
about 450 ~cm 2 under isotonic conditions. Figure 3 
shows that exposure to a 600 mOsm medium rapidly 
and markedly decreased Rt. After 20 seconds, the Rt 
values in both cell lines fell by 55% from their initial 
values. However, after 20 minutes, the Rt in RCEC 
increased to 64% of its isotonic value, whereas in 
HCEC it only increased by 3%. During the next 
40 min, no additional recovery occurred in either cell 
line. The magnitude of the RCEC Rt recovery is in 
qualitative agreement with changes in its dye pene- 
tration rate and the RVI response to the same 
hypertonic challenge shown in Figs. 1 and 2 even 
though the completion of RVI recovery was much 
faster than that of R,. This discrepancy suggested to 
us that other factors besides cell volume recovery 
contribute to restoration of the R t. Therefore, in the 
following experiments we used dye penetration as an 
index of barrier restoration during exposure to an 
imposed challenge. In addition, measurements of dye 
penetration rate are physiologically relevant for 
assessing epithelial barrier properties, as they are 
frequently used to evaluate this parameter in vivo. 

ROLES OF NKCC AND Na/K-ATPAsE IN RECOVERY 
OF CELL VOLUME AND DYE PENETRATION RATE 

In order to assess NKCC and Na/K-ATPase impor- 
tance for the maintenance of translayer barrier 
function and RVI responsiveness in HCEC and 
RCEC, the individual effects were measured of 
bumetanide and ouabain on these parameters. In 
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the presence of 50 pM either bumetanide or ouabain. Data in each 
case are means :t_ SEM from 6 different inserts. 

RCEC, 50 pM bumetanide had no effect on the dye- 
penetration transient during a hypertonic challenge 
(Fig. 4A). In parallel studies with RCEC, bumetanide 
inhibited RVI about 14%, but without any significant 
effect on its r (Fig. 5A, Table 1). On the other hand, 
during the first 3 minutes of  the hypertonic challenge 
in the presence of 50 laM ouabain, a significant in- 
crease in the dye penetration rate was observed (Fig. 
4B). As with bumetanide, ouabain inhibited RVI in 
RCEC by 14% and nearly doubled the r (Fig. 5B, 
Table 1). However, in HCEC,  bumetanide had a 
more profound effect on the rate of dye penetration: 
it significantly increased its rate during hypertonic 
exposure (Fig. 4C). In parallel experiments, bumeta- 
nide inhibited RVI of cell volume by about 17% and 
increased ~ about  2.2-fold, which was not observed in 
RCEC (Fig. 5C, Table 1). In HCEC, exposure to 
ouabain caused an initial increase in the rate of  dye 
penetration, followed by quasi stabilization for 10 

rain and then a further increase in a linear fashion 
(Fig. 4D). Incubation with ouabain also completely 
altered the kinetics of  RVI. The relative cell volume 
increased during the first 15 minutes to a value that 
was 50% of the control cell volume and then subse- 
quently declined towards the initial values obtained 
at the beginning of the stress period (Fig. 5D). 

P38MAPK ACTIVATION PROFILES DURING 
THE HYPERTONIC CHALLENGE 

There is tissue-specific activation of different mem- 
bers of  the M A P K  superfamily in response to an 
acute hypertonic challenge. To determine whether 
adaptation to such stress in RCEC and HCEC entails 
selective activation of one or more of these pathways, 
we measured the time-dependent effects of  a 600 
mOsm hypertonic challenge on their activation pro- 
files with Western/ECL analysis. Figure 6A,B corn- 
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Fig. 5. Effects of NKCC and Na/K-ATPase inhibitors on RVI responses by hypertonicity-stressed RCEC (A and B) and HCEC (C and D). 
Methodology is the same as described in the legend of Fig. 2. In each case, data representative of 6 different experiments are shown. 

pares representative experiments in HCEC (n = 4) 
and RCEC (n = 4) of the p38 activation profile over 
a 28 min. As can be seen, p38 kinase activity changed 
in both cell lines in a wave-like manner relative to the 
isotonic controls. The results of densitometric anal- 
ysis of these experiments shown in Fig. 6C demon- 
strate that in HCEC, during the first 8-12 minutes, it 
increased about 18-fold above the baseline level. 
After the next 4 minutes, it declined by about 40%. In 
the subsequent 4 to 8 minutes, p38 kinase activity 
transiently increased to its maximum value followed 
by another decline of nearly 50%. 

