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Link between inflammation and aquaporin-5 distribution in
submandibular gland in sjögren’s syndrome?
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OBJECTIVE: To determine whether a link exists

between inflammation and aquaporin-5 distribution in

submandibular glands from three animal models for

Sjögren’s syndrome: IQI/JIC, r1DT/r2n and non-obese

diabetic mice.

METHODS: Mice of different ages were used. Inflam-

matory infiltrates were quantified using the focus score.

Acinar aquaporin-5 subcellular distribution was deter-

mined by immunohistochemistry and quantified using

labelling indices.

RESULTS: Minor inflammatory infiltrates were present

in r1f/r2n mice. Massive inflammatory infiltrates and

acinar destruction were observed in 24-week-old non-

obese diabetic mice, 10-and 13-month-old IQI/JIC mice

and some r1DT/r2n mice. Aquaporin-5 immunoreactivity

was primarily apical in submandibular glands from 8- and

24-week-old Balb/C mice, 8-week-old non-obese diabetic

mice, 2-, 4- and 7-month-old IQI/JIC mice and r1f/r2n

mice. In contrast, decreased apical aquaporin-5 labelling

index with concomitant increased apical-basolateral,

apical-cytoplasmic and/or apical-basolateral-cytoplasmic

aquaporin-5 labelling indices was observed in 24-week-old

non-obese diabetic, 10- and 13-month-old IQI/JIC and

r1DT/r2n mice with a focus score ‡ 1.

CONCLUSIONS: Altered aquaporin-5 distribution in

submandibular acinar cells from IQI/JIC, non-obese dia-

betic and r1DT/r2n mice with a focus score ‡ 1 appears to

be concomitant to the presence of inflammatory infil-

trates and acinar destruction.
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Introduction

Sjögren’s syndrome (SS), a chronic inflammatory dis-
ease characterized by lymphocytic infiltration of salivary
and lacrimal glands results in xerostomia and kerato-
conjunctivitis sicca, affects 0.1–0.6% of the population
with a higher prevalence in middle-aged women (Fox,
2005; Trontzas and Andrianakos, 2005; Goransson
et al, 2011). SS can be classified either as primary
(pSS) or secondary (sSS) to other autoimmune diseases
such as rheumatoid arthritis or systemic lupus erythe-
matosus (Fox, 2005). The pathogenesis of SS is still not
completely understood, and different mouse models of
SS have been developed to unravel the mechanistic
processes underlying the disease (Hansen et al, 2003).
BAFF transgenic mice have enabled to demonstrate the
pivotal role of B cells in the immune process while other
mouse models have revealed different pathways leading
to salivary gland destruction and ensuing sicca symp-
toms (van Blokland and Versnel, 2002; Groom et al,
2002; Soyfoo et al, 2007b). It is believed that sicca
symptoms in SS results from a two-step process whereby
lymphocytic infiltration of salivary glands occurs prior
to gland destruction (Dawson et al, 2006a). However, a
newer hypothesis stating the involvement of different
pathways implying a wider array of pathophysiological
mechanisms might be more relevant and account for the
incomplete salivary gland destruction and the non-
functionality of the remaining gland (Fox, 2005; Daw-
son et al, 2006a). New players intervening in the sicca
process such as autoantibodies against muscarinic
receptors and altered aquaporin-5 (AQP5) localization
have been identified (Steinfeld et al, 2001; Tsubota et al,
2001; Naito et al, 2005; Dawson et al, 2006b).
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AQP5 belongs to the aquaporin (AQPs) transmem-
brane protein family (Agre et al, 1995; Agre, 2004).
Several AQPs, including AQP5, AQP1 and AQP8, have
been reported to be expressed in salivary glands (Del-
porte and Steinfeld, 2006; Delporte, 2009). However,
only AQP5 plays a pivotal role in saliva formation (Ma
et al, 1999; Krane et al, 2001). Furthermore, alteration
of AQPs expression and ⁄ or distribution occurs in
secretory glands from patients with SS (Delporte,
2009). Concerning AQP5, altered localization has been
shown in salivary glands and lacrimal glands from
patients with SS, with reduced apical but increased
basolateral localizations (Steinfeld et al, 2001; Tsubota
et al, 2001). Similar AQP5 misdistribution was also
observed in non-obese diabetic (NOD) mice, an appro-
priate animal model to study autoimmune exocrinopa-
thy prevalent in SS (Konttinen et al, 2005; Soyfoo et al,
2007a). Indeed, with increasing age, NOD mice display
histopathological modifications (inflammatory infil-
trates and acinar cell destruction) and altered exocrine
secretory gland function similar to those observed in
patients with SS (Hu et al, 1992; Humphreys-Beher
et al, 1994). Similar to NOD mice, the IQI ⁄ JIC mice
have been recently described as a mouse model for
primary SS. Indeed, these mice present lymphocytic
infiltrates of exocrine and non-exocrine organs increas-
ing in severity as they age (Takada et al, 2004). Besides,
mice with T-cell-specific loss of class IA phosphoinosi-
tide 3-kinase function (r1DT ⁄ r2n mice) develop organ-
specific autoimmunity that resembles the human SS
disease (Oak et al, 2006). As a matter of fact, most of
the r1DT ⁄ r2n mice aged 2–12 months develop corneal
opacity and eye lesions, as well as cardinal signs of
primary SS such as marked lymphocytic infiltration of
the lacrimal glands, antinuclear antibodies in the serum
and elevated titres of anti-SS-A antibody. The animal
models described above represent unique tools to study
the pathogenesis of SS.

