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Abstract. Carbonic anhydrase (CA) inhibitors lower the DBI or ACTZ. We suggest that the CA-IV isozyme
rate of aqueous humor (AH) secretion into the eye. Dif-might catalyze rapid equilibration of'Hand HCG, with
ferent CA isozymes might play different roles in the CO, in the unstirred layer outside the plasma membrane,
response. Here we have studied the effects of carbonigreventing local accumulation of *Hwhich competes
anhydrase inhibitors on cytoplasmic pH (pkegulation, — with sodium for the same external Na-H exchanger bind-
using a dextran-bound CA inhibitor (DBI) to selectively ing site. Inhibition of CA-IV could produce pHhanges
inhibit membrane-associated CA in a cell line derivedthat might alter the function of other ion transporters and
from rabbit NPE. pkiwas measured using the fluores- channels in the NPE.
cent dye BCECF and the piesponses to the cell per-
meable CA inhibitor acetazolamide (ACTZ) and DBI
were compared. ACTZ markedly inhibited the rapid; pH
changes elicited by bicarbonate/C€@moval and read-
dition but DBI was ineffective in this respect, consistent
with the inability of DBI to enter the cell and inhibit Carbonic anhydrase catalyzes the reversible hydration of
cytoplasmic CA isozymes. Added alone, ACTZ and CO,, producing carbonic acid which subsequently de-
DBI caused a similar reduction (0.2 pH units) of baselinecomposes to HCDand HO". There are multiple CA
pH.. We considered whether CA-IV might facilitate"H isozymes with the cytoplasmic isozyme CA-Il generally
extrusion via Na-H exchange. The Na-H exchanger inbeing the most predominant (Sly & Hu, 1995). One CA
hibitor amiloride (1 nv) reduced pHO0.52 + 0.10 pH isozyme, CA-IV, is a plasma membrane protein and
units. In the presence of DBI, the magnitude of, pet  there is considerable evidence that it exerts an influence
duction caused by amiloride was significant€ 0.05)  on membrane transport mechanisms which shift protons
reduced to 0.26 + 0.09 pH units. ACTZ similarly re- or HCG;. CA-IV has been proposed to facilitate recy-
duced the magnitude of the preduction. DBI also re- cling of extracellular H and HCQ at the outer surface
duced by40% the rate of pHecovery in cells acidified of the plasma membrane by catalyzing the generation of
by an ammonium chloride (20m) prepulse; a reduction CO, which diffuses back into the cell (Sly & Hu, 1995).
in pH; recovery rate was also caused by ACTZ andIn renal proximal tubule, for example, CA-IV has a key
amiloride. DBI failed to alter the pHalkalinization re-  role in the absorption of bicarbonate from the lumen
sponse caused by elevating external potassium conceflucci et al. 1983).
tration, a response insensitive to amiloride but sensitive ~ CA inhibitors lower the rate of aqueous humor se-
to ACTZ. These observations are consistent with a recretion into the eye and are widely used to reduce intra-
duction in Na-H exchanger activity in the presence ofocular pressure (IOP) in the treatment of glaucoma
(Maren, 1984). Aqueous humor formation is driven os-
motically by solute transport across the ciliary epithe-
lium bilayer comprising the nonpigmented epithelium
Correspondence toN.A. Delamere, Department of Ophthalmology (NPE) on the aqueOlj'S side and the pigmented epithelium
and Visual Sciences, University of Louisville School of Medicine, (PE) on the blood side (Davson, 1990). It has been es-
Louisville, KY 40292, USA tablished that CA inhibitors reduce not only fluid forma-
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tion but also cause marked inhibition in the net rate ofstreptomycin (10Qug/ml) under a humidified atmosphere of 5% £O
bicarbonate and sodium movement from blood to aqueand 95% air. The medium was changed every two days. It took 3-5
ous (Maren, 1984). However, it is not known Whetherdays for cells to reach confluence after each split.

