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ABSTRACT.The roles of potassium and chloride ions in CAMP-mediatedamylase exocytosis were studied
using intact and saponin-permeabilized parotid acini. Cyclic AMP-evokedamylase release from saponin-perme-
abilized parotid acini decreased markedly when KC1 in the incubation medium was isoosmotically replaced by
K-glutamate, NaCl, Na-isothionate, or mannitol. Quinidine and barium, K channel blockers, clearly inhibited
amylase release from the permeabilized acini, but not from intact ones. The chloride channel blocker DPC(di-
phenylamine-2-carboxylate) also inhibited amylase release, while DIDS (4,4'-diisothiocyanostilben-2,2 -disulfo-
nate) or bumetanide had little effect, if any, on the exocytosis. Hyperosmolarity with mannitol markedly re-
duced amylase release from permeabilized acini. These results suggest that potassium and chloride ions play im-
portant roles in CAMP-mediatedamylase exocytosis, and that these ions act on secretory granules inside the
acinar cells.

Amylase release from the parotid gland has been ex-
tensively studied as a useful model of CAMP-mediated
exocytosis (8), although the molecular mechanismof
the exocytosis is mostly unknown, including the role of
CAMP-dependent protein phosphorylation (15-18). Re-
cent studies using saponin-permeabilized parotid acini
showed that a very simple calcium-free KC1 medium
can maintain CAMP-evokedamylase release (16). This
suggests that major ions, including Ca2+, Na+,

HCO3", and HPO42~, are not necessary or that very
low concentrations of them are sufficient for the exo-
cytosis.

Meanwhile, the importance of potassium and chlo-
ride ions has been reported for protein secretion from
permeabilized pancreatic acini (3), although Cl~ inhib-
its catecholamine secretion from adrenal medullary
cells (ll). Furthermore, osmotic lysis of the isolated
zymogengranules in the presence of various ions and
ionophores suggested the existence of K+ and Cl~ ion
channels on the granule membranes (4-7, 13). How-
ever, the roles of these ions or ion channels in exocyto-
sis have yet to be established, since only limited re-
search has been carried out concerning the effect of
these ions on the exocytosis from permeabilized cells.
Thus, we have evaluated the roles of K+ and Cl~ in

Abbreviations: DPC, diphenylamine-2-carboxylate; DIDS, 4,4'-

diisothiocyanostilben-2 ,2'-disulfonate.
* To whomcorrespondence should be address ed.

CAMP-mediated amylase release from parotid acini
using various incubation media and ion channel block-
ers.

MATERIALS AND METHODS

Cyclic AMP, isoproterenol, and DIDS were obtained from
Sigma (St Louis, MO, USA). Quinidine and DPC were from
Wako (Osaka, Japan). Bumetanide was a gift from Dr. B.J.
Baum (NIDR, NIH, USA). All other chemicals used were of
the highest grade commercially available.
Rat parotid acini were prepared by enzyme digestion, and
amylase release from intact acini was determined as described
previously (14). Amylase release from ponin-permeabilized
acini was measured as follows: acini were washed twice with
Ca-free medium composed of 140mMKC1(or other sub-
stitutes), 20mMK- or Na-Hepes (pH7.2), 1 mMEGTA, 2
mMMgSO4(or MgC^ especially for experiments with bari-
um), 1 mg/ml bovine serum albumin, and 10//g/ml phenol
red and suspended in the same medium.One milliliter of cell
suspension was transferred into a glass tube containing sapo-
nin (20 jug/10 //I), preincubated at 37°C for 5 min, and further
incubated for 15 min after addition of 1 mMCAMP.After in-
cubation, the mediumwas collected by filtration through
glass-fiber paper. For measurement of total amylase activity,
the acini were homogenized with the incubation mediumin a
Polytron homogenizer at speed 8 for 20 s, and then 0.2% Tri-
ton X-100 was added. The released amylase activity was given
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Fig. 1. Effects of K+ or Cl~ depletion on CAMP-mediatedamylase
release from saponin-permeabilized parotid acini. KC1in the incuba-
tion medium was isoosmotically replaced by K-glutamate (K-glu),
NaCl, Na-isothionate (Na-ise), and mannitol (Mannit). Parotid acini
were preincubated at 37°C for 5 min in each medium containing 20
//g/ml saponin and were further incubated for 15 min after addition
of 1 mMCAMP.C and A are control and CAMP,respectively. Data
are shownas mean±SD(n=10).
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Fig. 2. Effects of K+ and Cl~ transport inhibitors on amylase re-
lease from saponin-permeabilized parotid acini. Acini were preincu-
bated for 5 min with 100juM DIDS, 400/uM quinidine (QND), or 1
mMBaCl2 (Ba) in Ca-free KC1 medium containing 20 //g/ml saponin
and were further incubated for 15 min with 1 mMCAMP.C and A are
control and CAMP,respectively. Data are shown as mean±SD(n=
6).

as the percentage of the total activity.

