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Abstract. Studies were conducted to test whether an in-Introduction
crease of cytoplasmic calcium concentration influences
H*-ATPase activity in cultured rabbit nonpigmented cili- Vacuolar H-ATPase is a hetero-oligomeric membrane
ary epithelium (NPE). Cytoplasmic calcium concentra-protein that conducts electrogenic proton transport across
tion or cytoplasmic pH was measured by a fluorescenceell membranes. It is best known for its ability to acidify
ratio technique in cells loaded with either Fura-2 or cellular compartments such as lysosomes and endosomes
BCECF. Cytoplasmic calcium was increased in three(Sundler, 1997; Nelson and Harvey, 1999). However, in
ways; by exposure to BAY K 8644 (Lm), by exposure many cells including astrocytes, osteoclasts and kidney
to a mixture of epinephrine (jum) + acetylcholine (10 tubule cells, H-ATPase is also found on the plasma
M) or by depolarization with potassium-rich solution. membrane and in this location it is thought to actively
In each case cytoplasmic pH increased significantly. Inexport protons out of the cell (Pappas & Ransom, 1993;
all three cases 100wmnbafilomycin A;, a specific H-  Mattsson et al., 1997; Nelson & Harvey, 1999). In sev-
ATPase inhibitor, significantly inhibited the pH increase. eral tissues, FATPase appears to mediate proton ex-
These results suggest an increase of cytoplasmic calciutnusion from the cytoplasm following an acid load (Man-
might initiate events that lead to activation of proton ger & Koeppen, 1992; Pappas & Ransom, 1993).
export from the cytoplasm by a mechanism involving In a study of the eye, plasma membrangAT Pase
H*-ATPase. This notion is supported by the observatiorwas shown to be immunolocalized in the ciliary epithe-
that the pH increase was suppressed when either verafium, a bilayer which consists of a nonpigmented ciliary
amil or nifedipine was used to prevent the cytoplasmicepithelium (NPE) layer and a pigmented ciliary epithe-
calcium increase in cells exposed to potassium-rich soium (PE) layer. H-ATPase was found in both cell
lution. Protein kinase C activation might also be in- types but was most abundant at the basolateral surface of
volved in the mechanism of HATPase stimulation NPE layer (Wax et al., 1997). The function of the ciliary
since staurosporine suppressed the pH response to potapithelium is to secrete aqueous humor and Wax et al.
sium-rich solution. A transient rise of cytoplasmic cal- provided evidence suggesting that bafilomycip & spe-
cium concentration was observed when cytoplasmicific inhibitor of H*-ATPase (Bowman, Siebers & Alt-
acidification was induced by exposure to high pCO endorf, 1988), might suppress fluid production when ap-
This suggests a rise of cytoplasmic calcium might rep-plied topically to the rabbit eye. The explanation for this
resent part of a physiological mechanism to stimulateaction of bafilomycin A, is still unclear.
H*-ATPase-mediated protein export under acid condi- In a recent study of cultured rabbit NPE cells, inhi-
tions. bition of H*-ATPase by bafilomycin Awas reported to
cause an increase of intracellular sodium (Hou & Dela-

) : . 2000). If this is the case, modulation of-H
Key words: Cytoplasmic pH — H-ATPase — Bafilo- mere, - ’
mycin A, — BAY K 8644 — Verapamil — Nifedipine ATPase activity could change several aspects of NPE
function since the sodium gradient provides the driving

force for other cotransport and countertransport mecha-
- nisms. In other tissues it has been suggested that modu-
Correspondence td\.A. Delamere lation of H-ATPase activity can be triggered by changes
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in the concentration of cytoplasmic calcium concentra-MEASUREMENT OF CYTOPLASMIC PH USING DIGITAL

tion (Manger, Pappas & Koeppen, 1992). In the presenFLUORESCENCEMICROSCOPY

study we present evidence that suggests an increase of

cytoplasmic calcium concentration might activaté-H Cytoplasmic pH was measured using the pH-sensitive dye BCECF with

ATPase in cultured rabbit NPE. alternating excitation wavelengths of 460 nm and 488 nm. The meth-

odology was similar to that described above for cytoplasmic calcium

measurements. At the end of each experiment, the relationship be-

tween cytoplasmic pH and the ratio of fluorescence intensity at 488 nm

to that at 460 nm was calibrated by using a potassium-rich buffer

containing 10wM nigericin. In combination with potassium-rich

CHEMICALS buffer, nigericin mediates HKH* exchange and so equilibrates the ex-
tracellular pH and intracellular pH. The potassium-rich buffer con-

