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Purrosk. To investigate microenvironment changes of the lacrimal gland after obstruction
of lacrimal gland ducts.

Mertnops. The ducts of rat exorbital lacrimal gland were ligated by sutures for different
durations. After that, the sutures in some animals were released, and they were observed
for 21 days to evaluate the recovery of the lacrimal gland. Slit lamp and tear secretion
test was performed to evaluate ocular surface and lacrimal gland function. The lacrimal
gland and cornea were harvested and processed for hematoxylin and eosin staining, oil
red O staining, LipidTOX staining, Masson staining, quantitative real time polymerase
chain reaction, and immunofluorescence staining.

Resurrs. After the lacrimal gland ducts were blocked, tear secretion and the weight
of the lacrimal gland were reduced. Incidence of corneal neovascularization increased
after seven days. Intraglandular ducts dilated and acini destroyed. Long-term ligation
induced fibrosis and lipid accumulation of the lacrimal glands. Inflammatory cell infil-
trated and inflammatory factors upregulated. Proliferative and apoptotic cells increased.
Structure of myoepithelial cells and basement membrane was destroyed. The p63 expres-
sion increased whereas Pax6 expression decreased. After suture release, tear secretion
and structure of acini could recover in less than seven days after ligation, with a decrease
in inflammatory cell infiltration and fibrosis relief. Apoptotic cells and proliferative cells
increased at five days thereafter. The structure of the myoepithelial cells and basement
membrane could not recover three days after ligation, and the number of mesenchymal
cells increased in ligation after five to 14 days.

Concrusions. Blockage of the lacrimal gland ducts results in dystrophy of lacrimal gland
acini cells, inflammation, and lipid accumulation of the lacrimal gland microenvironment.
Long-term duct blockage will cause irreversible lacrimal gland failure.

Keywords: Lacrimal gland, microenvironment, duct obstruction

he lacrimal gland is an exocrine gland that is responsi-

ble for the aqueous tear including proteins and ions.!

It plays an important role in maintaining the homeostasis of
the healthy ocular surface microenvironment.>? The lacrimal
gland is composed of four different types of cells: acinar
cell, duct cell, myoepithelial cell, and mesenchymal cell. In
humans, there are about 12 tiny excretory ducts opening
their orifice in the upper lateral fornix conjunctiva that drain
aqueous tears into conjunctival sac. The rat lacrimal gland
contains exorbital and intraorbital lacrimal glands. The exor-
bital lacrimal gland is the main lacrimal gland located subcu-
taneously on the temporal side of the eye.” Adjacent to the
exorbital lacrimal gland, the lacrimal gland contains six or
more ducts. Farther toward the eye, it has three to five ducts.®
Many ocular surface diseases, such as Stevens-Johnson
syndrome, cicatricial pemphigoid, severe infectious conjunc-
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tivitis, ocular chemical burns, or thermal burns, could cause
severe damage to the ocular surface tissues.”’® In addi-
tion to grievous injury of the conjunctiva, the orifice of
lacrimal gland ducts are easily involved, and the ducts may
be blocked at different stages of these diseases.’ The fact is
that little attention has been paid to protecting the lacrimal
ducts or their orifices during severe ocular surface damage
in clinics. At late stage of the diseases, even the orifices were
reopened, the lacrimal gland usually could not regain its
function to secrete aqueous tears. Thus lacrimal duct block-
age or orifice closure became one of the most common
reasons for severe aqueous tear—deficient dry eye resulted
from these ocular surface diseases.

Currently, there is no knowledge about the time points
that we can follow to save the structure and function of
lacrimal gland if there is lacrimal duct or orifice obstruction
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with severe ocular surface disease. Previous study has found
that the lacrimal gland could be repaired by the progen-
itor cells after injury.!® We may also get insight from the
study of the parotid gland and sublingual gland that liga-
tion of the duct could cause gland atrophy and dysfunction;
nevertheless, the glands could regenerate through prolifera-
tion of the glandular cells after removal of the blockage on
the appropriate occasion.!'~!* In a previous study that used
three days’ ligation of the rabbit lacrimal gland main excre-
tory duct followed by reopening to investigate lacrimal gland
tissue repair after short-term duct ligation-induced injury,
it was found that the lacrimal gland stem/progenitor cell
could be activated, and the lacrimal gland could recover
normal structure and function.’® Another study found that
the mouse lacrimal gland could regenerate after seven days
of duct ligation.'® However, whether the recovery process
could occur and the lacrimal gland is capable of regen-
erating after relatively long-term ductal blocking is still
unknown.