On the other hand, in RCEC, the oscillatory 
changes in p38 activity were even more exaggerated 
than those in HCEC. During the first 2 minutes of the 
hypertonic challenge, p38 activation increased about 
90-fold above its baseline level. Subsequently, the 

activity fell by 60% and continued to oscillate for the 
next 24 minutes. The main difference between the two 
cell lines is that the swings in the levels of p38 kinase 
activity were much faster and greater in RCEC than 
in HCEC. 

SAPK/JNK KINASE ACTIVATION PROFILES DURING 

THE HYPERTONIC CHALLENGE 

Figure 7A,B shows typical results of SAPK/JNK ki- 
nase activity measurements in HCEC and RCEC. 
Densitometric analysis of these bands revealed that in 
RCEC SAPK/JNK activity was essentially invariant 
throughout the entire period of exposure to hyper- 
tonicity (Fig. 7C). However, in HCEC a reproducible 
(n = 4) increase was observed of up to 2-fold during 
the first 4 to 8 minutes of the challenge. 



V.N. Bildin et al.: MAPKs Activity and Cell Volume Regulation 7 

C 

100 - 

80-  

x 
"5 
r~ 60' 

c 

40. 
O3 

rr 20- 

O- 

1'2 f6 2'0 2'8 
Duration of hypertonic stress (min) 

Fig. 6. Hypertonicity-induced changes in RCEC 
and HCEC p38MAPK activity. The top rows in 
panels A and B show quantitative immunoblot- 
ting with phospo-ATF-2 (Thr71) antibody in 
RCEC and HCEC, respectively. Cell extracts 
were incubated overnight with 20 ~tl of immobi- 
lized p38MAPK (ThrlS0/Tyr182) monoclonal 
antibody. After extensive washing, the kinase 
reaction was performed in the presence of 100 ~tM 
of cold ATP and 2 ~tg of ATF-2 fusion protein. 
Phosphorylation of ATF-2 at Thr71 was 
measured by Western blot/ECL using phospho- 
ATF-2 (Thr71) antibody, as indicated by the 
arrow. The bottom rows of these panels reveal 
uniform staining of exposed membranes with 
colloidal gold. (C) The results shown in panels 
A and B were quantified by densitometry and 
normalized to their corresponding value at zero 
time (control). 

Erkl/2 ACTIVATION PROFILES DURING 

THE HYPERTONIC CHALLENGE 

Figure 8A,B shows representative changes in Erkl/2 
activity in hypertonicity-stressed HCEC and RCEC 
(n = 4). Normalized densitometric data (Fig. 8C) 
shows that Erkl/2 activity in both cell lines contin- 
uously declined relative to its isotonic value during 
exposure to the 600 mOsm hypertonic challenge. 
After 12 minutes, its activity reached a nadir that was 
3040% of its isotonic level. Subsequently there were 
insignificant changes in HCEC Erkl/2 activity for the 
next 16 minutes, but in RCEC the initial decline was 
followed by a recovery up to 90% of its control level 
during the next 8 minutes. 

ROLE OF M A P K  LIMBS IN MEDIATING R V I  

DURING THE HYPERTONIC CHALLENGE 

The contributions by each of the three limbs of the 
MAPK superfamily to RVI were evaluated based on 
the effects of specific inhibitors of the ERK, p38 and 
JNK pathways. Table 2 shows that the inhibitor of 
p38 activation, SB203580, dose dependently de- 
pressed the magnitude of RVI in both cell lines, 
whereas r was only prolonged in HCEC. It is note- 
worthy that neither inhibition of the ERK nor JNK 
limbs had any significant effect on either of the RVI 
parameters. 

