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PURPOSE. A prior study showed that cholinergic agonists acti-
vate phospholipase D (PLD). The purpose of this study was to
determine whether cholinergic agonists use the PLD pathway
to alter protein secretion and to identify the molecular signal-
ing components of this pathway in rat lacrimal gland acini.

METHODS. Rat lacrimal gland acini were isolated by collagenase
digestion. Presence and localization of PLD1 and -2 were de-
termined by immunofluorescence and Western blot experi-
ments. Acini were incubated with adenoviruses overnight or
the inhibitors 1-butanol, Y-27632, or C3 exotoxin before stim-
ulation with the cholinergic agonist carbachol (Cch, 10�4 M)
for 5 minutes. Western blot analysis was performed for 20
minutes, and protein secretion was measured spectrophoto-
metrically. Activation of ERK, MEK, Pyk2, Ras, and Raf was
determined by Western blot analysis.

RESULTS. 1-Butanol increased Cch-stimulated protein secretion
and decreased ERK activity. Incubation with catalytically inac-
tive PLD1, but not catalytically inactive mutant PLD2 adenovi-
rus, also increased Cch-stimulated protein secretion and de-
creased ERK activity. Inhibition of Rho with C3 exotoxin and
a dominant negative Rho adenovirus and inhibition of ROCK
with Y-27632 inhibited Cch-stimulated PLD1 activity, increased
protein secretion, and decreased ERK activity. The association
of PLD1 and ROCK increased with Cch stimulation, as deter-
mined by immunoprecipitation. PMA-stimulated ERK activity
was also inhibited by 1-butanol. 1-Butanol had no effect on
Cch-stimulated Pyk2, Ras, and Raf activity, but decreased MEK
activity.

CONCLUSIONS. Cholinergic agonists activate PLD1 through
Rho and ROCK, which in turn activate MEK and ERK, which
attenuate protein secretion in freshly isolated epithelial
cells. (Invest Ophthalmol Vis Sci. 2011;52:2199 –2210) DOI:
10.1167/iovs.10-6209

The lacrimal gland is an exocrine gland and is responsible
for secretion of proteins, water, and electrolytes that cover

and protect the cornea and conjunctiva to ensure clear vision.1

Hyposecretion from the lacrimal gland of both proteins and
fluid leads to dry eye disease, which has no cure or treatment.

For effective treatments to be designed, it is imperative to
investigate how lacrimal gland secretion is regulated under
nonpathologic conditions. This type of study will provide po-
tential targets for new treatments for dry eye.

Because less secretion leads to ocular surface disease, se-
cretion from the lacrimal gland is tightly regulated via neural
control. Efferent, sensory nerves in the cornea are the mecha-
nism by which an afferent pathway via parasympathetic and
sympathetic nerves in the lacrimal gland is activated. We have
found in freshly isolated, nontransformed lacrimal gland acinar
cells that cholinergic agonists are potent stimuli of protein
secretion and activate the signaling cascade, which involves
activation of protein kinase C (PKC). PKC stimulates Pyk2 and
p60Src to activate Ras, Raf, mitogen-activated protein kinase
(MEK), and extracellular signal-regulated kinase 1/2 (ERK
1/2).2 Interestingly, in the short term (within 20 minutes),
activation of ERK attenuates agonist-stimulated protein secre-
tion.2 In addition, we have determined that cholinergic ago-
nists activate phospholipase D (PLD), although neither the
isoform of PLD nor the functional effect of PLD activation has
been investigated.3

PLD is a ubiquitously expressed enzyme that cleaves phos-
phatidylcholine to generate choline and phosphatidic acid
(PA). PA is a well-known signaling molecule that can be con-
verted to diacylglycerol (DAG), known to activate PKC.4 PLD
has been implicated in a variety of cellular processes, including
secretion, and its activity is under the control of neurotrans-
mitters, growth factors, and cytokines.4 In mammalian cells,
there are two isoforms of PLD: PLD1 and -2. It has been
reported that the small GTPase Rho and phospholipids activate
recombinant PLD1, while regulation of PLD2 is less understood
and appears to be constitutively active in many cell types.5

The signaling pathways, both upstream and downstream of
PLD activation, are complex. PLD can be activated upstream by
cPKCs through a direct interaction of PKC with PLD.4,6 Down-
stream signaling pathways of PLD are monitored by the pro-
duction of PA. PA can signal through its generation of DAG and
lysophosphatidic acid. Production of DAG by activation of PLD
can activate PKC.6 Thus, PKC can be either upstream or down-
stream of PLD.

The signaling molecules recruited by PA include Raf-1 and
SOS, which couple to the extracellular signal-regulated kinase
1/2 (ERK 1/2, also known as p42/p44 MAPK) cascade. In turn,
ERK can induce cell proliferation, differentiation, and exocy-
tosis. ERK activation has generally been attributed to PLD2,
although it may depend on cell type, stimulus, and the function
being measured. In contrast, exocytosis and secretion are gen-
erally attributed to PLD1.

Rho is a family of small GTP-binding proteins that can also
activate several effector molecules. One such molecule is Rho-
associated kinase (ROCK).7 The two isoforms, ROCK1 and -2,
appear to regulate cell growth, migration, apoptosis, and exo-
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cytosis, primarily by acting on the actin cytoskeleton.8,9 How-
ever, ROCK can also regulate cellular functions independent of
its effect on the cytoskeleton.9

In the present study, we investigated the PLD pathway in
the lacrimal gland and identified a novel signaling pathway for
PLD. In these cells, Rho and ROCK1 activate PLD1, but not
PLD2, in response to cholinergic agonists causing their associ-
ation with one another. Formation of this signaling complex
results in the downstream activation of MEK and ERK, but the
activation is independent of the signaling molecules Ras, Raf,
Pyk2, and cSrc, which usually activate ERK. Activation of ERK
then attenuates cholinergic agonist-stimulated protein secre-
tion.

