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Summary. Using intracellular microelectrode technique, we in- 
vestigated the changes in membrane voltage (V) of cultured bo- 
vine pigmented ciliary epithelial cells induced by different extra- 
cellular solutions. (1) V in 213 cells under steady-state conditions 
averaged -46.1 -+ 0.6 mV (SEM). (2) Increasing extracellular K + 
concentration ([K+]o) depolarized V. Addition of Ba 2+ could di- 
minish this response.  (3) Depolarization on doubling [K+]o was 
increased at higher [K+]o (or low voltage). (4) Removing extra- 
cellular Ca 2+ decreased V and reduced the V amplitude on in- 
creasing [K+]o. (5) V was pH sensitive. Extra- and intracellular 
acidification depolarized V; alkalinization induced a hyperpolar- 
ization. V responses to high [K+]o were reduced at acidic extra- 
cellular pH. (6) Removing K + depolarized, K~ readdition after 
K + depletion transiently hyperpolarized V. These responses 
were insensitive to Ba 2+ but were abolished in the presence of  
ouabain or in Na+-free medium. (7) Na ~ readdition after Na + 
depletion transiently hyperpolarized V. This reaction was mark- 
edly reduced in the presence of  ouabain or in K+-free solution 
but unchanged by Ba 2+. It is concluded that in cultured bovine 
pigmented ciliary epithelial cells K + conductance depends on 
Ca 2., pH and [K+]o (or voltage). An electrogenic Na+/K+-trans - 
port is present,  which is stimulated during recovery from K* or 
Na + depletion. This transport  is inhibited by ouabain and in K +- 
or Na*-free medium. 
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Introduction 

The major function of the ciliary body is the forma- 
tion of aqueous humor by ultrafiltration and active 
cellular electrolyte transport [4, 53]. In contrast to 
other transporting epithelia, which consist of only 
one cellular layer, the ciliary epithelium presents 
the unique situation of two different epithelial lay- 
ers facing against each other: the pigmented epithe- 
lium (PE) at the stromal side and the nonpigmented 
epithelium (NPE) at the aqueous side. Both layers 
adjoin each other with their apical membranes. 

Attempts to investigate the basic transport 
properties of this secreting epithelium have been 
made by mounting ciliary body preparations of dif- 

ferent species [7, 11, 14, 25, 31, 35, 47, 52] in an 
Ussing-chamber. Because of technical problems 
only a few micropuncture studies have been per- 
formed [1, 8, 15, 21, 39, 51]. However, even in the 
same species the data are not always consistent and 
give no conclusive interpretation of localization, di- 
rection and amount of the electrolyte transport. 
There is no generally accepted model for the ion 
transport mechanisms involved in aqueous humor 
formation. One reason for the problems in these 
investigations is the double-layered anatomy of the 
ciliary epithelium. It is not easy to relate the ob- 
tained results to one of the two layers. Moreover, it 
is difficult, if not impossible, to perform fast solu- 
tion changes at the stromal side. In in situ prepara- 
tions there is a long diffusion distance across the 
connective tissue of the ciliary body. Therefore it is 
particularly difficult to investigate the PE in situ. 
For these reasons it is  desirable to investigate PE 
and NPE separately. Cell culture provides this pos- 
sibility. In this paper we describe the electrical 
membrane properties of bovine pigmented ciliary 
epithelial cells in culture using the micropuncture 
technique. We were able to show that K + conduc- 
tance is pH sensitive and Ca 2+ dependent, and we 
could characterize properties of electrogenic Na+/ 
K + transport. 

Materials and Methods 

C E L L  C U L T U R E S  

Primary cultures of bovine pigmented ciliary epithelial ceils were 
established by a method similar to the one previously described 
for human [34] and bovine [13] ciliary epithelia. Eyes from 2- to 
4-year-old steers were obtained from the local slaughterhouse�9 
They were enucleated immediately after death and transported 
to the laboratory, cooled on ice. All dissections were done under 
sterile conditions in a laminar flow hood. The posterior part of 
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the eyes was cut off and vitreous and lens were gently removed 
from the anterior part. The tips of the ciliary processes were 
dissected with small scissors and washed twice in Ca >-  and 
Mg2+-free phosphate-buffered saline (PBS). The tissue was di- 
gested using trypsin-EDTA solution (0.05/0.02%; Seromed, Mu- 
nich, FRG) at 37~ Every 30 min the processes were allowed to 
settle down. The supernatant containing trypsin solution and 
released ceils was removed from the processes. Fresh trypsin 
was added to the processes at the bottom of the tube. The re- 
leased single cells were spun down in a centrifuge and collected. 
After 2 to 3 hr the whole cellular suspension was filtered through 
a fine sterile gauze to remove clumped cells. The resulting single- 
cell suspension contained nonpigmented ciliary epithelial cells 
(NPE), pigmented ciliary epithelial cells (PE), blood cells and 
free pigment. These cells were incubated in a plastic cell culture 
flask (Nunc, Roskilde, Denmark) with Dulbecco's modification 
of minimal essential medium (DMEM) supplemented with 10% 
fetal calf serum (FCS), 100 U/ml penicillin, 100/xg/ml streptomy- 
cin and 2.5 /zg/ml amphotericin B (all components from Sero- 
reed). The cultures were gassed with a 5% COJ95% air mixture 
and incubated at 37~ The medium was changed twice a week. 
Amphotericin B was no longer included in the culture medium 
after the first medium exchange. 

