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Summary—The rate of synthesis of secretory proteins increases significantly in rat parotid glands after
stimulated discharge of stored proteins. How any difference in the amount of secretory protein discharge
affects the rate of subsequent protein synthesis, and whether this post-secretory synthesis is regulated at
the level of messenger RNA, was now examined. One group of rats was stimulated to secrete 97% of stored
secretory proteins by an intraperitoneal injection of isoproterenol. The other group received a much
smaller dose to induce the discharge of about 40% of the proteins. Despite this difference in secretion,
the subsequent rates of total protein synthesis, as well as of amylase, were increased to about the same
extent. The amylase messenger RNA (mRNA) was identified and quantified by hybridization with a
2p.labelled amylase complementary DNA (cDNA) probe. The amylase mRNA in stimulated and
unstimulated rats was of the same molecular size (Northern blot analyses). The amount of amylase
mRNA, determined by dot blot analyses, were also increased in stimulated rats, although this increase
was not as great as that in the rate of amylase protein synthesis. The implications of this discrepancy
concern the possibility that the mechanism of regulation of secretory protein synthesis in parotid glands
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is at the translational level.

INTRODUCTION

In the parotid acinar cells, as in other exocrine glands,
newly synthesized proteins are processed, packaged
and stored for secretion (Palade, 1975; Castle,
Jamieson and Palade, 1972). The stimulation of
parotid glands by beta agonists, such as isoproterenol
or epinephrine (Bdolah and Schramm, 1965; Babad
et al., 1967; Amsterdam, Ohad and Schramm, 1969;
Malamud, 1972; Lillie and Han, 1973), induces the
release of stored secretory proteins from the acinar
cells. The secretion is followed by an increased rate
of synthesis of these proteins (Lillie and Han, 1973).

Studies of amino acid incorporation have indicated
that the rate of post-secretory protein synthesis is
increased compared to that in unstimulated glands.
An increased rate of incorporation has been observed
in parotid glands after secretion induced by feeding
(Johnson and Sreebny, 1973; Sreebny, Johnson and
Robinovitch, 1971), a secretogogue (Lillic and Han,
1973), or in wvitro stimulation (Grand and Gross,
1970). After a single injection of isoproterenol
(8 mg/kg body weight), which induces the discharge
of 99% of stored secretory proteins within 2 h in rat
parotid glands, the rates of incorporation of amino
acids into acid-precipitable protein and amylase
increase significantly, reaching the highest level at 6 h.
At this time, the rate of incorporation is about 2.5
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times higher than in unstimulated glands (Lillie and
Han, 1973).

Thus, it appears that secretion or some related
cellular events affect the rate of subsequent protein
synthesis. However, it is not known how the rate of
post-secretory protein synthesis is regulated, or
whether this regulation takes place at the level of
transcription or translation. We have now examined
how differences in amounts of secretion affect rates of
subsequent protein synthesis, and whether the
changes in rates of post-secretory synthesis accom-
pany similar changes in levels of secretory protein
messenger RNA.

MATERIALS AND METHODS

Rats

Male Sprague-Dawley rats weighing about 250 g,
were obtained from Harlan Sprague Dawley Inc.
(Indianapolis, Ind., U.S.A.). They had no immuno-
logical titre for sialodacryoadenitis viruses, which are
known to affect the structure and function of salivary
glands (Jonas er al., 1969). The rats were housed in
constant-temperature environment with 12 h cycles
of day and night. Food was withheld for about
16 h before experiments but drinking water was
available during this period. All experiments began
at 8:00 a.m.

To induce discharge of stored proteins, rats were
injected intraperitoneally with isoproterenol (Sigma,
St. Louis, Mo., U.S.A.) dissolved in saline. A dose of
8 mg/kg body weight (Lillie and Han, 1973) was given
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to induce a near total discharge of stored proteins.
Another group of rats was injected with 0.4 mg/kg
body weight of isoproterenol, a dose which in prelim-
inary experiments induced secretion of only about
50% of stored proteins; the control group was in-
jected with saline only. The rats were then killed at
various times by cardiac puncture after light
methoxyflurane anaesthesia.

