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Zymogen granules of mouse parotid acinar cells are acidified in situ

in an ATP-dependent manner
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Summary. The mechanism for acidification of zymogen
granules in acinar cells of mouse parotid gland was explored
using acridine orange, lysosomotropic agents, and an inhib-
itor of cetlular ATP production. Methylamine and monen-
sin reversibly collapsed the pH gradient of granules without
affecting cellular ATP levels. Depletion of cellular ATP
with antimycin A did not collapse the pH gradient. How-
ever, recovery of acidity in the granules, after collapse of
the pH gradient by methylamine, was blocked by depletion
of cellular ATP. These results demonstrate that zymogen
granules of parotid gland are acidic in situ and that ATP
is required for acidification of the granules.
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Most endocrine and neuroendocrine secretory granules are
actively acidified in situ (for review, see Rudnick 1986).
The molecular mechanism responsible for acidification of
granules is an H*-ATPase (or proton pump), which may
also be found in the trans Golgi. Recently, the finding of
actively acidified granules has been extended to include se-
cretory granules in an exocrine gland, the pancreas (Nie-
derau et al. 1986; De Lisle and Williams 1987). In this re-
port we demonstrate that the secretory granule of another
exocrine gland, the parotid, is also acidic and that acidifica-
tion in situ is ATP-dependent.

Materials and methods

Parotid glands from mice (20-25g male Swiss Webster
strain, Simonsen, Gilroy, CA) were dissociated into small
groups of acinar cells by enzymatic digestion, divalent ca-
tion chelation, and mechanical shearing (Williams et al.
1978 ; De Lisle and Williams 1987). Dissociated acinar cells
were incubated at 37° C with 25 uM acridine orange (East-
man Kodak, Rochester, NY) in HEPES-buffered Ringer
solution, pH 7.4, supplemented with nutrients and equili-
brated with O, (Williams et al. 1978; De Lisle and Williams
1987). Acridine orange is a weak base which will accumulate
in acidic cellular compartments. This dye also has the prop-
erty of being fluorescent, emitting green light at low concen-
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trations and orange light when concentrated (Lee et al.
1982). The cells accumulated acridine orange and, observed
by epifluorescence microscopy with a fluorescein filter, dis-
played green cytoplasm, yellow-green nuclei, and orange
zymogen granules similar to that previously demonstrated
for pancreatic acinar cells (Niederau et al. 1986; De Lisle
and Williams 1987). To document this pattern with black
and white photography, a rhodamine filter block was used
which removes most of the green fluorescence while allow-
ing orange light to pass. Acridine orange-loaded acidic com-
partments appear as bright spots in a dark surrounding
cytoplasm. Paired fluorescent and bright field micrographs
were made to demonstrate the location of fluorescent areas
within the cells.

ATP was extracted from cells by perchloric acid precipi-
tation and measured by luminescence with a luciferase assay
(Kimmich et al. 1975). Protein was measured by the method
of Bradford (1976).

Results

Parotid glands were dissociated into small groups of cells
that retained their attachment to each other at their apical
poles (Figs. 1-6b). The cells also retained the polarity of
their cytoplasm, with zymogen granules clustered around
the acinar lumen and the nuclei located basally. In acridine
orange-loaded parotid acinar cells, the area that corre-
sponded to the location of zymogen granules (Fig. 1b) was
labeled fluorescently (Fig. 1a).

To test whether the fluorescence of granules was due
to dye-binding, the ability of lysosomotropic (acidotropic)
agents (such as methylamine and monensin) to dissipate
the fluorescence was examined. Methylamine is a weak base
and will collapse pH gradients by equilibrating across mem-
branes and binding protons. The ionophore monensin col-
lapses pH gradients in a different manner, by catalyzing
the electroneutral exchange of cations for protons. Both
of these agents abolished the fluorescence of zymogen gran-
ules (Figs. 2 and 3). Since mitochondrial ATP production
involves a proton gradient, and acidification of granules
in other cells is ATP-dependent (Rudnick 1986; Niederau
et al. 1986), ATP levels were determined in cells treated
with methylamine or monensin. Neither lysosomotropic
agent had any effect on cellular ATP levels (Table 1).