MATERIALS AND METHODS

Antibodies against PLD1, PLD2, and PLD1 phosphorylated on Thr147;
c-Raf phosphorylated on Ser338; Pyk2 phosphorylated on Tyr402; and
MEK1/2 phosphorylated on Ser217/221 were from Cell Signaling Tech-
nology (Danvers, MA), and antibodies to ERK 2, ERK 1/2 phosphory-
lated on Tyr 202/204, MEK, and mouse secondary antibody conjugated
to horseradish peroxidase (HRP) were from Santa Cruz Biotechnology
(Santa Cruz, CA). The antibody to ROCK1 was from Epitomics, Inc.
(Burlingame, CA). Antibody against �-smooth muscle actin was from
Sigma-Aldrich (St. Louis, MO). Ras activity assay kits, an antibody to
total Raf-1 and rabbit secondary antibody conjugated to HRP were
purchased from Millipore (Chemicon, Temecula, CA). Cell-permeable
exoenzyme C3 transferase from Clostridium botulinum was obtained
from Cytoskeleton (Denver, CO). Y-27632 was purchased from EMD
(Madison, WI). Dominant negative Rho adenovirus was the kind gift of
John A. Williams, University of Michigan.10,11 Catalytically inactive
PLD1 and -2 and vector control adenoviruses were generated as de-
scribed previously.12–15

Immunohistochemistry

All experiments conformed to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research and were approved by the
Schepens Eye Research Institute Animal Care and Use Committee.
Whole lacrimal glands from male Sprague-Dawley rats (Taconic Farms,
Germantown, NY) were fixed by immersion in 4% formaldehyde di-
luted in phosphate-buffered saline (PBS; 145 mM NaCl, 7.3 mM
Na2HPO4, and 2.7 mM NaH2PO4 [pH 7.2]) for 4 hours at 4°C. The
glands were incubated overnight at 4°C in 30% sucrose dissolved in
PBS and the tissue was frozen in optimal cutting temperature embed-
ding compound. Cryostat sections (6 �m) were placed on gelatin-
coated slides, air dried for 2 hours, and rinsed in TBS (10 mM Tris-HCl
[pH 8.0] and 150 mM NaCl). Nonspecific binding sites were blocked in
TBS containing 10% normal goat serum, 1% bovine serum albumin
(BSA), and 0.2% Triton X-100. The sections were then incubated with
the primary antibody for 2 hours at 1:100 dilution at room temperature
in a humidified chamber. The secondary antibodies, conjugated to
either FITC or Cy3 (Jackson ImmunoResearch Laboratories) were ap-
plied at 1:150 dilution for 1 hour at room temperature. Coverslips were
mounted with a medium consisting of glycerol and paraphenylenedi-
amine. In negative control experiments, the primary antibody was
omitted. The sections were viewed by microscope (Eclipse E80i;
Nikon, Tokyo, Japan), and micrographs were taken with a digital
camera (Spot; Diagnostic Instruments, Inc., Sterling Heights, MI).

In some experiments, freshly isolated cells were placed on slides
and air dried. They were then fixed in 4% formaldehyde in PBS for 2
hours at 4°C before preservation in 30% sucrose in PBS for 2 hours at
4°C. The cells were blocked and permeabilized in PBS containing 10%
normal goat serum, 1% bovine serum albumin (BSA), and 0.2% Triton
X-100 for 45 minutes at room temperature. They were then incubated
with phalloidin (Sigma-Aldrich) directly conjugated to FITC at 1:1000
dilution for 1 hour.

Preparation of Rat Lacrimal Gland Acini

Lacrimal glands were trimmed, fragmented, and incubated with colla-
genase CLSIII (100 U/mL) in Krebs-Ringer bicarbonate (KRB) buffer
(119 mM NaCl, 4.8 mM KCl, 1 mM CaCl2, 1.2 mM MgSO4, 1.2 mM
KH2PO4, and 25 mM NaHCO3) supplemented with 10 mM HEPES, 5.5
mM glucose (KRB-HEPES), and 0.5% BSA (pH 7.4). Lobules were
subjected to gentle pipetting through tips of decreasing diameter,
filtered through nylon mesh (150-�m pore size), and centrifuged
briefly. The pellet was washed twice by centrifugation (50g, 2 minutes)
through a 4% BSA solution made in KRB-HEPES. The dispersed acini
were allowed to recover for 60 minutes in fresh KRB-HEPES buffer
containing 0.5% BSA.

Western Blot Analysis

Acini were preincubated with or without inhibitors or adenoviruses for
the indicated time before stimulation with the cholinergic agonist
carbachol (Cch, 10�4 M diluted in KRB-HEPES) for 5 minutes. The cells
were sonicated in RIPA buffer (9.1 mM dibasic sodium phosphate, 1.7
mM monobasic sodium phosphate, 150 mM NaCl [pH 7.4], 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% SDS with phenylmethylsulfonyl
fluoride 100 �g/mL, aprotinin 30 �L/mL, and sodium orthovanadate
100 nM). Proteins in the supernatant were separated by SDS-PAGE on
a 10% gel. Separated proteins were transferred onto nitrocellulose
membranes, which were blocked overnight at 4°C in 5% nonfat dried
milk in TBS containing 0.05% Tween-20 (TBST) and then incubated
with the primary antibody for 2 hours at room temperature or over-
night at 4°C. After the membranes were washed three times in TBST,
they were incubated with horseradish peroxidase (HRP)–conjugated
secondary antibody. Immunoreactive bands were detected by en-
hanced chemiluminescence.

