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human NPE cell line (3, 12) and the properties of swell-
Swelling-induced Cl0 currents were investigated in ing-activated Cl0 currents recorded were consistent with

freshly prepared non-pigmented epithelial (NPE) and pICln. pICln was also detectable by Northern analysis
pigmented epithelial (PE) cells of the rabbit ciliary from this cell line (3). Previously, by in situ hybridiza-
body using the whole-cell patch clamp technique. Ex- tion, we reported that there is pICln in both NPE and PEposure of both NPE and PE cells to hypotonic stress cells in rabbit (13). Botchkin and Matthews (14) foundinduced Cl0 currents that exhibited outward rectifi-

swelling-induced Cl0 currents in rabbit NPE cells. PEcation and were insensitive to Ca/2. We found that
cells were not characterized nor have swelling inducedswelling-induced Cl0 currents in PE cell are observed
currents been characterized in freshly prepared cells.shortly after isolation. The swelling-induced Cl0 cur-
The purpose of the present study was to examine therent showed little or no inactivation at positive mem-
electrophysiologic properties of the swelling-induced Cl0brane voltages and was sensitive to 100 mM NPPB and
channel/channel regulatory protein, pICln, [previously100 mM DIDS. Injection of cRNA encoded rabbit pICln
cloned from human NPE cell line (3), and, more recently,into Xenopus oocytes produced an outwardly rectify-
from rabbit ciliary epithelium (13)], to characterizeing Cl0 current displaying features consistent with the
these in separated and freshly prepared cell layers, and,swelling-induced Cl0 current in epithelium. pICln is

ubiquitous in the ciliary epithelium. It participates in finally, to confirm these properties utilizing recordings
the equilibration of short term tonicity alterations, a from Xenopus oocytes injected with pICln cRNA. Our new
phenomenon underlying mechanisms with larger and finding include swelling-induced Cl0 currents observed
slower amplitudes for aqueous secretion by these cells. in freshly prepared PE as well as NPE from the rabbit.
q 1998 Academic Press In addition, Xenopus oocytes, injected with cRNA en-

coded rabbit pICln, produced an outwardly rectifying Cl0

current displaying features consistent with the swelling-
induced Cl0 current seen in both NPE and PE cells.

Extraction of water and solute from the blood and
secretion of these components of the aqueous humor into MATERIALS AND METHODS
the posterior chamber of the eye is accomplished by the
bilayered ciliary epithelium (1, 2). A great deal of atten- All procedures conformed with the Association for Research in

Vision and Ophthalmology Resolution on the Use of Animals in Re-tion has been given to the role of volume regulation via
search as adopted from the National Institutes of Health. PigmentedCl0 channels as part of the process of ciliary secretion
rabbits usually weighing between 2Ç3 kg were anesthetized by intra-and/or reabsorption (3, 4). pICln (5), P-glycoprotein (6),
venous with a 1:1 mixture of ketamine hydrochloride and xylazine

CIC-2 (7), and CIC-3 (8) are reported to be volume acti- hydrochloride, then heparinized with a excess of sodium heparin,
vated Cl0 channels/channel regulators in most epithelial usually 1000Ç2500 U/kg. Both eyes were quickly enucleated and

transferred to cold physiological buffered salt solution (BSS). Forcell types. In ciliary epithelium the activation of Cl0
isolating NPE and PE cells, we adopted a previously describedcurrents as a response to the swelling and subsequent
method (15, 16).reduction in volume of these cells (RVD) after exposure Whole-cell currents were recorded with a Dagan 3900A patch-

to hypotonic solutions has been noted (3, 4, 9). Regula- clamp amplifier (Dagan, MN, USA) from single NPE and PE cells.
tory volume increases have also been studied. (10, 11). Recording pipettes were fabricated from borosilicate glass pulled in

a two-stage micropipette puller (Narishige PP-83, Tokyo, Japan),Volume-sensitive Cl0 currents have been reported in
heat-polished under a microscope (Narishige MF-83, Tokyo, Japan).both bovine NPE and PE cells. They are mediated by
The electrode resistance was 4Ç7 MO when filled with the pipettedifferent Cl0 channels, P-glycoprotein in bovine cultured solution. Test solutions were applied locally to patches using a 4-

