
INTRODUCTION

The salivary glands keep the mouth and body healthy, 
producing saliva that contains mucosal fluids such as 
mucin, various kinds of digestive enzymes, and IgA. 
Xerostomia can lead to dental caries, the advance-
ment of periodontal disease, taste disorders and mor-
phological abnormalities seen in chronic inflamma-
tion of the oral mucosa, as well as various types of 
discomfort such as dry mouth, slimy mouth and bad 

breath. Systematic disease or metabolic problems such 
as diabetes, kidney damage and anemia, mental con-
ditions such as depression and stress, drug problems 
such as anxiolytic and depressor drugs, and functional 
disorders of the salivary glands cause these discom-
forts. Saliva secretion is a major symptom of func-
tional disorders of the salivary glands, as typified by 
Sjögren’s syndrome (SS) [1]. SS is an autoimmune 
disorder caused by chronic inflammation of exocrine 
glands such as the salivary glands and lacrimal glands, 
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Summary:  Cevimeline is a muscarinic agonist that promotes saliva secretion and is used to treat Sjögren’s syn-
drome (SS), an autoimmune disorder in which the exocrine glands that produce saliva are destroyed. Cevimeline 
is thought to affect the composition of saliva in part by regulating the localization of aquaporins (AQPs). In this 
study, we investigated the effects of chronic Cevimeline administration in the salivary glands of SS mice on the 
immunohistochemical localization of aquaporin (AQP)-1, 3, 4, 5 and 8. 

We used Cevimeline-untreated SS mice, treated SS mice, discontinued SS mice and untreated normal mice. 
AQP-5 was found in the apical and lateral membranes of acinar cells in the parotid and submandibular glands of 

cevimeline-treated SS mice and untreated normal mice. Saliva secretion and AQP-5 localization were sustained in 
SS mice who were chronically administered Cevimeline and at four weeks after discontinuation. Unlike AQP-5, 
the localization of AQP-1, 3, 4 and 8 were not affected by Cevimeline administration. 

Our findings demonstrated that administration of Cevimeline maintains the proper localization of AQP-5 in 
the acinar cells of the salivary gland, which may promote salivation in chronically treated SS mice. Clinically, this 
suggests that chronic Cevimeline administration may be useful therapeutically for SS patients suffering from a 
decrease in saliva secretion by improving the disordered AQP-5 localization. 
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causing basic lesions [2]. 
Cevimeline is a muscarinic receptor agonist that 

was jointly developed by the Israel Institute for 
Biological Research and Snow Brand Milk Products 
Co., Ltd. Cevimeline acts by stimulating the M3 mus-
carinic receptor [3], G protein activating phospholi-
pase C, to release Ca2+ inside the endoplasmic reticu-
lum. The released Ca2+ acts on cell membranes to 
secrete electrolytes inside the glandular cavity. Original 
saliva is produced in accordance with the generated 
osmotic pressure gradient. Cevimeline is widely used 
clinically in SS patients to accelerate saliva secretion 
[4,5]. It has been reported that the effect of salivary se-
cretion continues with long-term internal use of 
Cevimeline in SS patients [6].

Furthermore, Yakeishi et al. [7] reported a 
Cevimeline-induced decrease in secretory granules in-
side the acinar cells, an increase in rough endoplasmic 
reticulum, expansion of intercellular spaces and ap-
pearance of the condensing vacuoles of the Golgi ap-
paratus. This was based on the observation of morpho-
logical transformation of the submandibular glands in 
a mouse model of SS following the administration of 
Cevimeline, thus demonstrating the results of second-
ary acceleration of saliva secretion [7].

Aquaporins (AQPs) are six-transmembrane pro-
teins that play an important role in the water transport 
of cell membranes in plants and animals [8, 9]. To 
date, 13 types of AQPs have been confirmed (AQP-0 
to AQP-12). It has been suggested so far that AQP-1, 
3, 4, 5 and 8 exist in the salivary glands of humans and 
rodents [10-12]. It has been reported that AQP-5 is 
largely involved in water transport during saliva secre-
tion in the salivary glands [13,14]. Previously Yakeishi 
et al. [7] reported the relocalization of AQP-5 to the 
apical membrane of acinar cells in the submandibular 
glands of SS mice after administration of Cevimeline 
[7]. They also saw a significant decrease in secretory 
granules inside the acinar cells of the submandibular 
glands. Furthermore, in SS mice not administered 
Cevimeline, AQP-5 mislocalized to the basolateral 
membrane of acinar cells in the submandibular glands 
and there was an increase in the secretory granules of 
acinar cells in the submandibular glands. This indi-
cated that the administration of Cevimeline potentially 
improves the localization of AQP-5 in addition to pro-
moting salivary secretion in SS mice [7].