CA-IV inhibition might contribute to these CA inhibitor

responses. There have been relatively few physiologiqvlEASURENIENT OF INTRACELLULAR PH

studies of CA-IV in ciliary epithelium. In an elegant
study with the isolated rabbit ciliary epithelium bilayer, a

preparation which retains cell polarity, Matsui et al. The fluorescent pH sensitive dye,,2'-biscarboxyethyl-5(6)-
(1996) have suggested that the NPE cell Iayer has @arboxyfluorescein acetoxymethyl ester (BCECF-AM) was used to
membrane-associated CA but it was not detected in PEneasure intracellular pH in monolayers of cultured rabbit cells which
Inhibition of the membrane-associated carbonic anhywere continuously superfused (2.5 ml/min) with artificial aqueous hu-
drase at the NPE side of the bilayer caused a markeahor (AAH) containing (in mmoles/l) NaCl: 117.0, KCI: 4.5, HEPES:
increase in short circuit current across the tissue. Using0-0. NaHCQ: 20.0, glucose: 6.0, Mggl 1.0, CaC}: 1.5, at pH 7.3.
cultured rabbit NPE, we determiné@®0% of total CA he AAH was continuously bubbled with 5% G@nd 95% air. Bi-

activity is associated with the plasma membrane. (W carbonate-free solutions, made by omitting NaHG®@d substituting
ity 1 ! Wi p - ( Uan equimolar amount of NaCl, were bubbled with nitrogen. Sodium-

Delamere & Pierce, 1997). In the same study, the€yee solutions were made substituting choline chloride and choline
plasma membrane-associated CA was found to be resisicarbonate for sodium chloride and sodium bicarbonate respectively.
tant to SDS, a characteristic associated specifically withPotassium-rich AAH was made by substituting an equimolar amount of
the CA-IV isozyme and Western blot confirmed the pres-potassium chloride for sodium chloride. The superfusate pH was moni-
ence of CA-IV immunoreactive polypeptide. In addi- tored by a pH eIectrer (Fisher, Pittsl_:urgh, PA). Prigr to each experi-
tion, CA inhibitors were found to cause small changes in"e"t the cells were incubated 1 hr in AAH containing BCECF-AM

’ . (1.5 pm in AAH) then washed three times with AAH before the petri
CytOplaSm'C pH (ph). The Pr_ese”t study was condugted dish was placed on the stage of a fluorescence microscope (Zeiss,
to determine whether inhibition of membrane-associate@hornwood, NY) equipped with an Attofluor fluorescence intensity
carbonic anhydrase changes; pesponses to maneuvers quantification system. A water jacket was used to maintain tempera-
which acidify or alkalinize the cell. We synthesized a ture in the dish at 37°C.
dextran-bound CA inhibitor (DBI) and compared cellular Fluorescence intensity of BCECF was measured at an emission
pH responses to this and acetazolamide, a cell permeabY@“’e'ed”flltshsof SZOTEm ﬂus"‘g alternating excitation Jﬂva‘;)e'e”gt;‘s of 460

U X : . nm an nm. The fluorescence intensity ratj as a func-
CA inhibitor. We prowde ewdencg Su_gg,eStmg the CA_‘_ tion of intracellular pH was calibrated at the endlgfeﬁch experiment by
IV_'SOZyme could ha_‘ve arolein malntalnlng_ cytoplasmic superfusing the cells with a range of potassium-rich buffer solutions
acid-base balance in the cultured NPE. Since the studyhich contained 1qum nigericin (Sigma Chemical, St. Louis, MO).
was conducted using an NPE cell line which is not wellNigericin mediates membrane*s¥4* exchange and in combination
polarized into apical and basolateral domains, we weravith a potassium-rich buffer serves to equilibrate intracellular pH with
not able to study how inhibition of membrane-associatecExtracellular pH (Thomas et al.1979). The potassium-rich solution

rbonic anhvdr miaht alter v rial tran rt. contained 110 m KCI, 20 mm NaCl and 20 mn of a buffer selected to
carbonic a yd ase might alter vectorial transport control pH. The buffer 2-(N-morpholino) ethanesulfonic acid (MES,

pK, = 6.1) was used to set pH in the range 6.0 to 6.5; piperazine-
N,N’-bis (2-ethanesulfonic acid) (PIPES, pke 6.8) was used to set
pH at 7.0; N-2-hydroxyethylpiperazine:N-ethanesulfonic acid
(HEPES, pK = 7.5) was used to set pH at 7.4; N-tris(hydroxymethyl)
methyl-3-aminopropanesulfonic acid (TAPS, pk 8.4) was used to
set pH at 8.0 (Bassnett, 1990).

BY SPECTROFLUOROMETRY

Materials and Methods

CHEMICALS

Amiloride and acetazolamide (ACTZ) were purchased from Sigma (St.