According to observations made by Kondo et al. [34], Coca- 
Prados and Kondo [13], and Ciluffo et al. [12] under these condi- 
tions only the PE were able to grow. NPE did not flatten or grow. 
To further confirm this observations, PE and NPE were sepa- 
rated by Percoll density gradient centrifugation [19]. The mixed 
suspension was layered on top of a Percoll (Seromed) discontinu- 
ous gradient (40%, 60%). NPE were found on top of the gradient. 
PE cells banded between 40 and 60% Percoll and at the bottom of 
the tube. The purified PE fraction contained less than 5% con- 
tamination by NPE, and the NPE fraction contained less than 5% 
PE contamination. Incubating the PE suspension in DMEM sup- 
plemented with 10% FCS resulted in a monolayer with the same 
morphology and the same electrophysiological properties (data 
not shown) compared with the mixed suspension. Incubating the 
NPE-containing fraction in the same medium, we observed ac- 
cording to [12, 13, 34] only a loose attachment of the cells to the 
substrate. The NPE cells never flattened or grew, and detached 

after a few days. 

The PE cells formed a densely pigmented, epithelial-like 
confluent monolayer after 5 to 7 days in primary culture. Then 
they were passaged either for further propagation in tissue cul- 
ture flasks or for electrophysiological experiments on tissue cul- 
ture dishes. With a split ratio of 1:2 every week they could be 
propagated for 3 to 7 subpassages, becoming less pigmented with 
every splitting. Later the cells became very large and formed 
many vacuoles but did not divide any more. From the third pas- 
sage on they were nearly unpigmented. Confluent monolayers in 
the first and second subculture were used for our investigations. 
Some experiments performed with primary cultures and later 
subpassages showed the same results. 

E X P E R I M E N T A L  S E T U P  

The experimental setup has been described and discussed previ- 
ously in detail [26]. In brief, a tissue culture dish was inserted in a 
temperature-controlled plastic container (37~ A flow chamber 
was pressed on the bottom of a tissue-culture dish, isolating a 
small channel (width: 1.5 ram, length: 30 ram). This channel 
could rapidly be superfused by up to eight different test solutions 
with a 90% fluid exchange within 3 sec at a perfusion rate of 30 
ml/hr. Solution exchanges at exact time intervals were per- 
formed using electromagnetic valves (Lucifer type 133A 54, Ge- 
neva, Switzerland) switched by a microcomputer (Commodore 
2001-8C). The cells on the bottom of the flow channel were punc- 

tured with conventional microelectrodes filled with 0.5 M KCI 
solution (resistance in Ringer solution: 50-120 MII). They were 
advanced by a micro-stepping device (Heidelberg Nanostepper, 
Science Trading, Frankfurt, FRG) until a stable negative mem- 
brane voltage (V) was obtained. The microelectrode was con- 
nected to an electrometer amplifier (WPI model M4-A, Hamden, 
CT) and the time course of the voltage recorded on a chart 
recorder (Rikadenki KA-60, Tokyo, Japan). 

S O L U T I O N S  AND SOURCE OF CHEMICALS 

The ionic composition of the test solutions is given in Table 1 
Solution No. 1 will be called control Ringer. All HCO~-contain- 

Table 1. Composition of solutions (concentrations given in mM) 

n Na + K + Ca 2+ Mg > NH2 NMDG + Choline + CI- HCO3 H2PO2 SOl- acetate- HEPES Glucose 

1 151 5 1.7 0.9 - -  - -  - -  130.4 28 1 0.9 - -  - -  5 
2 146 10 1.7 0.9 - -  - -  - -  130A 28 1 0.9 - -  - -  5 
3 136 20 1.7 0.9 - -  - -  - -  130.4 28 1 0.9 - -  - -  5 
4 116 40 1.7 0.9 - -  - -  - -  130.4 28 1 0.9 - -  - -  5 
5 76 80 1.7 0.9 - -  - -  - -  130.4 28 1 0.9 - -  - -  5 
6 151 5 1.7 0.9 - -  - -  - -  158.4 - -  1 0.9 - -  10 5 
7 146 10 1.7 0.9 - -  - -  - -  158.4 - -  1 0.9 - -  10 5 
8 136 20 1.7 0.9 - -  - -  - -  158.4 - -  1 0.9 - -  10 5 
9 116 40 1.7 0.9 - -  - -  - -  158.4 - -  1 0.9 - -  10 5 

10 - -  5 1.7 0.9 - -  123 28 130.4 28 1 0.9 - -  - -  5 
11 156 - -  1.7 0.9 - -  - -  - -  130.4 28 1 0.9 - -  - -  5 
12 - -  - -  1.7 0.9 - -  128 28 130.4 28 1 0.9 - -  - -  5 
13 154.4 - -  0.9 - -  - -  - -  130.4 28 1 0.9 - -  - -  5 
14 119.4 40 - -  0.9 - -  - -  - -  130.4 28 1 0.9 - -  - -  5 
15 151 5 1.7 0.9 - -  - -  - -  90.4 28 1 0.9 40 - -  5 
16 131 5 1.7 0.9 20 - -  - -  130.4 28 1 0.9 - -  - -  5 
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ing solutions were gassed  with a 5% C O j 9 5 %  air mixture,  which 
led to a pH of 7.4. HCO3-free  solutions were buffered with 10 
mM HEPES  to pH 7 . 4 - - i f  not indicated o t h e r w i s e - - a n d  gassed 
with air. Solutions containing Ba 2+ were SO~ -free. In that case,  
also the control solutions did not contain SO4 . Ouabain (g- 
strophantin)  was obtained from Merck (Darmstadt ,  FRG). 