However, the effects of chronic administration of 
Cevimeline or its discontinuation on the localization 
of AQP-5 have not yet been clarified. To this end, we 
used SS mice as a model to verify changes in localiza-
tion of AQP-5 following chronic administration and 

discontinuation of Cevimeline. 
In this study, the localization of AQP-5 was shown 

by immunohistochemistry. AQP-5 was found to be 
mainly related to saliva secretion, whereas the locali-
zation of AQP-1, 3, 4 and 8 is thought to affect saliva 
composition. The relationship between the localiza-
tion of AQP-5, using MRL/MpJ-Tnfrsf6lpr/Crlj (MRL/l) 
mice [15-18] that naturally develop symptoms of sia-
ladenitis or angiitis was also shown. We conducted a 
histological study on the inflammatory changes in the 
salivary gland tissues of the salivary glands of 4 groups: 
a group of SS mice not administered Cevimeline, a 
group of SS mice administrated Cevimeline, a group of 
SS mice chronically administered Cevimeline, a group 
that received but then discontinued Cevimeline, and a 
group of normal mice not administered Cevimeline.

 

MATERIALS AND METHODS

Experimental animals (Fig. 1)
Twenty-seven 9-week-old MRL/l male mice 

(Japan SLC, Inc., JPN) were used as SS mouse models 
and ten 9-week-old normal BALB/cN male (Kyudo 
Co., Ltd., JPN) mice were purchased for use as con-
trols. SS mice were divided into three groups, a group 
of 8 mice that was not administered Cevimeline, a 
group of sixteen mice administered Cevimeline, and a 
group of three mice that received but then discontin-
ued Cevimeline. They were fed solid feed freely inside 
breeding cages with a 12 h light and dark cycle. 
Cevimeline hydrochloride hydrate (Nippon Kayaku 
Co., Ltd., JPN) was administered at approximately 4 
mg/kg, based on approximately 5 ml/day water intake 
per mouse. Two-hundred ml of tap water, into which 4 
mg of Cevimeline was mixed and poured into water 
drinking bottles, was given to the Cevimeline groups, 
including those that would then discontinue the drug. 
For the discontinuation group, discontinuation began 
after the 7th week of administration. Drug-free tap 
water was given to the non-administration group. We 
changed the water twice a week, and checked that a 
sufficient amount had been consumed. Normal mice 
were housed inside breeding cages and fed solid feed; 
tap water was freely available with no dissolution of 
drugs, for a period of 1 week. Salivary glands were 
collected every 2 weeks from the 10th week after birth 
from the SS mice not administered Cevimeline and SS 
mice administered Cevimeline. Salivary glands were 
collected at the second and fourth week of discontinu-
ation from the SS mice discontinuing Cevimeline. 
Salivary glands were collected at the 10th week from 
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normal mice as a control. Each mouse was deeply an-
esthetized using diethyl ether and their salivary glands 
were collected following immobilization using a 2.0% 
paraformaldehyde/2.5% glutaraldehyde PBS solution 
perfused via the heart after celiotomy.

SS mice administered Cevimeline were classified 
into administration periods. Short-term administration 
(Short-term ad) refer to 3–5 weeks after administration 
(12–14 weeks after birth), 

Middle-term administration (Middle-term ad) re-
fer to 7–9 weeks after administration (16–18 weeks af-
ter birth), and Long-term administration (Long-term 
ad) refer to 11–13 weeks after administration (20–22 
weeks after birth). The SS mice not administered 
Cevimeline were classified in accordance with the 
timing after birth of Cevimeline administration in the 
group receiving Cevimeline. First stage refers to 12–
14 weeks after birth, Middle stage refers to 16–18 weeks 
after birth, and Last stage refers to 20–22 weeks after 
birth.

This experiment and the experimental animals were 
properly treated and controlled, as authorized by the 
Animal Research Committee of Kurume University.