In this study, we fabricate the rat lacrimal gland injury
model with obstruction of the exorbital lacrimal gland ducts
and observe the pathological changes during different time
points after ligation and the recovery process. Our current
study could mimic the occlusion of lacrimal gland ducts in
clinical patients and provide evidence of timely treatment on
release of the blocked duct.

MATERIALS AND METHODS
Materials

Anti-polymorphonuclear leukocyte (PMN) antibody (1:1200,
20R-PR020) was from Fitzgerald (Acton, MA, USA). Anti-
CDG68 (1:200, ab31630), anti-alpha smooth muscle actin
(aSMA, 1:200, ab184675), anti-p63 (1:200, ab124762), anti-
Ki67 (1:400, ab16667), anti-B-II1 tubulin (1:200, ab52623)
and anti-vimentin (1:200, ab8978) antibodies were from
Abcam (Cambridge, UK). Anti-laminin 5 antibody (1:200, sc-
13587) was from Santa Cruz (Dallas, TX, USA). Anti-AQP5
antibody (1:100, A9927) was from Abclonal (Wuhan, China).
Alexa Fluor 594-conjugated IgG (1:300, A11058, A21207)
and Alexa Fluor 488-conjugated IgG (1:300 A11055, A21206)
antibodies were from Life Technologies (Carlsbad, CA, USA).
DAPI was from Vector (San Francisco, CA, USA).

Rat Lacrimal Gland Ducts Obstruction Model

Sixty male SD rats (seven to eight weeks old, purchased from
Shanghai SLAC laboratory animal center, Shanghai, China)
were used in this study. All animals were kept in individ-
ual ventilated cages with standard environment throughout
the study as follows: room temperature 25° + 1°C, relative
humidity 60% =+ 10%, and alternating 12-hour light/dark
cycles (8 AM to 8 PM). All experimental procedures were
performed in accordance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research, and
the experimental protocol was approved by the experimen-
tal animal ethics committee of Xiamen University, Xiamen,
China.

After induction of general anesthesia with pentobarbi-
tal sodium, the right exorbital lacrimal gland ducts were
ligated by 5-0 nylon sutures as the ligation group, whereas
the connective tissue around lacrimal gland was sutured
as the sham operation group. The left exorbital lacrimal
gland without operation was named as the control group.
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For the ligation, sham operation, and control groups, the
rats were killed by cervical dislocation at one, three, five,
seven, 14, and 21 days after operation. For the release
group, the sutures were removed at one, three, five, seven,
14, and 21 days after ligation or sham operation, and the
animals were kept for 21 days before sacrifice (Fig. 1A).
All animals were observed with slit lamp microscopy
before sacrifice. The lacrimal glands from both sides were
harvested for histologic study, immunostaining, and RNA
extraction.

Tear Secretion Measurement

Tear production was measured by the phenol red thread
tear test using cotton threads (Zone-Quick; Yokota, Tokyo,
Japan) at a similar time point (3 PM) before sacrifice in
the standard environment. After induction of general anes-
thesia, the lower eyelid was pulled down slightly, and
a 30 mm thread was placed on the palpebral conjunc-
tiva for 15 seconds at a specified point approximately
one third of the distance from the lateral canthus of the
lower eyelid. The values indicated by the red color posi-
tion of the aqueous front on the thread were recorded in
millimeters.

Slit Lamp Microscopy Evaluation and Corneal
Fluorescein Staining

Ocular surface was observed by a slit lamp microscope
(Kanghua Science & Technology Co., Ltd., Chonggqing,
China). Liquid sodium fluorescein 0.1% 2 pL was dropped
into the conjunctival sac. Then the rat eyelids were manu-
ally blinked three times. Excessive fluorescein sodium over-
flowing beyond the eyelids was rinsed with saline solution
after the rat eyelids were closed. Corneal epithelial fluores-
cein staining was evaluated under the slit lamp microscope
with a cobalt blue filter after 90 seconds.

Immunofluorescent Staining

All immunofluorescent staining was performed on cryosec-
tions (6 pm thickness) of the lacrimal gland and
eyeballs. Sections were fixed in 4% paraformaldehyde for
15 minutes at room temperature. After being washed
in phosphate-buffered saline solution (PBS), the sections
were incubated in 0.2% Triton X-100 for 10 minutes.
After being washed three times with PBS for five
minutes each, all sections were incubated with 2%
bovine serum albumin to block nonspecific staining for
60 minutes. Sections were then incubated with antibod-
ies overnight at 4°C. After three washes with PBS for
10 minutes each, the sections were covered with Alexa Fluor
594-conjugated IgG or Alexa Fluor 488-conjugated IgG for
60 minutes at room temperature, followed by being washed
three times with PBS for 10 minutes each. All sections were
stained with DAPI and mounted and photographed with a
laser confocal microscope (Olympus Fluoview 1000; Olym-
pus, Tokyo, Japan).

