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ABSTRACT
The present study investigated the role of nitric oxide (NO)/cGMP
signal transduction in the M3 muscarinic acetylcholine receptor
(mAChR)-stimulated increase in aquaporin-5 (AQP5) levels in the
apical plasma membrane (APM) of rat parotid glands. Pretreat-
ment of rat parotid tissue with the NO scavenger 2-(4carboxyphe-
nyl)-4,4,5,5-tetramethyl-imidazoline-1-oxyl-3-oxide potassium in-
hibited both acetylcholine (ACh)- and pilocarpine-induced
increases in AQP5 in the APM. NO donors [3-morpholinosydnoni-
mine (SIN-1) and (S)-nitroso-N-acetylpenicillamine (SNAP)] mim-
icked the effects of mAChR agonists. A selective protein kinase G
inhibitor [(9S,10R,12R)-2,3,9,10,11,12-hexahydro-10-methoxy-
2,9-dimethyl-1-oxo-9,12-epoxy-1H-diindolo-[1,2,3-fg-3�,2�,1�-
kl]pyrrolo[3,4-i][1,6]benzodiazocine-10-carboxylic acid methyl es-
ter (KT5823)] and an NO synthase inhibitor (N6-imminoethyl-L-
lysine) blocked SIN-1- and SNAP-induced increases in AQP5 in
the APM. A calmodulin kinase II inhibitor [(8)-5-isoquinolinesulfo-
nic acid, 4-[2-(5-isoquinolinyl-sulfonyl)methylamino]-3-oxo-(4-

phenyl-1-piperazinyl)-propyl]phenyl ester (KN-62)] decreased the
pilocarpine-induced increase of AQP5 in the APM. Using diamin-
ofluorescinein-2 diacetate, enhanced NO synthase activity was
detected in isolated parotid acinar cells after ACh-treatment.
Treatment with dibutyryl cGMP, but not dibutyryl cAMP, induced
an increase in AQP5 levels in the APM. BAPTA-AM inhibited the
cGMP-induced increase in AQP5 in the APM. Pretreatment of the
tissues with a myosin light chain kinase inhibitor [(5-chloronaph-
thalene-1-sulfonyl)-1H-hexahydro-1,4-diazepine (ML-9)] inhibited
a mAChR-stimulated increase in AQP5 levels in the APM. Al-
though there was a significant ACh-induced increase in AQP5 in
the APM in the absence of extracellular Ca2�, the maximal effect
of ACh on the AQP5 levels in the APM occurred in the presence of
extracellular Ca2�. These results suggest that NO/cGMP signal
transduction has a crucial role in Ca2� homeostasis in the
mAChR-stimulated increase in AQP5 levels in the APM of rat
parotid glands.

Several aquaporins (AQPs), which form water channels
that selectively transport water across the plasma mem-
brane, have been cloned from a variety of mammalian tissues
(King and Agre, 1996). In the gastrointestinal tract, more
than seven AQPs are known to be expressed: AQP1 in intra-
hepatic cholangiocytes; AQP4 in gastric parietal cells; AQP3
and AQP4 in colonic surface epithelium; AQP5 in salivary
glands; AQP7 in small intestine; AQP8 in liver, pancreas,

colon, and salivary glands; and AQP9 in liver (Ma and Verk-
man, 1999). AQP5 was cloned from the rat submandibular
gland (Raina et al., 1995). The nucleotide sequence of AQP5
reveals 45 and 63% homology with AQP1 and AQP2, respec-
tively (Raina et al., 1995). Salivary fluid secretion is defective
in transgenic mice lacking AQP5, indicating that AQP5 is
important in salivary gland function (Ma et al., 1999; Krane
et al., 2001). The sympathetic and parasympathetic nerves in
rat parotid glands regulate the role of AQP5. Acetylcholine
(ACh) and epinephrine acting at M3 muscarinic acetylcholine
receptors (mAChR) and �1-adrenoceptors, respectively, in-
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duce a rapid increase in AQP5 levels in the APM by increas-
ing the cytosolic concentration of Ca2� ([Ca2�]i) (Ishikawa et
al., 1998, 1999). In contrast, SNI-2011 and pilocarpine induce
a long-lasting increase in AQP5 levels in the APM in rat
parotid glands (Ishikawa et al., 2000). The site of action of
Ca2� for the increase in AQP5 levels in the APM of rat
parotid cells, however, is not known.

M3 mAChRs trigger similar signal transduction pathways
that involve the heterotrimeric G protein Gq-mediated acti-
vation of phospholipase C (PLC)-�, which results in the gen-
eration of inositol 1,4,5-trisphosphate (IP3) and 1,2-diacyl-
glycerol (DAG). IP3 then induces an increase in [Ca2�]i,
whereas DAG activates protein kinase C (PKC) (Putney,
1986; Baum, 1993). The ryanodine receptor type III has also
been identified in microsomal membranes of mouse parotid
acini and has an important role in Ca2� homeostasis (Dijulio
et al., 1997). In Ca2�-mediated intracellular signal transduc-
tion mechanisms, an increase in [Ca2�]i has an important
role in the activation of Ca2�/calmodulin (CaM)-dependent
proteins, such as CaM kinases, myosin light chain kinase
(MLCK), and nitric-oxide synthase (NOS). CaM kinase II is a
multifunctional enzyme that is required for both granule
mobilization under stimulation conditions and maintenance
of secretory capacity under control conditions in pancreatic
�-cells (Gromada et al., 1999). MLCK seems to be involved in
Ca2�-dependent secretion of insulin (Niwa et al., 1998), renin
(Kim et al., 1998), and catecholamines (Kumakura et al.,
1994). The roles of CaM kinase II and MLCK on salivary
secretion, however, are not known. Through the stimulation
of guanylyl cyclase (GC), NO increases cGMP formation
(Moncada et al., 1991; Lucas et al., 2000).

Recent studies have focused on the mechanisms underly-
ing the regulation of AQPs to clarify the molecular basis of
water movement across biologic membranes. AQP1 has a
cyclic nucleotide binding domain in the C terminus and is
activated by direct binding of cGMP (Anthony et al., 2000).
Protein kinase G (PKG), which is activated by cGMP, phos-
phorylates AQP2 on the C-terminal residue and increases the
insertion of AQP2 into renal epithelial cells (Bouley et al.,
2000). Whether these Ca2�/CaM-dependent enzymes are in-
volved in the mechanisms underlying the increase of AQP5 in
the APM of rat parotid cells, however, remains unknown.

The aim of this study was to investigate the possible roles
of CaM kinase II, NOS, MLCK, and PKG in ACh- and pilo-
carpine-induced increases in AQP5 levels in the APM of rat
parotid cells. We report that endogenous NOS is present in
rat parotid acinar cells and that activation of NOS together
with CaM kinase II, MLCK, and PKG is coupled with ACh-
and pilocarpine-induced increases in AQP5 levels in the APM
of the cells.