Tissue preparation
The parotid, submandibular, and sublingual glands 

from both normal and SS mice were fixed in Bouin’s 
fluid for more than 24 h for immunohistochemistry. 
After fixation, the salivary glands were embedded in 
paraffin and serially sectioned at a thickness of 5 μm. 
Sections were stained with H&E and AQP-1, 3, 4, 5 
and 8 antibody.

Immunohistochemical staining
Immunohistochemical staining was performed on 

SS mice not administered Cevimeline, on SS mice ad-
ministered Cevimeline, and on normal mice. The tis-
sues were deparaffinized and endogenous peroxidase 
was blocked with 3% H2O2/methanol solution. Next, 
10% normal goat serum was used as a blocking rea-
gent to prevent nonspecific antibody reactions. 
Polyclonal antibodies AQP-1 (Santa Cruz Biochnologt, 
Inc., USA), AQP-3 (Santa Cruz Biochnologt, Inc., 
USA), AQP-4 (Santa Cruz Biochnologt, Inc., USA), 
AQP-5 (Alomone Labs Ltd., Israel) and AQP-8 (Santa 
Cruz Biochnologt, Inc., USA) were used as the pri-
mary antibody. Only the AQP-5 polyclonal antibody 
was used for the SS mice discontinuing Cevimeline. 
The primary antibody was incubated overnight (ap-
proximately 15 h), and then incubated with biotin-
conjugated anti-rabbit IgG secondary antibody before 
being incubated with the peroxidase-conjugated strepta-

Fig. 1.  Schematic diagram of animal groups in this study.
Cevimeline-untreated SS mice, treated SS mice, discontinued SS mice and untreated normal 

mice were used. SS mice were classified into 3 groups according to the term of administretion. 
Discontinued SS mice were classified into 2 groups according to the term of discontinuation. 
Salivary glands (parotid, submandibular and sublingual gland) were extracted at each term.
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vidin as the enzyme reagent. Subsequently, staining 
was carried out with 0.05% DAB-Tris buffer solution 
with 0.03%H2O2, and the nucleus was stained using 
VECTASHIELD Mounting medium with DAPI (Vector 
Laboratories, Inc., USA) as a mounting agent.

Multi-color staining was performed by the con-
comitant use of the enzyme- and fluorophore-conju-
gated antibodies, using a polyclonal anti-AQP-5 and 
anti-occludin antibodies (Santa Cruz Biotechnology, 
Inc., USA). Each parotid gland was stained 10 weeks 
after birth for the Cevimeline-treated SS mice, untreated 
SS mice, and untreated normal mice. First, AQP-5 was 
stained with DAB, occludin was stained using Alexa 
fluor 568 (Molecular Probes, Inc., OR)-conjugated 
anti-rabbit IgG antibody, and the nucleus was stained 
with DAPI.

Image analysis of AQP-5
ImageJ (free image processing software developed 

by the National Institute of Health) was used to quan-
tify AQP-5 localization. AQP-5 was quantified using 
tissue images of the salivary glands of each group in 
which AQP-5 was changed to red by setting the upper 
limit of the threshold to 100. By using magnified light-
microscopic images twenty square territories of 200 × 
200 mm were randomly selected for each parotid and 
submandibular gland to calculate the numerical values 
of the area (mm2) of AQP-5 in each territory. We con-
ducted a statistical analysis of these numerical values 
between the normal mice and First stage (Short-term 
ad), between the First stage (Short-term ad) and Last 
stage (Long-term ad), between the First stage and 
Short-term ad, and between the Last stage and Long-
term ad. A Mann–Whitney test (two-sided test) was 
used to confirm statistical differences between two 
groups. A value of P<0.05 was considered to be statis-
tically significant.

RESULTS

1. �H & E staining of the parotid, submandibular and 
sublingual glands of each group

1-a: Normal mice not ministered Cevimeline 
The structures of the salivary acinar cells and in-

terlobular ducts were normal on H&E staining, with 
no inflammation such as lymphocytic infiltrate around 
the interlobular ducts or blood vessels in any salivary 
glands (Figs. 2A-C).