Amylase activity assays

Glandular amylase was extracted by homogen-
ization in distilled water, and the differences in the
enzyme levels among the groups were compared,
based on the DNA content of the gland (Kim, 1981).
The amylase level was determined by activity
assays (Bernfeld, 1955), with starch as the substrate.
The DNA content was determined by the dipheny-
lamine method of Burton (1956).

Radioactive amino acid incorporation studies

For these, rats were injected with 1 uCi/g body
weight of L-leucine, 4,5-°H, obtained from ICN
Radiochemicals (Irvine, Calif., U.S.A.; 40 Ci/mmol),
and killed 30 min later. Parotid glands were removed,
cleaned of connective tissue and fat, and homoge-
nized in distilled water. The homogenate was divided
into samples for various assays. Two samples of
1 ml each were precipitated with 0.3 N perchloric
acid to separate acid-soluble and -insoluble fractions
(Kim er al., 1980, 1981; Kim and Arisumi, 1985).
The amount of radioactivity incorporated into the
acid-insoluble precipitate was determined by scintilla-
tion counting on a Beckman LS9800 spectrophoto-
meter, after digestion in a commercially available
tissue solubilizer (NCS; Amersham, Chicago, Ill.,
US.A).

The incorporation values were corrected for
differences in the size and specific radioactivity of
the free leucine pool to insure that rates of leucine
incorporation were not affected by changes in
the precursor pool. The amino acid analysis was
done by a Kratos analyser system (Interaction Co.,
Los Altos, Calif., US.A.), using the acid-soluble
fractions of the gland (Kim and Arisumi, 1985).
This system was equipped with a AA 511 cation
exchange column and used o-phthaldehyde as
the detection reagent. The amino acids were deriv-
atized in a post-column reactor and detected fluoro-
metrically with a Kratos FS 950 fluorometer,
modified from Bohlen and Mellet (1979). One-minute
fractions were collected in scintillation vials with a
Gilson FC-100 fraction collector. Each fraction
was mixed with Atomlight (New England Nuclear
Products, Boston, Mass.,, U.S.A.)) and radio
activity measured in a LS9800 Beckman scintillation
counter.

To compare rates of synthesis of secretory proteins,
the incorporation of the label into amylase was
measured; amylase was precipitated with glycogen
(Loyter and Schramm, 1962) from samples of the
gland homogenate for scintillation counting. Rates of
[*H}-leucine incorporation into the acid-insoluble
fraction and the amylase were compared, based on
the tissue DNA content.

Extraction of total cytoplasmic RNA from parotid
glands

Total unfractionated RNA was extracted by
the procedures of Chirgwin et al. (1979), which use
guanidinium thiocyanate in the homogenizing
medium to control RNase activity. RNA was precip-
itated with ethanol and acetic acid, dried, dissolved in
sterile distilled water and kept in liquid nitrogen
vapour, after division into samples. Frozen RNA was
thawed and used once. Some RNA samples become
degraded during extraction and precipitation. There-
fore, each sample was separated into different sizes
by electrophoresis on agarose gel containing ethidium
bromide (Maniatis, Fritsch and Sanibrook, 1982).
After this, only samples that showed two sharply
separated ribosomal RNA bands were used for
further studies. The ratio of A,y/Ay, of the
RNA samples ranged from 2.09 to 2.14. The DNA
contamination was less than 1%.

