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Role of cyclic AMP-induced Cl conductance in aqueous

humour formation by the dog ciliary epithelium
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1 The effects of isoprenaline, a forskolin derivative NKH-477, and dibutyryl cyclic AMP (db cyclic
AMP) on the membrane potential, conductance and cell volume of the dog non-pigmented ciliary
epithelium (NPE) were investigated by intracellular potential recording, nystatin-perforated patch clamp
technique and videomicroscopic cytometry.
2 The resting membrane potential of NPE was about -70 mV in physiological saline and was

depolarized by isoprenaline in a dose-dependent manner with an EDm of about 3 nM. This depolariza-
tion was competitively antagonized by the P-adrenoceptor antagonist, timolol (pA2 = ca. 9) and almost
completely blocked by the Cl transport blocker, DIDS.
3 In single dissociated NPE cells, 10 jAM isoprenaline induced an inward current and caused a

concomitant decrease in cell volume. The reversal potential measurement indicated that this inward
current was carried mainly by Cl ion. DIDS (10 jM) abolished both the current and cell volume
decrease.
4 NKH-477 (10 jAM) or db cyclic AMP (1 mM) also induced an inward current together with a cell
volume decrease, the properties of which were similar to those caused by isoprenaline.
5 These results suggest that P-adrenoceptor stimulation in NPE leads to an increased rate of aqueous
humour production by increasing Cl- efflux via an elevation of cyclic AMP and this effect is efficiently
blocked by timolol.
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Introduction

The intraocular pressure (IOP) is critically controlled by the
balance between aqueous humour production in the ciliary
epithelium and its outflow from the anterior chamber, and
disorders disrupting this balance are believed to form the
main aetiological basis for glaucoma. Although the physi-
ology of these processes is not fully understood due to tech-
nical difficulties arising from the complex morphology of this
epithelium, it is generally agreed that the non-pigmented
layer of the ciliary epithelium (NPE) plays a central role in
the formation of aqueous humour (Okisaka et al., 1974;
Caprioli, 1987; Bartels, 1989).

It has been suggested that production of aqueous humour
involves primarily the active secretion of Na ion to the
aqueous side, and this process is attributed largely to the
Na',K+-ATPase which is densely distributed on the basolat-
eral membrane of NPE cells (Caprioli, 1987; Usukura et al.,
1988; Bartels, 1989; Sears, 1991). According to this hypoth-
esis, the standing Na' gradient created by Na',K+-ATPase
osmotically drives water into the intercellular invaginated
spaces of NPE cells and subsequently into the posterior
chamber (Diamond & Bossert, 1967; Cole, 1961; Caprioli,
1987; Bartels, 1989). There is, however, evidence arguing that
other ionic transport systems also participate in the produc-
tion of aqueous humour. In several species including the dog,
the transepithelial potential is found to be negative on the
aqueous side and depends on chloride and bicarbonate con-
centrations (Holland & Gipson, 1970; Kishida et al., 1981;
lizuka et al., 1984). Furthermore, a net flux from the stromal
to the epithelial side has been proved for Cl- but not for
Na' (Kishida et al., 1983). These findings are not consistent
with the dominance of Na' secretion, but suggest a possible
role of Cl- transport in aqueous humour production.

P-Adrenoceptor antagonists have recently been introduced
in the treatment of glaucoma. Many clinical investigations
have found that these drugs, especially timolol, are useful in
lowering the IOP without affecting the outflow facility (Katz
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et al., 1976; Zimmerman et al., 1977). The mechanism under-
lying this effect is supposed to be related in part to the
modulatory role of the sympathetic nervous system on the
rate of humour production. There is however confounding
controversy over the effects of P-adrenoceptor agonists such
as adrenaline and isoprenaline, depending on the species and
experimental conditions. For example, it has been reported
that P-adrenoceptor stimulation or application of agents
which increase adenosine 3':5'-cyclic monophosphate (cyclic
AMP) leads to the reduction in both the IOP and aqueous
flow in the rabbit (Caprioli et al., 1989; Sears, 1991), whereas
the opposite evidence has been presented in the monkey and
human being (Miichi & Nagataki, 1983; Schenker et al.,
1981). Further, a stimulatory role of adrenergic activity on
humour production and IOP and its blockade by timolol
have been demonstrated under conditions where the cir-
cadian rhythm of neural activities is preserved (Topper &
Brubaker, 1985; Yoshitomi et al., 1991). Some explanations
have been attempted to resolve these discrepancies (Sears,
1991), but we feel that more simplified experimental condi-
tions are preferable to gain more straightforward information
about the modulatory role of P-adrenoceptor agents on the
aqueous humour production. To this end, in the present
experiments, we decided to measure both the net ionic and
water movement across the NPE cell membrane of dogs
using single isolated NPE cells, and to examine their causal
relationship. As a result of the work, we have found that a
net Cl- efflux induced by an increase in the intracellular
cyclic AMP is likely to produce a concomitant outflow of
water from NPE cells.