1-b: SS mice not administered Cevimeline
In the First stage, inflammation was detected by 

H&E staining, such as slight lymphocytic infiltrate 
around the ducts or blood vessels, from the interca-
lated interlobular ducts to the striated ducts, in some 
the parotid and submandibular glands (Figs. 2D and 
E). Furthermore, in the Middle and Last stages, lym-
phocytic infiltrate progressed to the areas around every 
part of the interlobular duct or blood vessel in the pa-
rotid and submandibular glands, resulting in irregu-
larly changed images of the acinar cells or ducts (Figs. 
2G and H). While no inflammation was observed in 
the sublingual glands in the First stage (Fig. 2F), mild 
lymphocytic infiltrate was found surrounding every 
part of the duct in the Middle and the Last stages, most 
likely as a result of aging (Fig. 2I).

1-c: SS mice administered Cevimeline
Similar morphological features in SS mice not ad-

ministrated Cevimeline were revealed by H&E stain-
ing – there were no differences in the progress or level 
of inflammation detected (Figs. 2J-O).

1-d: SS mice discontinuing Cevimeline
H & E staining found lymphocytic infiltrate sur-

rounding the interlobular ducts and blood vessels, 
from the intercalated ducts to striated ducts in the pa-
rotid and submandibular glands of mice, at 2 weeks 
after discontinuation of Cevimeline. Irregular morpho-
logical changes of the acinar cells or ducts were ob-
served in these mice. Furthermore, the lymphocytic in-
filtrate was aggravated in the parotid and submandibular 
glands in mice 4 weeks after discontinuing Cevimeline, 
thus allowing for the further progression of irregulari-
ties in the acinar cells or ducts (Figs. 2P and Q). Mild 
lymphocytic infiltrate was found surroundings all 
parts of the duct in the sublingual glands in mice that 
discontinued Cevimeline at both 2 and 4 weeks. 
Although some irregular ducts were detected, almost 
no morphological changes were found in the acinar 
cells (Fig. 2R).

2. �Immunohistochemical staining of AQP-5 in the pa-
rotid, submandibular and sublingual glands of each 
group

2-a: Normal mice not administered Cevimeline
Localization of AQP-5 was found mostly in the 

apical and sidewall membranes of the acinar cells, dis-
playing an aster-like localization. However, localiza-
tion of AQP-5 was observed in the basolateral mem-
brane of the acinar cells of some parotid and 
submandibular glands (Figs. 3A and B) . Furthermore, 
no localization of AQP-5 was detected in the acinar 
cells of the sublingual glands (Fig. 3C) (Table 1). The 
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Fig. 2.  H-E staining of the parotid glands, submandibular glands and sublingual glands of each group. 
A-C: Normal mice, D-F: SS mouse models (First stage), G-I: SS mouse models (Last stage), J-L: SS 

mouse models (Short-term ad), M-O: SS mouse models (Long-term ad), P-R: SS mouse models (After 
4th week of discountinuation)

Arrows: The Lymphocytic infiltration advanced around the interlobular ducts and blood vessels due 
to aging, regardless of administrated Cevimeline and non-administrated Cevimeline.  (A-R: ×200)
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average calculated area of AQP-5 was 4150±1052 
mm2 for the parotid glands and 2096±585 mm2 for 
submandibular glands.

2-b: SS mice not administered Cevimeline
Localization of AQP-5 was found in the apical, 

sidewall and basolateral membranes of the acinar cells 
of most of the parotid glands and submandibular glands 
in the First stage (Figs. 3D and E) (Table 1). From the 
Middle to Last stage, a decrease in expression caused 
by aging was observed in the acinar cells of a large 
number of the parotid and submandibular glands (Figs. 
3G and H). No localization of AQP-5 was found in the 
acinar cells of the sublingual glands (Figs. 3F and I) 
(Table 1). The average calculated area of AQP-5 was 
3569±2372 mm2 for the parotid glands in the First 
stage and 1967±1652 mm2 for the parotid glands in 
the Last stage. For the submandibular glands, the aver-
age area of AQP-5 was 2487±1925 mm2 in the First 

stage and 580±433 mm2 in the Last stage. The differ-
ence in the expression levels of AQP-5 between the 
First and the Last stages was significant for the parotid 
glands (P=0.0398) and for the submandibular glands 
(P=0.00001), reflecting a significant decrease in AQP-5 
expression in the Last stage compared with the First 
stage (Table 2). No significant difference was found in 
the expression levels of AQP-5 between normal and 
SS mice at the First stage for the parotid glands (P=0.4) 
or for the submandibular glands (P=0.74).