Louis, MO). BCECF-AM was purchased from Molecular Probes (Eu-

gene, OR). Water insoluble compounds were dissolved in a minimumSYNTHESIS OF ADEXTRAN-BOUND CARBONIC

volume of dimethyl sulfoxide (DMSO) or methanol (<0.1% final con- ANHYDRASE INHIBITOR

centration). Equal amounts of DMSO or methanol were added to con-

trol solutions. A dextran-bound carbonic anhydrase inhibitor (DBI), composed of an
aminothiadiazole sulfonamide which is covalently bound to a dextran,
was synthesized by a modification of the method described by Tinker,

CeLL CULTURE Coulson & Weiner (1981). Aminoethyldextran was linked to 2-
succinylamido-1,3,4-thiadiazole-5-sulfonamide using 1-(3-

The experiments were conducted using a cell line derived from SV 40dimethylaminopropyl)-3-ethyl-carbodiimide as the coupling reagent.

virus-transformed rabbit nonpigmented ciliary epithelium (NPE). This After synthesis, the DBI was dialyzed exhaustively against deionized

cell line, kindly provided by Dr. M. Coca-Prados (Yale University), has water using a 3500 Dalson cutoff membrane (Spectrum Medical In-

been used previously for a number of ion transport studies (Delamereustries, Houston, TX). The average MW of the dextran was 9400.

et al. 1993; Dong, Delamere & Coca-Prados, 1994). Monolayers ofAt a concentration of 0.2 mg/ml, DBI causes 96 + 4% inhibition of

cells were grown on 35-mm diameter petri dishes at 37°C in Dulbec-bovine CA-II which was not significantly different from the inhibition

co’s modified Eagle’s medium (DMEM) (GIBCO, Gaithersburg, MD) of 100 + 7% caused by 0.2 mg/ml (1mMh acetazolamide (Wu et al.,

supplemented with 10% fetal bovine serum, penicillin (100 U/ml) and 1997).
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Fig. 1. Cytoplasmic pH responses to
l bicarbonate/C@removal and readdition. Cultured
cells were first superfused with control solution.
The upper panelX) shows the records from
DBl typical experiments; pHs shown plotted against
time. After the pH had stabilized for at least 5
|o 1 pH unit min, the superfusate was switched to
bicarbonate/C@free AAH for [5 min (1) then

returned to control (bicarbonate/G©@ontaining)
solution (). Record (a) was obtained in control
cells (no CA inhibitor). Records (b) and (c) were
obtained from cells exposed to 0.2 mg/ml ACTZ
and 0.2 mg/ml DBI respectively. In each
experiment the magnitude of the rapid pH
changes in response to bicarbonatejC€moval
control and readdition was recorded. The lower parB)l (

DBI shows the means of results from 5-10 different

experiments. The steady state;pidlue prior to

A(_:TZ. bicarbonate (C@ removal was 7.14 £ 0.1(=
amiloride 10) in control cells, 6.96 + 0.12h(= 8) in
ACTZ-treated cells, 6.94 £ 0.1h(= 7) in
DBI-treated cells and 6.75 + 0.1h (= 5) in
amiloride-treated cells. The vertical bars indicate
sp. Significant difference from controP(< 0.05)
is indicated by *.

2 min

Magnitude of rapid pH; change

HCO37/CO; HCO5/CO;
removal addition

DATA ANALYSIS lowed by a more gradual decline (Fig. 1). After 5-10
min in bicarbonate-free medium, pktabilized at 6.89 +
In each BCECF experiment, fluorescence data were collectedzim 0.10, a reduction of 0.24 + 0.10 pH units from the start-

cells in the monolayer and the signal was averagedalues signify . -
the number of separate and independent experiments. Unless otherwigag pH of 7.13 £ 0.11 measured in the same cells (mean

noted, values are reported as mean + SD and statistical analysis was SD; N = 14). The pH response reversed when bicar'_
conducted using Studenttdest. Values of < 0.05 were considered bonate was returned to the superfusate. Based on studie

to indicate significant differences. in other tissues (Zeidel, Patricio & Seifter, 1986;
Burkhardt, Sato & Frmter, 1984), the rapid component
of the pH change observed upon external bicarbonate

Results removal or addition is generally dependent upon car-
bonic anhydrase. In keeping with this scheme, the mag-

THE INFLUENCE OF Ca INHIBITORS ON THE pH,; nitude of the rapid pHncrease was significantly smaller