Mouse monoclonal antibodies to phosphorylated (active ERK) and
total ERK were used at 1:500 and 1:1000 dilution, respectively. Rabbit
polyclonal antibodies against activated and total PLD, pyk2, and MEK
were used at 1:250 dilution, and antibodies against activated Raf and
total Raf were used at 1:2000 dilution. Secondary antibodies were used
at either 1:1000 (mouse) or 1:5000 (rabbit) dilution.

Measurement of Peroxidase Secretion

Lacrimal gland acini were incubated in duplicate in 0.5% BSA-KRB-
HEPES buffer for 20 minutes at 37°C in the absence or presence of the
cholinergic agonist Cch (10–4 M). Inhibitors were added 15 minutes
before the addition of Cch. All inhibitors were diluted in either KRB-
HEPES or DMSO (0.01% final concentration). After a brief centrifuga-
tion, supernatant was collected, and the pellet was sonicated in 10 mM
Tris-HCl. Peroxidase activity was measured in duplicate in both the
supernatant and the pellet fraction with a fluorogenic substrate (Am-
plex Red; Invitrogen, Carlsbad, CA). Oxidation of this reagent by
peroxidase in the presence of hydrogen peroxide produces a highly
fluorescent molecule, resorufin. The amount of fluorescence was quan-
tified by a fluorescence microplate reader (model FL600; Bio-Tek,
Winooski, VT) with an excitation wavelength of 530 nm and an
emission wavelength of 590 nm. Peroxidase secretion, an index of
lacrimal gland protein secretion, was expressed as the percentage of
peroxidase secreted into the medium (supernatant) compared with
total peroxidase in the cells (pellet) plus the medium.

Immunoprecipitation Experiments

Lacrimal gland acini were incubated for 0 to 60 seconds with Cch (10–4

M). To terminate incubation, we centrifuged the acini, discarded the
supernatant, and added ice-cold RIPA buffer. The homogenate was
centrifuged at 20,000g for 30 minutes, and the supernatant was incu-
bated overnight at 4°C on a rocker platform in the presence of the
immunoprecipitating antibody. Protein A-agarose was added for 2
hours and incubated at 4°C. The immunoprecipitate was collected by
brief centrifugation, washed three times with RIPA buffer, and resus-
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pended in Laemmli sample buffer. Proteins were separated by SDS-
PAGE and transferred to nitrocellulose membranes.

Data Presentation and Statistical Analysis

Data are expressed as the ratio of increase over the basal value, which
was standardized to 1.0. The results are expressed as the mean � SEM.
Data were analyzed by Student’s t-test. P � 0.05 was considered
statistically significant.

RESULTS

Presence and Localization of PLD
The presence of PLD in the lacrimal gland was confirmed by
Western blot analysis with antibodies directed against PLD1
and -2. Both PLD1 and -2 were detected as single bands at 120
kDa (Fig. 1A). The lacrimal gland is composed of polarized
acinar cells surrounding ducts. The localization of PLD1 and -2
in nontransformed cells was determined by incubating sections

FIGURE 1. PLD1 is present in freshly isolated epithelial cells and is activated by cholinergic agonists. (A) The presence of PLD1 and -2 was
determined by Western blot analysis. (B) Localization of PLD1. Arrows: basolateral membranes. (C) Localization of PLD2. Cells were transduced
overnight with no addition (NT), a vector control (Cont AD), or an adenovirus containing a gene for catalytically inactive mutant (m)PLD1 before
stimulation with Cch (10�4 M) for 5 minutes. The amount of phosphorylated PLD1 was determined by Western blot analysis. (D) A representative
blot. The blot is from a single gel in which the lanes have been rearranged for ease of comparison. Three experiments were analyzed by
densitometry and are shown in (E). Cells were preincubated with 1-but (0.3%), t-but (0.3%), the M3 muscarinic receptor antagonist atropine (At,
10�4 M), the c-Src inhibitor PP1 (10�5 M), or the MEK inhibitor U0126 (10�6 M) for 10 (PP1) or 30 (U0126) minutes before stimulation with the
cholinergic agonist Cch (10�4 M) for 5 minutes, and the amount of phosphorylated PLD1 was determined by Western blot analysis. (F) A
representative blot. Four experiments were analyzed by densitometry and are shown in (G). Data are the mean � SEM. *Significant difference from
no addition (B); #significant difference from Cch alone. Magnification: (B, C) �200; (B, inset) �400.
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of lacrimal gland with the same PLD antibodies used in the
Western blot experiments. PLD1 was present in the cytosol
and basolateral membranes of the acinar cells (Fig. 1B, arrows).
PLD2 has a localization similar to that of PLD1, as it was present
in the cytosol and basolateral membranes of acinar cells (Fig.
1C). Thus, both PLD1 and -2 are present in the lacrimal gland.

Effect of Cch on PLD1 Activity
To confirm that cholinergic agonists activate PLD, we stimu-
lated freshly isolated acini with Cch (10�4 M) for 5 minutes.
PLD1 activity was determined by Western blot analysis with an
antibody against PLD1 phosphorylated on Thr147, which has
been shown to be phosphorylated when PLD1 is activated.16,17

As shown in Figure 1D (lanes 1 and 2), Cch (NT) increased the
phosphorylation of PLD1 over basal. When the blots were
analyzed by densitometry, Cch significantly increased activa-
tion of PLD1 (1.5 � 0.1-fold above basal; Fig. 1E).

