J. Membrane Biol. 143, 259-266 (1995)

The Journal of

Membrane
Biology

© Springer-Verlag New York Inc, 1995

Chloride-activated Water Permeability in the Frog Corneal Epithelium

0O.A. Candia'?, A.C. Zamudio’

!Department of Ophthalmology, Mount Sinai School of Medicine, 100th Street and 5th Avenue, New York, NY 10029
*Department of Physiology and Biophysics, Mount Sinai School of Medicine, 100th Street and 5th Avenue, New York, NY 10029

Received: 6 June 1994/Revised: 8 August 1994

Abstract. We have previously reported that the isolated
frog corneal epithelium (a Cl -secreting epithelium) has
a large diffusional water permeability (P, ~ 1.8 x 107
cm/s). We now report that the presence of CI™ in the
apical-side bathing solution increases the diffusional wa-
ter flux, Jg, (in both directions) by 63% from 11.3 to
18.4 ul min™ - cm™ with 60 mum [CI] exerting the max-
imum effect. The presence of Cl™ in the basolateral-side
bathing solution had no effect on the water flux. In CI™-
free solutions amphotericin B increased ly,, by 29% but
only by 3% in CI™-rich apical-side bathing solution, sug-
gesting that in Cl™-rich apical side bathing solution, the
apical barrier is no longer rate limiting. Apical Br~ (75
mM) also increased J 4, by 68%. The effect of C1I” on I,
was observed within 1 min after its addition to the apical-
side bathing solution. HgCl, (0.5 mm) reduced the CI™-
increased Py, by 31%. The osmotic permeability (Py)
was also measured under an osmotic gradient yielding
values of 0.34 and 2.88 (x 107> cmy/s) in Cl -free and
Cl -rich apical-side bathing solutions respectively. It
seems that apical CI7, or Cl” secretion into the apical
bath could activate normally present but inactive water
channels. In the absence of CI”, water permeability of
the apical membrane seems to be limited to the perme-
ability of the lipid bilayer.
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Introduction
The external surface of the cornea is covered by a mul-

tilayered, tight epithelium, whereas a monolayered en-
dothelium overlays the internal corneal surface in contact

Correspondence to: O.A. Candia

with the aqueous humor. Between these two cell layers
is a collagenous stroma that has a marked tendency to
swell, thereby becoming disorganized and rendering the
cornea opaque. It is mainly due to the continuous func-
tioning of the endothelium and its ‘“fluid pump,’” which
moves fluid from the stroma into the anterior chamber of
the eye, that the stroma stays dehydrated and the cornea
transparent (Maurice, 1972; Fischbarg & Lim, 1974;
Hodson & Miller, 1976). Classically, the function of the
epithelium has been relegated to that of a protective bar-
rier with no defined role in fluid movement. A few stud-
ies have shown that the corneal epithelium may be ca-
pable of fluid secretion (Klyce, 1975; Candia, 1976), but
the driving force and the pathways for water movement
across the corneal epithelium remain poorly defined.
During the past 25 years, the frog corneal epithelium has
been characterized as a CI -secreting epithelium (Can-
dia, 1984). In fact, after the initial finding of C1™ trans-
port by this epithelium (Zadunaisky, 1966) descriptions
of the responses of the corneal epithelium to epinephrine
(Chalfie, Neufeld & Zadunaisky, 1972), Ca>" ionophore
(Candia, Montoreano & Podos, 1977), and loop diuretics
(Candia, 1973) were among the initial reports on what
came to be regarded as the typical physiological and
pharmacological responses of Cl -secreting epithelia.
Challenging the view that the corneal epithelium is a
relatively impermeable barrier to water was a report in-
dicating values in the toad cornea for diffusional perme-
ability, Py, in the order of 107 cm/s, a level that was
reduced by 30% by cell acidification (Parisi, Candia &
Alvarez, 1980). More recently Fischbarg (1992) has
pointed out that the rabbit corneal epithelium exhibits a
comparatively high osmotic water permeability of about
80-140 x 10~ cm/s. Thus, it is possible that the corneal
epithelium contains specific water pathways, and it could
contribute to the dehydration of the corneal stroma.
With the recent discovery of CHIP28 (Neilsen et al.,
1992; Preston et al., 1992; Van Hoek & Verkman, 1992)
and other water channels, we decided to reinvestigate,
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from a physiological perspective, water movement
across the isolated frog corneal epithelium. Our results
suggest that a fraction of the transepithelial water move-
ment is mediated by an apical element that is activated
by CI” and blocked by HgCl,.

