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Age-related changes in the cellular content of
secretory proteins and protein synthesis were
studied in parotid glands of rats of various ages.
The secretory protein content (determined by
measuring the level of a-amylase activity) and the
synthesis of proteins (assayed by the rate of
incorporation of 3H-leucine into acid-insoluble
proteins) decline with increasing age. Morpholog-
ical and radioautographic studies of the gland
indicate that the decline in protein synthesis is due
to the reduction in the ability of secretory cells to
synthesize proteins.
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Introduction.

Previous studies have indicated that age-
related changes occur in the function of
salivary glands in humans. The rate of flow
is reduced in elderly persons,l12 and basal
(fasting), as well as stimulated (chewing),
secretion of saliva is decreased considerably
in older persons (90 years old) compared to
younger persons (12-60 years old). Further-
more, the enzyme content of the saliva is
reduced; a reduction in the content of
amylase1,3,4 in mixed saliva has been re-
ported in elderly persons.

The changes mentioned above, especially
those involving the reduction in the level of
salivary enzymes, suggest that the synthesis
of secretory proteins in salivary glands
declines with increasing age. The reduction
in protein synthesis with aging is a phenom-
enon observed widely in many different
types of tissues. A decline in protein syn-
thesis has been demonstrated in prostate,5
liver,6-9 brain, 0-12 muscle,13,14 testis, 5
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and lens.16 We have also reported pre-
viously that the synthesis of proteins
declines with aging in parotid salivary
glands. 17-19

To determine whether the cellular con-
tent of secretory proteins decreases with the
reduction in protein synthesis in salivary
glands, the differences in the level of a-
amylase activity and the incorporation of
3H-leucine into acid-insoluble proteins have
been compared in parotid glands of rats of
varying ages. The rat parotid gland provides
an excellent system for this kind of study
since the gland consists primarily of one
type of secretory cell which produces a purely
proteinaceous secretion consisting largely of
a-amylase. This enzyme is fairly stable and
can be assayed readily for its activity. The
results from this study indicate that the
cellular level of secretory proteins, as well as
the ability of acinar cells to synthesize
proteins, declines with increasing age in
parotid glands of the rat.

Materials and methods.
Animals. -- Male Sprague-Dawley rats

two, 12, 18, 24, and 30 mo of age were
used.t All rats were of the same strain of
caesarean-derived rats, except that older
ones (12 mo and older) came from the aging
colony maintained by the N.I.A. at the same
breeding laboratory. All rats were housed in
an isolator upon arrival and allowed to
acclimate for at least three d before experi-
ments were begun. Food was removed from
these rats approximately 17-18 h before the
experiment, but they were allowed access to
drinking water. All rats were sacrificed
by cervical dislocation between 8 and 9
a.m. on the day of the experiments. The
parotid glands were removed from the rats

tCharles River Breeding Laboratories, Wil-
mington, MA
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and placed in a dish of ice-cold phosphate-
buffered saline (PBS) for assays of a-amylase
activity and in Minimum Essential Medium
(MEM) § for 3 H-leucine incorporation
studies. After removing the connective
tissue, nerves, and large ducts in the central
region, the glands were sliced with the Stadie-
Riggs tissue slicer for incubation with the
radioactive amino acid. Small pieces of the
gland from old rats were prepared for
pathological screening.

Assays of a-amylase activity and deter-
minations of DNA content. - The glandular
a-amylase was extracted by an extensive
homogenization of the tissue in PBS (pH
6.9, 3.0 ml/0.1 g wet weight of the gland).
A small amount of the homogenate was
removed and centrifuged at 25,000 g for
ten min; the supernatant was used to assay
for its a-amylase activity following appro-
priate dilutions. The a-amylase activity was
assayed by using the Amylochrome meth-
od,$ which is a colorimetric procedure of
measuring the amount of dye released from
the Cibachrome Blue F3 GA-amylose
complex when the 14 bonds of the amylose
are broken by the action of a-amylase. This
assay method was used instead of Bern-
feld's technique20 because of its high
sensitivity and consistency. When tested by
using hog pancreas amylase,0 1050 dye
units were comparable to 1 unit of a-amylase
activity. This activity produces 1 mg maltose
from starch in three min at 37 C.