A second method was used to determine whether Cch
activates PLD1. Acini were transduced overnight with an ade-
novirus containing a gene for catalytically inactive mutant
PLD1 (mPLD1) or a vector control before Western blot analysis
with the antibody directed against activated PLD1 (Fig. 1D).
This mPLD adenovirus has been shown to attenuate cell mi-
gration, wound healing, and phosphorylation of the PDGF
receptor �.13,14 The amount of activated PLD1 in nontrans-
duced acini incubated with Cch (10�4 M) for 5 minutes was
not significantly different from that in acini incubated with the
empty vector control (1. 5 � 0.1- and 1.5 � 0.5-fold above
basal, respectively). mPLD1 (108 pfu) decreased the amount of
active PLD1 to 0.6 � 0.2-fold above basal (Fig. 1E). Thus, Cch
activates PLD1 in nontransformed epithelial cells.

In a third method of determining whether Cch activates
PLD1, we took advantage of the unique reaction wherein PLD
preferentially catalyzes the transphosphatidylation of a primary
alcohol over water, to produce the metabolically inert phos-
phatidylalcohol.18 Acini were incubated with 0.3% 1-butanol
(1-but, diluted in KRB), which uncouples PLD from its path-
way, or tertiary butanol (t-but), which is not capable of being
used by PLD, diluted in KRB19 for 15 minutes before incuba-
tion with Cch (10�4 M) for 5 minutes. In these experiments,
Cch significantly increased PLD activity (to 2.5 � 0.3-fold
above basal). This activity was completely inhibited by 1-but
but not t-but (Figs. 1F, 1G). Thus, Cch stimulates PLD1 activity.

In the lacrimal gland, Cch binds to and activates the M3
muscarinic receptor.20 To ensure that PLD1 activation by car-
bachol is receptor mediated, we preincubated acini for 10
minutes with the specific muscarinic antagonist atropine (10�4

M, dissolved in KRB buffer), before Cch stimulation for 5
minutes. Atropine inhibited PLD1 activation by 61%, to 1.7 �
0.3-fold above basal (Figs. 1F, 1G), although the decrease was
not significant. These data imply that muscarinic receptors in
freshly isolated cells are coupled to PLD1.

Cch also activates p60Src, leading to phosphorylation of
ERK. To determine whether PLD is downstream of p60Src and
ERK signaling or in a parallel signaling pathway, we preincu-
bated cells with p60 Src inhibitor PP1 (10�5 M) or the MEK
inhibitor U0126 (10�6 M) for 30 minutes before stimulation
with Cch for 5 minutes. Both inhibitors were dissolved in
DMSO, and the amount of DMSO (0.01%) was the same in all
conditions. Neither PP1 nor U0126 had any effect on PLD1
activation (Figs. 1F, 1G). This indicates that PLD1 is either
upstream of both p60Src and ERK or in a separate signaling
pathway.

Effect of PLD1 Activation on Protein Secretion
and ERK Activation
To determine whether PLD1 is involved in lacrimal gland
protein secretion, we pretreated freshly isolated lacrimal gland

acini for 15 minutes with 0.3% 1-but or t-but, which is not
capable of being used by PLD, for 15 minutes before incubat-
ing them with Cch (10�4 M) for 20 minutes. Cch significantly
increased protein secretion (to 1.2 � 0.03-fold above basal).
Uncoupling PLD1 from its signaling pathway with 1-but signif-
icantly increased protein secretion above that seen with Cch
alone (to 1.6 � 0.2-fold above basal), while t-but had no effect
on Cch-stimulated secretion (Fig. 2A). 1-But and t-but alone had
no effect on basal protein secretion.

Similar results were obtained when freshly isolated cells
were incubated overnight with an adenoviruses containing
catalytically inactive PLD1 (mPLD1), PLD2 (mPLD2), or a con-
trol adenovirus (Cont AdV). In the absence of adenoviruses,
Cch (10�4 M) significantly increased protein secretion after 20
minutes (to 1.2 � 0.03-fold above basal). Incubation with
either Cont AdV or mPLD2 had no effect on Cch-stimulated
secretion (Fig. 2B). However, mPLD1 adenovirus increased
Cch-stimulated secretion to 1.4 � 0.03-fold above basal (Fig.
2B). None of the adenoviruses had an effect on basal secretion
(data not shown). Thus PLD1, but not PLD2, is activated by

FIGURE 2. Inhibition of PLD increases cholinergic agonist-stimulated
protein secretion. (A) Freshly isolated cells were preincubated for 15
minutes with either 0.3% 1-but or t-but before stimulation with the
cholinergic agonist Cch (Cch, 10�4 M) for 20 minutes. The amount of
protein secretion was measured. Data are the mean � SEM from six
independent experiments. (B) Cells were transduced overnight with
no addition (NT), a vector control (Cont AD), an adenovirus containing
a gene for catalytically inactive mutant PLD1 (mPLD1), or catalytically
inactive mutant PLD2 (mPLD2) before stimulation with Cch (Cch 10�4

M) for 20 minutes. Data are the mean � SEM from three independent
experiments. *Significant difference from no addition (B, basal); #sig-
nificant difference from Cch alone.
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cholinergic agonists and attenuates protein secretion in freshly
isolated cells.

As we had found that activation of ERK negatively modu-
lates Cch-stimulated protein secretion,2 we wanted to deter-
mine whether PLD activates ERK to account for the increase
seen in Cch-stimulated secretion. Cch-stimulated ERK activity
was determined by Western blot analysis (Fig. 3A). Cch stim-
ulated ERK activity to 1.5 � 0.1-fold above basal (Figs. 3A, 3B).
In the presence of 1-but, Cch-stimulated ERK activity decreased
to 1.1 � 0.2-fold above basal (Figs. 3A, 3B). In the presence of
t-but, Cch-stimulated ERK activity was not different from the
ERK activity stimulated by Cch alone. 1-But and t-but alone had
no effect on basal ERK activity. These data indicate that the
muscarinic activation of PLD1 attenuates protein secretion by
activating ERK.

