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ABSTRACT-Adrenoceptor-mediated C1- transport in cultured rabbit corneal endothelium was examined 
using a Cl--sensitive fluorescent dye. The intracellular Cl- concentration ([C1-];) in the endothelial cells 
was estimated to be about 30 mM. Noradrenaline (0.001-0.1 mM) transiently decreased the [Cl-]; in a 
dose-dependent manner. Such a decrease in [Cl-]; was completely antagonized by pretreatment with the a-
adrenoceptor antagonist phentolamine (0.1 mM). The selective a2-adrenoceptor agonist UK 14304-18 (5-
bromo-6-[(4H,5H-imidazol-2-yl)amino]quinoxaline, 0.1 mM) persistently decreased the [Cl-];, but neither 
the al-adrenoceptor agonist phenylephrine (0.1 mM) nor the ;3-adrenoceptor agonist isoproterenol (0.1 
mM) had any effect. The a2-adrenoceptor agonist/antagonist yohimbine (0.1 mM) persistently and more 
strongly decreased the [Cl-]; than UK 14304-18 did. The yohimbine-induced decrease in the [C1-]; was not 
further altered by UK 14304-18 or phenylephrine, but partly reversed by noradrenaline, isoproterenol and 
an adenylate cyclase activator, forskolin (0.1 mM). The yohimbine-induced decrease in [C1-]; was inhibited 
by the carbonic anhydrase inhibitor acetazolamide (1 mM), and Cl-/HC03- exchange inhibitors, 4-
acetamido-4 isothiocyanostilbene-2,2 disulfonic acid and 4,4 diisothiocyanostilbene-2,2 disulfonic acid, 
but not by the H+-ATPase inhibitor N,N dicyclohexylcarbodiimide. The forskolin-induced recovery in 

[Cl-]; was inhibited by the Na+/K+/C1- cotransport inhibitor bumetanide (0.1 mM), but not by the Cl-
channel blocker 5-nitro-2-(3-phenylpropylamino)-benzoic acid. These findings suggest that corneal 
endothelial cells extrude Cl- upon a2-adrenoceptor stimulation and accumulate Cl- upon 13-adrenoceptor 
stimulation under low [C1-]; conditions, probably via acceleration of Cl-/HC03- exchange and Na+/K+/ 
Cl- cotransport, respectively. 
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 Corneal endothelium, a monolayer of cells covering the 

posterior surface of the cornea, reportedly transports 
fluid and plays a role in the maintenance of corneal thick-

ness and transparency (1-3). Transport of C1- as well as 
Na+ and HC03 across the corneal endothelium has been 

considered to be responsible for the fluid movement 

(2- 4). In the epithelia covering the anterior surface of the 
cornea, Cl- transport from the stroma to tears also con-

tributes to maintenance of corneal hydration and trans-

parency (1, 2, 4), and this transport is regulated by activa-
tion of adrenergic receptors (5, 6). In spite of the presence 
of adrenoceptors in corneal endothelia (7), the effects of 
adrenoceptor stimulation on Cl- transport in the endo-

thelial cells have not been examined yet. The present 

report is the first to describe adrenoceptor-mediated 
corneal endothelial Cl- transport using a C1--sensitive 
fluorescent probe and cultured rabbit corneal endothelial 

cells. 

MATERIALS AND METHODS 

Materials 

 N-(6-Methoxyquinolyl) acetoethyl ester (MQAE) was 
synthesized by the method of Verkman et al. (8). UK 
14304-18 (5-bromo-6-[(4H,5H-imidazol-2-yl)amino]quino-

xaline; a gift from Pfizer Central Research, Aichi) was 
dissolved in ethanol. Yohimbine, forskolin (Sigma Chemi-

cal Co., St. Louis, MO, USA), KT5720 ((8R*,9S*,11S*)-



(-) - 9 - n - hexyloxycarbonyl - 9 - hydroxy - 8 - methyl -
2, 3, 9,10-tetrahydro-8,11-epoxy-1H, 8H,11H-2, 7b, l l a-

triazadibenzo [a,g]cycloocta[c,d,e]trinden-1-one; Kyowa 
Medex Co., Tokyo) and NN'-dicyclohexylcarbodiimide 

