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Background: The subcellular distribution of aquaporin-5 (AQP5) in rat parotid acinar cells in response tomuscarinic
acetylcholine receptor (mAChR) activation remains unclear.
Methods: Immunoconfocal and immunoelectron microscopy were used to visualize the distribution of AQP5 in
parotid acinar cells. Western blotting was used to analyze AQP5 levels in membranes. To clarify the characteristics
of membrane domains associated with AQP5, detergent solubility and sucrose-density flotation experiments were
performed.
Results:Under control conditions, AQP5was diffusely distributed on the apical plasmamembrane (APM) and apical
plasmalemmal region and throughout the cytoplasm. UponmAChR activation, AQP5was predominantly located in
the nucleus, APM and lateral plasmamembrane (LPM). Subsequently, localization of AQP5 in the nucleus, APM and
LPM was decreased. Prolonged atropine treatment inhibited mAChR agonist-induced translocation of AQP5 to the
nucleus, APM and LPM. AQP5 levels were enhanced in isolated nuclei and nuclear membranes prepared from
parotid tissues incubated with mAChR agonist. mAChR agonist induced AQP5 levels in both soluble and insoluble

nuclear fractions solubilized with Triton X-100 or Lubrol WX. Small amounts of AQP5 in nuclei were detected
using low-density sucrose gradient. When AQP5 was present in the nuclear membrane, nuclear size decreased.
Conclusion: The activation of mAChR induced AQP5 translocation to the nucleus, APM and LPM, and AQP5 may
trigger water transport across the nuclear membrane and plasma membrane in rat parotid acinar cells.
General significance: AQP5 translocates to the nuclearmembrane andmay trigger themovement of water, inducing
shrinkage of the nucleus and the start of nuclear functions.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Parotid glands are innervated by both sympathetic and parasympa-
thetic nerves. The activation ofM3- andM1-muscarinic acetylcholine re-
ceptors (mAChRs) andα1-adrenoceptors increases intracellular calcium
concentrations ([Ca2+]i) and induces salivary fluid secretion [1,2].
Aquaporins (AQPs) are a family of integral membrane proteins that
exhibit specific channel activity for water. To date, 13 AQPs have been
cloned and classified into 3 major subtypes; classical aquaporins
(AQP0, −1, −2, −4 and −5), aquaglyceroporins (AQP3, −7, −9 and
−10), and unorthodox aquaporins (AQP6, −8, −11 and −12) [3,4].
Salivary fluid secretion is defective in transgenic mice lacking AQP5
[5], indicating a crucial role for AQP5 in salivary fluid secretion [6].
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wa).
In vitro experiments using rat parotid gland slices demonstrated that
acetylcholine (ACh) and epinephrine acting atM3- andM1-mAChRs and
α1-adrenoceptors, respectively, induce a rapid increase in AQP5 in the
apical plasma membrane (APM) by increasing intracellular Ca2+ con-
centration [Ca2+]i [7,8]. The muscarinic agonist cevimeline, acting at
M3- and M1-mAChRs, induces long-term increases in AQP5 levels in
the APM [9]. In vivo experiments using confocal microscopy revealed
that in theparotid glandunder unstimulated conditions, AQP5 is located
in lipid rafts that contain flotillins and prototypical ganglioside GM1
with a diffuse pattern in apical cytoplasm in duct cells. The activation
ofM3- andM1-mAChRs induces the rapid translocation of AQP5, togeth-
er with lipid rafts, from the apical cytoplasm to the APM by enhance-
ment of [Ca2+]i [10,11]. AQP5 and lipid rafts are then released into
saliva [12]. AQP5 is known to be present in parotid gland exosomes
[13,14], which accumulate within multivesicular bodies and are
released into saliva fromparotid cells upon fusion ofmultivesicular bod-
ies with the plasma membrane in a Ca2+-triggered reaction [15,16]. In
salivary glands, the Ca2+-permeable transient receptor potential
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canonical 1 (TRPC1) plays an important role in the agonist-induced
increase in [Ca2+]i [2,17]. AQP5 was also demonstrated to be rapidly
translocated from the cytoplasm to the APM by enhancement of
[Ca2+]i during sweating in sweat glands [18].

Salivary glands consist of threemajor types (parotid, submandibular
and sublingual glands) and numerous minor glands. The submandibu-
lar, sublingual, and minor salivary glands are continuously active,
whereas the parotid glands have nomeasurable unstimulated secretion,
but become the main source of saliva when stimulated [19,20]. Primary
saliva is formed in acinar cells [1] andAQP5 shows rapid translocation to
theAPMupon activation ofM3-muscarinic receptors. Therefore, the first
aim in the present study was to directly visualize the detailed time-
dependent AQP5 translocation in the parotid acinar cells stimulated
by cevimeline.