RESPONSE TOBICARBONATE REMOVAL when external bicarbonate was removed in the presence

of 0.2 mg/ml ACTZ. The rapid pHdecrease caused by
Cultured monolayers of NPE cells were pretreated withbicarbonate readdition was also inhibited by ACTZ. In
BCECF-AM then superfused with artificial aqueous hu- contrast, 0.2 mg/ml DBI caused no significant change in
mor (AAH). After a stable baseline cytoplasmic pH the magnitude of the rapid plHesponses to bicarbonate/
(pH;) was obtained, the superfusate was switched to biCO, removal and readdition. For comparison, 1. m
carbonate/CQ@free AAH. In control cells (absence of amiloride also caused no significant change in the mag-
CA inhibitor) this caused an immediate pifcrease fol-  nitude of the pKHresponses. These findings suggest that
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Fig. 2. The influence of amiloride on pHThe
upper panel4) shows a typical response. Cells
0 400 800 1200 were first superfused with control solution. After
Time (sec) the pH had stabilized for at least 5 min, the
superfusate was switched)(to contain 1.0 m
amiloride for[B min then amiloride was removed
(1). In two different sets of experiments, the cells
were first superfuse@b min with solution
containing 0.2 mg/ml DBI or 0.2 mg/ml ACTZ
then the superfusate was switched (arrow) to
- contain 1 nm amiloride in the continued presence
of DBI or ACTZ. The magnitude of the pH
~*— amiloride change is shown plotted against time. Each set of
~>— amiloride+DBI gatlzzrepres_ents ttheBmealrxsﬁ: ouesu;tzgrc:rg o8
e . —15 experiments. Baseline pitas 7.09 + 0.
amiloride+ACTZ in control (no CA inhibitor) cells, 6.93 £ 0.10 in
the DBI group prior to amiloride treatment and
[ 6.91 + 0.11 in the ACTZ group prior to amiloride
0.6 — treatment.
0 250 500
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although cytosolic CA inhibition alters the rapid pt¢-  THE INFLUENCE OF Ca INHIBITORS ON THE pH;
sponses to external bicarbonate changes, selective inHRESPONSE TOAMILORIDE
bition of membrane-associated CA is ineffective in this
respect. The inability of DBI to alter the rapid pke-  The ability of DBI to reduce pHcould be explained if
sponse caused by bicarbonate removal is consistent WitBA-1V in some way facilitates proton extrusion via the
the inability of DBI to cross the plasma membrane, aNa-H exchanger. To examine the Na-H exchanger, cul-
characteristic confirmed earlier in studies with red bloodtyred NPE cells were exposed to amiloride (Fig. 2). Ata
cells (Wu et al., 1997). concentration of 1 m, amiloride reduced ppby 0.52 +
0.10 pH units (mean sp; n = 15), bringing pH to a
new set point of 6.56 + 0.10. A similar pldhange was
THE INFLUENCE OF Ca INHIBITORS ON RESTING pH; observed in cells exposed to 300 dimethylamiloride
(data not showh Removal of external sodium also re-
Added alone, DBI reduced phby 0.22 + 0.06 pH units duced pH, causing a reduction of 0.65 = 0.07 pH units
(mean xsp; n = 10). A pH decrease of 0.21 + 0.05 (mean £sp; n = 5). In comparison, lowering the exter-
(mean £sp; n = 13) was observed in cells that received nal chloride concentration to 5srincreased pkby 0.23
ACTZ, which inhibits both cytosolic and membrane- + 0.09 pH units to a set point of 7.30 £ 0.10 (meanct
associated CA. This pattern of responses, which has = 5).
been described in detail by Wu et al. (1997), is consistent  In the presence of DBI, amiloride caused a signifi-
with a contribution of CA-1V to cytoplasmic pH regula- cantly smaller pHreduction (Fig. 2), changing pHby
tion. As a control experiment to address the possibilityonly 0.26 + 0.09 (mean ®b; n = 8). Thus selective
that simple addition of dextran might cause cytosolic pHinhibition of CA-IV reduces the amiloride-sensitive pH
changes, we confirmed that the addition of dextran aloneomponent. General CA inhibition had a similar effect.
did not pH; 5 min after the addition of 0.2 mg/ml dex- In cells exposed to ACTZ, amiloride caused a; pet
tran, pH was 7.10 + 0.07 which was not significantly duction of 0.24 + 0.09 (mean ¢0; n = 6). Since both
different from the starting p}bf 7.11 + 0.06 (mean %b; DBl and ACTZ reduced pHprior to amiloride addition,
n = 4). the final pH set point measured 5 min after amiloride
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addition was 6.66 + 0.12 and 6.65 + 0.11 in DBI- and A