All chemicals in this study were purchased from Sigma (St. Louis, MO) t&ined (in mu) 110 KCI, 20 NaCl, and 20 of a buffer selected to control
except 2,7'-Bis (carboxyethyl)-5(6)-carboxyfluorescein-acetoxy- PH. 2-(N-morpholino) ethanesulfonic acid (MES; pk= 6.1) was
methyl ester (BCECF-AM), Fura-2, AM and pluronic F-127, which used to set pH in the range 6.0-6.5; piperazine-Nphs(2-

were purchased from Molecular Probes (Eugene, OR). ethanesulfonic acid) (PIPES; gKk= 6.8) for a pH of 7.0; N-2-
hydroxyethylpiperazine-N2-ethanesulfonic acid (HEPES; gk 7.5)

for a pH of 7.4; N-tris[hydroxymethyl]-3-aminopropanesulfonic acid
CeLL CULTURE (TAPS; pK, = 8.4) for a pH of 8.4.

Materials and Methods

The cell line used in this study was kindly provided by Dr. M. Coca-

Prados (Yale University, New Haven, CT). The cells, which were DATA ANALYSIS

derived from SV 40 virus-transformed rabbit nonpigmented ciliary epi-

thelium, have been used previously in studies 6fATPase and cy-  Student's-test was used for the statistical analysis. ValueB ¢f0.05
toplasmic pH regulation (Hou & Delamere, 2000; Wu et al., 1997). were considered as significantly different.

Cells were grown on 35 mm petri-dishes in Dulbecco’s modified Ea-

gle’s medium (GIBCO, Gaithersburg, MD) supplemented with 10%

fetal bovine serum, 100 U/ml penicillin and 1@@/ml streptomycin,  Results

under a humidified atmosphere of 5% g86% air at 37°C. The cul-

ture medium was changed every 2-3 days. Cells were used prior tq_o examine whether elevation of cytoplasmic calcium

confluence. ;i . . .
might be linked to an increase of cytoplasmic pH, the
calcium channel agonist BAY K 8644 was tested for its
MEASUREMENT OF CYTOPLASMIC CALCIUM USING ability to alter cytoplasmic pH. When cells preloaded
DIGITAL FLUORESCENCEMICROSCOPY with Fura-2 were exposed to im BAY K 8644, a

) . marked increase of cytoplasmic calcium concentration
The fluorescent calcium-sensitive dye Fura-2 (Molecular Probes, Eu-

gene, OR) was used to measure the cytoplasmic calcium concentratiovr\lla‘S observed (FlgA). The CytOplasmIC calcium con-

in cells superfused at a rate of 1 ml/min with Krebs solution containing centration measured 5_ min afte'j BA_Y K 8644 addition
(in mum) 119 NaCl, 4.7 KCI, 1.2 KHPO,, 25 NaHCQ, 2.5 Cac), 1~ Was 92.55 + 2.60m, which was significantly® < 0.01)
MgCl,, and 5.5 glucose, at pH 7.4, equilibrated with 5%£95% air. ~ higher than the control cytoplasmic calcium concentra-
Water insoluble materials were dissolved in a minimum volume of tion of 55.87 + 2.15 m (mean +SEM; N = 6)_ In parallel
dimethyl sulfoxide (DMSQ), 20% pluronic F-127 in DMSO or ethanol experiments, cells preloaded with BCECE were exposed

(< 0.1% final concentration). An equal amount of DMSO or ethanol to 1 um BAY K 8644. Under these conditions an in-
was added to control solutions. Potassium-rich Krebs solution was y :

prepared by increasing the concentration of KCI to 80 at the ex- Crease (_)f cytoplasmlc pH W"_’ls observed (FIB).le— .
pense of an equimolar amount of NaCl. To load the dye, the cells werdoplasmic pH measured 5 min after BAY K 8644 addi-
incubated in Krebs solution containing 1 Fura-2 AM for 1 hour  tion had risen to 7.28 + 0.08, which was significant®/ (
under humidified 5% C@95% air at 37°C. Then the cells were < 0.05) higher than the resting cytoplasmic pH value of
washed three times with Krebs solution and the petri dish was place§s,99 + 0.08 (mean ®Em; n = 6). To examine the con-
on the stage of a fluorescence microscope (Zeiss, Thornwood, NY}ribution of H-ATPase to the alkalinization response,

