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Abstract Submandibular gland (SMG) autotransplan-
tation is an effective therapy for treating severe dry eye
syndrome. However, epiphora occurs in more than 40% of
patients 6 months after operation. We previously found that
muscarinic acetylcholine receptor (mAChR) plays a crucial
role in regulating SMG secretion partially through the mod-
ulation on tight junction (TJ)-based paracellular pathway.
Therefore, the present study aimed to investigate the pos-
sible involvement of mAChR and TJ in a rabbit long-term
model of SMG transplantation. We found that SMG secre-
tion was significantly increased on postoperative days 90
and 180, which imitated epiphora observed in the patients
with SMG transplantation. Although the mRNA expres-
sion and fluorescence intensity of M1 and M3 mAChR
subtypes were reversed to control levels on postoperative
days 30, 90, and 180, the content of p-arrestin2, but not
B-arrestinl, was gradually decreased after transplantation,
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which suggests that mAChR may be hypersensitive in late
phase of SMG transplantation. The width of acinar TJs was
enlarged and fluorescence intensity of F-actin in peri-apico-
lateral membranes were remarkably increased on postoper-
ative days 90 and 180. Topical treatment with atropine gel
significantly reduced SMG secretion, TJ width, as well as
F-actin intensity in peri-apicolateral membranes on postop-
erative days 180. Moreover, in a perfused rabbit SMG, car-
bachol increased salivary secretion, enlarged TJ width, and
induced F-actin rearrangement, whereas these responses
were inhibited by atropine pretreatment. Taken together,
our findings suggest that the hypersensitive mAChR may
contribute to epiphora in late phase of SMG transplantation
through modulating TJ-based paracellular permeability.
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Introduction

Dry eye syndrome, also known as keratoconjunctivitis
sicca, is a common ophthalmological disease character-
ized by reduced or absent tears and has serious complica-
tions, such as progressive destruction of corneal surface
and even loss of vision (Sieg et al. 2000; Yu et al. 2004).
Although the usage of pharmaceutical tear substitution
and the occlusion of lacrimal drainage pathway can relieve
the discomfort for the patients with wild and moderate dry
eye syndrome, these therapies show unsatisfactory effects
on severely affected patients. Microvascular transplanta-
tion of autologous submandibular gland (SMG) into the
temporal fossa with insertion of the Wharton’s duct into
the upper conjunctival fornix was first reported in 1986
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(Murube-del-Castillo 1986). The transplanted SMG pro-
vides a continuous and endogenous source of ocular lubri-
cation to replace insufficient tears (Murube-del-Castillo
1986; Yu et al. 2004). Since then, this technique has been
identified to be a lasting and effective strategy for patients
with severe dry eye syndrome to improve clinical manifes-
tations and reduce corneal damage (Geerling et al. 1998;
Murube-del-Castillo 1986; Sieg et al. 2000; Yu et al. 2004).
However, it is notable that during the operation, SMG
artery and vein are anastomosed with the facial vessels,
while the nerve is cut without anastomosis, which may
cause an alteration in the secretory pattern after transplan-
tation. Clinical investigation has shown that more than 40%
of patients suffer from epiphora 6 months after surgery, and
this discomfort is more serious during physical activity or
in a hot environment (Geerling et al. 2008; Yu et al. 2004).
The part of transplanted SMG has to be resected to reduce
the secretion for patients with severe epiphora. Therefore, it
is essential to explore the epiphora mechanism and find an
effective therapeutic method to prevent the occurrence of
epiphora and to avoid more operations.