Methods

Cell isolation

All procedures used here accord with the ARVO resolution.
Mongrel dogs of either sex weighing 10 15 kg were exsan-
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guinated under anaesthesia with intravenous administration
of sodium pentobarbitone (30 mg kg-'). Both eye balls were
quickly enucleated and transferred to physiological salt solu-
tion (PSS). For isolating the ciliary epithelium, we adopted
the method described by Sears et al. (1991) with a minor
modification. In brief, the eye was cleaned of attached con-
nective tissue under a binocular microscope so that the two
posterior ciliary arteries became clearly visible. After soaking
in 100% methanol for several minutes to reduce contam-
inating microorganisms, 5 ml phosphate buffered saline (PBS)
containing dispase (Gohdoh Shusei, Tokyo, Japan; 1000 p.u.
ml-') was injected into the ciliary artery at a rate of about
0.5-1 mlmin'1 through a 27-gauge subcutaneous needle.
Thereafter, the eye was opened posteriorly and the ciliary
segment was excised. A ring of ciliary body corresponding to
the pars plicata was excised and then incubated in the
Ca,Mg-free PSS containing dispase (1000 p.u. ml-') for
30-45 min at 350C equilibrated with 5% CO2. At completion
of chemical digestion, a thin double layer of ciliary epithe-
lium was almost detached from the stroma; thus we could
easily strip it off from the stroma with fine forceps. The
resultant epithelial sheet was then fixed to the rubber of a
dish with the non-pigmented epithelial side up. A stream of
PSS was ejected through a 23-gauge needle along the
epithelial surface, resulting in release of a sufficient number
of cells. In some experiments, a digested sheet of epithelium
was minced and triturated with a blunt tipped Pasteur
pipette. Dispersed cells were stored in Dulbecco's modified
Eagle medium complemented with 33 mM bicarbonate and
10% foetal bovine albumin. Cells dissociated from the non-
pigmented epithelial layer were readily identified by the
absence of black pigment inside. Staining with 0.3% trypan
blue revealed that nearly 90% of yielded cells were viable.

Patch clamp experiments

The experimental set-up used for generation of voltage com-
mands and acquisition of data was the same as described by
Chen et al. (1993). The liquid junction potential arising at the
interface between the external PSS and the Cs-rich, Cl-
reduced internal solution was about 5 mV. This potential was
corrected a posteriori by shifting the current-voltage relation-
ship by 5 mV toward the hyperpolarizing direction. Details
of the nystatin perforated and conventional whole cell recor-
dings have been described by Chen et al. (1993).

Videomicroscopic cytometry

Changes in cell size were monitored under an inverted phase-
contrast microscope (Diaphot TMD, Nikon, Japan) equipped
with a CCD camera (CS3130, Teli, Japan) and a TV monitor
(12M310, Teli, Japan). Images were stored on a video tape
connected through a casette tape recorder (AG-7350, Nat-
ional, Japan) and replayed later for off-line analysis: two cell
diameters along the horizontal (Dl) and vertical (D2) axes
on the TV monitor screen were measured at an interval of
10 s using a width analyser (C3161, Hamamatsu, Japan).
During about the first 10 s after the start of solution change,
video images were distorted by stirred surface of bath solu-
tion. The measurement was therefore started at a point of
10 s from the beginning of solution change. Measured values
were calibrated using an objective micrometer (Nikon,
Japan). The change in relative cell volume was then cal-
culated according to the following equation:

V/V0 = (Dl *D2)i/2/(DlO*D20)3/2
where V0, D1O and D20 represent the initial volume, vertical
and horizontal diameters of the cell respectively, and V
represents the cell volume at subsequent measurements. Dur-
ing application of drugs tested, the cell size also changed in
the direction perpendicular to the floor of the experimental
chamber, which obscured the maximum diameter of the cell.
We tried to minimize this error by refocussing manually

throughout the recording. All cytometric measurements
shown in the figures were carried out under electrically un-
clamped conditions, since the patch -electrode blurred the
image of NPE cells.

Intracellular recording

After opening the eye posteriorly, a thin small ridge of the
pars plicata was dissected from the ciliary body and tightly
pinned on the rubber bottom of the experimental chamber
with the aqueous side up. In some experiments, an isolated
sheet of double-layered ciliary epithelium was used. To
equilibrate the tissue, the chamber was continously perfused
with PSS (see below) which was aerated with 5% CO2 and
95% 02 and prewarmed at 32-34°C for 1 h. Microelectrodes
of 40-100 MQl resistance were fabricated with a puller (PG-
1, Narishige, Japan) and filled with 3 M KCI, and a Ag/AgCI
electrode was used as the ground. The microelectrode was
connected to the head stage of a high-impedance preamplifier
(MEZ-7101, Nihon Kohden, Japan) and voltage signals were
monitored on a high gain oscilloscope (VC-9, Nihon Koh-
den, Japan) and a brush pen recorder (RJG-4024, Nihon
Kohden, Japan). Impalement of the ciliary epithelium cells
was achieved by use of a three-dimensional manipulator
(Narishige, Japan) with the aid of a binocular microscope.
Recordings were only started if the potential after impale-
ment had stabilized.