ACTZ-treated cells respectively. This similarity be- NHLC removal
tween the pH set point in the presence of amiloride } decrease
alone, amiloride plus DBI or amiloride plus ACTZ sug- OANAMAA o EERRSZ I

gests that the effects of CA inhibition and Na-H inhibi-
tion on pH are not additive. Instead, the results are con-
sistent with a partial inhibition of Na-H exchanger ac-
tivity when membrane-associated CA-1V is inhibited.

maximal
decrease pH;

0.2 pH unit

THE INFLUENCE OF Ca INHIBITORS ON THE pH; 100
RESPONSE TOAMMONIUM CHLORIDE REMOVAL

)
w

Magnitude of pHi change
s
~

N
-

Cultured NPE cells were exposed to 20unexternal g
ammonium chloride. After 3—-4 min, the ammonium Control pel hctz Amiloride
chloride was removed, causing a rapid cytoplasmic acidi o
fication followed by a slower pHrecovery (pH in-
crease). The rate of pllecovery is dependent in part on
the rate of outwardly directed proton transport. Amilo- 1 * * *
ride slowed pHKrecovery (Fig. 3), a response consistent |
with a contribution of Na-H exchanger-mediated out- —
ward proton transport to the phhcrease. To test the
idea that CA-IV inhibition slows the Na-H exchanger, U maximal decrease pHi ® decrease pHi at 2 min
the rate of pH recovery from an ammonium chloride ] ) o
prepulse was measured in the presence of DBI. DBI aIS('J:'g' 3. The |nf|ugnce of ca_rbonlc anhydrase inhibitors on ptovery
. . . after an ammonium chloride prepulse. Cells were exposed to 20 m
slowed pHrecovery. A sn‘r_nlar reduction in the piie- ammonium chloride for 3—4 min then superfused with control (no
covery rate was observed in the presence of ACTZ. They,ciy AAH. pH, was measured continuously. A typical response is
rate of pH recovery was 0.30 * 0.12 pH units/min (mean shown in paneA. In some cells, the maneuver was carried out in the
+ sp; n = 12) in control cells but was 0.15 + 0.07 and presence of 0.2 mg/ml DBI or 0.2 mg/ml ACTZ or 1.0unamiloride
0.15 + 0.06 pH units/min in the presence of DBI and added 5 min prior to the ammonium chloride. Using the reference point
amiloride respectively. For comparison, the rate Of pH of the pH value a_t the start of pHecovery, we (_:alculateq the mag-
recovery was 0.15 + 0.05 pH units/min in the presence of(‘l(l)tude of the maximal pp—deprease after ammonium chlc.m.de removal
. pen bars) and the magnitude of the; mlécrease remaining after 2
ACTZ. In egch .Case' the pHecovery rate in treated min of recovery (shaded bars); the results are shown in FarEhe
cells was significantly R < 0.05) lower than the rateé gata represent the meanss of 4-12 experiments. *indicates a sig-
measured in control cells. Although carbonic anhydraseificant difference from controlR < 0.05).
inhibitors and amiloride both reduced the ;ptdcovery
rate, no additional rate decrease was observed when the
two agents were applied simultaneously. When cellsTHE INFLUENCE OF Ca INHIBITORS ON THE pH;
were exposed to amiloride and DBI added together ofRESPONSE TOPOTASSIUM-RICH MEDIUM
amiloride and ACTZ added together, the ;ptdcovery
rate was 0.19 + 0.07 and 0.19 + 0.08 pH units/min re-Increasing external potassium causes a rapidrifease
spectively which was no slower than the recovery ratgFig. 4). In a previous study, this response was found to
seen with amiloride alone. be partially suppressed by the"{ATPase inhibitor ba-
Following an ammonium chloride prepulse, a siz- filomycin A; (Wu & Delamere, 1998). In that same
able component of pHecovery persists in the presence study, the response was found to be insensitive to amilo-
of amiloride, suggesting the contribution of mechanismsride, suggesting that the pkhcrease is not dependent on
in addition to Na-H exchange. In sodium-free medium,Na-H exchanger activity. Based on the thinking that
the rate of pHrecovery was reduced to 0.05 £+ 0.02 pH CA-1V inhibition could partially inhibit Na-H exchanger
units/min (mean g n = 4) which was significantly®  activity, we prediced that DBI would not change the,; pH
< 0.05) less than the rate observed in the presence gésponse to increasing external potassium. This was the
amiloride. This could possibly be explained by the pres-case; increasing external potassium to 81zbintreased
ence of a sodium-dependent bicarbonate uptake mechaH, by 0.51 +0.12/(0 = 9) and 0.53 £ 0.13r( = 23) pH
nism. This notion is supported by the detection of a re-units in the presence and absence of DBI respectively
duced pHrecovery rate (0.16 + 0.02 pH units/min; mean (mean *sp). In contrast, the pHncrease of 0.36 = 0.14
+ SE n = 6) in bicarbonate/CQfree medium as com- (n = 7) observed when 81.5wmpotassium was added in
pared to the recovery rate in control medium. the presence of ACTZ was significantly loweP «
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A Na,K-ATPase isoforms (Ghosh et al. 1990), is rich in
mitochondria and has a highly invaginated basolateral
surface. Active transport of solute across the NPE baso-
lateral membrane is thought to drive fluid (aqueous hu-
mor) secretion into the eye (Davson, 1990). In a bio-
chemical study using cultured rabbit NPE, we measured
a significant component of membrane-associated CA
0.2 pH unit which we identified as the CA-IV isozyme (Wu et al.,
1997). Here we present evidence suggesting that undel
certain conditions, selective inhibition of outward-facing
CA-lV is sufficient to change pHresponses in the cul-
tured NPE.
As in other cells, the NPE has a high activity of
cytosolic CA and onlyr20% of the overall CA activity
_ appears to be associated with the plasma membrane (W1
* ‘ et al., 1997). The action of cytosolic CA is evident from
w the ability of ACTZ to inhibit the rabbit pHincrease
caused by removal of external bicarbonate. A similar
action of ACTZ has been reported by Zeidel et al. (1986)
in rabbit kidney collecting duct. The likely interpretation
of this response is that on bicarbonate/G@moval, cy-
tosolic CA facilitates rapid generation then exit of CO
Control ACTZ DBI amiloride produced from cellular HCDand H". This could ac-
_ _ _ count for the observed rapid pkhcrease that is pre-
Fig. 4. The pH response to an increase of external potassium conceny anted by the cell permeable CA inhibitor ACTZ. On