Results 

M E M B R A N E  P O T E N T I A L S  

Microelectrodes were advanced by a microstepper 
in 20-/xm steps. Intracellular recordings were recog- 
nized by a steep negative movement in the regis- 
tered voltage. The distribution of 216 intracellular 
potentials stable (-+2 mV) for at least 5 rain in con- 
trol-Ringer solution (solution No. 1, Table 1) is de- 
picted in Fig. 1. Impalements with a V less than -30 
mV were thought to be leaky and excluded. Mean 
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Fig. 1. F requency  distribution of  resting potentials (V) of 213 
ceils punctured  in control  Ringer ' s  (sol. 1). Only potentials stable 
for at least  5 min were taken into account .  The mean  amounts  to 
-46 .1  -+ 0.6 mV (SEM) 

voltage was -46.1 -+ 0.6 inV. There was a wide 
range from -31 to -69 mV, but within the same 
culture dish the potentials measured in different 
ceils varied by only a few mV (<_+3 mV). 

K + C O N D U C T A N C E  

Increasing Extracellular K + Concentration 

Changing the superfusing solution from 5 to 40 mM 
K + immediately depolarized the plasma membrane. 
Figure 2 shows the effect of Ba 2+, a known blocker 
of K + conductance. Ba 2+ decreased V and revers- 
ibly reduced the amplitude of the voltage responses 
induced by increasing extracellular K +. Figure 3A 
shows the effect of increasing the extracellular K + 
concentration ([K+]) from 5 mM to 10, 20, 40 and 80 
raM, respectively, on intracellular V. Figure 3B 
summarizes the results of nine experiments from 
different cells. Membrane voltage is plotted versus 
the logarithm of extracellular [K+]. From a Nern- 
stian behavior one would expect a linear relation. 
However, the slope of the curve increases by a fac- 
tor of about five comparing the V response on dou- 
bling [K +] from 5 to 10 mM (+3.2 mV) with the 
response on doubling [K +] from 40 to 80 mM (+ 14.9 
mV). To preclude that this flattening of the PD ver- 
sus [K +] relation at lower [K +] is due to an inhibi- 
tion of the electrogenic Na+/K+-ATPase by lower- 
ing [K+], we performed two experiments (similar to 
the one shown in Fig. 3A) in the absence and imme- 
diately after addition of 10 -4  M ouabain. The mean 
values are depicted in Fig. 3C. The level of the 
curve in the presence of oubain is lower, but the 
flattening of the V versus [K +] relation is still 
present and the slope is not significantly different. 
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Fig. 2. Original recording demonst ra t ing  the 
blockade of  K § conduc tance  by Ba 2+. 
Extracellular  [K +] was changed in l-rain 
intervals f rom 5 to 40 mM. The depolarization 
induced by 40 mM K + was markedly  reduced 
when  Ba 2+ was added,  as indicated by the 
bar. (Solutions: 1, 4 without  SO ] ) 
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Fig. 3. (A) Influence of different K + concentrations on the membrane potential V. The superfusing solution was changed from 5 to 10, 
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Membrane voltage plotted versus log [K+]. Experiments like those shown in A have been performed before and immediately after 
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Fig. 4. Original recording of an experiment showing the effect of 
removing Ca 2+ from the test solution and addition of 1 mM 
EGTA (as indicated by the bars) on membrane potential V. Ex- 
tracellular [K +] was increased from 5 to 40 mM for 30 sec in the 
presence and in the absence of Ca 2+. (Solutions: 1, 4, 13, 14) 

Changing ExtraceIlular Ca 2+ Concentration 

Changing extracellular Ca 2+ concentrat ion [Ca 2+] 
from 1 to 2 or 4 mM had no significant effect on V 
(data not shown). But in a CaZ+-free solution in the 
presence  o f  1 mM EGTA the voltage reversibly de- 
polarized by +13.3  -+ 1.54 mV (n = 10). Figure 4 
shows  a typical recording. In CaZ+-free medium (1 
mM EGTA) V decreased and the depolarization in- 
duced by pulses  with 40 mM K + were  markedly 
reduced compared with the reactions in a Ca 2+ con- 
taining solution. This effect was  reversible. To test 
whether  this depolarization was  due to a direct ef- 
fect o f  EGTA,  w e  also performed some experi- 

-60 

V 
(my) 

3ra in 
r - - i  

A 

l 

i 
i 

pH - -  8 .0- l - -  7.5 --I--- 7.0--.-l-- 6 . 5 +  6 . 0 - + - -  5.5 8 0 - -  

n=6 

-55 

-50 

-45 

-40 

-35 

-30 

-25 

176 H. Helbig et al.: Micropuncture of Ciliary Epithelium 

5.5 6.0 6.5 70 75 80  

pH 

B 

Fig. 5. (A) Effect of step changes of extracellular pH in HCO3- 
free solutions from 8.0 to 5.5 on membrane voltage V. (Solution 6 
titrated to different pH values.) (B) Membrane voltage V plotted 
as a function of extracellular pH. Experiments like the one 
shown in A from six different cells are summarized. Bars indicate 
S E M  
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Fig. 6. Effect of extracellular pH on voltage 
(V) responses induced by increasing 
extracellular [K +] from 5 to 10, 20, 40 raM, 
respectively. (Solutions: 6, 7, 8, 9 buffered 
with HEPES to pH 7.0 or 8.0, respectively) 

ments in Ca2+-free solutions without EGTA. Super- 
fusing the cells with a nominally CaZ+-free solution 
without adding EGTA also resulted in a significant 
depolarization. 