Lipid rafts are membrane microdomains enriched with cholesterol
and glycosphingolipids [21,22], and are implicated in the regulation of
membrane trafficking [23–25], clustering of membrane-associated pro-
teins [26] and intracellular signaling [27,28]. Raft components are
insoluble in Triton X-100 (TX-100) and float to low density in sucrose
density gradients [27,29]. Rafts are characterized by differences in de-
tergent insolubility. Rafts in the direct pathway from the trans-Golgi
network to the APM are soluble in TX-100 and insoluble in Lubrol,
whereas rafts in the indirect pathway are both Lubrol and TX-100 insol-
uble [30,31]. AQP5 that is translocated to the APM is distributed in TX-
100- and Lubrol-insoluble rafts [10].

In this study, we found that upon activation of mAChRs, AQP5 is
trafficked to the nuclear membrane and APM. The second aim of this
study was to clarify the vesicle type associated with AQP5 trafficking
to nuclei. The third aim of this study was to investigate the function of
AQP5 in the nuclear membrane.

2. Materials and methods

2.1. Animals

Eight-week-old male Wistar rats were given standard laboratory
chow (MF; Oriental Yeast, Tokyo, Japan) and water ad libitum, and
were maintained in accordance with the guidelines established by
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Fig. 1.Changes inAQP5 immunofluorescence inparotid acinar cells from cevimeline-injected ra
after cevimeline injection. Sections were fixed and incubated with anti-AQP5 antibody. Alexa-4
shown in each single image (−1). Sixteen consecutive images obtained with a confocal micro
localization in nuclei, the 568 nm laser was turned off (−3). Arrow indicates AQP5 in the nucl
the Animal Care Committee of the University of Tokushima Graduate
School.

2.2. Immunohistochemistry

Cevimeline (5.0 mg/kg) was injected into the tail vein. At the in-
dicated times after injection, parotid glands were quickly removed,
embedded in Jung tissue freezing medium (Leica, Heidelberg,
Germany), and rapidly frozen with liquid nitrogen. In some experi-
ments, cevimeline was injected 60 min after intraperitoneal injec-
tion of atropine (200 mg/kg). Frozen sections (7 μm) were cut,
mounted on poly-L-lysine-coated glass slides, and immediately
fixed for 30 min with pre-chilled (−20 °C) ethanol. Immunostaining
was performed as described previously [10]. After washing in phos-
phate buffered saline (PBS, pH 7.5), sections were blocked in avidin
and biotin solutions (Zymed Laboratories Inc., South San Francisco,
CA), followed by 1%membrane blocking agent (Amersham Biosciences,
Buckinghamshire, UK) for 1 h, and were double-stained as follows.
Sections were incubated at 4 °C overnight with primary antibodies;
rabbit anti-AQP5 antibody (1:1000 dilution) and goat anti-flotillin-1
antibody (1:1000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA),
or rabbit anti-ganglioside GM1 antibody (1:1000 dilution; Calbiochem-
NovabiochemCo., Darmstadt, Germany). Thiswas followedby incubation
for 1 h with biotinylated goat anti-rabbit antibody or horse anti-goat IgG
antibody (Vector Laboratories, Burlingame, CA). These antibodies were
raised against the COOH-terminal amino acid sequence of rat AQP5 and
rabbit anti-AQP5 antibody was generated in response to a synthetic
peptide (KGTYEPEEDWEDHREERKKTI) [5]. Labeling was visualized with
streptavidin-conjugated Alexa Fluor 488 or Alexa Fluor 568 (1:1000
dilution; Molecular Probes, Inc., Leiden, Netherlands). To stain cell nuclei,
sections were incubated with 0.5 μg/ml RNaseA, and then with 50 μg/ml
of propidium iodide for 1 h at 37 °C. Fluorescence images were captured
using a confocal microscope (TCS NT; Leica). Fluorescence images of
sections excited at 488 or 568 nm, and excited simultaneously at both
wavelengths, were captured using confocal laser scanning microscopy
(Leica TCS NT) equipped with an Ar/Kr laser and a 40× dry objective
(Leica Plan Apochromat). In some experiments, the nuclear diameter
was measured using a microscopy ruler.
6 min 10 min 60 min
D-1