egwpped with a dlgl_tal imaging system (Attofluor Instrumen'ts, Rock- some cells were superfused first with bafilomyciq A
ville, MD). A water jacket system was used to warm the microscope

stage to 37°C and a flow-through automatic temperature controller(]'Oo rM)_ for 5 mm_before belng exposed tOH]M BA_Y
(Warner Instrument, Hamden, CT) was used to maintain the temperak 8644 in the continued presence of 100 bafilomycin

ture of the incoming superfusate at 37°C. Fura-2 fluorescence intensit\;. In the presence of bafilomycin A1l pm BAY K

was measured using an emission wavelength of 520 nm and alternatir@644 failed to increase cytoplasmic pH (Fid)1

dual gxcitation Wavelgngths of 334 nm and 380 nm At. the end of eac_h In some experimentsl Cytop'asmic calcium concen-
experiment, the _relatlo_nshlp between cytoplasmic calcium anq the rati¢ration was elevated by a receptor-mediated mechanism
?f quores_cence mtgnsﬂy at‘334 nm to that at 380 nm was c_allbrat_ed byas described by Ciluffo and coworkers (1998) who dem-
irst adding 1 pum ionomycin to the superfusate to permit calcium . . . .
equilibration with the external solution in order to obtain the maximum onstrated that gxposmg NPE to a m'Xture of ep'neph““e
ratio. Then 30 m EGTA was added to the superfusate in the contin- and acetylcholine causes a large rise of cytoplasmic cal-
ued presence of ionomycin to obtain minimum ratio. cium. Exposing the cells to km epinephrine + 1Qum
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acetylcholine also caused a significant rise of cytoplas63.78 £ 3.49 m (mean +sem; h = 6). Importantly, the
mic pH (Table 1). Importantly, baflomycin Ainhibited  increase of cytoplasmic calcium was not suppressed
the pH increase. when cells were exposed to potassium-rich solution in
Experiments were conducted to test whetherthe presence of 100vnbafilomycin A, (Fig. 2C). In the
changes of cytoplasmic calcium concentration are assgresence of bafilomycin Aalone, the concentration of
ciated with the cytoplasmic alkalinization response to ancytoplasmic calcium was 56.87 + 4.58 mvhich was not
increase of external potassium concentration. Exposursignificantly different from the baseline value of 55.91 +
to potassium-rich solution caused a marked increase d3.94 v measured prior to bafilomycin Aaddition.
cytoplasmic pH that was suppressed by the specific H When the external potassium concentration was raised to
ATPase inhibitor bafilomycin A (Fig. 2A). This result 80 mw in the continued presence of bafilomycin,Ahe
is consistent with the earlier proposal that-ATPase is  concentration of cytoplasmic calcium rose to attain a
activated to shift protons outward when NPE cells arevalue of 118.69 + 3.63m which was no different from
depolarized (Wu et al., 1997). When cells preloadedthe concentration observed in cells exposed to 80 m
with Fura-2 were similarly exposed to potassium-rich external potassium in the absence of bafilomycin A
solution, a rapid increase of cytoplasmic calcium was  One possible explanation for the above results is that
observed (Fig. B). Following the addition of potas- an increase of cytoplasmic calcium in some way brings
sium-rich solution, the concentration of cytoplasmic cal-about the activation of HATPase in cells exposed to
cium rose to attain a value of 119.38 + 4.54 which is  potassium-rich solution. To further explore this possibil-
significantly higher P < 0.01) than the baseline value of ity, L-type calcium channel antagonists verapamil and
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Table 1. The influence of epinephrine and acetylcholine on cytoplasmic pH and calcium concentration

Krebs Krebs + BAF

Control Epinephrine + acetylcholine Control Epinephrine + acetylcholine
pH 7.12+0.08 7.42+ 0.06° 7.09 + 0.03 7.21 +0.08
Ca&* (nm) 63.82+6.61 216.16 + 15.38 ND ND

Cells were first exposed to control Krebs solution to establish a stable pH or calcium baseline and then exposed to Krebs solution cpmtaining 1
epinephrine + 1Qum acetylcholine. pH was also measured in a group of cells that was first exposed to Krebs solution containingafiémycin

A, (BAF) before exposure to epinephrine + acetylcholine in the continued presence ol lf¥fitomycin A,. The data were obtained 100 sec
before (control) or after epinephrine + acetylcholine addition. The pH and calcium data are the smanfiesults from 4 and 6 independent
experiments respectively. ND, not determined.