In Situ Terminal Deoxynucleotidyl Transferase

dUTP Nick End Labeling (TUNEL) Assay

To measure the end-stage apoptosis, TUNEL staining on
lacrimal gland was performed at different time points of
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Ficure 1. Tear secretion and lacrimal gland weight changed after lacrimal gland duct ligation and release. (A) Image showed pattern
diagram of experiment. For the ligation group, the rats were sacrificed at one, three, five, seven, 14, and 21 days after operation. For the
release group, the sutures were removed at one, three, five, seven, 14, and 21 days after ligation, and the animals were kept for 21 days
before sacrifice. (B) Phenol red thread tear secretion test showed tear secretion after the ducts were ligated and the sutures were released.
(C) The weight of lacrimal gland changed throughout the whole process after obstruction and unblockage (n = 5; *P < 0.5; **P < 0.01,
#*P < 0.001). The experiment was statistically analyzed using the /-test method. (B, C).

duct ligation. The frozen sections were incubated with 4%
paraformaldehyde for twenty minutes, followed by three
times PBS washed for five minutes each. Then all sections
were covered with 20 pg/mL proteinase K for 15 minutes
at room temperature. After three washes with PBS for five
minutes each, they were incubated with reagent mix (Dead-
End Fluorometric TUNEL System G3250; Promega, Madi-
son, WI, USA) at 37°C for one hour according to manufac-
turer’s instructions. Then saline sodium citrate were used
to terminate reaction for 15 minutes. Tissues were rinsed
three times in PBS and counterstained with DAPI, mounted,
and photographed with laser confocal microscope (Olympus
Fluoview 1000).

LipidTOX Staining

LipidTOX staining was used to observe neutral lipid distri-
bution in lacrimal gland. Cryosections were fixed with 4%
paraformaldehyde for 20 minutes, and sections were washed
three times for five minutes using PBS after the fixative was
discarded. We diluted the lipidTOX solution to x1 with PBS.
The solution was dropped on the specimen, discarded after
30 minutes staining, and washed three times with PBS for
five minutes each. Slides were mounted with DAPI (Vector,
CA, USA) and photographed with laser confocal microscope
(Olympus Fluoview 1000).

Oil Red O Staining

Oil red O staining was performed to observe the lipid
accumulation of lacrimal gland as previously reported.!”
All cryosections were fixed with 4% paraformaldehyde for
five minutes, followed by PBS rinsing for five minutes.
Then tissues were incubated with 60% isopropanol for
20 seconds and stained for 15 minutes with 0.5% oil
red O dissolved in isopropanol, followed by rinsing in
PBS for five minutes. Sections were co-stained with hema-
toxylin and mounted with glycerin and observed under a
light microscope (Zeiss Axio Lab.Al; Zeiss, Oberkochen,
Germany).

Masson Trichrome Staining

To investigate the distribution of collagen fiber, Masson
trichrome staining kit (D026; Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China) was applied on lacrimal
gland tissues. In brief, paraffin sections were dewaxed
before staining. Tissues were rinsed with double distilled
water for two minutes at 37°C, followed by nuclear staining,
cytoplasm staining, color separation, and counterstaining
according to the manufacturer’s instructions. After douching
with pure ethyl alcohol, sections were mounted with mount-
ing medium (H-5000; Vector Laboratories, Burlingame, CA,
USA) and observed under a light microscope.
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TaBLe. Primer Sequences for the Real-Time PCR

Gene Name Forward Primer
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Reverse Primer

B-actin

Pax6 5-AGTTCTTCGCAACCTGGCTA-3’
TNF« 5'-TGCCTCAGCCTCTTCTCATT-3'

IL1B 5'-CCTCGTCCTAAGTCACTCGC-3'
TSG6 5'-GAAGCCAAGGCGGTATGTGA-3'
Ki67 5'-CCTACAAGCAGCCTTCACGA-3’
IL10 5'-CCTGGTAGAAGTGATGCCCC-3
aSMA 5/-AGAAGCCCAGCCAGTCGCCATCA-3/

