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Abstract
Exocrine cells have an essential function of sorting secreted proteins into the correct secretory
pathway. A clear understanding of sorting in salivary glands would contribute to the correct targeting
of therapeutic transgenes. The present work investigated whether there is a change in the relative
proportions of basic PRP and acidic PRPs in secretory granules in response to chronic isoproterenol
treatment, and whether this alters the sorting of endogenous cargo proteins. Immunoblotting of
secretory granules from rat parotids found a large increase of basic PRP over acidic PRPs in response
to chronic isoproterenol treatment. Pulse chase experiments demonstrated that isoproterenol also
decreased regulated secretion of newly synthesized secretory proteins, including PRPs, amylase and
parotid secretory protein. This decreased efficiency of the apical regulated pathway may be mediated
by alkalization of the secretory granules since it was reversed by treatment with mild acid. We also
investigated changes in secretion through the basolateral (endocrine) pathways. A significant
increase in parotid secretory protein and salivary amylase was detected in sera of isoproterenol-
treated animals suggesting increased routing of the regulated secretory proteins to the basolateral
pathway. These studies demonstrate that shifts of endogenous proteins can modulate regulated
secretion and sorting of cargo proteins.

Keywords
amylase; parotid secretory protein; polarized secretion; parotid gland; sorting

INTRODUCTION
The parotid salivary gland contains acinar cells which are effective factories for regulated
secretion of proteins, such as amylase and parotid secretory protein (PSP), which contribute
to digestion and anti-bacterial activities of saliva. Secreted proteins are predominantly stored
at high concentrations in dense core secretory granules of both endocrine and exocrine glands
(15,16,34,40). Multiple post-Golgi pathways exist for the intracellular trafficking of these
secretory proteins. The major pathway is the regulated secretory pathway wherein the cargo
proteins (e.g., hormones or digestive enzymes) are secreted in response to external stimuli.
Alternatively, the constitutive pathway, which is common to all eukaryotic cells, secretes
proteins in the absence of any stimulation (34). Both pathways originate in the trans-Golgi
network. In addition, a minor-regulated pathway and a constitutive-like pathway, originating
from the maturing secretory granules, are also present in the exocrine salivary acinar cells (2,
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4,7,17). In the parotid gland, regulated secretion targets the cargo proteins to the apical cell
surface and into the oral cavity while the constitutive secretory pathways allow secretion from
both the apical (into the oral cavity) and basolateral (into the circulation) cell surfaces (25).

Delivery of the cargo proteins to specific post-Golgi vesicles involves processes collectively
termed protein sorting (2,34,44). Sorting most likely involves either the selective entry (9) or
retention (24,25) of regulated cargo proteins into the nascent secretory granule. Several sorting
signals and other mechanisms appear to be involved for different cargo proteins and cell types
(23,24). While calcium induced aggregation is a common theme for protein storage in granules
of endocrine and exocrine cells (22,35,45,46), such a mechanism is lacking in the storage of
regulated secretory proteins of the parotid gland (47). However, pH has been shown to play a
role in regulated secretion of proteins from the parotid gland (48,49). Indeed, mild alkalization
by addition of weak bases reduces the regulated secretion of the cargo proteins (38,49).

The parotid and submandibular glands have been suggested to be opportune sites for production
of therapeutic transgenic peptides (6,20,30,33,51). Several regulated and constitutive proteins
such as human growth hormone, human α1 anti-trypsin, kallikrein, and human erythropoietin
have been expressed in salivary glands (5,20,27,29,33,50). However, proteins that are normally
secreted in an endocrine fashion, when placed into the salivary gland enter the regulated
secretory pathway into the oral cavity, which is not therapeutically useful (5,51). Hence,
therapeutic peptides from foreign genes would need to be routed to the correct secretory
pathway (i.e., basal secretion to the blood, or apical regulated secretion to the oral cavity).
Therefore, it is important to define the molecular mechanisms regulating sorting of secreted
proteins in the parotid.