Solutions

The composition of the solutions used in the present
experiments was as follows (mM): PSS: Na+ 142.2, K+ 4.7,
Mg2+ 1.2, Ca2+ 1.8, Cl- 118.4, HCO3- 33.2, H2PO4- 1.2,
glucose 6.9; PBS: Na+ 153.1, K+ 4.2, Cl- 139.6, H2PO4- 1.5,
HP042- 8.1; KCI internal solution for nystatin-perforated
recording: K+ 140, Mg2+ 2, Cl- 44, EGTA 1 and HEPES 10
(titrated to pH 7.2-7.25 by Tris base); Cs-rich, Cl-reduced
internal solution: Cs+ 140, Mg2+ 2, Cl- 24, aspartate- 110,
Na2ATP 2, EGTA 10/4 - 5Ca2+ and HEPES 10 (titrated to
pH 7.2-7.25 with Tris base). PSS was aerated with 5% CO2
and 95% 02, and prewarmed to 32-34°C, unless otherwise
stated. The pH of PSS equilibrated with 5% CO2 was about
7.5. For preparing Ca,Mg-free PSS, Ca2+ and- Mg2+ were
simply omitted from PSS.

Chemicals

Isoprenaline hydrochloride, acetylcholine chloride, phenyle-
phrine hydrochloride, noradrenaline hydrochloride, timolol
maleate and dibutyryl cyclic AMP (Na salt), were purchased
from Wako (Osaka, Japan). Tetraethylammonium chloride
(TEA), 4-aminopyridine (4-AP), BaCI2, CsCl and 4,4'-diiso-
thiocyanatostilbene-2,2'-disulphonic acid (DIDS) were pur-
chased from Sigma (St. Louis, U.S.A.). 3-(Dimethylamino-
propionyl)-forskolin (NKH-477) was kindly given by Dr
Takeo Itoh, Department of Pharmacology, Kyushu Univer-
sity. All drugs used were freshly prepared from the powder
for each experimental day.

Statistics

Results were expressed as mean ± standard deviation. Statis-
tical difference was evaluated by Student's t test.

Results

Isoprenaline-induced depolarization of the non-pigmented
epithelial membrane
The mean resting membrane potential of the non-pigmented
layer of dog ciliary epithelium (Vm) was - 71.0 ± 1.6mV
(n = 20) when superfused with physiological saline the com-
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position of which was similar to the aqueous humour (e.g.,
Caprioli, 1987). Vm depended on the extracellular potassium
concentration ([K]0) (Figure 1). A ten fold increase in [K]0
resulted in about 50 mV depolarization of the epithelium. Vm
was also found to be sensitive to a number of drugs which
are known to affect K and Cl transports (Table 1). Amongst
the drugs listed in Table 1, quinine, Ba2+, caesium and
ouabain significantly depolarized the membrane, whereas
very small or no effects were observed for tetraethylam-
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[K+]o 20.7 mM

_________ _ _50 mV

[K+]o 2.4 mM 5 min

monium, procaine, 4-AP and pinacidil even at high concen-
trations. DIDS caused no significant change in Vm at 10 gM
(Table 1), but produced a small hyperpolarization at a con-
centration of 100I M. This pharmacological profile suggests
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Figure 1 Effect of the external potassium concentration on the
membrane potential (mV) of ciliary epithelium. The bath was con-
tinuously perfused with the gassed and prewarmed PSS. (a) Effect on
Vm when the concentration of [K]O was changed from 4.7 mM.
Dashed lines indicate - 70 mV. (b) The relationship between [K]0
and Vm. Each datum point represents the mean with s.d. from
10-20 cells. The solid line is the best fit of data points according to
the equation, Vm= V0*log([K]O/[K]i), where VO and [K], = 50.8 mV
and 127 mm, respectively (r = 0.996).
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Table 1 Effects of various agents on the membrane
potential of ciliary epithelium

Agent

Control
TEA 10 mM
Procaine 10 mM
4-AP 10 mM
Quinine 0.1 mM
Ba2+ 0.1 mM
# Cs+ 10 mM
DIDS 0jAM
Ouabain 10 JM

Pinacidil 10 JAM

Membrane potential (mV)

-71.0 1.6 (20)
- 71.4 1.0 (9)

70.1 1.0 (9)
-70.7 1.1 (7)
-61.7 1.4 (6)*
-60.6 0.9 (5)*
-41.5 1.0 (4)*
-70.1 1.3 (10)
-60.8±0.9 (10)*
-71.6±1.4 (7)

The values indicate mean ± s.d., and the number of
experiments in parentheses.
# Data obtained from isolated epithelial sheets. Statistically
significant difference (*P<0.01) from the value in the
absence of drugs (control).
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Figure 2 Effects of agents affecting intraocular pressure on the
membrane potential of ciliary epithelium and the antagonism by
timolol of isoprenaline. (a) Actual traces of membrane depolarization
produced by 1OpJM acetylcholine, 1Op1M noradrenaline, 2 jAM NKH-
477 and 0.1 jAM isoprenaline and antagonism of isoprenaline by JAM
timolol. The drugs were present at the times indicated by the bars.
Dashed lines indicate - 70 mV. (b) The peak of the isoprenaline-
induced depolarization (measured from the resting nmembrane poten-
tial) plotted against the concentration of isoprenaline, in the absence
(0) and presence of 0.1 (A) and I JAM timolol (@). The curves are
drawn according to the equation V./(1 + (Kd/[Iso])1), where V., Kd
and n denote the maximum depolarization, the concentration of
isoprenaline causing 50% of V0 and the Hill coefficient. The best fit
values are 30 mV and 0.5 for V0 and n, and 3 nM (no timolol),
0.3 JAM (0.1ItM timolol) and 4 JAM (1 JM timolol) for the Kd values.
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that K and Cl transporters and a Na+/K' pump are func-
tionally important in the control of Vm of ciliary epithelia.

