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SUMMARY

1. Na+ and HC03- transport across the retinal membrane of the frog retinal
pigment epithelium was studied by means of double-barrelled Na+- and pH-selective
microelectrodes. Transient changes in the intracellular pH and in the intracellular
Na+ activity were monitored in response to abrupt changes in the Na+ concentration
and in the HC03- concentration on the retinal side of the epithelium, and in response
to transepithelial currents.

2. Removal of Na+ from the retinal side of the epithelium caused a depolarization
of the membrane potential across the retinal membrane, a decrease in the
intracellular Na+ activity and a decrease in the intracellular pH.

3. An increase in the HC03- concentration on the retinal side of the epithelium
from 27-5 to 50 mm caused a hyperpolarization of the membrane potential across the
retinal membrane, an increase in the intracellular Na+ activity and an increase in the
intracellular pH.

4. Passage of a transepithelial current of 30 ,uA in the choroid-to-retina direction
caused an increase in the intracellular Na+ activity and an increase in the
intracellular pH.

5. The data are interpreted as evidence for rheogenic co-transport of Na+, HCO3-
across the retinal membrane of the frog retinal pigment epithelium.

6. The transient changes described under 2, 3 and 4 above were blocked by
0 5 mM-4-acetamido-4'-isothiocyanostilbene-2,2'-disulphonic acid (SITS). The Na+-
HC03- co-transport was not inhibited by 1 mM-amiloride.

INTRODUCTION

The retinal pigment epithelium separates the photoreceptors from the chorio-
capillaries; it is thus an important part of the blood-retinal barrier. The retinal
membrane of the retinal pigment epithelium constitutes the outer border of the
subretinal space which is the extracellular space surrounding the photoreceptors.
Since the outer neuroretina is avascular, transport across the retinal pigment
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epithelium has a major influence on the composition of the fluid in the subretinal
space and thus on the extracellular environment of the visual cells.

It has been found that changes in extracellular HC03- concentration have
important consequences for the function of the photoreceptors in vitro (Besharse &
Dunis, 1983). In the present study I address the question of acid-base transport
across the retinal membrane of the frog retinal pigment epithelium; in particular I
investigate whether this membrane incorporates a rheogenic Na+-HCO3 co-
transport system similar that described in the basolateral membrane of the proximal
tubules in the kidney (see below). I have applied double-barrelled Na+- and pH-
selective microelectrodes to study transport of Na+ and HC03-. In a set of
experiments, the intracellular parameters were monitored while the electrochemical
gradients for Na+ and for HC03- across the retinal membrane were transiently
altered by ion substitutions and by passage of transepithelial currents. The results
were fully compatible with the hypothesis that this membrane incorporates a
rheogenic Na+-HCO3- co-transport system.

Rheogenic Na+-HCO3- co-transport was originally described in the basolateral
membrane of the proximal tubules of the tiger salamander (Boron & Boulpaep,
1983), and later in proximal tubules of the rat (Alpern, 1985; Yoshitomi, Burckhardt
& Fromter, 1985), the rabbit (Biagi & Sohtell, 1986; Sasaki, Shiigai, Yoshiyama &
Takeuchi, 1987) and Necturus (Lopes, Siebens, Giebisch & Boron, 1987). Rheogenic
Na+-HCO3- co-transport has also been described in cultured bovine corneal
endothelial cells (Jentsch, Keller, Koch & Wiederholt, 1984a; Jentsch, Koch,
Bleckmann & Wiederholt, 1984b) and in a continuous cell line (BSC-1) derived from
monkey kidney (Jentsch, Schill, Schwarz, Matthes, Keller & Wiederholt, 1985;
Jentsch, Matthes, Keller & Wiederholt, 1986). Recently a rheogenic Na+-HCO3- co-
transport system has been found in oxyntic cells of frog gastric mucosa (Curci,
Debellis & Froemter, 1987), and in glial cells in the central nervous system of the
leech (Schlue & Deitmer, 1988).