Changing Extracellular pH 

The effect of changing the extracellular pH (pHo) 
was investigated in HCO3-free solutions buffered 
with 10 mM HEPES. Figure 5A shows an original 
recording demonstrating the potential responses on 
step changes in pHo from 5.5 to 8.0. With increasing 
[H +] the voltage depolarized. Figure 5B summa- 
rizes mean values from experiments with six differ- 
ent cells. There is a sigmoidal relation between pHo 
and V. To explore whether this voltage change was 
due to an interaction of pH and K + conductance, 
we performed experiments as in Fig. 6. [K +] was 
changed from 5 to 10, 20, and 40 mM in solutions 
buffered to pH 7.0 or 8.0, respectively. The reduc- 
tion of the voltage response at pH 7.0 is obvious. In 
Fig. 7 voltage is plotted as a function of [K +] at pH 
7.0 and 8.0. At alkaline pH the slope of the curve is 
clearly steeper. 

Changing IntracelIular pH 

The intracellular pH (pH;) was changed by exposing 
the cells to permeable weak acids or bases (for re- 
view, [45]). It has been well established that addi- 
tion of the weak base NH2 leads to an intracellular 
alkalinization and removal of NH2 acidifies the cell 
interior. Addition and removal of the weak acid ace- 
tate has opposite effects. As shown in Fig. 8, ma- 
neuvers known to acidify intracellular pH (either 
removal of NH~- or addition of acetate) depolarized 
the membrane. Addition of NH2 or removal of ace- 
tate (both maneuvers are believed to increase pHi) 
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Fig. 7. Summary of experiments like the one shown in Fig. 6 
from six different cells as a plot of membrane voltage (V) (mean 
-+ SEM) versus logarithm of extracellular [K +] at different extra- 
cellular pH values 

led to a hyperpolarization. This responses cannot 
be explained by a conductive pathway for NH~- or 
acetate because the Nernst equation predicts reac- 
tions opposite in sign. 

ELECTROGENIC Na+/K + T R A N S P O R T  

Removing and Re-adding Extracellular K + 

Figure 9 shows a typical tracing of V responses in- 
duced by superfusing the monolayer with a nomi- 
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Fig. 9. Effect of  changing extracellular K" concentrat ion from 5 
to 0 and vice versa  before and in the presence of  ouabain 10 -4 M. 
(Solutions: 1, 11) 

natly K+-free solution. This maneuver  resulted in a 
significant depolarization of +6.0 mV (-+0.7 mV, n 
= 14). After the immediate decrease of PD on K + 
removal the voltage remained at a constant level. 
Cells depleted for some minutes (in Fig. 9 for 5 min) 
from K + responded with a marked hyperpolariza- 
tion on K + readdition. V reached a maximum within 
10 to 30 sec after K + addition. Then the voltage 
slowly decreased towards its initial value. In Fig. 
10A the magnitude of this transient hyperpolariza- 
tion is plotted versus the time of the preceding K + 
depletion. There is a clear dependence of the magni- 
tude of the subsequent hyperpolarization on the 
time of K § depletion. 

The observed V responses on K + removal and 
readdition cannot be explained by a K § conduc- 
tance. The Nernst  equation predicts a hyperpolar- 
ization on K § removal.  In other epithelia [3, 9, 37, 
49] including the ciliary body [21] such "anoma-  

Table 2. Voltage response  on removing extracellular K *" 

Voltage response  
mean _+ SEM 
(mY) 

In control Ringer +6.0 -+ 0.7 14 

In Ringer 
+2 mM Ba 2+ +7.0 -+ 0.7 4 

In Ringer 
+ ouabain 10 .4 M - 1 . 2  -+ 0.5 5 

In Na+-free 
Ringer - 3 . 0  -+- 0.4 6 

a Determined 1 min after K § removal.  

lous"  responses have been observed,  too, and have 
been related to alterations in the pump activity of 
the Na+/K+-ATPase.  In order to investigate 
whether  the V responses on changes in [K +] from 5 
to 0 mM (and vice versa) were also due to a change 
in the pump activity of the Na+/K+-ATPase,  we 
performed the same experiments in the presence of 
ouabain. As shown in Fig. 9, immediately after oua- 
bain addition (10 .4 M) V depolarized by +8.9 mV 
(-+0.7 mV, n = 15). This effect was complete in 
about 1 min and not easily reversible, if ouabain was 
present for longer than 5 min. For  the next 30 min V 
depolarized by only a few more mV. Removing ex- 
tracellular K + from ouabain-treated cells induced a 
voltage response opposite in sign to the V change in 
untreated cells (Fig. 9 and Table 2). In the presence 
of  ouabain we observed a hyperpolarization ( -1 .2  
-+ 0.5 mV, n = 5) on K + removal.  Moreover ,  the 
reaction on K + readdition after 5 min of K + deple- 
tion also changed. Instead of a hyperpolarization of 
-13 .7  mV (-+2.6 mV, n = 6) in untreated cells, we 
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saw a depolarization of _+ 1.4 mV (_+ 0.6 mV, n = 5) 
in ouabain-treated cells. 

