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Contribution of Extracellular and Intracellular Calcium to the Enhanced Effect of
an a-Adrenergic Agonist on Amylase Release from Dispersed Rat Parotid Cells

H. TAKEMURA and H. OHSHIKA

Department of Pharmacology, Sapporo Medical College, S. , W. 17, Sapporo 060, Japan

The role of calcium in the potentiation of amylase release by the
a-adrenergic agonist methoxamine (MTX) was examined using
dispersed rat parotid acinar cells. The stimulatory effect of MTX
(10 IM) on the p-adrenergic agonist isoproterenol (ISP, 1 LM)-
induced amylase release was blocked by the c-adrenergic antagonist
phentolamine (10 Ml). In Ca-free (1 mM EGTA) medium, the
increment of amylase release by MTX in normal medium was
decreased by about 70%, but MTX still potentiated ISP-induced
amylase release. MTX did not affect the cyclic AMP accumulation
activated by ISP in either normal or Ca-free medium. MTX en-
hanced the ISP-stimulated uptake and efflux of 45Ca2+ These
results suggest that both extracellular Ca2+ and intracellular stored
Ca2+ may play an important role in the potentiation of amylase re-
lease from rat parotid acinar cells.
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Introduction.

Amylase release from rat parotid gland induced by autono-
mic agents is regulated by cellular cyclic AMP and calcium
(Butcher and Putney, 1980). a-Adrenergic and cholinergic
agonists stimulate Ca2+ influx and result in the weak re-
lease of amylase (Miller and Nelson, 1977), while j-adrener-
gic agonists markedly increase amylase release resulting
from an elevation of cyclic AMP levels and an increase in
Ca2+ efflux (Butcher and Putney, 1980). Although oa-
adrenergic and cholinergic agonists also stimulate 45Ca2+
efflux, revealing that Ca2+ is released from the cellular pool
(Butcher, 1980), the relationship of amylase release to this
cellular pool of Ca is unclear. The Ca2+ influx induced by
carbachol, a cholinergic agonist, has both stimulatory and
inhibitory effects on amylase release from isolated parotid
cells induced by isoproterenol (ISP), a ,-adrenergic agonist.
This occurred without affecting the level of cyclic AMP
(Takemura, 1984a, b).

Our previous study showed that methoxamine (MTX),
an a-adrenergic agonist, potentiates ISP-induced amylase re-
lease from rat parotid tissue slices, and that this effect is
independent of extracellular Ca2+ and cyclic AMP (Ohshi-
ka et al., 1981). However, the interpretation of these results
is complicated by the presence of neural tissue and the
existence of pericellular compartments affecting the diffu-
sion of secretagogues and secretory products. Dispersed rat
parotid cells are now widely used, since Mangos et al.
(1975) found them to be morphologically and functionally
intact. We studied the contribution of extracellular and
intracellular Ca2+ to the enhanced effect of an a-adrenergic
agonist on ISP-induced amylase release using dispersed rat
parotid acinar cells.

Materials and methods.
Preparation of isolated rat parotid acinar cells was as

described previously (Takemura, 1984a). The minced
tissues from male Wistar rats, weighing from 200 to 300 g
each, were briefly treated with trypsin, and then further
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digested with collagenase and hyaluronidase. The parotid
cells thus obtained were suspended in Krebs-Ringer-Tris
(KRT) medium (Takemura, 1984a) containing 1% bovine
serum albumin and pre-incubated for 15 min at 37 C under
100% 02. In the experiments using Ca-free medium, normal
KRT medium was replaced with Ca-free KRT medium
containing 1 mM ethyleneglycol bis-(3-aminoethylether)-N,
N'-tetraacetic acid (EGTA). In the combination experi-
ments, MTX and phentolamine were added five min and
seven min, respectively, before the addition of ISP. Amy-
lase released from parotid cells into the medium during a

30-minute incubation was assayed by the method of Searcy
et al. (1966). The amount of amylase release was expressed
as a percent of the amylase content of the cells before the
beginning of the incubation.

Cyclic AMP in the cell suspension following a two-
minute incubation was extracted by the method of Honma
et al. (1977) and assayed using a radioimmunoassay kitt.