We have shown that a decrease of proteoglycans decreases storage of multiple cargo proteins
in the parotid granule (48). This may be related to analogous mechanisms in which heparin
proteoglycan is necessary for gastric mast cell secretion (18,31). The core proteins of the
sulfated proteoglycans are acidic proline rich proteins (PRPs; PRPg1 (GI:27544948) and
PRPg2 (GI:25453417)) (14). In contrast to these, basic PRP (GI:206393) is not sulfated, but
is predominantly present as a glycosylated form, in addition to a minor non-glycosylated form
(13). Transfected basic PRPs enhance glycosylation of secreted proteoglycans, such as acidic
PRPs. Furthermore, the anionic glycosaminoglycan (GAG) side chains of PRPs are important
for normal regulated secretion of that protein (13), as well as other cargo proteins (amylase
and PSP) in the parotid (48). It has been suggested that the anionic sulfated proteoglycans might
serve to balance the charges of cationic cargo proteins (8,13,14), possibly by modulation of
granule pH rather than a direct interaction with other granule components (48).

We hypothesize that the relative expression of PRPs (i.e., the ratio of basic PRP to acidic PRPs)
may play an important role in the storage and regulated secretion of other proteins. PRP
expression increases with chronic treatment of rats with the β-adrenergic agonist isoproterenol
(Ipr) (32,39,42), however, the relative changes of basic and acidic PRPs have not been defined.
Further, we have used this model system to investigate the effects of increased PRP on the
processes of regulated secretion and sorting. We find that increased basic PRP expression
decreases the efficiency of stimulated secretion from the parotid through a pH-sensitive
mechanism, and increases cargo protein (amylase and PSP) secretion in the basolateral
pathway.

MATERIALS AND METHODS
Isoproterenol treatment of rats and parotid tissue culture

Animal use was approved by the Institutional Animal Care and Use Committee at the
University of Louisville. Male Sprague-Dawley rats (280–300 g) were treated daily with
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intraperitoneal injections of dl-isoproterenol (0.02 mg/g body weight) in 0.3 ml of saline for
10 days. This produces a short exposure to isoproterenol which is rapidly cleared from the body
(28). Control rats received the same amount of saline alone. Control and Ipr-treated rats were
euthanized by carbon-dioxide asphyxiation 24 h after the last injection. The parotid glands
were surgically removed, cleaned of fat and connective tissue and placed in Krebs Ringer
HEPES buffer (KRH; 10 mM HEPES, 129 mM NaCl, 5 mM Na2CO3, 4.8 mM KCl, 1.2 mM
K2HPO4, 1.2 mM MgCl2, 1 mM CaCl2 and 2.8 mM glucose, pH 7.4) under constant
oxygenation. The tissue was sliced into 0.5 mm slices using a Stadie-Riggs tissue slicer and
the weight noted.

[3H]proline PRP pulse-chase radiolabeling
For [3H]proline radiolabeling of proline rich proteins (PRPs), parotid tissue slices from control
and Ipr-treated rats were washed for 30 min with KRH and pulse-labeled for 2 h in 1 ml of
KRH containing 200 μCi [3H]proline/ml at 37 C in a shaker water bath (48). All incubation
media were oxygenated every 10 min. The pulse labeling medium was replaced with
Dulbecco’s modified Eagles medium (DMEM) and the tissue washed for 30 min. Chase
incubation in DMEM containing 1 mM cold proline was continued for 1 h, after which basal
and stimulated secretion were measured sequentially in each culture. In order to measure
secretion in the absence of any secretagogue (basal secretion), the tissue was incubated for 30
min in DMEM alone and the medium collected. For all in vitro secretion experiments, “basal
secretion” is operationally defined as secretion in the absence of a secretagogue, and therefore
does not refer to a particular secretion pathway since it includes several constitutive pathways
(25). Stimulated secretion was measured in DMEM with 30 μM of the β-adrenergic agonist
isoproterenol (Sigma, St. Louis) and the medium collected after 30 min. The basal and
stimulated media were centrifuged at 16,000 × g for 15 min and the supernatants analyzed by
SDS-PAGE. The entire lane was cut into 2 mm slices, and radioactivity was quantified across
each lane by scintillation counting of all gel slices and summing the points included in the PRP
peak, as previously described (21). For calculating the % PRP secreted, the total counts
included the cpm in the PRP peak from basal media plus stimulated media plus in the tissue
homogenate.

