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Abstract. The effects of sulfhydryl (SH) reagents on the regulation of cytosolic pH
(pH,) in rat sublingual mucous acini were examined using the pH-sensitive dye 2',7'-
biscarboxyethyl-5(6)-carboxyfiuorescein (BCECF). The membrane permeable SH re-
agent N-ethylmaleimide (NEM) resulted in a cytosolic acidification (0.19 + 0.02 pH unit
after 5-min treatment). in contrast, the impermeable SH reagents 5,5'-dithiobis(2-nitro-
benzoic acid) (DTNB), p-chloromercuribenzoic acid (PCMB) and Cu?* did not affect
the resting pH,. Muscarinic stimulation with carbachol (CCh) induced a cytosolic acid-
ification (0.15 + 0.01 pH unit after 5 min). Cu®* enhanced the CCh-stimulated acidifi-
cation 2-fold (0.30 = 0.02 pH unit after 5 min). Preincubation with SH reducing agent
dithiothreitol (DTT) prevented the NEM-induced and Cu?*-enhanced pH, decreases.
The Cu?*-enhanced but not the NEM-induced acidifications were reversed by addition
of DTT after stimulation. Na*/H* exchange was not influenced by Cu?* or NEM, sug-
gesting that the SH reagent-induced acidification is not caused by inhibition of ex-
changer activity. Anion channel inhibitor diphenylamine-2-carboxylate (DPC) abol-
ished the NEM-induced and the Cu?*-enhanced acidifications, suggesting that the
acidification was mediated by HCO,~ efflux via anion channels. Cu?* did not affect the
CCh-evoked increase in cytosolic free Ca?* concentration ([Ca2*]). In contrast, NEM
triggered an elevation in [Ca?*], and DTT completely prevented this increase. The
CCH-stimulated [Ca?*}, Increases were prevented by blocking Ca?* release from the
intracellular pool with 8-(diethylamino)-octyl-3,4,5-trimethoxybenzoate (TMB-8), and
the NEM-stimulated [Ca2*], increases were abolished by chelating cytosolic Ca2* with
bis-(o-aminophenoxy)-ethane-N,N,N’,N’-tetraacetic acid (BAPTA). TMB-8 prevented
the CCh-stimulated, but not the Cu?*-enhanced pH, decrease, and the NEM-induced
pH, decrease was not blocked by BAPTA, suggesting that the effects of Cu>* and NEM
on anion channels are independent of Ca?*. Taken together, these results indicate that
SH groups play a critical role in pH, regulation and the reactive SH groups are probably
located on cytoplasmic site(s) of anion channels or an associated regulatory protein.

[P.S.E.B.M. 1996, Vol 211]

he importance of sulfhydryl (SH) groups in cell
transport function has been well documented.
SH groups play a critical role in organic anion
transport (1, 2). SH groups are essential for glucose
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transport (3-5) and are related to the ion permeability
(6) in erythrocytes. SH groups also play a vital role in
organic cation transport in renal brush-border and ba-
solateral membranes (7, 8). It is well known that SH
group modification induces rapid Ca?* release from
sarcoplasmic reticulum (9-12) and endoplasmic retic-
ulum of liver cells (13). The redox reaction of SH
groups regulates Ca** channel operation (14). Little is
known about the effect of SH group modification on
salivary fluid secretion and ion transport. In parotid
cells, a reduced SH group may be essential for normal
Na*/K*/2C1~ cotransport function and binding of the
loop diuretic bumetanide (15).

According to the current fluid secretion model
(16), the transepithelial movement of C1~ is the driving



force for fluid and electrolyte secretion in salivary
glands. Cl1™ efflux via an apical anion conductance
pathway is accompanied by an acidification induced
by HCO, ™~ efflux that is apparently mediated by the
same anion channel (17-22). This anion efflux pathway
is regulated by modest changes in pH;, the activity
decreasing as the pH; drops (23). In contrast, the Na™/
H™ exchange is activated by a drop in the pH;, (71-20,
22). We have previously reported that the muscarinic-
stimulated pH; decrease observed in sublingual acini is
independent of extracellular Cl ™, is inhibitable by di-
phenylamine-2-carboxylate (a Cl~ channel blocker),
requires HCO; ™, activates Na*/H™* exchange, and is
dependent on intracellular Ca?* indicating that the
acidification is produced by Ca’*-activated HCO,~
efflux via anion channels (22). Thus, Ca®* plays a crit-
ical role in pH; regulation. Since SH reagents affect
Ca’" mobilization, elucidation of the influence of SH
reagents on pH; may provide important insights into
the pH; regulatory mechanisms in salivary acinar cells.
In the present study we examined the effects of SH
reagents on the regulation of pH; and [Ca®*]; in rat
sublingual mucous acini. Our results suggest that SH
reagents may modulate pH; by enhancing HCO; ™~ ef-
flux via anion channels.