In order  to investigate whether  there is a cou- 
pling between Na § and K § transport,  we compared 
the voltage changes on K + removal and readdition 
in sodium-containing and sodium-free medium. In 
experiments like those shown in Fig. 11A, [K +] was 
changed periodically from 5 to 0 mM in Na+-con - 
taining and Na+-free solution. In Na + Ringer we 
observed a depolarization, but in Na+-free solution 

In the exper iments  shown  in Figs. 9 and 12 the cells have 
been treated with ouabain for some  minutes  before extracellular 
electrolyte concentra t ions  were changed.  To exclude an indirect 
effect of  ouabain on the observed  V responses  by changing intra- 
cellular electrolyte concent ra t ions ,  we performed exper iments  in 
which ouabain  was added s imul taneously  with the readdition of 
K + or Na*,  respectively.  We observed the same reactions of V as 
shown in Figs. 9 and 12 (data not shown), indicating a direct 
action of ouabain.  

V hyperpolarized on K § removal (for summary and 
statistics s e e  Table 2). The hyperpolarization on K § 
readdition seen in control Ringer ( s e e  Fig. 9) was 
totally abolished without Na § in the superfusing 
fluid (Fig. 11B). In Na+-free medium V depolarized 
during recovery  from K § depletion (+2.3 _+ 0.4 mV, 
n = 5 ,  s e e  Fig. 11B and Table 3). Thus, the "anoma-  
lous"  V response on K § removal seemed to be Na § 
dependent.  

To exclude that the observed V responses on 
K § removal and readdition were due to an altera- 
tion of  the K § conductance,  we performed the same 
experiments in the presence of  2 mM Ba 2§ (Fig. 14). 
Mean values are given in Table 2 and Table 3. It is 
obvious that the observed reaction could not be 
blocked by Ba 2§ The depolarization induced by K § 
removal was nearly unchanged and the hyperpolar- 
ization on K + readdition was not reduced (but 
slightly enlarged) in the presence of  Ba 2§ 

Thus,  the V responses in control Ringer on 
changes of [K § from 5 to 0 mM were opposite to the 
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direction predicted by a K + conductance.  These re- 
actions could not be reduced by Ba 2+. On the other 
hand, in the presence of ouabain or in Na+-free me- 
dium the V responses were in accordance with a 
Nernstian behavior.  

Removing and Readding Extracellular Na + 

Replacing Na + in the superfusing solution by 
NMDG (solution No. 10, Table 1) markedly de- 
polarized the cell membrane (as illustrated in Fig. 
12). After a short period the voltage approached a 
new steady-state value at a lower level. The reac- 
tion on Na + readdition was similar to the one ob- 
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Table 3. Voltage response  (total amplitude) on K ~ readdition 
after 5 rain K + depletion a 

Voltage response  
mean  -+ SEM 
(mV) 

In control Ringer - 13 .7  • 2.6 6 

In Ringer 
+2 mM Ba 2~ -23 .5  -+ 1.3 4 

In Ringer 
+ ouabain 10 -4 M +1.4 --+ 0.6 5 

In Na-- f ree  
Ringer +2.3 -+ 0.4 5 

Determined 10 to 40 sec after K + readdition. 

served on K + readdition. Na+-depleted cells re- 
sponded with a transient hyperpolarization above 
the steady-state potential in control Ringer, when 
superfused again with Na+-containing solution. A 
maximum was reached in about 2 min. The magni- 
tude of this reaction was also dependent  on the time 
of Na + depletion (Fig. 10B). 

In the preceding results we demonstrated an 
interaction of V changes induced by removing and 
readding K + with ouabain and Na +. Therefore  we 
tested the effect of ouabain on the V responses to 
Na + removal and readdition. As shown in Fig. 12, 
the initial decrease of V on Na + removal was still 
present in a solution containing ouabain. In the ab- 
sence of  ouabain the amplitude of the hyperpolar- 
ization on Na + readdition averaged -24 .3  mV 
(+3.1 mV, n = 6) after 5 min of Na + depletion. 
However ,  the hyperpolarization during recovery 
from Na + depletion was reduced to - 9 . 0  mV (-+ 1.2 
mV, n = 3, Table 4) in the presence of ouabain. 

The K + dependence of the V responses induced 
by changing [Na +] was tested in experiments like 
those shown in Fig. 13. Na + was removed in a K +- 
free medium. As in control Ringer and in the pres- 
ence of ouabain (see Fig. 12), the immediate depo- 
larization induced by Na + removal was nearly 
unchanged. But the hyperpolarization on Na + read- 
dition was suppressed in K+-free conditions (see 
also Table 4). 

Finally, we investigated the dependence of the 
observed V responses on the K + conductance.  Na + 
was removed and readded in the presence of 2 mM 
Ba 2+, which blocks the K + conductance.  Figure 14 
shows such an experiment.  The depolarization on 
Na + removal was slightly reduced in the presence 
of  Ba z+. However ,  the hyperpolarization induced 
by readdition of  Na + was not markedly influenced 
by Ba 2+ (see also Table 4). 
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Table 4. Voltage response  (total amplitude) on Na  + readdition 
after 5 rain Na  + depletion" 

Voltage response  
mean  + SEM 
(my) 

In control  Ringer - 24 .3  _+ 3.1 6 

In Ringer 
+2 m M B a  2+ - 3 0 . 8  -+ 2.9 5 

In Ringer 
+ ouabain 10 -4 M --9.0 --+ 1.2 3 

In K+-free 
Ringer - 7 . 5  +_ 2.5 2 

Determined 45 to 150 sec after Na § readdition. 

Thus, during the recovery after Na + depletion 
the membrane potential hyperpolarized. This reac- 
tion could be significantly diminished by ouabain or 
by omitting K § from the test solutions but not by 
application of Ba 2+. 