Materials and Methods

All experiments were performed on the isolated corneal epithelium of
the frog Rana catesbeiana. Frogs were obtained from a local supplier
and kept in fresh-water tanks. They were double pithed just priot to the
dissection of the cornea. The corneal endothelium was scraped off and
the corneas, consisting of the epithelium with the stroma (about 150 p
thick), were mounted as a partition between hemichambers. Two types
of chambers were used. Chamber “‘a,”’ a two-compartment chamber
for measurements of diffusional water permeability using tritiated wa-
ter (3H20), and Chamber “‘b,”’ a three-compartment chamber accom-
modating two corneas for measurements of osmotic water permeability
by volumetric detection. Chamber ‘‘a’’ was a modified Ussing-type
chamber similar to that used for electrophysiological studies (Candia,
1972). The volume of the ‘‘hot’’ side compartment was increased to
about 30 ml. This was necessary to maintain the specific activity of the
“‘hot” side within 10% of its initial value. Typically, at a maximum
flux rate of 0.8 ml/hr the specific activity will decrease by 8% (2.4/30)
in 3 hr. Nevertheless, periodic samples were taken from the ‘*hot’’ side
and fluxes were calculated based on the activity cotresponding to the
time of the flux being calculated. Sampling and replacement kept the
“cold” side activity below 2% of that in the ‘‘hot’” side. Vigorous
stirring was provided by continuous recirculation with a jet of fluid
directed to the surface of the cornea (Candia, Mia, & Yorio, 1993).
About 1.3 uCi/mi of *H,0 (ICN Bjomedicals, Costa Mesa, CA) was
added to one side, and samples were taken from the “‘cold”” side every
15 min. At least four flux periods were determined for each experi-
mental condition. A full experiment usually consisted of two or three
conditions of the ‘‘before~after’” type so that paired comparisons could
be made. The chambers also provided the necessary salt bridges for
electrical determinations. The corneas were continuously short cir-
cuited except for a few seconds every 10 min for measurements of the
electrical resistance. In the tables, the diffusional water flux, J,,,. is
expressed in pil - min~" - cm™. The diffusion permeability coefficient,
P, is expressed in cm/s and is given by:

Pdw:'de/(A ' Vw : Cw)

where A is the area of the membrane (cm?), V,, is the partial volume of
water (cm>/mol), C,, is the concentration of water (mol/cm®), and J,,
is the measured flux in cm?/s.

Chamber ‘‘b’* was a regular Ussing-type chamber with a center
compariment separating the two halves. With this arrangement, two
corneas facing each other with their stromal sides towards the center
compartment were mounted. The center compartment was totally
closed except for two openings. One, controlled by a valve, was used
to filt and regulate the volume of the center compartment. The second
was connecied to the graduated cylinder of a 20 pl syringe, which
allowed for visual detection of 1 pl changes (Fig. 1). The level of the
cylinder could be reset by opening the valve controlling the flow from/
to the filling syringe. Because of the rigidity of the stroma, setting the
cylinder level 2-3 cm above the external compartment levels main-
tained the corneas in a fixed position. Swelling of the stroma does not
affect the cylinder level because imbibed stromal water is retained in
the center compartment. Changes in the cylinder level represent actual
movement of fluid between the external compartments and the center

