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Abstract. We have characterized a NB* exchanger in  acini incubated in Nacontaining buffer (30 m NaCl/

the membrane of isolated zymogen granules (ZG) froniLl05 nm KCI buffer; 6.4 + 0.4% of total amylase above
rat exocrine pancreas and investigated its role in secresasal) compared to buffer without NéO mm NacCl/135
tagogue-induced enzyme secretion. ZG*M&E ex- mm KCl buffer; 4.7 + 0.4% of total amylase above basal,
changer activity was estimated by measuring NaLi* P < 0.03). EIPA (50um) reduced CCK-OP-induced
influx and consequent osmotic swelling and lysis of amylase secretion in Nacontaining buffer from 7.5 +
ZG incubated in Na- or Li-acetate. Alternatively, intra- 0.6% to 4.1 + 0.8%R < 0.02). In the absence of Nin
granule pH was investigated by measuring absorbancthe buffer, CCK-OP-stimulated amylase release was not
changes in ZG which had been preloaded with the wealnhibited by 50 um EIPA. The data suggest that an
base acridine orange. Naor Li*-dependent ZG lysis amiloride insensitive, EIPA inhibitable N&™ ex-
was enhanced by increasing inward to outward directe@hanger is present in ZG membranes, which is stimulated
H* gradients. N&dependent ZG lysis was not pre- by calmodulin antagonists and could be involved in se-
vented by an inside-positive ‘Kdiffusion potential gen- cretagogue-induced enzyme secretion from rat pancre-
erated by valinomycin which argues against parallel op-atic acini.

eration of separate electrogenic’Nand H permeabili-

ties and for coupled N#H* exchange through an Key words: Sodium/hydrogen exchange — Amilo-
electroneutral carrier. Naand Li*-dependent ZG lysis ride — Ethylisopropylamiloride — Calmodulin depen-
was inhibited by EIPA (EG, (25 um) and benzamil dent protein kinase — Calmodulin antagonists —
(ECso 1100 M), but only weakly by amiloride. Simi- Calmidazolium

larly, absorbance changes due to release of acridine or-

ange from acidic granules into the medium were ob-Introduction

tained with Nd and Li* salts only, and were inhibited by

EIPA, Suggesting the presence of a'NH" exchanger in Na'/H* exchangers are involved in various cellular func-
the membrane. Nadependent lysis of ZG was inhibited tions, such as intracellular pH, cell volume regulation,
by 0.5 mu MgATP and MgATP«-S by about 60% and Cell proliferation and transcellular Nabsorption [27].
35%, respectively. Inhibition by MgATP was prevented Four isoforms of the NaH™ exchanger, NHE 1-4 have
by incubation of ZG with alkaline phosphatase (100been cloned [19, 32]. NHE 1 is present in the basolateral
U/ml), or by the calmodulin antagonists calmidazolium plasma membrane of nearly all mammalian epithelial
(0.75 um), trifluoperazine (10Qum) and W-7 (500um),  Cells, NHE 2-3 are predominantly expressed in the apical
suggesting that the ZG N&d* exchanger is regulated by membrane of epithelial cells, such as intestine and kid-
a ZG membrane-bound calmodulin-dependent proteifiey, where they mediate transcellular'Ngnsport [27].
kinase. N& dependence of secretagogue (CCK-OP)_NHE 1-3 are inhibited by the drug amiloride and its
stimulated amy|a5e secretion was investigated in digitoanalogues, but their sensitivity to these inhibitors differs

nin permeabilized rat pancreatic acini and was higher irpetween isoforms. .
Much less is known about NAH™ exchange in the

membrane of intracellular organelles. Ma* exchang-
— ers have been described in mitochondria, chromaffin
Correspondence taF. Thivenod granules and renal endocytotic membranes. They seem
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to differ from the plasma membrane ME™ exchangers
with regard to their sensitivity to inhibitors, substrate
specificity and size [2, 9, 11, 12, 13, 21, 28].

In the exocrine pancreas, studies on isolated perm
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absorbance of the suspension measured at a wavelength of 540 nm in
a Beckman DU-64 spectrophotometer at 37°C.
Since bulk salt influx into the intragranule space and the resulting
ranule lysis are limited by the flux of ions through the endogenous

tonductance pathway, but not by the flux of counterions through the

abilized acinar cells indicate that secretagogue-inducegnynt pathway, the slope of the decrease in absorbance with time will
secretion of digestive enzymes is enhanced by electrolytgpresent an estimate of the rate of ions transported through the en-
movements across the zymogen granule membrane [8Jogenous conductance pathway. Half-time of granule lysis was esti-
A CI™ conductance, a Clanion exchanger and a'kcon- mated from the slope of the decrease in absorbance with time between
ductance have been described in the membrane of isél_ddition of ionophore and either experimental half-time, or the entire
lated zymogen granules [10, 24-26] and implicated inobservatlon period if the half-time was not reached. The slope of the

th hani f stimulated tion f . _absorbance change with time was estimated by linear regression of the
€ mechanism of stimulated enzyme secretion from ISOEligitized data. Lysis rates were expressed as half-times of lysis, which

|e}t3d pgncreatic acini [7]. In the prese+nt work, we Pro-were considered proportional to the rate constant of lysis. Unless oth-
vide evidence for the presence of a4 exchanger in  erwise indicated, data were expressed as meassmtof different
the membrane of isolated zymogen granules from rapreparations. Statistical analysis was carried out with the Statgraphics
pancreas, whichis regu|ated by a zymogen granu|e menfrogram using Studentstest. Results with levels d? < 0.05 were
brane-bound protein kinase. In addition, we demonstraté"”S'ggr;‘jezggur:g'ccjt‘ign conductance, ZG were suspended in 160 m
X el - , monovalent cation/acetate solutions containin and buff-
S0P i s soveio Fom Pt I I P LA