It is well known that the intraocular pressure (IOP) is
controlled by various neurotansmitters, autacoids and hor-
mones (Caprioli, 1987). We therefore tested several represen-
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Figure 3 Time course of the isoprenaline-induced inward current
and cell volume decrease. (a) Typical records of isoprenaline-induced
inward currents in the absence (solid curve) and presence (dotted
curve) of 10WM DIDS, with nystatin-perforated recording (KCI
internal solution in the pipette). 20JLM isoprenaline was introduced
into the bath at time zero. The holding potential was - 70 mV.
Vertical deflections represent the currents responding to ramp vol-
tages. (b) The time-dependent profile of cell volume change in the
absence (0) and presence of 1O jIM DIDS (0) or of 1 fiM timolol
(A). Isoprenaline (20 jiM) was applied at time zero. Symbols repre-
sent the mean with s.d. from 5-11 cells. For the definition of relative
cell volume, see the Methods and the legends to Table 3.

tative drugs which are known to cause changes in lOP. As
demonstrated in Figure 2a, acetylcholine, noradrenaline and
isoprenaline all depolarized the ciliary epithelium, but the
potency of isoprenaline was more than 100 times greater than
the others. The depolarization induced by isoprenaline was
blocked by P-adrenoceptor antagonists such as propranolol
and timolol (Figure 2a). Figure 2b shows the relationship
between the concentration of isoprenaline and the membrane
potential of NPE. The threshold of depolarization was
around 0.01 nM and half-maximum and maximum depolariz-
ation occurred at about 3 nM and 100 nM, respectively.
Pretreatment with timolol shifted this dose-response curve to
the right in a dose-dependent manner. The mode of this
antagonism seems to be competitive with a pA2 value of
about 9. The effect of isoprenaline did not appear to result
from stimulating nerve terminals on the stromal side of the
epithelium, because quantitatively similar results were obtain-
ed with isolated sheets of ciliary epithelium (Table 2).

It has been reported that in the ciliary epithelium P2-
adrenoceptor stimulation elevates the intracellular cyclic
AMP level by activating adenylate cyclase (Waitzman &
Wood, 1971; Caprioli et al., 1987). We therefore tested a
newly synthesized derivative of forskolin, NKH-477, which is
water-soluble and very potent at increasing intracellular cyc-
lic AMP by directly activating the adenylate cyclase (Shafiq
et al., 1992). As shown in Figure 2a, superfusion with 2 1M
NKH-477 produced a depolarization comparable in size to
that induced by isoprenaline.
The pharmacological nature of the isoprenaline- or NKH-

477-induced depolarization was investigated in the presence
of various drugs listed in Table 2. Ouabain and Ba2+ reduced
only partially but DIDS almost fully abolished the isoprena-
line-induced depolarization. Furthermore, the extent of the
depolarization was strongly attenuated by lowering the
temperature of the superfusate to below 30°C.

These results suggest that isoprenaline applied at the
aqueous side of non-pigmented epithelium is very efficacious
in particular in producing a DIDS-sensitive ionic movement,
presumably anions like C1. It is however equivocal whether
this is due solely to changes in the NPE cells or to combined
actions of the two epithelial layers. To gain more insight, we
explored the correlation between ionic and water movements
by directly measuring the transmembrane current and cell
volume change induced by isoprenaline, in single isolated
NPE cells.

Isoprenaline induced inward current associated with a
cell volume decrease

Single NPE cells were cuboidal or spherical in shape with an
approximate diameter of 9' -18 pm (13.4 + 3.3, n = 20) and
had a capacitance of 6.2 ± 0.8 pF (4-8, n = 21) when

Table 2 Effect of various drugs on the isoprenaline- and NKH477-induced depolarization
Membrane potential (mV)

Drugs

Control

Isoprenaline 10 jM
+ TEA 10 mM
+ Cs+ 10mM
+ Ba2+ 1 mM
+ Ouabain 10 gM
+ DIDS IO gM
28 -330°C
NKH-477 10lM
+ Ouabain 10 jM
+ DIDS IOjM

Intact
ciliary body

- 71.0± 1.6 (13)
- 52.7 ± 2.3 (9)*
- 53.0 ± 1.0 (2)*

- 55.5 ± 1.5 (2)*
- 48.7 ± 1.3 (10)*
- 65.9 ± 1.3 (10)*
- 70.8 ± 1.3 (4)
- 55.8± 1.1 (5)*
- 57.4 ± 0.9 (5)*

Epithelial
sheet

-67.9± 2.7 (16)
- 57.0 ± 1.0
- 58.0 ± 6.0
- 31.0 ± 1.7

- 53.3 ± 1.2
- 68.0± 1.0

(5)*
(2)*
(3)*

(3)*
(3)

- 53.0 ± 1.7 (3)*

- 68.0 ± 3.5 (3)

The values indicate mean ± s.d., and the number of experiments in parentheses. Statistically significant difference (*P<0.01) from the
values of controls for the intact ciliary body and isolated epithelial sheet, respectively.
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placed in PSS containing the HC03-/C02 buffer. In the
absence of HCO3- and at room temperature, however, they
showed a progressive decrease in size and deterioration. To
minimize this, it was necessary to perfuse the cells con-
tinuously with the bicarbonate-containing PSS gassed with
5% CO2 and 95% 02 and prewarmed at 32-340C through-
out the experiment.