tration. Cells were first superfused with control AAH then the potas- | . . .
sium concentration in the superfusate was increased to 8th.5pk bicarbonate/CQ replenishment, rapid CQentry fol-

was monitored continuously. A typical response is shown in panel lowed by CA'Cat?-lyzed production of Cyt0plasmi(:+ H
where the first vertical arrow indicates potassium addition. In some set&nd HCQ is the likely cause of the observed rapid;pH
of cells, 0.2 mg/ml DBI or 0.2 mg/ml ACTZ or 1.0 mamiloride was reduction which also was inhibited by ACTZ. A similar
addedb min prior to the increase of external potassium. The magni- rapid pH decrease in response to bicarbonate addition

tude of the pH increase caused by 81.5mmexternal potassium is has been reported in native rabbit NPE by Wolosin et al
shown in paneB. The steady state phprior to potassium addition was ’

7.15 £ 0.14 in control cells, 7.01 = 0.11 in DBI-treated cells, 6.98 * (1993). The ability Of ACTZ to bl_OCk .I’apld piHre.'

0.08 in ACTZ-treated cells and 6.67 + 0.08 in amiloride-treated cells, Sponses to HCDaddition/removal fits with our earlier

The data represent the mearsg of results from 5-23 experiments. proposal that ACTZ penetrates into the cytoplasm (Wu et

Significant difference from control{ < 0.05) is indicated by *. al., 1997). Importantly, DBI did not alter the magnitude
of the rapid pHresponses to bicarbonate/C@moval or

addition suggesting that inhibition of outward-facing

0.05). For comparison, amiloride caused no significanbA_IV does not contribute to the observed ACTZ ef.

change in the presponse o increased external IOOtaS'fect:s. This fits with the proposal, based on studies in

pH; 7.1

2 min

o
o
—

o
S

Magnitude of pH; increase
o
9

sium (Fig. 4). renal tubule, that CA-IV serves primarily to catalyze the
reversible CQ hydration reaction extracellularly in the

Discussion unstirred layers adjacent to the plasma membrane (Sly &
Hu, 1995; Lucci, et al., 1983).