Fluid and electrolyte secretion in salivary glands is pri-
marily evoked by the activation of muscarinic acetylcho-
line receptor (mAChR) and a-adrenoceptor (Baum 1993;
Melvin et al. 2005). Previous studies showed that down-
regulated mAChR signaling pathway is associated with
the early hyposecretion of transplanted SMG in rabbit,
while elevated mRNA and protein expressions of M1 and
M3 subtype receptors is observed in transplanted glands
from epiphora patients (Ding et al. 2014; Shi et al. 2010).
These results suggest that alterations of mAChR might
play a dominant role in salivation of transplanted SMGs.
Recently, the importance of tight junction (TJ)-mediated
paracellular pathway in modulating salivary secretion has
gained much attention. Studies on rabbit and rat isolated
perfused SMGs reported that the majority of water is trans-
ported through paracellular pathway (Murakami et al. 2001;
Steward et al. 1990). Functional measurement showed that
the paracellular permeability of SMG-C6 cells is increased
in response to activation of mAChR, while the disruption
in TJ barrier is seen in minor salivary gland from Sjogren’s
syndrome patients (Cong et al. 2015, 2013; Ewert et al.
2010). Interferon-y upregulates claudin-7 expression and
increases epithelial barrier function in human SMG duct
epithelium (Abe et al. 2016). These studies indicate that
the change or disturbance in salivary TJs may influence the
permeability of paracellular pathway as well as production
of saliva. However, it is still unknown whether paracellu-
lar pathway contributes to epiphora in late phase of SMG
transplantation.

Therefore, by establishing a rabbit long-term model
of SMG autotransplantation, we aimed to investigate the
dynamic changes of mAChR and paracellular pathway, and
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further explored the mechanism involved in the modulation
of paracellular pathway in transplanted SMGs.

Materials and methods
Animals

Healthy male New Zealand white rabbits weighing
2.3-2.5 kg were used. All experimental procedures were
approved by the Ethics Committee of Animal Research,
Peking University Health Science Center, and the investi-
gation conformed to the guide for the care and use of labo-
ratory animals (NIH Publication No. 85-23, revised 1996).
All animal research is reported in accordance with the
ARRIVE guidelines (Kilkenny et al. 2010).

Reagents and antibodies

Carbachol, atropine, and FITC-labeled phalloidin were pur-
chased from Sigma—Aldrich (MO, USA). Atropine sulfate
eye gel was purchased from Shenyang Xing Qi Pharma-
ceutical Co. LTD (Shenyang, Liaoning, China). Antibodies
to M1 and M3 receptors, p-arrestinl, p-arrestin2, p-actin,
horseradish peroxidase- and FITC-conjugated secondary
antibodies were purchased from Santa Cruz Biotechnology
(Carlsbad, CA, USA). Other chemicals and reagents were
of analytical grade.

SMG transplantation model

Microvascular autologous transplantation of SMG was per-
formed as described previously with a minor modification
(Shi et al. 2010; Yang et al. 2013). Briefly, under anesthe-
sia with sodium pentobarbital (20 mg/kg body weight), the
left SMG along with its Wharton’s duct and related blood
vessels were transplanted to the right temporal region. The
free gland was revascularized by anastomosis of the lingual
artery branch to the distal part of the external carotid artery
and the facial vein branch to the temporal vein. Meanwhile,
the Wharton’s duct was transferred under the temporal skin
with a reconstructed duct that opened in the lower conjunc-
tival fold. Saliva secretion was measured and the glands
were removed at 7, 30, 90, and 180 days after operation
under anesthesia for further investigation (n==6 per group).
The sham-operated SMGs without transplantation were
used as controls (n=6). To explore the role of mAChR in
the occurrence of epiphora, atropine sulfate eye gel, a non-
selective mAChR antagonist, was smeared on the temporal
skin over the transplanted gland (2x2 cm?) 180 days after
operation (n=3). The secretion was measured 15 min after
the topical treatment of atropine gel.



J Mol Hist (2017) 48:99-111

101

Measurement of secretion

Saliva was collected from a cannula inserted into the
Wharton’s duct of both control and transplanted gland
24 h prior to the measurement. Saliva flow was measured
by Schirmer’s test using a moistened length of filter paper
(35 mmx35 mm) recorded for 5 min (Lopez-Jornet et al.
2006). All measurements were performed between 9:00
and 10:00 am in resting conscious conditions.