#indicates a significant differencé (< 0.05) between cytoplasmic pH measured before and after exposure to epinephrine + acetylcholine.
Pindicates a significant differenc® (< 0.05) between cytoplasmic pH measured in bafilomycirir&ated and -untreated cells in the presence of
epinephrine + acetylcholine.

¢indicates a significant differenc® (< 0.01) between cytoplasmic calcium measured before and after exposure to epinephrine + acetyitholine,
< 0.01.

nifedipine were used to inhibit the increase of cytoplas-This acidifies the cell when additional G@nters and
mic calcium. Cells preloaded with Fura-2 were first su-generates more protons through a carbonic anhydrase-
perfused with Krebs solution containing either verapamilcatalyzed reaction. Under these conditions, cell pH fell
or nifedipine to establish a stable cytoplasmic calciumfrom 7.17 £ 0.07 to 6.81 + 0.05 (meansem, n = 4).
baseline and then exposed to potassium-rich solution iThis maneuver caused a transient increase of cytoplas-
the continued presence of either verapamil or nifedipinemic calcium (Fig. 7).
In the presence of either verapamil ') or nifedipine
(100 pm) the cytoplasmic calcium increase was abol- _
ished (Figs. 3, 4A). Discussion

In parallel studies, cells preloaded with BCECF
were exposed to potassium-rich solution in the presencé/e present evidence for a parallel increase of cytoplas-
of either verapamil (j.m) or nifedipine (10Qum). Both  mic calcium and cytoplasmic pH in NPE cells exposed to
verapamil and nifedipine were found to suppress the cyBAY K 8644, in cells exposed to potassium-rich solution
toplasmic pH increase caused by depolarization (Figsand in cells exposed to a mixture of epinephrine and
3B; 4B; Table 1). The value of cytoplasmic pH mea- acetylcholine. The ability of bafilomycin Ato suppress
sured 5 min following the exposure of either verapamil-the pH increase suggests the alkalinization responses are
or nifedipine-treated cells to 80xmexternal potassium mediated at least in part by'HATPase. Based on these
was almost identical to the value recorded following ex-findings we suggest that an increase of cytoplasmic cal-
posure of bafilomycin A-treated cells to 80 mexternal  cium concentration initiates events that lead to an in-
potassium (Table 2). crease in the activity of HATPase. A link between

In other cell types, activation of protein kinase C hascytoplasmic calcium and HATPase activity has been
been associated with 'HATPase stimulation. To test proposed in other tissues but in some cells, a cytoplasmic
whether this is the case in NPE, cells were exposed tcalcium increase activates*tATPase (Manger et al.,
potassium-rich solution in the presence of staurosporind992) while in other cells a calcium rise cause% H
(100 nv), a protein kinase C inhibitor. Staurosporine ATPase inhibition (Sabatini, 1997).
inhibited the pH response (Fig. 5; Table 2) but did not The observation that potassium-rich solution causes
prevent the increase of cytoplasmic calcium caused by significant increase of cytoplasmic calcium in NPE is
potassium-rich solution (Fig. Bise). Colchicine, a mi-  consistent with the depolarization response in other cell
crotubule disruptor, also inhibited the pH response. Intypes (Cartin, Lounsbury & Nelson, 2000; Sena et al.,
the presence of 1@um colchicine, the pH response to 1995; Zhang et al., 1995). Importantly, when the L-type
potassium-rich solution was abolished (Fig. 6). Addedcalcium channel antagonist verapamil was used to inhibit
alone, colchicine did not change cytoplasmic pH. the cytoplasmic calcium increase in NPE cells depolar-

The results suggest NPE cells might be primed toized by potassium-rich solution, the cytoplasmic pH in-
activate H-ATPase-mediated proton export in responsecrease was also suppressed. Nifedipine produced a simi-
to a rise of cytoplasmic calcium concentration. To testlar inhibition of the cytoplasmic pH increase. This adds
whether an episode of cytoplasmic acidification causes aupport for the notion that an increase of cytoplasmic
calcium rise that could activate the mechanism, cellscalcium could be a trigger for activation of FATPase-
were exposed to an increase of Cftiom 5% to 100%. mediated proton extrusion. In cells exposed to potas-



Y. Hou et al.: Cytoplasmic pH and Calcium

A

Cytoplasmic pH

Cytoplasmic Ca** concentration (nM)

Cytoplasmic Ca®" concentration (nM) ©

8+~

7.8

7.6

7.4 -

7.2

140

Control

High K+ BAF A1 BAF A1 + High

K+

120 -

100 -

80

60 &

40

20 -

140

100

200 300 400 500
Time (Sec.)