Since CA inhibitors are a highly effective means of re- We reported earlier that selective CA-1V inhibition

ducing agueous humor formation, there has been considvith DBl causes a change in resting ptWu et al.,
erable interest in the role of CA in the ciliary epithelium. 1997). Here we report that DBI also slows the rate of
There are several CA isozymes with distinct propertiespH; recovery in cells acidified by an ammonium chloride
(Sly & Hu, 1995) and this raises the prospects for posprepulse. These responses to DBI suggest CA-IV could
sible therapeutic uses of isozyme-selective CA inhibi-play a role in the maintenance of cytoplasmic acid-base
tors. Matsui et al. (1996) have suggested that a funcbalance in the NPE. It is noteworthy that the;gHange
tional membrane-associated CA is localized on the NPElicited by ACTZ is no greater than that caused by DBI.
but not the underlying PE. These investigators suggested/e considered the mechanism by which CA-IV inhibi-
that membrane-associated carbonic anhydrase is linketibn could reduce pH If inhibition of CA-IV were to

to the function of a chloride/bicarbonate exchanger at thdéead to a reduction in the rate of outward proton transport
basolateral side of the NPE. The NPE expresses multipléhis could explain the observed cytoplasmic acidifica-
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tion. In different tissues it has been suggested that CAnic H" from CO, to replenish cytoplasmic protons
might facilitate ion transport mediated by the Na-H ex- pumped outward by the stimulated"tATPase. It is
changer (Knickelbein, Aronson & Schron, 1985; Dagher,noteworthy that aqueous humor secretion can be reducec
Egnor & Charney, 1993; Helbig et al., 1989). In studiesboth by ACTZ (Maren, 1984) and bafilomycin Aa
here with cultured rabbit NPE, partial inhibition of the specific inhibitor of vesicular FATPase (Wax et al.,
Na-H exchanger when CA-IV is inhibited could explain 1997).
why the magnitude of the pHesponse to amiloride was Wolosin et al. (1991) have suggested that the NPE
reduced in the presence of either DBI or ACTZ. Impor-could have two types of bicarbonate transport mecha-
tantly, the effects of DBI and amiloride were not addi- nisms, one sodium-dependent and one sodium-
tive. Inhibition of CA-1V by DBI reduced the size of the independent. A sodium-dependent bicarbonate uptake
amiloride-inhibitable pHcomponent and it is notewor- process could explain why, after an amonium chloride
thy that overall CA inhibition by ACTZ produced an prepulse, there is a sodium-sensitive component qf pH
identical response. recovery that apparently persists in the presence of
The notion that CA-IV facilitates Na-H exchanger amiloride. A chloride-bicarbonate exchange mechanism
activity fits with the observed effects of DBl on pH which shifts bicarbonate outward could explain the pH
recovery following cytoplasmic acidification caused by increase which occurs when the external chloride con-
an ammonium chloride prepulse. Following this ammo-centration is lowered. Matsui et al. (1996) have pro-
nium chloride maneuver, it is established that proton exposed that membrane-associate carbonic anhydrast
port via the Na-H exchanger contributes to the rate qf pHcould influence the chloride/bicarbonate exchange
recovery and indeed the rate of recovery was reduced bgechanism by preventing accumulation of a locally high
48% in the presence of amiloride. The pEcovery rate  bicarbonate concentration at the outward face of the NPE
was also reduced by 38% in the presence of DBI andasolateral membrane. It is possible that the Na-H ex-
38% in the presence of ACTZ and these responses amhanger and chloride/bicarbonate exchanger shift pro-
consistent with reduced Na-H exchanger activity in cellstons and bicarbonate ions outward in parallel and that
where CA-IV activity is inhibited. This is also consistent CA-1V facilitates the transport of both ions. This idea
with the finding that the effects of amiloride and either has yet to be tested.
carbonic anhydrase inhibitor were not additive. It should In summary, we suggest that in cultured rabbit NPE
be noted that proton export via'HATPase also appears CA-IV facilitates the outward transport of protons via the
to contribute to pHrecovery (Wu & Delamere, 1998). Na-H exchanger. By acting to catalyze rapid equilibra-
There is evidence that a bafilomycin,Aensitive  tion of H" and HCQG with CO, in the unstirred layer
H*-ATPase might also contribute to the pkecovery outside the plasma membrane, CA-IV could prevent the
after an ammonium chloride prepulse (Wu & Delamere,build up of H" concentration at the extracellular side of
1998). We considered the possibility that CA-IV inhibi- the Na-H exchanger. Inhibition of CA-IV with DBI or
tion could reduce HATPase-mediated outward proton ACTZ could lower pH in the unstirred layer and sincé H
transport. H-ATPase function is linked to carbonic an- and Nd compete for the same extracellular binding site
hydrase in kidney proximal tubule where both mecha-(Aronson, 1985) this could inhibit the activity of the
nisms act together to reabsorb bicarbonate (AlpernNa-H exchanger. In the PE cell layer, Na-H exchange
1990). However, such interdependence betweén H might have a specialized role, importing sodium from the
ATPase and CA-IV seems unlikely in the NPE since DBI plasma which subsequently passes to the NPE where
failed to change the magnitude of the,phtrease caused Na,K-ATPase shifts it across the basolateral membrane
by an increase of external potassium concentration yefHelbig et al., 1989). However, the NPE is not thought
this depolarization-induced pHhcrease can be almost to absorb sodium from the aqueous humor. Inthe NPE it
completely attributed to HATPase stimulation and is is more likely that the Na-H exchange mechanism has
not detectably inhibited by either SITS, amiloride or ex- the main purpose of extruding protons to maintain cyto-
ternal chloride removal (Wu & Delamere, 1998). It is plasmic pH in this mitochondria-rich cell. Acting to-
noteworthy that the depolarization-induced, pittrease  gether, the Na-H exchanger and CA-IV might serve to
is not altered by amiloride suggesting Na-H exchangeregulate cytoplasmic acid-base balance in the NPE. Cy-
mediated proton export does not participate. Such amoplasmic pH regulation could be particularly important
absence of a Na-H exchange component fits well within NPE where there is considerable transepithelial solute
the lack of a detectable DBI effect since we suggesiand water movement and even small mismatches in bi-
CA-IV inhibition elicits pH, responses through a mecha- carbonate entrys. exit could cause large pHswings.
nism involving reduction of Na-H exchanger activity. Brubaker has calculated that the amount of fluid passing
The ability of ACTZ to partially inhibit the depolariza- through the NPE cell from blood to aqueous is equivalent
tion-induced alkalinization could originate from CA-Il to a turnover in cell volume every 3 min (Brubaker,
inhibition which limits the rate of generation of cytoplas- 1984). If carbonic anhydrase inhibition were to cause
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intracellular acidification of the Ciliary epithelium in Eaton, D.C., Hamilton, K.L., Johnson, K.E. 1984. Intracellular acidosis
vivo, this could alter many biochemical processes. Im- block_s the basolateral Na-K pump in rabbit urinary bladden. J.
portantly, cytoplasmic acidification is known to cause FPhYsiol.247F946-F954

