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1992.—We investigated membrane voltage and intracellular
pH (pH;) in cultured human ciliary muscle cells using a cell
line (H7CM) and primary-cultured human ciliary muscle cells.
1) Resting potential was 58.9 = 1.0 mV in H7CM cells and 61.9
+ 1.4 mV in primary cultures. The following data are from
H7CM cells, but results from primary cultures were basically
similar. 2) In HCO3-CO,-buffered solution, removal of extra-
cellular sodium resulted in a depolarization [change in mem-
brane resistance (AV) = 31.3 £ 2.8 mV] that was less marked
in the absence of HCO3-CO, (AV = 0.5 + 2.6 mV) and reduced
by 4,4’ -diisothiocyanostilbene-2,2’-disulfonic acid (DIDS) (AV
= 19.3 £ 1.9 mV). 3) Removal of extracellular HCO3-CO, led
to a depolarization (AV = 13.2 + 0.8 mV) that was abolished
in the absence of extracellular sodium and inhibited by DIDS.
4) Intracellular alkalinization led to a depolarization (AV =
24.7 £ 2.3 mV), and intracellular acidification resulted in a
hyperpolarization (AV = 9.4 £ 1.1 mV) that was inhibited by
DIDS and dependent on extracellular HCO;5-CO, and sodium.
5) pH; backregulation after an acid load occurred in both the
presence and absence of extracellular bicarbonate but not in
the absence of extracellular sodium. Our data are consistent
with an electrogenic Na*-HCOj cotransport in human ciliary
muscle cells, which is activated by intracellular acidification.

membrane potential; intracellular pH; cell culture

THE HUMAN CILIARY MUSCLE is involved in both the
accommodation and the regulation of aqueous humor
outflow facility. In contrast to our knowledge about many
other smooth muscles, not much is available on cellular
mechanisms involved in the regulation of ciliary muscle
contractility. Earlier morphological studies pointed out
that the ciliary muscle seems to differ from other smooth
muscles, slightly resembling a striated muscle in some
respects (11, 29). Contractility im smooth muscle is
closely related to membrane properties. We therefore
characterized some properties of the plasma membrane
of ciliary muscle cells. Our model to investigate ciliary
muscle cell properties was primary-cultured human cili-
ary muscle cells (27) and the H7CM cell line (18). This
cell line is known to be of muscular origin and has already
been used for ciliary muscle investigations, including
studies on membrane transport properties (18, 19, 26).
In this paper, special attention was directed toward test-
ing for the presence of sodium-dependent bicarbonate
transport mechanisms, namely electrogenic sodium bi-
carbonate cotransport, which transports one sodium ion
together with two or more bicarbonate ions. This trans-

port system has been described previously in a great
number of different epithelial (2, 7, 12, 20, 22, 25, 31, 32)
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and glial cells (8) but has not yet been demonstrated in
the plasma membrane of cells of muscular origin. The
Na*-HCOj3 cotransport is supposed to contribute to the
maintenance of the membrane potential (15) and to play
a role in transepithelial bicarbonate transport (25, 32) as
well as in the regulation of intracellular pH (pH;) (17,
22, 28, 30, 31). The Na*-HCOj5 cotransport in bicarbon-
ate-reabsorbing epithelia is considered to be located in
the basolateral membrane, mediating basolateral bicar-
bonate fluxes (2, 9, 22, 25). In these cells, bicarbonate is
transported across the cell membrane from inside to
outside under steady-state conditions. The stoichiometry
is supposed to be 3:1 rather than 2:1 (25, 32). In contrast,
in cultured renal BSC1 cells, this transporter has been
shown to carry a net negative charge inside the cell,
contributing to some extent to the resting membrane
potential (15). In the present study, we demonstrate
membrane properties consistent with such a transport
system in human ciliary muscle cells using conventional
intracellular microelectrodes to determine the membrane
potential and a pH-sensitive dye to estimate the pH,.

METHODS

Cell culture. Cells of an established cell line (H7CM) derived
from the ciliary muscle of a 1-day-old human infant as previ-
ously described (18) were cultured in cell-culture flasks (80
cm?). These cells have been characterized to be of smooth
muscle origin by ultrastructural analysis and immunostaining
for smooth muscle specific a-isoactin (18). When cells had
reached confluency, they were subcultured at a split ratio of 1:4
using Ca®*-free and Mg”*-free phosphate-buffered saline (PBS)
containing 0.05% trypsin and 0.02% EDTA. Finally, the cells
were grown to confluent monolayers in Petri dishes (for intra-
cellular voltage recordings) and on cover slips, which were
placed in Leighton tubes (for measurement of pH;). Cells were
maintained at 37°C in an atmosphere containing 95% air-5%
CO,. The culture medium was medium 199 supplemented with
10% fetal calf serum and 100 U/l penicillin and 100 ug/ml
streptomycin. Medium exchange was performed twice a week.
Under these conditions, H7CM cells reached confluency within
7 days and were used for experiments 2-3 wk after subculture.
The H7CM cells in this study were from passages 6 to 15.
Light-microscopic morphological controls revealed no change
in the appearence of the cells in all passages used.