The goal of our study was to investigate and compare
the subcellular distribution of AQP5 in three different
animal models for SS depicting different stages of SS:
IQI ⁄ JIC mice, mice with phosphoinositide 3-kinase
(PI3K)-deficient T cells (r1DT ⁄ r2n mice) and NODmice.

Materials and methods

Animals
Female NOD and Balb ⁄C (purchased at Harlan, Horst,
the Netherlands) of 8 and 24 weeks of age were used.
The origin of NOD mice has been previously described
(Soyfoo et al, 2007a). As NOD mice also spontaneously
develop autoimmune diabetes, mice were checked for
glycosuria and only non-diabetic mice were included in
the study. Maintenance of the animals and all experi-
mental procedures were approved and performed in
accordance with the Ethics Committees of the Catholic
University (Leuven, Belgium).

The origin of IQI ⁄ JIC mice has been previously
described (Takada et al, 2004). Female mice of 2, 4, 7,
10 and 13 months of age were used. All animal
experiments were carried out with the approval of the

Committee of Laboratory Animal Experimentation,
Graduate School of Veterinary Medicine, Hokkaido
University (Hokkaido, Japan).

Generation of r1f ⁄ r2n and r1DT ⁄ r2n mice has been
previously described, and mice of 2–12 months of age
were used (Luo et al, 2005; Oak et al, 2006). Male and
female r1f ⁄ r2n (four females and one male) and
r1DT ⁄ r2n (four females and three males) mice were
used. Briefly, r1f ⁄ r2n mice are a strain possessing a
floxed allele of Pik3r1 (encoding the regulatory isoforms
p85a, p55a and p50a) and a null allele of Pik3r2
(encoding p85b). Crossing of r1f ⁄ r2n with the Lck-CRE
transgenic mice generated the r1DT ⁄ r2n mouse strain, in
which the function of PI3K is nullified in T cells. All
animal procedures were approved by the institutional
animal care and use committee of the University of
California (Irvine, CA, USA).

Histology and immunohistochemistry
Immediately after removal, submandibular glands (SG)
were fixed in 4% buffered formaldehyde, paraffin-
embedded and sectioned (5 lm thick). Some salivary
gland sections were stained with haematoxylin and eosin
to visualize inflammatory infiltrates and acinar destruc-
tion. Quantification of inflammatory infiltrates in the
submandibular glands was performed using the focus
score (FS) (a FS of 1 corresponds to 50 lymphocytes per
4 mm2 of tissue). The FS was determined following the
examination of 10 fields of each salivary gland specimen.
A FS of 0 or ‡1 was then assigned to each salivary gland
examined. Immunostaining of AQP5 was performed as
previously described using diaminobenzidine as chro-
mogen (Soyfoo et al, 2007a). Negative control staining
was performed in the absence of anti-AQP5 antibody or
with anti-AQP5 antibody previously incubated with the
immunizing peptide. Both negative controls showed the
absence of specific staining.