. N ered with 50 nw imidazole (pH 7.0, adjusted with acetic acid). Since
blocked by EIPA, suggesting that the Md" exchanger  the intragranule pH is about 6.5, and the membrane permeability for
is involved in enzyme secretion.

protons is low [25], an inside-to-outside directed kEoncentration
gradient of (0.5 pH units between intragranule space and incubation
solution was generated. Cation influx through endogenous cation path-
ways was initiated by addition of 16m of the electrogenic protono-
phore CCCP, which maximally permeabilizes the granule membrane to
Adenine nucleotides, collagenase (Type Il fr@tostridium histolyti- H* and converts the Hconcentration gradient into an inside negative
cum, 790 U/nqg)Y Cholecystokinin.octapeptide (CCK-OP)’ bovine se- H™ diffusion potential. The inside negative granule membrane poten-
rum albumin (98-99% BSA, essentially fatty-acid free), carbonyl- tial, in turn, energizes cation influx through endogenous cation perme-
Cyanide m_ch|or0pheny|hydrazone (CCCP)’ Va“nomycin’ am”oride’abi”ties. Anion influx occurs through the unChaI’ged molecule acetic
alkaline phosphatase (type VII-NL from bovine intestinal mucosa), acid, which permeates through the lipid membrane by nonionic diffu-
calmodulin and calmidazolium were obtained from Sigma (Deisen-Sion and dissociates to provide the intragranule space continuously with
hofen, Germany). Trifluoperazine hydrochloride was from LC Labo- Protons for protonation of imidazole as well as for proton efflux from
ratories/Calbiochem-Novabiochem GmbH (Bad Soden, Germany)the acidic interior [25]. Under these conditions, cation influx through
Benzamil was acquired from RBI-Bio Trend (o Germany) and  endogenous cation permeabilities is rate-limiting.

acridine orange was from Atlanta (Heidelberg, Germany). Pefé@bloc

SC [4-2-aminoethyl)-benzolsulfonylfluoride hydrochloride], and tryp-

sin-inhibitor (from hen egg white) were purchased from Boehringer MEASUREMENT OF Na'/H™ EXCHANGE

(Mannheim, Germany). Percoll and Phadébamylase kit were from

Kabi Pharmacia (Freiburg, Germany). Ethylisopropylamiloride The Na/H* exchange activity was measured by two different methods:
(EIPA) was a gift from Dr. H.J. Lang (Hoechst, Frankfurt, Germany). 7G were either resuspended in isotonic cation acetate salts buffered
All other reagents were of the highest analytical grade available.  with imidazole as described above for cation conductance but in the
absence of the electrogenic protonophore CCCP. Osmotic lysis under
these conditions will be the consequence of electroneutral, proton gra-
dient-dependent influx of monovalent cations through an endogenous
transporter.

Alternatively, Nd/H* exchange was monitored by measuring ab-
sorbance changes of the'fdependent accumulation of the weak base
acridine orange into acidic compartments [22]. An increase of intra-
Zymogen granules (ZG) were isolated from the pancreatic glands ofjyranule pH causes deprotonation of acridine orange and efflux of the
male Wistar rats (180-300 g, Charles River Wiga GmbH, Sulzfeld,uncharged form of acridine orange from the intragranule space until a
Germany) as described earlier [25, 26]. new steady state of distribution is reached. This change can be moni-
tored by measuring the change in absorbance of acridine orange at
493-540 nm [20]. For that purpose, 70-1Q@ of the purified ZG
were acidified by preincubation for 1 hr in 40 homogenization buffer
(pH 5.5) containing 30@um acridine orange. The ZG suspension was
Cation conductance of pancreatic ZG was assayed according to a préien diluted in a cuvette in 3 ml of a buffer containing (imjn 300
viously reported protocol for the quantitative evaluation of macro- mannitol, 5 HEPES, 5 MgS{Q(pH titrated to 7.5 with Tris/HCI), pre-
scopic ion fluxes through endogenous conductance pathways of ZGnhcubated for 5 min with solvent or drugs, and 15& monovalent
membranes [5, 25]. This assay relies on the measurement of osmotications were added as sulfate salts to generate an inside-directed cation
lysis of ZG, which have been resuspended in buffered isotonic salgradient as driving force. The buffered salt solutions were hypertonic
solutions, after addition of electrogenic ionophores allowing for mem- (545 mOsm), therefore no lysis occurred during the measurements [8].
brane permeation of counterions. Granule lysis causes a decrease The time-dependent increases in absorbance measured as the absor-