(DCCD, Sigma) were dissolved in dimethylsulfoxide 
(Sigma). The drugs were applied to the cells so that the 
final concentrations of ethanol and dimethylsulfoxide 

were below 0.05% and 0.107 , respectively. Acetazolamide 

(Sigma), bumetanide (Sigma), 5-nitro-2-(3-phenylpropyl-
amino)-benzoic acid (NPPB; a gift from Hoechist AG, 
Frankfurt, Germany), 4-acetamido-4'-isothiocyanostil-

bene-2,2'-disulfonic acid (SITS; Aldrich Chemical Co., 
Milwaukee, WI, USA) and 4,4'-diisothiocyanostilbene-

2,2'-disulfonic acid (DIDS, Aldrich) were dissolved in 
distilled water on the day of the experiments. N-2-Hydroxy-
ethyl-piperazine-N'-2-ethanesulfonic acid (HEPES, Sig-

ma), and other chemicals used were of the highest grade 

commercially available. 

Cell culture 

 Endothelial cells isolated from albino rabbit corneas 
were cultured as described by Madsen et al. (9). After the 

animals were anesthetized with ether, the cornea was im-
mediately cut out along the limbs of the eye and placed in 

cold Dulbecco's modified Eagle Medium (DMEM). The 
endothelial cells with pieces of Desmet's membrane were 

then isolated using a pair of fine scissors and a pair of 
tweezers; and they were then cultured on glass coverslips 

in DMEM (pH 7.30±0.05) containing 5° fetal calf se-
rum, 5% horse serum, 10 mM HEPES, penicillin-G (100 
IU/ml) and streptomycin (100 pg/ml). The endothelial 

cells cultured for 10 - 14 days at 371C in 5 % CO2 formed a

Fig. 1. A light microscopic photograph (A) and the fluorescence images (B) of cultured rabbit corneal endothelial cells loaded 
with MQAE. Scale bar, 100 pm.



confluent monolayer. After removing the pieces of Des-

met's membrane using a fine forceps, confluent cultures 
on the coverslips were washed three times with Krebs-

HEPES buffer solution (pH 7.4±0.05) of the following 
composition: 128 mM NaCI, 2.5 mM KCI, 2.7 mM CaC12, 

1 MM MgSO4, 1 mM Na2HPO4, 20 mM HEPES and 16 
mM glucose. 

Fluorescence microscopic observation and photometry 
 The cells were exposed to the Krebs-HEPES buffer con-

taining 5 mM of a Cl--sensitive fluorescent dye, MQAE, 
for 1 hr at 371C, and then they were washed more than 

five times with the dye-free solution. The intracellular 
MQAE fluorescence intensity was monitored and calibrat-

ed as previously described (10- 13). In brief, fluorescence 
intensity of MQAE in a single cell was measured in a cell-

chamber warmed at 321C using an inverted fluorescence 
microscope system (Olympus, Tokyo; Interdeck, Osaka; 
a 50 W xenon lamp, a 355 - 365 nm band pass excitation 

filter, a 455 nm dichroic mirror, a 450-460 nm band pass 
emission filter, and a silicon-intensified target video 

camera). The intracellular C1- concentration index 

([Cl-]j index), as a parameter for [CI-]i, was determined 
by dividing the initial MQAE fluorescence by that at each 

incubation time. Test drugs other than SITS and DIDS 
were applied by total replacement of the cell-chamber 

solution (Krebs-HEPES buffer) with that containing a 
definite concentration of the drugs. SITS and DIDS were 

applied into the culture media 18 hr before the experi-
ments, and the cells were washed thoroughly to minimize 
the fluorescence of the reagents during the fluorometry. 

No other direct interaction was observed between MQAE 

and the drugs as measured in the cell-free system. 

Data analyses 
 The data are expressed as means±S.E., statistically 

analyzed by Student's t-test for paired or unpaired com-

parison, and the difference between mean values with a 

probability level of P<0.05 was considered to be sig-
nificant. 