Quantification of AQP5 labelling in submandibular glands
Ten salivary gland acini from 10 fields of the salivary
gland specimen from six Balb ⁄ c (8 and 24 weeks of age),
six NOD (8 and 24 weeks of age), six IQI-JIC (2, 4, 7, 10
and 13 months of age), five r1f ⁄ r2n, and seven r1DT ⁄ r2n
mice were analysed in a blinded manner for acinar
AQP5 subcellular localization. The acinar AQP5 immu-
noreactivity was classified into seven categories: (i) only
at the apical membrane (A); (ii) at the apical membrane
and the cytoplasm (AC); (iii) at the apical and basolat-
eral membranes (AB); (iv) at the apical and basolateral
membranes and the cytoplasm (ABC); (v) only at the
basolateral membranes (B); (vi) at the basolateral
membranes and the cytoplasm (BC); and (vii) only in
the cytoplasm (C). The labelling index (LI) describes the
percentage of acinar cells classified into one of the seven
categories. Therefore, the labelling index clearly indi-
cates the localization pattern of the AQP5 staining, and
not the staining intensity.

Statistical analysis
Data are expressed as the mean ± s.e.m. Data were
statistically analysed using ANOVA analysis with
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Bonferroni multiple comparison post t-tests or unpaired
t-test followed by a Bonferroni correction. All statistical
analyses were carried out using GraphPad InStat
version 5.0 (GraphPad Software, San Diego, CA, USA).

Results

Histological characteristics of submandibular glands from
Balb ⁄C, NOD, IQI ⁄ JIC, r1f ⁄ r2n and r1DT ⁄ r2n mice
Normal histological characteristics, that is, absence of
lymphocytic infiltration and acini destruction, were
observed in 8- and 24-week-old Balb ⁄C mice, 8-week-
old NOD mice, 2-, 4- and 7-month-old IQI ⁄ JIC mice. In
r1f ⁄ r2n mouse models, minor lymphocytic infiltrates
were observed and quantified as FS = 0. In contrast,
extensive lymphocytic infiltration (FS ‡ 1) with destruc-
tion of acinar structures was observed in 24-week-old
NOD mice, 10- and 13-month-old IQI ⁄ JIC mice and
some r1DT ⁄ r2n mice (Figure 1). It is important to note
that, in opposition to all the 24-week-old NOD and
10- and 13- month-old IQI ⁄ JIC mice presenting inflam-

matory infiltrates characterized by a FS ‡ 1, only three
of the seven r1DT ⁄ r2n mice displayed inflammatory
infiltrates characterized by a FS ‡ 1 while the four
remaining presented a FS = 0. The quantification of
the inflammatory infiltrates depicted by the FS is
presented in Table 1 for all the mouse models studied.

Subcellular localization of AQP5 in submandibular glands
In all three mouse models depicting different stages of
SS, acinar AQP5 localization was found to be apical
(A), apical-basolateral (AB), apical-cytoplasmic (AC)
and ⁄ or apical-basolateral-cytoplasmic (ABC), but never
basolateral-cytoplasmic (BC), basolateral (B) or cyto-
plasmic (C) (Tables 2, 3 and 4). As the acinar AQP5 LI
at the basolateral-cytoplasmic, basolateral or cytoplas-
mic were always equal to 0%, they were not indicated in
Tables 2, 3 and 4.

In BALB ⁄ c mice, as well as in NOD and IQI ⁄ JIC
mice displaying disease stages characterized by the
absence of inflammation and acinar destruction, acinar
AQP5 expression was primarily apical. Indeed, AQP5

(a) (b)

(c) (d)

Figure 1 Localization of aquaporin-5 in
submandibular glands from IQI ⁄ JIC mice,
r1f ⁄ r2n and r1DT ⁄ r2n mice. Localization
of AQP5 was determined by immunohisto-
chemistry, as described in Materials and
methods, in (a) 7-month-old IQI ⁄ JIC mice;
(b) 10-month-old IQI ⁄ JIC mice; (c) r1f ⁄ r2n
mice and (d) r1DT ⁄ r2n mice. Images are
representative of immunohistochemical
staining performed on salivary gland sections
from six IQI ⁄ JIC mice of different age groups,
five r1f ⁄ r2n mice with FS = 0 and three
r1DT ⁄ r2n mice with FS ‡ 1. Bar scale repre-
sents 100 lm. Arrows show apical AQP5
staining, arrows heads show altered AQP5
staining. IF indicates the presence of
inflammatory infiltrates
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was mainly localized at the apical membrane in SG from
8- and 24-week-old BALB ⁄ c mice, 8-week-old NOD
mice, and 2-, 4- and 7-month-old IQI ⁄ JIC mice
(Tables 2 and 3). In NOD and IQI ⁄ JIC mice displaying