NPE cells (4), later shown sensitive to PKC (9). pICln and channel gravity-feed microperfusion system combined with simulta-
neous bath perfusion. Connection to the external reference was madeCIC-3 were reported present in a cultured transformed
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with a 3M KCl-agar-filled electrode to reduce changes of liquid junc-
tion potentials with the various bath solutions. The junction potential
between the standard pipette and bath solution ranged up to 6 mV
and corrections in current voltage relationships toward the hyperpo-
larizing direction were made accordingly (17). Currents were re-
corded using a Dagan 3900A integrating patch-clamp amplifier (Da-
gan, MN, USA), and conjunction with an A/D, D/A converter (Lab-
master TL-1 DMA interface, Axon Instruments, Foster City, CA,
USA). Currents were low-pass Bessel filtered at 2 kHz and digitized
at 10 kHz. The filtered currents were displayed on an oscilloscope
(Hitachi digital storage oscilloscope VC-6025, Japan) and stored in
a hard disk for later analysis (pCLAMP v.6.0.3. Axon Instruments,
Foster City, CA).

Cloning of pICln has been previously described (13). Macroscopic
patch currents were measured 3Ç4 days after pICln cRNA injection
into Xenopus oocytes by standard inside-out configuration at room
temperature. The electrode resistance was 7Ç9 MO when filled with
the pipette solution. The internal and external solutions both con-
tained (in mM): 96 NaCl, 2 KCl, 1 MgCl2, 1.8 CaCl2, 5 HEPES, pH
7.4 (ND 96). The final free Ca2/° 100 mM (CaCl2:EGTAÅ 1.8:5Ç10),
approximated the normal intracellular Ca2/ concentration. Proce-
dures were as described above.

The composition of the bathing solution (BSS) used for the ciliary
epithelium (NPE and PE cells) was as follows (mM): Na/ 142.2, K/

4.7, Mg2/ 1.2, Ca2/ 1.8, C10 118.4, HCO0
3 33.2, H2PO0

4 1.2, Glucose
6.9. BSS was aerated with 5% CO2 and 95% O2. The pH of BSS equili-
brated with 5% CO2 was about 7.4Ç7.5. For Ca2/, Mg2/-free BSS,
Ca2/ and Mg2/ were simply omitted from BSS. The pipette solution
contained (in mM) 110 N-Methyl-D-Glutamate chloride (NMDG-Cl), 1 FIG. 1. Swelling-induced Cl0 current in NPE and PE cells. (A)
MgCl2, 1 EGTA, 10 HEPES, 2 ATP, 80 D-Mannitol. The standard test Whole-cell currents recorded from an NPE cell. Recordings were done
solutions used in the present experiments are the same as the pipette on several NPE cells. Data shown are from one NPE cell. From a
solution except for 2 mM CaCl2 and 1 mM ATP. In comparing the holding potential of 070 mV, pulses from 080 to /80 mV in 20 mV
effects of isotonic (300 mosmol 101) and hypotonic (220 mosmol 101) steps were applied for 400 ms in isotonic solution (first panel) or
suspension the ionic strength was kept constant, and the osmolality hypotonic solution (second panel). (B) Current-voltage relationship
was varied by adding or omitting 80 mM D-mannitol. of swelling-induced currents. Before (l) and during exposure to hypo-

All chemical reagents used in the present experiments were pur- tonic solution (s); hypotonic bath solution with NPPB 100 mM (,);
chased from Sigma. (St. Louis, MO), and LC Laboratories (Woburn, hypotonic bath solution with DIDS 100 mM (.); external 110 mM
MA). All drug solutions used were prepared fresh daily. Cl0 by replacement with 110 mM gluconate0 (j). The amplitudes of