Experiments with butanol were confirmed by using mPLD1.
Acini were incubated overnight with 109 pfu of mPLD1,
mPLD2, or vector control adenovirus. ERK activity was deter-
mined via Western blot analysis after Cch stimulation (10�4 M
for 5 minutes, Fig. 3C). In acini treated with vector control,
Cch increased ERK activity by 1.4 � 0.1- and 3.3 � 1.9-fold
above basal in nontransduced acini and acini transduced with
vector control adenovirus (Fig. 3D). mPLD1 decreased ERK
activity to 1.1 � 0.2-fold above basal. In contrast, mPLD2 did
not decrease Cch-stimulated ERK activity (Fig. 3D). Thus PLD1,

but not PLD2, is responsible for Cch-stimulated activation of
ERK.

Effect of Inhibition of Rho on PLD1 and ERK
Activation and Protein Secretion

We next determined the upstream effectors of PLD1. It is
known that PLD1 can be activated by the small GTPase Rho
and its associated kinase ROCK. Therefore, we determined the
effects of an adenovirus containing a dominant negative Rho
gene (AdDN-Rho) on PLD1 activity. Freshly prepared acinar
cells were again incubated overnight with the AdDN-Rho (109

pfu) and stimulated with Cch (10�4 M) for 5 minutes. The
effect on activated PLD1 was determined with Western blot
analysis with the antibody directed against phosphorylated
(activated) PLD1 (Fig. 4A). In cells incubated overnight in the
in the absence of Ad-DNRho, Cch significantly increased PLD1
activation (to 1.5 � 0.2-fold above basal). This level was signif-
icantly decreased (to 0.8 � 0.2-fold of basal) by AdV-DNRho (Fig.
4B). Interestingly, overnight incubation with the AdDN-Rho also
significantly increased PLD1 phosphorylation (to 1.3 � 0.01-fold
above basal).

In addition to activating PLD1, Rho has been linked to
reorganization of the actin cytoskeleton.21 We used a cell-
permeable form of the exoenzyme C3 Transferase from Clos-

FIGURE 3. Inhibition of PLD blocks
cholinergic agonist-stimulated ERK ac-
tivity. Cells were incubated with no
additions (B, basal), Cch (10�4), Cch �
1-butanol (1-but) and t-butanol (t-but).
(A) The amount of activated ERK was
determined by Western blot analysis.
(B) The results of seven independent
experiments. Cells were transduced
overnight with no addition (NT), a vec-
tor control (Cont AD), an adenovirus
containing a gene for catalytically inac-
tive mutant PLD1 (mPLD1) or catalyti-
cally inactive mutant PLD2 (mPLD2)
before stimulation with Cch (10�4 M)
for 5 minutes. The amount of phos-
phorylated ERK was determined by
Western blot analysis (C). (D) Results
of three experiments analyzed by den-
sitometry. Data are the mean � SEM.
*Significant difference from no addi-
tion (B, no addition).
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tridium botulinum which ADP ribosylates and inactivates
Rho. To determine whether Rho is inactivated with treatment
of the C3 exotoxin, cells were incubated with 4 �g/mL of
exotoxin dissolved in KRB-HEPES for 30 minutes, placed on
slides, air-dried, and fixed. They were then incubated with
FITC-conjugated phalloidin, which binds specifically to F-actin.
Before treatment with C3 exotoxin, the acinar cells had intense
staining with phalloidin, and individual cells within the acinus
were clearly outlined. This staining was completely abolished
by C3 exotoxin, indicating that the exotoxin is effective at this
concentration and preincubation time (Fig. 4C).

To determine the effect of inhibition of Rho on Cch-stimu-
lated protein secretion, we incubated cells with C3 exotoxin 4
�g/mL for 30 minutes before stimulation with Cch (10�4 M)
for 20 minutes and measured peroxidase secretion. Cch signif-
icantly increased protein secretion (to 1.3 � 0.05-fold above

basal; Fig. 4D). C3 exotoxin alone also significantly increased
secretion (to 1.4 � 0.04-fold above basal). Incubation with
both C3 exotoxin and Cch significantly increased secretion
above Cch (to 1.7 � 0.1-fold above basal; Fig. 4D).

To determine whether Rho is involved in Cch-stimulated
ERK activity, we preincubated freshly isolated cells with the
AdDN-Rho overnight before stimulation with Cch (10�4 M) for
5 minutes. The amount of activated ERK was determined as
described. In the absence of AdDN-Rho, Cch significantly stim-
ulated ERK activity (to 1.6 � 0.3-fold above basal; Figs. 4E, 4F).
AdDN-Rho significantly decreased Cch-stimulated ERK (to
0.8 � 0.1-fold). Unlike PLD1, incubation with AdDN-Rho alone
had no significant effect on ERK activity.

Freshly isolated cells were also incubated with C3 exotoxin
(4 �g/mL for 30 minutes) before stimulation with Cch (10�4

M) for 5 minutes, and the amount of ERK activity was deter-

FIGURE 5. ROCK1 is present in
freshly isolated epithelial cells and
inhibits cholinergic agonist-stimu-
lated PLD activation. (A) Blot show-
ing the presence of ROCK1. (B) Lo-
calization of ROCK1. Red: ROCK;
green: smooth muscle actin. Arrows:
membranes of acinar cells. Cells
were preincubated with the ROCK
inhibitor Y-27632 (10�7–10�4 M) for
20 minutes before stimulation with
the cholinergic agonist Cch (C, 10�4

M) for 5 minutes, and the amount of
phosphorylated PLD1 was deter-
mined by Western blot analysis (C).
(D) Four experiments analyzed by
densitometry. (E) The amount of
protein secretion was determined.
The amount of activated ERK was
also determined by Western blot
analysis (F). (G) Results of seven
independent experiments. All re-
sults are expressed as the mean �
SEM. *Significant difference from
no addition (B, basal); #significant
difference from Cch. Magnification:
(B) �200; (B, inset) �400.
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mined. Cch significantly increased ERK phosphorylation (to
2.6 � 0.4-fold above basal; Figs. 4G, 4H). C3 exotoxin alone
also significantly increased ERK phosphorylation (by 1.8 �
0.2-fold above basal). In cells treated with both C3 exotoxin
and Cch, the amount of phosphorylated ERK was signifi-
cantly decreased from Cch alone (to 1.4 � 0.3-fold above
basal; Fig. 4H).