At different times after the addition of 3H inulin* (5
pCi/ml) and 45CaC12 * (1 pCi/ml), radioactivities of the cell
pellets for 3H and 45Ca were counted simultaneously by a

Beckman liquid scintillation counter (LS-9000). The cellu-
lar uptake of 45Ca2+ was estimated as Ca space minus
inulin space. After the cell suspension was pre-incubated for
45 min with 10 pCi/ml of 45CaC12, it was centrifuged at
50 x g for five min. The pellet was washed twice with non-

radioactive medium and suspended with drug-containing
Ca-free (1 mM EGTA) medium to start the assay for 45 Ca2+
efflux. The efflux was expressed as the percent of 45Ca2+
remaining in cells at any time compared with 45Ca2+
present in the cells at the beginning of the incubation.

45Ca uptake was kinetically analyzed using the three-
compartments closed system proposed by Borle (1975).
Three compartments are considered to be in parallel and are

represented schematically as follows:

k12 k23
S1, S2*- S3

k2l k32

S1, S2, and S3 are the compartments of cell membrane,
medium, and cell, respectively. When the compartment size
of the medium is at least 20 times larger than the two
cellular compartments and when the fluxes in and out of
the medium are so small as to be negligible, the pool size
and the specific activity of the medium can be considered
constants. The increases in tracer activity of compartments
S1 and S3 are given in the differential equation (Borle,
1975):

d(R1+3/E)/dt = -J 12e- k12t-J32e- k32t

R1+3: Amount of 45Ca in S1 and S3
E : Equilibrium (infinite time) specific activity

(1)

tYamasa Shoyu Co., Choshi, Japan
*Amersham International Limited, Amersham, England
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TABLE 1
EFFECT OF METHOXAMINE ON AMYLASE RELEASE FROM DISPERSED RAT PAROTID CELLS

Amylase Release (% of cell content)
Normal Medium

Phentolamine Ca-free (1 mM
Additions Control (10 aM) EGTA) Medium

None 4.0 ± 0.5* 4.1 ± 0.2 3.5 ± 0.7
Methoxamine (10aLM) 7.2 + 0.8# 4.0 ± 0.4t 4.0 ± 0.9t
Isoproterenol (1 jiM) 23.6 + 1.5 21.3 + 2.3 25.4 ± 1.0
Isoproterenol (1 juM) 38.1 ± 3.2§ § 20.8 ± 2.5t 29.0 + 0.8§t

+ methoxamine (10 juM)

*Values are expressed as mean + S.E. of four to seven experiments.
#P < 0.005 vs. none.
§P < 0.05 vs. isoproterenol.
§ §P < 0.005 vs. isoproterenol.
tp < 0.05 vs. control.

Jij: Rate of Ca transport from Si to Sj
kij: Rate constant of Ca transport from Si to Sj, kij =

Jij/Si
It is possible to calculate parameters of Eq. (1) by graphical
analysis of hand-drawn curves. The value of the parameters
is, however, dependent on time intervals - that is, the
smaller At is, the smaller A(Ri+3/E)/At is. Therefore, we

integrated Eq. (1) to get the following equation:

R1+3/E = -S (l-e-k 12t)-S2(le- k32t) (2)

Eq. (2) can give the theoretical curve of 45Ca uptake. The
coefficients of Eq. (2) were calculated from the experi-
mental data by a microcomputer using the method of
nonlinear least squares.

The cell protein was determined by the method of
Lowry et al. (1951).

The significance of differences between values was
examined by Student's t test.

Results.
The effects of MTX on amylase release from dispersed

rat parotid cells are shown in Table 1. MTX (10 pM) slight-
ly increased amylase release and potentiated ISP (1 LM)-
induced amylase release in normal medium. These stimula-
tory effects of MTX were blocked by the a-adrenergic
antagonist phentolamine (10 /uM). Both effects are quali-
tatively similar to those in a previous report using rat paro-
tid tissue slices (Ohshika et al, 1981). In Ca-free (1 mM
EGTA) medium, the stimulatory effect of MTX alone was
completely abolished, but MTX still potentiated amylase
release induced by ISP (P < 0.05). The increment of ISP-
induced amylase release by MTX in normal medium was
decreased by about 70% in Ca-free medium.