Materials and Methods

Methods

ISOLATION OF ZYMOGEN GRANULES

MEASUREMENT OF CATION CONDUCTANCE
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bance difference between 493 nm and 540 nm, were determined in an_ A
Aminco DW-2000 UV-VIS spectrophotometer (Colora, Lorch, Ger- '@ 1207 zymogen granules
many) at 25°C. Data were collected for 1 min, stored using an Aminco '@ ccep
DW-2000 software package and analyzed with a Symphony spread-& 100 ]
sheet program. =
B 80 -1 Li+
X
ISOLATION OF PANCREATIC ACINI AND ASSAY FOR £ 604
AMYLASE RELEASE o
B 40- T o
The preparation of dispersed acini by collagenase digestion has beerf
previously described [7, 14]. The pancreas from one male Wistar ratE 20 4 Rb+ K*
(130-160 g) was trimmed free of fat and connective tissue, minced to &
a fine paste and suspended in 10 ml digestion buffer containing (in o
mm): 130 NaCl, 2 MgC]J, 1 CaCl, 5 KCl, 1.2 KH,PQ,, 0.01% trypsin 0 é 1'0 1'5 20
inhibitor, 0.2% bovine serum albumin (w/v), 10 glucose and 20 HEPES time [min]
(pH 7.4). Collagenase digestion was carried out in two steps. Tissue B
was first treated with 600 U collagenase for 15 min, then with 900 U 4 120

zymogen granules

for 30 min at 37°C under a continuous supply of Ontact acini were
incubated with Qin buffers of the following composition (in mM): 20
HEPES, 1.2 KHPQ,, 2 MgCl,, 0.1 CaC}, 0.01% trypsin inhibitor,
0.2% bovine serum albumin (w/v), 10 glucose, pH titrated to 7.4 with
KOH or NaOH and addition of either 135 KCI, 135 NaCl, or different
isotonic combinations of both salts. Aliquots of the isolated acini were
permeabilized for 10 min 2 ml incubation buffer containingug/ml
digitonin. Following permeabilization, test substances were preincu-
bated for 5 min and the secretagogue CCK-OP ¥ was added.
Samples of 20Qul acinar suspension were taken shortly before and 30
min after addition of CCK-OP and centrifuged for 30 sec at 14,000 rpm
in an Eppendorf microfuge. The supernatant was removed, amylas
release from acini was determined using the Phadebaylase test kit 0 10 P y T

) : ) ) 0 30 40
(Kabi Pharmacia, Freiburg, Germany). To determine total amylase ac- time [min]
tivity, acini were lysed in “diluent solution” containing (in mn): 10
Na,HPO,/10 N_akgPQt bufer (p_H 7.8), 0.1% sodium dOde.Cyl sulfate Fig. 1. Dependence of ZG-lysis on monovalent cations in the presence
and 0.1% bovine serum albumin for 1 hr and further sonicated for 10

AQ or absenceR) of the protonophore CCCP. Zymogen granules were

min. Amylase release was expressed as the percentage of total amyla%uspended in isotonic medium containing 15@ of the monovalent

activity presentin th_e_ pancreatic acinar suspension. The initial amylas%aﬁon acetate salts as indicated in the figure, and incubated at 37°C for
content before addition of CCK-OP was subtracted for each value.

the indicated time period withA) or without B) the electrogenic
protonophore CCCP (1fm). The kinetics of lysis were monitored by
measuring the changes in optical density at 540 nm. The cufyes(l
(B) are representative of 25, respective 39 different experiments.

540 nm (% of initial value)

aBsorbance

50

STATISTICS

Means were calculated ¢em. Statistical analysis of data was carried
out with the Statgraphics program using paired and unpaired Student’s

t-test, results with levels d? < 0.05 were considered significant. whereas only slight permeation was detected with Li
and an intermediate lysis was found witf,KNa" and
ABBREVIATIONS Cs' (Fig. 1A). Lysis was complete within 20 min. The

sequence observed is similar to that found in a previous
Zymogen granules (ZG), lysis rate of zymogen granules per hourreport on a K-selective conductance from ZG [25]. In
(hr_l)’lca',tl’or_‘g""g’gi‘i m'gh'oro_pheg'hydraﬁol”e (]CCCE)’ eLhy"so'the absence of CCCP, when no electrogenic cation flux
propylamiloride , adenosine’'[By-methylene] triphosphate . .
(AMP-PCP), adenosine’ &-(3-thiotriphosphate) (ATR-S), chole- ~ S0uld take place, substantial ZG lysis was also ob-
cystokinin octapeptide (CCK-OP), protein kinase A (PKA), protein Se.rved' bL_Jt me_fOf ZG incubated in Na- and Li-acetate
kinase C (PKC). (Fig. 1B), indicating the presence of a transporter selec-

tive for Na" or Li* but not for other cations. However,

the kinetics of lysis were much slower in the absence of

Results CCCP (compare time scalesAnandB). An estimate of
the selectivity of ZG cation conductance was obtained by

CATION SELECTIVITY OF ZG LYSIS WITH AND WITHOUT subtracting the rates of ZG lysis in the absence of CCCP

THE PROTONOPHORECCCP from those in the presence of CCCP. The permeability

sequence for electrogenic movement of monovalent cat-
In the presence of CCCP, lysis of ZG incubated in ac-ons was Rb > K" > Cs" = Na" > Li*, and Nd > Li*
etate salts of monovalent cations was high with"Rb for the electroneutral pathway. Calculated mean inverse
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Table 1. Comparison of the rates of ZG lysis in the presence and 5

absence of the protonophore CCCP (@) for various monovalent
cation acetate salts T
T 2F Na-acetate
Acetate Lysis rates of ZG suspended in 150m z
salts monovalent cation acetate salts 3 .
Q15F .
Lysis rates Electroneutral Electrogenic E’: Li-acetate
(+ CCCP) (- CCCP) (Lysis rates — £
electroneutral) 5 '
gé *
Rb" 444+£35 0.7 +0.05 43.7+35 2 05 - K-acetate
K* 6.3+0.4 0.5+0.04 5.7+04 =
Na* 51+04 22+0.17 27+04
Cs" 40+0.3 0.6 +0.07 3.4+0.3 o , ) ) ,
Li* 22+0.3 1.2+0.15 1.0+04 0 0.2 0.4 0.6 0.8 1
ApH, Hi+ > Ho+

(n = 10, period of measurement 30 min, lysis rates' i sev).