Materials and Methods

Animals. Male, 150-250-g Wistar strain rats
(Charles River, Kingston Facility, NY) were used in
all experiments. Rats were maintained in a room with
controlled photoperiod (12:12-hr light:dark cycle) and
temperature (23°C) and with standard rat (Purina 5001)
chow and water available ad libitum.

Materials. Earle’s minimal essential medium was
purchased from Biofluids (Rockville, MD). bis(o
aminophenoxy)-ethane-N,N,N’,N'-tetraacetic acid
(BAPTA) and 2’,7'-bis(2-carboxyethyl)-5,6-carboxy-
fluorescein/acetoxymethyl ester (BCECF/AM), fura-
2/AM, N-isobutyl-N-methylamiloride (IMA), and
ionomycin were from Molecular Probes (Eugene, OR).
4-(2-Hydroxyehtyl)-1-piperazine ethansulfonate
(Hepes), N-ethylmaleimide (NEM), hyaluronidase
(type IS), p-chloromercuribenzoic acid (PCMB), glu-
tathione, reduced form (GSH), bovine serum albumin,
type V (BSA), DL-dithiothreitol (DTT), §,5'-dithio-
bis(2-nitrobenzoic acid) (DTNB), carbamylcholine
chloride (CCh) and nigericin were from Sigma (St.
Louis, MO). Collagenase (type CLSPA) was from
Worthington Biochemical (Freehold, NJ). Diphenyl-
amine-2-carboxylate (DPC) was from Fluka Chemical
Co. (Ronkonkoma, NY). 8-(Diethylamino)-octyl-
3,4,5-trimethoxybenzoate (TMB-8) was purchased
from Aldrich Chemical (Milwaukee, WI). All other
chemicals were of the highest grade available.

Solutions. The digestion medium consisted of
Earle’s minimal medium, 1% bovine serum albumin

(BSA), 100 units/ml collagenase, and 0.2 mg/ml hyal-
uronidase. The experiments were carried out in a
physiological salt solution (PSS) containing (in mM):
110 NaCl, 25 NaHCO;, 20 Hepes, 10 glucose, 5.4 KCl,
1.2 CaCl,, 0.8 MgSO,, 0.4 KH,PO,, and 0.33
NaH,PO,, and pH adjusted to 7.4 with NaOH after
gassing with 95% O, and 5% CO, for more than 45 min.
In the experiments in which cells were prepulsed with
NH,Cl, 50 mM NaCl was replaced with equimolar
NH,CIL.

Isolation of Sublingual Acini. Rat sublingual
acini were isolated as previously described (22, 24,
25). Briefly, three rats were sacrificed by exsanguina-
tion after exposure to CO, and the sublingual glands
were removed and placed in ice-cold digestion me-
dium. The glands were injected with 0.1 ml/gland of
ice-cold digestion medium, then dissected free of con-
nective tissue and minced in the same medium. The
mince was incubated in the digestion solution at 37°C
with continuous gassing (95% 0,/5% CO,) and shaking
(80 cycles/min). The mince was dispersed by gently
pipetting 10 times with a 10-ml plastic pipette at 15-min
intervals. After 45 min of digestion, the preparation
was centrifuged at 50g for 30 sec and the supernatant
was discarded. The preparation was resuspended in 10
ml of the fresh digestion medium and incubated for
another 45 min. After 1.5 hr of digestion, the acini
were washed three times with PSS containing 0.01%
BSA. The resulting preparation was separated into
two fractions: small (supernatant) and large aggregates
by centrifugation at 400g for 15 sec. The small aggre-
gates consisting of 3-10 acini were used.