2-c: SS mice administered Cevimeline
Localization of AQP-5 was observed in most of 

the apical and sidewall membranes of the acinar cells 
of the parotid and submandibular glands, displaying 
an aster-like localization in the Short-term ad group. 
However, localization of AQP-5 was observed in the 
basolateral membrane of the acinar cells of some pa-
rotid and submandibular glands (Figs. 3J and K) (Table 

TABLE 1.
The localization of AQP-1, 3, 4, 5 and 8 in the parotid glands, submandibular glands and sublingual glands of each group

Parotid glands & Submandibular glands Sublingual glands

Locali-
zation 
of AQP

Myoepi-
thelial
Cells
(Cyto-
plasm 
and 
Mem-
branes)

Vascular
endothe-
lial
cells

Acinar cells
Inter-
lobular
duct
(Cyto-
plasm
and
Mem-
branes)

Myoep-
ithelial
Cells
(Cyto-
plasm 
and 
Mem-
branes)

Vascular
endothe-
lial
cells

Acinar cells
Inter-
lobular
duct
(Cyto-
plasm
and
Mem-
branes)

Apical 
and 
sidewall  
mem-
branes

Basola-
teral
 mem-
branes

Cyto-
plasm

Apical 
and 
sidewall 
mem-
branes

Basola-
teral
mem-
branes

Cyto-
plasm

AQP-1
    ++
      + *
      + **

    ++
      + *
      + **

− − − −
    ++
      + *
      + **

    ++
      + *
      + **

− − − −

AQP-3 − − −
    ++
      + *
      + **

−
    ++
      + *
      + **

− − −
    ++
      + *
      + **

−
    ++
      + *
      + **

AQP-4 − − −
    ++
      ± *
      ± **

−
    ++
      ± *
      ± **

− − −
      +
      ± *
      ± **

−
    ++
      ± *
      ± **

AQP-5 − −
    ++
      + *
      + **

    ±
    ++ *
    ±  **

− − − − − − − −

AQP-8 − − −
    ++
      + *
      + **

−
    ++
      + *
      + **

− − −
    ++
      + *
      + **

−
    ++
      + *
      + **

The localization of AQP-1, 3, 4 and 8 in the parotid glands, submandibular glands, sublingual glands of each group
This table expresses the common result of Normal mouse, SS mouse models* ( Non-administration of Cevimerine, First stage), 
and SS mouse models* * (administration of Cevimerine, Short term ad).
Explanation of the sign (++, +, ±, −) of this table:
++: Too much expression of AQPs
+: Many expression of AQPs, 
±: Some expression of AQPs
−: No expression
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Fig. 3.  Immunohistochemical staining of AQP-5 (Red area) in the parotid glands, submandibular 
glands and sublingual glands of each group.

A-C: Normal mice, D-F: SS mouse models (First stage), G-I: SS mouse models (Last stage), J-L: SS 
mouse models (Short-term ad), M-O: SS mouse models (Long-term ad), P-R: SS mouse models (After 
4th week of discountinuation) AQP-5 of the acinar cells immunoreaction was observed in parotid glands 
and submandibular glands. 

Big arrows: The apical membranes of the acinar cells, Small arrows: The basolateral membranes of 
the acinar cells, Blue area: nuclei (DAPI ), (A-F: ×200)
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1). Although the localization of AQP-5 of aster-like 
composition was observed in the acinar cells of most 
of the parotid and submandibular glands, in the Middle-
term ad and Long-term ad groups, a decrease in ex-
pression was found in many acinar cells compared 
with those of the Short-term ad group (Figs. 3M and 
N). No localization of AQP-5 was observed in the aci-
nar cells of the sublingual glands (Figs. 3L and O) 
(Table 1). The average calculated area of AQP-5 for 
parotid glands was 2234±1123 mm2 in the Short-term 
ad and 1568±1138 mm2 in the Long- ad. For the sub-
mandibular glands, the average area for AQP-5 locali-
zation was 3417±1760 mm2 in the Short-term ad and 
1364± 1058 mm2 in the Long-term ad groups. 
Significant differences in the expression level of 
AQP-5 were found between Short-term ad and Long-
term ad for the parotid glands (P=0.04248) and for the 
submandibular glands (P=0.00008), thus indicating a 
significant decrease in AQP-5 expression in Long-
term ad compared with Short-term ad (Table 2).