Amylase cDNA probe preparation

Escherichia coli bacteria (DH1 strain), transformed
with the PU®® plasmid containing a parotid amylase
DNA sequence inserted at a Pstl site, were used as the
source of amylase complementary DNA (cDNA).
The plasmid DNA was isolated after culturing the
bacteria in Luria-Bertani medium containing ampi-
cillin (50 ug/ml; Maniatas er al., 1982). The bacterial
culture was concentrated, lysed and treated with
RNase. The supernatant was extracted twice with
15ml phenol-chloroform (1:1) mixture and once
with chloroform only. Two volumes of absolute
ethanol were added and the solution was left at
—20°C overnight to precipitate DNA. The next
morning, the precipitate was centrifuged and treated
with 0.4ml 4 M NaCl and 2mi 13% polyethylen-
glycol in ice water for 1 h. After centrifugation, the
pellet was washed in 70% ethanol, centrifuged again
and dried under a N, stream. The final pellet was
dissolved in 10 mM tris-HCl, 1mM EDTA and
stored at —20°C until used. The concentration if
isolated DNA was determined by the absorbance at
260 nm.

Before oligolabelling, the plasmid was cut with the
restriction enzyme Pstl to produce free amylase
¢DNA. The isolation of the amylase cDNA was
not necessary because of its large size (1.7 kb) relative
to that of the vector (2.7 kb). The cut cDNA was
labelled with P, as described by Feinberg and
Vogelstein  (1983), using an oligolabelling kit
(Pharmacia, Piscataway, N.J., US.A) and [a-
3P)-deoxycytidine triphosphate (3000 Ci/mmol,
Amersham). Unincorporated [*?P}-deoxycytidine
triphosphate was separated from the labelled probe
by gel filtration through a Sephadex G-50 column
(Worthington Biochem. Corp., Freehold, N.J.,
U.S.A.). The specific activity of the probes ranged
from 0.8 to 1.7 x 10° counts/min per ug DNA and
the probe saturation was 400ng DNA/ug RNA
spotted. The probes were boiled to denature them
before being added to the filters for hybridization.

Hybridization
RNA-bound filters (dot and Northern blots),
placed in sealable plastic bags, were prehybridized at
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42°C for 4 h (Maniatis et al., 1982); prehybridization
solution was added at about 1ml/cm? of filter.
The solution was then removed and hybridization
solution (prehybridization solution + EDTA to
5mM) was added to a final volume of 0.1 ml/cm?,
The labelled probe was denatured by boiling in
10 mM tris-HCI (pH 7.4), ] mM EDTA for 10 min
and cooled to 42°C. The denatured probe was added
to the hybridization buffer and the blots were
hybridized overnight (about 16 h) at 42°C. The next
morning, the filters were removed from the sealed
bags and washed at room temperature (24°C) twice
for 5 min each and twice for 10 min each in 2 x SSC
(0.3 M NacCl, 0.03 M sodium citrate)/0.1% sodium
dodecyl sulphate with about 2 ml wash solution/cm?.
After this room temperature washing, the filters were
washed in 0.1 x SSC/0.1% sodium dodecy! sulphate
at 50°C with shaking, once for 2 h (2 ml/cm?), then
once for 30 min (5 ml/cm?). Washed filters were dried
under a goose-neck lamp, plastic wrapped and ex-
posed to film (Kodak XO-Matic AR) at —70°C in a
cassette with intensifying screens.

Northern blots

RNA samples (usually 2-4 pug) in 2.25 ul were
added to denaturing solution (2ml35 xrunning
buffer, 3.5 ml formaldehyde, 10 ml formamide) to a
total volume of 10 ul, and denatured by heating to
55°C for 15 min. The RNA samples were separated
by electrophoresis in 1% agarose gel with formalde-
hyde (Maniatis et al., 1982).

After electrophoresis, the gel was soaked at room
temperature for 5 min in several changes of water, for
30 min in 50 mM NaOH/10 mM NaCl, for 30 min in
0.1 M tris—CI (pH 7.5), and for 45 min in 20 x SSC.
The prepared gel was then placed on a nitrocellulose
filter (Schleicher and Schuell, Keene, N.H., U.S.A)),
soaked in 2 x SSC, and covered with 3 pieces of 3IMM
paper soaked in 20 x SSC. A glass plate and a 500 g
weight were set on top and the entire assembly was
left overnight. After the transfer was complete, the
filter was washed in 3 x SSC, air dried, and baked for
3-4 h at 80°C under vacuum to fix the RNA to the
filter.