The effect of MTX on cyclic AMP accumulation during a
two-minute incubation is shown in Table 2. MTX affected
neither the basal cyclic AMP level nor the ISP-activated
accumulation of cyclic AMP in normal medium. The ina-
bility of MTX to change the level of cyclic AMP was also
observed in Ca-free (1 mM EGTA) medium.

As shown in Fig. 1, ISP (1 /tM) increased 45Ca2+ uptake
into parotid cells after 30 min. MTX (10 jM) significantly
increased the uptake of this labeled ion after 20 min. The
45Ca2+ uptake stimulated by both drugs individually was
comparable, and MTX significantly potentiated ISP-stimu-
lated uptake of 45Ca2+. However, Borle (1975, 1981)

TABLE 2
EFFECT OF METHOXAMINE ON CYCLIC AMP LEVEL

IN DISPERSED RAT PAROTID CELLS

Cyclic AMP Level
(pmol/mg protein)

Ca-free (1 mM
Additions Normal Medium EGTA) Medium

None 3.4 ± 0.3* 2.9 ± 0.3
Methoxamine (10 uM) 3.7 ± 0.4 3.0 + 0.4
Isoproterenol (1 MM) 58.5 ± 9.3 47.5 ± 9.4
Isoproterenol (1 ,M) 58.3 ± 11.6 42.4 ± 7.7

+ Methoxamine (10 ,uM)

*Values are expressed as mean ± S.E. of four experiments.

reported that increased 45Ca2+ uptake may be due to
decreased 45 Ca2+ efflux, or an enlargement of intracellular
Ca pools. Therefore, the results obtained from the kinetic
analysis of 45Ca2+ uptake are shown in Table 3. In the fast
phase, each treatment with agonists slightly increased the
flux and the rate constant but slightly decreased the half
time and the pool size. On the other hand, the fluxes of the
slow phase were increased by 3.2, 2.1, and 4.6 times in the
presence of MTX, ISP, and MTX plus ISP, respectively. The
pool sizes were also increased by 1.7, 1.6, and 2.3 times in
the presence of MTX, ISP, and MTX plus ISP, respectively.
The increases of rate constants and the decrease of half-
times were more pronounced for MTX and MTX plus ISP
than for ISP.

The time course of 45Ca2+ efflux in Ca-free (1 mM
EGTA) medium is shown in Fig. 2. In the absence of drugs,
37% and 48%-of cellular 45Ca2+ were released into the
medium at 30 min and 60 min, respectively. ISP (1 /M)
and MTX (10I M) increased 45Ca2+ efflux, but the efflux
of 45Ca2+ stimulated by MTX was greater than that by ISP.
45Ca2+ efflux in the presence of MTX plus ISP increased
almost additively.

Discussion.
The present results with dispersed rat parotid cells con-

firm previous work (Ohshika et al, 1981) using tissue slices,
which demonstrated that a-adrenergic receptor activation
results in the potentiation of ,3-adrenergic receptor-medi-
ated amylase release. Such an augmented amylase release is
an important phenomenon in intact parotid glands, because
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ROLE OF Ca IN POTENTIATION OFAMYLASE RELEASE

norepinephrine released from nerve endings activates both
a- and 3-adrenergic receptors (Petersen, 1976). Our previous
work with tissue slices, however, has shown that the en-
hanced release of amylase in the presence of MTX plus ISP
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is independent of extracellular Ca2+ (Ohshika et al, 1981),
although a-adrenergic agonists stimulate Ca2+ influx into
parotid cells (Miller and Nelson, 1977). In contrast, the
present results using dispersed parotid cells showed en-
hanced amylase release to be considerably dependent on
extracellular Ca2+. Quissell et al. (1983) also reported that
a-adrenergic stimulation augmented 3-adrenergic receptor-
mediated amylase release in dispersed rat parotid cells, and
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Fig. 1 - Time course of 45Ca2+ uptake into dispersed rat parotid