�2-d: Statistical differences between the Cevime-
line-treated and untreated SS mice (Table 3)
The differences in the expression level of AQP-5 

between the First stage and the Short-term ad were not 
significant for the parotid glands (P=0.08835) or for 
the submandibular glands (P=0.05146). Differences in 
the expression level of AQP-5 in the Last stage and 
the Long-term ad were not significant for the parotid 
glands (P=0.66515) but were significant for the sub-
mandibular glands (P=0.00319). Although no signifi-
cant difference in the expression level of AQP-5 was 
found in the parotid glands, expression in the sub-

mandibular glands was significantly lower in the Last 
stage compared with the Long-term ad group.

2-e: SS mice discontinuing Cevimeline
At two weeks after discontinuation, localization of 

AQP-5 was detected in the apical and sidewall mem-
branes of most of the acinar cells of the parotid and 
submandibular glands, displaying an aster-like locali-
zation. However, localization of AQP-5 was observed 
in the basolateral membrane of some acinar cells. 
Furthermore, the localization of AQP-5 showed an as-
ter-like localization even after the fourth week of dis-
continuation (Figs. 3P and Q). No localization of 
AQP-5 was observed in the acinar cells of the sublin-
gual glands including the ducts (Fig. 3R).

3. �Immunohistochemical staining of AQP-1, 3, 4, 8 in 
the parotid, submandibular and sublingualglands 
of each group

3-a: Normal mice not administered Cevimeline
The localization of AQP-1 was observed in the 

myoepithelial cell membranes and cytoplasm, and a 
large number of capillaries and small vessels (arterioles 
and venules) of the parotid, submandibular and sublin-
gual glands (Figs. 4A-C).

The localization of AQP-3 was observed in the ba-
solateral membrane of the acinar cells of some parotid, 
submandibular and sublingual glands, and in almost 
all duct membranes and duct cytoplasm, from interca-
lated ducts to striated ducts (Figs. 4D-F).

The localization of AQP-4 was observed in some 
basolateral membranes of the acinar cells of some pa-

TABLE 2.
The statistical difference of the expression levels of AQP-5 due to aging

Salivary glands First stage Last stage First stage vs. Last 
stage (P) Short-term ad Long-term ad Short-term ad vs. 

Long-term ad (P)

Parotid glands 3569±4744 mm2 1967±3304 mm2 0.0398 (P<0.05) 2234±2247 mm2 1568±2277 mm2 0.0424 (P<0.05)
Submandibular glands 2487±3851 mm2 580±866 mm2 0.00001 (P<0.05) 3417±3520 mm2 1364±2117 mm2 0.00008 (P<0.05)

TABLE 3.
The statistical difference of between the Cevimeline-treated and untreated SS mice

Salivary glands First stage Short-term ad First stage vs. 
Short-term ad (P) Last stage Long-term ad Last stage vs. 

Long-term ad (P)

Parotid glands 3569±4744 mm2 2234±2247 mm2 0.08835 (P>0.05) 1967±3304 mm2 1568±2277 mm2 0.66515 (P>0.05)
Submandibular glands 2487±3851 mm2 3417±3520 mm2 0.05146 (P>0.05) 580±866 mm2 1364±2117 mm2 0.00319 (P<0.05)
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rotid, submandibular and sublingual glands, and in al-
most all regions of the duct membranes (Figs. 4G-I).

The localization of AQP-8 was observed in the ba-
solateral membrane of the acinar cells of some parotid, 
submandibular and sublingual glands, and in almost 
all regions of the duct membranes and cytoplasm 
(Figs. 4J-L).

�3-b: Cevimeline-treated (Figs. 5, 6) and untreat-
ed SS mice 
AQP-1 localization was observed, similar to nor-

mal mice, in the myoepithelial cell membranes, cyto-
plasm, and a large number of vascular endothelial cell 
membranes of the capillaries and small vessels of many 
parotid, submandibular and sublingual glands in the 
Short-term ad (First stage) (Figs. 5A-C). However, the 
expression level of AQP-1 in the Short-term ad group 
was slightly weaker compared with that of normal 
mice. A mild decrease in expression due to aging was 
found in all myoepithelial and vascular endothelial 
cells of the parotid and submandibular glands in the 
Middle-term ad (Middle stage) and Long-term ad (Last 

Fig. 4.  Immunohistochemical staining of AQP-1, 3, 4 and 8 in the parotid glands, submandibular 
glands and sublingual glands of Normal mice. 