RESULTS

The effects of ion replacement on CAMP-mediated
amylase release from saponin-permeabilized parotid
acini are shown in Fig. 1. In these experiments, 140 mM
KC1in the incubation mediumwas isoosmotically re-
placed by K-glutamate, NaCl, Na-isethionate, and man-
nitol. Amylase release was greatly reduced in all sub-
stitutes. In the sodium media (NaCl and Na-isethio-
nate), basal release was also decreased. Amylase release
was almost completely inhibited in mannitol medium.
Effects of K+- and Cl~-transport inhibitors were then
examined in KC1 medium (Fig. 2). Potassium channel
blockers (400 ^M quinidine and 1 mM BaCl2) (1) clearly
inhibited amylase release, but 100 juM DIDS, an inhibi-
tor of CI--HCO3- exchange, had no effect. The effects
of these inhibitors were also examined in intact acini in-
cubated in normal Hanks' medium (NaCl is the major
component) in the presence or absence of 1 mMisopro-
terenol. As shown in Fig. 3, all inhibitors had no effect.
In these experiments, barium increased basal amylase re-
lease in permeabilized acini, but not in intact ones. Re-
cently, 10 mMbarium was reported to increase amylase
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Fig. 3 . Effects of K+ and Cl~ transport inhibi tors on amylase re-
lease from intact parotid acini. Acini were incubated as in Fig. 2 in
normalHanks'mediumwithoutsaponinand amylaserelease was
stimulated by 1 juMisoproterenol. C and I are control and isoprotere-
nol , respect ively . Data are shownas mean±SD(n=6) .
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release from intact parotid acini (2), suggesting that the
high concentration of barium in the mediumincreases
its intracellular level.
Although DIDShad no effect in either intact or per-
meabilized acini, the depletion of Cl~ from the medium
inhibited amylase release even in intact acini stimulated
by isoproterenol (Fig. 4). Amylase release was similarly
decreased in Na-isethionate medium (14). Thus, the
effect of DPC,a chloride channel blocker, on amylase
release was examined (Fig. 5). At 1 mMDPC, amylase
release was strongly inhibited, but the basal release was
markedly increased in both intact and permeabilized aci-
ni, suggesting that DPChas some side effects at this con-
centration. In permeabilized acini, however, 100juM
DPCclearly inhibited amylase release without any in-
crease in basal release which was actually slightly de-
creased. The inhibitory effect in intact acini was weaker
than that in permeabilized ones.
Bumetanide, the most effective inhibitor of Na/K/
2C1cotransporter, had no effect on amylase release up

30 1-
CD
O

o

£20
CD

E10<

I Ic c
K C I K - g l u

F i g . 4 . E f f e c t o f C l ~ d e p l e t i o n o n a m y l a s er e l e a s e f r o m i n t a c t

p a r o t i d a c i n i . A c i n iw e r e i n c u b a t e df o r 1 5 m i ni n C a - f r e eK C 1o r K -
g l u t a m a t e( K - g l u )m e d i u mi n t h e p r e s e n c eo r a b s e n c eo f 1 j u Mi s o p r o -
t e r e n o l .D a t aa r e s h o w na s m e a n ± S D( n = 6 ) .

t o 1 0 0 j u M ,b u t s t r o n g l y i n h i b i t e d i t a t 1 m M ;a t w h i c h
b a s a l r e l e a s e w a s c l e a r l y i n c r e a s e d i n b o t h i n t a c t a n d p e r -
m e a b i l i z e d a c i n i ( F i g . 6 ) .
T h ee f f e c to f o s m o l a r i t yo n a m y l a s er e l e a s ef r o mp e r -
m e a b i l i z e da c i n i w a se x a m i n e d( F i g . 7 ) . I n c r e a s ei n o s -
m o l a r i t y w i t h m a n n i t o l m a r k e d l yd e c r e a s e d C A M P - m e -

1 0 "