[3H]leucine pulse-chase radiolabeling
Newly synthesized proteins were labeled with [3H]leucine as described (48). Both PSP and
amylase contain abundant leucine residues. Briefly, parotid tissue slices from either control or
Ipr-treated rats was incubated in 1 ml of KRH with 100 μCi [3H]leucine for 2 h at 37 C in a
shaker water bath. All incubation media were oxygenated every 10 min throughout the
experiment. In order to directly compare the effects of isoproterenol treatment on secretion of
newly synthesized proteins with that of the inhibition of proteoglycan synthesis, control tissue
was also labeled in the presence of the proteoglycan synthesis inhibitor, p-nitrophenyl
xylopyranoside (pNPX), as described (48). The tissue was washed for 30 min with DMEM
and then chase incubated for 1 h in DMEM with 1 mM cold leucine. Following the chase
incubation, the tissue was incubated for 30 min in DMEM with cold 1 mM leucine and the
basal secretion medium collected. Subsequently, stimulated secretion was collected in medium
containing 30 μM isoproterenol for 30 min. The secretion media along with the tissue
homogenates were analyzed by SDS-PAGE as above. Secretion of either amylase or PSP was
quantified as the radioactivity included within the peak for that protein (48). In experiments
testing the effects of pH, 10 mM acetic acid was included in the [3H]leucine-labeling and all
subsequent incubations, and compared to concurrent parallel incubations without acetic acid.
For calculating the % secreted, the total counts included the cpm in a specific peak (amylase
or PSP) in basal and stimulated media plus in the tissue homogenate.
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Isolation of parotid and pancreatic secretory granules
Secretory granules were purified from the parotid glands of control and Ipr-treated rats by
homogenization and differential centrifugation in sucrose solutions, as described (48). In
addition to parotid granules, secretory granules were also purified from the pancreas of control
rats (47). The purified granules were lysed by freeze/thaw in water, and the soluble contents
(cargo proteins) separated from the membrane by centrifugation at 16,000 × g for 15 min. The
pH of granules from control and Ipr-treated tissue, lysed in deionized water, was determined
with a microelectrode. The protein content in the soluble protein fraction was determined by
the Bradford-based Protein assay Kit (Pierce, Rockford IL) and equal amounts of protein loaded
on SDS-PAGE gels. Western blot analysis was performed using antibodies to acidic or basic
PRPs.

Gel electrophoresis and western blotting
Protein samples were separated by SDS-PAGE on 4–20% gradient gels (Life Gels, Clarkston,
GA). The protein bands were visualized by staining with Gelcode Blue (Pierce, Rockford, IL)
for 1 h followed by destaining in water. For immunoblotting, the unstained protein bands were
transferred to polyvinylidene diflouride membranes (Bio-Rad, Hercules, CA). Membranes
were blocked with 2% Tween 20 in TBST (Tris buffered saline, pH7.4 containing 0.05% Tween
20) for 10 min. They were then probed with either anti-rat basic PRP (1:1000) or anti-acidic
PRP (1:5000) polyclonal antibodies (gifts from Drs. Anna and David Castle, UVA) or anti-rat
PSP antibody (1:10,000; a gift from Dr. William Ball, Howard University) for 1 h. The
membrane was washed with TBST and incubated in horseradish peroxidase-conjugated goat
anti-rabbit IgG (1:5000; Chemicon) for 1 h. Immunoblots were processed using Supersignal
West Pico-substrate (Pierce) and the signal visualized on a Kodak Imagestation. The bands
were quantified using the Kodak 1D image analysis software. The antibody to basic PRP is
specific, whereas the acidic PRP antibody can cross-react with the basic protein (8,11),
therefore, only appropriate sized bands (>33 kDa) were included when quantifying acidic PRPs
on the western blots.