Experimental values are reported as mean { S.E.M (n Å number the currents were measured 50 ms after stepping to different volt-
of patches). Statistical differences were evaluated by Student’s t test. ages. Points and bars are the mean { s.e.m. from 5Ç10 cells, respec-

tively. (C) Whole-cell recording performed on the same PE cell. Back-
ground isotonic current (first panel) was determined with the pulsingRESULTS
protocol used in A. The current was increased by hypotonic exposure
(second panel). Recorded were done on several cells. Data shownNPE cell swelling induced Cl0 currents. Using the
are from one cell. (D) The current-voltage relationship of swelling-

whole-cell patch clamp technique, all experiments were induced current is blocked by NPPB. In isotonic bath solution (l);
conducted with symmetrical Cl0 (116 mM), and K/-free hypotonic solution induced currents (s); hypotonic solution with 100

mM NPPB (.); washout (in hypotonic bath solution without NPPB)in both the pipette and bath solutions. Onset of current
(,).The amplitudes of the currents were measured 50 ms after step-activation was not immediate, typically occurring 1Ç2
ping to the different voltages. Points and bars are the mean { s.e.m.min after solution exchange. The current reached its (5). from 5 Ç10 cells, respectively.

peak after 3Ç5 minutes of hypotonic stress and did not
run down during about 30-40 min of continued hypo-
tonic stress. Figure 1 shows a typical trace of the whole-
cell currents following the changes in holding mem- cellular Cl0 concentrations. When external Cl0 was re-

duced from 116 mM to 6 mM by replacement with glu-brane potential between 080 and /80 mV (Fig. 1A)
and their current-voltage relationship (Fig. 1B). The conate, and the intracellular Cl0 concentration was

kept constant at 116 mM, the outward current wascurrents showed little or no inactivation at positive
membrane voltages and exhibited outward rectifica- reduced (decreased Cl0 influx) and the reversal poten-

tial shifted from 00.7 { 0.05 mV (5) to 31.3 { 0.7 mVtion. The current was carried by Cl0 because replace-
ment of all extracellular Na/ with NMDG/ (under (5) (Fig. 2B). This shift in the expected direction, was

close to the theoretical value for a Cl0-selective chan-these conditions, the major current carrying ion is Cl0)
did not significantly affect the reversal potential of the nel. Ion permeabilities relative to Cl0 were calculated

from the Goldman-Hodgkin-Katz equation and the per-swelling-induced Cl0 current [00.2 { 0.09 mV, (3)].
These observations were further complemented by meability ratio of Pgluconate/PCl was 0.26 (3). A similar

value was observed for the pICln-associated Cl0 currentmeasuring the reversal potential at two different extra-
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Consistent swelling-induced chloride current in PE
cells. Under the same experimental conditions used
for NPE cells, we have consistently found swelling-in-
duced Cl0 currents in PE cells. The swelling-induced
Cl0 current began to increase 1Ç2 min after exposure
to of hypotonic solution. The Cl0 current did not run
down for the duration of the exposure to hypotonic solu-
tion and sustained for 30-40 min. Figure 1C and 1D
shown the current profile and current-voltage relation-
ship for the swelling-induced Cl0 current in PE cells.
Although the current did not display prominent inacti-
vation, it exhibited outward rectification. Current was
blocked by 100 mM NPPB (Fig. 3), and this effect was
almost full reversible. 100 mM DIDS also suppressed
the swelling-induced Cl0 currents in PE cells, but this
effect was usually not reversible (data not shown). The
external nucleotides, 2 mM cAMP or 10 mM ATP, also
suppressed the swelling-induced Cl0 current (Fig. 3).

pICln expressed in Xenopus oocytes. Injection of pICln

cRNA into Xenopus oocytes produced an outward recti-
fying current measured by two-electrode voltage clamp
without an osmotic challenge (13). The pICln-associated
current was further investigated using the inside-out
patch clamp technique in Xenopus oocytes. 3Ç4 days
after injection of Ç50 ng of pICln cRNA into oocytes, a
macroscopic pICln-associated Cl0 current was detected
by patch clamp recording. This macroscopic pICln-asso-
ciated Cl0 current is consistent with that shown in pre-
vious studies (13). Xenopus oocytes injected with pICln

FIG. 2. pICln-associated Cl0 current. (A) Inside-out patch clamp
recording. After injection of Xenopus oocytes with pICln cRNA (left
panel). Control oocytes injected with 50 nl water (right panel). Hold-
ing potential, 0 mV. Voltage steps (400 ms) were made from 080 mV
to /80 mV in 20 mV steps. ND 96 on both sides. (B) Current-voltage
relationship (l) or control (s). The amplitudes of the currents were
measured 50 ms after stepping to the different voltages. Points and
bars are mean { s.e.m. from 5Ç 10 patches, respectively.