Primary culture of human ciliary muscle cells. The primary
ciliary muscle culture was established from the eyes of a 16-
year-old human donor. After dissection of the eye, strips from
the outer parts of the muscle (longitudinal portion) were cut
free and placed in medium 199. Histological control sections
confirmed that the explants did not include ciliary epithelium,
trabecular meshwork, or tissue from the stroma of the ciliary
processes or the choroid. Ciliary muscle cells were isolated by
digestion of the explant with collagenase and seeded in Petri
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dishes (for details see Ref. 27). At confluency, the cells grew in
a hill-and-valley pattern typical for smooth muscle cells in
culture. The purity of the ciliary muscle culture was further
controlled by a detailed immunocytochemical and ultrastruc-
tural characterization (27). Light-microscopic controls of the
subcultures used for membrane voltage measurements revealed
no change in the appearence of the cells up to the eighth
passage. Confluent cells were subcultured using the method
described for H7TCM cells. Membrane voltage measurements
were performed with cells from the passages 6-8.

Membrane voltage recordings. The experimental setup has
previously been described in detail (13). In short, a Petri dish
with attached cells was inserted in a temperature-controlled
chamber (37°C). A flow chamber was clamped on the bottom
of the Petri dish, isolating a small channel (width, 1.5 mm;
length, 30 mm). This channel could be rapidly superfused by
up to eight different test solutions with a 90% fluid exchange
occurring within 3 s at a perfusion rate of 30 ml/h. Solution
exchanges were performed using electromagnetic valves (Luci-
fer type 133 A 54, Geneva, Switzerland). Microelectrodes were
drawn from filament borosilicate glass capillaries (1.0 mm OD,
0.58 mm ID; Hilgenberg, Malsfeld, FRG) using a DMZ-Univer-
sal puller (Zeitz Instrumente, Augsburg, FRG). Electrodes were
filled with 0.5 M KCI solution (resistance in Ringer solution
50-120 MQ). The cells on the bottom of the flow channel were
impaled by a microstepping device (Heidelberg Nanostepper,
Science Trading, Frankfurt, FRG) that advances the electrode
until a stable membrane voltage recording was obtained. The
microelectrode was connected to an electrometer amplifier
(WPI model M4-A, World Precision Instruments, Hamden,
CT), and the time course of the membrane voltage was contin-
uously registered on a chart recorder.

Measurement of pH;. To measure pH;, we used the pH-
sensitive dye 5- and 6-carboxy-4’,5’-dimethylfluorescein
(CDMF). A detailed description of the experimental setup has
already been reported (14). Briefly, the absorbance of CODMF
is pH sensitive at 509 nm but nearly pH insensitive at 470 nm.
Thus pH can be estimated from the ratio of absorbance at 509
and 470 nm. For pH; experiments, a cover slip covered with
cells was cut in half . One half (indicator cells) was incubated
for 30 min with CDMF-diacetate (100 uM). The second half of
the cover slip (control cells) was incubated in an identical
solution without dye. Indicator and control cells were placed in
a cuvette where they could be superfused with different test
solutions. These test solutions were temperature regulated at
37°C and appropriately aerated with 5% CQ0,-95% air. The
cuvette contains ~3 ml solution, which can be exchanged within
3-5 s. Transmittance was monitored continuously using a dual-
beam dual-wavelength photometer. Data are presented as the
ratio of transmittance at 509 and 470 nm, corrected for the
non-pH; related absorbance variations in the control cells. At
the end of the recording, each experiment was calibrated using
the nigericin method (3).

Solutions and source of chemicals. Standar§ bicarbonate so-
lution contained the following ionic concentrations (in mM):
123 NaCl, 28 NaHCOs, 4 KC], 1.7 CaCl,, 1 KH,PO,, 0.9 MgSO,,
and 5 glucose. In the high-bicarbonate solution, 18 mmol NaCl
was replaced by NaHCOs;, leading to a final concentration of
46 mM HCOj3. Bicarbonate-containing solutions were aerated
with different concentrations of CO, to yield a pH of 7.4.
Bicarbonate-free solutions were buffered with 10 mM N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES) to
pH 7.4. In solutions containing a lower sodium concentration,
sodium was replaced by equimolar amounts of N-methyl-D-
glucamine (NMDG). In solutions designed to change pH; by
nonionic diffusion, 20 mmol NaCl were replaced by 20 mmol
NH,CI. Cell culture media and supplements were purchased
from Biochrom KG, Berlin, FRG. Tissue culture flasks and
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dishes were from Nunc A/S, Roskilde, Denmark. Leighton
tubes were supplied by Costar, Cambridge, MA. CDMF-diace-
tate was purchased from Molecular Probes, Eugene, OR. Ni-
gericin and 4,4’-diisothiocyanostilbene-2,2’-disulfonic acid
(DIDS) were obtained from Sigma Chemical, St. Louis, MO.