Experimental Procedures
Materials. BAPTA-AM, 2-(4carboxyphenyl)-4,4,5,5-tetramethyl-

imidazoline-1-oxyl-3-oxide potassium (Carboxy-PTIO), 3-isobutyl-1-
methylxanthine (IBMX), and RPMI 1640 medium were obtained
from Sigma Chemical Co. (St. Louis, MO). 3-Morpholinosydnonimine
(SIN-1), [(S)-nitroso-N-acetylpenicillamine], N6-imminoethyl-L-ly-
sine (L-NIL), (8)-5-isoquinolinesulfonic acid, 4-[2-(5-isoquinolinyl-
sulfonyl)methylamino]-3-oxo-(4-phenyl-1-piperazinyl)-propyl]phenyl
ester (KN-62) were obtained from Funakoshi Co. (Tokyo, Japan).
1-(5-chloronaphthalene-1-sulfonyl)-1H-hexahydro-1,4-diazepine
(ML-9) was obtained from Biomol Research Laboratories, Inc. (Ply-

mouth Meeting, PA). Diaminofluorescinein-2 diacetate (DAF-2/DA)
was obtained from Daiichi Pure Chemicals Co., Ltd. (Tokyo, Japan).
Collagenase was obtained from Worthington Biochemical (Lake-
wood, NJ).

Preparation and Incubation of Rat Parotid Tissue. Male
Wistar rats (8 weeks old) were provided with laboratory chow (MF;
Oriental Yeast, Tokyo, Japan) and water ad libitum and were main-
tained in a temperature-controlled environment (22 � 2°C) with a
12-h light/dark cycle (lights on at 6:00 AM). The Animal Care com-
mittee of Tokushima University Dental School approved all proce-
dures. Rats were killed by a blow to the head, and the parotid glands
were rapidly removed and transferred to ice-cold Krebs-Ringer-Tris
(KRT) solution [120 mM NaCl, 4.8 mM KCl, 1.2 mM KH2PO4, 1.2
mM MgSO4, 1.0 mM CaCl2, 16 mM Tris-HCl, pH 7.4, and 5 mM
glucose] that had been aerated with O2 gas. Tissue slices (0.4 mm
thick) were prepared from the parotid glands using a McIlwain
Tissue Chopper (Mickle Laboratory Engineering, Surrey, UK) and
equilibrated with the KRT solution for 20 min at 37°C with shaking,
as described previously (Hata et al., 1983). The slices (wet weight,
300 mg) were then incubated at 37°C in 10 ml of KRT solution in the
presence or absence of ACh or other agents as indicated.

Preparation of APM Fraction of Rat Parotid Tissue. The
APM fraction was prepared from rat parotid glands with a slight
modification as described previously (Ishikawa et al., 1998). Briefly,
tissue slices were homogenized with a glass homogenizer and Teflon
pestle in 20 volumes of 5 mM HEPES buffer, pH 7.5, containing 50
mM mannitol and 0.25 mM MgCl2, and the homogenate was filtered
through a single layer of nylon bolting cloth (150 mesh). The filtrate
was subjected to differential centrifugation, and the pellet obtained
after centrifugation at 35,000g for 30 min was suspended in the
buffer described above. After the addition of 1 M MgCl2 to give a final
concentration of 10 mM, the suspension was incubated on ice for 30
min with stirring and then centrifuged at 3,000g for 15 min. The
resultant pellet was saved as fraction 1 and the supernatant was
again centrifuged at 35,000g for 30 min. The new pellet was saved as
fraction 2, and the supernatant was centrifuged at 200,000g for 1 h
to yield a pellet that was saved as fraction 3. �-Glutamyltranspepti-
dase was used as a marker for the APM (Paul et al., 1992) and
K�-stimulated p-nitrophenyl phosphatase was used as a marker for
the basolateral plasma membrane (Turner et al., 1986) as described
previously. The specific activity of �-glutamyltranspeptidase for frac-
tions 1, 2, and 3 was 375 � 5.6, 18.3 � 0.9, and 28.5 � 2.7 nmol/
min/mg of protein, respectively. The specific activity of K�-stimu-
lated p-nitrophenyl phosphatase for fractions 1, 2, and 3 was 36.9 �
3.6, 11.1 � 1.2, and 61.8 � 4.3 nmol/min/mg of protein, respectively.
Fractions 1, 2, and 3 were enriched in the APM, intracellular mem-
brane, and basolateral plasma membrane, respectively, consistent
with the results of Paul et al. (1992).

Preparation of Antibodies to AQP5. Rabbit polyclonal antibod-
ies to AQP5 were generated in response to a synthetic peptide (KG-
TYEPEEDWEDHREERKKTI), which corresponded to the deduced
carboxyl-terminal amino acid sequence of AQP5 (Raina et al., 1995).

Immunoblot Analysis. The APM fraction was treated with sol-
ubilizing buffer (Laemmli, 1970) and subjected to SDS-polyacryl-
amide gel electrophoresis (PAGE) on a 12.5% gel. After PAGE, the
separated proteins were transferred electrophoretically from the un-
stained gel to a nitrocellulose membrane (Hybond ECL; Amersham
Biosciences, Little Chalfont, Buckinghamshire, UK) using a Trans-
Blot apparatus (Bio-Rad, Hercules, CA). The blots were probed with
antibodies to AQP5 (1:1500 dilution). Immune complexes were de-
tected with horseradish peroxidase-conjugated secondary antibodies
and enhanced chemiluminescence reagents (Amersham Biosciences).

Purification of AQP5. Parotid tissues were solubilized in 1%
Triton X-100, 20 mM Tris-HCl buffer, pH 7.4, 125 mM NaCl, 1 mM
MgCl2, 1 mM CaCl2, 10 �g/ml aprotinin, and 10 �g/ml leupeptin at
4°C for 1 h with gentle stirring, and then centrifuged at 9000 g for 10
min at 4°C to remove nonsolubilized materials. The resulting super-
natants were incubated with anti-AQP5 antibody, diluted 1:20 in the
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same buffer for 12 h, and applied to a Protein A-Sepharose CL-4B
column (1.5 � 2.0 cm; Pharmacia Fine Chemicals, Uppsala, Sweden)
pre-equilibrated with 20 mM sodium phosphate buffer, pH 7.0. The
immune complex was eluted at a flow rate of 0.2 ml/min with 100
mM glycine-HCl buffer, pH 2.7. After dialysis against H2O, the
eluate was concentrated and dissolved, without heating, in solubi-
lizing buffer. The solubilized AQP5 was subjected to SDS-PAGE in
12.5% linear polyacrylamide gels and subjected to immunoblot.