E-2

D-3

D-2

E-3

E-1

F-2

F-1

F-3
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scope were projected to generate a single image (−2). To facilitate visualization of AQP5
ei. Bars: 10 μm.
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2.3. Isolation of nuclei and preparation of nuclear membrane

Glands were rapidly removed 3 min after saline or cevimeline injec-
tion, and were pooled in ice-cold SMD solution containing 0.32 M su-
crose, 3 mM MgCl2 and 1 mM dithiothreitol (DTT). All subsequent
manipulations were carried out at 4 °C. Glands were sliced at 4 mm
Atropine (63
Cevimeline Atropine (60 min)

Saline (60 min)
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Fig. 2. Changes in AQP5 immunofluorescence in parotid acinar cells from atropine-injected ra
cevimeline was intravenously injected. Parotid glands were obtained from rats at 0 (A and D),
iodide were used to visualize AQP5 and nuclei, respectively. One section is shown in each sin
projected to generate a single image (−2). To facilitate visualization of AQP5 localization in nuc
using a McIIwain Tissue Chopper (Mickel Laboratory Engineering Co.,
Surrey, UK) and were then homogenized in 5 volumes of SMD solution,
using a glass homogenizer fitted with a loose Teflon pestle rotating at
1250 rpm for 12 strokes. Homogenates were filtered through nylon
bolting cloth (110 mesh), and were centrifuged at 600 ×g for 10 min.
The crude nuclear pellet was washed twice in SMD solution and finally
Atropine (70 min)
Cevimeline (10 min)
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ts. Rats were intraperitoneally injected with atropine (D–F) or saline (A–C). After 60 min,
3 (B, B′, and E) and 10 (C and F) min after cevimeline injection. Alexa-488 and propidium
gle image (−1). Sixteen consecutive images obtained with a confocal microscope were
lei, the 568 nm laser was turned off (−3). Arrow indicates AQP5 in the nuclei. Bars: 10 μm.
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suspended in 3 ml of SMD solution. Nuclei were isolated using discon-
tinuous sucrose-density gradients, as described previously [32]. Briefly,
a suitable volume of 2.2 M sucrose solution containing 3mMMgCl2 and
1 mMDTTwas added to this suspension to give a final sucrosemolarity
of 1.89. Aftermixing thoroughly, the suspensionwas layered over 2.2M
sucrose solution containing 3mMMgCl2 and1mMDTT, andwas centri-
fuged at 75,000 ×g for 90 min using an RPS50 rotor (Hitachi Koki Co.,
Ltd., Tokyo, Japan).

Nuclearmembraneswere obtained as described previously [33]. Iso-
lated nuclei were lysed in 8 mM Tris–HCl (pH 8.5) containing 0.1 mM
MgCl2, 4 mM 2-mercaptoethanol, 8% sucrose, and 1 μg/ml DNase I.
After 10min of incubation at 22 °C, the reactionwas stopped by diluting
lysates with cold water (1:1, vol/vol). Lysed nuclei were centrifuged at
38,000 ×g for 15 min at 4 °C, and the sediment was resuspended in
10 mM Tris–HCl (pH 7.4, containing 0.1 mM MgCl2, 5 mM 2-
mercaptoethanol, 10% sucrose and 1 μg/ml DNase I). Digestion was car-
ried out for 20min and was terminated by the addition of an equal vol-
ume of ice-cold distilled water. The final nuclear envelope pellet was
obtained after centrifugation at 38,000 ×g for 15 min at 4 °C.

2.4. Preparation and incubation of rat parotid tissues

Parotid glandswere rapidly removed fromrats, andwere then trans-
ferred into an ice-cold Krebs-Ringer Tris (KRT) solution (120 mMNaCl,
4.8 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 1.0 mM CaCl2, 16 mM
Tris–HCl [pH 7.4], 5 mM glucose) aerated with O2 gas. Tissue slices
(0.4 mm) were prepared from the parotid glands using a McIlwain
Tissue Chopper (Mickle Laboratory Engineering, Surrey, UK), and were
equilibrated with KRT solution for 20 min at 37 °C with shaking, as
described previously [7]. Slices (wet weight, 300 mg) were then incu-
bated at 37 °C in 10 ml of KRT solution in the presence or absence of
cevimeline.