Discussion 

The goal of this study was to determine the cell sig- 
naling cascades that mediate volume regulatory re- 
sponses in corneal epithelial cell layers needed for the 
maintenance of their barrier function during an acute 
hypertonic exposure. This was done in both HCEC 
and RCEC because during chronic hypertonic stress 
(i.e., up to 48 h) the cells' capacities to adapt were 
markedly different from one another. RCEC could 
better maintain their RVI capacity than HCEC (Bil- 
din et al., 2000). This resilience in RCEC was associ- 
ated with upregulation of NKCC1 gene and protein 
expression as well as with NKCC1 functional activity. 
Given this background, we hypothesized that RCEC 
layers could preserve their barrier properties better 
than HCEC layers can during an acute 600 mOsm 
challenge. The testing of this hypothesis is a relevant 
issue because in daily living the corneal epithelial 
barrier properties may be repeatedly challenged by 
variation in the osmolality of the overlying tear film. 
In the face of these changes, the maintenance of the 
corneal barrier optical properties may be dependent 
on the ability of the epithelial layer to manifest 
regulatory volume responses that sustain corneal 
transparency. Therefore, we evaluated the hyperto- 
nicity-induced changes in barrier properties based on 
measurements of 1) dye penetration rate; 2) Rt; 3) light 
scattering behavior. To unravel the roles of specific 
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Fig. 7. Hypertonicity-induced changes in RCEC 
and HCEC JNK activity. The top rows of panels 
A and B show quantitative immunoblotting with 
phospho-c-Jun (ser63) antibody in RCEC and 
HCEC, respectively. Cell extracts were incu- 
bated overnight with 2 gg of immobilized c-Jun 
(i-89) fusion protein. After kinase reaction, 
phosphorylation of c-Jun at Ser63 was measured 
by Western blot/ECL using a phospho-c-Jun 
(Ser63) antibody as indicated by the arrow. The 
bottom rows of these panels reveal uniform 
staining of exposed membranes with colloidal 
gold. ((7) The results shown in panels A and B 
were quantified with densitometry and normal- 
ized to their corresponding value at zero time 
(control). 

cell signaling pathways underlying these responses, 
we also characterized the hypertonicity-induced 
time-dependent variations in activity of MAPKs 
that may be associated with increases in NKCC and 
Na/K-ATPase activity and needed for recovery of cell 
volume as well as cell layer barrier function. 

We found that RCEC layers have a greater 
ability than their HCEC counterpart to adapt to 
acute hypertonic stress. It is noteworthy that in both 
cases the patterns of recovery of translayer dye pen- 
etration rate and Rt correlate with RVI behavior. 
Furthermore, we demonstrate that these responses 
are associated with the time dependence and magni- 
tude of changes in p38 activity rather than with those 
of either JNK or Erkl/2. Activation of p38 appears 
to be essential for increases in Na/K-ATPase and 
NKCC activity, which affect rises in osmolyte levels 
that are needed to counter the hypertonic challenge. 

DEPENDENCE OF TRANSLAYER DYE PENETRATION 

AND ELECTRICAL RESISTANCE ON CELL VOLUME 

REGULATION 

Sulforhodamine B permeability was previously used 
as an index to evaluate corneal epithelial barrier 
properties in the isolated rabbit cornea (Araie & 
Maurice, 1987). This was done because its transepi- 
thelial permeation rate is presumably a measure of 

the paracellular permeability, which reflects tight 
junctional and lateral intercellular space resistance. 
To evaluate the barrier properties of confluent RCEC 
and HCEC layers, we monitored the rate of sulfo- 
rhodamine B penetration across these layers under 
isotonic and 600 mOsm hyperosmotic conditions. We 
found that during acute hypertonic stress dye per- 
meability across RCEC layers initially increased, 
whereas it subsequently returned towards its isotonic 
baseline value (Fig. 1). On the other hand, the dye 
permeability across HCEC layers increased and re- 
mained stable without any recovery towards its iso- 
tonic baseline value. The observed difference in RVI 
responses is consistent with our previous results that 
during a hypertonic (375 mOsm) challenge cell vol- 
ume recovery is greater in RCEC than HCEC (Bildin 
et al., 1998). These profiles are consistent with the 
observation that the RVI rate and its extent in HCEC 
were significantly smaller than those in RCEC, and 
the time dependence for barrier recovery was similar 
to their RVI response (Fig. 2, Table 1). Furthermore, 
there was a correspondence between the hypertonic- 
ity-induced cell shrinkage and the overall increase in 
dye penetration rate: both changed by a factor of 
about two. The correspondence among all of the 
above mentioned responses suggests that the RVI 
behavior could account for cell layer resistance re- 
covery. It is noteworthy that the extent of barrier 
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Fig. 8. Hypertonicity-induced changes in RCEC 
and HCEC JNK activity. The top rows of panels 
A and B represent quantitative immunoblotting 
with phospo-Elk-I antibody in RCEC and 
HCEC, respectively. Cell extracts were incubated 
overnight with 15 lal of immobilized Erkl/2 
(Thr202/Tyr204) monoctonal antibody. After 
extensive washing, the kinase reaction was 
performed in the presence of 200 laM of cold ATP 
and 2 lag of Elk-1 fusion protein. Phosphoryla- 
tion of Elk-1 at Ser383 was measured by Western 
blot/ECL using phospho-Elk-I (Ser383) 
antibody as indicated by the arrow. The bottom 
rows of these panels demonstrate uniform 
staining of exposed membranes with colloidal 
gold. (C) The results shown in panels A and B 
were quantified with densitometry and normal- 
ized to their corresponding value at zero time 
(control). 