Collection and analysis of rat serum
Control and isoproterenol treated rats were euthanized and blood collected from the jugular
vein. Blood was allowed to clot for 4 h at room temperature and overnight at 4 °C. The serum
was separated by centrifugation at 500 × g. Total amylase activity in the serum was analyzed
by the Phadebas amylase test kit (Pharmacia). Protein content in the serum was determined
and equal amount of protein for the control and Ipr-treated sera was loaded for SDS-PAGE on
4–20% gels and probed for PSP by western blot analysis.

Separation of serum amylase isoenzymes
Serum samples were analyzed by agarose gel electrophoresis to separate amylase isoforms
(36). Parotid and pancreatic granule extracts from control rats were run simultaneously to
define the migration of the major isoforms. Electrophoresis was performed with 1% agarose
gels in 50 mM Tris, 25 mM borate buffer, pH 8.7. Samples were loaded in wells at the center
of the gel. Following electrophoresis, the gels were blotted for western analysis with anti-
amylase antibody.

RESULTS
We sought to determine whether changes in storage within the regulated secretion pathway
alter the efficiency of regulated secretion. We used a standard model for induction of PRPs in
the parotid gland by the β-adrenergic agonist isoproterenol (8,39). Daily Ipr treatment is
expected to cause hypertrophy, which we confirmed histologically in these animals. The
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average length and width of the acini increased 103% and 73% respectively in response to
treatment with Ipr. Hence, treatment of rats with isoproterenol for 10 days resulted in a
significant (p<0.05) hypertrophy of the parotid glands, as expected (32,42).

Western blot analysis was used to quantify the changes of both basic and acidic PRPs in
response to Ipr. Secretory granules were isolated from parotid glands of control and Ipr-treated
rats, and soluble cargo proteins were used for western blots probed with antibodies to acidic
and basic PRP. Ipr caused a dramatic 18.6-fold increase in basic PRP stored in the granules
(Fig. 1A). In contrast, the acidic PRP increased only 2.25-fold. This indicates not only a large
increase of the basic PRP, but also a strong shift in the relative amounts of basic:acidic PRPs.
This strong expression of basic PRP would be expected to contribute to the previously
described increased pH of secretory granules from Ipr-treated rats (3). Consistent with this, we
observed a significant (p<0.007) increase of pH in granules of Ipr-treated rats (pH 7.23) as
compared to control rats (pH 6.67).

The increase in the synthesis of PRPs upon treatment with Ipr was also reflected in the overall
secretion data. Secretion medium from [3H]proline labeling of treated and control parotid
tissue, showed a clear increase of % PRPs in the basal as well as stimulated media (Fig 1B).
Chronically Ipr-treated tissue (compared to control tissue) had a 4-fold increase of proline rich
proteins in the basal media, and 3.2-fold increase in the stimulated secretion media. The
efficiency of the regulated secretory pathway can be defined as the ‘fold stimulation,’
calculated as the % stimulated secretion over % basal secretion (48). The fold stimulation of
PRP secretion in Ipr-treated cells (1.7) was decreased relative to control cells (2.04). The
decreased regulated secretion may be caused by an over-abundance of the PRP cargo, since
entry into the regulated secretion pathway may be saturable (29,37). Alternatively, decreased
regulated secretion may be due to alkalization of the granule by the increased ratio of
basic:acidic PRPs. Mild alkalization of secretory granules has been shown to inhibit the
regulated secretory pathway (29). Both these possible causes are addressed below.