METHODS

Double-barrelled ion-selective microelectrodes were made as described by Zeuthen (1980). The
ion-selective barrel of the microelectrodes was filled with Na+ cocktail A (Fluka) or with pH
cocktail A (Fluka). The reference barrels were filled with 2 M-KCI. The Na+ electrodes were
calibrated in solutions containing 120 mM-Cl- and 2, 5, 10, 20 or 40 mM-Na+, with K+ as the
substituting ion. The sensitivity of the Na+ electrodes between 10 and 20 mM-Na+ were 44+ 3 mV
(average+ S.D., n = 16) per 10-fold change in the Na+ concentration. The intracellular Na+
activities are reported as apparent concentrations, assuming that the intracellular activity
coefficient for Na+ equals the activity coefficient for Na+ in the calibrating solution. The pH
electrodes were calibrated in solutions which contained 105 mM-KCl, 15 mm-Na+ and 15 mm-
phosphate. The pH of the calibrating solutions for the pH electrodes were 6-84, 7 15 and 7-60. The
sensitivity of the pH electrodes were 55 + 5 mV (average+ S.D., n = 15) per pH unit. In a few
control experiments single-barrelled microelectrodes were used. These electrodes were filled with
2 M-KCl and they had resistances of 50-80 MQl.
Large bull-frogs (Rana catesbeiana) were obtained from the Kons Scientific Co. (German Town,

WI, USA). Dark-adapted frogs were killed by decapitation and double pithing. The eyes were
enucleated after decapitation. The retinal pigment epithelium and choroid were excised and
mounted as a unilateral preparation in a mini-Ussing chamber as previously described (LaCour,
Lund-Anderson & Zuethen, 1986). A surface area of 0 07 cm2 of the epithelium was exposed. The
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retinal side of the epithelium was perfused by means of a peristaltic pump. The perfusate could be
changed within 10 s between different solutions. The choroidal compartment contained ca 30 Iul
standard solution and was not perfused.

Current pulses of 10ltA were passed across the epithelium in the retina-to-choroid direction
every 20 s. The deflections in the membrane potential across the retinal membrane (dEr) and in the
transepithelial potential (dTEP) caused by the current pulses were used to calculate the voltage
divider ratio (VDR): VDR = dEr/(dTEP-dEr). The voltage divider ratio is the ratio of the
resistance of the retinal membrane to the resistance of the choroidal membrane.

TABLE 1. Solutions (concentrations in mM)
Na+ K+ Mg2+ Ca2+ NMDGH+ Cl- HCO3 HEPES Glu

Solution 1 110 2 1 1 8 0 901 27-5 0 5
Solution 2 110 2 1 1-8 0 67-6 50 0 5
Solution 3 0 2 1 1-8 110 90-1 27-5 0 5
Solution 4 110 2 1 1-8 0 117-6 0 10 5
Solution 5 0 2 1 1-8 110 117-6 0 10 5
Glu = glucose, NMDGH' = N-methyl-D-glucamine, acid.

The composition of the solutions used to perfuse the epithelium is stated in Table 1. The control
solution (solution 1), the Na+-free solution (solution 3) and the solution containing 50 mM-HCO3-
(solution 2) were gassed with 95% 02 and 5% CO2. The HC03--free solution (solution 4) and the
HCO3-- and Na+-free solution (solution 5) were gassed with air. Solution 2 had a pH of 7-66 + 0-02.
The other solutions were gassed and titrated to pH 7 40 before each experiment. 4-Acetamido-4'-
isothiocyanostilbene-2,2'-disulphonic acid (SITS) and ouabain were obtained from Sigma,
amiloride was a gift from Sharp and Dohme. These were of Reagent grade.

All experiments were carried out at room temperature (23-25 °C).
Results are presented as average+ S.D. (n = number of experiments).

RESULTS

The cells were punctured while the tissue was perfused with the control solution.
During the first 2-6 min after penetration with the microelectrode the cells were
studied in steady state. Thereafter a transient experiment was performed. Table 2
summarizes the results of the three basic transient experiments: (1) reducing the Na+
concentration in the perfusate to 0 mm, (2) passing transepithelial currents and (3)
increasing the HC03- concentration in the perfusate from 27 5 to 50 mM.