Table 2. Role of MAPK superfamily kinases in mediating RVI during 20 min exposure to 600 mOsm challenge 

Inhibitor Concentration laM RCEC HCEC 

RVI (%) r (sec) RVI (%) "c (sec) 

No inhibitor 84.1 • 0.8 71.5 • 4.8 65.5 • 2.4 170.3 • 4.7 
U0126 1 80.6 • 6.9 62.0 • 8.1 69.0 • 8.7 167.6 • 13.8 
SP600125 I 81.7 + 7.3 65.4 • 8.0 68.5 • 7.5 148.4 • 15.2 
SB203580 0.1 69.2 + 9.2 67.6 • 6.9 49.1 • 7.5 205.2 • 16.5 

0.33 46.5 m 5.3 59.8 • 5.4 29.6 • 6.9 289.2 • 12.1 
1.0 36.1 • 7.7 45.6 + 5.8 none none 

Values represent the mean of 3 to 4 independent experiments (• SEM). 

recovery m a y  be related to the magn i tude  o f  the RVI 
response.  There  is no in fo rmat ion  in the l i tera ture  
tha t  we are aware  o f  documen t ing  this associat ion.  
On the o ther  hand,  in paral le l  exper iments  with bo th  
cell lines, the magn i tude  o f  Rt changes,  which are a 
reflection o f  t ight junc t iona l  ion pe rmea t ion  p roper -  
ties, were only in qual i ta t ive  agreement  with the RVI 
response and  dye permeabi l i ty .  It is o f  interest  that  in 
bo th  cell lines there is a co r respondence  between the 
magn i tude  o f  the osmomet r i c  cell shr inkage,  the ini- 
t ial  increase in dye pene t ra t ion  rate  and the decrease 
in Rt. In  each case, the change  was by a fac tor  of  
abou t  two. Fo l lowing  8 minutes  o f  hyper ton ic  stress 
in R C E C ,  cell volume recovered up to 90% of  its 
isotonic  value (Fig.  2) and  the dye pene t ra t ion  rate 

progress ively  decreased after  this t ime (Fig.  1). In 
paral le l  exper iments ,  the R t recovery was much 
slower than tha t  o f  cell volume and dye pe rmeab i l i ty  
(Fig. 3). Unde r  the same condi t ions ,  in H C E C  cell 
volume recovery reached only 77% of  its i sotonic  
value. This extent  o f  RVI seems to be inadequa te  for 
res to ra t ion  of  bar r ie r  funct ion as nei ther  the increases 
in dye pene t ra t ion  rate  nor  the decreases in Rt were 
reversible (Figs. 1-3). Previously,  we showed that  the 
isotonic,  s teady-s ta te  levels o f  N K C C 1  m R N A  and 
pro te in  expression were twofo ld  higher  in R C E C  
than  in H C E C  (Bildin et al., 2000). This f inding could  