Unlike the PRPs, the cargo proteins amylase and PSP decrease in concentration in chronically
Ipr-stimulated parotid glands (3,8,32,42,43,52). In agreement, we also observed a small
decrease in total synthesis of labeled amylase (30% decrease) and PSP (44.8% decrease) after
chronic Ipr treatment. Since they are not overexpressed in response to Ipr, they were used to
test whether the increase in PRPs affects the trafficking of other cargo proteins. [3H]leucine
pulse-chase experiments were performed with control and chronically Ipr-treated tissue (Fig.
2). The CPM for stimulated secretion of labeled PSP or amylase decreased in Ipr-treated cells,
whereas the basal secretion increased (Fig. 2A). The normalized results from pooled
experiments clearly show a significant shift in the fold stimulation (Fig. 2B). Secretion of
amylase (expressed as the ratio of % stimulated to % basal) showed 2.5-fold stimulation for
control parotid tissue, and 0.81-fold for Ipr-treated parotids (Fig. 2B). Similarly, secretion of
PSP was 4.5-fold for control and 0.76 for Ipr-treated tissue (Fig. 2B). A fold-stimulation value
of 1 or less indicates no secretion through the regulated pathway. Hence, chronic Ipr treatment
dramatically and significantly decreased regulated secretion of both amylase and PSP. This
occurred despite the fact that they are not overexpressed, indicating that chronic Ipr treatment
can disrupt regulated secretion independent of overexpression of a cargo protein. As discussed
below, this may represent increased routing of PSP and amylase into other pathways such as
the constitutive basolateral pathways.

We compared the Ipr-response to treatment of parotid tissue with pNPX (Fig. 2). The glycoside
pNPX blocks addition of the sulfated sugars to acidic PRP, thereby shifting the balance between
acidic and basic forms of PRPs without overexpression of basic PRP. We find that the loss of
regulated secretion is similar to that seen in response to chronic Ipr-treatment of the rats, for
both amylase and PSP (Fig. 2). pNPX-treated tissue showed no increased secretion when
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stimulated. The similar decrease of regulated secretion of cargo proteins is consistent with the
possibility that alkalization of the granule is an important mechanism in both cases, as
previously described for pNPX treatment (48).

Next, we directly tested the hypothesis that the observed decreased efficiency of regulated
secretion was mediated by alkalization of the secretory pathway. We conducted [3H]leucine
pulse-chase secretion experiments with control and Ipr-treated tissue with, or without, 10 mM
acetic acid, as previously described (48). Addition of acid to the incubation medium lowers
the pH from 7.4 to 6.4. This is analogous to earlier work which examined the effects of
alkalization by addition of mild bases (hydroxychloroquine, NH4Cl) (29,49). Figure 3 shows
that acetic acid treatment of control tissue had no significant effect on regulated amylase
secretion. A similar lack of effect was observed for PSP. Hence, mild acid treatment does not
affect sorting in control tissue. Ipr-treated tissue exhibited decreased regulated secretion of
both amylase and PSP, consistent with the results shown in Figure 2. However, under mildly
acidifying conditions stimulated secretion of amylase and PSP increased, only in Ipr-treated
tissue. Hence, the effect of chronic Ipr treatment was largely reversed by acid treatment,
consistent with the idea that alkalization of the granule is a part of the mechanism by which
Ipr treatment decreases regulated secretion.

We next addressed the question of whether inhibition of the regulated secretion pathway
correlated with a change in the sorting of cargo proteins into a different pathway. To determine
if proteins were re-routed in vivo to the basolateral (circulatory) pathway, we analyzed serum
samples collected from control and chronically Ipr-treated rats for the presence of endogenous
PSP and salivary amylase. Serum samples were analyzed by SDS-PAGE followed by western
analysis for PSP. No PSP immunoreactivity was detectable in the sera of 19 out of 20 control
rats, even with long exposures (Fig. 4). In contrast, PSP is strongly expressed in serum from
12 of 14 Ipr-treated rats. In the single control rat which showed serum PSP, the concentration
was 12.8-fold lower than the Ipr-treated samples. Hence, in the Ipr-treated rats, PSP was present
in the serum. This suggests that there is enhanced endocrine (basolateral) secretion in the Ipr-
treated rats. Since we have found a decrease of the regulated secretion pathway (Fig. 2), and
we and others have found decreased synthesis of PSP in response to chronic Ipr, this increased
endocrine secretion indicates a change of the sorting of PSP.