120

100 -

80

60

40

20

BAF A, + High K*

100

200

T

300

400 500 600 700 800 900
Time (Sec.)

85

Fig. 2. The influence of potassium-rich solution
on cytoplasmic pH and G4 concentration. 4)
Cytoplasmic pH. Cytoplasmic pH was measured in
cells that were first superfused with Krebs solution
for 5 min to obtain a stable baselin€dntrol)

before the potassium concentration in the
superfusate was increased to 80 ifHigh K*). A
different group of cells was first superfused with
Krebs solution containing 100vnbafilomycin A
(BAF Al) and then the superfusate was switched
to contain 80 mn potassium in the continued
presence of 100nn bafilomycin A, (BAF AL +

High K*). The data are the meansewm of results
from 6 independent experiments. * indicates a
significant difference from the baseline pR €
0.05). ** indicates a significant differenc® (<

0.01) between the pH measured in the presence of
80 mm potassium + bafilomycin Aand the pH
measured in the presence of 8 motassium
alone. B) Cytoplasmic calcium concentration.
Cells were first superfused with control Krebs
solution to obtain a stable baseline (indicated in
this and other figures by the straight horizontal
line), then the potassium concentration in the
superfusate was increased to 80 ifarrow).
Cytoplasmic calcium concentration was monitored
continuously. C) Cytoplasmic calcium
concentration. Some cells were first exposed to
Krebs solution containing 100vnbafilomycin A
(first arrow) and then the superfusate was
switched to contain 80 mn potassium plus 100w
bafilomycin A, (second arroy. The data are the
mean +sem of results from 6 independent
experiments.

sium-rich solution, bafilomycin 4 suppresses the in- increase of cytoplasmic pH in depolarized cells. Instead,
crease of cytoplasmic pH but not the increase of cytothe results are consistent with rise of cytoplasmic cal-
plasmic calcium concentration. This makes it unlikely cium initiating events that lead toHATPase stimula-

that the rise of cytoplasmic calcium is triggered by thetion. Possibly a rise of cytoplasmic calcium might rep-
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resent part of a physiological mechanism to stimulatecells as well as trabecular meshwork cells, endothelin
H*-ATPase-mediated proton extrusion under acid conditeceptor stimulation also causes an increase of cytoplas-
tions since cytoplasmic acidification itself has been sug-mic pH as well as a transient increase of cytoplasmic
gested to cause an increase of cytoplasmic calciuncalcium concentration (Kohmoto, Matsumoto & Seri-
(Swallow, Grinstein & Rotstein, 1990). In the present zawa, 1994; Rubanyi & Polokoff, 1994). However, not
study, acidification of NPE cells following an increase of all cells respond to endothelin in the same way. In bo-
pCQO, was indeed found to cause a transient cytoplasmiwine corneal epithelium, endothelin caused an apparent
calcium increase. inhibition of proton export (Wu et al., 1997).

Several agonists including acetylcholine, epineph-  Elevation of cytoplasmic calcium causes a wide va-
rine, carbachol, the adenosine A3 receptor agonist IBfiety of cell responses including activation of protein
MECA and endothelin cause an increase of cytoplasmikinase C-dependent events. In outer medullary collect-
calcium in the NPE (Ohuchi et al., 1992; Ciluffo et al., ing duct, stimulation of bafilomycin fAsensitive proton
1998; Tao et al., 1998; Hirata, Nathanson & Sears, 1999secretion by metabolic acidosis is inhibited by not only
Mitchell et al., 1999). It is possible that a receptor- the cytoplasmic calcium chelator BAPTA but also by the
mediated increase of cytoplasmic calcium could be asprotein kinase C inhibitor staurosporine (Tsuruoka &
sociated with an increase of cytoplasmic pH similar toSchwartz, 1998). In bovine corneal epithelium, protein
that observed in the present study when NPE cells werk&inase C was also reported to be involved in the mecha-
exposed to a mixture of epinephrine and acetylcholinenism of H-ATPase activation (Wu et al., 1998). The
Interestingly, in vascular and coronary smooth musclesame holds true for NPE cells since staurosporine was
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found to prevent the bafilomycin fsensitive pH rise  Table 2. The influence of potassium-rich Krebs solution on cytoplas-
caused by depolarization with potassium-rich solution.™¢ PH