Perfusion of isolated SMG

Under anesthesia, rabbit SMG was isolated and perfused
with Krabs-Ringer Hepes (KRH) solution (120 mmol/L
NaCl, 5.4 mmol/L KCl, 1 mmol/L CaCl,, 1 mmol/L MgCl,,
0.96 mmol/L NaH,PO,, 11.1 mmol/L glucose, 20 mmol/L
HEPES, pH 7.4) aerated with 95% O, at a rate of 3 mL/
min through a polyethylene cannula inserted into the exter-
nal carotid artery. After equilibration for 30 min, the gland
was infused with carbachol (0.1 pmol/L) for 10 min with
or without pretreatment of atropine (0.1 pmol/L). Saliva
secretion was measured as the relative area of moisture
on the filter paper and glands were collected for further
investigation.

Real-time polymerase chain reaction (PCR)

Total RNA was isolated from homogenized gland tissue
with use of Trizol reagent (Invitrogen, Carlsbad, CA, USA)
according to manufacturer’s instructions. Four micro grams
of RNA pretreated with DNase I was used to amplify cDNA
by use of M-MLV reverse transcriptase and primed with
oligo-dT using RevertAid™ First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific, Waltham, MA, USA). A
total reaction mixture volume of 5 pL. 2XxqPCR Mix, 1 pL
cDNA, 1 pL primers, 0.2 pL 50 X passive reference dye, and
2.8 pL ddH,O were used for PCR amplification by using
DyNAmo Color Flash SYBR Green qPCR Kit in Piko-
Real PCR Systems (Thermo Fisher Scientific). The cDNA
was amplified at 94°C for 10 min, followed by 40 cycles
at 94°C for 30 s, 56°C for 40 s, and 72°C for 40 s. Dis-
sociation curves were generated for each sample to confirm
the specificity of the amplification. The sense and antisense
primers for rabbit M1 (GenBank ID: XM_002720993.1),
M3 (XM_002717330.1), M5 (XM_002712153.1) receptors
and f-actin were 5-TTCTGGCAATATCTGGTAGG-3'
and 5-ACAGTGACAGGGAGGTAG-3"; 5-GCACCA
TTCTCAACTCTACC-3' and 5'-CCATCATCTACGCTC
TTCTG-3"; 5-CCGAGTCTTCCAAGCGGTCTA-3" and
5'-GGAGGGAGCAGGGCATGATT-3"; 5'-CACGAGACC
ACCTTCAAC-3" and 5'-CCGATTCACACCGAGTAC-3'.

Immunofluorescence

SMGs were fixed in 4% paraformaldehyde and frozen
sections (7 pm thick) were prepared. Microwave antigen
retrieval was performed by using 0.01 mol/L citric acid
buffer, and then the sections were incubated with anti-
bodies against M1 and M3 receptors (dilution: 1:100)
at 4°C overnight and FITC-labeled secondary antibod-
ies at 37 °C for 2 h. For the staining of filamentous actin
(F-actin), sections were directly incubated with FITC-
phalloidin at 37°C for 2 h. Fluorescence images were
captured with a confocal microscope (Leica TCS SPS5,
Wetzlar, Germany) and the average fluorescence inten-
sity from ten randomly chosen acini from each section
was measured by ImageJ Software (National Institutes of
Health, Bethesda, MD, USA).

Transmission electron microcopy

SMG tissues were fixed in 2% paraformaldehyde-1.25%
glutaraldehyde, and then sliced into ultrathin sections. The
sections were stained with uranyl acetate and lead citrate,
and examined with a transmission electron microscope
(HITACHI H-7000, Tokyo, Japan). The average TJ distance
between neighboring acinar cells (shown as TJ width) from
ten randomly chosen regions in each section was measured
by Imagel] Software as described previously (Nighot and
Blikslager 2010).