To determine whether there was a shift in the sorting of another cargo protein, amylase activity
was measured directly in serum samples. Despite the consistent presence of amylase activity
in control rat sera, a small significant (P<0.05) increase in amylase activity was found in Ipr-
treated rat serum (Fig. 5). Pancreatic amylase (Genbank # NM031502 ) is closely related to
salivary amylase (Genbank # NM001010970) and can be present in serum as a marker of
pancreatic cancer. To identify the source of amylase in the serum of Ipr-treated rats, we
separated the isoforms of the enzyme on non-denaturing agarose gels (36), followed by western
blots with anti-amylase. Fig. 6 shows that pancreatic and parotid amylase move in opposite
directions when separated on agarose gels at pH 8.7 (36). Sera from all control rats show a
band corresponding to salivary amylase, indicating that under normal conditions some salivary
amylase is routed through a basolateral pathway. Sera collected from Ipr-treated rats show an
increase in the salivary isoform of amylase (Fig. 6). These results demonstrate an increase of
PSP in the basolateral secretion pathways in response to chronic Ipr treatment, as well as a
small but significant increase of salivary amylase.

DISCUSSION
PRPs make up about 15% of protein in normal saliva, and over 60% in saliva of rats chronically
treated with the β-adrenergic agonist isoproterenol (32,39). Parotid glands from these rats
exhibit more translucent granules suggesting that an excess of PRPs correlates with less granule
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condensation (10). Initial reports demonstrated an increase of basic PRPs in response to chronic
Ipr treatment (32,39,42). Subsequently, acidic PRP was cloned, and both mRNA and protein
were shown to increase in parotid glands from chronically Ipr-treated rats or mice (1,8,54).
However, the relative changes of acidic to basic PRPs have not been characterized. This is
important since the ratio of acidic/basic PRPs apparently influences the internal environment
of the granule (3). For example, Castle demonstrated that transfection of the basic PRP cDNA
into AtT-20 cells causes enhanced glycosylation of acidic PRPs (13), which in turn are required
for efficient storage and stimulated secretion of cargo proteins in the parotid (48). Therefore,
we postulated that the relative changes of acidic and basic PRPs in response to Ipr may influence
changes in regulated secretion.

Consistent with previous reports (32,39,42), both acidic and basic forms of PRP increase in
response to chronic Ipr treatment, however, we found a dramatic shift towards relative
expression of basic PRP. The relative increase of basic PRP was accompanied by alkalinization
of the granules from pH 6.67 to 7.23. The increase in granule pH may be due to the abundance
of basic PRP, as well as other basic proteins, as previously suggested (3).

We directly measured the efficiency of regulated secretion after these changes. This is possible
because injected Ipr has a short serum half-life (<10 min) and is rapidly converted to the
methylated glucuronide conjugate in tissue and cleared from the body (26,28). Hence, injected
Ipr is cleared well before the time of sacrifice, and standard protocols can be used to measure
in vitro Ipr-stimulated secretion. Analysis of secretion in vitro found that chronic Ipr treatment
caused a decreased activity of the regulated secretion pathway for each of the three cargo
proteins (amylase, PRP and PSP)(Fig. 1B,2B). Regulated secretion was essentially abolished
for amylase and PSP in these experiments. Loss of the regulated pathway was due to an increase
of constitutive secretion pathways and decrease of stimulated secretion for both amylase and
PSP, suggesting a shift of cargo protein sorting. Similarly, increasing the amount of basic PRP
by transfection decreased the stimulated secretion of a cargo protein (PRPg2) (13).

We have previously used a different method for shifting the ratio of acidic to basic charges,
by blocking glycosylation of acidic PRP (48). Incubation of parotid tissue invitro with
paranitrophenyl xyloside (pNPX) blocks addition of the negatively charged chondroitin sulfate
to acidic PRPs thereby decreasing anionic charges in the granule. This occurs without the
increased expression of PRP proteins seen with chronic Ipr treatment. However, the net effect
is the same; inhibition of the regulated secretion pathway (Fig. 2A). This similarity is consistent
with the idea that the shift towards cationic (basic) charges, not the amount of PRP, influences
regulated secretion in the Ipr-treated parotid.