F i g . 5 . E f f e c to f D P Co n a m y l a s er e l e a s ef r o mi n t a c t a n d s a p o n i n -
p e r m e a b i l i z e dp a r o t i d a c i n i . A c i n i w e r ep r e i n c u b a t e df o r 5 m i nw i t h
v a r i o u sc o n c e n t r a t i o n so f D P Ci n C a - f r e eK C 1m e d i u mc o n t a i n i n g2 0
j u g / m l s a p o n i n ( A ) o r n o r m a lH a n k s ' m e d i u m( B ) a n d w e r e f u r t h e r i n -
c u b a t e df o r 1 5 m i ni n t h e p r e s e n c eo r a b s e n c eo f 1 m MC A M P( A )o r
1 j u Mi s o p r o t e r e n o l( B ) . D a t aa r e s h o w na s m e a n ± S D( n = 6 ) .

3 0 h

2 0 h
s

< L >

i » 1 0 | -

u

C A M P

r

<>

n

. - /

0 1 0 " ° 1 0 ~ 4 1 0 "

Bumetanide (M)
None Bume

Fig . 6 . Effec t of bumetanide on amylase re lease f rom intac t and

saponin-permeabilized parotid acini. Acini were preincubated for 5
minwith various concentrationsof bumetanidein Ca-free KC1me-
diumcontaining 20//g/ml saponin (A) or with 1 mMbumetanide
(Bume) in normal Hanks' medium(B) and were further incubated for
15 min in the presence or absence of 1 mMCAMP(A) or 1 //M isopro-
terenol (B). Dataare shownas mean±SD(n=3-6).
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Fig. 7. Effect of osmolarity on CAMP-mediated amylase release
from saponin-permeabilized parotid acini. Parotid acini were preincu-
bated for 5 min in 1 ml of Ca-free medium containing 140 mMKC1
and 20 //g/ml saponin and were further incubated for 15 min after ad-
dition of 2 mMCAMPin 1 ml Ca-free KC1medium containing vari-
ous concentrations of mannitol. For hypoosmotic medium, KC1con-
centration in the latter mediumwas reduced. Data are shownas mean
±SD (n=6).

diated amylase release. However, decrease in the osmo-
larity by dilution of the medium did not augment amyl-
ase release because of the steep increase in basal release.

DISCUSSION

The present study has demonstrated that K+ and Cl~
play important roles in CAMP-mediated amylase exo-
cytosis from rat parotid acini. Namely, 1) depletion of
K+or Cl~ from incubation mediummarkedly decreased
amylase release, and 2) K+ and Cl~ channel blockers
clearly inhibited amylase release. In addition, these
blockers were more effective in saponin-permeabilized
acini than in intact ones, suggesting that the blockers
act on channels on the secretory granule membranes (6,
7).

Most findings in this study are consistent with those
of the exocrine pancreas reported previouly (3), but the
effects of DIDS and DPCare not; DIDS inhibited pro-
tein release from pancreatic acini stimulated by car-
bachol, but did not inhibit CAMP-mediatedamylase re-
lease from parotid acini. In contrast, the chloride chan-
nel blocker DPCclearly inhibited amylase release from
permeabilized parotid acini, whereas its related phenyl-
anthranilic acid derivatives, including 5-nitro-2-(3-phen-
ylpropylamino) benzoic acid (NPPB), had no effect in
the pancreas. These findings suggest that the parotid

gland and pancreas have heterogenous sensitivities to
various Cl~ channel blockers. Recently, DPC and
NPPBwere found to inhibit adrenocorticotropic hor-
mone (ACTH)secretion from mouse pituitary tumorcells (9).

Although 1 mMbumetanide strongly inhibited amyl-
ase release, Na/K/2C1 cotransporter is unlikely to be in-
volved in amylase exocytosis, since 1) bumetanide con-
centration required for the inhibition is extraordinarily
high as compared with that for the inhibition of cotan-
sporters in other cells (12), 2) the basal release is in-
creased at this concentration, and 3) Na+ is not neces-
sary for amylase release.
If K+and Cl~ channels on the secretory granule mem-
brane play crucial roles in the exocytosis, osmotic swel-
ling of the granule is very likely to be involved in the
process. Indeed,hyperosmolarity inhibited exocytosis in
various cells including pancreatic (3) and parotid (Fig.
7) acini. However, the role of osmotic swelling in the
process of exocytosis is still controversial; i.e., the swel-
ling promotes fusion of the plasma membraneand secre-
tory granules or widens the exocytic pore for the extru-
sion of the granule contents (10, 19). Further studies are
necessary for resolving these matters.
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