disease stages characterized by inflammatory infiltrates
and acinar cell destruction, the localization of AQP5
expression was modified. Indeed, compared with 8- and
24-week-old BALB ⁄ c and 8-week-old NOD mice,
24-week-old NOD mice had significant reduced acinar
AQP5 LI at the apical membrane (A) with concomitant
increased AQP5 LI at the apical and basolateral
membranes (AB), the apical membrane and cytoplasm
(AC), and the apical and basolateral membranes and
cytoplasm (ABC) (Table 2). Compared with 2-, 4- and
7-month-old IQI ⁄ JIC mice, 10- and 13-month-old
IQI ⁄ JIC mice displayed significant reduced acinar
AQP5 LI at the apical membrane (A), with concomitant
significantly increased AQP5 LI at the apical membrane
and cytoplasm (AC), and at the apical and basolateral
membranes and cytoplasm (ABC) (Table 3, Fig-
ure 1a,b).

Compared with r1f ⁄ r2n mice, used as negative con-
trol, r1DT ⁄ r2n mice taken with no distinction of FS
exhibited no significant modification of AQP5 LI at all
the seven possibilities of AQP5 distribution (Table 4).
Nevertheless, r1DT ⁄ r2n mice appeared to be quite
heterogeneous in terms of salivary gland inflammation:
three mice of seven were characterized by a FS ‡ 1,
while the four remaining mice were characterized by a
FS = 0. Consequently, we further analysed AQP5 LI in

Table 2 AQP5 labelling indices in sub-
mandibular glands from BALB ⁄C and NOD
mice

LI A, % LI AB, % LI AC, % LI ABC, %

8wBALB ⁄C 89.2 ± 0.8 10.8 ± 0.8 0.0 ± 0.0 0.0 ± 0.0
8wNOD 86.1 ± 1.9 13.9 ± 1.9 0.0 ± 0.0 0.0 ± 0.0
24wBALB ⁄C 91.3 ± 1.1 8.7 ± 1.1 0.0 ± 0.0 0.0 ± 0.0
24wNOD 15.8 ± 2.7*#� 35.6 ± 3.3*#� 21.8 ± 2.7*#� 27.2 ± 2.1*#�

Aquaporin-5 immunoreactivity was primarily apical in 8- and 24-week-old Balb ⁄ c and 8-week-
old NOD mice. In 24-week-old NOD mice, aquaporin-5 A LI decreased, while AB LI, AC LI and
ABC LI increased. Labelling indices of aquaporin-5 staining were determined as described in
Materials and methods. Labelling indices were classified into categories: (i) only at the apical
membrane (LI A); (ii) at the apical and basolateral membranes (LI AB); (iii) at the apical
membrane and the cytoplasm (LI AC) and (iv) at the apical and basolateral membranes and the
cytoplasm (LI ABC). The labelling index (LI) describes the percentage of acinar cells classified
into one of the categories. The data are expressed as the LI ± s.e.m. of n = 6. Statistical analysis
was performed using ANOVA analysis with Bonferroni multiple comparison post t-tests.
*P < 0.001 compared with 8-week-old BALB ⁄C; #P < 0.001 compared with 8-week-old NOD
mice; �P < 0.001 compared with 24-week-old BALB ⁄C mice.

Table 3 AQP5 labelling indices in sub-
mandibular glands from IQI ⁄ JIC mice LI A, % LI AB, % LI AC, % LI ABC, %

2mIQI ⁄ JIC 84.0 ± 1.9 16.0 ± 1.9 0.0 ± 0.0 0.0 ± 0.0
4mIQI ⁄ JIC 86.7 ± 2.0 13.3 ± 2.0 0.0 ± 0.0 0.0 ± 0.0
7mIQI ⁄ JIC 89.1 ± 1.6 10.9 ± 1.6 0.0 ± 0.0 0.0 ± 0.0
10mIQI ⁄ JIC 13.1 ± 0.9§*� 15.8 ± 2.4 41.8 ± 5.5§*� 28.9 ± 3.3§*�

13mIQI ⁄ JIC 23.6 ± 5.6§*� 12.0 ± 2.5 41.1 ± 4.1§*� 24.1 ± 4.1§*�

In 2-, 4- and 7-month-old IQI ⁄ JIC mice, aquaporin-5 distribution was primarily apical. In
10- and 13-month-old IQI ⁄ JIC mice, aquaporin-5 A LI decreased, while AC LI and ABC LI
increased. Labelling indices of aquaporin-5 staining were determined as described in Materials
and methods. Labelling indices were classified into categories: (i) only at the apical membrane (LI
A); (ii) at the apical and basolateral membranes (LI AB); (iii) at the apical membrane and the
cytoplasm (LI AC) and (iv) at the apical and basolateral membranes and the cytoplasm (LI
ABC). The labelling index (LI) describes the percentage of acinar cells classified into one of the
categories. The data are expressed as the LI ± s.e.m. of n = 6. Statistical analysis was performed
using ANOVA analysis with Bonferroni multiple comparison post t-tests.
§P < 0.001 compared with 2-month-old IQI ⁄ Jic mice; *P < 0.001 compared with 4-month-old
IQI ⁄ Jic mice; �P < 0.001 compared with 7-month-old IQI ⁄ Jic mice.

Table 1 Inflammatory focus score in submandibular glands from the
different animal models

Mouse model Number of mice with a FS ‡ 1

Balb ⁄C
8 weeks 0 ⁄ 6
24 weeks 0 ⁄ 6

NOD
8 weeks 0 ⁄ 6
24 weeks 6 ⁄ 6

IQI ⁄ JIC
2 months 0 ⁄ 6
4 months 0 ⁄ 6
7 months 0 ⁄ 6
10 months 6 ⁄ 6
13 months 6 ⁄ 6

r1f ⁄ r2n 0 ⁄ 5
r1DT ⁄ r2n 3 ⁄ 7

Quantification of inflammatory infiltrates in the submandibular glands
was performed using the focus score (FS) (a FS of 1 corresponds to 50
lymphocytes per 4 mm2 of tissue). The FS was determined as described
in Materials and methods. A FS of 0 or ‡ 1 was assigned to each
salivary gland examined.
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the SG from the two subgroups of r1DT ⁄ r2n mice
presenting a FS ‡ 1 or a FS = 0. In the 3 r1DT ⁄ r2n
mice displaying a FS ‡ 1, there was a significant
decrease of AQP5 LI at the apical membrane (A) as
compared to r1f ⁄ r2n mice (Table 4, Figure 1). In the
four r1DT ⁄ r2n mice displaying a FS = 0, no significant
modification of AQP5 LIs was detected compared with
r1f ⁄ r2n mice (Table 4, Figure 1c,d).

Discussion

In the present study, we show that acinar AQP5
subcellular distribution in SG from three different
mouse models for SS is altered and could be linked to
inflammatory infiltrates. These observations support
previous work on the abnormal subcellular distribution
of AQP5 in salivary and lacrimal glands from pSS
patients and mice (Steinfeld et al, 2001; Tsubota et al,
2001; Konttinen et al, 2005; Soyfoo et al, 2007a). As
such, the abnormal distribution of AQP5 in the SG from
mice models for SS could explain the defective salivary
secretion characterizing SS, or result from pathological
mechanisms occurring in SS. The second hypothesis was
made following observations showing altered AQP5
distribution in SG, and not parotid, from NOD mice of
24 weeks of age, and the presence of lymphocytic
infiltrates only in SG (Soyfoo et al, 2007a). To further
assess the possible link between inflammation and
altered AQP5 distribution, the subcellular localization
of AQP5 was studied in relation to the presence of
inflammatory infiltrates in three animal models for SS:
NOD mice (used as a positive mice model for SS in this
study), IQI ⁄ JIC mice and r1DT ⁄ r2n mice. Despite
distinct molecular processes triggering SS in each animal
model, the three animal models for SS have been shown
to present extensive lymphocytic infiltration of salivary
glands and lacrimal gland as well as acinar destruction,
two major characteristics of SS (Oak et al, 2006; Soyfoo
et al, 2007b).