in oocytes (18, 19). The activity of the swelling-induced
Cl0 currents was not noticeably affected by omitting
calcium and/or adding the calcium chelating agent
EGTA (5Ç10 mM) to the both solutions. The peak cur-
rents averaged 541.9 { 34.9 pA [control 544.4 { 32.7
pA, (5)] at/80 mV and0207{ 24.9 pA [control0198.2
{25.1 pA, (5)] at 080 mV, p ú 0.5. Therefore this cur-
rent was Ca2/ insensitive. The swelling-induced Cl0

currents were sensitive to Cl0 channel/transport block-
ers. 100 mM NPPB rapidly blocked the currents (Fig.
1B), and this effect was almost fully reversible. The
nonselective anion transporter antagonist 100 mM
DIDS also suppressed the swelling-induced Cl0 current
(Fig. 1B), but this effect was usually not reversible. FIG. 3. Effects of various agents on pICln-associated Cl0 current.

Effects of application of 100 mM NPPB, 100 DIDS mM, 2 mM cAMPAddition of 2 mM cAMP in the extracellular solution,
or 10 mM ATP on the swelling-induced Cl0 current: NPE cells (h),also suppressed the swelling-induce Cl0 currents (Fig.
PE cells (j), Xenopus oocytes injected with pICln cRNA (ø). The3), but this effect was usually reversible after washout. percent inhibition of the amplitude of the peak currents Cl0 (at /40

A similar result was observed in the presence of 10 mM mV) before (control) and after application of the compound is dis-
played. Bars show mean { s.e.m. from 5Ç10 cells, respectively.ATP (Fig. 3).

61

AID BBRC 8571 / 6951$$$241 04-23-98 16:35:06 bbrcg AP: BBRC



Vol. 246, No. 1, 1998 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

cRNA generated Ç10 fold larger outwardly rectifying cAMP suggesting an extracellular site of action. In our
experiments as well, pICln-associated Cl0 currents showcurrents in the absence of osmotic challenge (Fig. 2A

left panel), in contrast to the oocytes injected with wa- sensitivity only to extracellular ATP or cAMP.
Swelling-induced Cl0 currents have been reportedter [Fig. 2B right panel, the peak currents averaged

00.9 { 0.4 pA at 080 mV and 1.2 { 2.8 pA at /80 from human NPE cell lines (3), bovine ciliary epithe-
lium (3, 4, 9), and rabbit NPE cells (14), displayingmV, (7)], põ0.01. The macroscopic pICln-associated Cl0

currents averaged012.1{ 1.4 pA at080 mV and 39.67 outward rectification, sensitive to the Cl0 channel
blocker, NPPB. The properties of these swelling-in-{ 2.8 pA at /80 mV (5), and reversed at 0.3 { 0.1 mV

(5) with symmetrical Cl0 (ND 96). Replacing NaCl in duced Cl0 currents appear similar by electrophysiologic
technique. Data from molecular biology indicate thatthe bath solution (the internal face of the membrane)

with NMDG/ did not affect the current profile or the there are at least three kinds of Cl0 channels or possi-
ble Cl0 channel regulators in ciliary epithelium: pIClnreversal potential significantly [reversed at 0.2 { 0.2

mV, (3)]; therefore, the current must be carried by Cl0. (3), P-glycoprotein, the product of the multidrug resis-
tance (MDR1) gene (4), and CIC-3 (12). Although thereAlthough the absolute amplitude of the pICln-associated

Cl0 current differed from the swelling-induced Cl0 cur- are similarities among them, no sequence homology is
found (5, 6, 20). It is suggested that MDR1 might per-rent observed from ciliary epithelium, the profile of

pICln-associated Cl0 current was consistent with the form the function of an ATP-dependent drug efflux
pump and a volume-sensitive Cl0 channel or possibleswelling-induced Cl0 current recorded in ciliary epithe-

lium (Fig. 2). This pICln-associated Cl0 current was also Cl0 channel regulator (6, 21, 22). In our experiments,
the character of the swelling-induced Cl0 currents re-sensitive to the Cl0 channel/transport blockers, 100 mM