Fig. 1. Modified Ussing-type chamber for the measurement of net
water flow (chamber ‘‘b’’ described in Materials and Methods). A
center compartment connects to the vertically placed syringe cylinder
and to another syringe (located below the chamber) used to calibrate
the volume of the center compartment. Two corneas (one on each side)
were placed between the center compartment and each outer
hemichamber. Salt bridge-Ag/AgCl electrodes were connected to the
outer compartments to monitor the transcorneal electrical resistance.

compartment across the corneas. Since the exposed area of each cornea
is 0.5 cm?, the changes in transcorneal volume flow are recorded in
uwl/cm? Changes of solutions in the external compartments can be
easily accomplished without opening or disturbing the center compart-
ment. In the results, the volume flow, J,, is expressed in
ul-min™' - cm 2, The osmotic permeability coefficient, Py, is ex-
pressed in cm/s and can be calculated from the following expression:

Pr=JJA -V, - AC)

where J, is in cm®/s and AC, is the difference in solute concentration
(mol/cm®). In this type of experiment, the corneas were at open circuit
and the resistance of the two corneas in series was periodically mon-
itored. The temperature of the system was carefully maintained con-
stant at 22°C.

The basic Ringer’s solution used during the dissection and some
of the experiments had the following composition (in mM): 103.4 Na”,
2.5 K, 1.0 Ca*, 1.2 Mg**, 75.0 CI', 25.0 HCO;~, 1.8 SOZ, 2.0
HPOZ", 0.7 H,POy, 2.0 gluconate, and 26.0 glucose. When a Cl™-free
solution was necessary, SOF~ or gluconate replaced CI”, and the os-
molarity was compensated for with sucrose when necessary. The pH of
the solutions when bubbled with air was 8.6. Amphotericin B was
from Squibb, Princeton, NJ and HgCl, was reagent grade from Sigma,
St. Louis, MO.

Results

Since the cystic fibrosis transmembrane conductance
regulator (CFTR) is a glycoprotein that can function not
only as a cAMP-stimulated channel for C1™ (Clarke et al.,
1992), but also as an aqueous pathway (Hasegawa et al.,
1992), we thought that water may also move through the
CI™ channel in the apical membrane of the comeal epi-
thelium. Although our preliminary hypothesis turned out
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Table 1. Unidirectional water fluxes across the isolated frog corneal
epithelium (ul - min™ - cm™)

Cl-free Ringer Cl-rich Ringer

T-t0-S S-to-T T-to-S S-to-T

12.0 12.5 17.8 18.0

122 9.3 183 17.2

12.3 10.0 183 17.7

12.0 10.5 19.3 17.0

122 9.5 20.5 16.8

12.5 112 185 17.0

11.8 10.7 18.7 18.7

12.2 9.7 19.7 18.8

11.5 9.3 19.3 18.7

11.5 112 20.5 18.8

11.7 10.7 19.5 17.8

11.7 9.3 18.8 182

12.3 10.2 18.8 17.7

10.7 9.7 18.0 17.3

120 9.3 182 177

12.0 13.0 18.3 17.3

12.5 13.3 18.7 16.8

11.8 11.0 20.3 17.3

12.0 13.2 19.7 172

12.0 12.5 20.3 18.3
Mean 11.9 10.8 19.1* 17.7%¢
+SE 0.09 0.31 0.19 0.15

Pyy
(cm/s) 2x 107 1.8 x 107 3.2 x 107 3.0x 1074

* Mean fluxes in Cl-rich Ringer were significantly larger than mean
fluxes in Cl-free Ringer. P < 0.01 compared as groups. T-to-S: Tear-
to-Stroma. S-to-T: Stroma-to-Tear.

to be incorrect, we found an unexpected effect of CI” on
the water permeability of the isolated frog corneal epi-
thelium.