Using the nystatin perforated whole-cell recording, admin-
istration of 20 !M isoprenaline into the bath evoked an
inward current associated with an increased noise level at a
holding potential of - 70 mV (Figure 3a). The current
reached a peak within a few tens of seconds and persisted
after washout of isoprenaline. The peak amplitude of this
inward current varied greatly from cell to cell (- 5 -123
pA; - 29.3 ± 14.4, n = 35), and this may have been due to
the different extent of enzymic digestion of NPE cells. The
isoprenaline-induced current was almost completely blocked
by pretreatment with 1 IM timolol or 10 M DIDS (Figure
3a) and was dependent on the temperature. When the
temperature of the superfusate was lowered to 25-30'C,
isoprenaline failed to evoke measurable inward currents
(Table 3).

Administration of isoprenaline brought about a reduction
in size of NPE cells and the time course appeared to parallel
the development of the inward current (Figure 3). This cell
volume decrease was sensitive to the same procedures used
above. Namely, pretreatment with 1 pLM timolol or 10 tiM
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DIDS or lowering the temperature resulted in great attenua-
tion of cell volume decrease (Figure 3b and Table 3).

Isoprenaline-induced current is a Cl current

Figure 4 shows the current-voltage relationships (I- V-curves)
with the nystatin perforated recording. In most NPE cells
examined, the I- V curve was nearly ohmic or slightly inward
rectifying at potentials between - 150 and - 50 mV, but
outward-rectifying at more positive potentials. The leak con-
ductance of NPE cells calculated from the linear portion of
I- V curve near the resting membrane potential (- 70 mV)
was 0.53 ± 0.24 nS (n = 10), a value similar to that reported
elsewhere (Gooch et al., 1992). TEA (10 mM) or quinine
(0.1 mM) strongly suppressed the outward current at poten-
tials positive to - 50 - - 40 mV (Figure 4a), whereas Cs'
(1O mM) (Figure 4b) or Ba2" (1 mM) caused a substantial
decrease in the membrane conductance near the resting mem-
brane potential. Isoprenaline (10 JLM) shifted this I- V curve
in the inward direction (Figure 5a). Figure Sb shows that for
the current sensitive to 10 ftM isoprenaline, there is no appar-
ent reversal potential. Although at more negative potentials
the difference current became more inward, it is difficult to
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Figure 4 Current-voltage relationships (I-V curves) of non-pigment-
ed epithelial (NPE) cells. Nystatin-perforated recordings with KCl
internal solution. From a holding potential of - 70 mV, ramp vol-
tages (- 150- + 50 mV, 0.25 V/s) were applied for 800 ms. This
minimized the change in NPE cell size due probably to perturbation
of intracellular ionic content, which usually occurred on repeated
application of voltage pulses. (a) I-V curves in the absence (solid
curve) and presence of 10 mM TEA (thin dotted curve) or 0.1 mM
quinine (thick dotted curve). (b) I-V curve in the absence (solid
curve) and presence of 10mm Cs' (dotted curve).
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-100 -50 0 50
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Figure 5 I-V curves of the isoprenaline-induced current. Nystatin-
perforated recordings with KCI internal solution. The ramp protocol
used was the same as in Figure 4. (a) Net currents in the absence
(solid curve) and presence (dotted curve) of 10lM isoprenaline are
plotted against the membrane potential. (b) The difference in net
currents recorded in the presence and absence of 1O0M isoprenaline
(hereafter referred to as the isoprenaline-sensitive current) is plotted
against membrane potential without (solid curve) and with (dotted
curve) pretreatment of 1011M DIDS. (c) The I-V curve for the
isoprenaline (10 ;lM)-sensitive current in the presence of 10 mM TEA.
An arrow indicates - 31 mV.
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define the reversal potential. Pretreatment with 1O gM DIDS
selectively blocked the portion below - 50 mV of the I- V
curve (dotted curve in Figure 5b). We considered these results
to be a consequence of a complex effect of isoprenaline on
the membrane conductance of the NPE cell, i.e. induction of
inward current and suppression of outward current. There-
fore, we repeated the same experiment in the presence of
10 mM TEA or 10 mM CsCl to separate the two effects,
because these drugs have been found to suppress the K
outward current at positive potentials (TEA) and the inward
rectifying K current at very negative potentials (CsCl),
respectively (Gooch et al., 1992). As shown in Figure Sc, in
the presence of 10 mM TEA, the isoprenaline-sensitive cur-
rent reversed near - 30 mV, mean - 23.3 ± 6.1 mV (n = 5).
Similar values of reversal potential were obtained with
10 mM Cs' (- 20.4 ± 3.6 mV, n = 5). However, in this case,
suppression of the remaining outward current by isoprenaline
at very positive potentials was sometimes observed. Such
data were excluded from the evaluation. It should be noted
that the reversal potentials of about - 20 mV accords with
the Cl- equilibrium potential of intact ciliary epithelium that
can be estimated from intracellular Cl- concentration mea-
surements (ca. 60 mM, Wiederholt & Zadunaisky, 1986).