Determination of Cytosolic pH. Isolated sublin-
gual acini were loaded with the pH-sensitive fluores-
cent indicator, BCECF, and the cytosolic pH was de-
termined as described previously (22, 25). The acini
were incubated in PSS containing 0.01% BSA and 2
wM BCECF/AM at 23°C for 30 min. After loading, the
acini were rinsed twice by centrifugation at 50g for 30
sec and resuspended in PSS containing 0.01% BSA.
The BCECF-loaded acini were continuously agitated
and gassed with 95% O, and 5% CO, at 23°C until use.
An aliquot of BCECF-loaded acini was centrifuged at
400g for 15 sec and resuspended in BSA-free PSS to
promote attachment and added to a coverslip mounted
in a perfusion chamber on a Nikon inverted micro-
scope interfaced to a SPEX AR CM fluorometer (Ed-
ison, NJ). The perfusion system consisted of reser-
voirs connected to the perfusion chamber via polyeth-
ylene tubing. During pH determination, solutions were
gassed continuously with 95% O, and 5% CO,. The
perfusion rate was 4 ml/min and the turnover time of
solution in the chamber was less than 5 sec. A pinhole
turret was used to focus on five to eight cells with a
Nikon Fluor 40X 1.3-NA oil immersion objective. The
BCECEF fluorescence was continuously monitored by
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alternating the excitation wavelength between 500 and
440 nm and collecting the emission at 530 nm. The pH
value was calculated using an in situ calibration tech-
nique (26). Briefly, the acini were superfused with a
series of HEPES-buffered high K* solutions contain-
ing 120 mM KCl, 20 mM NaCl, 20 mM HEPES, 0.8
mM MgCl,, and 5 pM nigericin at different pHs (6.8
7.6). In this pH range, the 500/440 nm fluorescence
ratio was linearly related to the cytosolic pH. An acute
acid loading was produced by the NH, "/NH; prepulse
technique described by Roos and Boron (27). BCECF-
loaded acini were exposed to an acid-loading PSS in
which 50 mM NaCl was substituted with 50 mM NH,Cl.

Determination of Cytosolic Free [Ca?*]. The
cytosolic free Ca>* concentration ([Ca’*];) was deter-
mined using the Ca’*-sensitive dye fura-2 as previ-
ously described (24, 28, 29). Briefly, sublingual mu-
cous acini were loaded with 2 wM fura-2/AM by incu-
bating at 23°C for 30 min. Fura-2-loaded acini were
rinsed twice with PSS containing 0.01% BSA and re-
suspended in the same medium. A 0.5-ml aliquot of
fura-2-loaded acini was centrifuged, resuspended in
PSS without BSA, and placed in the perfusion cham-
ber. The excitation wavelengths were 340 nm and 380
nm, and the emission wavelength was 505 nm. Cali-
bration of the [Ca“]i was performed in situ as previ-
ously described (24, 28, 29). Cytosolic free [Ca®*] was
then calculated according to Grynkiewicz et al. (30)
using 224 nM as the K of fura-2 for Ca®".

Determination of Fura-2 Fluorescence Quench-
ing by Cu?*. Fura-2 fluorescence quenching by Cu®™*
was monitored as previously described for Mn?* (25,
28-31). Cu?* quenches the fluorescence of fura-2, thus
a decrease in fluorescence reflects Cu?* influx. Fura-
2-loaded acini were superfused with a Ca®* -free PSS.
The Ca?*-insensitive wavelength 360 nm and an emis-
sion wavelength of 505 nm were used to monitor the
fluorescence change. Fura-2 fluorescence quenching
by Cu®* is expressed as percentage per minute.

Data Analysis and Statistics. The magnitude of
the pH; change was determined at 5 min after stimu-
lation and expressed as pH unit after 5 min. Initial
rates were determined using the 1st-min pH; changes,
when the rate of change was relatively linear, and ex-
pressed as pH unit/per minute. All results are pre-
sented as means = SEM of at least four determinations
using different cell preparations. Comparisons were
made using the unpaired Student’s ¢ test.

Results
SH Reagent-induced Cytosolic Acidification.
SH reagents were used to test the effect of SH group
modification on pH;. DTNB (1 mM), a membrane im-
permeable SH reagent (32,33), PCMB (0.1 mM), a
slowly permeable SH reagent (34, 35) or Cu?* (0.1
mM) did not influence resting pH; in sublingual acini in
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5-6 min (Fig. 1A). However, the permeable SH re-
agent NEM (36) (1 mM) induced a pH; decrease (0.19
+ 0.02 pH unit after 5 min, initial rate 0.11 = 0.01 pH
unit/min, n = 5). These results indicate that acute SH
group modification of extracellular sites is not in-
volved in pH; regulation. Stimulation of acini with 10
pM CCh resulted in a cytosolic acidification (0.15 =
0.01 pH unit after 5 min, n = 11) as previously re-
ported (22, 25). Cu®™ significantly potentiated the
CCh-induced acidification (0.30 = 0.02 pH unit after 5
min, n = 6; P < 0.001; Fig. 1B). Stimulation in the
presence of PCMB, however, did not potentiate the
CCh-induced acidification (0.14 = 0.03 pH unit after 5
min, n = 4), possibly suggesting that the reactive SH
groups are located on the cytoplasmic side of the
plasma membrane.