5'-CACCCGCGAGTACAACCTTC-3/
P63 5'-CAGCACACGATCGAGACGTA-3'

5'-CCCATACCCACCATCACACC-3/
5'-CGGGACTCCACAAGCTCATT-3/

5 - TTGGTGTTTTCTCCCTGTCC-3'
5-GGGCTTGTCACTCGAGTTTT-3'
5'-GGCTGGTTCCACTAGGCTTT-3
5'-TCAATGATGCCGGTTTTGCC-3'

5 -TCTGCTGCTGCTTCTCCTTC-3

5 -TTGAGTGTCACGTAGGCTTCT-3'
5'-AGCAAAGCCCGCCTTACAGAGCC-3/

Quantitative Real Time Polymerase Chain
Reaction (QRT-PCR)

Total RNA of lacrimal gland was extracted in TRIzol (Invit-
rogen, Carlsbad, CA, USA) and was reverse transcribed
into cDNA by using ExScript RT Reagent kit (Takara Bio,
Otsu, Shiga, Japan). Real-time PCR were performed with a
StepOne Real-Time PCR detection system (Applied Biosys-
tems, Germany) using a SYBR Premix Ex Taq Kit (Takara
Bio) according to the manufacturer’s instructions. The ampli-
fication program included an initial denaturation step at
95°C for 30 seconds, followed by denaturation at 95°C for
10 seconds, annealing at 60°C for 30 seconds, and exten-
sion at 60°C for 15 seconds for 40 cycles. The primers used
to amplify specific gene products are shown in the Table.
The results of the relative quantitative real-time PCR were
analyzed by the comparative cycle method and normalized
to B-actin as the reference gene.

Image Analysis

For analysis of positive immunostaining ratio of lacrimal
gland, images from Ki67 and TUNEL staining were processed
by software Image J (National Institutes of Health, Bethesda,
MD, USA). In brief, the fluorescence images were transferred
into gray scale, images were adjusted threshold by soft-
ware. Then we used the Watershed module to segment the
staining into individual cells. Cell numbers were automat-
ically counted by the Analyze Particles module. For anal-
ysis of immune-fluorescence intensity (PMN, CD68, AQP5,
B-III tubulin), images were processed by Image J (National
Institutes of Health). Briefly, after splitting channels of
images, we used the auto-threshold from the software
and measured the mean fluorescence intensity. All positive
staining randomly selected at least three or more regions
was analyzed by Image J software. All the samples were
photographed with the same exposure time using a confocal
laser scanning microscope (Fluoview 1000; Olympus). Each
sample was recorded for at least three different areas.

Statistical Analysis

Quantitative data are presented as means & SD. Independent
Sample #-test and one-way analysis of variance (ANOVA)
analysis of variance were applied to evaluate significance
between groups. P < 0.05 was considered statistically signif-
icant. The statistical analysis was performed with Prism soft-
ware version 8 (GraphPad Software, San Diego, CA, USA).

RESULTS

Tear Secretion Changes After Lacrimal Gland Duct
Ligation and Release

There was progressive aqueous tear secretion decrease from
day one to day five after lacrimal gland duct ligation.
However, there was mild increase at day seven and main-
tained around half of the sham operation group until day
21. After duct ligation for different durations, the sutures
of the lacrimal gland ducts were removed, and the animals
were kept for recovering for 21 days. Aqueous tear secre-
tion was then detected. We found that the tear secretion
could recover to normal level if the ligation was released
within seven days. After 14 days’ blocking, the tear produc-
tion could raise up slightly but could not recover to a normal
level. After 21 days’ obstruction, the tear secretion was about
half of the sham operation after another 21 days’ recover
(Fig. 1B, Supplementary Fig. S1A).

Aquaporin 5 (AQP5) is a water channel protein involved
in tear secretion.!®! Here, we observed AQP5 expression
in the lacrimal gland. In the normal group, AQP5 was
evenly distributed in acini and ducts. Although AQP5 posi-
tive expression was enhanced at the duct and downregu-
lated in the acinus one day after ligation. A similar pattern
was found at day seven and day 14. At 21 days, AQP5 expres-
sion was significantly reduced. In the release group, AQP5
was evenly distributed in acini and ducts within seven days,
and AQP5 was only distributed in some acini and ducts after
14 days (Fig. 2A). Semiquantitative analysis of fluorescence
intensity showed a gradual decrease of AQP5 expression
after duct ligation and significant decrease in release group
at day 14 and day 21 (Fig. 2C). The nerve regulates tear
secretion in the lacrimal gland.?° For nerve distribution, we
observed a decrease of S-III tubulin expression after day
14 in ligation group and at day 21 in release group, indi-
cating a decrease in nerve distribution at these time points
(Figs. 2B, 2D). These results indicated that the tear secretion
function of the acini was affected after one day of ligation,
and the secretion function could not recover to normal stage
if the lacrimal ducts were blocked for more than 14 days.