We mimicked the effects of disruption of actin in a Rho-
independent manner on Cch-stimulated secretion. Cells were
incubated with or without latrunculin B, dissolved in DMSO,
which is known to prevent polymerization of actin.21 All con-
ditions contained 0.01% DMSO. As shown in Figure 4D, a
30-minute preincubation with latrunculin 10�5 M did not have
a significant effect on Cch-stimulated protein secretion (1.4 �
0.1-fold above basal). When Cch-stimulated ERK activity was
measured after incubation with latrunculin, there was no effect
on ERK stimulation (Figs. 4I, 4J).

These data imply that cholinergic agonists activate PLD1
through stimulation of Rho, but the effects seen with C3
exotoxin could occur through the ROCK pathway rather than
through the actin cytoskeleton.

Presence and Localization of ROCK1

One possible mechanism by which Rho exerts its effect is the
activation of ROCK.7 To confirm the presence of ROCK1 in the
lacrimal gland, we performed Western blot analysis with anti-
bodies directed against ROCK1. ROCK1 was detected as a
single band at 160 kDa (Fig. 5A). To determine the localization
of ROCK1 in nontransformed cells, we incubated sections of
lacrimal gland with the same ROCK1 antibody used in the
Western blot experiments. Similar to PLD1, ROCK1 (stained
red) was present in the cytosol and plasma membranes of the
acinar cells, as indicated by arrows (Fig. 5B). It did not appear

to be present in the myoepithelial cells that surround the acini
(indicated by green staining with � smooth muscle actin).

Effect of ROCK on PLD1 Activity, Protein
Secretion, and ERK Activity

To determine whether ROCK1 is involved in Cch-stimulated
PLD activation, we preincubated freshly isolated cells with the
ROCK inhibitor Y-27632 (10�7–10�4 M, dissolved in KRB-
HEPES) for 20 minutes before stimulating them with Cch (10�4

M) for 5 minutes. As shown in Figure 5C, Cch-stimulated PLD
phosphorylation was inhibited by Y-27632. When four inde-
pendent experiments were analyzed, Cch significantly in-
creased PLD1 phosphorylation (1.9 � 0.2-fold above basal; Fig.
5D). Y-27632 at 10�5 M inhibited PLD phosphorylation (to
1.1 � 0.2-fold above basal; Fig. 5D).

As activation of PLD attenuates Cch-stimulated protein se-
cretion, inhibition of ROCK should increase Cch-stimulated
protein secretion. To test this hypothesis, we preincubated
freshly isolated cells with Y-27632 10�6, 10�5, and 10�4 M for
20 minutes before adding Cch (10�4 M) for 20 minutes. The
amount of peroxidase was measured. Cch significantly in-
creased protein secretion (to 1.2 � 0.04 above no addition).
Cch plus Y-27632, at all concentrations, significantly increased
protein secretion above Cch alone. Secretion was increased to
1.3 � 0.02, 1.4 � 0.2, and 1.4 � 0.01 above Cch at 10�6, 10�5,
and 10�4 M. The increase by Y-27632 at 10�4 M was signifi-
cantly increased above Cch alone (Fig. 5E).

PLD activation also leads to ERK phosphorylation; there-
fore, we also determined the effect of inhibition of ROCK with
Y-27632 on ERK activation. Cch (10�4 M) increased the acti-
vation of ERK (Fig. 5F). In six independent experiments, Cch
significantly increased ERK activation (to 1.6 � 0.2-fold above
basal). Y-27632 decreased Cch-stimulated ERK activity at 10�7,

FIGURE 6. ROCK1 and PLD1 associ-
ate upon cholinergic agonist stimula-
tion. Freshly isolated cells were stim-
ulated with the cholinergic agonist
Cch (10�4 M) for 5 to 60 seconds.
(A) Immunoprecipitation with a
ROCK1 antibody and Western blot
analysis was performed with PLD
and ROCK1 antibody. (B) Results of
three independent experiments. (C)
Immunoprecipitation with a PLD
antibody and Western blot analysis
was performed with ROCK1 and
PLD antibody. (D) Results of three
independent experiments All results
are expressed as the mean � SEM.
*Significant difference from Cch.
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10�6, 10�5, and 10�4 M to 1.3 � 0.1, 1.3 � 0.3, 1.5 � 0.2, and
1.2 � 0.3-fold above basal, respectively (Fig. 5G). Y-27632
alone at any concentration did not have a significant effect on
ERK activation. These data, taken together, imply that cholin-
ergic agonists use ROCK1 along with Rho to activate ERK,
which attenuates secretion.

Coimmunoprecipitation of ROCK1 and PLD1

To determine whether ROCK1 and PLD1 become associated
when stimulated with Cch, we incubated cells with Cch (10�4

M) for 0 to 60 seconds. In a first set of experiments, ROCK1
antibody was used for immunoprecipitation, the amount of
PLD1 associated with ROCK1 increased in a time-dependent
manner after addition of Cch. Cch increased the association of
PLD1 with ROCK1 to 1.5 � 0.4, 2.5 � 0.4, 1.9 � 0.4, and 2.0 �
0.5-fold above time 0. The increase at 15 seconds was signifi-
cantly greater than at time 0 (Figs. 6A, 6B).

