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Long-term submandibular duct obstruction is thought to cause irreversible atrophy and
dysfunction of the submandibular gland. As an atrophic gland may be induced clinically by
chronic or recurrent infection, it is generally removed surgically. However, the regenerative
capacity of atrophic submandibular glands after long-term obstruction is not completely
understood. We studied the regenerative capacity of the mouse submandibular duct using
an aneurysm clip ligation model. We documented changes in the size, histologic structure
and gene expression of the submandibular gland after 2 months of ligation, and 1 week, 1
month and 2 months after clip removal. Two months of ligation caused atrophy, particularly
in the acinar portion. In the 2 months after clip removal, we observed a steady and
significant increase in the expression of the acinar cell precursor gene cytokeratin 5 (CK5),
and a significant decrease in the expression of the stem cell marker c-kit. These findings
suggest that the submandibular gland retains some capacity for regeneration even after
long-term obstruction, and that CK5 could serve as a marker of this regenerative process.
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I. Introduction

It is well recognized that the atrophy provoked by
obstruction of the salivary ducts induces changes in the
structure [1, 2, 31, 32, 35], the residual function and the
regenerative capacity of the glandular tissue [4, 9, 19, 28].
Almost all the evidence is based on short-term experiments
conducted over approximately 1 week, and there have
been no longer-term observational studies. The structural
changes and the functional improvements in atrophied
salivary glands after release from long-term obstruction,
for example by salivary calculi, is still not known. To date,
the longest period of experimental obstruction of the main
salivary gland duct has been 3 months, in a study that
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identified the expression of a stem cell marker in atrophied
salivary glands [17]. The regenerative capacity of salivary
glands after the release of long-term obstruction has not yet
been examined.

In this study, we examined the temporal changes that
occurred in glandular tissue after release of long-term sali-
vary gland obstruction in vivo. For this purpose we created
a model of obstruction of the main excretory duct of the
submandibular gland, using an aneurysm clip in mice. After
releasing the ligation, we examined the time-dependent
changes in tissue structure, residual function and regenera-
tive capacity in the atrophied salivary glands.

II. Materials and Methods
Animals

Experimental animals were 10-week-old female ICR
mice (CLEA Japan, Tokyo, Japan), housed in a 12-hr light-
dark cycle and given free access to solid food (Oriental
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Yeast, Tokyo, Japan) and water. Conduct of the study was
approved by the Animal Experiment Ethics Committee of
the Nippon Dental University School of Life Dentistry in
Niigata (approval reference number 170).

Ligation of the main excretory duct of the submandibular
salivary gland and tissue collection

Twenty mice were anesthetized by intraperitoneal
administration of pentobarbital sodium 30 mg/kg and xyla-
zine hydrochloride 10 mg/kg and fixed in the dorsal posi-
tion. Using a stereomicroscope, the submandibular gland
was exposed by blunt dissection of the skin in the midline
of the neck to prevent damage to the surrounding nerves,
vessels and other tissues. The main excretory duct was
clipped approximately 2 mm superior to the main body
of the right submandibular gland with a Sugita titanium
aneurysm clip (Mizuho Ika Kogyo, Tokyo, Japan), follow-
ing which the wound was closed. The left submandibular
gland was not clipped and served as a control. The same
approach was used to remove the clip 2 months later. The
duration of ligation was informed by a previous study that
reported no significant difference in the expression of c-kit,
Sca-1, or cytokeratin 5 (CK5), which were judged to par-
ticipate in salivary gland regeneration, after 2 or 3 months
of obstruction [17]. Submandibular gland tissue samples
were collected after 2 months of ligation, and then 1 week,
1 month or 2 months after the release of ligation. Experi-
mental animals were therefore divided into the following
groups, with five animals per group: 2-month ligation (2M
lig group); 2-month ligation and 1 week after de-ligation
(2M+1W del group); 2-month ligation and 1 month after
de-ligation (2M+1M del group); and 2-month ligation and
2 months after de-ligation (2M+2M del group). For final
tissue collection, animals were terminally anesthetized and
perfused with phosphate-buffered saline (9.57 mM, pH
7.35–7.65, Takara Bio, Shiga, Japan) then fixed with 4%
paraformaldehyde (PFA, Wako Pure Chemical Industries,
Osaka, Japan) via a thoracotomy.