RESULTS

Membrane voltages under steady-state conditions. Suc-
cessful impalement of a cell superfused by standard
bicarbonate solution resulted in a steep rapid deflection
of the recorded voltage followed by a further increase
over several minutes until a stable value was reached.
Experiments were continued only when the electrode
resistance was the same before and after impalement and
when the recorded voltage had been stable for at least 3
min. Under these conditions, the average resting poten-
tial obtained from stable impalements of H7CM cells
was —58.9 + 1.0 mV (n = 116). The values coincide with
our previously reported findings (18). We were also able
to obtain stable recordings in primary cultures of human
ciliary muscle cells. Mean values of 61.9 + 1.4 mV (n =
19) were basically in the same range as those obtained
in the cell line.

Removal of extracellular bicarbonate. Rapid change of
the extracellular fluid from high-bicarbonate solution (46
mM HCO3-9% CO,) to bicarbonate-free solution at a
constant extracellular pH (pH,) resulted in rapid mem-
brane depolarization (see Fig. 1A and Table 1). When
HCO;3; was withdrawn for longer periods, the depolari-
zation reached a plateau after 3-4 min (data not shown).
The depolarizing effect induced by removing extracellu-
lar bicarbonate could be inhibited by DIDS (10~ M), a
well-known blocker of various anion transporters. This
inhibiting effect increased with the time of DIDS appli-
cation (3 and 7 min) and was nearly complete after 11
min (Fig. 14). The progressive effect of DIDS can be
explained by increased covalent binding of DIDS during
prolonged exposure of the cells. Furthermore, DIDS is
considered to act from the internal side of the plasma
membrane and the delay of the DIDS effect may be due
to slow diffusion of sufficient amounts of DIDS through
the plasma membrane. Figure 1B summarizes 11 exper-
iments similar to those shown in Fig. 1A. An additional
observation was a depolarizing effect of DIDS (10~° M)
per se, as shown in Figs. 1 and 6 (AV by some 3-10 mV).
This might indicate that DIDS interferes with a trans-
porter that carries a net negative charge across the cell
membrane.

To exclude an indirect mediation of the effects in Fig.
1, A and B, by rapid intracellular pH alterations during
simultaneous HCO3-CO, withdrawal (removal of HCOj3 -
CO; would lead to an initial rapid alkalinization due to
decreased Pco0,), we measured pH; using the experimen-
tal protocol described in Fig. 1A. Repeated withdrawal
of HCO3-CO; for 2 min always led to a rapid intracellular
alkalinization, which was not significantly influenced by
DIDS (1072 M). In addition, we also observed a marked
depolarization when extracellular bicarbonate was with-
drawn at a constant Pco, (data not shown).

If the depolarization observed after removal of external
bicarbonate is due to an electrogenic Na*-HCOj3 cotrans-
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Fig. 1. A: one representative experiment in which depolarization is
achieved by changing extracellular solution from 46 mM HCOj; and
9% CO, to unaerated and nominally HCO;-free solution at a constant
extracellular pH (7.4). Depolarization is inhibited in presence of DIDS
(1 mM). B: experiments like the one shown in A are summarized. DIDS
significantly inhibited depolarization induced by HCOj; removal (**P
< 0.01; ***P < 0.001, paired Student’s ¢ test). The inhibiting effect of
DIDS increased with its time of application.

Table 1. Depolarization (AV) induced by removal
of Na* or HCO3-CO, for 2 min

0 Na* 0 HCO7
0 DIDS + DIDS 0 DIDS + DIDS
Cell line (H7CM), mV  31.3+2.8 19.3+1.9 12.6+1.0 7.0x1.3
(15) (15)* 9) 9t
Primary culture, mV 31.3+4.3 24.6+3.2 12.7+2.4
(3) (3% (9)

N

Values are given as means + SE. * P < O.OOl,TrP <0.01, 1 P<0.05,
paired Student’s ¢ test. No. of observations-given in parentheses.

porter, removal of extracellular sodium should result in
a bicarbonate-dependent and DIDS-sensitive membrane
depolarization. An additional prediction is the reduction
of the described effect of bicarbonate withdrawal under
sodium-free conditions. To test these hypotheses, we first
performed experiments removing extracellular sodium in
the presence of HCO3-COs.