Fig. 2. Na- or Li-acetate dependent lysis rates are enhanced by an

. . . . inside-to-outside directed Hyradient. ZG were suspended in standard
half-times of lysis for ten different experiments are SUmM-incupation buffer containing 150 mof Na-, Li- or K-acetate, and the

marized in Table 1. Na- and Li-acetate-dependent lysi$H (pH,) was adjusted to 6.5, 7.0 or 7.5 with sulfuric acid. The trans-
in the absence of CCCP could be the consequence afembrane pH gradient\(pH; H' > H;) was defined as the difference
Na'/H* exchange or parallel operation of Nand H  between outside pH and intragranule pH and calculated as described in

permeabilities. We have therefore tested this hypothesi 5]. Means tsemare calculated from 5-6 different preparatiori?.<
further .01, Student’s-test for paired comparison with ZG lysis at pH 7.0 in

the same cation salt.

EFFecT oF ApH oN ZG Lysis IN THE ABSENCE . .
oF CCCP and benzamil (10-50fwm) were tested on the lysis of

ZG in Na- or Li-acetate buffers. Dose-response curves

To measure the dependence of cation influx into ZG orfor inhibition of ZG lysis in 150 nw Na-acetateA) and
the magnitude of the outward-directed igradient, the Li-acetate B) by amiloride, EIPA and benzamil are
pH-gradient across the granule membrane was variedghown in Fig. 3. Dose-response curves andgfere
ZG were suspended in imidazole buffer containing 150calculated using sigmoidal dose-response curve fitting.
mM Na-, Li- or K-acetate at pH 6.5, 7.00r 7.5. The pH EIPA, a SDECiﬁC inhibitor of N&H”* eXChangerS blocked
gradient across the zymogen granule membrane was e§smotic lysis with EG, values of(25 pm in Na-acetate
timated, similarly as described in [25]. As shown in Fig. andt20um in Li-acetate. EIPAwas more potentthan the
2, rates of ZG lysis in Na-acetate were 1.8 + 0.3'tat specific Nd channel blocker benzamil, which showed
pH 7.0 with an estimatedpH of 0.44, decreased to 1.3 half-maximal inhibition of ZG lysis atlL00pum in Na- or
+ 0.3 hr'tin pH 6.5 buffer ApH of 0.32) and increased Li-acetate buffer. High concentrations of amiloride were
to 2.0 + 0.2 hf* at pH 7.5 ApH of 0.65). With Li- needed to inhibit ZG lysis, half-maximal inhibition in
acetate lysis rates were calculated to 1.0 + 0F ht a  Li-acetate occurred &f200 um, whereas in Na-acetate
transmembrandpH of 0.44, were reduced to 0.6 + 0.2 amiloride only weakly inhibited ZG lysis (Fig. 3).
hr* at aApH of 0.32 and increased to 1.3 + 0.1 hat
a ApH of 0.65. The values fqr Na}— and Li_—acetate at gerect oFNa™ AND Lit
ApH of 0.65 and 0.32 were significantly different from
. ZG Lvsis

those found at apH of 0.44 P < 0.01). However, with

. . . 1
K-acetate lysis rates were identical (0.6 + 0.1\t all  Ng* or Li* concentration gradients were also varied to
transmembrane pH _gradlents tested. Qualltatlve_ly SiMistdy their role as driving force for lysis of ZG in the
lar results were obtained when acetate was substituted bé[bsence of CCCP. Na- or Li-acetate concentrations in

CONCENTRATION GRADIENTS ON

propionate Kot showi. the medium were varied between 15&rand 100 nw,
while the tonicity was held constant at 350 mOsm by
EFFECT OF AMILORIDE AND OF THE AMILORIDE addition of K-, Rb- or Cs-acetate. With decreasing con-
ANALOGUES ETHYLISOPROPYLAMILORIDE (EIPA) AND centrations of Na-acetate ZG lysis rates decreased maxi-
BENzAMIL ON ZG LysIs mally by [20% when N& was isosmotically replaced by

50 mOsm C§ (Fig. 4). However, with K or Rb" a
Different concentrations of the known N&™ exchange reduction of N& concentration by 25 m almost com-
inhibitors amiloride (50um—1 mv), EIPA (5—-200uMm) pletely abolished ZG lysis (Fig. 4). Similar results were
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- 1208 Fig. 4. Effect of isosmotic replacement of buffer Nay K*, Rb* or

g Cs" on ZG lysis. ZG were suspended in incubation buffer containing 50

5 mm imidazole at pH 7.0. Na-acetate concentration in the medium was

..:J_’ 10(% varied between 150 m and 100 rm, while the tonicity was held

< constant at 150 m by addition of K-, Rb- or Cs-acetate. Values are

E,’ sok amiloride expressed as percent of inverse half-time of lysis in 150Nma-acetate

i’l’>_, (100% = 2.34 + 0.07 ht*, n = 30). Means #sem of 4-12 different

g sok preparations.

(o]

£

I 401 not prevent the inhibitory effect of 25mK™* on ZG lysis

2 in Na-acetate buffer (Table 2). We also used the K

g 20 ionophore valinomycin, which should generate an inside-

2 benzamil positive K diffusion potential and prevent ZG lysis in
o it i Na-acetate buffer. Valinomycin did not prevent, but
0 10 100 1000 rather enhanced ZG lysis in the presence of 5 or 8 m

concentration [uM] K* in the medium (Table 2).