Western blot analysis

SMGs were homogenized in lysis buffer (50 mmol/L
Tris—HCI, 150 mmol/L NaCl, 1 mmol/L ethylenediamine
tetraacetic acid, 1 mmol/L phenylmethylsulfonyl fluoride,
1% Triton X-100, 0.1% SDS, and 0.1% sodium deoxycho-
late, pH 7.2) by use of a polytron homogenizer as described
previously (Yang et al. 2013). The lysates were centrifuged
and the supernatants were collected. Crude protein extracts
(40 pg) were separated on 9% SDS-PAGE and transferred
to polyvinylidene difuoride membranes. The membranes
were blocked with 5% non-fat milk, probed with antibod-
ies for M1 (dilution: 1:500), M3 receptors (dilution: 1:500),
B-arrestinl (dilution: 1:200), and p-arrestin2 (dilution:
1:200) at 4 °C overnight, and then incubated with horserad-
ish peroxidase-conjugated secondary antibodies at room
temperature for 2 h. Immunoreactive bands were visualized
by enhanced chemiluminescence reagent (Thermo Scien-
tific Pierce, Rockford, IL, USA). The density of bands was
scanned and quantified by Image] Software. Membranes
were striped and reprobed with antibody for p-actin to
assure equal loading.
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Statistical analysis

Data are shown as mean+S.E.M. Differences among
groups were analyzed by one-way analysis of variance
(ANOVA) followed by Bonferroni’s test. Value of P <0.05
was considered significant.

Results

The secretion of transplanted SMG is increased
in the late phase

The basal secretory flow of SMG in control group was
1.29+0.22 mm/min. After transplantation, the secretion
was significantly decreased to a barely detected level on
postoperative days 7 (P<0.01, Fig. 1), while it was recov-
ered to control level on postoperative days 30, and further
significantly increased on postoperative days 90 and 180.
These results suggested that the secretory pattern in rab-
bit SMG transplantation model could imitate the hypose-
cretion and epiphora phenomenon seen in patients during
early and late phases after SMG transplantation.

The expression of mAChR is upregulated in the late
phase of transplanted SMG

mAChR plays a crucial role in the production of saliva
(Melvin et al. 2005; Shi et al. 2010). To explore whether
mAChR was changed in transplanted glands, we detected
the mRNA levels of two mAChR subtypes expressed in
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Fig.1 Salivary secretion in rabbit transplanted submandibular
glands. The salivary flow rate (mm/min) was measured by Schirmer’s
test on postoperative days 7, 30, 90, and 180. Con control gland, POD
post-operative day. Data are mean =+ S.E.M. of six independent exper-
iments. **P <0.01 compared with controls. ¥P <0.05 and #P <0.01
compared with the secretion on postoperative days 7
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rabbit SMGs. Real-time PCR analysis revealed that the
mRNA expression of M1 and M3 receptors were sub-
stantially decreased on postoperative days 7, while they
were recovered to control levels from 30 to 180 days after
operation (Fig. 2a, b). By contrast, the mRNA expres-
sion of M5 receptor, which was particularly expressed in
endothelial cells, remained unchanged among different
time points (Fig. 2c¢).

The distribution of mAChR determines its normal
function. In control SMGs, M1 receptor was mainly
localized at the apical membranes of acinar cells and
cytoplasm, while M3 receptor was diffusely distributed
in the cytoplasm. However, the fluorescence intensities of
both M1 and M3 receptors were significantly diminished
on postoperative days 7, whereas they were recovered
to normal levels on postoperative days 30, 90, and 180
(Fig. 2d). Quantification analysis further confirmed these
changes (Fig. 2e, f).

In addition to the expression level, the sensitivity
of mAChR also affects the receptor activity. We have
observed that intracellular Ca** is significantly increased
in isolated human epiphora SMGs compared to con-
trols, which suggest that hypersensitive mAChR may
be involved in epiphora (Ding et al. 2014). Here, we
detected the protein levels of p-arrestinl and f-arrestin2,
which can bind to agonist-activated phosphorylated G
protein-coupled receptors and then terminate the recep-
tor activation (Krupnick and Benovic 1998; Moore et al.
2007). Our results showed that the protein expression of
B-arrestinl did not change among different time points
in the transplanted SMGs, while p-arrestin2 was sig-
nificantly decreased on postoperative days 90 and 180
(Fig. 3).