Determination of NOS Activity in Parotid Acinar Cells. Rat
parotid acinar cells were isolated by collagenase and hyaluronidase
digestion as described previously (Ishikawa et al., 2000) and were
incubated in RPM1 1640 medium with 10 �M DAF-2/DA for 30 min

at 37°C, which was aerated with 95% O2/5% CO2 at pH 7.4. Acinar
cells were washed and resuspended in a HEPES-buffered Krebs-
Ringer-bicarbonate medium containing 118.46 mM NaCl, 4.74 mM
KCl, 1.18 mM KH2PO4, 1.00 mM CaCl2, 1.18 mM MgSO4, 24.88 mM
NaHCO3, and 5 mM HEPES, pH 7.4, and then suspended to measure
NOS activity by fluorescence study with DAF-2/DA as described by
Tritsaris et al. (2000). The cells were gently stirred in a cuvette
maintained at 37°C with or without ACh and other agents as indi-
cated. Changes in fluorescence, which were generated by reaction of
DAF-2 with NO, were monitored with a fluorescence spectrometer
(F-4000: Hitachi, Tokyo, Japan). The experiments were performed
with an excitation wavelength of 495 nm (5-nm bandwidth) and an
emission wavelength of 515 nm (5-nm bandwidth). Agents were
added to the cuvette to give the final concentrations shown in Fig. 6.

Measurement of [Ca2�]i in Parotid Acinar Cells. Parotid aci-
nar cells, prepared by collagenase/hyaluronidase digestion, were
subjected to measurement of [Ca2�]i according to fluorescence study
with fura-2/AM. The cells were gently stirred in the cuvette main-
tained at 37°C during the assay. Changes in fura-2 fluorescence were
monitored with a fluorescence spectrometer (F-4000; Hitachi, Tokyo,
Japan). Excitation was performed at 340 and 380 nm, and emission
was measured at 510 nm. The [Ca2�]i was calculated from the ratio
(340/380 nm) of fluorescence intensities after subtraction of autofluo-
rescence, as described previously (Ishikawa et al., 2000) .

Assay of CaM Kinase II, PKG, and MLCK Activities in Rat
Parotid Tissue Slices. After incubating under experimental condi-
tions, the parotid tissue slices were rapidly frozen at �80°C. For
measurement of CaM kinase II activity, the frozen slices were ho-
mogenized in a solution containing 20 mM Tris-HCl, pH 8.0, 2 mM
EDTA, 2 mM EGTA, 20 �g/ml soybean trypsin inhibitor, 10 �g/ml
aprotinin, 5 �g/ml leupeptin, 2 mM dithiothreitol (DTT), 25 mM
benzamidine, and 1 mM phenylmethylsulfonyl fluoride. The homog-
enate was centrifuged at 350g for 5 min, and the resulting superna-
tant was diluted with a solution containing 50 mM Tris-HCl, pH 7.5,
10 mM MgCl2, 0.1 mM DTT, and 0.1 mg/ml bovine serum albumin
before assay of CaM kinase II activity with a specific assay kit.

For measurement of PKG activity, the frozen tissue slices were
homogenized in a solution composed of 20 mM HEPES, pH 7.5, 10
mM EGTA, 40 mM �-glycerophosphate, 1% Nonidet P-40, 25 mM
MgCl2, 2 mM sodium orthovanadate, 140 mM NaCl, 1 mM DTT, 1
mM Pefabloc (Pentapharm Ltd., Basel, Switzerland), 10 �g/ml apro-
tinin, and 10 �g/ml leupeptin. The homogenate was centrifuged for
15 min at 5,000g and the resultant supernatant was assayed for PKG
activity with a specific kit. In brief, 100 �l of the supernatant was
added to 50 �l of assay mixture containing 20 mM Tris-HCl, pH 7.4,
200 �M ATP, 100 �M BPDEtide, 20 mM MgCl2, 100 �M IBMX, 1 �M
(6–22)amide, and 0.5 �Ci of [�-32P]ATP. After incubation for 10 min
at 30°C, the incorporation of 32P into BPDEtide was determined.

For measurement of MLCK activity, the parotid tissue slices were
homogenized in a solution containing 20 mM MOPS, pH 7.0, 1%
Nonidet P-40, 0.5 mM EGTA, 50 mM MgCl2, 10% glycerol, 10 mM
DTT, 10 �g/ml soybean trypsin inhibitor, 20 �g/ml aprotinin, 10
�g/ml leupeptin, 25 mM benzamidine, and 1 mM phenylmethylsul-
fonyl fluoride. The homogenate was centrifuged for 2 min at 7000g,
and the resultant supernatant was determined in reactions having
50 mM MOPS, pH 7.0, 10 mM Mg(CH3COO)2, 1 mM DTT, 0.2 mM
CaCl2 or 2 mM EGTA, 1 mM [�-32P]ATP, 1 �M calmodulin, and 26.5
�M myosin. After incubation for 10 min at 30°C, a trichloroacetic
acid/Na4P2O7 solution to give final concentrations (w/v) of 10% tri-
chloroacetic acid and 2% Na4P2O7. The precipitated protein was
trapped by filter on a Millipore filtration apparatus (Millipore, Bed-
ford, MA). After washing with 5% trichloroacetic acid and 2%
Na4P2O7, the filter was counted for radioactivity.

cGMP Assay. The amount of cGMP in the tissues was measured
using a radioimmunoassay kit (Yamasa Shoyu, Tokyo, Japan).

Statistical Analysis. Data are presented as means � S.E. and
were analyzed for statistical significance with Student’s t test or

Fig. 1. Time course for the effect of ACh and pilocarpine on AQP5 levels
in the APM of rat parotid glands. A, rat parotid tissue slices were
incubated in the presence of 10 �M ACh plus 1 �M eserine or 10 �M
pilocarpine for 0, 0.25, 1, 3, 10, or 30 min (corresponding to lanes 1–6,
respectively, in the inset) at 37°C, after which APM (5 �g of protein)
fractions were prepared and subjected to immunoblot analysis with an-
tibodies to AQP5. The position of the 27-kDa immunoreactive protein is
indicated. B, immunoblots were subjected to densitometric analysis, and
the amount of AQP5 in APM, based on the intensity of the chemilumi-
nescence signal, was expressed as a percentage of the value for control
tissue. 10 �M ACh plus 1 �M eserine (E) or 10 �M pilocarpine (F). Data
are means � S.E. of five independent experiments. ���, p � 0.001; ��, p �
0.01 versus the value for control cells.
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analysis of variance at all time points. A P value of less than 0.05 was
considered statistically significant.