A more direct test of this idea shows that the decreased regulated secretion is dependant on
alkalization of the granules (Fig. 3). Under normal conditions, the parotid secretory granule is
a well buffered organelle, however, the internal pH of granules from Ipr-treated rats is higher
than the pH of normal granules (3, present study). Several studies have shown that sorting of
the regulated secretory proteins can be perturbed by mild alkalization of the secretory granule
by treating either animals or cell cultures with chloroquine, hydroxychloroquine, or dilute
ammonium chloride (12,29,38,49). To test whether alkalization of the granules by chronic Ipr-
treatment is required for the observed decreased efficiency of the regulated secretion pathway
(Fig. 2A), we did the opposite experiment by treating the cells with a mild acid. Regulated
secretion of newly formed cargo proteins in pulse-chase experiments with control parotid tissue
was not altered by treatment with mild acid. However, acid reversed the loss of regulated
secretion seen with parotid tissue from Ipr-treated rats (Fig. 3). This was true for both amylase
and PSP cargo proteins. These results indicate that alkalization is required as part of the
mechanism by which Ipr alters the efficiency of regulated secretion. While the effect of acetic
acid is necessarily an interaction with changes caused by chronic Ipr treatment, we can not rule
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out the possibility that acetic acid repairs a cytosolic defect. These studies reinforce the
importance of the pH of the parotid granule in regulated secretion, which is distinct from the
mechanism of calcium-induced aggregation observed in endocrine regulated secretion (47).

The presence of distinct secretory pathways requires that acinar cells be capable of sorting
different cargo proteins into discrete secretory vesicles. Therefore, we investigated whether
Ipr-treatment ultimately caused a change in the sorting of cargo proteins into a basolateral
pathway, in vivo. Serum levels of PSP have not been investigated prior to this study and we
found that PSP was not detectable or was very low in most control rats. Hence, under normal
conditions little or no PSP is secreted via a basolateral pathway into circulation. However, Ipr-
treated rats consistently contained significant amounts of PSP in serum suggesting that an
actual change in sorting of the protein from the apical pathway to a basolateral pathway had
occurred. PSP is most strongly expressed in parotid glands, which are likely sources of the
serum PSP. However, PSP mRNA is also expressed in trachea, uterus and testis (19), none of
which are known to sort PSP into an endocrine secretory pathway. A change in sorting in any
of these tissues would contribute to the observed serum PSP.

We also observed a small but significant increase in amylase activity in the serum. Typically,
in rats, the major source of serum amylase is from the salivary glands with little or no
contribution from the pancreas or liver (41). Despite the high level of amylase in controls, we
observed a significant increase in amylase activity in serum from Ipr-treated rats, and
demonstrated that this was an increase of the salivary isoform. These findings support our
model that Ipr treatment increased synthesis of basic PRP, contributing to alkalization of the
secretory granules, thereby decreasing efficiency of the apical regulated pathway and routing
the apically secreted proteins to the basolateral side.