cells. The cellular uptake of 45Ca2+ was estimated as Ca space minus
inulin space. Theoretical curve of uptake was obtained from the ex-

perimental points by a computer using the method of nonlinear
least squares. In a combination experiment, methoxamine was
added to the incubation medium 5 min before the addition of
isoproterenol. *, Control; o, isoproterenol (1 /UM); A, methoxamine
(10 MM); A, methoxamine (10 M/M) + isoproterenol (1 MM). Each
point is the mean ± S.E. of at least five experiments. *P < 0.05 vs
control; §P < 0.05 vs. isoproterenol.
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Fig. 2 - 45Ca2+ efflux from dispersed parotid cells in Ca-free

1 mM EGTA) medium. Parotid cells were pre-incubated with
5Ca2+ for 45 min in normal medium, then centrifuged, washed,

and re-suspended in Ca-free (1 mM EGTA) medium. The efflux was
expressed as the percent of 45Ca2+ remaining in cells at any time
compared with 45Ca2+ present in the cells at the beginning of the
incubation. Isoproterenol (ISP) was added at the arrow in the com-
bination experiment using methoxamine and isoproterenol. *,
Control; o, isoproterenol (1 uM); A, methoxamine (10 MM); A,

methoxamine (10 uM) + isoproterenol (1 MuM). Each point is the
mean + S.E. of five experiments. *P < 0.05, **P < 0.01 vs. control;tp < 0.05 vs isoproterenol; §P < 0.05 vs. methoxamine.

TABLE 3
KINETIC ANALYSIS OF 45CALCIUM UPTAKE INTO DISPERSED RAT PAROTID CELLS

Additions

Isoproterenol (1 uM)
Parameters None Methoxamine (10 ,M) Isoproterenol (1 aM) + methoxamine (10 aM)

Fast phase
Flux (nmol/mg protein/min) 0.669 0.806 0.908 0.970
Rate constant (min-) 0.502 0.886 0.898 0.975
Half time (min) 1.38 0.78 0.77 0.71
Pool size (nmol/mg protein) 1.33 0.91 1.01 1.00

Slow phase
Flux (nmol/mg protein/min) 0.0956 0.308 0.196 0.403
Rate constant (min-1) 0.0327 0.0609 0.0415 0.0612
Half time (min) 21.2 11.4 16.7 11.3
Pool size (nmol/mg protein) 2.92 5.06 4.74 6.59
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that this enhanced secretion of amylase was prevented by
the removal of extracellular Ca2+. The difference between
tissue slices and dispersed cells may be the presence of the
pericellular compartments, which affect the diffusion of
medium in the former. Even if tissue slices were immersed
in Ca-free medium, the environment of their acinar cells
would probably not change immediately. In fact, amylase
release from tissue slices induced by MTX alone was not
completely abolished in Ca-free medium, and the incuba-
tion period was short (10 min) (Ohshika et al., 1981). The
existence of neural tissue might be another possible reason.
EDTA, a chelator for metal ions, was suggested to release
endogenous catecholamine from rat parotid slices in Ca-free
medium (Babad et al., 1967; Schramm, 1968).

Analysis of the present data showed that the potentia-
tion of amylase release is of a dual nature, being either con-
siderably dependent on extracellular Ca2+ or independent
of extracellular Ca2+. Reinhart et al. (1984) also indicated
that a-adrenergic agonists mobilize extracellular Ca2+ as
well as intracellular Ca2+, and that both pools are required
for the full expression of hormone-induced responses in rat
liver. Previous study has suggested that a low dose of car-
bachol, a cholinergic agonist, enhanced ISP-stimulated
45Ca2+ uptake and that this increased influx of Ca2+ by
carbachol results in the potentiation of ISP-induced amy-
lase release (Takemura, 1984b). MTX also had an aug-
mented effect on ISP-stimulated 45Ca2+ uptake (Fig. 1).
Therefore, the larger part of the enhancement of amylase
release would seem to be due to the entry of extracellular
Ca2+. This suggestion could be supported from the kinetic
analysis of Ca2+ influx showing two different phases. It
seems likely that the fast phase represents mainly binding
to the cell membrane and that the slow phase means influx
into the cytoplasm, as suggested by Koelz et al. (1977).
MTX potentiated the control and the ISP-stimulated fluxes
of the slow phase. This increased influx probably results in
a higher level of cytosolic Ca2+ concentration. However,
ISP also increased the flux and the pool size of the slow
phase. The increased Ca2+ influx due to ISP may result
from pinocytosis (Putney et al., 1978), although the dif-
ference between MTX-sensitive and ISP-sensitive Ca pools is
unclear from the present data. ISP-stimulated Ca2+ influx
might not be involved in amylase release induced by ISP as
reported by Takemura (1984b).