RESULTS 

 Cultured rabbit corneal endothelial cells formed a 
monolayer within 2 weeks, and such cells were evenly 

loaded with the Cl--sensitive fluorescent probe MQAE 

(Fig. 1). The fluorescence was calibrated for the Cl- con-
centration using calibration media as described in the 

legend of Fig. 2. Under these conditions, [Cl-]j is as-
sumed to be equal to the concentration of Cl- in the 

calibration media (10- 13). The [CI-]i index increased as 
Cl- -concentrations in the calibration media were 
logarithmically increased ([CI-]i index/log [Cl-]=0.283

Fig. 2. Calibration of MQAE fluorescence for Cl- concentration 
in rabbit corneal endothelial cells. Cells were perfused with calibra-
tion solutions containing the various concentrations of Cl- shown 
on the abscissa (1-135 mM), 135 mM K, 5 uM nigericin, 10 pM 
valinomycin and 10 pM tributyltin. Under these conditions, [Cl-]; is 
equal to the Cl- concentration in the calibration solution (ref. 10). 
[CI-]; index: the ratio of initial MQAE fluorescence against that 
after perfusion with the calibration solutions. Each point with bars 
represents the mean ±S.E. of 6 experiments.

Fig. 3. Effects of adrenoceptor agonists on the intracellular Cl-
concentrations ([Cl-1j) in corneal endothelial cells. [Cl-], index: the 
ratio of initial MQAE fluorescence to that at each incubation time. 
At the time indicated by the arrow, each agonist was added. 0: 
none, 0: 0.1 mM noradrenaline, A: 0.1 mM phenylephrine, 7: 0.1 
mM UK 14304-18, C: 0.1 mM isoproterenol. Each point represents 
the mean±S.E. from 3-7 experiments. *P<0.05, vs corresponding 
control (none) at the same incubation time.



Table 1. Effects of noradrenaline on the [CI-]; level in corneal 

endothelial cells
Table 2. Effects of forskolin and KT5720 on the [CI-]; level in 
yohimbine-treated corneal endothelial cells

[CI-]; index was determined at 15 sec after the drug application. 
[Cl-]; index: the ratio of the initial MQAE fluorescence to the 
fluorescence after drug application. Values are means±S.E. n: the 
number of experiments. *P<0.05, compared with the control.

Values are means ±S.E. n: the number of experiments. *P<0.05, vs 
control. [Cl-]i index was determined at a definite time after the ap-
plication of drugs (forskolin-1 min, yohimbine-3 min, yohimbine-3 
min, followed by yohimbine + forskolin- 1 min). KT5720 was applied 
to the cells 5 min before the treatment with yohimbine.

± 0.09; the r value of the slopes =0.907 -LO. 106; means 

±S.E. of 6 experiments), indicating that the [CI -]; index 
is useful as a parameter of [CI-]i in the corneal endo-

thelia (Fig. 2). From the values of Cl- concentartion at 

[Cl-]i index= 1, the apparent [CI-]i of cultured corneal 
endothelium was estimated to be 30.1 ± 1.6 mM (n = 6). 
 Noradrenaline (0.1 mM) reduced the [CI-]i with the 
maximum response at about 15 sec after the drug admin-

istration (Fig. 3). Among the adrenoceptor agonists, 
neither phenylephrine, an a,-adrenoceptor agonist, nor 

isoproterenol, a 13-adrenoceptor agonist, affected the 

[C1-]i, but UK 14304-18, an a2-adrenoceptor agonist, 
decreased it. The effect of noradrenaline was dose-de-

pendent and completely inhibited by the a-adrenoceptor 
blocker phentolamine (Table 1). These findings suggested 
that noradrenaline reduces [CI-]i through a2-adrenocep-

tor stimulation. 

 Compared with the response to UK 14304-18, a 
decrease in [CI-]i by noradrenaline was transient as if the 

amine stimulated another mechanism once [Cl-]i was 
decreased. To test this possibility, the effects of adrenocep-

tor agonists on the [CI-]i that had been lowered with 

yohimbine were examined (Fig. 4). Yohimbine, which 
stimulates a2-adrenoceptor with a blocking effect against 

intrinsic or exogenously applied a2-agonists, markedly 
decreased the [Cl-]i to a plateau level in 2 min. Under 

such conditions, phenylephrine and UK 14304-18 did not 
change the [CI-]i level, but noradrenaline and isoproter-

enol increased it, suggesting that 13-adrenoceptor stimula-
tion is responsible for the recovery of [CI-]i. Stimulation 

of 3-adrenoceptor by noradrenaline reportedly increases 
the cyclic AMP level of cultured corneal endothelial cells