Since Cu?* did not induce pH; change in the ab-
sence of CCh-stimulation, it is postulated that the
Cu?* permeability increased during stimulation. Cu?*
influx was monitored by measuring the quenching by
Cu** of fura-2 fluorescence. As shown in Figure 2,
Cu?* did not quench fura-2 fluorescence under resting
conditions (0.3 * 0.3%/min, n = 5); however, CCh
stimulation induced a significant quenching (5.6 =
0.9%/min, n = 6; P < 0.001), suggesting that musca-
rinic stimulation activates Cu’* entry.
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Figure 1. Effects of DTNB, PCMB, NEM, and Cu?* on pH,; in rat
sublingual mucous acini. 2',7'-Biscarboxyethyl-5(6)-carboxy-
fluorescein (BCECF)—-loaded rat sublingual acini were super-
fused with a physiological salt solution (PSS). Treatments were
applied at the time indicated by the arrows. The traces are rep-
resentatives of at least four experiments using different cell
preparations (A). BCECF-loaded acini were treated with 1 mM
5,5'-dithiobis(2-nitrobenzoic acid) (DTNB, n = 5), 100 pM p-
chloromercuribenzoic acid (PCMB, n = 4), 100 uM CuSO, (n =
4), or 1 mM N-ethylmaleimide (NEM, n = 5); (B) BCECF-loaded
acini were stimulated with 10 uM carbachol (CCh) either in the
absence (—Cu?*, n = 11) or presence (+Cu?*, n = 6) of 100
pM CuSO,.
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Figure 2. Quenching of fura-2 fluorescence by Cu?* influx.
Fura-2-loaded acini were superfused with a Ca?*-free physio-
logical salt solution and fluorescence was determined at the
Ca?” -insensitive excitation wavelength (360 nm). In the musca-
rinic stimulation experiments, acini were treated with 10 uM
CCh (+CCh, n = 6). Control experiments were performed in the
same fashion but the same volume of water was added (— CCh,
n = 5). Cu?* (0.1 mM) was added to initiate fura-2 quenching at
2 min following the muscarinic or control treatment.

To confirm that the effects of NEM and Cu’®* were
by reaction with SH groups and that the reactive SH
groups are located at the cytoplasmic face of the
plasma membrane, the protective effect of SH group
reducing agents was tested. The membrane permeable
SH reducing agent DTT (1 mM) did not significantly
change the CCh-stimulated acidification (0.13 = 0.01
pH unit after 5 min, n = 5; Fig. 3A), but inhibited both
the Cu®*-enhanced (0.09 = 0.03 pH unit after 5 min, n
= 4; Fig. 3B) and the NEM-induced (0.01 + 0.01 pH
unit after 5 min, n = 4; Fig. 3C) acidifications. Appli-
cation of DTT after the Cu®*-enhanced acidification
reversed the pH; (pH; recovery 0.18 = 0.02 unit, n =
4), but the relatively impermeable reducing agent, the
reduced form of glutathione (GSH), was much less
effective (pH, recovery 0.04 = 0.01 pH unit, n = 4; P
< 0.001; Fig. 4A), suggesting that the reactive SH
groups are located inside the plasma membrane. Ad-
dition of 2 mM DTT after NEM did not reverse the
acidification (pH; decrease 0.20 = 0.04 pH unit after 5
min, » = 7; Fig. 4B) consistent with the irreversible
nature of the NEM reaction (35).

Effect of SH Reagents on Na*/H* Exchange. In
sublingual mucous acini during stimulation, pH; is pri-
marily regulated by two ion transport mechanisms,
HCO,~ efflux via the Ca’*-activated apical anion
channels, which induces a cytosolic acidification, and
proton extrusion mediated by the Na*/H* exchanger
in the basolateral membrane, which buffers the pH;
decrease (22). The SH reagent-induced acidification is
therefore most likely mediated by activation of
HCO; ™ efflux and/or inhibition of Na*/H™* exchange.
To further elucidate the mechanism by which SH re-
agents induce cytosolic acidification, the influence of
Cu®* and NEM on Na*/H* exchange was tested.
BCECF-loaded acini were exposed to an acute acid-
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Figure 3. Protective effects of DTT on CCh-induced, NEM-
induced, or Cu?*-enhanced acidification. (A) BCECF-loaded
acini were stimulated with 10 uM CCh in the absence (—DTT, n
= 11) or presence (+DTT, n = 5) of 1 mM dithiothreitol. (B)
BCECF-loaded acini were superfused with PSS containing 0.1
mM Cu?™, then stimulated with 10 uM CCh in the absence
(+Cu?*, n = 6) or presence (Cu®>* +DTT, n = 4) of 1 mM DTT.
(C) BCECF-loaded acini were superfused with PSS and stimu-
lated with 1 mM NEM in the absence (—DTT, n = 5) or presence
(+DTT,n = 4) of 1 mM DTT.