explain why R C E C  media ted  a more  comple te  RVI 
response and only in these cells did  the dye pene t ra -  
t ion rate  recover  to its i sotonic  value.  
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It would appear that the magnitude of cell layer 
barrier recovery is related to the extent of RVI during 
the challenge. With sulforhodamine B (Mr = 559), a 
relatively low-molecular weight dye, for evaluating 
barrier function, the cell volume during the RVI re- 
sponse had to increase to about 90% of its isotonic 
value for full restoration of the barrier properties. On 
the other hand, only in RCEC did Rt partially recover 
after 20 minutes. This difference between the limited 
level of recovery of Rt and the almost complete re- 
covery of dye permeability rate and cell volume is 
possibly a reflection of Rt being a much more sensi- 
tive measure of tight junctional integrity. Even 
though cell-to-cell apposition is restored, as reflected 
by extent of RVI and dye permeability recovery, tight 
junctional ion permeability may remain disrupted 
and account for the failure of Rt to recover. 

ROLES OF N K C C  AND Na/K-ATPAsE 
IN TRANSLAYER DYE PENETRATION AND CELL 

VOLUME REGULATION 

Both NKCC and Na/K-ATPase activity are essential 
requisites for numerous tissues to mount RVI re- 
sponses during exposure to a hypertonic challenge 
(Graf & Haussinger, 1996; Russell, 2000). Our un- 
published data show that in HCEC and RCEC the 
combined activity of NKCC and Na/K-ATPase me- 
diate most of the total S6Rb uptake. In order to 
evaluate their contributions to the maintenance of 
translayer dye permeability and RVI capacity during 
exposure to a short-term hypertonic challenge, we 
measured the individual effects of bumetanide and 
ouabain on these parameters. 

In RCEC, both inhibitors caused a 14% decrease 
in the extent of RVI (Table 1) without affecting 
translayer dye permeability rate (Fig. 4A,B). How- 
ever, inhibition of Na/K-ATPase with ouabain ex- 
tended the z of cell volume recovery by 1.6-fold. This 
delay may account for an increase in dye penetration 
rate observed during the first 3 minutes of the chal- 
lenge. On the other hand, in HCEC, its RVI and cell 
layer dye permeability behavior were much more 
dependent on NKCC and especially Na/K-ATPase 
activity than in RCEC (Fig. 4C, D, Table 1). This is 
indicated because in these cells bumetanide (50 ~tM) 
inhibited RVI recovery much more than in RCEC. In 
addition, ~ was prolonged and accompanied by a 
proportional increase in dye penetration rate. These 
differences in sensitivity to bumetanide agree with our 
previous data that bumetanide at concentrations of 
up to 100 p.M decreased 86Rb uptake in RCEC less 
than in HCEC (Bildin et al., 2000). One possible ex- 
planation for these differences is that the NKCC 
isoform(s) expressed in RCEC have a lower affinity 
for bumetanide than in HCEC. 

In HCEC, inhibition of Na/K-ATPase affected 
RVI and dye permeability more than in RCEC. This 

is evident because in HCEC, RVI recovery was much 
more limited and transient than in RCEC (Fig. 5D). 
Cell volume reversal suggests that inhibition of the 
Na/K-ATPase prevented expression of even a sus- 
tained partial recovery. Similarly, in HCEC the dye 
penetration rate initially increased, stabilized for 10 
minutes and then rose again, whereas in RCEC it 
transiently became larger followed by a complete re- 
covery to its isotonic value (Fig. 4B,D). These larger 
effects of bumetanide and ouabain on HCEC RVI 
behavior and the rates of translayer dye penetration 
suggest that in HCEC NKCC and Na/K-ATPase 
activity are larger contributors to RVI maintenance 
than in RCEC. However, the identity of other ion 
(osmolyte) transporters in RCEC that could con- 
tribute to this function is unclear. Taken together, 
the ability to maintain barrier function during acute 
hypertonic stress is related to cell volume regulatory 
capacity. 