NPPB and 100 mM DIDS. DIDS (100 mM) blockade corded from rabbit NPE and PE cells is consistent with
a pICln-associated Cl0 current.was only partially reversible whereas NPPB (100 mM)

blocked reversed almost fully. 2 mM cAMP or 10 mM Xenopus oocytes are commonly used for heterologous
expression of proteins, particularly those involved in ionATP to the pipette solution (ND 96) (the external face

of the membrane), produced a smaller pICln-associated transport (23, 24, 25, 26). Several proteins involved in
Cl0 conductance have been expressed in oocytes, includ-current (Fig. 3). These blocking profiles are consistent

with the behavior of the swelling-induced Cl0 current ing pICln (5, 19). Voets et al. (19) could only find endoge-
nous swelling-induced Cl0 currents in manually defolli-recorded from ciliary epithelium (Fig. 3).
culated or follicle-enclosed oocytes. Voets et al. (19) in-
jected human pICln RNA into oocytes. They haveDISCUSSION
reported that pICln was readily expressed in collagenase-
defolliculated oocytes, but was not modulated by extra-Currents are induced in both NPE and PE cells of

the rabbit eye after exposure to hypotonic stress. These cellular hypotonicity. In our experiments, only collagen-
ase-defolliculated oocytes were used. Cl0 currents wereswelling-induced Cl0 currents display an outward rec-

tification, and little or no inactivation at positive mem- recorded from oocytes after injection of pICln cRNA
[012.1 { 1.4 pA at 080 mV and 39.67 { 2.8 pA atbrane voltages (Fig. 1). In our experiments, the NPE

and PE cells generated ú10 fold Cl0 current in hypo- /80 mV (7)], with only small background currents from
controls [uninjected or water injected into oocytes],00.9tonic stress, in contrast with currents found under iso-

tonicity. Swelling-induced Cl0 currents dissipated { 0.4 pA at 080 mV and 1.2 { 2.8 pA at /80 mV (7),
põ0.01, as noted before (13). The outward rectifying Cl0when isotonic conditions were reestablished. The Cl0

channel/transporter blocks, 100 mM NPPB and 100 mM current measured in oocytes injected with pICln cRNA
was consistent with the swelling-induced Cl0 currentDIDS, blocked the Cl0 currents, and prevented the re-

covery from swelling. The pICln-associated Cl0 current measured from both NPE and PE cells (Fig. 3). The
results agree with pICln-associated currents previouslyhas been reported to be Ca/2 insensitive and blocked

by external nucleotides (5, 18). The swelling-induced reported (5, 18, 19). The Cl0 currents could not be
changed by applying suction to isolated patches of theCl0 current reported here was also found insensitive

to Ca/2 and to be blocked by the external nucleotide, oocyte membrane. Thus pICln may be a channel/channel
regulator in NPE and PE cells, but may, as Voets et al.10 mM ATP, or 2 mM cAMP (Fig. 3). pICln has been

characterized by its ability to bind nucleotides (5). (19) concluded, be different from endogenous swelling-
induced Cl0 currents in oocytes.Functionally, nucleotides have been shown to inhibit

swelling-induced Cl0 currents (5, 18, 19). For example, We have described the electrophysiological charac-
teristics of the cAMP-activated Cl0 channel in rabbitAckerman et al. (18) found that swelling-induced Cl0

currents were attenuated by extracellularly-applied NPE cells and dog NPE cells during isotonic conditions
(15, 16). In NPE the pICln-associated Cl0 current wascAMP with an IC50 value of 3.5 mM, and, by similar

concentrations of ATP. But the addition of membrane clearly different from the cAMP-activated Cl0 current,
but was never observed in rabbit PE cells (S. Chen & M.permeant 1 mM dibutryl cAMP did not suppress swell-

ing-induced Cl0 currents beyond that observed for Sears, unpublished observations). The cAMP-activated
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Autonomic Nervous System: Adrenergic Agonists (Sears, M. L.,Cl0 current showed slow activation at positive mem-
Ed.), pp. 193–248, Springer-Verlag, Berlin, Germany.brane voltages and displayed a nearly linear current-

3. Coca-Prados, M., Anguita, J., Chalfant, M. L., and Civan, M. M.voltage relationship, but the pICln-associated Cl0 cur-
(1995) Am. J. Physiol. 268, C572–C579.rent showed little or no inactivation at positive mem-

4. Wu, J., Zhang, J. J., Koppel, H., and Jacob, T. J. C. (1996) J.brane voltages and exhibited an outward rectification. Physiol. 491, 743–755.
The pICln-associated Cl0 current was actually sup- 5. Paulmichl, M., Li, Y., Wickman, K., Ackerman, M., Peralta, E.,
pressed by cAMP applied to the extracellular surface. and Clapham, D. (1992) Nature 356, 238–241.