TJ width is increased in the late phase of transplanted
SMG

TJ acts as a gatekeeper in regulating the movement of
water, solutes, and small particles through paracellular
pathway (Kuo et al. 2014; Tsukita et al. 2001). The width
of TJs between adjacent cells is a common used index
of TJ function (Zhang et al. 2013). In control glands, TJ
appeared as a narrow and continuous seal at the apical
portion between neighboring acini by a transmission elec-
tron microscope, while TJ ultrastructure became obscure
and its width was significantly reduced on postoperative
days 7 (Fig. 4). However, the TJ ultrastructure became
vivid and the width of TJs recovered to control level on
postoperative days 30, and even markedly increased on
postoperative days 90 and 180 (260.84 and 299.45% of
control, respectively), suggesting that the acinar TJ is sig-
nificantly opened in the late phase of transplanted SMGs.
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Fig. 2 Expression and distribution of mAChR in rabbit transplanted
submandibular glands. (a—¢) The mRNA expression of M1 (a), M3
(b), and M5 (c) receptors in the transplanted glands were detected
on postoperative days 7, 30, 90, and 180 by real-time PCR. (d) The
distribution of M1 and M3 receptors were observed with a confo-
col microscope by immunofluorescence staining. Bars 25 pm. (e—f)

F-actin is accumulated to peri-apicolateral region
in the late phase of transplanted SMG

F-actin directly binds to TJ proteins, and herein, the
change in F-actin morphology would affect the structure
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Quantitative analysis of fluorescence intensity of M1 (e) and M3
(f) receptors was performed in nine randomly selected acini in each
section from six independent experiments. Con control gland, POD
post-operative day. Data are mean+ S.E.M. of six independent exper-
iments. **P <0.01 compared with controls. *P <0.05 and #P <0.01
compared with the fluorescence intensity on postoperative days 7

and function of TJ (Bruewer et al. 2004). We found that
F-actin was predominantly expressed at peri-apicolateral
membranes in control glands. The fluorescence intensity
of F-actin was significantly reduced at peri-apicolateral
membranes on postoperative days 7, while recovered to
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Fig. 3 Expression of P-arrestinl and f-arrestin2 in rabbit trans-
planted submandibular glands. The protein levels of p-arrestinl (a)
and f-arrestin2 (b) were detected in the transplanted glands on post-
operative days 7, 30, 90, and 180 by western blot, and semi-quantita-
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Fig. 4 Ultrastructure of acinar tight junctions (TJs) in rabbit trans-
planted submandibular glands. Representative images of TJ ultras-
tructure in control and transplanted glands, and the width of apical
TJs was measured from five sections of ten random fields in each
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control level on postoperative days 30 and even more sig-
nificant on postoperative days 90 and 180 compared with
control glands (Fig. 5a). Semi-quantitative analysis on the
apicolateral F-actin intensity further confirmed these phe-
nomena (Fig. 5b). Meanwhile, the total intensity of F-actin
in acini was significantly decreased on postoperative days
7, whereas restored to control levels on postoperative days
30, 90, and 180 (Fig. 5c¢), which suggested that the dynamic
redistribution of F-actin might contribute to TJ alteration
observed in transplanted SMGs.

Atropine decreases secretion and TJ width in the late
phase of transplanted SMG

Previous studies show that activation of mAChR can reg-
ulate salivary TJs and thereby alter the permeability of
paracellular pathway (Cong et al. 2015). Accordingly, we
explored whether the hypersecretion observed in the long-
term transplanted SMGs was associated with the effect
of mAChR on TJs. Topical treatment with atropine gel, a

non-selective antagonist of mAChR, significantly reduced
the secretory flow by 70% in the transplanted glands on
postoperative days 180 (Fig. 6a), suggesting that activa-
tion of mAChR plays a dominant role in the occurrence of
hypersecretion in the long-term phase. Moreover, altered
TJ ultrastructure as well as distended TJ width in the trans-
planted gland on postoperative days 180 were inhibited by
treatment with atropine gel (Fig. 6b, c). In addition, the
aggregation of F-actin at peri-apicolateral membranes on
postoperative days 180 was partially attenuated by atropine
treatment (Fig. 6d—f). These results indicate that inhibition
of mAChR blocks the hypersecretion and the opening of
TJs in the late phase of transplanted SMGs.

