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Salivary phospholipid secretion in response to b-adrenergic
stimulation is mediated by Src kinase-dependent epidermal

growth factor receptor transactivation
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Abstract

Communication between receptor tyrosine kinase and G protein-coupled receptor (GPCR)-mediated signaling is recognized as a

common integrator linking diverse aspects of intracellular signaling systems. Here, we report that G protein-coupled b-adrenergic
receptor activation leading to stimulation of salivary phospholipid release occurs with the involvement of epidermal growth factor

receptor (EGFR). Using sublingual gland acinar cells, we show that prosecretory effect of isoproterenol on phospholipid release was

subjected to suppression by EGFR kinase inhibitor, PD153035, and wortmannin, an inhibitor of PI3K, but not by PD98059, an

inhibitor of extracellular signal regulated kinase (ERK). Furthermore, wortmannin, but not the ERK inhibitor, caused the reduction

in the acinar cell secretory responses to b-adrenergic agonist-generated cAMP as well as adenyl cyclase activator, forskolin. The

acinar cell phospholipid secretory responses to isoproterenol, moreover, were inhibited by PP2, a selective inhibitor of tyrosine

kinase Src responsible for ligand-independent EGFR phosphorylation. Taken together, our data are the first to demonstrate the

requirement for Src kinase-dependent EGFR transactivation in regulation of salivary phospholipid secretion in response to

b-adrenergic GPCR activation.

� 2004 Elsevier Inc. All rights reserved.
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Among the components of salivary gland secretions

recognized of importance to a variety of functional

properties of saliva, including the maintenance of soft

and hard oral tissue integrity, are lipids [1]. The elevated

levels of lipids in saliva are associated with the high

incidence of caries, and the development of plaque,

calculus, and periodontal disease [2]. The lipids of saliva
are known to affect the penetration of oral mucosa by

lipophilic substances, alter the interaction of salivary

proteins with calcium, and influence the extent of gly-

cosyltransferase activity associated with cariogenic po-

tential of bacteria [1,2]. Moreover, salivary lipids, and

phospholipids in particular, readily enter into hetero-

typic interaction with proteins and glycoproteins of sa-

liva to form a dynamic continuum that determines many
physicochemical and biological properties of saliva [1,3].
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Included among these are viscoelastic and lubricative

properties, proteolytic susceptibility, and the formation

of the protective coatings covering tooth enamel and

oral mucosa [3,4].

Considerably less is known about the factors regulat-

ing the level of lipids in saliva, although the control of

salivary secretion is mainly derived through neural, par-
acrine, and endocrine systems [5,6]. The parasympathetic

nerve stimulation leads mainly to increase in salivary

fluid secretion, while sympathetic nerve stimulation af-

fects the secretion of macromolecular constituents of

saliva [6]. Indeed, studies show that acinar cells of sali-

vary glands respond to cAMP-mediated b-adrenergic
agonists with increase in protein and mucin secretion [6],

and previous work from our laboratory revealed that
sublingual gland cells in culture respond to isoproterenol

stimulation by the increase in phospholipid release [7].

While it is well recognized that the cellular effects of

G protein-coupled receptors (GPCRs) that respond to
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b-adrenergic stimulation are mediated by the generation
of cAMP and subsequent protein kinase A (PKA) ac-

tivation, more recent data indicate that GPCR agonists,

such as isoproterenol and vasoactive intestinal peptide

(VIP), also have the ability to induce the activation of

receptor tyrosine kinases such as epidermal growth

factor receptor (EGFR) [8–10]. This ligand-independent

EGFR activation, referred to as EGFR transactivation,

involves selective phosphorylation of the tyrosine resi-
dues that are not autophosphorylation sites associated

with EGF stimulation [9]. Moreover, studies reporting

on GPCR activation of EGFR phosphorylation point to

the involvement of Src kinase in this signaling process

[8,11,12]. Thus, EGFR transactivation is emerging as a

central integrator in regulation of cellular responses

induced by GPCR agonists in epithelial cells.

In the present study, using acinar cells of rat sublin-
gual gland, we have investigated the role of EGFR

transactivation in regulation of salivary phospholipid

secretion in response to b-adrenergic agonist, isoprote-

renol. The data we present identify Src kinase-dependent

EGFR transactivation as a key factor in salivary

phospholipid elaboration.
Fig. 1. Autoradiograph scan of thin-layer chromatography plate of

choline-labeled phospholipids from rat sublingual salivary gland in-

cubated in the presence of [14C]choline. PC, phosphatidylcholine; SM,

sphingomyelin; and LPC, lysophosphatidylcholine.
Materials and methods

Sublingual gland acinar cell isolation and phospholipid labeling.