Submandibular gland measurement
The dimensions of the major and minor axes of the

submandibular glands were measured with calipers before
collecting tissue for analysis of gene expression. Paired
two-way analysis of variance (ANOVA) and Bonferroni
multiple comparisons were performed for statistical analy-
sis (Ekuseru-Toukei 2015: Social Survey Research Infor-
mation, Tokyo, Japan). A p value < 0.05 was considered
statistically significant.

Tissue preparation and general staining
Samples for histologic analysis underwent immersion

fixation with 4% PFA (Wako Pure Chemical Industries),
were dehydrated in an ascending ethanol series and were
embedded in paraffin. A rotating microtome was used to
create 5-μm slices, which were subject to hematoxylin-
eosin (HE) staining. Histologic observations were per-

formed with an optical microscope (Olympus BX51,
Tokyo, Japan).

Immunohistochemistry
The immunohistochemical expression of c-kit, CK5,

aquaporin 5 (AQP5) and α-amylase were assessed. Slices
of paraffin-embedded tissue were deparaffinized and rehy-
drated in a xylene-ethanol series. Endogenous peroxidase
blocking (Dako REALTM peroxidase blocking solution,
Agilent Technologies, Santa Clara, CA, USA) and antigen
activation (HistoVT One, Nacalai Tesque, Kyoto, Japan)
were performed on the treated slices. They were subse-
quently incubated with primary then secondary antibodies
(EnVisionTM + Dual link System-HRP, Agilent Technolo-
gies), and binding was reported with 3,3′-diaminobenzidine
(ImmPACTTM DAB, Vector Laboratories, Burlingame, CA,
USA). After the nuclei were stained with hematoxylin,
specimens were cleared and mounted. Table 1 shows the
primary antibodies used in this experiment.

RNA preparation and real-time reverse transcription
polymerase chain reaction

After collection, tissue samples were immediately
immersed in RNAlater RNA stabilization reagent (Qiagen,
Holden, Germany) and stored until use. Total RNA was
extracted with ISOGEN II (Wako Pure Chemical Indus-
tries). After purification, complementary DNA (cDNA)
was synthesized with a high-capacity cDNA reverse
transcription kit (Life Technologies, Carlsbad, CA, USA).
After cDNA synthesis, gene expressions of c-kit, CK5,
AQP5, α-amylase and GAPDH were analyzed using the
reverse transcription polymerase chain reaction (RT-PCR)
and quantified with real-time PCR. A reaction solution was
prepared with Fast SYBR® Green Master Mix (Applied
Biosystems, Foster City, CA, USA) using appropriate
primers (Table 2). Real-time RT-PCR was performed using
StepOnePlusTM (Applied Biosystems). After initial heating
at 95°C for 20 sec, PCR conditions were set at 95°C for 3
sec and 60°C for 30 sec for 40 cycles each. The levels of
RNA expression in the 2M lig group were considered as
baseline and were analyzed using the ΔΔCT method. Paired
two-way ANOVA and Bonferroni multiple comparisons
were performed for statistical analysis (Ekuseru-Toukei
2015). A p value < 0.05 was considered statistically signifi-
cant.

Table 1. List of primary antibodies 

Antibody Provider (catalog number) Dilution

Anti-c-kit Abcam (ab5506) 1:1,000
Anti-cytokeratin 5 Covance (PRB-160P) 1:3,000
Anti-aquaporin 5 Abcam (ab104751) 1:2,000
Anti-α-amylase Sigma-Aldrich (A8273) 1:1,000

Providers: Abcam (Tokyo, Japan), Covance (Princeton, NJ, US), Sigma-
Aldrich (St. Louis, USA).
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III. Results
Submandibular gland measurement

The major and minor axes of the submandibular gland
were significantly smaller in the ligated side of all experi-
mental groups (2M lig, 2M+1W del, 2M+1M del, and 2M
+2M del groups) than the control side at all time points.
There were no significant changes in the size of the glands
after the release of ligation in the experimental groups.

Histologic analysis
The acinar portion was not atrophied in any of the

glands taken from mice in the control group. In these ani-
mals, the acinar portion was round or elliptical with the cell
nuclei displaced to the basal side, and intercalated ducts,
granular ducts and striated ducts were easily distinguish-
able (Fig. 1A). However, signs of atrophied salivary gland
tissue, such as atrophy and disappearance of the acinar
portion, dilation of the ductal lumen, appearance of duct-
like structures and proliferation of interlobular connective
tissue, were observed in the 2M lig and 2M+1W del groups
(Fig. 1B and 1C, respectively). In the 2M+1M del group,
dilation of the ductal lumen, interlobular connective tissue
and other signs of atrophied salivary gland tissue were
evident, but were less prominent than those in the 2M lig
group. In addition, a small acinar portion was observed in
some areas (Fig. 1D). In the 2M+2M del group, there were
fewer signs of atrophy of salivary gland tissue or the acinar
portion; the latter was larger than those observed in the 2M
+1M del group (Fig. 1E).