Steady-state measurements
Under control conditions the membrane potential across the retinal membrane

(Er) was -84-9 + 3 0 mV (n = 56), the intracellular Na+ activity (aNa) was 11+ 3 mM
(n = 29), the intracellular pH (pHi) was 7 08 + 0-08 (n = 27), the voltage divider ratio
was 0 42 + 011 (n = 56), the transepithelial potential was 9-5 + 241 mV, retinal side
positive (n = 31) and the transepithelial resistance was 143+27 Q cm2 (n = 31).

Effects of removing Na+ from the perfusate
Figure 1 shows the effects on the intracellular Na+ activity and the membrane

potential across the retinal membrane of removing Na+ from the perfusate. Figure 2
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shows the effects on the intracellular pH and the membrane potential across the
retinal membrane of reducing the Na+ concentration in the perfusate from 110 mm
to nominally 0, 10, 20 or 40 mM.
When the Na+ concentration in the perfusate was reduced to 0 mm, the membrane

TABLE 2. Summary of results

AEr Aaka ApHi
(mV) (/LM/S) (10-3 units/s)

Removal of Na+
0 Na+, control 12-2+1-9 (51) -197 +68 (23) -6-5+2-2 (28)
0 Na+, 0 HC03- 03+25 (16) -106+41 (8) -0-0+00 (8)
0 Na+, SITS 3-6+20 (8) -117+57 (4) -2-1+1-3 (4)
0 Na+, amiloride 12-5+1-2 (8) -212+34 (5) -6-4+2-5 (3)

Passage of currents
Current, control 21-6+5-8 (52) 26 +12 (21) 30±+1-0 (31)
Current, 0 HC03- 26-7+4-1 (18) 0+0 (8) 1-1+0-4 (10)
Current, SITS 26-7+10-3 (13) 0+0 (6) 00+00 (7)
Current, amiloride 19-8+6-4 (12) 28+7 (4) 2-5+07 (8)

Increase in HC03- concentration from 27-5 to 50 mM
50 HC03-, control -10-8+ 1-3 (34) 34 +12 (19) 60+2-4 (15)
50 HC03-, SITS -6-8+1-6 (11) 10+7 (7) 1-9+1-2 (4)
50 HC03-, amiloride -10-9+1-4 (10) 26 +11 (6) 4-5+1-9 (4)

Initial change in the membrane potential across the retinal membrane (AEr) initial rate of
change in the intracellular Na+ activity (aia) and in the intracellular pH (ApHi). The three panels
shows results of the three basic types of experiments: removal of Na+, passage of currents and
increase in the HC03- concentration, done under the different conditions (control conditions,
HC03--free, in presence of SITS, in presence of amiloride). Results are presented as average + S.D.
(number of experiments).

potential across the retinal membrane depolarized rapidly (Figs 1 and 2, Table 2).
The initial depolarization was followed by a slower phase lasting 1-2 min in which
the membrane potential recovered towards its control value. The removal ofNa+ also
caused a decrease in the intracellular Na+ activity, and a decrease in the intracellular
pH (Figs 1 and 2, Table 2). As shown in Fig. 2, smaller depolarizations and lower
rates of intracellular acidification were observed when the Na+ concentration was
reduced to 10, 20 or 40 mm. Within the first minute after Na+ was removed (i.e.
reduced to 0 mM) from the perfusate the voltage divider ratio increased by 2-2 +0 5
(n = 51). When the perfusate was changed back to the control solution, the
intracellular parameters returned to their control values.
The effect of Na+ removal on the membrane voltage was also investigated 2-11

min after the tissue was poisoned with ouabain. In the presence of 1 mM-ouabain,
Na+ removal caused a depolarization of the membrane potential across the retinal
membrane of 13 + 3 mV (n = 6). This is not significantly different from the
depolarization caused by Na+ removal in the absence of ouabain (t test, P > 0 1).