Freshly dissected rat sublingual salivary gland was trimmed of fat and

connective tissue, cut into small dices, and minced by passage through a

50 mesh metal grid [7]. The minced tissue was suspended in 5 volumes

Dulbecco’s modified (Gibco) Eagle’s minimal essential medium

(DMEM), supplemented with fungizone (50lg/ml), penicillin (50U/

ml), streptomycin (50lg/ml), and 2% albumin, and dispersed into single

cells by trituration with a glass homogenizer, and settled by centrifu-

gation [7]. Following rinsing, the cells were resuspended in the medium

to a concentration of 5� 105 cell/ml, transferred in 1ml aliquots to

DMEM in culture dishes containing [14C]choline (20 lCi/ml), and in-

cubated for 3 h under 95% O2/5% CO2 atmosphere at 37 �C [13]. The

cells were then centrifuged at 300g for 5min, washed three times with

DMEM containing 5% albumin to remove free radiolabel, and resus-

pended in a fresh DMEM free of albumin.

Cell incubation. To assess the effect of b-adrenergic agonist on the

acinar cells phospholipid secretory responses, the cells were preincu-

bated for 20min either with saline diluent or indicated concentrations

of b-adrenergic antagonist, alprenolol (Sigma), followed by 30min

incubation with 0–15lM isoproterenol (Sigma). In the experiments on

the effect of EGFR inhibitor, PD153035 (Calbiochem), ERK1/2 in-

hibitor, PD98059 (Calbiochem), PI3K inhibitor, wortmannin (Sigma),

and Src kinase selective inhibitor, PP2 and its inactive analog, PP3

(Calbiochem), the cells prior to addition of the isoproterenol were first

incubated for 20min with the indicated concentration of the agent. The

effects of dibutyryl-cAMP (Sigma) and forskolin (Sigma) were assessed

following 20min preincubation with wortmannin or saline diluent. At

the end of incubation period, the cells were centrifuged at 300g for

5min and washed three times with fresh medium. The medium and

washes were combined and used for the isolation of [14C]choline

labeled phospholipids.

Cell viability. Cell preparations before and during the experimen-

tation were assessed for viability and cellular integrity using trypan

blue uptake assay and the determination of lactate dehydrogenase

released into the medium [13].
Phospholipid analysis. Extraction of lipids from the combined cell

wash and incubation medium was performed with chloroform/meth-

anol (2:1, v/v) [7]. The extracts were filtered through a grade F sintered

glass funnel, and the lipids contained in the filtrates were dried under

stream of nitrogen. The lipids contained in the residue were dissolved

in a small volume of chloroform, applied to silicic acid column, and

separated into neutral lipid, glycolipid, and phospholipid fractions [7].

Aliquots of phospholipid fraction, eluted from the columns with

methanol, were subjected to analysis for [14C]choline labeled phos-

pholipids by scintillation spectrometry, while the remainder was used

for individual phospholipid analysis by thin-layer chromatography.

Following two consecutive developments in chloroform/methanol/

water (80:35:5, by vol.), the plates were scanned for individual

[14C]choline-containing phospholipids using Berthold Digital

Autoradiograph Analyzer.

Data analysis. All experiments were carried out using duplicate

sampling and the results are expressed as means�SD. Analysis of

variance (ANOVA) was used to determine significance and the

significance level was set at P > 0:05.
Results

The mechanism underlying b-adrenergic agonist ac-

tivated release of salivary phospholipids was investi-

gated using [14C]choline-labeled acinar cells of rat

sublingual salivary glands exposed to isoproterenol.
Under the employed incubation conditions, the cell vi-

ability remained over 98% with little if any (0.5–0.7%)

cellular damage, and the label incorporated into phos-

phatidylcholine (PC), lysophosphatidylcholine (LPC),

and sphingomyelin (SM). The analyses indicated that at

the end of 3 h labeling period, 94.2% of choline-con-

taining phospholipids were represented by PC, 2.3%

by LPC, and 3.1% by SM (Fig. 1). The effect of b-
adrenergic agonist, isoproterenol, on the choline-

containing phospholipid release is presented in Fig. 2A.
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The phospholipid secretion showed a dose-dependent
increase with the isoproterenol concentration up to

10 lM, at which point a 3.1-fold increase in phospho-

lipids release was observed. Introduction to the incu-

bation medium of a specific b-adrenergic antagonist,

alprenolol, led to the impedance of the isoproterenol-

induced increase in phospholipid release. The effect of
Fig. 2. Effect of b-adrenergic agonist, isoproterenol, on the secretion of [14C

culture. The [14C]choline-labeled cells, pretreated with saline diluent (A) or b
the indicated concentrations of isoproterenol and the medium was analyzed

experiments. *P < 0:05 compared with that of control.