Discussion 

M E M B R A N E  P O T E N T I A L S  

This is the first report on electrophysiological prop- 
erties of cultured ciliary epithelial cells. In the 
present study membrane potential averaged -46 
inV. Previous micropuncture studies of this organ 
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Fig. 13. Effect of  removing and readding extracellular Na  + in 
K+-free solution. At  the end of  the recording ouabain 10 -4 M is 
added during the recovery  from Na § depletion. (Solutions: 1, 11, 
12) 

dealt with in situ preparations. In earlier studies 
with the rabbit ciliary body Berggren [1], Miller and 
Constant [39], and Cole et al. [15] reported mem- 
brane potentials of some -30 for NPE and of some 
-60 mV for PE. Green et al, [21] found both layers 
electrically coupled with an intracellular V of -65 
mV. Candia et al. [8] measured -68 mV in PE and 
-69 mV in NPE, but in contrast to Green et al. [21] 
they postulated two compartments isolated electri- 
cally from each other. A recent paper on the shark 
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ciliary body reports -53 mV for both layers, which 
are believed to be electrically coupled [51]. These 
differences reflect technical problems of micro- 
puncture studies with in situ preparations. In this 
paper we demonstrate that cultured pigmented cili- 
ary epithelial cells can be impaled with microelec- 
trodes and that recordings stable for longer than one 
hour can be obtained. Moreover, we were able to 
perform fast solution exchanges. This method al- 
lows us to investigate electrical membrane proper- 
ties. As discussed previously in detail [26, 27, 29], it 
does not allow a localization of the observed phe- 
nomena to the apical or basolateral membrane. 

K + CONDUCTANCE 

Increasing extracellular [K +] depolarized the cell 
membrane. This reaction could be partially blocked 
by Ba 2+. These are typical characteristics of a K + 
conductance, which to a considerable extend con- 
tributes to the membrane potential in most verte- 
brate cells. The effect of increasing potassium and 
Ba 2+ on V has been described in the isolated ciliary 
body [8, 21, 51]. 

The slope of the V versus log [K +] plot (Fig. 3B) 
gives an estimation for the relative K + conduc- 
tance, often expressed as the potassium transfer- 
ence number (tK). The relative K + conductance de- 
pends on the absolute magnitude of the K + 
conductance and additionally on the magnitude of 
other ionic conductances. Therefore, in the follow- 
ing discussion one should be aware that we deter- 
mined only the relative K + conductance and not its 
absolute magnitude. We did not equivocally ex- 
clude that the observed phenomena were due to 
changes in the selectivity of the membrane to K +. 

In Fig. 3B it can be seen that the slope (and the 
relative K + conductance) is not constant over the 
investigated range from 5 to 80 mM K ". The slope 
flattens at lower [K+], indicating a decrease of tK at 
low [K+]. In experiments with ouabain we could 
exclude that the deflection of V at lower [K +] was 
due to an inhibition of the electrogenic Na+/K +- 
ATPase by lowering its substrate. In some epithelia 
[37, 48] ouabain is known to markedly reduce the 
K + conductance. In our preparation there is no sig- 
nificant effect of ouabain on the relative K + conduc- 
tance (Fig. 3C). In the presented data [K +] and volt- 
age are closely related. With other methods 
evidence for a [K +] dependence [18, 32, 40] as well 
as for a voltage dependence [17, 36] of the K con- 
ductance has been found. With our method we are 
unable to differentiate between the effect of [K +] 
and V on K + conductance. 

Removing Ca 2+ from the superfusing solution 
depolarized the cell membrane. In other epithelia 
[6, 33, 43] a CaZ+-dependent K + conductance has 
been described. Indeed, tK in our experiments is 
reduced in Ca2+-free medium. One could argue that 
this reduction in the relative K + conductance could 
be caused by a change in V induced by other mecha- 
nisms. However, this assumption leads to predic- 
tions contrary to those found experimentally, since 
depolarization has been shown to be associated 
with an increase in tK. Thus, it is very likely that 
pigmented ciliary epithelial cells in culture express 
a CaZ+-dependent K + conductance. 

Another finding of this study is the fact that the 
intracellular potential was pH sensitive. Acidifica- 
tion caused a depolarization, alkalinization caused a 
hyperpolarization. This could be shown in the pH 
range between 5.5 to 8.0 (Fib. 5B). Similar pH-de- 
pendent voltage changes have been found in cul- 



H. Helbig et al.: Micropuncture of Ciliary Epithelium 183 

tured retinal pigment epithelial cells by Keller et al. 
[29]. The retinal pigment epithelium is embryologi- 
cally closely related to the PE. For  the discussion of 
the pH effect, it is obvious that manipulation of the 
extracellular pH results in a variety of primary and 
secondary changes (intracellular pH, [HCO3], 
pCO2). There are three different mechanisms which 
could explain this pH effect: (i) Change in the con- 
ductance for other  ions (K +, Na +, CI-), (ii) conduc- 
tance for a pH-related ion (H +, OH- ,  HCO3), (iii) 
change in the activity of electrogenic transport sys- 
tems. (i) Indeed, the relative K + conductance is di- 
minished at an acidic pH (Figs. 6 and 7). The argu- 
ment that V could have been changed by another 
mechanism and depolarization induced the reduc- 
tion of  tK can be rejected as discussed for the Ca 2+ 
effect. A pH-sensit ive K + conductance has been 
described for many other epithelia [2, 16, 41], in- 
cluding the retinal pigment epithelium [29]. At 
higher K + concentrat ions the pH effect is less 
marked. We assume that high [K +] (or low voltage) 
opens K + channels, which are less pH sensitive at 
high [K+]. The possibility of two different K + chan- 
nels could be taken into consideration. 