To determine the labelling index of AQP5 in acini from
SG, we used a fairly simple quantification method, which
has the advantages to be less fastidious than computer-
assisted quantification of immunohistochemical labelling
or laser scanning confocal imaging, for example (Kont-

tinen et al, 2005; Soyfoo et al, 2007a). This method is
based on assigning acinar AQP5 labelling to a subcellular
localization based on a matrix with seven possibilities of
labelling localization: apical, apical-basolateral, apical-
cytoplasmic, apical-basolateral-cytoplasmic, basolateral,
basolateral-cytoplasmic or cytoplasmic localizations.
Besides, to validate our method to quantify AQP5
labelling, AQP5 LI was first determined in SG from
NOD mice that were previously shown to present AQP5
misdistribution (Konttinen et al, 2005; Soyfoo et al,
2007a). Our data were qualitatively similar to those
obtained with computer-assisted quantification of immu-
nohistochemical AQP5 labelling or laser scanning con-
focal imaging of AQP5 labelling in NOD mice and
BALB ⁄C mice (negative control) (Konttinen et al, 2005;
Soyfoo et al, 2007a). Indeed, decreased apical AQP5 LI
with concomitant increased apical-basolateral, apical-
cytoplasmic and apical-basolateral-cytoplasmic AQP5
LI were observed in 24-week-oldNOD, compared with 8-
week-old NOD mice and 8- and 24-week-old BALB ⁄C
mice characterized by an AQP5 labelling being primarily
apical and also apical-basolateral. Therefore, our quan-
tification method was subsequently applied to study
AQP5 subcellular localization in the two other animal
models for SS: IQI ⁄ JIC and r1DT ⁄ r2n mice.

In SG acinar cells from 2-, 4-, 7-month-old IQI ⁄ JIC
mice and r1f ⁄ r2n mice, AQP5 immunoreactivity was
primarily apical and also apical-basolateral. In contrast,
decreased apical AQP5 LI were observed in 10- and
13-month-old IQI ⁄ JIC mice and in r1DT ⁄ r2n mice
displaying inflammatory infiltrates (FS ‡ 1). Concomi-
tant increased apical-cytoplasmic and apical-basolater-
al-cytoplasmic AQP5 LI were observed in 10- and
13-month-old IQI ⁄ JIC mice.

In SG from control mice, AQP5 was expressed at
both the apical and the basolateral membranes of
acinar cells. The apical localization (Ma et al, 1999;
Konttinen et al, 2005; Nandula et al, 2007) as well as
the basolateral localization (Matsuzaki et al, 2006;
Larsen et al, 2011) of AQP5 has been reported in
mouse salivary glands. While the apical localization of
AQP5 appears to be in agreement with its involvement
in saliva secretion (Ma et al, 1999), AQP5 located at
the basolateral membrane was suggested to act as

Table 4 AQP5 labelling indices in sub-
mandibular glands from r1f ⁄ r2n and
r1DT ⁄ r2n mice

LI A, % LI AB, % LI AC, % LI ABC, %

r1f ⁄ r2n (FS = 0; n = 5) 90.2 ± 2.1 9.0 ± 1.9 0.8 ± 0.8 0.0 ± 0.0
r1DT ⁄ r2n (n = 7) 42.2 ± 18.6 4.4 ± 1.6 27.6 ± 1.78 25.8 ± 17.0
r1DT ⁄ r2n (FS ‡ 1; n = 3) 4.1 ± 4.1* 2.3 ± 2.3 33.4 ± 33.4 60.2 ± 30.6
r1DT ⁄ r2n (FS = 0; n = 4) 70.8 ± 23.7 5.9 ± 2.1 23.3 ± 23.3 0.0 ± 0.0

In r1f ⁄ r2n and r1DT ⁄ r2n with FS = 0, aquaporin-5 distribution was primarily apical. In con-
trast, aquaporin-5 A LI was decreased in r1DT ⁄ r2n with FS ‡ 1. Labelling indices of aquaporin-5
staining were determined as described in Materials and methods. Labelling indices were classified
into categories: (i) only at the apical membrane (LI AA); (ii) at the apical and basolateral
membranes (LI AB); (iii) at the apical membrane and the cytoplasm (LI AC) and (iv) at the apical
and basolateral membranes and the cytoplasm (LI ABC). The labelling index (LI) describes the
percentage of acinar cells classified into one of the categories. Statistical analysis was performed
using unpaired t-test followed by Bonferroni correction. The labelling index (LI) describes the
percentage of acinar cells classified into one of the seven categories. The data are expressed as the
LI ± s.e.m.
*P < 0.05 as compared to r1f ⁄ r2n mice. FS, focus score.
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osmosensor regulating paracellular fluid movement
(Murakami et al, 2006).