marked inhibition of Na,K-ATPase aCtiVity and cause aGhOSh, S., Freitag, A.C., Martin-Vasallo, P., Coca-Prados, M. 1990.

T . . . Cellular distributi d diff tial i f the th
marked inhibition of active sodium-potassium transport ~~C Lo GISTIBULoON and ditierentia’ gene expression of the three
a-subunit isoforms of the Na,K-ATPase in the ocular ciliary epi-

(Eaton, Hamilton & Johnson, 1984; Greiber, O'Neill &  ejiym. 3. Biol. Chem2652935-2940
N_“tCh’ 1995): Actlve SOdlum'pOtaSS”"m transport pI.’O- Greiber, S., O'Neill, W.C., Mitch, W.E. 1995. Impaired cation trans-
vides the driving force for aqueous humor secretion port in thymocytes of rats with chronic uremia includes thé/N&
(Davson, 1990) and indeed Maren (1984) has suggested antiporter.J. Am. Soc. Nephrob:1689—1696
that blood-to-aqueous sodium transport is inhibited inHelbig, H., Korbmacher, C., Erb, C., Nawrath, M., Knuutila, G.G.,
animals given systemic carbonic anhydrase inhibitors. Wistrand, P., Wiederhold, M. 1989. Coupling &Na and>°Cl
The present study highlights the ability of a selective uptake in cultured pigmented ciliary epithelial cells: a proposed role
CA-IV inhibitor to produce pH responses that are for the isoenzymes of carbonic anhydraSarr. Eye Res11:1111—
equivalent to those elicited by ACTZ. This raises the _1119 ) )
possibility that CA-IV inhibition, perhaps by causing Knlgkelbeln, R., Aronson, P.S.,_ Schron, C.M. 1985. Sodlum and chlo-
. ride transport across rabbit ileal brush border. Il. Evidence for
changes Qf pHcould pO,SSIny account for some of the CI-HCO; exchange and mechanism of couplifgmn. J. Physiol.
physiological effects which cause a reduced rate of aque- 549.6236-G245
ous humor formation in humans and animals treated with ,cci m.s. Tinker, J.P., Weiner, I.M., DuBose, T.D., Jr. 1983. Func-

ACTZ. tion of proximal tubule carbonic anhydrase defined by selective
inhibition. Am. J. Physiol245:F443-F449
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