Results
Effect of ACh and Pilocarpine on AQP5 Levels in the

APM in Rat Parotid Tissue. Rat parotid tissue slices were
incubated for 0.25, 1, 3, 10, and 30 min at 37°C with 10 �M
ACh plus 1 �M eserine or 10 �M pilocarpine to determine
whether these agents increased AQP5 levels in the APM (Fig.
1). Eserine alone (1 �M), which inhibits cholinesterase activ-
ity, did not affect the amount of AQP5 in the APM (Fig. 2A,
lane 6). In the following experiments, 1 �M eserine was used
with ACh. The tissues were then immediately frozen to stop
the reaction before homogenization and preparation of mem-
brane fractions. Immunoblot analysis with antibodies to
AQP5 revealed that ACh induced a marked increase in AQP5
levels in the APM with the maximum (381 � 31% of control)
at 0.25 min and pilocarpine induced a marked increase with
a maximum (320 � 19% of control) at 3 min (Fig. 1). Although
the total amount of AQP5 in the parotid tissues stimulated
by ACh was the same as that in the nonstimulated tissues,
treatment of the tissues with either ACh or pilocarpine in-
creased AQP5 levels in the APM in rat parotid glands.

The ACh- or pilocarpine-induced increase in the amount of
AQP5 in the APM was concentration-dependent with a max-
imum at 1 �M ACh (Fig. 2A) or 10 �M pilocarpine (Fig. 2B),
respectively. The amount of AQP5 in the APM of parotid
tissues incubated with 10 �M ACh or 10 �M pilocarpine was
not significantly different from that in parotid tissues incu-
bated with 1 �M ACh or 10 �M pilocarpine, respectively. In
the following experiments, 10 �M ACh or 10 �M pilocarpine
was used.

As shown in Fig. 2C, AQP5 was purified using protein A
Sepharose CL-4B and subjected to Western blotting. The
antibodies to AQP5 recognized a single protein band with a
mobility corresponding to a molecular mass of 27 kDa (Fig.
2C, lane 1). Detection of this protein was prevented by pread-
sorption of the antibodies to AQP5 with excess immunizing
peptide (Fig. 2C, lane 2).

Effect of NO Scavenger on Both ACh- and Pilo-
carpine-Induced Increases of AQP5 in the APM. In pa-
rotid glands, the stimulation of M3 mAChRs with their ago-
nists generates IP3 and DAG through the stimulation of Gq
protein and PLC. IP3 is then involved in the subsequent
elevation of [Ca2�]i (Putney, 1986; Baum, 1993). The rise in
[Ca2�]i has a key role in both ACh- and SNI-2011–induced
increases in AQP5 levels in the APM (Ishikawa et al., 2000).
Recently, generation and release of NO was recognized as an
important second messenger pathway when an elevation of
[Ca2�]i induced the activation of the CaM-dependent enzyme
NOS (Moncada et al., 1991; Bredt and Snyder, 1994). The NO
scavenger carboxy-PTIO was used to investigate the effect of
NO on AQP5 levels in the APM. Pretreatment of parotid
tissues for 10 min with 10 �M carboxy-PTIO inhibited ACh-
and pilocarpine-induced increases in AQP5 in the APM (Fig.
3), indicating that NO contributes to the increase of AQP5 in
the APM in rat parotid tissues.

Effect of NO on AQP5 Levels in the APM. To further
examine the effect of NO on the increase of AQP5 in the APM,
we investigated the effects of the exogenous NO donors
SIN-1, which spontaneously liberates NO (Kankaanranta et

al., 1997), and SNAP, which forms (S)-nitrosothiol (Jansen et
al., 1992). Exposure of parotid tissue for 10 min to 1 mM
SIN-1 or 1 mM SNAP in the presence of 0.5 mM IBMX, which
inhibited cGMP phosphodiesterase activity, induced 10- and
15-fold increases, respectively, in the concentration of cGMP
(none, 26.7 � 2.3; SIN-1, 245.9 � 2.9; SNAP, 395.2 � 2.8

Fig. 2. Concentration-response effects of ACh and pilocarpine on AQP5 in
the APM. A, rat parotid tissue slices were incubated in the absence (lane
1) or presence of 0.01, 0.1, 1, and 10 �M (lanes 2–5, respectively) ACh plus
1 �M eserine or 1 �M eserine (lane 6) for 0.25 min at 37°C, after which
APM (5 �g of protein) fractions were prepared and subjected to immu-
noblot analysis with antibodies to AQP5. B, rat parotid tissue slices were
incubated in the absence (lane 1) or the presence of 0.01, 0.1, 1, and 10
�M (lanes 2–5, respectively) pilocarpine for 3 min at 37°C, after which
APM (5 �g of protein) fractions were prepared and subjected to immu-
noblot analysis with antibodies to AQP5. C, AQP5 was purified as de-
scribed under Experimental Procedures and 0.1 �g of protein was sub-
jected to immunoblot analysis with antibodies to AQP5 (lane 1) or with
antibodies to AQP5 that were preadsorbed with excess immunizing pep-
tide (lane 2). Profile of enhanced chemiluminescent protein molecular
mass markers are shown in lane 3. D, Immunoblots were subjected to
densitometric analysis, and the amount of AQP5 in APM, based on the
intensity of the chemiluminescence signal, was expressed as a percentage
of the value for control tissue. ACh (10 �M) plus 1 �M eserine (E) or 10
�M pilocarpine (F). Data are means � SE of five independent experi-
ments. ���, p � 0.001; ��, p � 0.01; and �, p � 0.1 versus the value for
control cells.
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fmol/mg of protein). SIN-1 and SNAP also induced a 2.5-fold
increase of AQP5 in the APM (Figs. 4 and 5). These results
suggested that NO donors increase AQP5 levels in the APM
by increasing the intracellular concentration of NO.

Effect of ACh on NOS Activity in Isolated Parotid
Acinar Cells. Neuronal-type NO activity depends on Ca2�

and CaM. Thus, increased [Ca2�]i caused by activation of
mAChRs results in a marked increase in NOS activity (Bredt
and Snyder, 1994). It is not clear, however, whether there is
endogenous NOS in parotid acinar cells. Rat parotid tissue
slices consist of acinar cells, nerve endings, blood vessels,
etc., in which different NOS isoforms are present. To obtain
direct evidence for NO production in the cells in response to
stimulation with ACh in real time, we isolated the acinar

cells from rat parotid tissues. The fluorescent NO indicator
DAF-2/DA was used to investigate whether rat isolated pa-
rotid acinar cells possess endogenous NOS activity. The cells
were preloaded with 10 �M DAF-2/DA and then challenged
with 10 �M or 0.1 �M ACh plus 1 �M eserine. ACh-stimu-
lation of parotid acinar cells preloaded with DAF-2/DA in-
creased DAF-2 fluorescence in a concentration-dependent
manner corresponding to an increase in NO production in the
cells (Fig. 6, a and b). When cells suspended in Ca2�-free
KRT solution were stimulated with 10 �M ACh, an initial
rise in NOS was detected (Fig. 6c). This rise was not main-
tained for more than 1 min. Stimulation of the isolated cells
with 10 �M ACh in the presence of 50 �M BAPTA-AM did not
induce an increase in DAF-2 fluorescence (Fig. 6d). This
result demonstrates that NOS is present in rat parotid acinar
cells and that NOS activity is enhanced by stimulation with
ACh.