Butcher (1980) has shown that a cholinergic agonist and
an a-adrenergic agonist mobilize the same pool of cellular
Ca2+ in isolated parotid cells. It has been suggested that this
drug-sensitive Ca pool is located in or near the plasma
membrane (Poggioli and Putney, 1982) and that it is re-
sponsible for K+ release (Putney, 1978). The carbachol-
sensitive Ca pool is inaccessible to EGTA (Poggioli and
Putney, 1982), but MTX increased 45Ca2+ efflux in Ca-free
(1 mM EGTA) medium (Fig. 2). Therefore, the smaller part
of the enhancement of amylase release may possibly be
related to such a drug-sensitive Ca pool. Carbachol, how-
ever, did not affect the ISP-induced amylase release in Ca-
free medium (Takemura, 1984a). 45Ca2+ efflux by 10 pM
MTX was greater than that by equimolar carbachol, and
each drug additively enhanced ISP-stimulated 45Ca2+ efflux
(Fig. 2; Takemura, 1984a). If we assume that the amount
of Ca2+ released from the intracellular pool by MTX is
larger than that by carbachol, cytosolic free Ca2+ concen-
tration, added to Ca2+ released from a different pool by
ISP (Butcher, 1980), may be elevated and result in a weak
potentiation of ISP-induced amylase release in Ca-free
medium. In fact, Ca2+ as an intracellular mediator during

amylase secretion is most effective in a comparatively
narrow range of Ca activities (O'Doherty and Stark, 1982).

Agonists acting on Ca-mobilizing receptors stimulate the
specific hydrolysis of phosphatidyl inositol 4,5-bisphos-
phate to form inositol 1,4,5-trisphosphate and diacylgly-
cerol, which activates protein kinase C (Berridge, 1984).
This enzyme plays an important role in the pathway
linking receptor activation to protein secretion in the paro-
tid gland (Putney et al, 1984). The enhanced effect of
MTX on ISP-induced amylase release in Ca-free medium
may possibly relate to such a Ca2+-independent mechanism.
However, in Ca-free medium, MTX (Table 1) and carbachol
(Takemura, 1984a), which are Ca-mobilizing agonists, did
not induce amylase release, although the activation of pro-
tein kinase C increased 3H-protein secretion (Putney et al.,
1984). Further study is needed to clarify the relationship
between the activation of protein kinase C and the amylase
release in parotid gland.

Cyclic AMP as well as Ca2+ also participates in the regu-
lation of amylase release by ISP (Butcher and Putney,
1980). The important role of cyclic AMP was also con-
firmed by the observation that the lowered level of cyclic
AMP brings about a decrease in amylase release (Takemura,
1984c). However, the change of cyclic AMP levels may not
be essential for the potentiation of amylase release by MTX
in either normal or Ca-free medium. Carbachol also had
both stimulatory and inhibitory effects on ISP-induced
amylase release without affecting cyclic AMP levels (Take-
mura, 1984a, b). It is tempting to speculate that the small
alteration of free Ca2+ in cytosol subtly regulates amylase
release when the raised level of cyclic AMP is not modified.

In conclusion, we suggest that MTX, by mobilizing Ca2+
from both extracellular and intracellular pools, may poten-
tiate 3-adrenergic receptor-mediated amylase release from
dispersed rat parotid cells, but the contribution of the latter
Ca pool to amylase secretion seems to be less than that of
the former.
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