Activation of mAChR increases TJ width and alters
F-actin distribution in perfused rabbit SMG

To identify whether activation of mAChR directly modu-
lates TJs in SMGs, we performed a perfusion assay by
using freshly isolated rabbit SMGs. Infusion with carbachol
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Fig. 5 Distribution of filamentous actin (F-actin) in rabbit trans-
planted submandibular glands. (a) Representative images of F-actin
in control and transplanted glands by confocal miscroscopy. Bars
10 pm. (b—c) Quantitative analysis of fluorescence intensity was
performed in nine randomly selected acini in each section from 6
independent experiments, and shown by the intensity of F-actin
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in peri-apical membranes (b) and the intensity of total F-actin in
each acinus (c¢). Con control gland, POD post-operative day. Data
are mean+S.E.M. of six independent experiments. *P <0.05 and
##P <0.01 compared with controls. *P<0.05 and #¥P<0.01 com-
pared with the fluorescence intensity on postoperative days 7
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«Fig. 6 Effect of atropine on the secretion, tight junction (TJ) ultras-
tructure, and F-actin distribution in rabbit transplanted submandibular
glands on postoperative days 180. (a) Atropine gel was smeared on
the skin of transplanted glands, and salivary flow rate was detected by
Schirmer’s test. (b—c) After treatment with atropine, the ultrastructure
of acinar TJs was observed with a transmission electron microscope,
and the width of neighboring TJs was measured using ImageJ soft-
ware. (d—f) Representative images of F-actin in control, transplanted,
and transplanted glands with atropine treatment (d), and the inten-
sity of F-actin in peri-apical membranes (e) and the intensity of total
F-actin in each acinus (f) were quantified using ImagelJ software. Con
control gland, T transplanted, T+atropine transplanted glands with
atropine treatment, POD post-operative day. Data are mean+S.E.M.
of 6 independent experiments. **P<0.01 compared with controls.
#pP <0.01 compared with transplanted groups

(0.1 pmol/L, 10 min) from the external carotid artery sig-
nificantly increased the secretion of isolated glands. Pre-
treatment with atropine (0.1 pmol/L) for 10 min abolished
carbachol-induced secretion (Fig. 7a). Electron microscope
images showed that the distance between neighboring TJs
was enlarged in carbachol-treated SMGs, whereas this
effect was inhibited by atropine pretreatment (Fig. 7b, c).
Moreover, the carbachol-induced accumulation of F-actin
towards apical membranes was attenuated by atropine
pretreatment, which suggests that the redistribution of
F-actin is the direct effect caused by activation of mAChR
(Fig. 7d-f).

Discussion

In the present study, by establishing a hypersecretion model
of long-term rabbit SMG transplantation, we demonstrated
that the sensitivity of mAChR was significantly increased
in the late stage of transplanted SMGs. Moreover, the
neighboring acinar TJ was opened and the distribution of
F-actin was reorganized accompanying with the hyperse-
cretion in late phase of SMG transplantation. Pretreatment
with atropine could reduce TJ opening, abolish F-actin
reorganization, and inhibit increased secretion in long-term
transplanted SMGs. In addition, perfusion with carbachol
in isolated rabbit SMGs directly increased the secretion and
changed the structure of TJ and F-actin, whereas pretreat-
ment with atropine abolished these responses. These find-
ings suggest the hypersensitive mAChR might contribute to
epiphora in long-term transplanted SMGs through modu-
lating TJ-based paracellular permeability.