(ii) A conductance for one or more of the ions 
mentioned is a possible explanation for the ob- 
served voltage changes. Since concentrations of H + 
and O H -  are several orders of  magni/~ude below the 
K + concentrat ion,  conductance changes of ions 
such as H § and O H -  could only play a minor role in 
the observed effects. The pH experiments have 
been performed in nominally HCO;- f r ee  medium. 
Nevertheless ,  there will be a small HCO3 concen- 
tration due to endogenous CO2 production. Further- 
more, the possible existence of  an unstirred layer 
may provide a considerable extracellular [HCO;]  
[5]. But a conductance for H +, OH or HCOy pre- 
dicts a hyperpolarizat ion on intracellular acidifica- 
tion and a depolarization on intercellular alkaliniza- 
tion. These  predictions are opposite to the observed 
data (Fig. 8). Thus,  a conductance for a pH-related 
ion as an explanation for the observed V responses 
induced by pHo changes could be ruled out. 

(iii) Depolarization due to inhibition of  the elec- 
trogenic Na+/K+-ATPase by acidic pH should have 
no larger effect on V than the inhibition by ouabain. 
Ouabain depolarized V by only 8.9 inV. Acidifica- 
tion from pH 7.5 to 5.5 is accompanied by a 20-mV 
depolarization. This effect is too large to be ex- 
plained by an inhibition of the electrogenic Na+/K + 
pump. 

Finally, maneuvers  known to change intracellu- 
lar pH also induced voltage responses in parallel to 
extracellular pH alterations. Although not further 
investigated, it is likely that these effects of pHi on 
V may be due to modifications of  K § conductance 
(as shown in [29] for the retinal pigment epithe- 
lium). 

N a + / K  t TRANSPORT 

The presented results clearly demonstrate a depen- 
dence of  V on Na + and K + transport processes. 
Ouabain is a specific inhibitor of the Na+/K +- 
ATPase (for review [50]). The pump has been 
shown to extrude sodium ions for potassium ions 
entering the cell in a stoichiometry of about 3 to 2 
[28]. Thus, the pump is electrogenic and contributes 
to the membrane potential. The immediate depolar- 
ization after ouabain application is likely to repre- 
sent the inhibition of  this electrogenic component .  
A significant accompanying reduction in potassium 
conductance by ouabain- -descr ibed  in some epi- 
thelia [48J--has not been observed in our prepara- 
tion (Fig. 3C). The further stow depolarization 
probably represents the dissipation of the potassium 
(and sodium) gradient and the decrease of the equi- 
librium potential for K + (Ek). A similar biphasic re- 
sponse to ouabain has been reported [24, 27]. 

When extracellular [K +] is lowered, EK be- 
comes more negative. Assuming a Nernstian behav- 
ior, we should expect  a hyperpolarization upon 
reduction of  [K+]. However ,  we observed a depo- 
larization on K + removal from the bath solution and 
a hyperpolarization on K + readdition. Similar hy- 
perpolarizing responses during recovery  from K + 
depletion have been reported [3, 9, 21, 49]. There 
are two possible explanations for this phenomenon.  
First, a change of ion conductances.  We could show 
that tK depends on K + concentration. A decrease of 
[K +] to 0 should further diminish K + conductance 
[38]. It is possible that this effect is more important 
than the effect of Ek. The transient hyperpolariza- 
tion on K § readdition could be explained by an 
overshoot  activation of  K + channels. But this as- 
sumption leads to predictions not in agreement with 
our results. If changes of V on K § removal and 
readdition were due to a change in K § conductance,  
they should be blockable by Ba 2+. This could not be 
found in our experiments 2. Moreover ,  in potassium- 

2 Our data show a considerable increase of the hyperpolar- 
ization induced by K + readdition in the presence of Ba 2+ com- 
pared with the amplitude in control conditions. This enlarged 
amplitude could be due to an experimental error. However, there 
is a reasonable explanation. Increasing extracellular K T depolar- 
izes E~. But this effect is less important than the hyperpolariza- 
tion due to the activation of electrogenic Na + extrusion (as dis- 
cussed below). Ba 2+ is known to block the K + conductance and 
should reduce a depolarizing component due to EK. Moreover, 
Ba 2+ is expected to increase the cell membrane resistance (R). 
With a constant pump current (I) of the Na+/K+-ATPase, V 
(given by V = I .  R) should increase with increasing resistance. 
Thus, both lines of thought lead to the prediction that the hyper- 
polarization on K + readdition should be enlarged in the presence 
of Ba 2+. 
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free medium intracellular [K +] is expected to drop 
[3] and Ek should decrease. This line of consider- 
ation argues against a change in K + conductance as 
the main cause for the observed phenomenon. In 
addition, ouabain could block these responses. (Al- 
though ouabain is known to interact indirectly with 
the K + conductance [24, 37, 48], it could be shown 
for our preparation that the reduction of the K + 
conductance plays no significant role. Therefore, 
the action of ouabain can be related to an inhibition 
of the Na+/K+-ATPase.) In the presence of ouabain 
the direction of the observed V responses is in ac- 
cordance with a Nernstian behavior. This observa- 
tion favors the second hypothesis, which will be 
discussed in the following section. 