Effects of transepithelial currents
Figure 3 shows the effects of a transepithelial current of 30,uA, passed in the

choroid-to-retina direction. This caused a depolarization of the membrane potential
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across the retinal membrane, an increase in the intracellular Na+ activity, and an
increase in the intracellular pH (Fig. 3, Table 2).

Effects of changing the HCO3 concentration in the perfusate
Increase in HC03-

Figure 4 shows two experiments in which the HC03- concentration in the
perfusate was increased from 27-5 to 50 mm at constant Pco2. This caused a rapid
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Fig. 1. The changes in the intracellular Na+ activity (aNa) and in the membrane potential
across the retinal membrane (Er) in a frog retinal pigment epithelial cell in response to a
reduction in the Na+ concentration on the retinal side of the tissue from 110 mm to
nominally 0 mM.

hyperpolarization of the membrane potential across the retinal membrane. The
initial hyperpolarization was followed by a slower phase lasting 1-2 min during
which the membrane potential depolarized by 2-4 mV. The increase in the HC03-
concentration also caused an increase in the intracellular Na+ activity, and an
increase in the intracellular pH (Fig. 4, Table 2). Within the first minute after the
HCO3- concentration in the perfusate had been increased from 27-5 to 50 mm the
voltage divider ratio decreased by 0 13 + 009 (n = 34). When the perfusate was
returned to the control solution the intracellular parameters returned to their control
values.
the effect on the membrane potential of increasing the HC03- concentration was
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Fig. 2. The changes in the intracellular pH (pH1) and in the membrane potential across
the retinal membrane (Er) in a frog retinal pigment epithelial cell in response to reductions
in the Na+ concentration on the retinal side of the tissue from 110 mi to subsequently
nominally 0, 10, 20 and 40 mM.
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Fig. 3. The changes in the intracellular Na+ activity (aNa), in the intracellular pH (pH1)
and in the membrane potential across the retinal membrane (Er) in a frog retinal pigment
epithelial cell in response to a transepithelial current of 30 ,uA passed in the choroid-to-
retina direction. Left panel shows a recording obtained with a Na+ selective
microelectrode; right panel shows a recording obtained with a H+-selective micro-
electrode.
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also investigated 4-12 min after the 1 mM-ouabain was added to the perfusate. In the
presence of ouabain, an increase in the HC03- concentration from 27-S5 to 50 mM
caused a hyperpolarization of the membrane potential across the retinal membrane
of 9-6+ 1P7 mV (n = 7). This is 1P2 mV less than the hyperpolarization caused by a
similar increase in the HC03- concentration in the absence of ouabain, the difference
being significant (t test, P < 0-01).

Removal ofHCO3-
Figures 5 and 6 show two experiments in which the HC03- concentration in the

perfusate was reduced from 27-5 mm to nominally 0 mm at a constant pH of 7-4. This
caused a depolarization of the membrane potential across the retinal membrane.

Er -801 [ 80 Er
(mV) -90ojU [-90 (MV)

-100 -100

10- 7.2

(m)B9-aNa
8

H

7-

1mn - -
50 mM-HCO3 50 mM-HCO3

Fig. 4. The changes in the intracellular Na+ activity (aNa), in the intracellular pH (pHi)
and in the membrane potential across the retinal membrane (Er) in a frog retinal pigment
epithelial cell in response to an increase in the HC03- concentration on the retinal side of
the tissue from 27-5 to 50 mm at constant PC02. Left panel shows a recording obtained with
an Na+-selective microelectrode, right panel shows a recording obtained with an H+-
selective microelectrode.