Immunohistochemistry analysis
In the control group, c-kit, which was used as a stem

cell marker, and CK5, which was used as an acinar cell pre-
cursor marker, were observed in some ducts (Figs. 2A and
3A). As expected, AQP5, which had been selected as an
acinar cell marker, was positive in the acinar portion [13].
α-Amylase, which was used to confirm functionality, was
weakly positive in the acinar portion and strongly positive
in the ducts. In the experimental groups, c-kit was positive

in and around some ducts and duct-like structures in the 2M
lig group (Fig. 2B). The number of c-kit positive cells was
lower in the 2M+1W del group than in the 2M lig group,
and were observed mainly around duct-like structures (Fig.
2C), but increasing numbers over time were identified in
the 2M+1M del and 2M+2M del groups (Fig. 2D, E). There
was positive CK5 staining in the ducts and some duct-like
structures in the 2M lig group (Fig. 3B). In the post-release
groups, localization of CK5 in duct-like structures tended
to become more robust over time in the 2M+1W del, 2M
+1M del and 2M+2M del groups (Fig. 3C–E). Notably,
cells in many duct-like structures exhibited CK5-positive
staining in the 2M+2M del group, although localization to
the acinar portion was not observed (Fig. 3E). There was
positive AQP5 staining in atrophied acinar portion-like
cells in the 2M lig and 2M+1W del groups. In the 2M+1M
del and 2M+2M del groups, there was AQP5 staining in the
cellular membrane of the acinar portion. Almost no cells
showed positive staining for α-amylase in any of the exper-
imental groups (data not shown).

Gene expression analysis
Significant differences in gene expression were ob-

served between controls and all experimental groups (p <
0.01, Fig. 4A–D). The c-kit expression level decreased
significantly in the 2M+1W del group (p < 0.01), then
increased significantly in the 2M+1W del and 2M+2M
del groups (p < 0.05, Fig. 4A). The CK5 expression level
increased significantly over time in all experimental groups
(p < 0.01, Fig. 4B); however, AQP5 and α-amylase expres-
sion did not change significantly over time after deligation
in any of the experimental groups (Fig. 4C, D).

IV. Discussion
The salivary glands are exocrine glands that secrete

saliva into the oral cavity. Age, disease and other factors
can block the ducts, causing salivary gland atrophy and
functional decline. Obstructive salivary gland diseases seen
in the clinic may be associated with long-term disease, such

Table 2. Primer sequences 

Gene target Sequence 5′-3′ GenBank accession number Product size

c-kit F: ACGCCAGGAGACGCTGACTA
R: AAGGTTGTTGTGACATTTGCTGAT

NM_001122733.1 105

Cytokeratin 5 F: TCCTCCAGGAACCATCATGTCT
R: GGGACACCGAGCTGAAGCT

NM_027011.2 125

Aquaporin 5 F: CCTTCTTCAAGGCCGTGTTC
R: AGGCTATGGAGATCTGCAGAATG

NM_009701.4 120

α-Amylase F: CGAACTGCTATTGTCCACCTGTT
R: GATGTTTTCATTGGGTGGAGAGA

NM_001110505.1 120

GAPDH F: AGGTTGTCTCCTGCGACTTCA
R: CAGGAAATGAGCTTGACAAAGTTG

NM_001289726.1 100

Abbreviations: F, forward; R, reverse; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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as the formation of salivary calculi. It is believed that long-
term duct obstruction leads to irreversible atrophy of the
salivary glands, which can become foci of infection, and
there is little or no scope for recovery in function. Conse-
quently, the salivary glands are commonly removed in such
situations. The recent development of ultra-thin endoscopy

has, however, made it possible to crush and remove intra-
ductal salivary calculi, bringing about changes in conven-
tional treatment plans [33]. The structure of the mouse
salivary gland differs from that of humans, as the mouse
gland contains granular ducts [13]. According to previous
studies, granular ducts in male mice after sexual maturity

Hematoxylin and eosin staining of the submandibular gland: A) controls; B) 2-month ligation (2M lig) group; C) 2-month ligation, 1 week after
release (2M+1W del) group; D) 2-month ligation, 1 month after release (2M+1M del) group; E) 2-month ligation, 2 months after release (2M+2M del)
group. Structures are identified as follows: asterisk, acinar portion; I, intercalated ducts; G, granular duct; S, striated duct; open arrow, small acinar
portion after de-ligation; double arrowhead, proliferation of interlobular connective tissue; arrow, acinar portion after de-ligation; arrowhead, duct-like
structure. Bar = 100 μm.