The remaining homogenate was precip-
itated with perchloric acid (PCA, final con-
centration of 0.3 N) and fractionated as
described by Hinrichs et al.21 DNA was
extracted with hot (70°C) 0.5 N PCA from
the resulting pellet, and the amount of it was
determined according to the diphenylamine
method of Burton,22 using calf thymus
DNA° as the standard.

3H-leucine-incorporation studies. -Tissue
slices were collected in a petri dish contain-
ing ice-cold MEM, which had been gassed
with 95% 02 and 5% C02, and divided into
groups for incubation. Each group was
placed in a 25-ml Erlenmeyer flask, contain-
ing 5 ml of MEM without leucine. Three

/uCi/ml of L-[4,5,3H(N)] -leucine¶ (sp. act.
47-52 Ci/mmol) were added and supple-
mented with 1H-leucine to a total concen-
tration of 0.1 mM. Flasks containing tissue
slices and medium were continuously
gassed and kept on ice for ten min for
equilibration. After this, flasks were
transferred to a water bath maintained
at 370C and agitated at about 90 cycles/min
while maintaining the 95% 02 and 5% CO2
atmosphere. At the end of the incubation,
flasks were put on ice, and tissues were
removed from the medium by filtering
through miracloth. Tissues were further
rinsed with cold PBS and homogenized. A
known amount of the homogenate was
removed for the determination of total
radioactivity. The remaining homogenate
was precipitated with cold PCA (final
concentration, 0.3 N) and fractionated to
obtain PCA-insoluble protein and extract
DNA, as described in the previous section.
The supernatant was used to determine the
3H-leucine available in the PCA-soluble
pool. The PCA-insoluble pellet was dissolved
in NCS tissue solubilizer/ following the
extraction of DNA. The amount of DNA
was determined according to Burton,22 as
described previously. Radioactivity in acid-
soluble fractions and in dissolved pellets
was counted in a Packard Scintillation
Spectrometer. Counting rates were cor-
rected for quenching and background with
an external standard. Total leucine incor-
porated into proteins was calculated from
the total radioactivity and the specific
activity of 3H-leucine in the medium.

Light and electron microscopy. - The
glands were fixed by perfusing the animal's
heart with a mixture of 1% paraformaldehyde
and 1.5% glutaraldehyde buffered with
0.1 M sodium cacodylate to pH 7.4. Glands
were removed, sliced into smaller pieces, and
further fixed in the same mixture for an
additional hour. Tissues were post-fixed in
1% solution of Os04 and prepared for
microscopy as described previously.23

For light microscopy, 1 jum-thick sections
were cut and stained with 1% toluidine blue
for viewing. For electron microscopy, silver
to gold sections (700-900A), cut on a
Porter-Blum MTIIB microtome with a
diamond knife, were stained with uranyl

¶ New England Nuclear, Boston, MA
/Amersham, Arlington Heights, IL

§Grand Island Biological Co., Grand Island,
NY

tRoche Diagnostics, Nutley, NJ
°Sigma, St. Louis, MO
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acetate followed by lead citrate for viewing
and photographing in a Hitachi 11C electron
microscope operated at 75 KV.

For radioautography, two each of two-
month- and 24-month-old rats were injected
with 1 pCi/g (body weight) of L-3H-leucine¶
(sp. act. 47-52 Ci/mmol). Parotid glands
were removed from these rats 90 min after
the injection, sliced, and fixed in 10%
formaldehyde in 0.175 M potassium phos-
phate buffer (pH 7.2). The fixative was
changed several times and further fixed
overnight in the refrigerator. The tissue
slices were dehydrated and embedded in
Epon.23 Sections of 1 u thick were cut and
placed on microscope slides. Slides were
dip-coated with NTB 2 emulsion# diluted
with distilled water in a darkroom main-
tained at 210C and 70% relative humidity.
After five wk of exposure in the refrigerator,
slides were developed in D19# diluted 1:2
with water; they were then fixed, rinsed, and
stained briefly with 1% toluidine blue.