Fig. 3. Concentration-response curves for inhibition of ZG-lysis by

amiloride and its analogues in Na- or Li-acetate buffers. Osmotic lysisM EASUREMENT OFNa* AND Li* FLux INTO ZG WITH
of ZG in 150 nm Na-acetate4) or 150 nm Li-acetate B) were mea-  1He DYE ACRIDINE ORANGE

sured in the presence of increasing concentrations of amiloride, EIPA

and benzamil. Inverse half-times of lysis were plotted as percent oLI_ . . .
controls in Na-acetate (100% 2.27 +0.08 hi*, n = 36) or Li-acetate 0 complement the results obtained \_Nlth the ZG lysis
(100% = 1.19 + 0.04 hF%, n = 29). Values represent meansem of assay, we determined monovalent cation fluxes into ZG
4-36 experiments. When drugs were added in DMSO the control exwith acridine orange [22] by measuring monovalent cat-
periments received the same amount of carrier solvent. ion-dependent alterations of pH gradients across ZG
membranes. Granules were equilibrated by preincuba-
tion for 1 hr with an homogenization solution buffered to
obtained for Li-dependent osmotic lysis of Z&¢t pH 5.5 and containing 30@m acridine orange and sub-
showr). This suggested that'Kand Rb either directly  sequently diluted in 300 snmannitol buffered to pH 7.5.
inhibit the N&/H" exchanger in the ZG membrane or The granules were incubated for 5 min with solvent or
that electrogenic influx of small amounts of r Rb"  drugs, and 75 m Na,-, Li,-, K,- or NMDG,-sulfate
through endogenous*kand RB selective channels pre- were then added to the buffer. Nar Li™ influx through
vent N& influx through Nd selective channels. coupled N&/H* exchange should increase intragranule
To determine whether an influx of 'Kor Rb" into  pH and release acridine orange trapped in the intragran-
the ZG through K- and RB-selective channels is re- ule space. As shown in Fig. 5, the increase in absorbance
sponsible for the reduction of ZG lysis, we added 0% m of acridine orange at 493-540 nm was higher aftef Na
AMP-PCP which completely blocks the*Kand RG-  or Li* than with K" or NMDG", which are not substrates
selective conductance of ZG [24, 25] and should abolistof Na“/H* exchangers (Fig. 5, Table 3). We also mea-
the effect of K on ZG lysis. However, AMP-PCP did sured the effect of the inhibitors of N&d* exchangers
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Table 2. Effect of valinomycin (5nm) and AMP-PCP (0.5 m) on
lysis rates (H*) of ZG following isosmotic replacement of Na-acetate
by K-acetate

Lysis rates of ZG

150 mv NaAc 145 mv NaAc 125 mv NaAc
0 mv KAc 5 mv KAc 25 mm KAc
Control 2.3+0.2 (16) 1.0+£0.2 (3) 0.4+0.1 (16)
Valinomycin 3.0£0.2 (5) 1.9+0.5(3) 1.3+0.3 (5)
AMP-PCP 24+£0.1(3) Not tested 0.5%+0.1 (3)
Ho7.5
0.03 P

Na; SO,

0.02 Na, SO,
+ EIPA

+ amiloride

salt

zymogen granules
0.01 A K,S0,

NMDG, SO,

absorbance (493nm-540 nm)

-0.01 T T T

time [min]

Fig. 5. Measurement of the N&H* exchanger of ZG membranes with
acridine orange. Absorbance changes of acridine orangem(4at
493-540 nm were measured after addition of 7& Ma-, K- or
NMDG-sulfate salts. Total osmolarity after addition of salts Wa45
mOsm which prevents osmotic lysis of granules. EIPA (100 and
amiloride (1 nu) were preincubated with ZG for 5 min before addition
of salts. Outside buffer pH (phi was 7.5, the pH inside the ZG (pH
was assumed to be 5.5 aft@ 1 hrpreincubation period with pH 5.5
buffer. This experiment is typical for 4—7 different preparations.

Table 3. Effect of 75 mv Na,-, Li,-, K,- or NMDG,-sulfate on acri-
dine orange absorbance of ZG (pH 5.5) incubated in pH 7.5 buffer

A Absorbance of acridine orange
(493-540 nm)/min

Cation Control EIPA Amiloride

Na* 0.027 £ 0.002 0.019 £ 0.001* 0.019 + 0.002*
Li* 0.031 0.022 0.016

K* 0.016 + 0.003* Not tested Not tested
NMDG* 0.017 £ 0.004* Not tested Not tested

Means tsem of 1-7 experiments are calculated, where applicable
* P < 0.05 by Student's-test for unpaired comparison with Neontrol
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EFFeCT oF ADENINE NUCLEOTIDES ONNa" DEPENDENT
ZG Lysis

Na*/H* exchangers are regulated by kinases and phos-
phatases [27] and membrane-bound protein kinases and
phosphatases have been demonstrated in ZG [3, 23, 31].
We therefore investigated the effect of ATP and ATP-
v-S on the N&-dependent lysis of ZG membranes. We
also tested the adenine nucleotides ADP and the nonhy-
drolyzable ATP analogue AMP-PCP which are no sub-
strates of protein kinases [6]. In the absence offMg
lysis of ZG incubated in 150 mn Na-acetate/imidazole
buffer was similar with 0.5 m ATP, ATP«-S, ADP or
AMP-PCP, when compared with controls without
nucleotides (Fig. &, open columns). In the presence of

5 mm MgSQ,, lysis rates were significantly reduced with
0.5 mv ATP (1.1 + 0.1 hf*, P < 0.0001) and with 0.5
mMm ATP-y-S (1.5 + 0.2 hr*, P < 0.0005) compared to
respective controls with Mg (2.3 + 0.1 hr'%), but not
with 0.5 mv ADP (2.1 % 0.2 hr%) or 0.5 nm AMP-PCP