It is clear that a variety of Cl0 channels exist in both 6. Valverde, M. A., Dı́az, M., Sepúlveda, F. V., Gill, D. R., Hyde,
S. C., and Higgins, C. F. (1992) Nature 355, 830–833.NPE and PE cells (27). What is the relationship between

7. Grunder, S., Thiemann, A., Pusch, M., and Jentsch, T. J. (1992)the different Cl0 channels and the secretion of aqueous
Nature 360, 759–762.humor? It is not surprising that secretion of chloride into

8. Duan, D., Winter, C., Cowley, S., Hume, J. R., and Horowitz, B.the posterior chamber of the eye is accomplished through
(1997) Natura 390, 417–421.multiple pathways. At the present, there does not seem

9. Mitchell, C. H., Zhang, J. J., Wang, L., and Jacob, T. J. C. (1997)to be a close link between pICln and cAMP-activation.
Am. J. Physiol. 272, C212–C222.pICln expression is more abundant in NPE than PE cells

10. Edelman, J. L., Loo, D. D., and Sachs, G. (1995) Invest. Opthal-(13), but present in both as in the case it MDR1 (4). On mol. Vis. Sci. 36, 2706–2716.
the other hand, a low conductance Cl0 channel in low 11. Civan, M. M., Coca-Prados, M., and Petaeson-Yantorno. K.
abundance is present only in NPE cells, on their basolat- (1996) Exp. Eye Res. 62, 627–640.
eral membranes, and is sensitive to cAMP (10, 15, 16). 12. Coca-Prados, M., Sanchez-Torres, J., Peterson-Yantorno, K., and

Civan, M. M. (1996) J. Membrane Biol. 150, 197–208.This cAMP sensitive Cl0 channel, present on the aqueous
13. Wan, X. L., Chen, S., and Sears, M. L. (1997) Biochem. Biophys.side of NPE cells, the secretory exit, and probably serves

Res. Commun. 239, 692–696.as a key modulator of aqueous secretion from the ciliary
14. Botchkin, L. M., and Matthews, G. (1995) J. Cell. Physiol. 164,epithelium. With a low open probability, the latter may

286–294.be rate limiting for aqueous production. Therefore, the
15. Chen, S., Inoue, R., Inomata, H., and Ito, Y. (1994) Br. J. Phar-ubiquitous pICln and/or may be implicated in quick or

macol. 112, 1137–1145.short term local changes in tonicity of both the PE and
16. Chen, S., and Sears, M. (1997) Current Eye Research 16, 710–NPE, perhaps with somewhat different volume regula- 718.

tors for each layer, as indicated by the work of Edelman 17. Neher, E. (1992) Pflüger Arch. 391, 85–100.
et al. (28) and Mitchell et al. (9). Swelling or shrinkage 18. Ackerman, M. J., Wickman, K. D., and Clapham, D. E. (1994) J.
of the ciliary epithelium initiates transduction of several Gen. Physiol. 103, 153–179.
signals and complex transport mechanisms (11, 12), 19. Voets, T., Buyse, G., Tytgat, J., Droogmans, G., Eggermont, J.,

and Nilius, B. (1996) J. Physiol. 495, 441–447.likely different for each layer (11, 28, 29), and some, like
the pICln reaction described here, may be the same. These 20. Kawasaki, M., Uchida, S., Monkawa, T., Mikoshiba, K., Marumo,

F., and Sasaki, S. (1994) Neuron 12, 597–604.short term tonicity equilibrations in these cell layers pro-
21. Diaz, M., Valverde, M. A., Higgins, C. F., Rucareanu, C., andvide a base upon which the larger and slower changes in

Sepulveda, F. V. (1993) Pflüger Arch. 422, 347–353.aqueous secretion induced by the beta adrenergic system
22. Gill, D. R., Hyde, S. C., Higgins, C. F., Valverde, M. A., Mintenig,and its modulators are imposed.
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