Sodium removal in the presence of bicarbonate. Re-
moval of sodium for 2 min in the presence of HCO3/CO,
caused a marked depolarization (AV = 31.3 £ 2.8 mV; n
= 15), and its readdition led to complete repolarization
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(Fig. 24). When sodium was removed for periods of more
than 2 min, the depolarization reached a plateau after 4-
5 min. In some experiments, we observed an initial
hyperpolarization when extracellular sodium was re-
moved. Figure 24 also demonstrates that the magnitude
of the depolarization depends on the residual extracel-
lular sodium concentration. Decreasing the extracellular
sodium concentration from 150 to 40 mM, from 150 to
20 mM, and from 150 to 0 mM resulted in an increasing
membrane depolarization. Figure 2B summarizes 11 ex-
periments like those shown in Fig. 2A.

The depolarization induced by removal of extracellular
sodium was reduced from 31.3 + 2.8 mV (n = 15) in the
absence of DIDS to 19.3 £ 1.9 mV (n = 15) (P < 0.001)
in its presence, as shown in Fig. 24. The inhibiting effect
of DIDS was almost completely reversible when DIDS
was applied for short periods (2 min in Fig. 24). In
contrast to the depolarization caused by removal of ex-
tracellular bicarbonate, that induced by removal of ex-
tracellular sodium could not be completely abolished,
even if 1 mM DIDS was present up to 20 min (data not
shown).

Sodium removal in the absence of bicarbonate. Quanti-
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Fig. 2. A: depolarization induced by removapof extracellular sodium
decreased with increasing residual sodium @ extracellular solution.
Depolarization was reversibly inhibited by 1 mM DIDS. B: this sum-
marizes 11 experiments like one shown in left of A. Membrane potential
2 min after reducing extracellular sodium from 151 mM to lower
concentrations is plotted against extracellular sodium concentration
(*** P < 0.001, paired Student’s ¢ test).
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tative analysis of 19 experiments, in which we performed
sodium removal for 2 min, first in the presence and then
in the absence of HCO3-CO,, yielded a depolarization of
345 + 29 mV (n = 19) and 0.5 + 2.6 mV (n = 19),
respectively (P < 0.001). Thus the depolarization is
dependent on the presence of bicarbonate. However, the
voltage responses on removal of extracellular sodium in
the absence of HCO3-CO, showed a greater variability
than those observed in its presence. In some experiments,
we observed a depolarization upon removal of extracel-
lular sodium even in its absence (Fig. 3, right). This
depolarization was markedly smaller than that observed
in the presence of HCO3-CO, (Fig. 3, left). In other
experiments (example shown in Fig. 4), there was no
depolarization but only a hyperpolarization when sodium
was removed in the absence of HCO3-CO; and a rapid
depolarization when it was readded. The depolarization
sometimes led to a superimposed action potential when
the action potential threshhold was reached. The reason
for variability of the responses to sodium removal in the
absence of CO,-HCOj3 is not clear. One explanation
might be that the hyperpolarizing effect induced by so-
dium removal is uncovered in the absence of CO-
HCO;. This may contribute more or less to the voltage
changes induced by sodium removal, thus leading to the
variable responses.

Changes in pH; induced by removal of extracellular
sodium. To test whether changes in pH; can explain
voltage changes induced by sodium removal, we meas-
ured pH; during removal of extracellular sodium in con-
trol conditions (presence CO,-HCO3), in the absence of
CO0,-HCO; and in the presence of DIDS. Removal of
extracellular sodium resulted in an intracellular acidifi-
cation. The grade of acidification was not significantly
different in the various conditions as summarized in
Table 2. Thus the acidification seems to be primarily
mediated via a bicarbonate-independent and DIDS-in-
sensitive mechanism, which is most probably Na™-H*
exchange. Because the changes in pH; induced by sodium
removal are not significantly dependent on CO,-HCO3
and not significantly influenced by DIDS, the corre-
sponding voltage changes cannot be attributed to differ-
ent changes in pH;.