Fig. 3. Effect of EGFR inhibitor, PD153035, and Src kinase inhibitor, PP2, o

isoproterenol. The [14C]choline-labeled cells, pretreated with the indicated co

PP3 (B), were stimulated for 30min with 10 lM isoproterenol (Iso) and the me

means�SD of five experiments. *P < 0:05 compared with that of Iso.
alprenolol was dose-dependent and the optimal con-
centration of 20 lM produced an 86% impedance of the

isoproterenol stimulatory effect (Fig. 2B).

The prosecretory effect of isoproterenol on choline-

containing phospholipid release by salivary gland

acinar cells was subjected to suppression by the pre-

treatment with a specific inhibitor of EGFR kinase,
]choline-containing phospholipids by sublingual salivary gland cells in

-adrenergic antagonist, alprenolol (B), were stimulated for 30min with

for choline-labeled phospholipids. Values represent means�SD of five

n sublingual salivary gland cells, phospholipid secretion in response to

ncentrations of PD153035 (A) or PP2, or 10 lM of its inactive analog

dium was analyzed for choline-labeled phospholipids. Values represent
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PD153035, which at its optimal concentration of
100 nM reduced the isoproterenol-stimulated phospho-

lipid release by 72.5% (Fig. 3A). Moreover, the secre-

tory responses to isoproterenol were also inhibited by

PP2, a selective inhibitor of tyrosine kinase Src re-

sponsible for ligand-independent EGFR transactiva-

tion, whereas PP3 a pharmacologically inactive analog

of PP2 produced no effect (Fig. 3B). The effect of PP2

was concentration-dependent and at 10 lM produced a
69.1% reduction of the isoproterenol-stimulated

phospholipid release.

As prosecretory actions of isoproterenol are exerted

through cAMP-dependent activation of PKA, and the
Fig. 4. Effect of PI3K inhibitor, wortmannin (Wt), on sublingual salivary

dibutyryl-cMAP (DBcAMP), and forskolin (Fsk). The [14C]choline-labeled ce

Iso or 50lM DBcAMP, or 20 lM Fsk and the medium was analyzed for

experiments. *P < 0:05 compared with that of agonist alone.

Fig. 5. Effect of ERK inhibitor, PD98059, on sublingual salivary gland cells

cAMP (DBcAMP), and forskolin (Fsk). The [14C]choline-labeled cells, pretre

Iso or 50lM DBcAMP, or 20 lM Fsk and the medium was analyzed for

experiments. *P < 0:05 compared with that of agonist alone.
downstream effects of EGFR are mediated by PI3K, we
next examined the acinar cell phospholipid secretory

responses in the presence of PI3K inhibitor, wortman-

nin. The results revealed that pretreatment with wort-

mannin at 100 nM led to a 78.4% reduction in the acinar

cell phospholipid secretory responses to isoproterenol,

the phospholipid secretory responses to a cell permeable

analog of cAMP, dibutyryl-cAMP, decreased by a

72.8%, while the prosecretory effects of adenyl cyclase
activator, forskolin, were reduced by 81.3% (Fig. 4). In

contrast, pretreatment of the acinar cells with the in-

hibitor of ERK pathway, PD98059, caused only mar-

ginal if any subsequent alterations in phospholipid
gland cells, phospholipid secretion in response to isoproterenol (Iso),

lls, pretreated with 100 nM Wt, were stimulated for 30min with 10 lM
choline-labeled phospholipids. Values represent means� SD of five

, phospholipid secretion in response to isoproterenol (Iso), dibutyryl-

ated with 30 lM PD98059 (PD), were stimulated for 30min with 10 lM
choline-labeled phospholipids. Values represent means� SD of five
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secretory responses to isoproterenol, dibutyryl-cAMP or
forskolin (Fig. 5).
Discussion