ROLE OF M A P K  SUPERFAMILY KINASES 

ACTIVITY IN CELL RESPONSES TO HYPERTONIC1TY 

The osmosensors that detect a hypertonic stress, and 
which in turn activate signaling pathways that me- 
diate a RVI response, are still unknown. In some 
tissues, the RVI response significantly depends on 
increases in NKCC activity in response to a hyper- 
tonic challenge. Such increases can be mediated 
through stimulation of signaling pathways that in- 
clude protein kinase A or protein kinase C as well as 
possibly inhibition of protein phosphatase(s) (Pewitt 
et al., 1990; Palfrey & Pewitt, 1993). During a hy- 
pertonic challenge, NKCC phosphorylation initially 
plays an important role in the regulation of its 
activity (Haas, McBrayer & Lytle, 1995; Sun & 
O'Donnell, 1996). The cell signaling pathways that 
could be involved in activating cell volume regulation 
include increases in the activity of different members 
of the MAPK superfamily. Modulation of their ac- 
tivity in response to hypertonic stress is very diverse 
and tissue-specific. In some tissues, activation of 
membrane ion transporters and RVI in response to 
exposure to a hypertonic stress is not even directly 
linked to MAPK activation. For example, in U937 
cells, analysis of the time course of hypertonic acti- 
vation of NHE and of the three subfamilies of 
MAPK and sensitivity of these processes to specific 
inhibitors revealed that the stimulation of NHE and 
the activation of Erkl/2, p38MAPK and JNK are 
parallel but independent events (Gillis et al., 2001). 
Therefore, it is not possible to generalize based on 
studies in one tissue, which limb of the MAPK 
superfamily cascade is involved in eliciting a regula- 
tory volume response to a hypertonic challenge. 

In the current study, the hypertonic challenge in 
both cell lines induced fast and large increases in p38 
activity (Fig. 6C). However, the kinetics of this acti- 
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vation were completely different: l) in RCEC, p38 
was maximally phosphorylated within the first 2 
minutes, whereas in HCEC it occurred only after 8 
minutes; 2) RCEC peak activation was 5-fold greater 
than in HCEC. In both cell lines, p38 activation 
preceded RVI and recovery of cell layer barrier 
properties, and the profile of this activation corre- 
lated with the kinetics for both of these processes 
(Figs. 1 and 2). Our results comparing the ability of 
MAPK inhibitors to suppress RVI indicate that the 
p38 limb activation is required to elicit this response. 
The results shown in Table 2 make it apparent that 
only inhibition of the p38 limb with SB203580 
mediated dose-dependent declines in RVI in both 
cell lines. In contrast, exposure to ERK- and 
JNK-pathway inhibitors over the same concentration 
range had no effect on RVI. These data are in good 
agreement with the report that in the rat medullary 
thick ascending limb of Henle, SB203580, a specific 
inhibitor of p38MAPK, almost completely inhibited 
RVI induced by hypertonicity, whereas inhibition 
of Erkl/2 activity did not alter this response (Roger 
et al., 1999). 

A noteworthy finding in the current study is that 
p38 activation exhibited a two-wave pattern (i.e., 
oscillation) (Fig. 6C). Equivalent band intensity in 
different lanes shown in the bottom of Fig. 6A,B, 
documents that all samples contained a similar 
amount of total p38. Additional evidence that the 
wave pattern is not artifactual is that it was consis- 
tently observed in four independent experiments for 
each cell line. One possible reason that such oscilla- 
tions are rarely described is that we measured MAPK 
activity at 2 minutes intervals, whereas others gen- 
erally measure it only at 5 to 20 minute intervals. 
Furthermore, the absence of oscillations in most 
other studies could be explained by the fact that they 
provide average data rather than individual repre- 
sentative experiments. 

Activation of the p38MAPK cascade in hyper- 
tonicity-stressed cells is involved in eliciting a number 
of other functions needed for adaptation to such 
stress. For example, in human peripheral blood 
monocytes and human peripheral blood-derived 
macrophages, p38MAPK is involved in hyperos- 
molality-induced upregulation of betaine and myo- 
inositol transporters (Denkert et al., 1998). In renal 
cells, betaine transporter expression was also depen- 
dent on p38 activation (Sheikh-Hamad et al., 1998). 
Taken together, these data suggest that p38 kinase is 
responsible for cell adaptation to acute and pro- 
longed hypertonic stress and activation of inorganic 
and organic ion transporters, which lead to recovery 
of isotonic cell volume. 

The variations of JNK activity in RCEC and 
HCEC were negligible in comparison to those of p38 
(Fig. 7C). Only in HCEC a relatively moderate in- 
crease, an about twofold elevation in its activity, was 

observed. In RCEC, there were no changes in SAPK/ 
JNK activity, a result which strongly supports the 
conclusion that this module of the MAPK cascade is 
not involved in eliciting the RVI response or in 
maintaining cell layer integrity. Two waves of mod- 
erate increases in SAPK/JNK activity in HCEC 
could reflect comparatively lower, perhaps inade- 
quate, activation of p38 in these cells, as we suggested 
above. 