Results.
Comparisons of the biochemical data

obtained from the studies of the different
age groups have been made based on the
DNA content of the gland. The wet weight
index was not used to avoid fluctuations in
the glandular weight due to possible changes
with age in the amount of non-parenchymal
tissues, such as fibrous connective tissue and
fat. However, the data based on the weight
of the gland are included for purposes of

#Eastman Kodak Co., Rochester, NY

comparison with those based on the DNA
content.

Levels of a-amylase activity. - The a-

amylase activity is highest in the glands
of 12-month-old rats, and it is reduced
significantly in older (18, 24, and 30 mo)
rats (Table 1). It appears that the glandular
level of a-amylase activity does not change
significantly with age after it reaches the low
level at 18 mo. The level of the enzyme
activity in young (two mo) rats is inter-
mediate between that of the 12-month-old
and older rats and appears to increase to a

higher level by 12 mo. When the values for
the enzyme activity are expressed as per mg
tissue, the general trend of changing levels of
a-amylase activity with age is similar to that
of the levels based on mg DNA (Table 1).
There is no significant difference in the
amount of DNA/mg tissue among the age
groups (Table 2).

Microscopic structure of the gland. -

The histological appearance of the gland
remains similar up to 24 mo (Figs. 1 and 2),
with the exception of the increase in the
amount of fatty tissues with age. There are
no drastic changes in the proportions of
parenchymal to stromal tissues or secretory
to non-secretory cells. The acinar cells of the
gland in old rats (Fig. 2) are generally filled
with secretory granules as is the case in the
gland of young rats (Fig. 1). These acinar
cells are arranged around the secretory
lumen which appears to be somewhat
dilated in old rats (Fig. 2).

Fatty tissue is not detected in the gland
of two-month-old rats, but is present at 12
mo and considerably increases in older rats.

TABLE 1
AGE-RELATED DIFFERENCES IN a-AMYLASE ACTIVITY IN THE RAT PAROTID GLAND

Number Dye Units Dye Units
of mg tissue ± S.E. mg DNA ± S.E.

Age (months) Rats (x 103) (x 106)
2 4 100.1 ± 3.1a,b,c,d 25.2 + 1.3b,c

12 5 116.8 ± 4.6b,c,d 30.2 + 1.9b,c,d
18 5 82.1 4.8 20.4 1.2
24 4 69.5 ± 3.2 19.9 + 1.1
30 5 76.6 ± 9.7 20.7 ± 2.6

aValue differs significantly from the 12-month value (P < 0.05).
bValue differs significantly from the 18-month value (P < 0.05).
CValue differs significantly from the 24-month value (P < 0.05).
dValue differs significantly from the 30-month value (P < 0.05).

740 KIM



AGE-RELATED CHANGES INPAROTID GLANDS

TABLE 2
THE INCORPORATION OF LEUCINE INTO ACID-INSOLUBLE

PROTEINS BY THE RAT PAROTID GLAND

Number nanomoles/ pg DNA
of mg DNA + S.E. mg tissue

Age (months) Rats h + S.E.
2 4 138.43 5.45a,b,c,d 4.05 ± 0.14

12 5 109.77 + 6.88c,d 3.73 + 0.11
18 8 97.77 + 4.68c,d 3.82 + 0.17
24 4 71.62 + 4.13 3.58 + 0.21
30 3 58.08 ± 5.61 3.73 + 0.10

aValue differs significantly from the 12-month value (P < 0.05).
bValue differs significantly from the 18-month value (P < 0.05).
cValue differs significantly from the 24-month value (P < 0.05).
dValue differs significantly from the 30-month value (P < 0.05).