Fig. 3. Effects of carboxy-PTIO on the ACh- and pilocarpine-induced
increases in AQP5 levels in the APM of rat parotid glands. A, rat parotid
tissue slices were preincubated for 10 min at 37°C in the absence (lanes
1, 2, and 4) or presence (lanes 3 and 5) of 10 �M carboxy-PTIO, and then
incubated with 10 �M ACh (lanes 2 and 3) for 0.25 min at 37°C or with
10 �M pilocarpine (lanes 4 and 5) for 3 min at 37°C. The APM fraction (5
�g of protein) was then prepared and subjected to immunoblot analysis
with antibodies to AQP5. B, immunoblots similar to those shown in A
were subjected to densitometric analysis, and the amount of AQP5 was
expressed as a percentage of the value for control cells. Data are means �
SE of three independent experiments. ���, p � 0.001 versus the value for
control cells.

Fig. 4. Effects of SIN-1 on the amounts of AQP5 in the APM, and KT5823
on the SIN-1-induced increase in AQP5 in the APM. A, rat parotid tissue
slices were pretreated for 10 min at 37°C in the absence (lanes 1 to 3) or
presence (lane 4) of 10 �M KT5823 and then incubated at 37°C in
presence of 1 mM SIN-1 for 10 min (lanes 2 and 4) or 20 min (lane 3). The
APM fraction (5 �g of protein) was then prepared and subjected to
immunoblot analysis with antibodies to AQP5. B, immunoblots similar to
those shown in A were subjected to densitometric analysis, and the
amount of AQP5 was expressed as a percentage of the value for cells
incubated in the absence of SIN-1 and KT5823. Data are means � S.E. of
three independent experiments. ��, p � 0.01; �, p � 0.05 versus the value
for control cells.
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Effect of PKG on the Amount of AQP5 in the APM. To
determine whether the effect of NO is caused by activation of
the cGMP signaling pathway, we investigated the effect of
KT5823, a specific PKG inhibitor, on the pilocarpine- or NO
donor-induced increase of AQP5 in the APM. KT5823 (10
�M) inhibited the pilocarpine-induced activation of PKG
(none, 5.98 � 0.21; KRT5823, 5.24 � 0.05; pilocarpine, 9.85 �
0.31; pilocarpine plus KT5823, 5.75 � 0.28 pmol/mg of pro-
tein) in parotid tissues. Pretreatment of the tissues for 10
min with KT5823 inhibited the increase in AQP5 levels in the
APM induced by pilocarpine (Fig. 7), SIN-1 (Fig. 4), or SNAP
(Fig. 5), indicating that cGMP signaling contributes to the
increase of AQP5 in the APM in rat parotid tissues.

Role of CaM-Dependent Enzymes in Both ACh- and
Pilocarpine-Induced Increases in AQP5 Levels in the
APM. To investigate the mechanisms by which the elevation

of [Ca2�]i increases AQP5 levels in the APM, we examined
the roles of CaM-dependent enzymes, CaM kinase II, NOS,
and MLCK. First, we examined the possible role of CaM
kinase II. KN-62 (10 �M), a selective CaM kinase II inhibitor,
inhibited CaM kinase activity (none, 99 � 8; KN-62, 95 � 7;
pilocarpine, 145 � 11; pilocarpine plus KN-62, 102 � 9 nmol/
min/mg of protein). Treatment of parotid tissue for 10 min
with KN-62 completely blocked the pilocarpine-induced in-
crease of AQP5 in the APM (Fig. 8). This result suggests that
the activation of CaM kinase II contributes to the Ca2�-
mediated responses to pilocarpine.

Next, to examine the possible role of NOS in ACh- and
pilocarpine-induced increases in AQP5 levels, we treated the
parotid tissue with 10 �M L-NIL, an NOS inhibitor. This
agent inhibited the ACh-induced increases of AQP5 levels in
the APM (Fig. 9), suggesting that NOS activation is impor-
tant for this induction.

MLCK was identified in parotid glands and is known to
regulate capacitative Ca2� entry (Kealey and Randle, 1984).
To examine the possible role of MLCK in increases of AQP5
levels, we treated parotid tissue with 20 �M ML-9, an MLCK
inhibitor. The phosphorylation of MLC under control condi-
tion was 28.3 � 0.9% of the maximum. The MLC phosphor-
ylating activity was 53.8 � 2.5 and 45.6 � 0.9% in the tissues
incubated with ACh and pilocarpine, respectively. In the
presence of ML-9, the activity decreased to 30.3 � 1.8 and
25.8 � 1.2%, respectively. Pretreatment with ML-9 inhibited
ACh- and pilocarpine-induced increases of AQP5 in the APM
(Fig. 10), indicating that MLCK contributes to the increase in
AQP5 levels in the APM in rat parotid cells.

Collectively, these data indicate that Ca2� signaling trig-
gered by ACh and pilocarpine results in increases of AQP5 in

Fig. 5. Effects of SNAP on the amounts of AQP5 in the APM, and KT5823
on the SNAP-induced increase in AQP5 in the APM. A, rat parotid tissue
slices were pretreated for 10 min at 37°C in the absence (lanes 1 to 3) or
presence (lane 4) of 10 �M KT5823 and then incubated at 37°C in
presence of 1 mM SNAP for 10 min (lanes 2 and 4) or for 20 min (lane 3).
The APM fraction (5 �g of protein) was then prepared and subjected to
immunoblot analysis with antibodies to AQP5. B, immunoblots similar to
those shown in A were subjected to densitometric analysis, and the
amount of AQP5 was expressed as a percentage of the value for cells
incubated in the absence of SNAP and KT5823. Data are means � S.E. of
three independent experiments. ���, p � 0.001; ��, p � 0.01 versus the
value for control cells.