Initially this depolarization reached 18 + 4 mV (n = 23) but it was followed by a
slower phase lasting 2-3 min, during which the membrane potential repolarized to
within 2-4 mV of its initial value. The intracellular Na+ activity decreased with an
initial rate of change of 0-06 + 0-02 mM/s (n = 11). This was followed by a phase
lasting several minutes during which the intracellular Na+ activity slowly rose again
towards the value found under control conditions. The intracellular pH increased
with an initial rate of change of 0-012 + 0-007 pH unit/s (n = 12); there was no sign
of recovery towards control values even after prolonged exposure (9-10 min). Within
the first minute after the HC03- concentration in the perfusate was reduced from
27-5 mm to nominally 0 mm the voltage divider ratio increased by 0-6+ 0-3 (n = 23).
The membrane voltage transient caused by HC03- removal was also investigated
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in the presence of ouabain. Three to fourteen min after 1 mM-ouabain was added to
the perfusate, HC03- removal caused a depolarization of the membrane potential
across the retinal membrane of 18 + 5 mV (n = 7). This is not significantly different
from the depolarization caused by HC03- removal in unpoisoned tissues (t test,
P>O*1).

E, -70'
(MV) 9

7.5 -

7.4-
pHi

7.3-

7.2

O mM-HC03-, pH =7-4 l

0 mM-Na+ 0 mM-Na'

Fig. 5. The changes in the intracellular pH (pHi) and in the membrane potential across
the retinal membrane (Er) in a frog retinal pigment epithelial cell in response to a
reduction in the HCO3 concentration on the retinal side of the tissue from 27-5 mm to
nominally 0 mm at constant pH = 7-4 (filled bar), and to the subsequent reduction of the
Na+ concentration on the retinal side of the tissue from 110 mm to nominally 0 mm (open
bar). Also shown (right) are the effects on pHi and on Er in the same cell of a reduction
in the Na+ concentration on the retinal side of the tissue from 110 mm to nominally 0 mm
in the presence of 27-5 mM-HC03-.

While the tissue was perfused with the nominally HC03--free solution, the effects
of Na+ removal were investigated. Figure 5 shows an experiment in which the
perfusate was first changed from the control solution (solution 1, Table 1) to the
HC03--free solution (solution 4, Table 1); 2 min later the perfusate was changed from
the HC03--free solution to the HC03-- and Na+-free solution (solution 5, Table 1).
Also shown on Fig. 5 (right) are the effects of Na+ removal in the presence of
27-5 mM-HC03- in the same cell. When Na+ was removed under HC03--free con-
ditions (Table 2) no significant change in the membrane potential across the
retinal membrane was observed (t test, P > 041). The intracellular Na+ activity
decreased with an initial rate of change which was about half the rate observed when
Na+ was removed in the presence of 27-5 mM-HC03-, the difference being significant
(unpaired t test, P < 0 005). There was no change in the intracellular pH when Na+
was removed under HC03--free conditions (Fig. 5).

Further the effects of transepithelial currents were studied while the epithelium
was perfused with the HC03--free solution. Figure 6 shows an experiment in which
the perfusate was changed from the control solution to the HC03--free solution; 2
and 4 min later transepithelial currents of 30 ,uA were passed. Also shown in Fig. 6
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are the effects of a similar current in the presence of 27-5 mM-HCO3- (left). While the
current always caused an increase in the intracellular pH and an increase in the
intracellular Na+ activity when the epithelium was perfused with the control solution
(27-5 mm HC03-), no change was observed in the intracellular Na+ activity, and only

E -80
(m)-90]

1 mmn

30upA 30 iA 30upA

0 mM-HC03, pH = 7-4

Fig. 6. The changes in the intracellular Na+ activity (a1,a) and in the membrane potential
across the retinal membrane (Er) in a frog retinal pigment epithelial cell in response to a
reduction in the HCO3- concentration on the retinal side of the tissue from 27-5 mM to
nominally 0 mxv at constant pH = 7-4 (filled bar), and to the passage of transepithelial
currents of 30 ,uA in the choroid-to-retina direction (open bars).

a small increase in the intracellular pH, when the current was passed during
perfusion with the HC03-cfree solution (Table 2). The rate of increase in the
intracellular pH observed when the current was applied under HC03--free conditions
was significantly less than the rate observed in the presence of 27-5 mM-HCO3-
(unpaired t test, P < 0'005).
When the perfusate was returned from the HCO3 -free solution to the control

solution, the membrane potential hyperpolarized within 10 s and then depolarized
towards its control value (Figs 5 and 6). The intracellular Na+ activity increased
initially and then decreased towards its control value (Fig. 6). The intracellular pH
decreased over several minutes towards its control value (Fig 5). An acid undershoot
in the intracellular pH was never observed upon returning to the control solution.