RNA dot blots

RNA samples, combined 1:3 with 6.15M formal-
dehyde/10 x SSC and denatured by heating to
55°C for 15 min, were spotted using a Minifold I
(Schleicher and Schuell, Keene, N.H., U.S.A.) as a
guide. The filters were placed under a lamp until dry,
then baked for 2 h at 80°C under vacuum. Dot blots
were hybridized with *P-labelled amylase ¢cDNA
probe overnight, washed and air dried as described
above. The dots were cut out and their radioactivity
determined by scintillation counting.

RESULTS

A single injection of the high dose of isoproterenol
(8 mg/kg) induced, as expected, a near total discharge
of secretory proteins from the glands, and a signifi-
cant increase in the rate of subsequent protein synthe-
sis. The amylase content was reduced by about 97%
of the unstimulated level in 2 h, and it then increased
gradually, reaching about 50% of the unstimulated
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Fig. 1. Amylase content of rat parotid glands at various
times after stimulation with an injection of high (8 mg/kg
body weight) and low (0.4 mg/kg body weight) doses of
isoproterenol. The enzyme activity, determined at each
point, is shown as the percentage of the unstimulated level.

level in 21 h (Text Fig. 1). The amylase content was
only about 7.6% of the unstimulated level at 6 h after
injection. At this time, the rate of protein synthesis,
as determined by the rate of incorporation of
[*H]-leucine into the acid-insoluble fraction, was ele-
vated by about 2.6 times over the unstimulated level
(Table 1).

In contrast, the lower dose of isoproterenol de-
creased the amount of discharge of stored secretory
proteins (Text Fig. 1). Two hours after stimulation
with isoproterenol (0.4 mg/kg body weight), the amy-
lase content was reduced by only about 40% of the
unstimulated level. The content was restored to al-
most the unstimulated level (about 97%) 6 h after
injection (Text Fig. 1).

Despite this small amount of secretion, the rate of
post-secretory protein synthesis increased by about
the same extent as in rats stimulated with the higher
dose. The rate of incorporation of [*H}-leucine into the
glandular protein increased by about 2.5 times over
the unstimulated level at 6h after low-dose stimu-
lation (Table 1). The rate of label incorporation 2 h
after this low dose did not increase significantly above
the unstimulated level (Table 1), as was the case after
high-dose stimulation (Lillie and Han, 1973). The
rate of incorporation of [*H}-leucine into amylase
(precipitated with glycogen) was increased by 4.33
and 3.85 times the unstimulated level in glands

Table 1. Rate of [*H}-leucine incorporation into total and
amylase proteins in parotid glands of isoproterenol-stimu-
lated and unstimulated rats

Total protein Amylase

Isoproterenol (acid-insoluble)  (glycogen precip.)
stimulation (dis/min x 10~2/h) (dis/min x 10~%/h)
Unstimulated 2322+3.15 1.51+£0.23
High dose 56.27 +9.42 5.82 +0.19
(6h) (p <0.05)* (p <0.001)*
Low dose 17.01 +3.28 2.13+042
(2h) (p >0.1)* (p > 0.05)*
Low dose 54.11 +4.64 6.54 +0.79
(6h) (p <0.001)* (p <0.001)*

Numbers are mean values of dis/min per mg DNA per h and
standard errors of means from three separate assays.
Each incorporation value has been adjusted by the
specific activity of the precursor pool (see text).

*Statistical significance of each value as compared to the
unstimulated value in this column.
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6 h after stimulation with high and low doses of
isoproterenol, respectively (Table 1).

To determine whether levels of secretory protein
messenger RNA change after stimulated secretion, we
identified and quantified amylase messenger RNA
with the amylase cDNA probe labelled with P. The
parotid mRNA that hybridized with the radioactive
amylase cDNA in Northern blots at various times
after the stimulation with high and low doses of
isoproterenol was of the same molecular size as the
mRNA in unstimulated glands (Plate Fig. 2).