The use of parotid glands as a target for integration and expression of therapeutic transgenes
requires that the therapeutic protein is secreted appropriately (6,30,51). Several attempts have
been made to redirect transgenic human growth hormone (GH) to the basolateral pathway
(30,53). This change in sorting has been demonstrated either by mutation of the GH transgene,
or by directly treating the rat with a weak amine (HCQ), neither of which has strong potential
as a therapeutic approach (53). An alternative approach could be the co-expression of basic
proteins along with the transgene. Our results suggest that future work in this area needs to
closely consider the effects of transgenic proteins on granule pH, and subsequent effects on
sorting efficiency.
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Figure 1.
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Isoproterenol treatment increases the (A) storage and (B) secretion of proline rich proteins in
secretory granules. A. Parotid glands from control (C) and isoproterenol-treated (Ipr) rats were
collected and secretory granules isolated. The granules were lysed and total protein in the
extract determined. SDS-PAGE was run with 10 μg of protein, and proline rich proteins
detected with either anti-acidic PRP (1:1000) or anti-basic PRP (1:10,000) by immunoblotting.
Molecular size markers (M) are indicated on the left.
B. Parotid tissue from control and isoproterenol (Ipr) treated rats was collected and labeled
with [3H]proline. The basal secretion medium was collected at the end of the chase incubation
and the tissues then stimulated with isoproterenol to obtain the stimulated secretion medium.
The basal (B) and stimulated (S) media along with the tissue homogenates were analyzed by
SDS-PAGE followed by scintillation counting of the gel slices to determine the radioactivity
incorporated into PRPs. The total cpm in the area under the peak representing newly
synthesized PRPs was determined and the % PRP secreted was calculated ( (PRP cpm in basal
or stimulated medium / total PRP cpm in basal media plus stimulated media plus tissue
homogenate)×100). Data are the range of duplicates, and are representative of two independent
experiments.
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Figure 2.
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Ipr treatment decreases in vitro regulated secretion of amylase or PSP. A. Newly synthesized
secretory granule proteins in parotid tissue from control and chronically Ipr-treated rats was
labeled with [3H]leucine. Proteins were also labeled in control tissue incubated in the presence
of pNPX. The basal (B) and stimulated (S) media were collected and radioactivity (CPM) in
secreted amylase and PSP determined by SDS-PAGE followed by scintillation counting of the
gel slices. Data presented are mean ± SD from duplicate samples of a typical experiment. B.
Parotid tissue from control (−) and Ipr-treated (+) animals was incubated with [3H]leucine to
label newly synthesized cargo proteins. Control tissue was also incubated in the presence of
pNPX (+). The media and cells were analyzed on SDS-PAGE followed by scintillation
counting of the gel slices to determine radioactivity incorporated into peaks representing newly
synthesized amylase or PSP. Data presented are mean ± SEM from three independent
experiments performed in duplicate. The % stimulated secretion (for amylase) was calculated
as the cpm in amylase in the stimulated medium divided by total counts (which included the
cpm in basal medium plus stimulated medium plus in the tissue homogenate), as described in
the legend to Figure 1B for PRP. A similar calculation was done for the % basal secretion, or
for PSP. Fold stimulation = (% stimulated secretion / % basal secretion). *P<0.05 compared
to control.
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Figure 3.
Weak acid partially reverses the decreased stimulated secretion of amylase and PSP in Ipr-
treated tissue. Rat parotid tissue from control (−) and Ipr-treated (+) animals was labeled with
[3H]leucine in the presence (+) or absence (−) of 10 mM acetic acid. Following chase-
incubation, the basal media was collected and the tissue stimulated with isoproterenol. The
media and tissue homogenates were analyzed by SDS-PAGE and scintillation counting of gel
slices. Fold stimulation was calculated as described in Fig. 2. Data presented are the mean ±
SEM (n= 4 – 5). *P<0.05, different from untreated control.
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Figure 4.
Chronic isoproterenol treatment causes re-routing of PSP to endocrine secretion in vivo. Blood
was collected from control (−) and isoproterenol-treated (+) rats and the serum fraction
collected. The protein concentration in the serum was determined, and rat serum (250 μg; about
8 μL) were loaded on SDS-PAGE gels and probed with the anti-rat PSP antibody by western
blotting. Similar results were observed with 20 control rats and 14 Ipr-treated rats. Molecular
size markers are indicated.
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Figure 5.
Isoproterenol treatment increases amylase activity in blood. Blood was collected from the
jugular vein of control (−) and isoproterenol treated (Ipr-treated, +) rats and the serum isolated.
Amylase activity in the serum samples was determined by the Phadebas assay. Data presented
are mean ± SEM from experiments with 21 control and 16 Ipr-treated rats. *P<0.01.
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Figure 6.
Isoproterenol-treatment increases the parotid amylase in serum. A: Parotid (Par) and pancreatic
(Pan) granule extracts, and serum samples from control (C) and Ipr-treated (Ipr) rats were
separated on borate agarose gels and probed with antibody to amylase by western blotting.
Pancreatic amylase shows a cathodic movement while parotid amylase moves towards the
anode. Sera from Ipr-treated rats contain immunoreactive amylase that co-migrates with
parotid salivary amylase. Ipr-treated rat serum demonstrates an increase of amylase
immunoreactivity. The figure is representative of 4 independent experiments. The cathode (−)
is towards the top of the figure. The arrow (O, origin) indicates the position of the wells.
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