In the next series of experiments, the cells were dialysed
with the Cs-rich, Cl-reduced internal solution, in order to

suppress K current and shift the theoretical equilibrium
potential for Cl- towards more negative potentials. Under
these conditions, isoprenaline still evoked inward currents at
a holding potential of - 70 mV (Figure 6a). The I- V curve
of the isoprenaline-sensitive current is slightly outward-
rectifying, and reversed polarity at - 42.3 ± 7.1 mV (n = 5)
(solid line in Figure 6b). This reversal potential is in good
agreement with the theoretical equilibrium potential of Cl-
under these experimental conditions (- 42.4 mV, at 34°C).
Pretreatment with 10;LM DIDS almost completely abolished
the ability of isoprenaline to induce the inward current (dot-
ted line in Figure 6b). The chord conductance of isoprena-
line-induced current at - 70 mV with the Cs pipette was
0.79 ± 0.29 nS (n = 5), which is somewhat smaller than that
obtained with the nystatin-perforated recording (0.94 ± 0.47
nS; Table 3). This value, however, is reasonable to account
for the maximum depolarizing effect of isoprenaline (ca. 30
mV, see Discussion). These results strongly indicate that the
main conductance which contributes to the inward current
induced by isoprenaline can be ascribed to Cl-, thus sugges-
ting that near the resting membrane potential isoprenaline
produces efflux of Cl- from NPE cells.

Pretreatment with 1O lM ouabain significantly reduced the
conductance induced by isoprenaline recorded with the nysta-
tin perforated patch electrode (P<0.01; the values marked

I I I I I I I I I I
-100 -50

-100

u

Co4-
0

0
2

z
-40

0

0.

C

III I I I I I &

0 50 C

0
z

10

5

0

-5

-in

I 111 lIIIII l lII I I I I III

20 40 60 80 100 120 140
Time (s)

it
0 20 40 60 80 100 120 140

Time (s)

150

100

505

C 0

Tw0

o -50
-50 0 50

Membrane potential (mV)

Figure 6 I-V curves of isoprenaline-induced currents recorded from
Cs'-loaded NPE cells. Experimental conditions were the same as in
Figure 4 except that cells were dialysed with Cs-rich, Cl-reduced
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with #, Table 3). However, this reduction became very small
(P>0.05) when the cell was dialysed with the Cs-rich, Cl-
reduced internal solution. This may suggest a permissive role
of the Na+/K' pump in the control of isoprenaline-induced
inward current.

a
1.05 7

i I I
0 20 40 60 80 100 120 140

Induction by aforskolin derivative, NKH-477 and
dibutyryl cyclic AMP of cell volume decrease and a
current with similar properties
Similar results to the above were obtained when NKH-477 or
a membrane permeable analogue of cyclic AMP, db cyclic
AMP was administered. As shown in Figure 7, 10 tiM NKH-
477 or 1 mM db cyclic AMP induced an inward current
which reversed near the Cl- equilibrium potential (Figure 7c)
and was blocked by 10 LM DIDS (Table 3). The reversal
potentials of NKH- and db cyclic AMP induced currents
with the Cs-rich, Cl-reduced internal solutions were
-40.7±6.7mV (n=6) and -46.2±6.3mV (n=4), res-
pectively. The cell volume decrease induced by 1O0 M NKH
or 1 mM db cyclic AMP was also greatly reduced by pretreat-
ment with 10 M DIDS, but not with 1 ILM timolol (Figure
8).

Isoprenaline-induced cell volume decrease shows a
similar pharmacological profile
Table 3 summarises the effects of various blockers and low
temperature on the isoprenaline-induced inward current and
cell volume decrease. Most noteworthy here is that DIDS
and low temperatures are very efficacious in suppressing both
the isoprenaline-induced conductance and cell volume de-
crease.

Discussion
.Va-I j-j N The present study clearly shows that isoprenaline and other

lT lagents that increase intracellular cyclic AMP cause the cell
.85 - volume to decrease along with activation of a Cl- inward

current in the dog NPE. These two cellular changes seem to

______________________________________
be causally related because they occur with a similar time

0.8- ' '
200

course and show similar sensitivities to the drugs tested (e.g.0 50 100 150 200 DIDS). The data obtained from the intact and isolated
Time (s) ciliary epithelia with intracellular potential recording also

suggest that this could be extrapolated to the multicellular
8 Cell volume decrease induced by NKH-477 and db cyclic condition.
NKH-477 or db cyclic AMP were applied at time zero. (a) .odtin.ourse of cell volume decrease induced by 10 m NKH-477, in Historically, most of work regarding the aqueous humour
sence (0) and presence of 10 1M DIDS (@) or 1 AM timolol production has emphasized the importance of a steady state
b) Time course of cell volume change induced by I mM db standing Na' gradient existing between the interdigitated
AMP, in the absence (0) and presence of 10 gM DIDS (0). space of NPE cells and the posterior chamber. This gradient
ls tepresent the mean ± s.d. Data were obtained from 3-8 is thought to be maintained by the Na+/K+-ATPase

localized on the basolateral membrane of NPE and to cause

Table 3 Summary of effects of isoprenaline, NKH-477 and db cyclic AMP on the membrane conductance and cell volume