Lacrimal Gland Weight Changes After Lacrimal
Gland Duct Ligation and Release

Compared to the control group, the lacrimal gland weight
of ligation group promptly increased to 1.32 folds after one
day duct ligation, and it declined with fluctuation before
five days. After seven days of blocking, the weight gradually
decreased until 21 days. Release the ligation after one day
or three days’ blocking, the lacrimal gland weight showed
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Ficure 2. AQP5 and nerve distribution changes after lacrimal gland duct ligation and release. (A) Images showed immunofluorescence
staining of AQPS5 in lacrimal gland (Red: AQP5; Blue: DAPI). (B) Immunofluorescence staining of g-1II tubulin indicates nerve distribution
in lacrimal gland (Red: B-I1I tubulin; Blue: DAPI). Scale bars: 40 nm (C) Graph showed mean fluorescence intensity of AQP5. (D) Graph
shows mean fluorescence intensity of S-III tubulin (n = 5; *P < 0.5, **P < 0.01, **P < 0.001 ***P < 0.0001). The experiment was statistically

analyzed using the one-way ANOVA test method (C, D).

minor decrease after recovering for 21 days. However, the
weight of the lacrimal gland could not reverse if the ligation
time was longer than three days (Fig. 1C, Supplementary
Fig. S1B), indicating that there might be irreversible lacrimal
gland dystrophy after duct ligation for more than three
days.

Ocular Surface Manifestations After Lacrimal
Gland Duct Ligation and Release

We then observed ocular surface changes after lacrimal duct
obstruction for different durations. The cornea remained
transparent for seven days. After seven days occlusion of

the lacrimal ducts, neovascularization that grew into cornea
stroma from nasal side could be observed (Fig. 3A). The
morbidity of corneal neovascularization is about 25% after
seven days’ ligation and about 35% after 21 days’ ligation
(Fig. 3B). The corneal fluorescein sodium score showed that
the degree of corneal epithelial defect gradually increased
with time after duct ligation for three days. In the release
group, the degree of corneal epithelial defects improved
within 14 days. However, the corneal fluorescein sodium
score increased significantly after 14 days (Fig. 3E). Hema-
toxylin and eosin (H&E) staining showed that the stroma
of central cornea with blood vessel in-growth was incras-
sated and cell infiltration could be observed in these animals
(Fig. 3C). PMN staining further confirmed that the infiltrated
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Ficure 3. Ocular surface manifestations after lacrimal gland duct ligation and release. (A) Slit lamp and sodium fluorescein staining of
cornea showed ocular surface changes after obstruction and after releasing sutures. (B) The incidence of corneal neovascularization after
blocking the ducts and after re-opening the ducts. (C) H&E staining showed central and limbal cornea manifestation. Scale bar: 100 pm.
(D) Immunofluorescence staining of PMN showed polymorphonuclear leukocyte increased in ligation group and reduced significantly after
releasing suture (Green: PMN; Blue: DAPD). Scale bar: 50 pm. (E) Graph shows corneal fluorescein score of ligation group and release group
(n = 5; **P < 0.0001). The experiment was statistically analyzed using the one-way ANOVA test method (B, E).

cells in the central corneal stroma contained numerous poly-
morphonuclear leukocytes (Fig. 3D).

Lacrimal Gland Structure Changes After Lacrimal
Ducts Blockage

To further investigate lacrimal gland changes after lacrimal
duct ligation, we first performed H&E staining of the lacrimal
gland tissues. There was obvious edema of acinar cells at
one day after ligation of the ducts. After three days, many
dilated ducts could be clearly observed, and the structure of
the acinus became irregular, and the nuclei of some acinar
cells also presented irregular shape. After five days liga-
tion, some border of the acinus became obscure. There were
many spindle-shaped nuclear cells infiltrated into stroma of
the acinus after seven days ligation and became more promi-
nent at day 14. Almost all the ducts became ampliated obvi-

ously, and the normal acinar structure could not be found
after 21 days ligation (Fig. 4A).