load using the NH, */NHj, prepulse technique (22, 25,
27). The pH; recovery following this acid load is me-
diated by Na*/H™ exchange in sublingual acini (22).
As shown in Fig. 5A, pH, rapidly recovered after the
NH, */NH; prepulse (initial recovery rate 0.21 + 0.04
pH unit/min, n = 6). Cu®’* and DTT did not signifi-
cantly inhibit the pH; recovery rate (Cu?*: 0.15 = 0.02
pH unit/min, n = 5; P > 0.05; Cu** +DTT: 0.16 +
0.01 pH unit/min, n = 5; P > 0.05; Fig. 5B). However,
the initial pH, recovery rate (0.08 = 0.03 pH unit/min,
n = 5; Fig. 5C) in the presence of 1 mM NEM was
significantly smaller (<40%, P < 0.05) than control.
DTT (2 mM) completely prevented the inhibition by
NEM (0.22 = 0.02 pH unit/min, n = 4; Fig. 5C). Con-
sidering the rate of NEM-induced acidification (0.11 *
0.01 pH unit/min, Fig. 1B), the reduced pH; recovery
in the presence of NEM may be related to increased
Ca?*-activated HCO, ™ efflux (acidification).

Effect of SH Reagents on HCO,~ Efflux via the
Apical Anion Channels. The muscarinic-stimulated
acidification in sublingual cells is mediated by HCO,~
efflux via anion channels (22). To clarify which mech-
anism is responsible for the SH reagent-induced acid-
ification, a Na*/H™* exchange inhibitor, IMA was
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Figure 4. The pH, recovery induced by DTT and GSH after
the NEM-induced or Cu?*-enhanced acidification. BCECF-
loaded acini were superfused as described in Figure 1. (A) pH;
recovery by DTT or GSH after the Cu?*-enhanced acidification.
At the time indicated by the first arrow, 0.1 mM CuSO, and 10
nM carbachol were added. Two minutes later, at the time indi-
cated by the second arrow, 1 mM DTT (DTT, n = 4) or2 mM
glutathione (GSH, reduced form, n = 5) was added. (B) Effect of
DTT on pH; during the NEM-induced acidification. At the time
indicated by the arrows, 1 mM NEM and 2 mM DTT were added
(n=17).

used to block pH; recovery. IMA inhibits Na*/H*
exchange with a K; of 0.4 wM in rat sublingual acinar
cells (22); thus, in the presence of 25 uM IMA, the
agonist-induced pH; decrease reflects HCO; ™ efflux.
As shown in Table I, the CCh-stimulated acidification
dramatically increased in the presence of IMA
(+IMA) or Cu?* (+Cu?*). The resulting IMA-
induced net pH; decrease was: 0.22 units; while, the
Cu?*-induced net pH, decrease was 0.15 pH unit after
5 min (the difference between CCh and +Cu?*). In
the presence of both Cu?* and IMA, the pH, change
increased further. The IMA-induced ner pH; decrease
in the presence of Cu?* (the difference between
+Cu?®* and +Cu?* +IMA) was 0.23 pH units;
whereas, the Cu?*-induced net pH; decrease in the
presence of IMA was 0.16 pH unit after 5 min. The
effects of these agents on the stimulated pH; decrease
were additive, indicating that Cu?* and IMA act on
two separate mechanisms. Taken together, the above
results support that the Cu®*-enhanced acidification is
derived from potentiated HCO, ™ efflux via the anion
channels.