Isoprenaline 20 LM

+ TEA 10 mM
+ Cs+ 10 mM
+ Ouabain M

+ DIDS 10 IM
25-30 C

NKH 10IpM
+ Ouabain 10IOM
+ DIDS 10 IM

db cyclic AMP 1 mM
+ DIDS 10 IM

Relative cell
volume (%)

85±4 (11)

89 ± 1 (4)
92 ± 1 (3)**
91 ± 2 (4)**

101 ± 1 (5)*
97±2 (6)*

89 ± 3 (8)
95 ± 2 (5)*
95 ± 2 (5)*
88 ± 4 (3)
99 ± 2 (4)*

Conductance
induced (nS)

0.79±0.29 (5)
(#0.94 ± 0.47 (15))
0.42 0.07 (5)**
0.28 0.05 (5)*
0.58±0.15 (6)

(#0.25 ± 0.1 (5))*
NC (4) (#NC(9))

NC (5)

0.41 ± 0.28 (5)

NC (4)
0.27 ± 0.13 (6)

NC (3)

The values indicate mean ± s.d., and the number of experiments (in parentheses). The relative cell volume is the percentage of the
initial cell volume (just before drug application) 1 2 min after drug application.
#Data obtained with nystatin-perforated recording. Otherwise the conventional whole-cell recording with Cs-rich, Cl-reduced internal
solution was used. The conductance induced by isoprenaline, NKH-477 or db cyclic AMP was measured as the chord conductance at
- 70 mV for Cs-rich, Cl-reduced internal solution, and as the conductance estimated from the slope between - 150 - 100 mV for
the nystatin-perforated recording. NC: no measurable conductance change. Statistically significant difference (*P<0.01 or **P<0.02)
from the values obtained in the presence of isoprenaline, NKH-477 or db cyclc AMP.
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the osmotic outflow of water into the posterior chamber
(Caprioli, 1987; Bartels, 1989). In line with this hypothesis, it
has been postulated that the main target of P-adrenoceptor
stimulation in humour production is the Na+/K+-ATPase
per se, although the contribution of active and passive Cl-
transport to the aqueous humour production has not been
entirely excluded (Sears, 1991). If Na+/K' ATPase is the
main and sole target ofP-stimulation in NPE, the membrane
depolarization induced by isoprenaline should reflect a
reduced activity of the ATPase (Delamere et al., 1990) and
thus result in retention of water inside the NPE cell, i.e.
swelling of the cell, since the net current carried by the
ATPase is outward-going over a wide range of membrane
potentials (DeWeer et al., 1988; Guyton, 1991). However, the
observed effect of isoprenaline is the opposite of this, a
decrease in cell volume. The simplest explanation for this
observation is that anions flow out from NPE cells along
with the water in response to isoprenaline, as widely found in
other types of epithelia (Stetson et al., 1985; McCann &
Welsh, 1990; Dawson, 1991; Reuss et al., 1991). We have
confirmed this by identifying a cyclic AMP-dependent and
DIDS-sensitive Cl- current in parallel with the cell volume
decrease. Furthermore, the magnitude of this current seems
almost to account fully for the extent of isoprenaline-induced
depolarization observed in the multicellular preparation. By
using a quantitative treatment proposed by Ginsborg (1967),
the magnitude of agonist-induced depolarization can be
estimated from the following equation:

AE = (Eagonist-Erest)*(AG/(G + AG)

where AE, Er,, Eagonst, AG and G denote the magnitude of
agonist-induced depolarization, the resting membrane poten-
tial, the reversal potential of the agonist-induced current, the
conductance induced by the agonist and the resting (leak)
conductance, respectively. If we use the values of - 70 mV,
0.8 nS and 0.5 nS for Ert, AG and G, respectively (taken
from the present study), and assume Eagonist as the equilibrium
potential of Cl- in the intact unstimulated NPE (ca.
- 20 mV, calculated from [Cl-]j = ca. 60 mM; Wiederholt &
Zadunaisky, 1986), then a value of about 30 mV for AE is
obtained. This value is comparable to the maximum
depolarization attained by isoprenaline (Figure 2b).