Our results are in agreement with those of others 
dealing with the profile of activation of the SAPK/ 
JNK limb in response to osmotic stress. In rat PC12 
and human small-cell lung cancer cells, there were cell 
type-dependent increases in activity of selective JNK 
isoforms (Butterfield et al., 1999). In IMCD-3 cells 
and in bovine aortic endothelial cells, hypertonicity- 
induced JNK activation appears to be linked to 
promoting cell survival and suppressing apoptosis 
rather than stimulation of membrane ion transport 
(Malek et al., 1998; Wojtaszek et al., 1998). One 
observation suggesting the possibility of SAPK/JNK 
involvement in the RVI response in some cells is that 
hypertonic activation of Na§ + exchange in 
Xenopus oocytes is mediated by activation of JNK 
and requires C1 (Goss et al., 2001). Taken together, 
our results are in agreement with many other studies 
suggesting the importance of the SAPK/JNK limb of 
MAPK to cell adaptation to chronic rather than 
acute hypertonic exposure. 

Erkl/2 activation by osmotic stress is a consistent 
finding in many different types of cells (Cohen, 1999). 
However, there is still limited information on the 
adaptive significance of such activation to restoration 
of cellular function. Some examples of hypertonicity- 
induced effects include: 1) Erkl/2 activation in mouse 
lung epithelial cells (MLE-15), resulting in increases 
in AQP5 expression (Hoffert et al., 2000); 2) inhibi- 
tion of Erkl/2 activation by PD98059 in ANAl 
murine macrophage cell line, abrogating upregulation 
of taurine uptake (Romio et al., 2001). A recent study 
in a secretory epithelium, human tracheal epithelial 
cells, suggests that hyperosmotic-induced activation 
of NKCC1 is regulated by stimulation of PKC-delta 
and ERK (Liedtke & Cole, 2002). 

Unlike in those studies, we found a negative re- 
sponse by Erkl/2 to such a challenge (Fig. 8C). We 
are aware of only one study where a similar effect was 
described. In C6 glioma cells, Erkl/2 activity in- 
creased in hypoosmotic (205 mOsm) medium but 
decreased under a hyperosmotic (405 mOsm) condi- 
tion, relative to its isotonic control (Sinning et al., 
1997). In our study, Erkl/2 activity does not appear 
to be associated with activation of the RVI responses, 
but instead seems to be dependent on cell volume and 
integrity recovery. This is indicated because we ob- 
served: l) a significant decline in Erkl/2 activity 
during the first l0 minutes of the hypertonic stress in 
both cell lines; 2) its activity almost completely 
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recovered in RCEC, which was the only cell type able 
to recover its volume and layer integrity; 3) the ki- 
netics of RVI precede the temporal pattern of Erkl/2 
recovery. Our data pertaining to RVI behavior and 
Erkl/2 activation agrees with a report that in the rat 
medullary thick ascending limb of Henle SB203580, 
inhibition of Erkl/2 activity did not alter RVI in- 
duced by hypertonicity (Roger et al., 1999). 

In summary, there is a temporal relationship 
between hypertonic stress-induced p38 activation, 
RVI kinetics and recovery of cell layer barrier func- 
tion. Activation (phosphorylation) of p38MAPK was 
faster and larger in RCEC than in HCEC and this 
correlates with the cells' respective regulatory volume 
capacities. Furthermore, inhibitor analysis shows 
that p38 activation appears to be essential for medi- 
ating RVI. In both cell lines 1) the variations in 
SAPK/JNK activity were negligible in comparison to 
those of p38; 2) the changes in Erk activity reflected 
profiles of RVI and cell layer recovery. Taken to- 
gether, during an acute hypertonic challenge lasting 
30 minutes maintenance of cell volume and barrier 
function are dependent on sufficient activation of the 
p38 limb of the MAPK cascade. 

This work was supported by USPHS Grants EY04795 (to PSR), 
RPB Inc. (to PI), and the Schnurmacher Foundation (to VNB). 
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