In the presence of IMA, NEM induced a larger
acidification (0.29 = 0.02 pH units after S min, n = 4,
P < 0.01; Table I). However, the initial rate of the pH;
decrease was not altered by IMA (0.12 = 0.03 pH
unit/min, n = 4; P > 0.09).
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Figure 5. Effects of NEM and Cu?* on Na*/H* exchange: pro-
tection by DTT. BCECF-loaded sublingual acini were superfused
as described in Figure 1. At the time indicated by the bar, acini
were exposed to a 50 mM NH,CI prepulse for 60 sec. (A) After the
prepulse, acini were superfused with PSS (n = 6); (B) After the
prepulse, acini were superfused with PSS containing 0.1 mM
Cu®* (+Cu?*, n = 5) or 0.1 mM Cu?* and 1 mM DTT
(+Cu?* +DTT, n = 5); (C) Acini were prepulsed with 50 mM
NH,Cl in PSS, then superfused with PSS containing 1 mM NEM
(+NEM, n = 5), or 1 mM NEM and 1 mM DTT (+NEM+DTT, n
= 4). The pH recovery rate was calculated using the linear por-
tion of the pH change (first 30 sec).

To confirm that SH reagents increase HCO; ™ ef-
flux via apical anion channels, an anion channel
blocker DPC was applied to inhibit HCO, ™ efflux. As
shown in Fig. 6A, 1 mM DPC prevented the CCh-
induced acidification, as reported previously (22).
DPC also dramatically inhibited the Cu?*-enhanced
(0.03 = 0.01 pH unit after Smin, n = 4; P <0.001; Fig.
6B) and the NEM-induced (0.02 = 0.01 pH unit after 5
min, n = 4; P < 0.001; Fig. 6C) acidifications (com-
pare to Fig. 1), indicating that the SH reagent—induced
acidification is mediated by increased HCO; ™~ efflux
via apical anion channels.

Effect of SH Reagents on the Intracellular Free
Ca?* Concentration ([Ca?*],. It has been docu-
mented that anion channels are activated by Ca’* in
salivary acinar cells (22, 36-38). SH group modifica-
tion triggers a rapid Ca’™ release from sarcoplasmic
reticulum (9-12) and endoplasmic reticulum (13). To
clarify whether the SH reagent-induced increase in
HCO, ™ -efflux is mediated by increasing [Ca®*];, the
effect of Cu’* and NEM on [Ca’*]; was examined
using fura-2-loaded sublingual acini. Muscarinic stim-
ulation (10 pM CCh) resulted in a 5.4-fold initial rapid



Table I. Effects of IMA on the CCh-Induced, Cu?*-Enhanced, and NEM-Induced Cytosolic Acidification

pH, change IMA-Induced Cu2*-induced
Treatment n (pH unit after 5 min) net pH, change net pH, change
CCh 1 0.15 = 0.01 — —
CCh + IMA 10 0.37 = 0.04* 0.22¢ —
CCh + Cu?* 6 0.30 = 0.02* — 0.15°
CCh + IMA + Cu?* 6 0.53 = 0.06*t 0.23° 0.16¢
NEM 5 0.19 = 0.02 — -
NEM + IMA 4 0.29 = 0.02¢ 0.10° —

Note. BCECF-loaded acini were superfused with physiological salt solution (PSS) or PSS containing either 0.1 mM Cu?* (+Cu?™),
25 uM IMA (+IMA), or both (+IMA + Cu?*). Two minutes later, the acini were stimulated with 10 uM carbachol (CCh) or 1 mM NEM.
The values of the net pH changes are: “difference between CCh + IMA and CCh only; ®ditference between CCh + Cu?* and CCh only;
cdifference between CCh + IMA + Cu2?* and CCh + Cu?™; “difference between CCh + IMA + Cu?* and CCh + IMA; °difference

between NEM + IMA and NEM only.

¢ Value is significantly different from CCh only, P < 0.01.

1 Value is significantly different from CCh + IMA, P < 0.01.
}Value is significantly different from NEM only, P < 0.01.

increase in [Ca?™* ]; (from 50.8 = 5.8 nM t0 273.9 = 15.0
nM, n = 12), followed by a 3.9-fold sustained increase
(199.0 = 14.1 nM, n = 12; Fig. 7A). Cu** (0.1 mM) did
not significantly alter the CCh-stimulated [Ca®*]; in-
crease (initial 261.7 = 23.7 nM; sustained 174.3 + 45.7
nM, n = 4; Fig. 7A).