Fig. 6. Effect of ACh on NOS activity in rat parotid acinar cells. NOS
activity was measured as changes in fluorescence intensity in isolated
parotid acinar cells of rat that were preincubated with 10 �M DAF-2/DA
for 30 min. Cells that had been incubated with KRT solution for 10 min
were incubated with 10 �M (a) or 0.1 �M ACh in the presence of KRT
solution (b). Cells that had been incubated with Ca2�-free KRT solution
for 10 min were incubated with 10 �M ACh in the continuous presence of
Ca2�-free KRT solution (c). Cells which had been incubated with 50 �M
BAPTA/AM for 10 min were incubated with 10 �M ACh in the continuous
presence of BAPTA/AM (d). The traces are representative of three to five
independent experiments. Arrow, application of ACh.
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the APM via activation of CaM-dependent enzymes, CaM
kinase II, NOS, and MLCK.

Effects of c-AMP and c-GMP on AQP5 Levels in the
APM. NO increases cGMP formation via stimulation of GC.
To investigate the effect of cGMP on AQP5 levels in the APM,
tissues were incubated with 10 �M dbcGMP and 10 �M
dbcAMP for 10 min. The incubation of dbcGMP, but not
dbcAMP, induced an increase in AQP5 in the APM of rat
parotid glands (Fig. 11). In the presence of BAPTA-AM,
treatment of the tissues with dbcGMP did not increase AQP5
in the APM. These results demonstrate that cGMP accumu-
lation in rat parotid acinar cells induces the increase in
AQP5 in the APM in the presence of Ca2�.

Effect of Ca2�-Free KRT Solution on the ACh-In-
duced Increase in the AQP5 in the APM. To determine

whether Ca2� released from intracellular storage sites or the
entry of extracellular Ca2� into cells contributes to the in-
crease in AQP5 in the APM, we measured the ACh-induced
increase in AQP5 in the APM of parotid tissues incubated
with Ca2�-free KRT solution to remove the effect of extracel-
lular Ca2�. In a Ca2�-free KRT solution, ACh induced a
2.4-fold increase in the amount of AQP5 in the APM (Fig. 12).
With Ca2� in the KRT solution, however, ACh induced a
3.8-fold increase (Fig. 1). Although ACh induces an increase

Fig. 7. Effect of KT5823 on the pilocarpine-induced increase in AQP5 in
the APM. A, rat parotid tissue slices were pretreated for 10 min at 37°C
in the absence (lanes 1 and 2) or presence of 10 �M KT5823 (lane 3) and
then incubated for 3 min at 37°C in the absence (lane 1) or presence (lanes
2 and 3) of 10 �M pilocarpine in the continuous absence or presence of
KT5823. The APM fraction (5 �g of protein) was then prepared and
subjected to immunoblot analysis with antibodies to AQP5. B, immuno-
blots similar to those shown in A were subjected to densitometric analy-
sis, and the amount of AQP5 was expressed as a percentage of the value
for cells incubated in the absence of pilocarpine and KT5823. Data are
means � S.E. of three independent experiments. ��, p � 0.01 versus the
value for control cells.

Fig. 8. Effect of KN-62 on the pilocarpine-induced increase in AQP5 in
the APM. A, rat parotid tissue slices were pretreated for 10 min at 37°C
in the absence (lanes 1 and 2) or presence of 10 �M KN-62 (lane 3) and
then incubated for 3 min at 37°C in presence of 10 �M pilocarpine (lanes
2 and 3). The APM fraction (5 �g of protein) was then prepared and
subjected to immunoblot analysis with antibodies to AQP5. B, immuno-
blots similar to those shown in A were subjected to densitometric analy-
sis, and the amount of AQP5 was expressed as a percentage of the value
for cells incubated in the absence of pilocarpine and KN-62. Data are
means � SE of three independent experiments. ��, p � 0.01 versus the
value for control cells.
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in AQP5 in the APM via Ca2� release from intracellular
storage sites, these data indicated that the maximal effect of
ACh was in the presence of Ca2� entry into cells. Thus, both
the Ca2� release from intracellular storage sites and the
entry of Ca2� into cells regulate the amount of AQP5 in the
APM.

Effects of Several Inhibitors on AQP5 Levels in the
APM of Nonstimulated Parotid Tissues. In the above
experiments, tissues incubated with mAChR agonists or NO

donors were used to investigate the effect of NO/cGMP signal
transduction on AQP5 levels in the APM of excited parotid
tissues. Next, we investigated the effect of NO/cGMP signal
transduction on AQP5 levels in the APM of nonstimulated
parotid tissues (Fig. 13). Carboxy-PTIO at the concentration
that inhibited ACh- or pilocarpine-induced increases in
AQP5 in the APM (Fig. 3) had no significant effect on the
AQP5 levels in the APM (Fig. 13A, lane 2), suggesting that
NO generated after mAChR-stimulation of parotid cells in-
creases the AQP5 levels in the APM. KT5823, at the concen-
tration that inhibited the SIN-1–, SNAP-, or pilocarpine-
induced increases in AQP5 levels in the APM (Figs. 4, 5, and
7), had no significant effect on the AQP5 levels in the APM
(Fig. 13A, lane 3), suggesting that PKG activated after the
stimulation of NO generation increases the AQP5 levels in
the APM. IBMX, at the concentration that inhibited cGMP

Fig. 9. Effects of L-NIL on the ACh-induced increase in AQP5 in the APM.
A, rat parotid tissue slices were pretreated for 10 min at 37°C in the
absence (lanes 1 and 2) or presence of 10 �M L-NIL (lane 3) and then
incubated for 0.25 min at 37°C in presence of 10 �M ACh (lanes 2 and 3).
The APM fraction (5 �g of protein) was then prepared and subjected to
immunoblot analysis with antibodies to AQP5. B, immunoblots similar to
those shown in A were subjected to densitometric analysis, and the
amount of AQP5 was expressed as a percentage of the value for cells
incubated in the absence of ACh and L-Nil. Data are means � SE of three
independent experiments. ���, p � 0.001 versus the value for control
cells.

Fig. 10. Effects of ML-9 on the ACh- or pilocarpine-induced increase in
AQP5 in the APM. A, rat parotid tissue slices were pretreated for 10 min
at 37°C in the absence (lanes 1, 2, and 4) or presence of 20 �M ML-9
(lanes 3 and 5) and then incubated for 0.25 min at 37°C in presence of 10
�M ACh (lanes 2 and 3) or for 3 min at 37°C in presence of 10 �M
pilocarpine (lanes 4 and 5). The APM fraction (5 �g of protein) was then
prepared and subjected to immunoblot analysis with antibodies to AQP5.
B, immunoblots similar to those shown in A were subjected to densito-
metric analysis, and the amount of AQP5 was expressed as a percentage
of the value for cells incubated in the absence of ACh, pilocarpine, and
ML-9. Data are means � S.E. of three independent experiments. ���, P �
0.001; ��, p � 0.01 versus the value for control cells.
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phosphodiesterase activity, did not affect AQP5 levels in the
APM (Fig. 13B, lane 2). KN-62, L-NIL, and ML-9 at the
concentrations that inhibited ACh- or pilocarpine-induced
increases in AQP5 levels in the APM (Figs. 8–10), had no
significant effects on the AQP5 levels in the APM (Fig. 13, B,
lanes 3–5). These results demonstrate that at the concentra-
tions indicated in legends of Fig. 13, the NO/cGMP signal
transduction inhibitors do not affect AQP5 levels in the APM
in nonexcited parotid tissues.