Voltage variations with pH;. This series of experiments

3min
~mn_,

(mV) A
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was performed to demonstrate a possible activation of
the electrogenic Na*-HCOj3 transporter by cytoplasmic
acidification. We therefore acidified the cells using the
ammonium chloride prepulse technique (3). In short,
extracellular addition of NH,Cl leads to an intracellular
alkalinization by nonionic diffusion of NHj across the
plasma membrane and subsequent association of H™.
Conversely, an overshoot acidification is observed when
NH,Cl is removed after sufficient amounts of NH;-NH,
have accumulated in the cell due to influx of NH7 during
the plateau phase. This typical pH; behavior is shown in
Fig. 5, top. Intracellular alkalinization induced by addi-
tion of NH,CI resulted in an initial rapid (AV = 7.6 +
1.2 mV, n = 9) and a subsequent slow depolarization of
the membrane voltage (AV = 24.7 £ 23 mV,n =9, 3
min NH,CI). Depolarization initially corresponded to the
rapid intracellular alkalinization and then took a mark-
edly slower course. When NH,Cl was removed, the mem-
brane voltage rapidly repolarized leading to a significant
(P < 0.001) hyperpolarization compared with the resting
potential prior to extracellular NH,Cl application (AV =
9.4 = 1.1 mV, n = 5). The time course of this hyperpo-
larizing effect was nearly identical to that of the acidifi-
cation observed in our pH; experiments (Fig. 5). If the
hyperpolarizing effect of intracellular acidification is due
to an activation of the Na*-HCOj3 cotransporter, it
should depend on the presence of bicarbonate and extra-
cellular sodium. Furthermore, the effect should be DIDS
sensitive. Figure 5 (which combines six representative
experiments) shows the bicarbonate and the sodium de-
pendence of the hyperpolarizing effect. The correspond-
ing pH; variations are shown in the top part of Fig. 5.
The hyperpolarization only occurred in the presence of
both bicarbonate and extracellular sodium (Fig. 5A4).
Withdrawal of bicarbonate (Fig. 5B) or extracellular
sodium (Fig. 5C) during the acidification inhibited the
hyperpolarization usually observed. Another interesting
finding was that action potentials could be induced by
intracellular alkalinization, as shown in the bottom of
Fig. 5B. In Fig. 6, we demonstrate the bicarbonate de-
pendence and DIDS sensitivity of the hyperpolarization.
There are residual changes in the membrane voltage in
the absence of CO,-HCO3 and in the presence of DIDS.
These residual changes may be due to mechanisms dif-
ferent from sodium bicarbonate cotransport or the con-

Fig. 3. This recording shows that re-
moval of extracellular sodium caused a
less marked depolarization in absence
(right of recording) than in presence of
HCO;5-CO. (left of recording). Further-
more, a repolarization, but no additional
depolarization, is observed when HCOj3-
CO:. is removed in absence of extracel-
lular sodium.

(mmol/l) 150 [] 150 [J 150
[HCO3) I I
(m mol?l) 28 o 28
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Fig. 4. In some experiments, depolarizing effect of sodium removal
was completely abolished in absence of HCO3-CO,, and only a hyper-
polarization was observed when extracellular sodium was removed.
Readdition of sodium to extracellular solution resulted in rapid depo-
larization and induced action potentials, as indicated by arrows.

Table 2. Changes in pH; induced by removal
of external Na* for 2 min (ApH;)

0 Na*-28 HCO; 0 Na*-0 HCO; 0 Na*-28 HCO;3-DIDS

0.26+0.05 0.21£0.03 0.29+0.01

(5) (4) (3)

Values are given as means + SE and not significantly different from
each other. No. of observations given in parentheses.

ApH,

sequence of incomplete inactivation of this transport in
the absence of CO,-HCO3 or in the presence of DIDS.
However, we did not observe a hyperpolarization beyond
—60 mV like that seen in the presence of CO,-HCO3
(Fig. 6, left).

Removal of external Na* or HCO5 in primary-cultured
ciliary muscle cells. All experiments demonstrated in Figs.
1-6 have dealt with cultured human ciliary muscle cells
of the H7CM cell line. We performed some additional
experiments using ciliary muscle cells of primary-cul-
tured human ciliary muscle. These cells are morpholog-
ically characterized as ciliary muscle cells (27). However,
further functional characterization needs to be done. In
this study, we restrict ourselves to demonstrate the ex-
citability and only two of the six propdrties (see DISCUS-
SION) predicted from electrogenic Na*-HCO3 cotrans-
port. Addition of 10 mM Ba®*, an inorganic blocker of
potassium channels, resulted in a rapid depolarization
with superimposed overshooting action potentials, as
shown in Fig. 7A. We have demonstrated similar Ba**-
induced action potentials in H7CM cells (18).

Changing the extracellular environment from a high-
to a low-bicarbonate solution for 2 min resulted in a
membrane depolarization (AV = 12.7 =+ 24 mV, n = 9)
(Fig. 7B and Table 1) similar to that observed in H7CM
cells. Furthermore, removal of extracellular sodium for 2
min also led to a marked depolarization (AV = 31.3 =
4.3 mV, n = 3) (Fig. 7C and Table 1). This depolarization
was significantly reduced to 24.6 = 3.2 mV in the pres-
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Fig. 5. This summarizes results of 6 single experiments. Recordings of
membrane voltage (bottom) and corresponding pH; changes (top) are
shown. A: result of applying NH,Cl in presence of HCO3;-CO,. NH,Cl
and HCO3-CO, are removed simultaneously in B and NH,Cl and
sodium in C. Hyperpolarization observed when H7CM cells were acid
loaded was dependent on both HCO;-CO, and extracellular sodium. In
some experiments, action potentials (indicated by arrow) were induced
by intracellular alkalinization.