Fig. 1. 

Immunostaining for the stem cell marker c-kit of the submandibular gland: A) controls; B) 2-month ligation (2M lig) group; C) 2-month ligation,
1 week after release (2M+1W del) group; D) 2-month ligation, 1 month after release (2M+1M del) group; E) 2-month ligation, 2 months after release
(2M+2M del) group. Arrowheads indicate positive staining cells. Bar = 100 μm.

Fig. 2. 
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were found to develop at a markedly faster rate than in
female mice; moreover, the α-amylase activity in the granu-
lar ducts was found to be higher than that in the intercalated

and striated ducts. Therefore, considering the role of granu-
lar ducts, we elected to use female mice exclusively for this
study.

Immunostaining for the acinar cell precursor marker cytokeratin 5 (CK5) of the submandibular gland: A) controls; B) 2-month ligation (2M lig)
group; C) 2-month ligation, 1 week after release (2M+1W del) group; D) 2-month ligation, 1 month after release (2M+1M del) group; E) 2-month
ligation, 2 months after release (2M+2M del) group. Structures are identified as follows: arrow, regenerated acinar portion; arrowheads indicate positive
staining cells. Bar = 100 μm.

Fig. 3. 

Real-time reverse transcription polymerase reaction findings in submandibular glands of the 2-month ligation (2M lig) group, the 2-month
ligation, 1 week after release (2M+1W del) group, the 2-month ligation, 1 month after release (2M+1M del) group and the 2-month ligation, 2 months
after release (2M+2M del) group for: A) c-kit; B) cytokeratin 5 (CK5); C) aquaporin 5 (AQP5) and D) α-amylase. Error bars show the standard devia-
tion, n = 5 per group. ** p < 0.01, * p < 0.05; other differences not significant.

Fig. 4. 
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If salivary gland tissue can be preserved, functional
improvements in atrophied salivary glands may be possible,
and the quality of life of patients with obstructive salivary
gland disease would be improved. Previous studies of the
obstruction and release of obstruction of salivary glands
have been conducted over approximately 1 week [23, 27,
28]. We chose to examine changes in glandular tissue struc-
ture, residual function and regenerative capacity after the
release of submandibular gland obstruction in conditions
that more closely mimic those encountered in clinical practice.

We found that long-term ligation of the submandibular
duct caused significant shrinkage of the glandular paren-
chyma, and the dimensions of the gland did not recover
after release of ligation. Histologic findings showed sub-
mandibular gland atrophy, disappearance of the acinar por-
tion and an increase in duct-like structures and fibrous
connective tissue after 2 months of ligation. These findings
were similar to those of short-term ligation studies [1, 2,
31, 32, 35]. Gene expression analysis showed low levels of
the acinar cell marker AQP5 [11, 13, 16, 25] and the func-
tional marker α-amylase [11, 36], which is consistent with
previous results [17]. While obstruction causes histologic
atrophy and changes the morphology of the acinar portion,
low levels of marker proteins were nonetheless maintained
inside the cells. Although the expression of AQP5 and α-
amylase did not change after release of ligation, the acinar
portion reappeared histologically after 1–2 months. This

indicates that even when the acinar portion has atrophied or
disappeared after long-term obstruction, regeneration may
be possible when the obstruction is removed. Immunohisto-
chemical staining detected the expression of AQP5 in the
membrane of acinar cells following the release of ligation,
which was thought to regenerate salivary permeability of
the acinar cells. Furthermore, periodic acid–Schiff staining
also showed positive results in the cytoplasm of the acinar
cells, which we judged to represent the production of saliva
containing mucin (data not shown). However, neither
immunohistochemical staining nor quantitative genetic
analysis yielded positive results for α-amylase. Our find-
ings nonetheless revealed that the salivary glands contained
components that could regenerate.