Effects of ACh or dbcGMP on the [Ca2�]i in Isolated
Parotid Acinar Cells. [Ca2�]i was measured in isolated
parotid acinar cells loaded with fura-2/AM to demonstrate
whether the elevation of AQP5 levels in the APM coincided
with the elevation of [Ca2�]i. [Ca2�]i rapidly increased in a
concentration-dependent manner after exposure of the iso-
lated parotid acinar cells to ACh (Fig. 14A). Exposure of
parotid tissue for 0.25 min to 10 �M ACh induced 10-fold
increases in the cGMP concentration (none, 26.7 � 2.3; 10
�M ACh, 283.4 � 10.9; 0.1 �M, 123.8 � 8.9 fmol/mg of

protein). Stimulation of the isolated cells with 10 �M ACh in
the presence of 50 �M BAPTA-AM did not induce an increase
in cGMP (22.5 � 2.1 fmol/mg of protein) or in fura-2 fluores-
cence. These data indicate that cGMP production is related to
the elevation of [Ca2�]i and NO generation. [Ca2�]i was then
measured at successive time points after exposure of isolated
parotid acinar cells to 10 or 0.1 �M dbcGMP. [Ca2�]i in-
creased gradually (Fig. 14B), consistent with a previous re-
port by Mathes and Thompson (1996). The enhancement of
[Ca2�]i in isolated parotid acinar cells after adding dbcGMP
was inhibited by the presence of KT5823 (Fig. 14B). These
results suggest that the stimulation of mAChR makes Ca2�

homeostasis via activation of NO/cGMP signal transduction.

Fig. 11. Effects of dbcGMP on the amounts of AQP5 in the APM, and
BAPTA on the dbcGMP-induced increases in AQP5 in the APM. A, rat
parotid tissue slices were pretreated for 10 min at 37°C in the absence
(lanes 1 to 3) or presence of 50 �M BAPTA-AM (lanes 4 and 5) and then
incubated for 10 min at 37°C in presence of 10 �M dbcAMP (lane 2) or
dbcGMP for 10 min (lanes 3 and 5). The APM fraction (5 �g of protein)
was then prepared and subjected to immunoblot analysis with antibodies
to AQP5. B, immunoblots similar to those shown in A were subjected to
densitometric analysis, and the amount of AQP5 was expressed as a
percentage of the value for cells incubated in the absence of dbcGMP and
BAPTA-AM. Data are means � S.E. of three independent experiments.
�� p � 0.01 versus the value for control cells.

Fig. 12. Effect of Ca2�-free KRT solution on the amounts of AQP5 in the
APM. A, rat parotid tissue slices were incubated with Ca2�-free KRT
solution in the absence (left lane) or presence (right lane) of 10 �M ACh
plus 1 �M eserine for 0.25 min at 37°C. APM (5 �g of protein) fractions
were prepared and subjected to immunoblot analysis with antibodies to
AQP5. B, immunoblots were subjected to densitometric analysis, and the
amount of AQP5 in each fraction, based on the intensity of the chemilu-
minescence signal, was expressed as a percentage of the value for control
tissue. Data are means � S.E. of three independent experiments. ��, p �
0.01 versus the value for control cells.
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Discussion
Rat parotid glands express M2 and M3 mAChRs; the M3

mAChRs represent 90% of the total number of precipitable
mAChRs (Ehlert et al., 1996). As shown in Fig. 1, M3 mAChR
activation by ACh or pilocarpine increases AQP5 levels in the
APM of rat parotid cells. The M3 mAChR-stimulated in-
creases of AQP5 in the APM was inhibited by treatment of
the tissues with U73122, TMB-8, and dantrolene (Ishikawa
et al., 2000), indicating that M3 mAChRs activate PLC, in-
crease the release of Ca2� via the activation of IP3 and
ryanodine receptors, and induce an increase in AQP5 levels
in the APM. M3 mAChR stimulation also induces the gener-
ation of DAG and leads to PKC activation. The M3 mAChR-
stimulated increase of AQP5 in the APM, however, was not
inhibited by treatment with GF 109203X (Ishikawa et al.,
2000), indicating that PKC did not regulate the amount of
AQP5 in the APM. Intracellular Ca2�-dependent cellular
process are regulated by the ubiquitous Ca2� -binding pro-
tein, CaM, which activates CaM-dependent protein kinase I,
II, III, and MLCK (Stull, 2001; Soderling et al., 2001). Also,
increased [Ca2�]i results in markedly increased NOS activity
to form NO from the amino acid L-arginine. NO exerts its
biologic effects through the activation of GC and the produc-
tion of cGMP or through cGMP- independent mechanisms
such as nitrosylation (Moncada et al., 1991; Lucas et al.,
2000). To investigate the contribution of NO/cGMP signaling
to the M3 mAChR-stimulated increase in AQP5 in the APM
of rat parotid cells, rat parotid tissues were treated with

carboxy-PTIO, an NO scavenger. Treatment with carboxy-
PTIO inhibited ACh- or pilocarpine-induced increases in
AQP5 in the APM (Fig. 3). On the other hand, parotid tissues
treated with the NO-releasing compounds SIN-1 and SNAP
alone had increased levels of AQP5 in the APM (Fig. 4 and 5).
These results indicate that NO works as a postsynaptic in-
tracellular messenger to induce an increase in AQP5 levels in
the APM.

In general, NO activates GC, which produces cGMP that
then activates PKG (Moncada et al., 1991; Lucas et al., 2000).
The selective PKG inhibitor KT5823 blocked SIN-1-, SNAP-,
and pilocarpine-induced increases of AQP5 in the APM (Figs.
4, 5, and 7). Furthermore, treatment with dbcGMP increased
AQP5 levels in the APM (Fig. 11). In fact, treatment of the
tissues with SIN-1 or SNAP remarkably induced cGMP ac-
cumulation and induced amylase secretion from the parotid
glands, suggesting that NO activates GC and produces cGMP
in parotid tissues. The results of the present study indicate
that NO increases AQP5 in the APM via activation of PKG in
rat parotid cells (Figs. 4, 5, and 7).