150

0 20 0

ence of DIDS (Table 1). In summary, the data obtained
from primary cultured human ciliary muscle cells are in
principle similar to those obtained from H7CM cells.

DISCUSSION

Na™-HCO3 cotransport. In this paper, we report that
cultured human ciliary muscle cells exhibit membrane
properties fulfilling the six key predictions (2, 12) of an
electrogenic Na*(HCO3), cotransport system (n > 1)
carrying a net negative charge: 1) depolarization on
removal of extracellular HCOj3; 2) depolarization on
removal of extracellular Na*; 3 and 4) the response to
sodium is dependent on the presence of bicarbonate and
vice versa; and 5 and 6) both responses are partially
inhibitable by the disulfonic stilbene DIDS.

Stilbene derivates like DIDS or 4-acetamido-4’-iso-
thiocyanostilbene-2,2’-disulfonic acid have often been
used to identify the role of sodium bicarbonate cotrans-
port in transmembrane and transepithelial ion transport
(12, 14). The concentrations used are generally between
0.1 mM and 1 mM DIDS. However, these drugs are not
specific inhibitors of sodium bicarbonate cotransport
because other anion transporters like sodium-dependent

or sodium-independent chloride bicarbonate exchange
are also inhibited by DIDS. Thus an effect of DIDS alone
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DIDS 1mmol/t

Fig. 6. Variations in membrane voltage in-
duced by intracellular alkalinization and acidi-
fication (NH,CI prepulse technique) are shown.
NH,CI prepulses were performed in presence
(left) and absence (middle) of HCO;-CO, as
well as in presence of 1 mM DIDS (right).
Hyperpolarization induced by intracellular
acidification was not observed in absence of
HCO3-CO, or in presence of 1 mM DIDS.

[NH,Cl1 -

| E—

(mmol/t) 0 20 0 20 0
(HCO;]

(mmol7l) 28 0

is not sufficient to postulate a sodium bicarbonate co-
transport, and further characterization of the ion de-
pendence (key predictions 1-4) of the transport is re-
quired. Furthermore, membrane potential changes due
to pH; variations induced by altering electroneutral Na®*-
HCO3 cotransport or Na*-dependent CI-HCOj3 ex-
change should be considered. Another more complicated
model that would lead to the same predictions is an
electroneutral sodium-dependent chloride bicarbonate
exchanger working in parallel with a chloride conduct-
ance. However, HTCM cells do not seem to possess a
high chloride conductance because removal of extracel-
lular chloride only led to a transient hyperpolarization,
which was due to the liquid junction potential, followed
by a very slow depolarization (data not shown). For
H7CM cells and primary-cultured human ciliary muscle
cells, we thus favor the model of an electrogenic Na*-
HCOj cotransport. This membrane transporter has al-
ready been shown to be present in various epithelial (2,
7, 12, 20, 22, 25, 31, 32) and glia cells (8) but has not yet
been described for cells of muscular origin.

Removal of extracellular HCO3. Changing the extracel-
lular solution from 46 HCO3; and 9% CO, to a HEPES-
buffered standard solution (at a constant pH,) resulted
in rapid DIDS-sensitive membrane depolarization. This
depolarization could be explained by an electrogenic Na*-
HCOj3 cotransport. However, this effect would also be
expected for a simple bicarbonate or H* and OH™ con-
ductance because simultaneous removalvof HCO3-CO,
will lead to a pronounced but transient intracellular
alkalinization due to rapid decrease of Pco,. pH; (5, 10,
16) and pH, (1, 5, 10, 16, 23, 24) are known to influence
potassium conductance. Intracellular and extracellular
alkalinization usually increase the relative potassium
conductance, thus leading to a membrane hyperpolari-
zation (5, 10, 16), and intracellular and extracellular
acidification have the opposite effect (1, 5, 10, 16, 23,
24). Thus a pH-sensitive potassium conductance is un-
likely to contribute to the depolarizing effect of HCOj3-
CO, removal. However, variations of pH; are known to
influence other pH-regulating transport proteins (e.g.,
Na*-H* antiport), which could lead to changes in intra-
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cellular ion activities and ultimately influence the mem-
brane potential. This explanation is unlikely for our
experiments becuase pH; changes induced by removal of
HCO3-CO, are not abolished in the presence of DIDS,
as is the case for variations in membrane voltage (data
not shown).

