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The surface of the eye is covered by a protective tear film consisting of an aqueous-mucus
layer and a superficial lipid layer, which are vital for light refraction and protection of
vision. The aqueous component of the tear film contains electrolytes and a large variety of
proteins, peptides and glycoproteins secreted by the lacrimal and meibomian glands, and
apical cells of the corneal and conjunctival epithelia (Ohashi, Y. et al., 2006; Ruiz-Ederra, J.
et al., 2009). Maintenance of a precise osmotic gradient of electrolytes between the tear film
and the ocular surface epithelia is of paramount importance in regulating cell function and
homeostasis. An imbalance of electrolytes is a hallmark of many pathologies, including dry
eye, a disease affecting between 6 and 43 million people in the United States alone (Gilbard,
J.P., 1994; Pflugfelder, S.C., 2011).

Tear film hyperosmolarity results primarily from an increased electrolyte concentration and
is regarded as the central mechanism causing ocular surface damage and inflammation, as
well as the initiation of compensatory events in dry eye (Lemp, M. et al., 2007). In normal
human tear fluid, the primary cationic electrolytes are sodium (120-170 mM), potassium
(6-42 mM), calcium (0.3-2 mM), and magnesium (0.3-1.1 mM) (Gilbard, J.P. and Rossi,
S.R., 1994; Stahl, U. et al., 2012). In dry eye disorders, the concentration of all electrolytes
and tear osmolarity rises as a result of (i) water evaporation from the exposed ocular surface
in conditions of low aqueous tear flow, (ii) excessive evaporation or, (iii) a combination of
these events (Lemp, M. et al., 2007). In meibomian gland dysfunction, there is a
proportional increase in tear electrolytes and osmolarity, consistent with an evaporative
effect at the ocular surface. In lacrimal gland disease, however, the increase in electrolytes is
not uniform, and sodium appears to increase disproportionately in the tear film as its
secretion by the lacrimal gland increases (Gilbard, J.P. and Rossi, S.R., 1994).
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Due to its high concentration in tears, elevated tear osmolarity is primarily attributed to
increased levels of sodium chloride (Pflugfelder, S.C., 2011). Consequently, the vast
majority of in vitro and in vivo models of hyperosmolarity use hypertonic solutions of
sodium cations to evaluate ocular surface disease and corneal barrier disruption (Blalock,
T.D. et al., 2008; Chen, Z. et al., 2008; Li, D.Q. et al., 2004; Liu, H. et al., 2009). However,
less attention has been paid to the contribution of other tear electrolytes under hyperosmotic
conditions to ocular surface disease. Previous evidence suggests that individual cations play
unique and varying roles in epithelial cells. For example, potassium ions appear to
contribute to the maintenance of epithelial thickness as compared to iso-osmotic solutions
containing sodium ions (Green, K. et al., 1992). Therefore, we elected to examine the
contribution of different hypertonic electrolytes to corneal epithelial dysfunction.

We determined the contribution of individual cations to barrier function in a model of long-
term hyperosmotic stress using the rose bengal penetration assay (Argueso, P. and Gipson,
I.K., 2012). This assay was selected based on previous data indicating that hyperosmolarity-
induced changes in apical epithelial cells in dry eye can be correlated with the amount and
distribution of rose bengal staining (Gilbard, J.P., 1985; Gilbard, J.P. and Farris, R.L., 1979;
Tomlinson, A. et al., 2006). For these experiments, epithelial cells were cultured in serum-
free medium until confluence, then in serum-containing medium, with or without hypertonic
electrolytes, for 7 days as previously described (Xiong, L. et al., 2011). As shown in Figure
1, addition of 50 mM calcium chloride to cultures for 7 days increased rose bengal uptake by
2fold compared to control. More strikingly, dye uptake increased 3-fold after addition of
magnesium chloride for the final 3 days of cell culture, and incubation for 5 and 7 days
induced cell death, as shown by phase contrast microscopy. These results are consistent with
previous data from our laboratory indicating that divalent cations have a harmful effect on
the glycocalyx barrier function (Argueso, P. et al., 2006). On the other hand, addition of
sodium—which is commonly used in corneal epithelial models of hyperosmolar stress—and
potassium chloride did not affect rose bengal uptake as compared to divalent cations. It is
important to note that, in our model, incubation with serum-containing medium for 7 days
promotes stratification and optimal biosynthesis of cell surface-associated mucins (Gipson,
I.K. et al., 2003; Xiong, L. et al., 2011).

The long-term effect of hypertonic calcium and sodium cations on cell viability and
paracellular barrier function was tested using the colorimetric MTT assay and transepithelial
electrical resistance (TEER), respectively. Human corneal epithelial cells were grown for 7
days in media containing increasing concentrations of electrolytes (300-550 mOsm) on the
apical portion of Transwell® permeable supports. Osmolarity values were selected based on
data indicating that osmolarity in areas of breakup of the precorneal tear layer can reach up
to 560 mOsm (Pflugfelder, S.C., 2011). As shown in Figure 2A, incubation with calcium
chloride, but not with sodium, decreased cell viability in a concentration-dependent manner,
resulting in almost complete loss of viable cells above 450 mOsm. Similarly, the
paracellular permeability of corneal epithelial cells after addition of calcium was
significantly lower as compared to the addition of sodium (Fig. 2B).

It is becoming apparent that both alteration of the physicochemical character of the epithelial
glycocalyx and specific hypertonicity-induced signaling events contribute to corneal
epithelial dysfunction. Several studies have shown that divalent cations interact
noncovalently with mucins and that this interaction can alter the structure and function of
these protective molecules (Argueso, P. et al., 2006; Forstner, J.F. and Forstner, G.G., 1975;
Marriott, C. et al., 1979; Steiner, C.A. et al., 1984). Similarly, ion channels, such as the
vanilloid TRP1 (TRPV1) isoform, can elicit responses to diverse noxious stimuli including
hyperosmotic stress (Ciura, S. and Bourque, C.W., 2006). TRPV1 in human corneal
epithelium localizes predominantly to superficial cells and exhibits moderate selectivity for
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calcium and magnesium (Zhang, F. et al., 2007). Interestingly, TRVP1 activation leads to
activation of MAPK and increase in proinflammatory cytokine release (Pan, Z. et al., 2011;
Zhang, F. et al., 2007), pathways characteristic of dry eye disease (Pflugfelder, S.C., 2011).
Further studies are required to understand the function of these and other membrane
receptors during exposure to specific hypertonic electrolytes. Elucidating how different tear
electrolytes influence ocular surface epithelial responses in cases of dry eye could facilitate
the development of better formulations for treatment of the disease.
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Figure 1.
Rose bengal staining in stratified human corneal epithelial cells incubated with 50 mM of
individual electrolytes for different time periods. Dashed line in the magnesium chloride
graph indicates uniform cell death with longer periods of incubation. Phase contrast images
shown below correspond to representative areas following 7-day incubations with or without
(control) hypertonic electrolytes.
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Figure 2.
Corneal epithelial cell viability (A) and transepithelial resistance measurements (B) after 7
days' exposure of human corneal epithelial cells to increasing concentrations of calcium and
sodium chloride.
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