Immunopositive area is red, nuclei is blue.
A-C: AQP-1 (White arrows: Myoepitherial cells, White arrow-heads: Vascular endothelial cells), 

D-F: AQP-3 ( Yellow arrows: Basolateral membranes, Yellow arrow-heads: Duct membranes and duct 
cytoplasm of parotid glands, submandibular glands and sublingual glands), G-I: AQP-4 (Yellow arrows 
and yellow arrow-heads: The same part as expression of AQP-3), J-L: AQP-8 (Yellow arrows and yel-
low arrow-heads: The same part as expression of AQP-3), (A-L: ×100)
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stage) (Figs. 6A-C).
AQP-3, 4 and 8 localization was observed, similar 

to normal mice, in the basolateral membrane of the 
acinar cells of some parotid, submandibular and sublin-
gual glands, and almost all duct membranes and duct 
cytoplasm in the Short-term ad (First stage) (Figs. 5D-
L). However, the expression level of AQP-3, 4 and 8 
in the Short-term ad (First stage) was slightly weaker 
compared with normal mice. A mild decrease in ex-
pression due to aging was found in AQP-3, 4 and 8 in 
all acinar cells and all regions of the duct of the parotid 
and submandibular glands, in the Middle-term ad 
(Middle stage) and the Long-term ad (Last stage) (Figs. 
6D-L). Furthermore, the expression level of AQP-4 

was slightly weaker at all expression sites of the pa-
rotid, submandibular and sublingual glands, compared 
with those of AQP-1, 3 and 8. 

DISCUSSION

This study investigated the effects of Cevimeline 
on the localization of AQP-5, which is related to sa-
liva secretion. We compared groups of normal mice, 
Cevimeline-treated and untreated SS mice, and SS 
mice in which Cevimeline was administered and then 
discontinued. The effect on saliva secretion continued 
even with chronically administered Cevimeline, and 
these effects continued for at least 4 weeks after 

Fig. 5.  Immunohistochemical staining of AQP-1, 3, 4 and 8 in the parotid glands, submandibular 
glands and sublingual glands in short-term ad (3 to 5 weeks after administration).

Immunopositive area is red, nuclei is blue. 
A-C: AQP-1, D-F: AQP-3, G-I: AQP-4, J-L: AQP-8, (A-L: ×100)
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Cevimeline discontinuation.
The MRL/l mice (SS mice) used in this study were 

those with autoimmune disorders that naturally de-
velop symptoms of sialadenitis or angiitis, and exhibit 
lymphocytic infiltrate around the ducts and blood ves-
sels due to aging [15-18]. 

Inflammation progressed at almost the same speed 
in SS mice administered Cevimeline as in those with-
out administration. Lymphocytic infiltrate around the 
interlobular ducts and blood vessels was found in the 
First stage (Short-term ad). A large amount of lym-
phocytic infiltrate was also widely found due to aging 
in the Middle stage (Middle-term ad) and Last stage 
(Long-term ad). There was no significant difference in 

this inflammation between the parotid and submandib-
ular glands, because the lymphocytic infiltrate pro-
gressed almost simultaneously. Furthermore, no in-
flammation of the sublingual glands was observed in 
the First stage. Very mild lymphocytic infiltrate was 
found around the interlobular ducts in the Middle and 
Last stage of the sublingual glands, most likely because 
of aging. Since no clear differences were found between 
Cevimeline administration and non-administration 
groups, we believe that Cevimeline did not affect sia-
ladenitis, and invasion of the salivary gland tissues 
would be minimal even with chronic use.

AQP-5 is localized, at the time of saliva secretion, 
from the apical to the sidewall membrane of acinar 

Fig. 6.  Immunohistochemical staining of AQP-1, 3, 4 and 8 in the parotid glands, submandibular 
glands and sublingual glands in long-term ad (11 to 13 weeks after administration).

Immunopositive area is red, nuclei is blue.  
A-C: AQP-1, D-F: AQP-3, G-I: AQP-4, J-L: AQP-8, (A-L: ×100)
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cells of the salivary glands in normal mice. However, 
mislocalization occurs in the salivary acinar cells 
(small salivary or submandibular glands) of SS pa-
tients and SS mice [7, 19]. Yakeishi et al. suggested that 
the mislocalization of AQP-5 in the submandibular 
glands is improved by the oral administration of 
Cevimeline to SS mice [7]. We found that after chronic 
Cevimeline-treatment of mice in this study, the locali-
zation of AQP-5 was maintained from the apical to the 
sidewall membrane of the acinar cells in the parotid 
and submandibular glands. These results confirm pre-
vious findings that chronic administration of Cevimeline 
has an effect on saliva secretion. Since no mislocaliza-
tion of AQP-5 occurred, even in SS mice after discon-
tinuation of Cevimeline, we believe these results sup-
port the hypothesis that SS patients taking Cevimeline 
orally can increase saliva secretion even 2-4 weeks af-
ter discontinuation. 