Salivary glands develop by branching morphogenesis,
like many mammalian excretory organs such as the breast,
lung, kidney and prostate [10, 12]. In branching morpho-
genesis it is reported that the mesenchyme drives differen-
tiation of the epithelium [6, 21]. In this process, c-kit may
participate in the proliferation and differentiation of the
acinar portion, processes that are important contributors to
branching morphogenesis [34]. c-kit has also been reported
to play a similar role in stem cells [9, 15]. Expression of
c-kit has been reported in some ducts in mature, healthy
salivary glands [20, 24, 30], and in and around atrophied
salivary glands and duct-like structures [9, 17]. While duct-
like structures were initially thought to reflect only regres-

Magnified views of submandibular tissue stained with hematoxylin-eosin (HE), or for c-kit or cytokeratin 5 (CK5) expression at each time point.
Abbreviations: 2M lig, 2-month ligation group; 2M+1W del, 2-month ligation, 1 week after release group; 2M+1M del, 2-month ligation, 1 month after
release group; 2M+2M del, 2-month ligation, 2 months after release group. Bar = 100 μm.

Fig. 5. 
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sive changes in the acinar portion, they have since been
reported to play a role in their regeneration [18, 22]. When
rat submandibular glands were exposed to a laser, duct-like
structures were observed to proliferate and to differentiate
into an immature acinar portion during regeneration [26].
Cells with high-electron density secretory granules have
been reported to differentiate from duct-like structures and
to produce a mature acinar portion [31, 32]. Moreover, the
differentiation of the acinar portion from duct-like struc-
tures reportedly resembles the early stages of the differen-
tiation of the acinar portion from the terminal portion [35].
The terminal portion, along with connective tissue, makes
up most of the salivary gland immediately after birth.
During the subsequent development of salivary gland
tissue, terminal tubule cells become active and proliferate
from birth to the age of 2 weeks. By the age of 3 weeks, the
acinar portion makes up most of the mature salivary gland
tissue, and the terminal portion has mostly disappeared [5,
8, 29]. Therefore, terminal tubule cells are considered to
differentiate into acinar cells (i.e., show precursor cell-like
characteristics) [37].

This suggests that duct-like structures, which resemble
the terminal portion and show the characteristics of acinar
precursor cells, play an important role in salivary gland
tissue, particularly in regeneration of the acinar portion.
From previous studies we know that c-kit expressing cells
can contribute to gland regeneration.

The function of CK5 in precursor cells is not well
established. It is an epithelial basal cell protein with a
molecular weight of 58 kDa. It is recognized as an exocrine
gland stem cell marker in the mammary gland, and it has
recently been used as a precursor-cell marker [3, 17]. While
we found that c-kit expression was elevated after 2 months
of ligation, it decreased significantly 1 week after clip
removal before rising significantly over the next 2 months.
This observation can likely be explained by the homeostatic
function of c-kit: its activation stimulates mitosis and pre-
vents apoptosis, and its inhibition induces the process of
cell death [14, 34]. In contrast, CK5 expression was signifi-
cantly lower after ligation and increased after release. Both
c-kit- and CK5-positive cells were observed in duct-like
structures, suggesting that even atrophied salivary glands
retain some regenerative capacity after the release of long-
term obstruction, and that duct-like structures are involved
in tissue regeneration. Further, CK5 expression was not
observed in the acinar portion after clip removal, suggest-
ing that CK5 may be a marker of acinar precursor cells
(Fig. 5).

We have not conducted a detailed investigation of
cellular dynamics in this study; the examination of the
regenerative process from duct-like structures to an acinar
portion is a topic for future research. It has recently been
reported that Wnt/β-cateni signal transduction is involved
in the generation and regeneration of endoderm-derived
organs, a pathway that is activated in the short-term
obstruction of the main salivary duct in mice, and which is

associated with an increase in stem cell and precursor cell
populations [7]. Cellular signaling pathways will also need
to be examined to illuminate the mechanisms underpinning
regeneration after the release of long-term obstruction of
the main submandibular duct.

In conclusion, we examined the changes in subman-
dibular gland tissue after release of long-term ligation of
the main submandibular excretory ducts in mice, including
histologic and gene expression analyses. After the release
of ligation, we confirmed the presence of an acinar portion
in atrophied submandibular gland tissue, which suggests
that it retains some auto-regenerative capacity even after
long-term obstruction. Our findings also suggest that CK5
could serve as a marker of the regenerative process.
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