Consistent with these experiments, when PLD1 was used as
the immunoprecipitating antibody, ROCK1 association with
PLD1 also increased to 1.6 � 0.5-, 3.0 � 1.7-, 5.3 � 3.8-, and

FIGURE 7. PLD activation of ERK oc-
curs in a Pyk2-, Ras-, and Raf-indepen-
dent manner. Freshly isolated acini
were preincubated with 0.3% 1-but
or t-but for 15 minutes before stimu-
lation with the cholinergic agonist
Cch (10�4 M) for 5 minutes. The
amount of phosphorylated Pyk2 was de-
termined by Western blot analysis (A).
(B) Results of six independent experi-
ments. (C) The amount of activated Ras
was measured with a Ras-activation kit
according to the manufacturer’s instruc-
tions. (D) The mean � SEM of results in
nine independent experiments. (E) The
amount of phosphorylated Raf was de-
termined by Western blot analysis. (F)
The mean � SEM of results of four inde-
pendent experiments. *Significant differ-
ence from basal (B).
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4.1 � 1.9-fold above the time 0 level (Figs. 6C, 6D). These
results show that cholinergic agonist stimulation causes a com-
plex of ROCK1 and PLD1 to form.

PLD1 Activates ERK in a Pyk2-, Ras-, and
Raf-Independent Manner

We have shown that Cch activates ERK via Pyk2 and Src,
leading to activation of the Ras-Raf-MEK-ERK signaling cas-
cade.2 To determine whether PLD1 initiates this cascade, we
investigated the effect of Cch-stimulated Pyk2, Ras, and Raf in
cells preincubated with 1-but and t-but. Pyk2 activity was
determined using an antibody directed against Pyk2 phosphor-
ylated on Tyr402, whereas Ras activity was determined with a
Ras activation kit. Raf activity was determined with an anti-
body against Raf phosphorylated on Ser338. Similar to pre-
vious reports in the lacrimal gland,22 a 5-minute incubation
with Cch (10�4 M) increased Pyk2 activity by 1.3-fold above
basal (Fig. 7A). Incubation with 1-but did not alter Cch-
stimulated Pyk2 activity (Fig. 7B).

In addition, Cch significantly increased Ras activity (Fig. 7C;
by 2.0 � 0.6 times basal), which, similar to Pyk2, was not
significantly affected by incubation with 1-but, although
t-but decreased Cch-stimulated Ras activity (Fig. 7D). As a
control,2 a 30-minute preincubation with PP1 (10�5 M), an
Src inhibitor, decreased Ras activity by 87% (to 1.2 � 0.3
times basal; Fig. 7D).

Similarly to Pyk2 and Ras, Cch significantly stimulated Raf
phosphorylation (by 2.4 � 0.5-fold above basal; Figs. 7E, 7F).
Phosphorylation was not significantly decreased by preincuba-
tion with 1-but or t-but. However, PP1 did significantly de-
crease Raf activity (by 60% to 1.7 � 0.5 times basal; Fig. 7F).
These results indicate that while Cch activates Ras and Raf and
ultimately ERK through Pyk2/Src, PLD is not upstream of these
enzymes and activates ERK via a different pathway.

PLD Increases MEK 1/2 Activity

U0126 is a well-known and specific inhibitor of MEK, the
kinase immediately upstream of ERK that is responsible for
activation of ERK. While it is well established that inhibition of
MEK completely abolishes Cch-stimulated ERK activation2 in
the lacrimal gland, it is not known whether PLD activates MEK.
To this end, freshly isolated acini were preincubated with 0.3%
1-but for 15 minutes before stimulation with Cch (10�4 M) for

FIGURE 8. PLD activates MEK. Freshly isolated acini were preincu-
bated with either 0.3% 1-but or t-but for 15 minutes before stimulation
with the cholinergic agonist Cch (10�4 M) for 5 minutes. (A) The
amount of phosphorylated MEK was determined by Western blot
analysis. The blot is from a single gel in which the lanes have been
rearranged for ease of comparison. (B) The mean � SEM of results in
six independent experiments. *Significant difference from basal (B);
#significance from Cch alone.

FIGURE 9. The PLD signaling path-
way in primary epithelial cells. Acti-
vation of M3 muscarinic receptors
stimulates Rho to cause the associa-
tion of ROCK1 and PLD1. This stim-
ulates MEK and ERK and attenuates
protein secretion.
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5 minutes. The amount of MEK 1/2 phosphorylated on Ser217/
221 was determined by Western blot analysis (Fig. 8A). Cch
significantly increased MEK phosphorylation (to 1.9 � 0.2-fold
above basal; Fig. 8B). 1-But completely abolished Cch-stimu-
lated MEK phosphorylation, but t-but had no effect (Fig. 8B).
This finding indicates that cholinergic agonist stimulation of
PLD causes phosphorylation, and thus activation, of MEK
which in turn activates ERK.

DISCUSSION

In the present study, we identified a novel signaling pathway
activated by cholinergic agonists in freshly isolated, nontrans-
formed epithelial cells. Binding of cholinergic agonists to M3

muscarinic receptors activates the small GTPase Rho upstream
of PLD1 in the lacrimal gland (Fig. 9). This results in the
association of ROCK1 with PLD1 and the subsequent activation
of PLD1. PLD1 initiates a signaling cascade that culminates in
activation of ERK in a unique Pyk2, cSrc, Ras, and Raf-indepen-
dent, but MEK-dependent manner (Fig. 9). Activation of ERK
attenuates cholinergic agonist-stimulated exocytosis. This path-
way differs from previously described pathways, in that PLD1
rather than PLD2 activates ERK, PLD1 is upstream rather than
downstream of ERK, PLD1 and ERK activation inhibits rather
than stimulates exocytosis, and PLD1 does not activate Raf-1
but does activate MEK to stimulate ERK activity.