2.5. Preparation of inner and outer nuclear membrane

In accordance with the method of Gilchrist and Pierce [34], nuclear
membranes prepared from parotid tissues incubated with or without
A B
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Fig. 3.Changes in immunofluorescence of AQP5 and flotillin-1 in parotid acinar cells from cevim
after cevimeline-injectionwerefixed and then incubatedwith anti-AQP5 and anti-flotillin-1 ant
nification was increased to obtain photographs from A to D.White and transparent arrows indic
nuclei. Bars: 10 μm.
cevimeline were diluted to 2 mg/ml in SMD containing 1% citric acid
(trisodium dehydrate) and incubated on ice for 15 min. The fraction
containing inner nuclear membranes was pelleted at 5000 ×g for
10 min. The supernatant fraction containing the outer nuclear mem-
brane was precipitated with 10% trichloroacetic acid.
2.6. Ganglioside extraction

Nuclei were homogenizedwith lysis buffer and extracted twicewith
chloroform/methanol/water (4:8:3 v/v/v), as described previously [35].
Upper layers were pooled, and distilled water was added to produce a
final chloroform/methanol/water ratio of 1:2:1.4, followed by centrifu-
gation for 30 min at 1500 ×g. The upper phase was collected. Methanol
(half of lower phase volume) and 0.01 M KCl (20% of total volume of
lower phase, plus added methanol) were added to the lower phase,
followed by vortexing and centrifugation for 30 min at 2000 ×g. The
two upper phases were combined and evaporated to dryness. The
dried residue was dissolved in 2 ml 0.1 M KCl and recycled three
times on a Sepak C18 column (1 ml). Bound material was eluted with
methanol and chloroform/methanol (2:1).
2.7. Preparation of non-ionic detergent-insoluble and -soluble domains and
gradient density flotation assay

Isolated nuclei were solubilized with TNE solution (25 mM Tris–HCl
[pH 7.4], 150mMNaCl, 5 mM EDTA) containing 1% TX-100 or 1% Lubrol
WX on ice for 30min. Soluble and insoluble fractions were then obtain-
ed by centrifugation at 200,000 ×g for 30 min at 4 °C. Nuclear mem-
branes were solubilized with TNE solution containing 1% Triton X-100
and protease inhibitors [10] for 30 min, which was then brought up to
45% sucrose (w/v) in a final volume of 1 ml, and sequentially overlaid
with 1.5 ml of 45%, 35% and 5% sucrose. Gradients were centrifuged at
240,000 ×g for 18 h. Six fractions (0.75 ml) were collected from the
top (F1) to the bottom (F6) of the gradient. The pellet was designated
as F7.
DC
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Fig. 5.AQP5 andGM1 distribution in isolated nuclear and subnuclear fractions. A–C) Isolated nuclei prepared from parotid glands at 3min after cevimeline (a-2 and b-2) or saline (a-1 and
b-1)-injection were incubated with anti-AQP5 (A) and anti-GM1 (B) antibodies. Nuclei were stained with propidium iodide. Bars: 5 μm. Diameter of stained nuclei from parotid glands
3 min after cevimeline or saline (S) (C) (n = 28). D–F) Nuclear membranes (D and E) were obtained from nuclei of parotid tissues treated with (lane 2) or without (lane 1) cevimeline.
Each fractionwas analyzed by immunoblot analysiswith anti-AQP5 (D) and anti-GM1 (E) antibodies. RepresentativeWestern blot of AQP5 andGM1was shown. Densitometric analysis is
expressed in (H) as the relative intensity of chemiluminescene (n = 5). G–H) Gangliosides were extracted from isolated nuclei prepared from parotid glands at 3 min after cevimeline
(lane 3) or saline (S) (lane 2) injection, and were then separated by TLC. The GM1 standard is shown in lane 1. Densitometric analysis is expressed in (H) as relative intensity of chemi-
luminescence (n = 3). ***p b 0.001 vs. value for saline-injected rats.
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Fig. 4. Immunoelectron microscopy of AQP5 expression in acinar cells of rat parotid glands. A–C) Glands were removed from rats at 3 min after saline injection. Frames b and c are mag-
nified in (B) and (C), respectively. Labeling is mainly observed at the intracellular components (arrows). Labeling is also observed in the intercellular canaliculi (arrows). L, Lumen of in-
tercellular canaliculi; N, nucleus. Magnification: A, ×2000; B and C, ×16,000. D–F) Glands were removed from rats at 3 min after cevimeline injection. Frames e and f are magnified in
(E) and (F), respectively.When comparedwith control tissues (Fig. 4A), changes are observed in subcellular localization of AQP5. Labeling ismainly associatedwith the nuclearmembrane
(arrows). Labeling is also observed in the lumen and intercellular canaliculi (arrows). L, lumen; N, nucleus; TJ, tight junction. Magnification: D, ×2000; E and F, ×16,000.
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2.8. Immunoblot analysis in Western blotting and thin-layer
chromatography (TLC)