UNIDIRECTIONAL WATER FLUXES

Table 1 shows unidirectional water fluxes across 80 in-
dividual corneal epithelia. While opposite fluxes were
similar for the same type of bathing solution, fluxes
across corneas bathed in the Cl -rich solutions were
about 60% larger than in Cl -free solutions. Initially we
reasoned that CI” and water may be sharing the same
channel and only when CI™ was diffusing out of the cell
across the apical membrane would water move through
the channel. However, although Table 1 shows that wa-
ter moved equally in either direction, CI” movement (re-
corded as a short-circuit current, I..) was in the stroma-
to-tear direction. Furthermore, addition of CI™ secreta-
gogues such as epinephrine, forskolin and the Ca®*
ionophore A23187 produced the typical 40-80% stimu-
lation of the I and CI™ conductance without any effect
on water fluxes (results not shown). Thus, it seemed that
it was the presence of Cl7, rather than its movement, that

was influencing the movement of water. With this in
mind, experiments were then done in which CI” was
differentially added or removed from each bathing solu-
tion (isosmotic replacement with SOF™ or gluconate).
The results, which are shown in Table 2, point to the
presence of CI” on the apical-side solution as the factor
responsible for the increases in water permeability. Var-
ious protocols were then completed to collectively dem-
onstrate that it was, indeed, the addition or removal of
CI” from the apical bathing solution that changed the
water permeability irrespective of the presence of CI™ in
the basolateral bathing solution.

We have previously shown that amphotericin B cre-
ates ion channels on the apical side of the corneal epi-
thelium (Candia, Bentley & Cook, 1974) that are also
permeable to water (Parisi et al., 1980). After ampho-
tericin B treatment, the basolateral membrane becomes
rate limiting to the movement of ions, and possibly to
water. If the latter were true and if apical CI™ was indeed
increasing apical water permeability, CI” should have
little or no effect after amphotericin B and vice versa.
Table 3 shows the combined effects of amphotericin B
and CI” on water permeability. The top panel shows the
typical effect of amphotericin B on corneal epithelial
water permeability in Cl -free solutions. The center
panel shows that when the corneas are bathed in Cl -rich
solutions, the control fluxes are higher and amphotericin
B has no further effect. The bottom panel reiterates the
lack of an amphotericin B effect on water permeability
after CI™ stimulation and also shows the reverse effect, a
lack of a ClI™-induced permeability increase after ampho-
tericin B. A simple interpretation, consistent with these
results is that amphotericin B- and Cl -induced water
permeability reside in parallel at the apical membrane.
If either channel is operational, or activated, the basolat-
eral side becomes rate limiting and activation of an api-
cally resident additional channel is superfluous. We then
studied the activation of the water permeability as the
concentration of CI™ on the apical-side solution was in-
creased in a stepwise fashion. Figure 2 is the represen-
tation of these experiments. A small activation appears
at 35 mm and seems to reach a maximum at about 60 mm
[CI']. We also wanted to study the time course of the
activation. Typically, during water flux experiments,
samples were taken every 15 min, and the increase in
water flux was observed in the first 15-min period after
the addition of apical CI™. It was possible, therefore, that
the effect of CI” was considerably faster. We performed
several experiments in which sampling was made every
minute immediately prior to and following the change
from a Cl -free to a Cl -rich condition. The results,
shown in Fig. 3, indicate that the apical water perme-
ability is activated within a minute, or possibly less, of
CI” addition. The points in Fig. 3 represent the average
value at the middle of a period between two consecutive
samples. Spacing of the sampling did not affect the
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Table 2. Sidedness of the Cl effect on the unidirectional water fluxes across the isolated

frog corneal epithelium

Cl-free Cl-rich Cl-rich Cl-rich
(both sides) (apical) (basolateral) (both sides)
Mean 9.3 15.2°
+ SE 0.47 0.78
(n=19)
Mean 10.8 10.5 15.8°
+SE 0.84 0.99 0.77
(n=4)
Cl-rich Cl-free Cl-free Cl-free
(both sides) (apical) (basolateral) (both sides)
Mean 17.8 10.6°
+ SE 0.75 0.83
n=15)
Mean 17.2 16.6 10.2°
+ SE 1.12 1.18 0.81
(n=5)

* Significantly larger than corresponding Cl-free control. P < 0.01 as paired data.
® Significantly smaller than corresponding Cl-rich control. P < 0.01 as paired data.