Fig. 4. Effects of adrenoceptor agonists on the intracellular Cl- concentrations ([Cl-]i) in corneal endothelial cells in the 

presence of 0.1 mM yohimbine. [Cl-]i index: the ratio of initial MQAE fluorescence to that at each incubation time. At the time 
indicated by the single arrow, 0.1 mM yohimbine was added; and thereafter, the adrenoceptor agonists were added at the time 
indicated by the double arrow. 0: none, 0: 0.1 mM yohimbine, 0: 0.1 mM noradrenaline, V: 0.1 mM UK 14304-18, A: 0.1 
mM phenylephrine, 0: 0.1 mM isoproterenol. Each point represents mean ±S.E. from 3-7 experiments. *P<0.05, vs cor-
responding value with yohimbine alone at the same incubation time.



Table 3. Effects of acetazolamide and bumetanide on yohimbine-

and forskolin-induced changes in the [CI-]; level in corneal endo-

thelial cells

Values are means±S.E. n: the number of experiments. *P<0.05, 
**P<0 .01, vs control. [Cl-]i index was determined at a definite time 
after the application of drugs (a: yohimbine-3 min, b: yohimbine-3 
min, followed by yohimbine + forskolin- 1 min). Pretreatment of 
cells with each drug was performed during the 5 min before the ap-
plication of yohimbine. 

(7). As shown in Table 2, the adenylate cyclase activator 
forskolin also reversed the [Cl-li of the endothelial cells 

after the treatment with yohimbine without significant 
effects before the treatment. Furthermore, KT5720 (50 
nM), an inhibitor of cyclic AMP-dependent protein 

kinase, blocked such a recovery in the [C1-]i. 
 To characterize the Cl- transporters involved in the 

mechanisms of adrenoceptor-mediated changes in [Cl-]i, 
the effects of inhibitors of ion transport on the yohim-

bine- and forskolin-induced changes in [Cl-]j were exam-
ined (Table 3). Acetazolamide (1 mM), which inhibits 
carbonic anhydrase activity and thereby reduces intracel-

lular production of H+ and HC03, blocked the yohim-
bine-induced decrease in [Cl-]j, suggesting that H+- or 

HCO3--requiring Cl- extrusion was stimulated by yohim-
bine. On the other hand, bumetanide (0.1 mM), an inhibi-

tor of Na+/K+/Cl- co-transporter, completely abolished 
the forskolin-induced recovery in [Cl-]i. The Cl- channel 

Table 4. Effects of several drugs on yohimbine-induced changes in 
the [CI-]; level in corneal endothelial cells

Values are means±S.E. n: the number of experiments. **P<0.01, 
vs yohimbine. [Cl-li index was determined at 1 min after the applica-
tion of yohimbine. Pretreatment of cells with DCCD was performed 
during the 5 min before the application of yohimbine. SITS and 
DIDS were added to the culture media 18 hr before the experiments, 
and the cells were washed thoroughly before the experiments to 
minimize the fluorescence of the reagents.

blocker NPPB (0.1 mM) slightly reduced the resting 

[Cl-]j level ([CI-]i index=0.83±0.06, n=3, P<0.05 vs 
control= 1.0). In the presence of NPPB, yohimbine fur-

ther decreased the [Cl-li level ([CI-]i index=0.51 ±0.03, 
n=3, P<0.01 vs NPPB alone), and forskolin recovered it 

([Cl-]i=0.75±0.03, n=3, P<0.01 vs NPPB+yohim-
bine). To further characterize the yohimbine-induced 
change in [Cl-]j, the effects of an inhibitor of H+-

ATPase, DCCD (0.1 mM), and inhibitors of Cl-/HC03-
exchanger, SITS (1 mM) and DIDS (1 mM), were exam-
ined (Table 4). The stilbene derivatives, but not DCCD, 

significantly reduced the response to yohimbine, sug-

gesting that Cl-/HCO3- exchange was stimulated by this

DISCUSSION 

 A noninvasive method using Cl--sensitive probes (8, 

10- 13) has now circumvented methodological difficulties 
due to the fragile monolayer arrangement of corneal 

endothelial cells in the study of corneal endothelial Cl-
transport. This is the first report describing adrenergic 
receptor-mediated changes in [Cl-]j in corneal endothelial 