Nuclear membrane, nucleoplasm, detergent-insoluble and
-soluble domains, and F1-7 were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis on a 12.5% gel. Separated
proteins were transferred to nitrocellulose membranes. Blots were
probed with antibodies against AQP5, GM1 (1:1500), and Lamin B
(1:1000), and were revealed by ECL detection [10]. Chemiluminescent
blots were imaged with the ChemiDoc MP imager (Bio-Rad, Hercu-
les, CA) and on film. Films were imaged with ChemiDoc MP using
the white light conversion screen. Band Analysis tools of ImageLab
software version 4.2 (Bio-Rad) were used to select and determine the
background-subtracted density of bands. On the other hand, ganglio-
sides were separated by TLC. GM1 purified standard (Sigma) was used
as a positive control. Plates (aluminum-backed silica gel 60 plates-
Merck) were soaked in a 1% solution of polyisobutyl methacrylate in
hexane for 90 s, air dried, incubated in blocking solution (ECL) for
30 min, and were then treated with peroxidase-conjugated cholera-
toxin B subunit (1:500; Sigma), as described previously [35,36]. Bands
were revealed by ECL detection.

2.9. Immunoelectron microscopy

Tissue was prepared for electron microscopy by freeze substitution,
as described previously [10]. Ultrathin Lowicryl HM20 sections were
incubated overnight at 4 °C with anti-AQP5 antibodies, and were
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2.10. Statistical analysis

Data are presented as means ± standard error (SE), and were
analyzed for statistical significance by Student's t-test or analysis of
variance at all time points. P values of less than 0.05 were considered
to be statistically significant.

3. Results

3.1. mAChR agonist-induced translocation of AQP5 to nuclear membrane,
APM and lateral plasma membrane (LPM)

In order to maximize the immunostaining of AQP5 in parotid acinar
cells, deeply pre-chilled ethanol was used for fixation of parotid tissues
(Figs. 1–3, 5A and 5B), although formalin andmethanol were used to in-
vestigate the localization of AQP5 in duct cells [10]. Under unstimulated
conditions, AQP5 was present in three distinct compartments: some
AQP5was present in the APM, and large amounts of AQP5were diffuse-
ly distributed in the apical plasmalemmal region and throughout the cy-
toplasm (Fig. 1A). This distribution is similar to that in mouse sweat
glands [18]. Cevimeline was injected into the rat tail vein to visualize
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as F7. F1–F7 was subjected to immunoblot analysis with anti-AQP5. B–E) Nuclei were iso-
ine for 3 min, and were then treated with TNE solution containing 1% TX-100 or 1% Lubrol
nalysis with anti-AQP5 (B and D) and anti-GM1 (C) antibodies. Densitometric analysis is
***p b 0.01 vs. value for control tissues.
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the cellular distribution of AQP5 in acinar cells. After 1.5 to 3 min, local-
ization of AQP5 in the nuclei was observed (Fig. 1B and 1C, arrows).
After 6 to 10 min, AQP5 was located predominantly on the APM and
LPM (Fig. 1D and 1E). After 60 min, AQP5 levels in the APM and the
LPM were decreased and diffused into the cytoplasm (Fig. 1F).

3.2. Prevention of mAChR agonist-induced translocation of AQP5 by
atropine

In order to investigate the effects of mAChR antagonists on subcellu-
lar distribution of AQP5, atropine was injected intraperitoneally. After
60 min, AQP5 was observed as small punctate staining throughout the
cytoplasm, and there was less AQP5 in the APM and the LPM than
under unstimulated conditions (Fig. 2D vs. 2A). Similarly to parotid tis-
sues pre-incubated with atropine before exposure to mAChR agonist
[7], atropine was pre-injected into rats in in vivo experiments (Fig. 2E
and 2F), and 60 min later, cevimeline was injected intravenously.
After 3 min, no AQP5 localization in the nucleus was observed (Fig. 2E
vs. Fig. 2B and 2B′). After 10 min, AQP5 had not accumulated in the
APM and LPM when compared with non-atropine treated sections
(Fig. 2F vs. Fig. 2C). These results suggest that atropine prevented the
cevimeline-induced increases in AQP5 in the nucleus, APM and LPM.