Fluxes are in \l - min™" - cm™

steady state of the flux values, giving support to the
observed quick increase in flux. Once the CI~ effect was
clearly established, we tested the effect of another halo-
gen, Br. As shown in Table 4, the addition of 75 mm
Br™ to the apical side produced a stimulation of the water
fluxes identical to, if not slightly larger than, that pro-
duced by CI™ addition.

Mercurials are known to block water channels in
many systems (Verkman, 1989). Thus, we tested the ef-
fect of 0.5 mm HgCl, on water fluxes across the corneal
epithelium. As shown in Table 5, HgCl, addition re-
duced the Cl -stimulated water flux from 14.5
ul - min™' - cm™ to a value normally observed in the
absence of CI". After amphotericin B, HgCl, produced
less of a reduction, as if the amphotericin B-induced
channels were not affected by Hg”".

The effect of HgCl, on the I, was variable, but in
most cases it increased. On the other hand, Hg>" pro-
duced a substantial reduction of the transepithelial elec-
trical resistance from 1.95 + 0.27 to 0.23 = 0.20
KQ -cm? (n = 16; P < 0.001). Such a large decrease in
resistance (with a moderate increase in I,.) probably rep-
resents an increase in paracellular conductance.

NET WATER FLUX

Once we established that apical Cl” increased the diffu-
sional water permeability of the corneal epithelium in a
few experiments, we examined whether or not the os-
motic permeability, P, was also increased by CI”. For
these experiments, the closed-chamber device described
in Materials and Methods was utilized. Figures 4-6

Table 3. Effects of Cl and amphotericin B on unidirectional water
fluxes across the isolated frog corneal epithelium

Cl-free Ringer

Tear to Stroma (n = 22) Stroma to Tear (n = 11)

Control Amph. B Control Amph. B
Mean 11.5 15.8° 11.8 15.3%
+ SE 0.37 0.48 1.50 1.17

Cl-rich Ringer

Tear to Stroma (n = 6) Stroma to Tear (n = 4)

Control Amph. B Control Amph. B
Mean 17.1 159 20.5 19.8
+ SE 1.21 0.98 1.39 1.49

Consecutive effects of Cl and Amphotericin B

Control
(Cl-free) Cl-rich Amph. B Cl-rich
Mean 8.3 13.4° 14.7°
+SE 0.76 1.15 1.37
n="7)
Mean 9.5 12.6° 12.6"
+ SE 0.79 0.49 0.70
(n=9)

2 Significantly larger than its respective control. P < 0.01 as paired data.
® Significantly larger than its respective control. P < 0.01 as paired data.
All fluxes are in pl - min™" - cm™2. Amph. B: apical amphotericin B at
107° m.
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Fig. 2. Unidirectional water fluxes (in either direction) as a function of
apical-bath CI” concentration. Each point is the average of four to eight
determinations. Individual corneas were used to measure water fluxes
at two or three different C1™ concentrations. All changes in CI~ were
isosmotic.
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Fig. 3. Unidirectional water fluxes as a function of time when CI™ (75
mM) was suddenly added to the apical bath. Changing the sampling
intervals from 15 to 10 and 1 min before adding CI~ did not increase the
flux. After C1” addition prolonging the sampling interval did not affect
the Cl™-increased water flux. Points are means of four experiments.
Some error bars were omitted for clarity.