Together with a requirement for protein kinase C activa-
tion, there could be a number of intervening steps be-

Cytoplasmic pH

tween elevation of cytoplasmic calcium and stimulation 5.9 mv external [K'] 80 mm external [K']
of H-ATPase. In some cells, the mechanism of- H
ATPase activation involves calcium-induced exocytoticControl 7.10+0.04 7.62+0.08
insertion of H-ATPase sites into the plasma membraneBafilomycin A, 7.08 +0.04 7.22:£0.05"
(Swallow et al., 1990; Tsuruoka & Schwartz, 1998). The\,\ll.er""‘?a.mII 7.09£0.03 7.26£0.04"

. . . . . ifedipine 7.08 +£0.04 7.24+0.08
ability of the microtubule disrupter colchicine to abolish Staurosporine 6.98 + 0.04 713 +0.08*

the pH response to high potassium suggests this might
also be the case in NPE. Mean cytoplasmic values measured before and 5 min after increasing
L-type calcium channels could contribute to the ob-the concentration of external potassium from 5.9 to 82 Some cells
served calcium entry to NPE cells depolarized by potaswere also exposed to either bafilomycin £00 rm), verapamil (5
sium-rich solution. However, the concentrations of ve-F"). nifedipine (100..m) or staurosporine (100m) throughout the
rapamil and nifedipine required to prevent the increase 0?xperlments. The data are the measet of results from 6 independent

. . . . experiments. A significant differenc®  0.01) between the cytoplas-
cytoplasmlc calcium concentration were h|gher tharlmic pH value measured at 80mmexternal potassium and the value

those repqrted necessary for inhibition of L-type C_a|Ciummeasured at 80 mexternal potassium in the presence of either bafi-
channels in aorta (Ko, Huang & Teng, 1997). This sug-lomycin A,, verapamil, nifedipine or staurosporine is indicated by *.
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0.6 Fig. 5. The influence of staurosporine on the cell

response to potassium-rich solution. Cells were
first exposed to control Krebs solutiolj or to
Krebs solution containing 100vnstaurosporine
(@). After a stable baseline was established, the
potassium concentration in the superfusate was
increased to 80 m (arrow). Cytoplasmic pH or
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respectively. The pH data represent the mean *
sem of results from 4 independent experiments. A
typical calcium response in the presence of

0.2 : : | staurosporine is shown in the inset panel.
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gests other calcium entry pathways could also be in¢ytoplasmic pH (Hou & Delamere, 2000). It is possible
volved. It is known that blockade of high-threshold T- that stimulation of H-ATPase could have an opposite
type calcium channels in rat neostriatal neurons requiresffect on the cytoplasmic sodium concentration. On this
concentrations of verapamil as high as 50-1o@ basis, prolonged HATPase activation or inhibition in
(Hoehn, Watson & MacVicar, 1993). In depolarized vivo could potentially lead to changes in the magnitude
chromaffin cells, N-, P-, and Q-type calcium channelsof the sodium gradient driving force that energizes solute
were found to be responsible for 70 percent of calciumtransport across the ciliary epithelium bilayer. Changes
entry with only 10 percent mediated by L-type calcium in cytoplasmic pH of the NPE could also have a direct
channels; in these cells, @8 verapamil was required to impact on ion channels and transporters. For example,
inhibit calcium entry (Villarroya et al., 1997). Skou (1982) has presented evidence suggesting a signifi-
In a previous study, HATPase was found to con- cant decrease of Na, K-ATPase activity might be caused
tribute to cytoplasmic pH regulation in resting NPE cells by an alkaline shift in pH. In living rabbits, bafilomycin
and inhibition by bafilomycin A was observed to cause A, was found to cause a decrease of intraocular pressure
an increase of cytoplasmic sodium concentration that ocflOP) that could have been the result of reduced aqueous
curred as Na-H exchange became activated to stabilizeumor secretion since the resistance to fluid outflow
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from the eye was unaltered (Wax et al., 1997)_ It isManger, T.M., Koeppen, B.M. 1992. Characterization of acid-base

noteworthy that verapamil and nifedipine have also been transporters in cultured outer medullary collecting duct célis. J.

reported to lower IOP (Payne et al., 1990; Segarra et al,, Physiol.263F996-1003 ,

1993). Manger, TM Pappas, CA Koeppen, B.M. 1992. Beta-adren_erglc
regulation of H secretion by cultured outer medullary collecting
duct cells.Am. J. Physiol263:F1011-1019
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