The principal regulatory factors controlling the extent

and nature of salivary secretions are autonomic neuro-

transmitters released by innervating sympathetic and
parasympathetic nerves, and the acinar cells of salivary

glands possess receptors capable of responding to signal

from either system [5,6]. While the secretion of salivary

fluid is promoted by activation of cholinergic and

a-adrenergic receptors coupled to GPCRs that regulate

the generation of Ca2þ and PKC second messengers, the

b-adrenergic agonists couple to GPCRs that regulate the

generation of cAMP and PKA activation, and stimulate
the secretion of macromolecular constituents of saliva

[6,7]. Moreover, recent studies with several different cell

systems into the nature of cellular responses mediated by

GPCR signaling systems provided well-documented

evidence that cAMP-dependent agonists have the ca-

pability to induce EGFR transactivation [8–12]. Indeed,

activation of GPCR by b-adrenergic receptor agonist,

isoproterenol, has been reported to lead to EGFR
transactivation with the involvement of PKA-induced

stimulation of ERK and Src kinases in transformed

kidney cells [8], and colonic epithelial cells respond to

stimulation by VIP with GPCR-mediated signaling

pathway through cAMP- and PKA-dependent EGFR

transactivation that involves PI3K [10]. Thus, commu-

nication between receptor tyrosine kinase activation and

GPCR-mediated signaling is emerging as a common
integrator linking diverse aspects of intracellular

signaling pathways.

Hence, in the study presented herein, using secretory

cells of sublingual salivary gland, we examined the in-

volvement of EGFR transactivation in regulation of sal-

ivary phospholipid secretion in response to stimulation

with b-adrenergic agonist, isoproterenol. The results re-

vealed that exposure of the acinar cells to isoproterenol
led to a dose-dependent stimulation in phospholipid re-

lease, and that this effect of isoproterenol was sensitive to

inhibition by b-adrenergic antagonist, alprenolol. More-

over, the prosecretory effect of isoproterenol on

phospholipid release was subjected to suppression by a

specific inhibitor of EGFR kinase activity, PD153035, as

well as wortmannin, a specific inhibitor of PI3K. Wort-

mannin, furthermore, caused the reduction in the acinar
cell phospholipid secretory responses to b-adrenergic
agonist generated second messenger, cAMP as well as

adenyl cyclase activator, forskolin. Together, these data

provide evidence for the role of EGFR in mediation of b-
adrenergic agonist prosecretory action on salivary

phospholipid release, and point to PI3K as a critical

regulator of cAMP-dependent secretory responses.
Our findings are supported by the results obtained
recently with intestinal epithelial cells where stimulation

with VIP or dibutyryl-cAMP led to a rapid recruitment

of a p85 regulatory subunit of PI3K to the EGFR [10].

This process is associated with autophosphorylation of

tyrosine residue within the regulatory subunit and leads

to an increase in catalytic activity of p110 subunit of

PI3K towards membrane inositol lipids that trigger

protein kinaseB/Akt activation [14,15]. Interestingly,
Akt activation and PI3K-dependent generation of

phosphatidylinositol phosphates have been shown to be

sensitive to an inhibitor of Src kinase [14], and the in-

hibition of PI3K with wortmannin attenuated secretory

responses not only to VIP and dibutyryl-cAMP, but also

to the adenyl cyclase activator, forskolin [10].

As the events of EGFR transactivation are also

associated with the activation of ERK MAPK and the
non-receptor tyrosine kinase Src [9,12,16,17], we fo-

cused further in our studies on the role these kinases

play in mediation of the acinar cell phospholipid se-

cretory responses to b-adrenergic agonist stimulation.

The results revealed that while the inhibition of Src

kinase with a selective pharmacological inhibitor, PP2,

evoked a significant reduction in the acinar cell

phospholipid secretory responses to isoproterenol, the
ERK inhibitor, PD98059, caused only marginal if any

alterations in subsequent phospholipid secretory re-

sponses to the agonist. The inhibition of ERK, fur-

thermore, did not attenuate the acinar cell secretory

responses to dibutyryl-cAMP and the adenyl cyclase

activator, forskolin. These findings are consistent with

the data gathered with intestinal epithelial cells and

demonstrating that, although cMAP-dependent ago-
nist-induced EGFR transactivation is accompanied by

ERK phosphorylation, ERK MAPK does not appear

to be involved in regulation of cAMP-induced secre-

tory responses [10]. Moreover, our finding that the

acinar cell phospholipid secretory responses to iso-

proterenol stimulation were blocked by PP2, and the

reports indicating that b-adrenergic receptor-mediated

Src activation precedes EGFR transactivation [8,12,17]
attest to a critical requirement for Src in the regulation

GPCR-mediated secretory events that require EGFR

phosphorylation.
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