show typical records. The experiment in Fig. 4 was done
in CI"-free solution. The stromal side (the closed com-
partment in contact with the stroma and connected to the
capillary cylinder) contained a solution with an osmolar-
ity of about 288 mOsm. The tear sides of the two corneas
were bathed with a 24 mOswm solution, so that there was
about a 264 mOswm difference across each individual cor-
nea with the driving force for water in the tear-to-stroma
direction. In control conditions, there was no water flux
for about 2 hr despite the osmotic gradient. After addi-
tion of amphotericin B, a flux of about 0.4 pl/min was
elicited. This flux spontaneously slowed down and
ceased when the osmolarity of the tear side was made
equal to that of the stromal side. Figure 5 shows another

Table 4. Effect of 75 mm apical bromide on unidirectional water
fluxes across the isolated frog corneal epithelium

Cl-free Ringer

Control Bromide
Mean 10.0 16.8*
+ SE 0.76 1.51

(=4

* Significantly larger than control. P < 0.01 as paired data.

Fluxes are in ul - min™ - cm™

Table 5. Effect of 0.5 mm apical mercuric chloride on unidirectional
water fluxes across the isolated frog corneal epithelium

Cl-rich Ringer

Control Amph. B HgCl,
Mean 14.5 10.0*
+ SE 1.20 1.58
(n=4)
Mean 13.3 13.9 11.8
+ SE 0.85 0.84 0.72
(n=14)

* Statistically significant decrease. P < 0.01.

Fluxes are in ul - min~' - cm™,

experiment done in Cl -rich solutions. Initially the same
Ringer’s bathed both sides of the corneas. After a period
of stabilization there was no fluid movement during 75
min. At this point, the tear-side solutions were diluted to
one-half so that an osmotic gradient of about 120 mOswm
was established for water movement from tear-to-stroma.
A stable flow of about 0.2 pl/min was observed for al-
most 3 hr. Amphotericin B had little effect on this flux,
which was totally inhibited by 0.5 mm HgCl,. In the
final experiment, shown in Fig. 6, the basolateral side
was bathed with a physiological Ringer’s solution. Ini-
tially, there was an isoosmolar CI™-free Ringer’s on the
apical sides and little fluid flow was observed. Then the
tear sides were made hypertonic, which induced a flow
from stroma-to-tear. Upon addition of Cl” to the tear-
side solution (maintaining osmolarity), the flow more
than doubled, and it was reverted to the Cl™-free value
upon HgCl, addition.

Discussion

Because of the demonstrated importance of fluid move-
ment across the endothelium to the maintenance of cor-
neal dehydration and transparency (Maurice, 1972; Fis-
chbarg & Lim, 1974; Hodson & Miller, 1976), the per-
meability to water of the other limiting layer, the corneal
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Fig. 4. Volume flow as a function of time between the center com-
partment and outer compartments across two corneas mounted in par-
allel in a volume flow chamber (chamber “‘b’’ in Materials and Meth-
ods; see Fig. 1). M is the fractional osmolarity of the solution relative
to 240 mOsM (i.e., M = 0.1 represents 24 mOsM and M = 1.2 indicates
288 mOsMm). Points are readings from the capillary, which were plotted
to generate this representative trace of three similarly performed ex-
periments. In CI™-free solutions there was no noticeable flow despite a
264 mOsmM gradient. Addition of amphotericin B (107> M) to the tear
side of both corneas induced a flow of 0.4 gl/min in the tear-to-stroma
direction that attenuated to a stable lower value. The flow was halted
when the osmolarities of the tear sides were increased to match that in
the central stromal compartment.

epithelium, has received limited attention. One report
(Fischbarg & Montoreano, 1982) showed a relatively
high P; for the rabbit corneal epithelium although the
authors did not elaborate on the findings. Another report
in the isolated toad cornea (Parisi et al., 1980) showed
that the epithelium had a relatively high Py, for a tissue
thought to have limited fluid transport properties. Only
recently the possibility that the epithelium could trans-
port fluid outwardly was carefully considered based on
published data (Fischbarg, 1992). These considerations
as well as the possibility that the CI” channels that exist
in the apical membrane of the frog corneal epithelium
could function as water channels, prompted us to reex-
amine water movement across this membrane in vitro.
We used two conventional approaches for the measure-
ment of water movement, diffusional flow with tritiated
water, and the net volumetric water flow elicited by an
osmotic gradient. We did not attempt to measure the
spontaneous water flow elicited by the apical secretion of
NaClL