Removal of extracellular Na*. On the basis of the
Nernst equation, it could be inferred that removal of
extracellular sodium will result in a hyperpolarization
towards the sodium equilibrium potential. However, its
removal from H7CM and primary-cultured human cili-
ary muscle cells led to a rapid membrane depolarization
that cannot be explained by a simple sodium conduct-
ance. Besides electrogenic Na*-HCOj cotransport, there
are other mechanisms that could theoretically mediate a
membrane depolarization when extracellular sodium is
removed: 1) high conductance for the replacing cation
(NMDG); 2) decreased activity of the Na*-K*-adenosi-
netriphosphatase (ATPase) due to decreased intracellu-
lar sodium activity; 3) decreased pH-sensitive potassium
conductance due to intracellular acidification mediated
by sodium-proton exchange; and 4) decreased pH-sensi-
tive potassium conductance due to intracellular acidifi-
cation mediated by bicarbonate-dependent and DIDS-
sensitive transporters like sodium-dependent chloride
bicarbonate exchange. This could theoretically also ex-
plain the bicarbonate dependence and the DIDS sensi-
tivity of the membrane depolarization induced by re-
moval of external sodium.

Point 1 is very unlikely because of the completely
different structure and magnitude of NMDG compared
with the sodium ion. Concerning point 2, it is also un-
likely that the extreme depolarization induced by re-
moval of extracellular sodium is completely mediated by
inhibition of the Na*-K*-ATPase because, in a recent
study (18), we showed that inhibition of Na*-K*-ATPase
with ouabain only led to a rapid depolarization of HTCM
cells (10.6 £ 1.7 mV, n = 8), which we have interpreted
to represent the direct contribution of Na*-K*-ATPase
to the membrane potential. However, we cannot exclude
that intracellular sodium depletion and subsequently
decreasing Na*-K*-ATPase activity may contribute at
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Fig. 7. A: application of 10 mM BaCl, to primary-cultured human
ciliary muscle cells resulted in a membrane depolarization with super-
imposed action potentials. B: changing from a high-bicarbonate (46
mM HCO3-9% CO,) to a HEPES-buffered extracellular solution de-
polarized primary-cultured human ciliary muscle cells. C: removal of
extracellular sodium depolarized primary-cultured human ciliary mus-
cle cells.

least partly to the depolarizing effect of sodium removal.
Concerning points 3 and 4, we have shown that the
intracellular acidification induced by removal of extra-
cellular sodium is not significantly different in the pres-
ence or absence of bicarbonate or in the presence of
DIDS (see Table 2). Thus different pH; changes cannot
be the reason for the different effects of sodium removal
(see Figs. 24, 3, and 4 and Table 1). The observation
that DIDS had no effect on the acidification induced by
sodium removal is unexpected. If a DIDS-sensitive Na*-
HCOj5 transporter is present in H7CM cells, the acidifi-
cation induced by sodium removal should be less in the
presence of DIDS. However, application of DIDS per se
acidified the cells (0.25 + 0.02 pH U/6 min). Thus the
total acidification induced by sodium removal in the
presence of DIDS may be the sum of DIDS acidification
and the acidification induced by reversal of Na*-H*
exchange. Considering both, the incomplete inhibition of
the effect of sodium removal even if DIDS is applied for
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prolonged periods (sufficient to completely inhibit the
effect of HCOj3 removal) and the remaining depolariza-
tion after sodium removal in the absence of bicarbonate,
we cannot rule out the possibility that a component of
the observed changes in membrane potential may reflect
the involvement of additional transport mechanisms,
such as a pH-sensitive potassium conductance or another
still unknown process. In some of our experiments, we
observed an initial hyperpolarization on removal of ex-
tracellular sodium. This hyperpolarization seems to be
more pronounced when the resting potential is relatively
low and when sodium is removed in the absence of
HCOj; or in the presence of DIDS. This is consistent
with a simple sodium conductance that is difficult to
observe when the resting potential is already high and
when the depolarization induced by Na*-HCOj35 cotrans-
port is not inhibited. An electrogenic sodium-calcium
exchange mechanism could also induce a hyperpolariza-
tion when extracellular sodium is removed. However, the
nature of the hyperpolarization remains to be clarified.
When external sodium was removed in the absence of
CO,-HCOj3, we often observed a transient depolarization
when sodium was readded. In a few experiments, this
depolarization led to a superimposed action potential
(Fig. 4). H7CM cells have already been shown to generate
verapamil-sensitive action potentials (18), and thus they
are probably mediated by voltage-operated calcium chan-
nels. In smooth muscle cells, action potentials occur
when a large population of voltage-operated calcium
channels are converted from the closed to the open state.
This conversion cannot happen if most of the channels
are inactivated at a low membrane potential. The inac-
tivation of voltage-operated calcium channels may be an
explanation for the difference in membrane voltage
changes upon sodium restoration in the absence of CO,-
HCO;3; [membrane potential (V) = —35 mV in Fig. 3,
right, and V,, = =70 mV in Fig. 4].