The [Ca’*]; increase stimulated by CCh is blocked
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Figure 6. Inhibition by DPC of the CCh-induced, Cu?*-
enhanced, and NEM-induced acidification. (A) BCECF-loaded
acini were superfused with PSS for 2 min, then stimulated with
10 wM CCh in the absence (—-DPC, n = 11) or presence (+DPC,

= 6) of 1 mM diphenylamine-2-carboxylate (DPC). (B) BCECF-
loaded acini were superfused with PSS containing 0.1 mM
CuS0O, for 2 min, then stimulated with 10 uM CCh in the absence
(+Cu?*, —DPC, n = 11) or presence (+Cu?*, +DPC, n = 4) of
1 mM DPC. (C) BCECF-loaded acini were stimulated with 1 mM
NEM in the absence (—DPC, n = 5) or presence (+DPC, n = 4)
of 1 mM DPC.

by TMB-8, an inhibitor of Ca?* release from the in-
tracellular store (28, 39). In the present study, TMB-8
almost completely inhibited the CCh-stimulated
[Ca?*]; increase in the absence (initial: 63.3 * 4.4 nM,
sustained: 58.6 = 1.5 nM, n = 10) and presence (ini-
tial: 86.8 = 10.5 nM, sustained: 63.7 = 8.9nM, n = 5)
of Cu®* (Fig. 7A). NEM induced a slow increase in
[Ca?*]; (233.5 + 12.1 nM after 5 min, n = 4; Fig. 7B)

300 CCh
200
100 AECu>'+TMB-8
= TMB-8
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Figure 7. Effects of NEM, Cu2*, TMB-8, and BAPTA on cytosolic
free Ca%* concentration. Rat sublingual acini were loaded with
2 pM fura-2/AM for 30 min. The fura-2-loaded acini were super-
fused with PSS. (A) Fura-2-loaded acini were stimulated with 10
uM CCh in the absence (Control, n = 12) or presence (Cu®*, n
= 4) of 0.1 mM Cu?*; or acini were superfused with PSS con-
taining 50 pM TMB-8 and stimulated with CCh in the absence
(TMB-8, n = 4) or presence (Cu?* +TMB-8, n = 5) of 0.1 mM
Cu?*. (B) Fura-2-loaded acini were stimulated with 1 mM NEM
in the absence (NEM, n = 4) or presence (NEM+DTT, n = 5) of
1 mM DTT, or the BAPTA-loaded acini (incubation with 50 uM
BAPTA/AM for 40 min at room temperature) were stimulated
with the 1 mM NEM (NEM + BAPTA, n = 5).
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of similar magnitude compared to the CCh-stimulated
[Ca%*]; increase. Preincubation of the cells with DTT
(1 mM) prevented the NEM-induced [Ca®*]; increase
(74.7 = 7.3 nM at Smin, n = §; P < 0.001; Fig. 7B).
Loading cells with the specific Ca?* chelator, BAPTA
(50 wM) dramatically inhibited the NEM-induced
[Ca’*];increase (72.2 = 11.0nM at Smin, n = 5; P <
0.001; Fig. 7B).

TMB-8 prevented the CCh-induced acidification
(0.03 = 0.02 pH unit/5S min, n = 5; Fig. 8A). In con-
trast, stimulation with CCh in the presence of Cu?™*
with TMB-8 induced an acidification (0.13 = 0.02 pH
unit after 5 min, n = 5; P < 0.005; Fig. 8A). Although
BAPTA inhibited the NEM-induced [Ca®"]; increase,
it did not prevent the NEM-induced acidification (0.10
+ 0.02 pH unit after 5 min, n = 6; Fig. 8B; see Fig. 1).
These results suggest that SH reagents act indepen-
dent of [Ca®"]; on the HCO; ™ efflux pathway.

Discussion

SH groups play a critical role in biological mem-
brane structure and function (35). Modification of
these groups induces physiological and pharmacolog-
ical alterations (35). SH reagents serve as useful tools
for testing the functions of SH groups. In the present
study we demonstrated that SH groups are essential
for the regulation of intracellular pH. This is docu-
mented by: (i) the SH reagent NEM induced a sig-
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Figure 8. Effects of TMB-8 and BAPTA on Cu?*-enhanced and
NEM-induced intracellular acidification. Rat sublingual acini
were loaded with BCECF as described in Figure 1 and with
BAPTA as in Figure 7. (A) BCECF-loaded acini were superfused
with PSS containing 50 uM TMB-8 and stimulated with 10 pM
CCh in the absence (+TMB-8, n = 5) or presence
(+TMB+Cu?*, n = 5) of 0.1 mM Cu?*. (B) BCECF- and BAPTA-
loaded acini were stimulated with 1 mM NEM (+ BAPTA, n = 6).
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nificant cytosolic acidification; (ii) Cu®* enhanced the
muscarinic stimulation-induced acidification; and (iii)
the SH group reducing agent, DTT, prevented the
NEM-induced, and reversed the Cu?*-enhanced acid-
ifications.