Nowadays, SMG autotransplantation is considered to be
an effective therapy to treat severe dry eye syndrome (Yu
et al. 2004). However, since the SMG nerves are cut off, the
salivary secretion alters after transplantation (Geerling et al.
1998; Su et al. 2015, 2013). During 1 week to 3 months
after operation, patients usually experience “latent period”,
which means the secretion gradually declines. Afterwards,
epiphora may occur in more than 40% of patients after

6 months, and severe epiphora can lead to social embar-
rassment and blurred vision. We previously established a
short-term rabbit SMG transplantation model, in which the
secretion was substantially decreased and barely detectable
on postoperative days 4-7, a pattern similar to that seen in
“latent period” of patients with SMG transplantation (Cong
et al. 2012; Shi et al. 2010; Yu et al. 2004; Zhang et al.
2010). The mechanism of hyposecretion in early phase of
SMG transplantation is associated with decreased expres-
sion of M1 and M3 receptors a substantial reduction in
neurotransmitter release, and downregulated intracellular
signaling molecule. The topical application of carbachol
is shown to increase the secretion and improve parenchy-
mal atrophy in early phase of transplanted glands (Shi et al.
2010). However, to date, the secretory mechanism of the
long-term transplanted SMGs is not fully understood. In
the present study, we established a long-term rabbit SMG
transplantation model, and found that the secretion was
recovered to control levels on postoperative days 30, while
further increased on postoperative days 90 and 180, which
suggest that the transplanted SMG enters into a hypersecre-
tory state at days 90 and 180 after operation.

In salivary glands, fluid secretion is mainly mediated
by activation of mAChR. Previous studies showed that the
changes in mAChR expression and function is involved in
the radiation therapy-induced xerostomia, Sjogren’s syn-
drome, as well as the xerostomia caused by a large num-
ber of drugs including antidepressants, antihistamines, and
antispasmodics (Scully 2003; Sumida et al. 2013; Wiseman
and Faulds 1995). The low dose pilocarpine-stimulated
salivary flow rate is dramatically reduced by ~90% in M3
receptor-knockout mice and ~50% in M1 receptor-knockout
mice, while almost completely abolished in M1 and M3
receptor double-knockout mice (Gautam et al. 2004). These
results indicate that both M1 and M3 receptors play impor-
tant roles in regulating salivary secretion. Here, by estab-
lishing a rabbit long-term SMG transplantation model, we
found that the mRNA expression of M1 and M3 receptors
were significantly decreased on postoperative days 7, which
was in accordance with the previous study (Shi et al. 2010),
whereas they were recovered to control levels on postop-
erative days 30, 90 and 180. Immunofluorescence images
also showed that the intensities of M1 and M3 recep-
tors in acinar cells were reversed to control levels in the
long-term transplanted SMGs. However, the alteration of
mAChR expression was not consistent with the secretory
pattern in the late stage, and this finding was different from
the previous study in human epiphora SMGs which shows
an upregulated expression in M1 and M3 receptors (Ding
et al. 2014). We consider the differences might be due to
the different species. Besides, considering that mAChR is
found to be hypersensitive in SMGs from epiphora patients
(Ding et al. 2014), we detected mAChR sensitivity in
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rabbit transplanted hypersecretory glands. f-arrestinl/2
can bind to the agonist-activated phosphorylated G pro-
tein-coupled receptors, trigger the receptor internaliza-
tion by clathrin-coated pits, and then terminate G protein
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activation (Krupnick and Benovic 1998; Luo et al. 2008;
Moore et al. 2007). It has been reported that knockdown
of P-arrestinl or f-arrestin2 significantly increases the
carbachol-induced calcium mobilization (Luo et al. 2008),
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«Fig. 7 Effect of carbachol and atropine pretreatment on the secretion,
tight junction (TJ) ultrastructure, and F-actin distribution in rabbit
isolated submandibular glands. (a) The isolated glands were perfused
with carbachol with or without atropine pretreatment, and salivary
secretion was shown as the relative area of moisture on the filter
paper. (b—c) Representative images of TJ ultrastructure in the isolated
submandibular glands treated with carbachol with or without atropine
pre-perfusion, and TJ width was measured using ImageJ software.
(d-f) Representative images of F-actin in KRH, carbachol, carbachol
and atropine, and atropine alone glands (d). The intensity of F-actin
in peri-apical membranes (e) and the intensity of total F-actin in each
acinus (f) were quantified using ImageJ software. KRH KRH solu-
tion, Cch carbachol, Cch + atropine carbachol and atropine. Data are
mean =+ S.E.M. of six independent experiments. **P <0.01 compared
with KRH. #P <0.01 compared with carbachol-treated groups

which suggest that -arrestin1/2 may partially represent the
activity of mAChR. In the present study, we found a gradu-
ally reduced expression of p-arrestin2, but not B-arrestinl,
in the transplanted hypersecretory glands, implying that
although the expression level of M1 and M3 receptors did
not show significant increases, but their sensitivities were
significantly increased in parallel with the increased secre-
tion in late stage of transplanted SMGs.