DirrusioNaL. WATER FLow

When the cornea is mounted in an Ussing-type chamber
between two relatively large volume compartments the
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Fig. 5. A representative trace of transcorneal volume flow as a func-
tion of time (n = 3). Methods and parameters as described in the legend
to Fig. 4. Numbers in brackets indicate Cl~ concentrations in mM.
Initially the corneas were bathed bilaterally with an identical Cl™-rich
solution. With this protocol there is usually a short-lived, spontaneous,
stroma-to-tear fluid secretion that is possibly driven by the natural
NaCl secretory activity of the corneas. At 90 min, the osmolarities of
the tear sides were reduced by 50% and the [CI7] were lowered to 38
mM. This maneuver immediately elicited a tear-to-stroma fluid flow.
Amphotericin B did not have a significant effect on the flow, which
was inhibited upon 0.5 mm HgCl, addition to the apical sides.

BATHING SCOLUTIONS
Cl-free Cl-free Cl-rich [199
Tear | Qe | =2, EGER
Stromal F/I':—lr(SCh [75]
200
)
~ 150
z
o
&
o« 16 ul/min ----» I
-] 100 HgCiy
c
i)
prr]
®
= 507 o064 u/min -
8
(}) L 1 1 1 1

_0 1 L 1 1 i
0 30 60 90 120 150 180 210 240 270 300
TIME (Minutes)

Fig. 6. A representative trace of transcorneal volume flow as a func-
tion of time (n = 6). Methods and parameters similar to the descriptions
in legends of Figs. 4 and 5. Corneas were initially bathed bilaterally
with solutions of the same osmolarity, but the apical baths lacked CI™.
A spontaneous flow (possibly driven by basolateral-to-apical NaCl se-
cretion) was observed. Increasing the osmolarities of the apical sides
(240 mOsm gradient) increased the flow substantially. Adding C1™ to
the apical sides (without changing the osmotic gradient) more than
doubled the flow, which was in turn reduced by 0.5 mm HgCl, addition
to the apical sides. In general, larger water flows were elicited in the
stroma-to-tear direction than in the opposite direction by equivalent
gradients and conditions suggesting a degree of rectification.
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composition and osmolarity of the bathing solutions are
independent of transport processes across the tis-
sue. Thus, it was not unexpected that the unidirectional
°H,0 fluxes were essentially equal in the two opposite
directions (Table 1). A notion that water may utilize C1~
channels for its movement across the apical membrane
was initially bolstered by the finding that water fluxes
were as much as 70% larger in Cl™-rich compared to
ClI"-free solutions. This idea was not sustained since
stimulants of CI” secretion (forskolin, calcium ionophore
A23187 and epinephrine), and an inhibitor of such (bu-
metanide), were found to have only minimal effects on
water fluxes (results not shown). Furthermore, isotonic
removal of CI” from only the apical side has no appre-
ciable effect on the basolateral-to-apical Cl -originated
I, {Candia, 1984), while the water fluxes in either di-
rection were inhibited by about 60% (Table 1). There-
fore, one can conclude that the effect is due to the contact
of CI” with the external side of the apical membrane,
because intracellular CI” has no influence on water
fluxes (i.e., under conditions in which CI™ 1s limited to
the basolateral side, cell CI” is maintained by Na-Cl
cotransport, sustaining its efflux across the apical mem-
brane, and the I, but no water permeability increase is
observed). Presumably, intracellular C1™ would be in
contact with the internal face of the apical membrane, an
ineffectual sidedness from the standpoint of water move-
ment.