NO production is reported to occur in neurons and macro-
phages, etc. (Moncada et al., 1991). In parotid glands, how-
ever, it was not clear whether NO produced in neurons and
endothelial cells diffuses to parotid acinar cells or if NO is
endogenously synthesized in parotid acinar cells. Using an
NO indicator, DAF-2/DA, we demonstrated that endogenous
NOS was present in parotid acinar cells and activated by the
increase in [Ca2�]i induced by the ACh stimulation of M3

mAChR3 (Fig. 6). Treatment of the tissues with L-NIL, a NOS
inhibitor, blocked the ACh-induced increase of AQP5 in the
APM (Fig. 9), consistent with the presence of NOS in parotid
tissues.

Pretreatment of the tissues with KN-62, a specific CaM
kinase II inhibitor, or ML-9, a specific MLCK inhibitor, in-
hibited ACh- or pilocarpine-induced increases of AQP5 in the
APM (Figs. 8 and 10). CaM kinase II and MLCK have mul-
tiple functions (Kamm and Stull, 2001; Soderling et al.,
2001). In pancreatic cells, the effect of Ca2� on exocytosis is
mediated by activation of CaM kinase II (Gromada et al.,
1999) and granule movements are dependent on activation of
Ca2�/CaM dependent phosphorylation of MLC (Niwa et al.,
1998). In Ca2� homeostasis, CaM kinase II senses cellular
Ca2� oscillations (Soderling et al., 2001) and MLCK regu-
lates capacitative Ca2� entry (Watanabe et al., 1998).

NO has multiple functions, which include acting as an
important messenger and having profound effects on Ca2�

homeostasis. NO regulates Ca2� homeostasis at many sites
involved in voltage-dependent Ca2� channels and voltage-
independent, store-operated Ca2� channels, modulation of

Fig. 13. Effects of carboxy-PTIO, KT5823, IBMX, KN-62, L-NIL, and
ML-9 on AQP5 levels in the APM of nonstimulated parotid tissues. A, rat
parotid tissue slices were incubated for 20 min at 37°C in the absence
(lane 1) or presence of 10 �M carboxy-PTIO (lane 2) and 10 �M KT5823
(lane 3). B, rat parotid tissue slices were incubated for 20 min at 37°C in
the absence (lane 1) or presence of 0.5 mM IBMX (lane 2), 10 �M KN-62
(lane 3), 10 �M L-NIL (lane 4), and 20 �M ML-9 (lane 5). The APM
fraction (5 �g of protein) was then prepared and subjected to immunoblot
analysis with antibodies to AQP5.

Fig. 14. Effects of ACh and dbcGMP on [Ca2�]i in isolated
parotid acinar cells. The [Ca2�]i was measured as changes
in fluorescence intensity in isolated rat parotid acinar cells
that were preincubated with fura-2/AM. A, cells that had
been incubated with (c) or without (a and b) 50 �M
BAPTA/AM for 10 min were incubated with 10 �M (a and
c) or 0.1 �M ACh (b). B, cells that had been incubated with
(c) or without (a and b) 10 �M KT5823 for 10 min were
incubated with 10 �M (a and c) or 0.1 �M dbcGMP. The
traces are representative of three independent experi-
ments. Arrow, application of ACh and dbcGMP.
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IP3-induced intracellular Ca2� release, Ca2� release from
ryanodine stores, regulation of Ca2� influx, IP3, and cADP-
ribose generation (Clementi, 1998). The principal targets of
cGMP are phosphodiesterase, resulting in interference with
the cAMP-signaling pathway; cGMP-gated channels, such as
AQP1 (Anthony et al., 2000); PKGs; and cADP-ribose-depen-
dent Ca2� channels (Willmott et al., 1996; Looms et al.,
2001). Treatment with dbcGMP alone increases AQP5 levels
in the APM (Fig. 11). Preventing the elevation of [Ca2�]i with
BAPTA-AM, however, inhibited dbcGMP-induced increases
of AQP5 in the APM (Fig. 11). Thus, the NO/cGMP signaling
pathway regulates the amount of AQP5 in the APM via the
elevation of [Ca2�]i.

ACh and dbcGMP increased the [Ca2�]i in rat parotid
acinar cells (Fig. 14). Mathes and Thompson (1996) demon-
strated that mAChR-activation stimulated NOS, which en-
hances cGMP production and greater Ca2� influx in neuro-
blastoma. Xu et al. (1997) also reported that nNOS activated
by Ca2� release from intracellular stores generated cGMP
and regulated Ca2� influx in rat pancreatic and submandib-
ular salivary glands. Watson et al. (1999) and Looms et al.
(2001) demonstrated that mAChR activation stimulates
Ca2�-dependent NOS, leading to the production of NO and
the release of Ca2� from ryanodine-sensitive stores. To de-
termine whether the enhancement of [Ca2�]i is caused by the
Ca2� release from intracellular storage sites or by the entry
of extracellular Ca2� into cells, we measured the ACh-in-
duced increase in AQP5 levels in the APM of parotid tissues
incubated with Ca2�-free KRT solution. In the absence of
extracellular Ca2�, ACh induced a 2.4-fold increase in AQP5
in the APM (Fig. 12). In the presence of extracellular Ca2�,
however, ACh induced a 3.8-fold increase (Fig. 1). Although
ACh induces an increase in AQP5 in the APM via the Ca2�

release from intracellular stores, these data indicate that the
maximum effect of ACh occurs with Ca2� entry into cells. In
addition, ML-9 (Fig. 10) or dantrolene (Ishikawa et al., 2000)
inhibited ACh- or epinephrine-induced increases in the
AQP5 levels in the APM, respectively, suggesting that both
Ca2� release from intracellular stores and Ca2� entry on
plasma membranes regulates the AQP5 levels in the APM.
Taken together, both the Ca2� release from intracellular
stores and the entry of Ca2� into cells regulate the amount of
AQP5 in the APM. In our experiments, it is not clear that this
elevated [Ca2�]i depends on Ca2� release from intracellular
stores or Ca2� entry via voltage-independent channels on
plasma membranes. It is clear that NO/cGMP signal trans-
duction is involved in [Ca2�]i homeostasis in rat parotid
acinar cells.

As reported previously, ACh and epinephrine stimulate an
increase in AQP5 levels in the APM by movement of cytosolic
components (Ishikawa et al., 1999, 2000). The mechanism
underlying the insertion of the recruitment membrane into
the plasma membrane, which is regulated by Ca2�, has at-
tracted much attention (Barroso et al., 1996). In the present
study, NO/cGMP signal transduction after activation of M3

mAChRs contributed to increased levels of AQP5 in the APM
in rat parotid glands. These results indicate that enhance-
ment of [Ca2�]i fulfills a crucial role in ACh- and pilocarpine-
induced increases of AQP5 in the APM of rat parotid acinar
cells.
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