(2.8 + 1.0 hi'") (Fig. 6A, filled columns). A concentra-
tion-response curve of MgATP induced inhibition of
Na'/H* exchange is shown in FigB6 Maximal inhibi-

tion occured at 0.5 m ATP, half-maximal inhibition of
Na*/H* exchanger by MgATP was obtained@.07 nm
MgATP. EG;, was calculated using one site binding
curve fitting. Addition of alkaline phosphatase (100
U/ml) removed the inhibition of NaH* exchange in-
duced by MgATP but not that induced by MgARRS
(Fig. 7) whose thiophosphate residue cannot be cleaved
from thiophosphorylated proteins by phosphatases [6].

EFFECT OF CALCIUM/CALMODULIN ANTAGONISTS ON
MgATP-INDUCED INHIBITION OF ZG Na"-DEPENDENT
ZG Lvsis

To identify the putative ZG membrane-bound protein
kinase that may be responsible for inhibition of ‘Na
dependent lysis, we tested different protein kinase inhibi-
tors and activators on MgATP effects on ZG incubated in
Na-acetate buffer. Reduction of MgATP induced inhi-
bition was only observed after addition of the calmodulin
antagonists calmidazolium, trifluoperazine and W-7
(Fig. 8). MgATP induced inhibition of ZG lysis from 2.1
+0.1 hrtto 0.9 + 0.1 hi* for controls without antago-
nists, was prevented by incubation of ZG with 0
calmidazolium (2.1 + 0.2 ht), 100 pm trifluoperazine
(2.1 £ 0.2 hi"), or 500um W-7 (1.5 + 0.1 hr?).

Na" DEPENDENCE OF BASAL ANDCCK-OP4NDUCED
AMYLASE SECRETION IN PERMEABILIZED

amiloride and EIPA on the absorbance changes of acripancreaTic AcINi

dine orange induced by N&O, or Li,SO,. Following a
preincubation period of 5 min, amiloride (1mh and
EIPA (0.1 nm) reduced the Ng5O,- or Li,SO,-induced
absorbance changes of acridine orange.

To study the possible role of cytosolic Nin secreta-
gogue activation of enzyme secretion, we have varied the
cytosolic Nd and K" concentrations of digitonin perme-
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changer in ZG membranes. ZG were incubated in 150Na-acetate/
imidazole buffer with or without 0.5 m of the adenine nucleotides Fig. 7. Effect of alkaline phosphatase on the inhibition of ZG" N
listed in Fig. @A, and in the absence (open columns) or presence of 5exchanger induced by MgATP and MgATPS. Absorbance curves
mw MqSO4 (filled columns). C(_)erI_ rates of lysis (100% 2.76 + show the kinetics of lysis of ZG suspended in standard buffer contain-
0.09 hr'*, n = 46) were determined in the absence of¥gr nucleo- ing 150 mu Na-acetate and 5 mMgSO,. At the arrow 100 U/ml
t'dgs' Means isem of 3-48 exper'lments',P < 0.0005, **P < 0.0001 alkaline phosphatase were added to ZG preincubated for 10 min with or
paired Student's-test for comparison with the control plus Ffg In without 0.5 ma MgATP (A) and with or without 0.5 i MgATP-y-S

(B) a concentration-response curve for inhibition of K& exchange (B). The experiment is typical of six preparations.

of ZG by MgATP is plotted. Relative rates of lysis were calculated as
percent of control (100% controk 2.97 + 0.37 hi, n = 9) and
plotted as percent of the maximal inhibitory effect observed withvl m

ATP. Values are means sem of 2-9 experiments. increases in the Naconcentration of the incubation

buffer resulted in a gradual reduction of CCK-OP-
- . - stimulated amylase release (4.9 = 0.6% at 8@ NaCl/
abilized pancreatic acini, and measured CCK-OPxg k) 2.1 + 0.3% at 130 m NaCl/5 mv KCl and
induced amylase secretion. To that end, permeabilizeg 4 + 0694 of total amylase above basal at 136 m
acini were incubated in a buffer containing (imn 135 NaCl/0 mv KCI).

130, 80, 30, 15, 5, or no NaCl. The total concentration of

salt was held constant at 135 mM by addition of KCI to

the buffer. Amylase released into the medium within 30EFFECT OFEIPA ON BASAL AND

min under basal conditions or after addition of a maximalCCK-OP+NDUCED-AMYLASE SECRETION IN

stimulatory concentration of IMCCK-OP [8] was cal- PERMEABILIZED PANCREATIC ACINI

culated as a percentage of the total amount of amylase in

the cell suspension (Fig. 9). Under basal conditions,To determine whether the Ni&d™ exchange of ZG mem-
amylase release was similar in buffers with and withoutbranes plays a role in Nadependent CCK-OP-induced
Na*. However, significantly more amylase was releasedamylase secretion of permeabilized pancreatic acini, the
following CCK-OP stimulation of permeabilized acini effect of various concentrations of EIPA was studied in
incubated in 30 m NaCl/105 mu KCI containing buffer ~ permeabilized acini incubated in buffer containing 30
(6.4 £ 0.4% of total amylase above basal) compared tanm NaCl/105 mu KCI and compared to a buffer con-
acini incubated in 0 m NaCl/135 nu KCl only (4.7 £  taining KCI only. As shown in Fig. 18 and D, basal
0.4% of total amylase above bas®Bl,< 0.03). Further amylase release was unaffected by addition of up to 50
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150 A