Effects ofSITS
When 0-5 mM-SITS was administered to the perfusate (Fig. 7) the membrane

potential across the retinal membrane depolarized by 1+1 mV (n = 21), the
intracellular pH increased with an initial rate of 0-002 + 0 001 pH units/s (n = 7) and
the voltage divider ratio increased by 0 5 + 0 4 (n = 21). There was no change in the
intracellular Na+ activity (n = 14).

18-2
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When Na+ was removed from the perfusate in the presence of0 5 mM-SITS (Table 2)
the depolarization of the membrane potential across the retinal membrane, the
initial rate of decrease in the intracellular Na+ activity, and the initial rate of
decrease in the intracellular pH were all significantly smaller when compared to the
effects of Na+ removal in the absence of SITS (t tests, P < 0-025).

-701
Er -80 -I

(MV)
-90 -j

101
9

aNa i
(mm) 8

7 ~ r - L |t

30,uA 30 uA 30uA

1 minT~ 0.5 mM-SITS

Fig. 7. The changes in the intracellular Na+ activity (akia) and in the membrane potential
across the retinal membrane (Er) in a frog retinal pigment epithelial cell in response to the
administration of 0 5 mM-SITS (filled bar) and to the subsequent passage of a
transepithelial current of 30,uA in the retina-to-choroid direction. Also shown are the
effects of the passage of transepithelial currents of 30 ,uA in the absence of SITS (left and
right).

When the HC03- concentration in the perfusate was increased from 27-5 to 50 mM
in the presence of 0-5 mM-SITS (Table 2) the depolarization of the membrane
potential across the retinal membrane, the initial rate of increase in the intracellular
Na+ activity, and the initial rate of increase in the intracellular pH were all
significantly smaller than in the absence of SITS (t test, P < 0 005).

In the absence of SITS transepithelial currents (30 ,uA) caused an increase in the
intracellular Na+ activity and an increase in the intracellular pH. In the presence of
0 5 mM-SITS, similar currents (Fig. 7) had neither effects on the intracellular Na+
activity nor on the intracellular pH (Table 2).
SITS (0-5 mm) was present for periods of 2-14 min. The effects on the membrane

potential, the intracellular Na+ activity and the intracellular pH were reversible
upon removal of the drug (Fig. 7).

Effects of amiloride
Administration of 1 mM-amiloride to the perfusate caused no change in the

membrane potential across the retinal membrane, no change in the intracellular Na+
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activity and a slight increase in the intracellular pH (less than 0-06 pH units). The
effects of removing Na+ from the perfusate or of increasing the HC03- concentration
in the perfusate from 27-5 to 50 mm or of passing a transepithelial current of 30 ,uA
in the presence of 1 mM-amiloride were not significantly different from the
corresponding effects observed in the absence of amiloride (unpaired t test, P > 0 1).

DISCUSSION

Distribution ofNa+ and HC03- in the steady state
The average intracellular Na+ activity was 11 mM; this agrees well with what has

been found in other epithelial cells (e.g. Zeuthen, 1981). The low intracellular Na+
activity implies that a large inwardly directed electrochemical gradient exists for
Na+ across the retinal membrane.
The average intracellular pH of 7-08 is identical to the intracellular pH in cultured

bovine retinal pigment epithelial cells, recently measured by fluorescence technique
(Keller, Jentsch, Janicke & Wiederholt, 1988). This value is also in good agreement
with what has been found in other epithelial cells (e.g. Ross & Boron, 1981).
From the Henderson-Hasselbalch equation and the assumption that Pco2 is the

same in the intracellular fluid and in the extracellular fluid, the average intracellular
HC03- concentration calculated as 13 mm. Intracellular HC03- was thus above
electrochemical equilibrium.