The hybridization of the *!P-labelled probe in-
creased linearly with increasing concentrations of
amylase cDNA and antisense mRNA (Plate Fig. 3).
In the presence of saturating probe concentrations,
the amylase cDNA hybridized with parotid mRNA
in a concentration-dependent manner in dot blots
(Plate Fig. 4). The content of amylase mRNA in both
stimulated groups was slightly higher than in unstim-
ulated rats (Table 2). The increase in the mRNA
content in both stimulated groups was statistically
significant, although it was much less than the in-
crease in the rate of protein synthesis measured by
radioactive leucine incorporation. The amount of
amylase mRNA increased by about 1.4 and 1.26
times the unstimulated level 6 h after stimulation with
the high and low dose of isoproterenol, respectively.

DISCUSSION

A single injection of isoproterenol (8 mg/kg) in-
duced the discharge of almost all stored proteins from
the rat parotid gland, as was expected from the study
of Lillie and Han (1973). Also, the rate of protein
synthesis increased by about 2.5 times the unstimu-
lated level 6 h after the injection. Stimulation with
a much smaller dose (0.4 mg/kg) of isoproterenol
induced the secretion of only 40% of the glandular
protein. Despite this difference in protein secretion,
rates of post-secretory synthesis of total protein, as
well as of amylase, increased by about the same
extent in the two groups. Thus, it appears that the
rate of post-secretory protein synthesis increases to its
maximum level after the discharge of at least 40% of
stored proteins in this gland; the rate is therefore not
regulated by any differences in amounts of secretory
protein discharged.

It is not known what cellular factors or events are
involved in raising the rate of secretory protein
synthesis after stimulated secretion. As secretogogue
effects on the rat parotid gland are mediated by cyclic
AMP (Babad er al, 1967; Bdolah and Schramm,

1965; Malamud, 1972), cAMP might be involved in
the stimulation of protein synthesis. However, an
elevated cAMP level is maintained for only about
45 min in parotid glands after a single injection of
isoproterenol (Furono, Asami and Matsudaira,
1974), whereas the peak of protein synthesis is not
reached until 6 h. Thus, it is unlikely that the sus-
tained high level of protein synthesis requires the
presence of cAMP, although some early events pre-
ceding the process of protein synthesis might be
cAMP-dependent.

Regardless of how the rate of secretory protein
synthesis increases after stimulated discharge, it was
expected that this increase would be accompanied by
a parallel increase in the available amount of mRNA
for these proteins. The rate of synthesis of a protein
is generally proportional to the available amount of
its corresponding mRNA, and the degree of mRNA
stability plays an important role in the regulation of
protein synthesis (Lodish, 1976). In developing pan-
creas (Harding and Rutter, 1978; Przybyla et al.,
1979) and the parotid gland (Poulsen er al., 1986;
Shaw, Sordat and Schibler, 1986), the rate of amylase
synthesis is related to the rate of accumulation of
amylase mRNA.

We found small but significant increases in
the available amounts of amylase mRNA in
isoproterenol-stimulated glands. The mRNAs
present at various times after stimulation were of one
molecular size, the same size as in unstimulated
glands (Plate Fig. 2). Thus it is likely that the increase
in the amount of the mRNA represents the synthesis
of functionally mature amylase mRNA after stimu-
lated secretion. However, the magnitude of the in-
creases in amylase mRNA in either dosage group did
not parallel that of the increases in rates of synthesis
of total or amylase proteins.

One possible explanation for this discrepancy is an
increase in the rate of amylase mRNA degradation,
which would prevent mRNA accumulation in the
gland after stimulated secretion. Apparently, the rate
of degradation of some species of mRNA changes in
response to physiological stresses, such as hormone
induction in animals (Guyette, Matusik and Rosen,
1979; Brock and Shapiro, 1983), or alterations in
growth rate in bacteria (Nilsson ef al., 1984).