TJ-based paracellular pathway is an important route
for water, ion, and solute transport across diverse epi-
thelia and endothelia (Gonzalez-Mariscal et al. 2003).
To date, increasing advances in studying TJ have been
made regarding to its important role in the regulation of
paracellular permeability in renal, intestine, corneal, epi-
dermal epithelia, as well as in the barrier function, such
as blood-brain barrier and blood-testis barrier (Chung
et al. 2001; Fleegal et al. 2005; Furuse et al. 2002; Iwa-
moto et al. 2014; Muto et al. 2010; Tamura et al. 2011).
In SMG epithelium, TJ constitutes a crucial route for the
formation of saliva (Zhang et al. 2013). Activation of
mAChR selectively regulates TJ expression and distribu-
tion, and thereby increases the paracellular permeability
in SMG cells (Cong et al. 2015). Aberrant expression and
distribution of TJ proteins and disruption in TJ barrier are
seen in salivary glands from Sjogren’s syndrome patients
and animal models (Ewert et al. 2010; Zhang et al. 2016).
Moreover, we previously found that TJ expression and
structure are impaired and paracellular permeability is
decreased in rabbit hypofunctional transplanted SMG
during early stage (Cong et al. 2012). However, whether
TJ-based paracellular pathway is involved in epiphora is
still unknown. In this study, we found that the width of
acinar apical TJs was recovered to control levels on post-
operative days 30, while further increased on postopera-
tive days 90 and 180. We also observed the distribution
of F-actin, which directly connects with TJ proteins and
plays an important role in regulating TJ structure. Images
showed that the intensity of F-actin at peri-apicolateral
membranes was decreased on postoperative days 7,

while recovered on postoperative days 30. The staining
of F-actin turned to be more accumulated to apicolateral
membranes of acini on postoperative days 90 and 180.
These results suggest that TJ opening and F-actin rear-
rangement might contribute to the hypersecretion in the
long-term transplanted SMGs.

To further explore whether mAChR participated in the
hypersecretion in transplanted glands through TJ-based
paracellular pathway, topical treatment with atropine gel
was performed on transplanted glands on postoperative
days 180. Results showed that smearing with atropine
could significantly reduce the secretory flow, inhibit the
increase in TJ width, and recover the rearrangement of
F-actin. These results suggest that although the content
of M1 and M3 receptors in rabbit long-term transplanted
SMGs is similar to control level, mAChR still plays a
key role in the occurrence of epiphora probably due to
its hypersensitivity, and hence, the inhibition of mAChR
show effective effects in the prevention of epiphora
through regulating the opening of TJs.

To avoid the interference of nerve and humor system
in vivo, we also performed the isolated SMG perfusion
assay. Perfusion with carbachol rapidly and directly
increased the salivary secretion and the TJ width, caused
the rearrangement of F-actin, whereas pretreatment with
atropine inhibited these alterations, a phenomenon simi-
lar to the above in vivo experiment. These results dem-
onstrate that activation of mAChR directly regulates TJ
opening and F-actin distribution, and hence increases
the salivation in rabbit SMG. Moreover, inhibition of
mAChR could be a promising treatment for the excessive
secretion occurred in SMG transplantation.

In summary, our studies established a rabbit long-term
SMG transplantation model and found that the sensitivi-
ties of M1 and M3 receptors were increased in epiphora
glands. Activation of mAChR induced the opening of
TJ-based paracellular pathway, increased secretion in the
long-term transplanted SMGs, while these effects could
be inhibited by use of atropine. Our findings enrich the
understanding of the secretory mechanism and identify
mAChR as a potential therapeutic target to treat epiphora
in the long-term SMG transplantation.
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