Significant differences were found in the expres-
sion levels of AQP-5 because of aging, (in the parotid 
and submandibular glands), in both Cevimeline-treated 
and untreated SS mice. This is because of the progres-
sive nature of the inflammatory destruction of salivary 
gland organization in SS. Even though Cevimeline 
does not have an anti-inflammatory effect, we believe 
it continues acting on salivary acinar cells because the 
localization of AQP-5 maintains an aster-like localiza-
tion even in the Long-term ad. Furthermore, compar-
ing the expression levels of AQP-5 in the parotid and 
submandibular glands with or without the administra-
tion of Cevimeline, the expression levels of AQP-5 in 
the submandibular glands in the Last stage and the 
Long-term ad was significantly lower than levels in 
the Last stage. No significant differences were found 
in any other comparisons. We believe that chronic ad-
ministration of Cevimeline enhanced the visualization 
of AQP-5 because the localization of AQP-5 in the sali-
vary acinar cells was maintained in the aster-like con-
figuration. This resulted in a significant increase in the 
apparent expression level of AQP-5. 

Next, we considered the localization of AQP-1, 3, 4 
and 8 in the salivary glands from each group, and con-
firmed that AQP-3, 4 and 8 is localized in the basola-
teral membranes of acinar cells and inter lobular ducts 
in normal and Cevimeline-treated and untreated SS 
mice. Because AQP-3, 4, and 8 were not localized in 
the apical or sidewall membranes of the acinar cells in 
the salivary glands, they were not directly involved in 
saliva secretion. However, we believe that they may 
be indirectly involved in saliva secretion, specifically 
by promoting water transport into the salivary acinar 
cells and the re-absorption of water in the ducts. AQP-1 

is localized in the membranes of vascular endothelial 
and myoepithelial cells and in the cytoplasm of myoep-
ithelial cells, which have high membrane water per-
meability. It has been reported that they assist with 
water transport by surrounding the salivary acinar 
cells in a basket-like manner [20]. It has been reported 
that expression of AQP-1 in the salivary glands of SS 
patients is reduced by 38% [21], thus suggesting that 
AQP-1 also plays an important role in saliva composi-
tion.

We also confirmed that the mislocalization of 
AQP-5 is improved over longer periods of time by 
chronic administration of Cevimeline to SS mice. 
However, no localization changes for AQP-1, 3, 4 and 
8 were observed with Cevimeline administration. It is 
believed that AQP-1, 3, 4 and 8 play a role in transfer-
ring the water required for saliva from the basolateral 
membranes of the acinar cells. Therefore, they were 
not directly involved in saliva secretion into the inside 
of the ducts. It is believed that the effects of Cevimeline 
on saliva secretion are due to its effect on the osmotic 
pressure gradient of the apical membrane of the acinar 
cells. As a result, no effects were found for AQP-1, 3, 
4 and 8 as they are only localized on the basolateral 
membrane of these cells. However, we believe that 
steroidal anti-inflammatory drugs that have inhibitory 
action against the inflammatory destruction of salivary 
acinar cells will be useful to protect water channels 
that work indirectly on saliva secretions. Furthermore, 
their concomitant use with Cevimeline, which is in-
volved in regulating AQP-5 is considered to be more 
effective than using either drug alone.

This study showed that sustainable salivary secre-
tion, even with the chronic administration of Cevimeline, 
was achieved in SS mice. The results also show that 
saliva secretion continued for 2 to 4 weeks after dis-
continuation of Cevimeline. We confirmed that the 
chronic administration of Cevimeline has almost no 
side effects on salivary glands. Although the decrease 
in the amount of saliva secretion in SS mice may be 
due to the progressive inflammatory destruction of the 
salivary gland organization, we believe that the mislo-
calization of AQP-5 can be improved and the saliva se-
cretory function can be sustained for longer periods of 
time with chronic Cevimeline treatment.
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