It is well established that treatment with the channel-

Due to the large

increase in apical

*  permeability the
basolateral membrane

- becomes rate limiting.

Fig. 7. Diagram of experimental results suggesting
that CI” or Br™ can change, by an allosteric effect,
the conformation of transmembrane proteins to
render them water permeable.

forming ionophore amphotericin B increases the cationic
permeability of the apical membrane of the corneal ep-
ithelium markedly (Candia et al., 1974). Similar perme-
ability increases have also been demonstrated in other
epithelia (Lichtenstein & Leaf, 1965; Bentley & Candia,
1975). In addition, in the isolated toad cornea, ampho-
tericin B also increased the transcorneal water perme-
ability (Parisi et al., 1980), a finding repeated here with
the frog comea. In other experiments, Holz & Finkel-
stein (1970) showed water permeability inductions in
lipid membranes upon amphotericin B exposure. Thus,
the effect of amphotericin B on water fluxes can be log-
ically explained as a consequence of an increased water
permeability at the apical membrane. As detailed by Pa-
risi et al. (1980), the 50-60% increase in water perme-
ability represents a minimal value. When corrections are
made for the restrictions of the stroma, and possibly the
basolateral cell membrane (both of which are in series
with the apical membrane), the actual increase in apical
water permeability can be estimated to be 100% or more.
It is interesting to note that the increase in permeability
produced by apical CI™ is similar to that produced by
amphotericin B in the absence of apical CI™ (Tables 2
and 3). Furthermore, the effects of apical CI™ and am-
photericin B were not additive (Table 3), strongly sug-
gesting that they were creating parallel water pathways
in the same cell membrane. The effect of apical CI” was
relatively fast (within one minute and possibly less, Fig.
3) and immediately reversible (Table 2) suggesting a
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direct effect, possibly allosteric, without entailing a cel-
lular signaling system.

The Cl™-induced water permeability pathway was
blocked in the presence of HgCl, (Table 5; Figs. 5 and
6), suggesting that it is a water channel similar to the
other recently described aquoporins (Neilsen et al., 1992;
Preston et al., 1992; Van Hoek & Verkman, 1992) that
had been modulated by CI". Bromide addition also ac-
tivated the water permeability of the corneal epithelium
(Table 4). At this point we can only speculate that the
mechanism by which these halogens act cannot differen-
tiate between the two anions. One characteristic of epi-
thelia is that they allow little net water flow across the
cellular lipid bilayer even in the presence of a consider-
able osmotic gradient. Once water channels are acti-
vated or inserted in the cell membrane, the osmotic per-
meability (P¢) increases many fold and a net water flow
can be easily detected, as is the case with vasopressin-
stimulated water flow in the toad bladder (Hays & Leaf,
1962; Finkelstein, 1976). A similar type of result was
observed in our measurements of the net water flux un-
der the influence of a large osmotic gradient (264 mOswm)
across the corneal epithelium. No net water flux could
be detected in Cl -free solution. A flow of 0.2-0.4 ul/
min was elicited by apical addition of either amphoteri-
cin B or CI". The volume flow was reduced by HgCl,
(Figs. 5 and 6).

Our results are collectively summarized in the dia-
gram of Fig. 7. In Cl -free solutions, the movement of
water is only across the lipid bilayer, which is rate lim-
iting. The movement of water across the extensive ba-
solateral membrane is postulated to occur through nor-
mally present channels. Apical Cl” activates normally
present but inactive mercuric-sensitive water channels in
the apical membrane. Amphotericin B induces a water
permeability distinct from that activated by C17; this per-
meability is not inhibited by HgCl,. The CI™ channels,
themselves, do not seem to allow for any measurable
water movement. The mechanism(s) by which CI™ acti-
vates the postulated water channels is unknown. As a
tentative hypothesis, we suggest that CI” (or Br™) can
‘change, by an allosteric effect, the conformation of trans-
membrane proteins to render them water permeable.
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