[J+Mg?* 8
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£
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0/135 5/130 15/120 30/105 80/55 130/5 135/0 [mM]
Na* /K* concentration in the buffer

inverse half-time of ZG-lysis (% of control)

o

control TFP CAL W-7

Fig. 8. Effect of calmodulin antagonists on MgATP dependent inhi-
bition of ZG Na/H* exchanger. ZG were suspended in 15Q Ma-
acetate, 50 m imidazole (adjusted to pH 7.0 with acetic acid), ¥m
EDTA and 5 nu Mg?*. The calmodulin antagonists calmidazolium

(CAL, 0.75 pm), trifluoperazine (TFP, 10Gwm) and W-7 (500um) ?
were incubated for 5-10 min before addition of 0.& mIgATP, and 21
ZG lysis was measured as described in the Methods section. Inverse 14
half-times of lysis are plotted as percent of controls with?¥M¢Con- 0

trols = 2.13 £ 0.13 hr%, n = 14). Means #sem of 5-14 experiments, 0/135  5/130 15/120 30/105 80/55 130/5 135/0 [mM]
*P < 0.03, **P < 0.0001 using Studentstest for paired comparison Na* /K* concentration in the buffer
of conditions with MgGATP and MgATP + calmodulin antagonist.

amylase release after 30min (% of total amylase)
o

basal

Fig. 9. Effect of varying buffer N& concentrations on CCK-OP-
uM EIPA. In the buffer without N§ amylase released in  stimulated amylase secretion from permeabilized pancreatic acinar
the presence of IMCCK-OP was similar in the absence cells. Amylase released in 30 min into the medium under basal condi-
or presence of 10-50m EIPA (Fig. 1@B). Accordingly, tions B) and after addition of 1m CCK-OP @) is plotted as percent
CCK-stimulated amylase release was not significantI)PftOta' r:amyla/selig the cell suspsnsionl.jcfflls were perrgzaf?ilized*’zor 10

. . min with 5 wg/ml digitonin. Incubation buffers contained different™Na
different without (6'1  0.7% of total amylase above and K" concentrations as described in the figure. The total concentra-
basal, n= 6) or with 50 .M EI_PA (5.0 £ 0.4% of total tion of Na” and K" was held at 135 m for each buffer. CCK-OP-
amylase above basal,# 6 (Fig. 10C). In contrast, 50 induced increase in amylase release/30 min in variousdsataining
wM EIPA significantly reduced amylase secretion from buffers was calculated as the difference between amylase release after
acini incubated in 30 m NaCl/105 v KCI buffer in the CCK-OP stimulation and basal secretids).(Means +sem of 5-18
presence of CCK-OP, when compared with the conditiorfxperiments, P < 0.03, **P < 0.005 by unpaired Studenttstest for
without EIPA (Fig. 1@E). Consequently, CCK-OP- comparison with acini incubated in 135nKCI containing buffer.
stimulated amylase release was significantly reduced
with 50 wm EIPA, when compared to the condition with- ) _
out EIPA (4.1 + 0.8% of total amylase above bagal ionophore (Fig. B and Table 1), suggesting electroneu-
7.5 + 0.6% of total amylase above basak=n4—10;P < tral cation influx coupled to proton efflux. Cation influx

0.02) (Fig. 1F). occurred only in Na- and Li-acgta_te buffer,_but not i_n
Rb-, K- or Cs-acetate buffer. Similarly, an increase in
Discussion absorbance of acridine orange caused Byntbvement

, ) from the acidic internal space of ZG (pH 5.5) into the

In the present study, we provide evidence for the pres;,qpation buffer (pH 7.5) occurred only after addition of
ence of a N&H™ exchanger in isolated zymogen gran- Na* or Li* salts (Fig. 5 and Table 3). In principle, ZG
ules of rat pancreatic acini, which may be regulgteo! by dysis in Na- or Li-acetate buffer could occur by two
membrane bound calmodulin-dependent protein Kinasgjjgterent mechanisms: either by activation of a coupled
Finally, we propose that activation of the putative'Na N4+ exchanger through an electroneutral carrier or
H™ exchanger of ZG enhances secretagogue activategl.ogh parallel operation of separate electrogenié Na
enzyme secretion. and H permeabilities, whose net effect would also be
electroneutral N9H™ exchange.

This was tested by measuring ZG lysis in Na-acetate
in the presence of Kand the K ionophore valinomycin
ZG lysis in isotonic monovalent cation acetate buffers(Table 2). Addition of valinomycin to ZG suspended in
was H" dependent (Fig. 2) and occurred in the absence obuffer with K* generates an inside-positive’ iiffusion

EVIDENCE FOR AN ELECTRONEUTRAL Na'/H™*
EXCcHANGER INZG
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Fig. 10. Effect of EIPA on CCK-OP induced amylase secretion of permeabilized pancreatic acini incubated in buffer withe@iil35 nu KCI

(A,B,Q, or in buffer containing 30 m NaCl/105 nu KCI (D,E,F). Acini were permeabilized with fg/ml digitonin and preincubated for 5 min

with EIPA before addition of the secretagogue. The effect of different concentrations of EIPA on amylase released from permeabilized acin
cells/30 min is shown for basal conditions, D) and following stimulation with 1 m CCK-OP B,E). The differences between CCK-OP stimulated

and basal amylase release are plotteddphdnd ). Values are means 2em of 3—-10 experiments.P < 0.02 by unpaired Studenttistest for
conditions with and without EIPA.