Alternatively, it is possible that the mRNA avail-
able in stimulated glands is much more efficient in
its translational activity than its counterpart in un-
stimulated glands. Modifications, such as cap and
cap-methylation at the 5" terminus, have been shown
to increase mRNA translatability (Kozak, 1980;

Table 2. Amylase messenger RNA content in parotid gland before and
after stimulation with high and low doses of isoproterenol

Hours after
stimulation

High dose
(dis/min per ug RNA x 107° + SEM)

Low dose

Unstimulated

1 53.58 £ 0.73*(1.23 x C)

43.64 + 1.90
45.61 +7.25(1.05 xC)

2 51.73 £3.64(1.19 x C) 46.85+ 5.16(1.07 x C)
4 5190+ 197*(1.19xC) 5564 +4.30*(1.27 xC)
6 60.99 + 3.55* (1.40 x C) 5491 £6.23*(1.26 x O)

Each value is the mean + SEM from 8 determinations; each group
consisted of 4 rats. The values marked with * are those which are
statistically (p < 0.05) different from the unstimulated value. Numbers
in parentheses are the ratio: stimulated value/control value.
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Cordell et al., 1982). Some portions of secretory
protein mRNA in unstimulated glands might also
be sequestered in the cytoplasm, inaccessible to ribo-
somes for translation. The secretogogue-stimulated
phosphorylation of a 29 kdalton polypeptide, an
integral protein of ribosomal S6 in the pancreas and
parotid gland (Freedman and Jamieson, 1982a,b,c),
might increase the accessibility of ribosomes to secre-
tory protein mRNAs. Furthermore, this kind of
peptide can also indirectly stimulate mRNA trans-
lational activity by modulating the activity of other
peptides, such as the cap-binding protein (Cordell
et al., 1982). These possibilities imply the trans-
lational control of secretory protein synthesis.

It is therefore, possible that the synthesis of amy-
lase in rat parotid gland, after stimulated secretion is
regulated at the level of translation. In fact, Grand
and Gross (1970) have reported that the addition of
actinomycin D 30 min before stimulation of parotid
glands by epinephrine does not prevent amylase
release or the subsequent increase in amylase and
total protein synthesis. They concluded that the
control of amylase synthesis was exerted at the
translation level, independent of transcription. There
are many examples of the translational control of
protein synthesis (Cordell et al., 1982; Noe, 1981;
Thireos, Griffin-Shea and Kafatos, 1980; Lindquist,
1981).

It will now be necessary to measure the rates of
transcription and degradation of parotid secretory
protein mRNAs, and their translational efficiency, in
order to determine whether the stimulated synthesis
of secretory proteins is indeed regulated at the trans-
lational level.
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Plate 1

Fig. 2. Northern blot analyses of amylase mRNA in rat parotid glands, either unstimulated or stimulated

with isoproterenol. Two microgrammes of total parotid RNA were loaded in each lane of agarose gel and

RNA was transferred overnight on to a nitrocellulose filter. Lanes 1, 6 and 11 contained total parotid

RNA from unstimulated rats. Lanes 2, 3, 4 and 5 contained total parotid RNA from rats stimulated with

the high dose of isoproterenol, 1, 2, 4 and 6 h after the injection, respectively. Lanes 7, 8, 9 and 10 contain

RNA from rats stimulated with the low dose of isoproterenol and killed 1, 2, 4 and 6 h after the injection,
respectively.

Fig. 3. Dot blot hybridization of the **P-labelled amylase cDNA probe with 0.5, 1, 2, 4 and 8 ng of

amylase cDNA (A) and antisense mRNA (B), which was generated by the Riboprobe system (Promega

Biotech, Madison, Wis., U.S.A.) with the amylase cDNA as the template. The hybridization signal
increases linearly with increasing concentrations of amylase cDNA and mRNA.

Fig. 4. Dot blot hybridization of *P-labelled amylase cDNA with increasing concentrations (0, 25, 50,

75 and 100 ng) of total unfractionated RNA from parotid glands of stimulated and unstimulated (U) rats.

The stimulated parotid RNA samples were obtained 1, 2, 4 and 6 h after injection of high dose (8 mg/kg
body weight) of isoproterenol.
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