The effect of lysosomotropic agents on fluorescence of
zymogen granules was reversible by washing the cells in
the absence of the agent. As seen in Fig. 4, washing and
reincubating the cells in acridine orange-containing medium
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Figs. 1-6. Paired fluorescent (a) and bright field (b)) micrographs of acridine orange-loaded parotid acinar cells. Cells loaded with
25 uM acridine orange for 15 min. Acridine orange present under all conditions and cells kept at 37° C in oxygenated HEPES-buffered
Ringer solution. ( x 590; bar=30 um) Fig. 1 Control. Fig. 2 After 15 min incubation with 30 mM methylamine. Fig. 3 After 15 min
incubation with 3 uM monensin. Fig. 4 After 15 min incubation with 30 mM methylamine followed by washing in absence of methylamine.
Fig. 5 After 15 min incubation with 10 pM antimycin A. Fig. 6 After 15 min incubation with 30 mM methylamine followed by washing
in absence of methylamine with 10 pM antimycin A



Table 1. ATP levels of parotid acinar cells treated with lysosomo-
tropic agents or the mitochondrial electron transport inhibitor anti-
mycin A

Treatment ATP (nmol/mg cell protein)
Control 14.0+1.8

Methylamine, 30 mM 141420

Monensin, 3 puM 13.7+19

Antimycin A, 10 pM 09+0.3*

Parotid cells incubated in oxygenated HEPES-buffered Ringer so-
lution for 30 min at 37° C in presence of indicated agent. ATP
and protein measured as described in Methods. Data represent
means + standard errors from three independent experiments.
(* P<0.001 by one-way analysis of variance compared to control)

without methylamine resulted in zymogen granules becom-
ing fluorescent again, indicating their reacidification.

To determine whether acidification of granules was de-
pendent on ATP, as is the case for other secretory granules,
the mitochondrial electron transport inhibitor antimycin A
was used to deplete cellular ATP. By itself, antimycin A
had little effect on fluorescence of zymogen granules (Fig. 5)
even though cellular ATP levels were less than 50% of nor-
mal within 2 min, and about 6% of normal by 15 min with
no further decrease up to 30 min (Table 1). No decrease
in fluorescence of granules was seen for as long as 45 min
in the presence of antimycin A (not shown). Recovery of
the granule’s pH gradient was dependent on cellular ATP.
If the pH gradient was first collapsed with methylamine
as in Fig. 2, after which the cells were washed in the pres-
ence of antimycin A, the granules did not become fluores-
cent again (Fig. 6).

Discussion

The fluorescent pattern of acridine orange-loaded parotid
acinar cells demonstrates that the zymogen granules are
acidic with respect to the cytoplasm. As expected, the pH
gradient of granules can be collapsed with a weak base
(methylamine) or a cation ionophore (monensin). That two
agents which act in different ways were effective in dissipat-
ing the granular fluorescence constitutes an argument that
the acridine orange accumulation in the granules was due
to a pH gradient, and not to nonspecific dye-binding to
granule contents. Maintenance of the pH gradient did not
require cellular ATP (at least over a 45 min period). That
ATP depletion alone had no effect on intragranular pH
can be explained by the low H* permeability of the granule
membrane (Arvan et al. 1984; De Lisle 1984). However,
once collapsed, recovery of the pH gradient is ATP-depen-
dent. This observation is consistent with the presence of
a inwardly-directed H*-ATPase in the granule membrane,
as is the case in other secretory granules (Rudnick 1986).

It has been reported previously that zymogen granules
of the parotid gland are not acidic by the acridine orange
technique (Arvan et al. 1984). In that report, acridine or-
ange was used at a very low concentration (1.5 pM), which
we found to be too low to label granules fluorescently in
parotid gland acinar cells. At lower concentrations of acri-
dine orange there were a few fluorescent spots (not shown),
but they were not clustered around the apical poles of the
cells. These fluorescent spots which label at lower concen-
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trations of acridine orange probably represent lysosomes
and condensing vacuoles, which are much less abundant
compared to secretory granules, and are also highly acidic
(Rudnick 1986; Orci et al. 1987).

The relatively high concentration of acridine orange
found to be necessary to label granules suggests that the
granules are not as acidic as lysosomes (pH <5), which
do label with low concentrations of acridine orange (Rud-
nick 1986). In a recent study using an electron microscopic
probe of organellar pH, it was reported that pancreatic
and parotid zymogen granules were not detectably acidic
(Orci et al. 1987). The technique used in that study relied
on faithfully retaining the probe in the various cellular com-
partments throughout fixation, dehydration, and embed-
ding for electron microscopy. Therefore, it may be expected
to be less sensitive than acridine orange, which is used on
intact, living cells.

The data presented here for parotid acinar cells, along
with those for exocrine pancreas (Niederau et al. 1986; De
Lisle and Williams 1987), demonstrate that acidification
of secretory granules is a common feature of exocrine
glands and is not restricted to endocrine and neuroendo-
crine tissues. The functional significance of acidification of
exocrine secretory granules remains to be established, but
it may serve to keep the secretory proteins in a condensed
and inert state until secreted (De Lisle and Hopfer 1986).
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