The cyclic AMP-dependent Cl- current has been found in
a broad range of epithelia and is thought to be involved in
secretory process (McCann & Welsh, 1990; Dawson, 1991;
Hughes & Segawa, 1993). In general, Cl- channels in
epithelia are thought to be contained in the apical and/or
basolateral membranes of epithelia and serve as electro-
diffusional pathways: Cl ions exit passively via this route
along the electrochemical gradient and are accompanied by
an outflow of water. This pathway is often found to be
tightly coupled to other Cl- transport systems in a variety of
complex ways. For example, in the tracheal epithelium
(McCann & Welsh, 1990), a coordinated interplay of Na+/
K+ pump, Na+/Cl- cotransporter and Cl- channels has been
envisaged: the Na+,Cl- or Na', K+, C1- cotransporter
accumulates Cl- inside the cell by utilizing the Na' gradient
which is maintained by a Na+/K' pump. This increases the
electrochemical force for C1- diffusion and drives Cl- out of
the cell through the Cl- channels. The elevation of cyclic
AMP facilitates these mechanisms, especially by inducing a
cyclic AMP-dependent C1- conductance on the apical mem-
brane of the epithelium. The ciliary epithelium is double-
layered, so net movements of solutes and water must occur
across the two layers of epithelium to produce the aqueous
flow into the posterior chamber. However, very little is yet
known about how the two layers are coordinated for this
secretory process. The normal operation of the Na+/K+
pump is a prerequisite for the aqueous humour production
(Bartels, 1989), but it is still unclear whether the pump
controls the whole process or is involved merely as a primary

initiator of aqueous secretion. We postulate that Cl- chan-
nels, especially cyclic AMP-dependent Cl- channels, may be
localized predominantly on the aqueous side of NPE and
serve as a final step of aqueous secretion from the NPE.
Further investigation is required to explore the interaction of
cyclic AMP-dependent Cl- channels with other transport
systems such as Cl-/HCO3- exchange (Wolosin et al., 1989;
Saito, 1992), Na', K+, Cl- cotransport (Mito et al., 1993)
and Na+/K' pump (Usukawa et al., 1988; Martin-Vasallo et
al., 1989), in aqueous humour production. A close link of
cyclic AMP-dependent Cl- conductance to the Na+/K'
pump has been reported in rabbit corneal epithelium (Klyce
& Wong, 1977).

Recently, Gooch et al. (1992) showed that in bovine NPE
cells, isoprenaline did not change the membrane conductance
despite its ability to increase the intracellular cyclic AMP
level. However, this may not be simply a species difference.
Firstly, they tested the effect of isoprenaline on the mem-
brane conductance at 30'C or lower temperatures, whereas
they measured the cyclic AMP level at 370C. In our experi-
ments, we have observed a clear dependence on temperature
of the inward current as well as cell volume change induced
by isoprenaline. At 30'C or less, the effects of isoprenaline on
the intracelllar potential recording, patch clamp recording
and cell volume measurement were almost undetectable.
Secondly, in our preliminary experiments, we noticed that the
use of unphysiological buffers such as HEPES and low
temperatures caused progressive shrinkage of NPE cells.
Normal cells could be restored by using a bicarbonate-CO2
buffering system with oxygen supply and a temperature of
370C. NPE cells are thought to contain many mitochondria
and vigorously produce ATP (Caprioli, 1987). Provided that
the induction of Cl- current is mediated by phosphorylation
of the channel proteins by cyclic AMP-dependent protein
kinase as in other epithelia (McCann & Welsh, 1990), it is
tenable to conceive the essential requirement of ATP to
maintain normal function of NPE cells. In this sense, it is
necessary to optimize the conditions for NPE cells when their
functions are studied.
The rate of aqueous humour production stimulated by

1Op1M isoprenaline in individual NPE cells can be estimated
from the initial phase of cell volume decrease (Figure 3b).
The maximum rate is approximately 0.19 pl min-' per cell,
assuming the initial diameter and the percentage rate of cell
volume decrease to be on average 13.4p1m and 15% min-',
respectively. This gives an estimated increased rate of aque-
ous flow by isoprenaline of 0.8 pl min ', by further assuming
that the cross-sectional area of a single NPE cell is
1.41 x 10-6 cm2 and the total surface area of the ciliary body
is about 6 cm2 (Farahbakhsh & Fain, 1987; Guyton, 1991).
This implies that considerable elevation in IOP could result
from P-adrenoceptor stimulation, considering that the basal
rate of aqueous humour production is about 2.5 fl min-'
(Guyton, 1991). However, in vivo, the consequences of
elevated cyclic AMP in the eye are not confined to modula-
tion of the rate of aqueous humour production, but may
include the decreased resistance to outflow (Bartels et al.,
1982) or the altered activity of the sympathetic nervous
system (Potter et al., 1985). Recent experiments with in vivo
fluorophotometry suggest that the P-antagonist, timolol, pro-
duces a significant reduction in the rate of aqueous flow in
the dark, in which the cyclic AMP level in the aqueous
humour is increased due to the increased activity of sym-
pathetic nerves (Yoshitomi & Gregory, 1991; Yoshitomi et
al., 1991). Since the threshold of the isoprenaline effect is as
low as 0.01 nM (the concentration-depolarization curve in
Figure 2b), a small alteration in the basal activity of the
sympathetic nerves that occurs during the circadian rhythm
might have considerable implications in the regulation of
aqueous flow. This would partly provide a basic mechanism
for the observation that at low sympathetic tone the aqueous
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flow is stimulated while at high tone it is rather reduced, due
presumably to antagonistic inhibition of adenylate cyclase by
M2-adrenoceptor activation (Sears, 1991).

We are grateful to Dr T. Yoshitomi for invaluable information and
discussion during the course of the present work, and also to Dr K.
Creed for critically reading our manuscript.
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