3.3. Translocation of AQP5 and lipid microdomains to nuclei and APM

We next investigated whether activation of mAChRs induces trans-
location of AQP5 together with lipid rafts containing flotillin-1 and
GM1 to the nucleus. Under unstimulated conditions (Fig. 3a–f-1),
AQP5 was co-localized with flotillin-1 in the cytoplasm and APM.
Three minutes after cevimeline-injection (Fig. 3a–f-2), AQP5 and
flotillin-1 were observed in the nucleus, APM, and LPM. Sixty minutes
after cevimeline-injection (Fig. 3a–f-3), AQP5 disappeared from the nu-
cleus. The localization of AQP5 in the APMwas decreased and the cyto-
solic distribution of AQP5 was increased together with lipid rafts
(Fig. 3f-3).

In order to confirm that cevimeline induces trafficking of AQP5
to nuclei, we analyzed acinar cells in sections from saline and
cevimeline-treated rats by immunoelectronmicroscopy. Threeminutes
after administration of saline, AQP5wasmainly localized in intracellular
compartments, but not in the nuclearmembrane (Fig. 4B and 4C). Three
minutes after administration of cevimeline, AQP5 was largely localized
in the nuclear membrane (Fig. 4F).

Furthermore, to confirm that AQP5 is trafficked to the nucleus, nuclei
were isolated from parotid glands. Under unstimulated conditions,
some AQP5 (Fig. 5a-1) and GM1 (Fig. 5b-1) were found in isolated
nuclei. Three minutes after cevimeline injection (Fig. 5a-2 and 5b-2),
AQP5 localization in the nucleus was enhanced. Immunoblot analysis
of AQP5 and GM1 in subnuclear fractions showed that, under
unstimulated conditions, some AQP5 (Fig. 5D-1) and GM1 (Fig. 5E-1)
were located in the nuclear membrane. Three minutes after cevimeline
injection, AQP5 (Fig. 5D-2) and GM1 (Fig. 5E-2) levels increased in the
nuclear membrane. In TLC experiments, GM1 was also increased in
the nucleus 3 min after cevimeline injection (Fig. 5G-3). Thus, mAChR
activation induced AQP5 trafficking to the nuclear membrane.

3.4. Characterization of lipid microdomains associated with AQP5 in
nuclear membrane

In order to characterize the lipid microdomains in which AQP5 was
located and trafficked to the nuclei, flotation experiments in sucrose
density gradients (Fig. 6A) and differential detergent extraction of iso-
lated nuclei were performed (Fig. 6B–D). In nuclei prepared fromparot-
id glands 3min after cevimeline injection, small increases in AQP5were
seen in F3 (light fraction), and large increases in AQP5were seen in F6-7
(heavy fractions) (Fig. 6A, a-2).
Rat parotid tissues were incubated with or without cevimeline.
Nuclei isolated from parotid glands treated with cevimeline for 3 min
were homogenized with TNE solution containing 1% TX-100 and 1%
Lubrol WX. Under unstimulated conditions, the major portion of
AQP5 was present in the TX-100- or Lubrol WX-insoluble fraction
(Fig. 6B and 6D). After incubation with cevimeline, AQP5 levels in the
nucleus were increased in both the detergent-soluble (Fig. 6D) and
-insoluble (Fig. 6B) fractions and GM1 was increased in the insoluble
fraction (Fig. 6C).

Thus, the microdomains associated with AQP5 in the nuclear
membrane were not present in the low density fraction in sucrose gra-
dients. Upon activation of mAChRs, AQP5 localization was increased in
both detergent-soluble and -insoluble microdomains of the nuclear
membrane.

3.5. Function of AQP5 in nuclear membrane

Nuclei were isolated from rat parotid glands with or without
cevimeline injection and were then stained with anti-AQP5 or anti-
GM1 antibodies. To investigate the function of AQP5 in the nuclear
membrane, we measured the diameter of parotid nuclei visualized
with Alexa Fluour (Fig.5A and 5B). At 0 min, the diameter was
5.63 μm (Fig. 5C). However, at 3 min after cevimeline injection, the di-
ameter had decreased to 3.44 μm (Fig. 5C). Nuclear shape was smooth
and circular at 0, and was rough and irregular at 3 min (Fig. 5A and 5B).

Isolated nucleiwere prepared fromparotid tissues incubatedwith or
without cevimeline for 3 min. The inner and outer nuclear membranes
were prepared from isolated nuclei. Immunoblot analysis of AQP5
showed that, under unstimulated conditions, AQP5was scarcely located
in both nuclear membranes (Fig. 7, lanes 1 and 3). Three minutes after
cevimeline injection, AQP5 levels increased in both the inner and
outer nuclear membranes (Fig. 7, lanes 2 and 4). One third of AQP5 in
the nuclear membrane was located in the inner nuclear membrane
(Fig. 7B). Lamin B was used as a marker of inner nuclear membrane.
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Cevimeline induced contractions in nuclear size, thus suggesting
that AQP5 plays a role in regulating water permeability in the nuclear
membrane of rat parotid glands.