Transient experiments
Effects ofNa+ removal
The intracellular acidification, which was caused by Na+ removal (Fig. 2, Table 2),

shows that Na+-coupled transport of base equivalents takes place across the
retinal membrane. The concomitant depolarization of the membrane potential
across the retinal membrane (Figs 1 and 2, Table 2) cannot be explained as a result of
reduced Na+-K+ pumping, since the membrane potential also depolarized when Na+
was removed in the presence of ouabain (1 mm ouabain in the perfusate completely
blocks the Na+-K+ pump, since in frog retinal pigment epithelial cells this pump is
exclusively located in the retinal membrane: Bok, 1982). The depolarization is
exactly the opposite of what would be expected if the retinal membrane was Na+
permeable. It can however be explained as the result of increased outward rheogenic
co-transport of Na+, HC03- and net negative charge.
Under nominally HC03--free conditions Na+ removal causes no significant

changes in the membrane potential across the retinal membrane and no change in the
intracellular pH (Fig. 3). The Na+-coupled transport of base equivalents and of
electrical charge thus requires the presence of HC03-. This substantiates that a
rheogenic Na+-HC03- co-transporter is present in the retinal membrane. When Na+
removal was done under nominally HC03--free conditions, the initial rate of decrease
in the intracellular Na+ activity was only reduced by 44%. This suggests the
presence of an electroneutral Na+ transport system which is not involved in
acid-base transport and which exists in the retinal membrane alongside the
rheogenic Na+-HCO3- co-transport system.
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Effects of currents
Rheogenic Na+-HC03- co-transport is assumed to incorporate transport of more

than one HC03- ion for each Na+ ion transported. As opposed to electroneutral
Na+-H+ exchange, rheogenic Na+-HCO3- co-transport should therefore be affected
by changes in the membrane potential. Accordingly, I observed a simultaneous
increase in the intracellular Na+ activity and in the intracellular pH when the
membrane potential across the retinal membrane was depolarized by a transepithelial
current (Fig. 4, Table 2). No detectable increase in the intracellular Na+ activity was
found when currents were passed under nominally HC03--free conditions (Fig. 6).
The rate of intracellular alkalinization was reduced by about two-thirds when
currents were passed under nominally HC03--free conditions. The influx of base
equivalents was reduced even more since the intracellular buffer power was lower
under these conditions than in the presence of 5% C02. Complete removal of HC03-
from the surface of the epithelium is virtually impossible. Thus the small influx of
base equivalents caused by currents under nominally HC03--free conditions were
probably caused by HC03- influx through the retinal membrane via rheogenic
Na+-HC03- co-transport; the concomitant influx of Na+ would be too small to be
detected.
The hypothesis of rheogenic Na+-HC03- co-transport across the retinal membrane

requires that the combined presence of Na+ and HC03- contributes to the
conductance of this membrane. Accordingly, the voltage divider ratio increased
when either HC03- or Na+ was removed from the perfusate, and it decreased when
the HC03- concentration in the perfusate is increased from 27-5 to 50 mm. It should
be noted that the changes in the voltage divider ratio cannot be explained by the
presence of a pH-dependent K+ conductance in either the retinal or choroidal
membrane. In that case the voltage divider ratio should not change in the same
direction in the experiments in which Na+ is removed as in the experiments in which
HC03- is removed, since the intracellular pH changes in opposite directions in these
two types of experiments.

Effects of changes in the HC03- concentration

When the HC03- concentration in the perfusate was increased (Fig. 3 and Table 2),
there was a simultaneous increase in the intracellular Na+ activity, and the
intracellular pH as well as a hyperpolarization of the membrane potential across the
retinal membrane. The hyperpolarization of the membrane potential cannot be
attributed to increased Na+-K+-pumping, since it was also observed (albeit reduced
by 11 %) after the pump was poisoned with ouabain. These observations corroborate
that a coupling exists between transport of Na+, transport of base equivalents and
transport of net negative charge across the retinal membrane.
When HC03- was removed from the perfusate, efflux of Na+ and net negative