potential which should reduce electrogenic influx of'Na isoforms [18]. Orlowski [18] found for NHE 1 and NHE

through Nd permeabilities. However, valinomycin did
not prevent N&dependent ZG lysis. Moreover, AMP-
PCP, a blocker of the Kand RH selective conductance
of ZG [25], did not enhance Nadependent lysis in the

3 transfected in Chinese hamster ovary cells that amilo-
ride (EG, 100 um for NHE 3) and EIPA (EG, 2.4 pum

for NHE 3) were 100 times less potent inhibitors of NHE
3 than of NHE 1, while benzamil showed the same in-

presence of 25 mK"* (Table 2). These experiments can hibitory potency for both isoforms (Eg 0100

be taken as evidence for the presence of a/MNaex-

wM). NHE 2 was equally inhibited by amiloride and

changer in ZG membranes, which exchanges preferere|pPA with an EG, of 1-3 um, whereas nothing is

tially external N4, or to a lesser extent Lifor internal
H* (Table 1). Indeed, Naand Li" are substrates of the
Na*/H* exchanger, and transport of'li kinetically less
favorable than the transport of NaMoreover, no ap-
preciable affinity for K, Rb" or CS" has been identified

[1].

THE ZG Na&a'/H* EXCHANGER IS INHIBITED BY
ETHYLISOPROPYLAMILORIDE AND BENZAMIL

known about the sensitivity of NHE 4 for amiloride and
its analogues.

ZG lysis was inhibited by EIPA (E&, [25 pum) and
benzamil (EG, (1L00 M) but was relatively insensitive
to inhibition by amiloride (Fig. 3). The relatively high
ECs, of EIPA suggests that the Ni&™ exchanger of ZG
belongs to the “low-affinity” NHEs, such as NHE 3
[18]. However, the selectivity of EIPA > benzant
amiloride observed for the inhibition of ZG N&* ex-
changer is unusual and is not in agreement with that

Amiloride and its analogues exhibit differences in sen-described for NHES, where benzamil was found to be

sitivity to inhibition of the different N&H" exchanger

less potent than amiloride [15, 18]. Similar results as in
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ZG have been reported for mitochondrial Wd" ex-  could enhance enzyme secretion may be twofold: (i) by
changers, which were also inhibited by EIPA and benzaan osmotic load due to Nanflux, and (i) by alkalin-

mil with EC5g values in the range from 50 to 1@, but  ization of the intragranule space. Such increases in the
not by amiloride [2, 13, 21]. Therefore, intracellular or- ionic strength, hydration and deprotonation of the intra-
ganelles may express different™Md* exchangers which granule space are optimal for zymogen deaggregation,
display an inhibitor selectivity distinct from that of decondensation and swelling of the granules to promote

plasma membrane N&d* exchangers [28].

fusion and secretion of the stored enzymes [16]. ZG fuse

with the luminal membrane of acinar cells during exo-

REGULATION OF THE Na'/H* EXCHANGER MAY INVOLVE
A ZG MEMBRANE-BOUND CALMODULIN -DEPENDENT
PROTEIN KINASE

The Nd/H* exchanger of ZG was inhibited by ATP and
ATP-y-S in the presence of Mg but not in its absence
(Fig. 6). Addition of alkaline phosphatase reduced only
the inhibition of N&/H* exchange induced by MgATP
but not that induced by MgATR-S (Fig. 7). This indi-
cates that the N@H" exchanger of ZG is inhibited by
phosphorylation through an endogenous protein kinase.
Previous studies have demonstrated that ZG membrane
contain several protein kinases including PKC, PKA and
a serine kinase with some characteristics common to ca-
sein kinases [3, 4, 23]. Furthermore calmodulin antago- 3.
nists inhibited a calcium/phospholipid-dependent protein
kinase presentin ZG membranes [3, 4, 31]. The calmod-
ulin antagonists calmidazolium, trifluoperazine and W-7, 4
which inhibit calmodulin-activated protein kinases [29],
were effective in preventing inhibition of N&H* ex- 5
change by MgATP (Fig. 8). Stimulation of ZG N&l*
exchange by calmodulin antagonists occurred only in the
presence of MgATP, whereas basal ZG M¥ ex- 6.
change remained unaffected. It is therefore likely that
the protein kinase which is responsible for inhibition of
Na'/H* exchange in ZG membranes belongs to the cal-
modulin-activated protein kinases. 8

1.

PHYSIOLOGICAL SIGNIFICANCE

The experiments with permeabilized pancreatic acini
strongly suggest that the EIPA inhibitable Md* ex-

changer from ZG membranes is involved in secreta-
gogue-induced enzyme secretion. CCK-OP-mediated

amylase release was enhanced in the presence of30 nil-

Na" in the incubation buffer (Fig. 9). This process was
abolished by addition of 5p.m EIPA (Fig. 10). In con-
trast, high (130-135 mn) Na* concentrations in the me-

dium inhibited CCK-OP-stimulated enzyme secretion.3,

The cytosolic Na concentration could play a role in
secretagogue-mediated enzyme secretion umdeivo
conditions: Following stimulation of intact acinar cells

cytosolic N& concentration increases up to 20—6& m
from resting values around 10M{17, 30, 33], possibly
due to activation of basolateral Ndransporters. The
mechanisms by which ZG membrane W4 exchanger

10.

12.

15.

16.

cytosis. Thus ZG N&H" exchange may contribute as
well to apical membrane transport processes of pancre-
atic acinar cells after granule fusion.

This work was supported by “Deutsche Forschungsgemeinschaft”
(SFB 246-C6). The authors thank Prof. Irene Schulz for continuous
support of their work.
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