Activation of Na™-HCO3 cotransport by intracellular
acidification. Variations in pH; are known to influence
membrane voltage by different mechanisms. Possible
mechanisms by which pH; could influence membrane
voltage are as follows: 1) pH sensitive ion conductances,
e.g., a pH-sensitive potassium conductance; 2) conduc-
tivities for H*, OH™, and HCOj; and 3) electroneutral or
electrogenic pH;-regulating transporters leading to
changes of intracellular ionic activities or directly influ-
encing the membrane voltage. Although we could not
completely rule out the contribution of other additional
transport mechanisms, our data strongly suggest that
Na*-HCOjcotransport is activated by intracellular acid-
ification, thus leading to the observed hyperpolarization.
A pH-sensitive potassium conductance is not consistent
with the observed voltage changes, since intracellular
and extracellular acidification is considered to cause
depolarization by decreasing the potassium conductance,
leading to a depolarization (1, 5, 10, 16, 23, 24). Thus,
although we cannot exclude the presence of a pH-sensi-
tive potassium conductance and its possible contribution
to the depolarization after sodium removal, the effect of
intracellular acidification on the potassium conductance
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seems to be small, and another hyperpolarizing mecha-
nism (electrogenic Na*-HCOj3 cotransport) must be op-
erative when the cells were acidified. We can exclude
that fluxes of H*, OH™, or NH{ ions contribute to the
hyperpolarization because these fluxes would also occur
in the absence of HCO3-CO, or extracellular sodium.
Although the pH; slopes after NH,Cl removal are not
markedly different (Fig. 5), the variations in membrane
voltage differ completely depending on whether HCOs3-
CO, is present or absent (shown in Figs. 5 and 6),
suggesting the involvement of bicarbonate-dependent
mechanisms in the hyperpolarization. Though a DIDS-
sensitive HCOj; conductance is not excluded, Na®*-
HCOj; cotransport is a more likely mediator of the hy-
perpolarization because not only the bicarbonate de-
pendence and DIDS sensitivity but also the sodium de-
pendence can be explained by such a transport. The
observed depolarization when NH,Cl was added could to
some extent be explained by an electrogenic Na*-HCO3
cotransport. We suggest that the transporter plays only
a minor role in mediating this depolarization, which
takes a slow time course, while the alkalinization is rapid.

Transport direction and stoichiometry. The Na™-
HCOj cotransport in bicarbonate-absorbing epithelia is
considered to be located at the basolateral membrane
mediating basolateral bicarbonate fluxes (2, 9, 22, 25).
In these cells, bicarbonate is transported across the cell
membrane from inside to outside under steady-state
conditions. The stoichiometry is supposed to be 3:1
rather than 2:1 (25, 32). In cultured renal BSC1 cells,
this transporter has been shown to carry a net negative
charge inside the cell, contributing to some extent to the
resting membrane potential (15). In our experiments,
application of DIDS under steady-state conditions with
extracellular [Na*] = 151 mM, extracellular [HCO;] =
28 mM, and intracellular [HCO3] = 16 mM (calculated
from pH; = 7.21 + 0.03, n = 5 and Pco, = 5%) resulted
in a depolarization, indicating an inward transport of
negative charges by Na*-HCOj3 cotransport. Calculation
of the equilibrium potential for this transport system,
assuming a 2:1 stoichiometry, yields =102 or —73 mV
(intracellular [Na™] was assumed 10 or 30 mM, respec-
tively, because measurement of intracellular [Na*] using
the sodium-sensitive dye SBFI revealed intracellular
[Na*] values between 10 and 30 mM) and —58 mV or
—44 mV for a 3:1 stoichiometry. Although an inward
transport under steady-state conditiogs can be better
explained assuming a 2:1 stoichiometry, we cannot fi-
nally exclude a 3:1 cotransport.

Electrogenic Na*-HCOj3 cotransport in the eye. An elec-
trogenic Na*-HCOj cotransport system has been dem-
onstrated in different cells from the eye, namely bovine
cornea endothelial cells (12), frog retinal pigment epithe-
lium (20), toad lens epithelium (31), and rabbit ciliary
epithelium (4). Recently, we showed that an electrogenic
Na*-HCOj3 cotransport is absent in bovine trabecular
meshwork cells (6). Thus this transporter may serve as
a tool to differentiate between ciliary muscle cells and
cells derived from trabecular meshwork, which has like-
wise proven to be contractile (21).

SODIUM-BICARBONATE COTRANSPORT IN CILIARY MUSCLE

In summary, we demonstrate membrane properties
consistent with electrogenic Na*-HCOj3 cotransport in
human ciliary muscle cells. This transport system may
contribute to the regulation of membrane voltage under
steady-state conditions and to the regulation of pH; after
intracellular acidification. It could also be used as a tool
to differentiate between cultured cells of the eye.
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