charge via the rheogenic Na+-HC03- co-transport can explain both the observed
decrease in the intracellular Na+ activity and the observed depolarization of the
membrane potential across the retinal membrane (Figs 3 and 6, Table 2). The
simultaneous increase in the intracellular pH was caused by C02 exit. That the
intracellular pH remained alkaline and did not show sign of recovery while the tissue
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was perfused with the HC03--free solution, could indicate that the Na+-HCO3- co-
transporter mediated an acid influx into the cells in the steady state under control
conditions.
The slow time course of the decline in the intracellular pH and the lack of an acid

undershoot in the intracellular pH upon returning from the HC03--free solution to
the control solution is surprising. It was not caused by slow perfusion since the
hyperpolarization of the membrane potential were always completed within 10 s.
The slow time course of the intracellular pH decline may be caused by very rapid
intracellular pH regulation in the C02-containing medium.

Modes ofNa+ and HC03- transport
Rheogenic Na+-HCO3- co-transport is suggested as a mode of transport of Na+

and HCO3- across the retinal membrane of the frog retinal pigment epithelium.
An electroneutral, amiloride-sensitive Na+-H+ exchanger has recently been

described in cultured bovine retinal pigment epithelial cells (Keller et al. 1988). In the
retinal membrane of the frog retinal pigment epithelium, such a transport system can
only be of little significance since no intracellular acidification was observed when
Na+ was removed in the absence of HC03- and since 1 mM-amiloride had no effects
on the rates of change in the intracellular parameters in the transient experiments.
However, it cannot be excluded that a Na+-H+ exchanger is present in the choroidal
membrane of the frog retinal pigment epithelium.
Other electroneutral transport systems such as Na+-dependent Cl--HCO3

exchange (Thomas, 1984), cannot explain the experimentally induced changes in the
membrane potential and in the voltage divider ratio. Neither do the electroneutral
transport systems explain the influx of Na+ and the influx of HC03- which were
observed when a transepithelial current was passed. Electroneutral, Na+-carrying
transport systems, which are not involved in acid-base transport, may however
co-exist with the rheogenic Na'-HCO3- co-transporter in the retinal membrane.

Effects ofSITS
In the transient experiments, the presence of 0-5 mM-SITS inhibited the rheogenic

Na+-HCO3- co-transport: the rate of change in both the intracellular Na+ activity
and the intracellular pH were reduced when 0.5 mM-SITS was present. Smaller doses
of SITS were not effective since in two control experiments, the presence of 0-1 mM-
SITS did not reduce the rate of intracellular acidification observed when Na+ was
removed from the perfusate (data not shown). Also in other tissues high
concentration (0 1-1 mM) of the stilbene derivatives SITS and 4,4'-diisothio-
cyanostilbene-2,2'-disulphonic acid (DIDS) have been reported to inhibit rheogenic
Na+-HC3- co-transport (kidney: Baron & Boulpaep, 1983; Yoshitomi et al. 1985;
Biagi & Sohtell, 1986; Lopes et al. 1987; cultured corneal endothelium: Jentsch et al.
1984b; BSC1 cells: Jentsch et al. 1986; oxyntic cells: Curci et al. 1987; glial cells:
Schlue & Deitmer, 1988).

It is surprising that the effects of SITS were reversible upon removal of the drug.
In rabbit proximal tubules, 041 mM-SITS caused a slow and irreversible hyper-
polarization of the membrane potential. This was not observed in the present
preparation.
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It can be concluded that the retinal membrane of the frog retinal pigment
epithelium incorporates a transport system, which mediates coupled transport of
Na+, HC03- and net negative charge. The transport system is inhibited by large
concentrations (05 mM) of SITS, but is not affected by 1 mM-amiloride. The
physiological significance of the transport system remains to be investigated.

Note added in proof. As this paper went to press a report (Hughes, Adorante, Miller
& Lin, 1989) from another laboratory appeared, in which Na4-HC03- co-transport
in the retinal membrane of the bull-frog retinal pigment epithelium was studied
by means of single-barrelled microelectrodes and fluorescence measurements of
intracellular pH.
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