The results in the present study suggest that the
reactive SH groups responsible for the acidification
are located on the cytoplasmic surface of the plasma
membrane. First, NEM, an irreversible, membrane
permeable SH reagent (35, 40), produced a slow cyto-
solic acidification after addition. NEM covalently
modifies both exofacial and endofacial SH groups of
biological membranes. Because the impermeable SH
reagent DTNB (32, 33) and the relatively less perme-
able SH reagent PCMB (34, 35) did not produce any
pH; changes (Fig. 1), even during CCh-stimulation, the
reactive SH groups are most likely located inside the
plasma membrane. Second, little Cu?* enters cells un-
der resting conditions (Fig. 2), therefore, like DTNB
and PCMB, Cu?* did not have any effect on the rest-
ing pH;,. However, during muscarinic stimulation,
Cu?* entered cells (Fig. 2) inducing a significant po-
tentiation of the muscarinic-stimulated acidification.
The mechanism by which Cu®?* influx occurs is un-
known, however, Cu’>* may enter via a cation entry
pathway. Third, DTT completely reversed the Cu?*-
enhanced pH acidification during stimulation, but
GSH, an impermeable reducing agent (41) was not ef-
fective (Fig. 4). Taken together, these results suggest
that the reactive SH groups are probably located on
the cytoplasmic face of the plasma membrane.

DTT does not alter the muscarinic-stimulated
acidification, suggesting that SH groups are not in-
volved in the muscarinic-stimulated anion channel
opening. Apparently, the SH groups involved are
maintained in the reduced form under physiological
conditions.

Since the muscarinic-induced acidification is pro-
duced by HCO; ™ efflux via anion channels and the
pH; recovery is mediated by the Na™/H™ exchanger in
rat sublingual acini (22), the SH reagent—induced acid-
ification may be mediated by activation of anion chan-
nels and/or by decreased Na*/H™ exchange. In the
presence of 25 uM IMA, which completely inhibits
Na*/H* exchange in sublingual acini (22), the magni-
tude of the Cu?*-enhanced pH; drop was unchanged
(i.e., the effects of IMA and Cu®* were additive), sug-
gesting that the Na*/H™ exchanger is not involved in
the Cu?*-induced acidification. Therefore, it is postu-
lated that the potentiation of the pH; decrease by Cu?™*
was mediated by modifying the intercellular SH
group(s) of anion channels or an associated regulatory
protein. Consistent with this hypothesis, the anion
channel blocker DPC blocked the effects of Cu®* and
NEM.

The effects of the anion channel blocker, DPC,



provide evidence that Cu?** and NEM primarily in-
duce an acidification by increasing HCO;~ efflux.
DPC dramatically inhibited the NEM-induced and the
Cu?* -enhanced acidifications, strongly suggesting that
the SH reagent-induced acidification is mediated by
HCO; ™ efflux via anion channels. It appears that SH
reagents bind to reactive SH groups of the anion chan-
nels (or an associated regulatory protein) and increase
the probability of channel opening or single channel
conductance.

Under physiological conditions, HCO; ™ efflux via
the anion channels is activated by Ca®* in salivary
gland acinar cells (36-38) including sublingual acinar
cells (22, 24, 25). SH group modification induces Ca>*
release from intracellular pools (9-13). Elucidation of
the relationship between SH reagent—induced Ca®™*
mobilization and pH; is important for clarifying the
mechanisms underlying the SH group modification-
induced cytosolic acidification. Cu?* did not alter the
muscarinic stimulation-induced [Ca®™]; increase, but
markedly potentiated the CCh-induced acidification.
SH group reducing agent DTT completely prevented
the Cu®*-enhanced acidification. Furthermore, using
TMB-8 to prevent Ca’* release from Ca’* stores did
not inhibit Cu?>* enhanced acidification (Fig. 8A), sug-
gesting that the mechanism of the effect of Cu** on
pH; may be mediated by the interaction of Cu?>* with
SH groups necessary for the activation of anion chan-
nels. Another SH reagent, NEM, induced a large in-
crease in [Ca®*];, however, when this [Ca®*]; increase
was prevented by BAPTA, the NEM-induced pH; de-
crease was partly blunted (47%), suggesting that the
NEM-induced acidification is mediated by both the
increase in [Ca®*]; and a direct interaction with SH
groups involved in the activation of anion channels.

In summary, this study demonstrates that SH re-
agents induce an intracellular acidification that is me-
diated by potentiating anion channel activity by react-
ing with SH group(s) located inside of the plasma
membrane. These results suggest that the reducing
state of SH groups is important for normal channel
function.
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