cells. A decrease in [C1-]j caused by noradrenaline or a2-
adrenergic agonist suggests that the corneal endothelial 

cells extrude intracellular Cl- by a2-adrenergic receptor 
stimulation. The decrease in [Cl-]j was reversed by 9-

agonists and forskolin as well as noradrenaline, suggest-
ing that the corneal endothelial cells with lowered [Cl-]j 

accumulate Cl- by means of activation of adenylate 
cyclase coupled with f3-adrenoceptor stimulation. a2-
Adrenoceptor stimulation reportedly not only reduces cel-

lular cyclic AMP levels, but also sensitizes cyclic AMP-

producing stimuli with unknown mechanisms in HT29 hu-
man colonic adenocarcinoma cells (14). Since noradrena-

line as well as isoproterenol elevated [Cl-]j only after a2-
adrenoceptor stimulation (Table 2 and Fig. 3), the inward-

ly directed Cl- transport of the cells may also be related 
to facilitated stimulation of adenylate cyclase. Cl- levels 

reportedly modulate intracellular signaling via affecting 
hormone-sensitive G protein in various types of cells 

(15 - 17). Since the dissociation of GDP from the a-sub-
unit of G protein is accelerated at lower concentrations 
of Cl- (16), stimulation of a2-adrenoceptors in corneal 

endothelial cells may sensitize the G protein-linked cyclic 
AMP-producing stimuli, at least in part, through this 
mechanism. Furthermore, forskolin also increased the 

level of [Cl-]j only after the a2-adrenoceptor stimulation, 
and the increase in [Cl-]j appeared to be mediated by 

cyclic AMP-dependent protein kinase (Table 2). There-
fore, forskolin and/or the kinase may also be more effec-

tive at the lower [Cl-]j. A transient decrease by noradrena-
line in [Cl-li is probably due to an a2-adrenoceptor-



mediated decrease in [CI-]i followed by a facilitated (3-

adrenoceptor-mediated Cl -accumulation. 
 The yohimbine-induced decrease in [CI-]i was blocked 

by pretreatment of the cells with acetazolamide (Table 3) 
and stilbene derivatives (Table 4), suggesting that the 
response to yohimbine is mediated by outwardly directed 

Cl- transport through Cl-/HC03- exchange. Since the 
cells responded to yohimbine and forskolin in the 

presence of NPPB, facilitation or blockade of Cl- chan-
nels is not likely involved in the mechanisms of these 
responses. The NPPB-induced decrease in the resting 

[CI-]i level suggests that passive Cl- entry through Cl-
channels and probably Cl- extrusion are working in cor-

neal endothelial cells. The forskolin-induced increase in 
the [CI-]i level was inhibited by inhibitors of Na+/K+/ 

Cl- cotransporter and cyclic AMP-dependent protein 
kinase, bumetanide and KT5720, respectively (Tables 2 

and 3). The immunopurified shark rectal gland Na+/K+/ 
Cl- cotransporter is reportedly phosphorylated when ac-

tivated by forskolin (18). Furthermore, the cDNA for the 
cotransporter has been recently cloned, and the predicted 

amino acid sequence includes regulatory phosphoaccep-
tor residues (19). Thus, 88-adrenoceptor stimulation or ac-

tivation by forskolin of the rabbit corneal endothelial 
cells may also accelerate Na+/K+/Cl- cotransport 

through direct phosphorylation of the cotransporter pro-
tein. 

 In frog corneal epithelium, short-circuit current studies 

showed that the Cl- transport from the aqueous to the 
tear side is enhanced by a,- and 13-adrenoceptor stimula-

tion, and it is reduced by a2-adrenoceptor stimulation (6). 
In the present experiments, a,-adrenoceptor stimulation 
appeared not to affect endothelial Cl- transport. Thus the 

corneal epithelia and endothelia seem to have distinct 
types of adrenoceptors to function bidirectionally in C1-
transport. 

 In clinical cases, topically applied adrenaline induces 
toxic changes including swelling in corneal endothelial 
cells (20). This adrenaline-induced toxicity may thereby 

be related to the accumulation of Cl- through excessive 

(3-adrenoceptor stimulation in the endothelial cells under 
the possible stimulation of a2-adrenoceptor by endog-

enous catecholamines. 
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