Extracellular K + is a substrate for the Na+/K +- 
ATPase [44]. Removing the substrate (extracellular 
K +) will inhibit the Na+/K? pump [46, 50] and thus 
abolish its hyperpolarizing effect. The longer the 
Na+/K+-ATPase is inactivated by potassium deple- 
tion, the higher intracellular Na + ([Na+]i) will rise 
[10, 30]. Addition of extracellular K + will immedi- 
ately reactivate the pump. Intracellular Na + is 
known to regulate the activity of the Na+/K +- 
ATPase [44]. Because Na + concentration has been 
rising, the Na+/K+-ATPase will be more stimulated 
than under control conditions, until [Na+]i has re- 
gained its normal low value. Therefore, the tran- 
sient hyperpolarization on K t readdition very likely 
represents electrogenic Na + extrusion by the Na+/ 
K+-ATPase. Further evidence could be presented 
by adding ouabain during hyperpolarization after 
K + readdition (Fig. 13), which resulted in a depolar- 
ization twice the amplitude than the depolarization 
induced by ouabain under control conditions. 

This hypothesis is based on the assumption that 
N a / p l a y s  a major role in the observed V changes 
on K + readdition. To further confirm our theory, we 
tested the Na + dependence of the hyperpolarization 
on K t readdition by performing this maneuver in 
Nat-free medium. These experimental conditions 
should prevent the rise in intracellular Na t. Indeed, 
the hyperpolarization was abolished, confirming 
our assumptions. However, in Na+-free medium 
other responses have also changed. As in the pres- 
ence of ouabain, K t removal hyperpolarized V in 
Nat-free Ringer. If our assumptions are correct, 
this effect should be due to an inhibition of the Na+/ 
K+-ATPase by removing extracellular Na +. Extra- 
cellular Na § per  se is not necessary for the function 
of the Nat/K+-ATPase [50]. But it is very likely 
that removing extraceUular Na t will reduce intra- 
cellular [Na +] [30] (which is a substrate for the 
pump) and thus will reduce the pump rate of the 
Na+/K+-ATPase [37, 46]. 

These arguments led us to further investigate 
the effect of Na + on the membrane voltage. Na + 
removal markedly reduced V. This reaction is only 
slightly influenced by ouabain or K+-free medium 
and can therefore not fully be explained by an inhi- 
bition of the Na+/K+-ATPase. Other underlying 
mechanisms will be investigated in further experi- 
ments; in this paper the emphasis will be laid on the 
ouabain-sensitive phenomena. After some minutes 
in Na+-free medium addition of ouabain did not 
result in a significant depolarization (data not 
shown): This observation confirms the assumption 
that the Na+/K+-ATPase is inhibited in Na+-free 
solution. Na + readdition after some minutes of Na + 
depletion induced a transient hyperpolarization, 
which reached a maximum about 2 min after Na + 
readdition. This reaction was much slower than the 
hyperpolarization on K + readdition, which was 
complete in about 30 sec. The reaction on Na + read- 
dition could be in part inhibited by ouabain and was 
markedly reduced in K+-free medium. Both proce- 
dures are believed to inhibit the Na+/K+-ATPase. 
Therefore, we are tempted to speculate that the hy- 
perpolarization on Na + readdition is due to an acti- 
vation of the Na+/K+-ATPase. (A change in K + 
conductance as the main cause for the observed V 
responses could be excluded by the experiments in 
the presence of Ba 2+.) A direct effect of extracellu- 
lar Na § is unlikely because the pump has been 
shown not to be dependent on extracellular Na § 
[50]. The slower time course of the hyperpolariza- 
tion also favors an indirect effect of Na § readdition. 
As discussed above, an inhibition of the Na+/K +- 
ATPase in Na+-free medium may be due to a de- 
creased intracellular [Na+]. Na § readdition should 
increase intracellular [Na +] towards the concentra- 
tion in steady-state conditions. This should lead to a 
parallel increase in Na-/K+-ATPase activity and 
should hyperpolarize V to its initial value. For ex- 
plaining the transient hyperpolarization of V above 
control, we have to postulate either a transient in- 
crease of intracellular [Na § above steady-state val- 
ues or an increasing sensitivity of the Na+/K +- 
ATPase to intracellular Na + during Na § depletion, 
perhaps due to ATP accumulation. During the hy- 
perpolarization accompanying the recovery after 
Na § depletion (believed to represent enhanced 
Na§247 activity), potassium removal 
(which should block Na+/K+-ATPase) resulted in 
an enhanced depolarization (Fig. 11A). This obser- 
vation further supports the hypothesis of an en- 
hanced Na+/K+-ATPase activity during recovery 
from Na+-depletion. 

The obtained data can only be a first step in 
interpreting the transport mechanisms responsible 



H. Helbig et al.: Micropuncture of Ciliary Epithelium 185 

for aqueous humor formation. For example, the ef- 
fect of pH and C a  2+ o n  K + conductance and mem- 
brane potential could play a role in the regulation of 
intraocular pressure. However, at present there are 
no conclusive data concerning the effect of pH and 
C a  2+ o n  aqueous humor dynamics. The importance 
of the Na+/K+-ATPase for aqueous humor forma- 
tion could be demonstrated in vivo. Ouabain in- 
duced a reduction of aqueous humor formation [20] 
and abolished the transepithelial current [7, 31, 35, 
42, 52] in vitro when applied to the stromal side, 
suggesting an effect on the Na+/K+-ATPase of PE. 

In summary, our results led us to suggest that 
K + conductance in cultured bovine pigmented cili- 
ary epithelial cells depends on Ca 2+, pH and [K +] 
(or voltage). An electrogenic Na+/K+-ATPase is 
present, being inhibited by ouabain, Na + removal or 
K + removal, and stimulated during recovery from 
Na + or K + depletion. 
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