Fat globules are present mostly at the
periphery of the secretory lobules or in the
connective tissue capsules around the lobules
in the gland of rats up to 24 mo. However,
fat is present in many secretory lobules and
even within the acinar and ductal cells of the
gland in 30-month-old rats (Fig. 3). Some
secretory cells in these old rats are filled with
fat globules instead of secretory granules.

When viewed in the electron microscope,
secretory acinar cells and some ductal cells
in the gland of 12-month-old and older rats
reveal lipofuscin granules (Fig. 4). The
number of these granules seems to increase
with age. In addition, many secretory cells
in 30-month-old rats contain some lipid
granules which are mainly found at the basal
portion of the cell (Fig. 4). Other than the
presence of these granules, there is no
significant difference in the fine structure of
organelles which can be detected without
the quantitative analysis.

Levels of 3H-leucine incorporation into
tissue proteins. - Gland slices from different
age groups were routinely incubated for
30 min in the medium containing 3 H-leucine,
because the label is incorporated into PCA-
insoluble proteins at a constant rate for up
to four h in all age groups (unpublished
observation). The incorporation values
among age groups were compared based on
nanomoles leucine incorporated nmoles per
mg DNA-1 per h-1.

The level of incorporation of leucine into
PCA-insoluble proteins is highest in the
glands of two-month-old rats, and it de-
creases progressively with increasing age by
21, 29, 49, and 58% of the two-month
level in 12, 18, 24, and 30-month-old rats,

respectively (Table 2). On the other hand,
the amount of leucine incorporated into the
acid-soluble fractions of the gland does not
change significantly with age. The amount of
leucine incorporated into the acid soluble
fraction at two and 24 mo is 0.14 + 0.02
nmoles per mg DNA-1 per h-1, while the
same value at 24 mo is 0.12 + 0.02 nmoles
per mg DNA-1 per h-1.

The label appears to be incorporated into
all secretory cells of the gland. In radio-
autographs of the gland prepared from the
rats injected with 3H-leucine, grains are
present in all cells of the gland in both
young and old rats including the secretory
acinar and ductal cells (Fig. 5). However,
the numbers of grains associated with the
secretory acinar cells are clearly larger than
those found over the ductal cells (Fig. 5).

Discussion.
The differences in the level of a-amylase

activity in parotid glands of the various age
groups in this study suggest that the cellular
content of secretory proteins declines with
age. The amylase content seems to be re-
duced significantly between 12 and 18 mo
and appears to remain at about the same
level up to 30 mo. This pattern of changes in
the secretory protein content does not
parallel that of the changes in the cellular
protein synthesis, indicated by the age-
related differences in the 3H-leucine incor-
poration into acid-insoluble proteins of the
gland. However, it is not unreasonable to
expect to find this kind of discrepancy since
the cellular content of secretory proteins is

Vol. 60 No. 3 741
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Figs. 1 and 2 Light micrographs of 1 Cp Epon sections showing the parotid gland from two- (Fig. 1)
and 24- (Fig. 2) month-old rats. There is no obvious difference in the histological appearance of the secre-
tory acini (AC) or ducts (DU) in the glands of these two age groups with the exception of somewhat
dilated acinar lumens in the older rats. (xl,000)
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Fig. 3 -Light micrograph of 1 L Epon section showing the parotid gland from a 30-month-old rat.
Fat globules are present in the connective tissue (FC) around the secretory lobules, as well as in the
acinar (FA) and ductal (FD) cells. Some of these fat globules (FA) are large and appear to fill most of the
cellular space. (x1,000)
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Fig. 4 - Electron micrograph showing a portion of the gland from a 30-month-old rat. The secretory
granules of old rats are often heterogeneous in appearance. A large number of lipofuscin granules (LF)
are scattered in the cytoplasm throughout the cell. In addition, many acinar cells contain lipid droplets
(LP), which are frequently concentrated in the basal cytoplasm near the nucleus. No further unusual
appearance is detectable in relation to other cellular organelles. (x15,600)

dependent on factors other than the level of
cellular protein synthesis. It is related to the
level of masticatory activity of the ani-
mal24'25 and is influenced by the activity of
the autonomic innervations to the gland.26,27
In fact, the rate of protein synthesis in the
parotid gland increases to the highest level
when the cells are almost completely de-
pleted of a-amylase, following stimulated
secretion with isoproterenol.28 Nevertheless,
it is likely that the cellular content of
secretory proteins is affected by the changes
in the level of protein synthesis.