We previously showed that cholinergic agonists stimulated
the activity of PLD in freshly isolated lacrimal gland epithelial
cells,3 while the isoform of PLD was not identified. We have
now identified that PLD1 is activated by cholinergic agonists as
determined by an increase in phosphorylation of PLD1. Acti-
vation of PLD1 by cholinergic agonists leads to activation of
ERK and attenuation of exocytosis. Cholinergic activation of
PLD2 does not appear to play a role in protein secretion or
activation of ERK and was not investigated further.

It is well known that PLD1 can be activated by many
molecules, including the small GTPase Rho23 and its associated
kinase ROCK.9 Indeed, purified PLD1 has been shown to bind
to purified RhoA in the presence of GTP.23 In freshly isolated
cells, the association of ROCK1 and PLD1 increased with cho-
linergic agonist stimulation, implying that Rho, ROCK1, and
PLD are in a single signaling complex or in the same subcellular
location, which has been suggested to confer specificity to the
signaling pathways.24

In the lacrimal gland, cholinergic agonists also activated
ERK with Pyk2 and c-Src.2,22 Inhibition of c-Src with PP1
resulted in an approximately 50% reduction in ERK activity,
implying that at least one additional pathway activates ERK
independent of Pyk2/cSrc.22 Taking advantage of the transpho-
sphatidyl reaction in which PLD preferentially catalyzes the
transphosphatidylation of a primary alcohol over water to
uncouple PLD from its signaling components, we showed that
incubation with 1-but also decreased ERK activity by approxi-
mately 50%. As PP1 had no effect on PLD activity, it is unlikely
that PLD1 is downstream of Pyk2 and c-Src. Thus, it seems
likely that cholinergic agonists use at least two pathways to
activate ERK: PLD in a Ras- and Raf-independent manner and
Pyk2/cSrc in a Ras- and Raf-dependent manner.

The stimulation of PLD1 by cholinergic agonists most likely
plays a key role in the regulation of protein secretion from the
lacrimal gland as cholinergic agonists are a major stimuli of this
response. PLD activity has also been shown to play key roles in
exocytosis in a variety of tissues and cell lines, including insulin
from pancreatic �-cells, catecholamines from chromaffin cells,
and von Willebrand factor from endothelial cells.25–27 In lacri-
mal gland disease, overactivation of the PLD1 pathway or its
components could block cholinergic agonist stimulation of

secretion leading to dry eye disease. Thus inhibition of PLD1,
ROCK, MEK, or ERK could be developed as a treatment for dry
eye. In many cell types, PKC plays an important role in stim-
ulation of PLD activity.4,28 Regulation of PLD by PKC is not
completely understood but appears to be a result of a direct
interaction between the two molecules. Indeed, the C termi-
nus of PKC� has been shown to bind to and activate PLD1 in
cells overexpressing PLD through a direct interaction and not
by phosphorylation.28 The antibody used in this study to detect
activated PLD is directed against Thr147, a site shown to be
phosphorylated by PKC�.29 PKC� isoforms can also stimulate
PLD1.30 The lacrimal gland contains at least four PKC iso-
forms.31 In these cells, with specific inhibitors of PKC�, -�, and
-�, we determined that cholinergic agonists activate PKC�, -�,
and -� to stimulate protein secretion.32 PKC also activates Pyk2,
cSrc, and ERK to attenuate protein secretion in these cells.22 In
addition, cholinergic agonist-stimulated ERK activation was
inhibited by nearly 80% by two PKC inhibitors.22

Rho and RhoGTPAse are well-known regulators of actin
assembly. Previous studies in the exocrine pancreas demon-
strated that activation of Rho potentiates protein secretion.10

In this study, we show that inhibition of Rho with C3 exotoxin
increases protein secretion above that seen with agonist alone,
similar to glutamate secretion by astrocytes.33 It has been
shown in the lacrimal gland that disruption of actin with
jasplakinolide, cytochalasin D, or latrunculin does not decrease
cholinergic agonist-stimulated protein secretion.34 It has been
hypothesized that the actin filaments near the apical mem-
brane act as a physical barrier to keep the vesicles separated
from the plasma membrane. Stimulation rearranges actin and
allows fusion of vesicles. In the present study, disruption of
actin with latrunculin had no effect on Cch-stimulated ERK
activity, unlike inhibition of Rho with C3 exotoxin. As regula-
tion of actin filaments is a highly complex process, it is possible
that Rho acts on pools of actin different from those affected by
latrunculin.

Interestingly, PLD1 activated ERK in unique Pyk2-, Ras-, and
Raf-independent manner, as 1-but did not have any effect on
cholinergic-stimulated Pyk2, Ras, or Raf activity. As the MEK
inhibitor U0126 completely abolished Cch-stimulated ERK
phosphorylation,2 the interaction between PLD and ERK acti-
vation must occur at the level of MEK1/2. The inhibition of
phosphorylation of MEK by Cch with 1-but confirms this. It is
not known how the interaction between PLD and MEK occurs.
Multiple MEK kinases (MEKK), in addition to Raf, have been
identified that lead to the activation of ERK, including MEKK1,
-2, -3, and -4,.35 It is possible that a MEK kinase other than Raf
is coupled to the PLD1 signaling pathway.

In conclusion, we showed in freshly isolated cells that
cholinergic agonists cause an increase in the association of
PLD1, Rho, and ROCK1, which in turn activates MEK/ERK in a
Pyk2-, Ras- and Raf-independent manner. Activation of ERK
then attenuates protein secretion.
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