4. Discussion

The findings of the present study indicate that, under unstimulated
conditions, AQP5 in parotid acinar cells is localized broadly in the
APM and diffusely in the cytoplasm. The activation of mAChR induced
AQP5 translocation to the nucleus and APM. Movement of AQP5 to
the nucleus peaked from 90 s to 3 min after cevimeline injection.
After 6 to 10 min, AQP5 was predominantly located in the APM and
LPM. Sixty minutes after treatment, some AQP5 had moved back to
the cytoplasm for reuse and the distribution resembled that of
unstimulated glands. Prolonged atropine treatment (60min) inhibited
the cevimeline-induced translocation of AQP5 to the APM, LPM, and nu-
cleus, thus suggesting that mAChR activation induced AQP5 transloca-
tion to the nucleus, LPM and APM in parotid glands.

Previously, we reported that AQP5 moves from the cytoplasm to
the APM together with lipid rafts in parotid glands [10], and here, we
investigated whether AQP5 was trafficked to the nucleus together
with lipid rafts. Flotillin-1 and GM1 were used as markers for lipid
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rafts. Lipid rafts have two important characteristics: (i) resistance to
detergent solubilization at low temperatures; and (ii) a low buoyant
density [27–29]. In isolated nuclei, nuclear membranes prepared from
parotid glands stimulated with cevimeline had larger amounts of
AQP5, GM1, and flotillin-1, thus suggesting that AQP5, GM1, and
flotillin-1 were trafficked to the nuclei. GM1 is present in the nucleus
and is implicated in the regulation of nuclear signaling [37] and nu-
clear Ca2+ homeostasis [38]. Flotillins identified in nuclei-depleted
detergent-resistant membrane shuttled between subcellular sites
and the nucleus, andwere not the result of contamination that occurred
during extraction [39]. In addition, cevimeline induced increases in the
amount of AQP5 in the TX-soluble and -insoluble fractions prepared
from the nuclear membrane. However, small amounts of TX-
insoluble AQP5 were seen at light density on sucrose density gradi-
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secretory pathway, thereby maintaining low endoplasmic reticulum
(ER) and nuclear envelope (NE) concentrations of these lipids [40,
41]. Neither ER nor NE membranes contain sufficient cholesterol to
support lipid-raft formation [42]. Taken together, these results indi-
cate that upon stimulation by cevimeline, AQP5moves to the nucleus
together with microdomains containing flotillin-1 and GM1, but not
cholesterol.
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More recently, a wider range of detergents has been used to purify
rafts, and different classes of rafts have been isolated [43]. Lipid rafts
in the trans-Golgi network are soluble in TX-100 and insoluble in Lubrol
[31], suggesting that the rafts have sphingolipid-richmembranes. In this
experiment, detergent-resistant nuclear membrane microdomains that
included AQP5 were insoluble in both TX-100 and Lubrol, suggesting
that the microdomains were enriched in sphingolipids.

AQP5 is located in lipid rafts under control conditions in rat parotid
glands. Upon activation of mAChR, AQP5 is trafficked to the APM
together with lipid rafts, and is then translocated from lipid rafts (TX-
insoluble fraction) to non-rafts (TX-soluble fraction) [10]. Caveolae
are small, flask-shaped invaginations of the membrane [28] and form
a subdomain of lipid rafts [44]. The characteristic protein components
of caveolae are the caveolins [45]. Caveolin 1-deficient salivary gland ac-
inar cells show reduced partitioning of AQP5 to raft microdomains [17].
Under prolonged atropine treatment conditions (60 min) or control
conditions in rat parotid glands, lipid rafts containing AQP5 were dis-
tributed in at least two domains: the apical plasmalemmal microdo-
mains including caveolae and lipid raft-derived vesicles in the cytosol.
Allen et al. reported that trafficking by clathrin-independent lipid rafts
may involve three distinct mechanisms: endocytosis mediated by
caveolae; endocytosis mediated by planar lipid rafts; and/or lateral traf-
ficking into or out of these microdomains [28].