The progressive reduction in the incor-
poration of 3H-leucine into acid-insoluble
proteins of the gland indicates that cellular
protein synthesis declines with aging. The
results from our biochemical and morpho-
logical studies suggest that this decline is
due to the changes in the ability of the
secretory cells to synthesize proteins, rather

than the changes in the number of cells or
other factors, such as the cellular metabolic
activity or the size of the amino acid pool.
The size of the free-leucine pool appears to
remain stable with aging, as the incorpora-
tion of the amino acid into the acid-soluble
fraction does not vary significantly up to
24 mo. The cellular metabolic activity, as
measured by the ability of the parotid gland
slices to oxidize 14C-glucose to 14C02,
does not decline between two and 24
mo.18,19

The presence of radioactive grains in all
recognizable acinar cells of the gland in rats
injected with 3H-leucine demonstrates that
the reduced level of leucine incorporation is
not due to the reduction in the number of
cells capable of incorporating the amino
acid. Furthermore, there are no significant
changes in the proportion of secretory cells
to ductal cells or parenchymal to stromal

744 KIM
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Fig. 5 - Light micrograph showing the radioautographic preparation of the gland from a 24-month-old
rat which was injected with 3H-leucine 90 min prior to sacrifice. Radioautographic grains are present in
almost all secretory acinar cells, indicating that all the acinar cells of the gland at this age incorporate the
label (unstained preparation). (x1,000)

tissues up to 24 months. Although careful
quantitations of the structural changes in the
gland have not been done, it seems clear that
there are no drastic morphological changes
which parallel the reduction in protein
synthesis (~ 50%) measured in the glands of
24-month-old rats.

However, there are noticeable differences
in the structure of the gland in 30-month-old
rats. Some of these structural changes are

similar to those described previously by
Andrew,29 and they include the increase in
the amount of fatty and other connective
tissue in the gland, as well as the appearance
of lipid and lipofuscin granules in many
secretory cells. Therefore, it is quite pos-
sible that these structural changes are at least
partially responsible for the further reduc-
tion in the incorporation of leucine after 24
mo. However, structural changes do not
fully explain the reduction in the amino acid
incorporation up to 24 mo.

The decline in the ability of cells to
synthesize protein is, by no means, a phe-
nomenon unique to the rat parotid gland.

Many previous studies of in vitro amino acid
incorporation have shown that tissues from
older animals are less active in protein syn-
thesis than those from younger animals. It
remains uncertain as to what specific cellular
changes are responsible for such a decline in
protein synthesis. Many previous stud-
ies6-8,10,14,30-34 have indicated that age-
related changes which occur in microsomes
are among the causes for cellular changes in
protein synthesis. Recently, it has been
shown that the age-related decrease in the
synthetic capacity of ribosomes is due to a
reduction in the number of active ribosomes
rather than a reduced efficiency in individual
ribosomes.35 Whether or not such changes
occur in ribosomes of the secretory cells in
parotid glands of the rat remains to be
investigated.

Conclusions.
This study has shown that the cellular

level of a-amylase activity and the incor-
poration of 3H-leucine into acid-insoluble
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proteins decline with age in parotid glands of
the rat. In radioautographs of the gland from
the rats which were injected with the labeled
amino acid, grains are present in all secretory
acinar cells. These results indicate that the
ability of secretory cells to synthesize pro-
tein declines with increasing age.
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