Under normal conditions, intracellular vesicles
expressing AQP5 translocate to the apical membrane
following muscarinic and adrenergic stimulation (Ishik-
awa et al, 2004, 2005). In all three mouse models for SS
investigated, there was a shift in AQP5 distribution from
the apical to the basolateral membrane, and intracellular
vesicles. This AQP5 misdistribution could result from
pathophysiological mechanisms occurring in SS. Under
diseased conditions, AQP5 trafficking may be altered
and intracellular vesicles expressing AQP5 may not be
able to translocate to the apical membrane and therefore
accumulate in the cytoplasmic compartment. Several
mechanisms could be responsible for this alteration.
First, defective activation of muscarinic M3 receptor
could account for aberrant translocation of AQP5.
Whether the abnormal distribution of AQP5 is linked to
the presence of autoantibodies to M3 receptor (Naito
et al, 2005) is an interesting question that still remains to
be addressed in the mouse models for SS used in the
present study. Second, altered expression of proteins
involved in the regulation of AQP5, such as prolactin-
inducible protein (Ohashi et al, 2008), could also
account for AQP5 misdistribution. Third, inflammation
may play a role in AQP5 altered distribution as
impaired TGFß signalling has been shown to lead to
an inflammatory disorder resembling Sjögren’s syn-
drome and to a non-polarized and substantial intracel-
lular localization of AQP5 (Nandula et al, 2007).
Fourth, a defect in transcytosis may also account for
altered AQP5 localization. In epithelial cells, plasma
membrane proteins are sent to the correct surface
through two pathways (Mostov et al, 1992; Song et al,
1994). The first pathway allows newly made proteins to
be transported to the trans-Golgi network where they
are packaged into vesicles that deliver them to the
correct membrane surface. The second pathway delivers
proteins to one membrane surface, usually the basolat-
eral membrane, and proceeds to the endocytosis and the
transcytosis of the proteins via vesicles to the apical
membrane (Mostov et al, 1992). Physiologically, trans-
cytosis of AQP5 proteins might also account for its
basolateral localization in salivary glands from control
animals.

Functionally, abnormal AQP5 distribution in acinar
cells could account in part for the decreased saliva flow.
However, in NOD mice, the moderate decrease in saliva
flow rate did not match the extent of altered AQP5
distribution in acinar cells (Soyfoo et al, 2007a). Method
of saliva collection, compensation of altered AQP5
distribution by increased AQP5 expression and reduced
ability of water to permeate properly localized AQP5
might account for this discrepancy (Soyfoo et al, 2007a).

Inflammatory infiltrates and acinar destruction
seemed to be concomitant to the observed AQP5
misdistribution in SG from the animal models for SS.
Indeed, inflammatory infiltrates and acinar destruction
were observed in SG displaying altered AQP5 labelling
(24-week-old NOD mice, 10- and 13-month-old
IQI ⁄ JIC mice and r1DT ⁄ r2n mice with a FS ‡ 1), but

not in SG displaying primarily AQP5 expression at the
apical membrane and also at the apical-basolateral
membranes (8- and 24-week-old BALB ⁄C mice, 8-week-
old NOD mice, 2-, 4-, 7-month-old IQI ⁄ JIC mice,
r1f ⁄ r2n mice and r1DT ⁄ r2n mice with a FS = 0).
Parotid glands from NOD mice display no inflamma-
tory infiltrates and normal apical AQP5 distribution
(Soyfoo et al, 2007a). Changes in AQP5 localization
could therefore be temporally linked to the inflamma-
tory mechanisms (and to the extent of lymphocytic
infiltrates) underscoring the pathogenesis of SS. Inter-
actions between different pro-inflammatory cytokines,
which have been advocated to contribute to the inflam-
matory infiltrates in the salivary glands of patients with
SS (Manoussakis et al, 2007; Nandula et al, 2007;
Bikker et al, 2010), may play a role in the modification
of AQP5 localization.

The observations made in the present study indirectly
support the involvement of inflammatory infiltrates as
potential culprits in the aberrant localization of AQP5 in
salivary glands from SS mouse models, without exclud-
ing that other mechanisms might also contribute to
defective AQP5 trafficking.

In conclusion, altered AQP5 distribution was
observed in acinar cells from SG from three mouse
models for SS: IQI ⁄ JIC, NOD mice and r1DT ⁄ r2n mice
with a FS ‡ 1. AQP5 misdistribution appears to be
concomitant to the presence of inflammatory infiltrates
and acinar destruction. Further studies will be required
to precisely define the molecular events involved in
AQP5 misdistribution and this in relation to the
temporal progression of the inflammatory processes
and the disease.
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