In body fluids such as saliva, there are three main classes of extra-
cellular vesicle: exosomes, microvesicles, and apoptotic bodies [46].
Exosomes form multivesicular bodies inside the cells and are secret-
ed into body fluids when these bodies fuse with the plasma mem-
brane [47–49] in tightly controlled Ca2+ -triggered reactions [15,
16]. Exosomes are known to be rich in raft-lipids [16]. Parotid sali-
vary exosomes contain AQP5 [50] and two different sizes of exosome
prepared from whole saliva also contain AQP5 [14], suggesting that
exosomes containing AQP5 are present in cytosolic multivesicular
bodies in rat parotid glands. Associated with multivesicular bodies,
cholesterol-rich small cytoplasmic vesicles and mostly cholesterol-
negative vesicles are observed in B lymphocytes, and those enriched
in cholesterol appeared to fuse with the cell surface to release
exosomes [51]. Cholesterol displays a highly differential distribution
in the variousmembrane domains of the endocytic pathway [52]. It is
known that the nuclear envelope does not contain sufficient cholesterol
to support lipid-raft formation [42], but it is unclear whether both
cholesterol-rich cytoplasmic vesicles and cholesterol-poor cytoplasmic
vesicles are present in parotid glands, as cholesterol-rich cytoplasmic
vesicles translocate to the APM and cholesterol-poor cytoplasmic vesi-
cles may translocate to nuclei in parotid acinar cells.

The primary function of AQPs located in the plasma membrane of
the cell is to facilitate the passive transport of water across the mem-
brane in response to osmotic gradients [53,54]. The findings of this
study revealed that nuclear size decreases when AQP5 is trafficked to
the nuclear membrane in parotid glands by the stimulation of mAChRs.
AQP5 increased in both the inner and outer nuclear membranes, thus
suggesting that AQP5 plays a role in the regulation of water transport
across the nuclear membrane. Nuclear size is also sensitive to hyper-
osmolarity [55]. However, the nuclear pore complex (NPC) allows the
free diffusion of water [56]. As shown in Fig. 8A, AQP5 in the nuclear
membrane triggers the movement of water, inducing shrinkage of the
nucleus. This small shrinkage opens NPC, allowing the free diffusion of
water. While the nucleus decreases in size and the pores expand in
the nuclear membrane, nucleocytoplasmic transport modulates gene
transcription or translation of genetic information [57]. AQP5 located
in the nuclear membrane may play a crucial role in the start of nuclear
shrinkage and nuclear function.

Ion channels and receptors translocate from plasma membrane to
nuclear membranes [58]. Tight crosstalk between receptors and ionic
transporters in plasma membranes and those in nuclear membranes
regulates cytosolic and nuclear ionic homeostasis. The regulation of
cytosolic and nuclear water homeostasis may also depend on tight
crosstalk between AQP5 in plasma membranes and that in nuclear
membranes.

We show the trafficking routes of AQP5 in rat parotid glands in
Fig. 8B. Five trafficking routes have been identified. Route 1 shows the
movement of AQP5 to the APM together with lipid rafts [10]. Route 2
is the internalizing route for AQP5 together with caveolae [17]. Route
3 is the trafficking route for AQP5 to the nucleus together with
cholesterol-poor and sphingolipid-rich microdomains (shown in this
study). In route 4, AQP5 is released into saliva by exosomes [12,13].
Route 5 is the trafficking route for AQP5 together with zymogen gran-
ules [59,60]. In this study, we showed that AQP5 was trafficked from
the non-apical region to the nuclear membrane and APM together
with sphingolipid-rich vesicles in parotid acinar cells upon activation
of mAChRs. In nuclei, AQP5 may be triggered to facilitate water trans-
port across the nuclear membrane. Enhancement of [Ca2+]i-induced
trafficking of AQP5 is observed in eccrine sweat glands [18], submandib-
ular glands [17,61] and human salivary gland cells [62]. The enhance-
ment of c-APM-induced trafficking of AQP5 is seen in Brunner's glands
[63,64] and lung epithelial cells [65]. In contrast, no trafficking of
AQP5 is reported in the sublingual glands [66] and labial glands [67].
The newly reported functions of AQP5 include the facilitation of cell
migration [68], the enhancement of microtubule organization and sta-
bility [69], and the transcription of disruptors of telomeric silencing
and regulators of AQP2 [70]. We propose that AQP5 is trafficked to the
nuclearmembrane, aswell as the APM, and this triggerswater transport
across the nuclear membrane upon activation of mAChR, leading to
functional consequences for nucleocytoplasmic transport, gene tran-
scription, and translation of genetic information.
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