We then investigated the structure of the lacrimal gland
after ligation release for 21 days after ligation for different
durations. H&E staining showed that the structure of acinus
and duct could be observed if the ligation was released
before seven days, whereas the interspace between the
acinus was enlarged as ligation time prolonged. However,
the ducts kept dilating, and most of the acinus became
severe atrophied, with numerous inflammatory cells infil-
trated if the ligation was released after 14 days. Further-
more, there was no acinar structure left with numerous
dilated ducts and infiltrated cells presented if the liga-
tion was released after 21 days (Fig. 4). These results
indicated that the structure of lacrimal gland could be
severely damaged and could not recover to normal if
the lacrimal ducts were blocked for more than seven
days.
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Ficure 4. Lacrimal gland structure changes after lacrimal ducts blockage. (A) H&E staining showed ductal dilatation, cellular infiltration,
and acinar atrophy of lacrimal gland in ligation group. (B) H&E staining showed that ductal dilation and acinar atrophy improved before
seven days in the release group. Scale bar: 100 nm. Arrows indicate infiltrated cells; asterisks indicate dilated glandular ducts (n = 5).

Fibrosis Process in the Lacrimal Gland After
Lacrimal Ducts Blockage

We then performed Masson trichrome staining to deter-
mine fibrosis of the lacrimal gland. The results showed that
positive staining gradually emerged after duct ligation for
five days and the collagen fiber wrapped the ectatic ducts.
However, the collagen inside the acinus gradually reduced.
After 14 days’ ligation, there was obvious fibrosis plaques
surrounding blood vessels and major dilated ducts, and it
became more severe after 21 days’ ligation. However, the
fibrosis was vivid in those release ligation performed after
three days’ blocking and became more evident as releasing
time delayed from seven to 21 days (Fig. 5).

Lipid Accumulation of Lacrimal Gland After
Lacrimal Ducts Blockage

Lacrimal gland frozen sections were stained with lipid-
TOX and oil red O solution to observe the neutral triglyc-
erides. Very few small lipid dots were present in normal rat
lacrimal gland in a diffused manner. One day after lacrimal
duct obstruction, a few lipid droplet patches were visible
around the acini. As time went on, the lipid droplet patches
increased and combined into larger ones that aggregated
around the acini or surrounding mesenchyme and dilated
the ducts. In the ligation group at day seven and day 14, lipid
deposition was diffusely distributed in the acini, whereas

clusters of lipids were observed at day 21. In the suture
release group, there was a minor amount of lipid droplets
at day one, whereas a large amount was observed in the
partially dilated ducts and atrophic acini at seven days. The
lipid droplets were deposited as clusters at 14 and 21 days.
These results indicated that lacrimal duct obstruction could
induce abnormal lipid accumulation in the lacrimal gland,
and the lipid could retain if the ligation time is longer than
seven days (Fig. 0).

Inflammatory Cells Infiltration in Lacrimal Gland
After Lacrimal Ducts Blockage

In the normal lacrimal gland, there were very few inflam-
matory cells.?! PMN staining showed sporadic polymor-
phonuclear leukocytes in the normal rat lacrimal gland but
increased from day one of lacrimal duct ligation and reached
peak at day seven. The PMN-positive cells slightly decreased
after 14 days (Figs. 7A, 70). In the release group, the PMN-
positive cells were much less than that of the ligation group
from day one to day seven, although there was no obvi-
ous difference at days 14 and 21. To further evaluate the
variety of infiltrated cells, we performed immunostaining
of CDG8 to assess the mononuclear macrophage. We found
that macrophages gradually increased after five days and
remained at a high level after day seven (Figs. 7B, 7D). In
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Ficure 5. Fibrosis process in the lacrimal gland after lacrimal duct blockage. (A) Masson staining manifested fibrosis of the lacrimal gland
starting at three days in the ligation group. (B) Masson staining showed that there was partial improvement in fibrosis within seven days in
the release group. Arrows indicate collagen fibrosis in the lacrimal gland. Scale bar: 100 ym, n = 5.

the release group, macrophage infiltration showed a similar
pattern as the ligation group.

We further observed the expression of inflammatory
cytokines in the lacrimal glands using qRT-PCR. The results
showed that there was immediate dramatic increase of
interleukin-1 B (IL-18) at day one of lacrimal duct liga-
tion, and IL-18 gene expression gradually decreased from
day one to day 21 but was still higher than that of the
control group at day 21. The expression of tumor necro-
sis factor-o (INF-o) gradually increased from day one to
day 21. The expression of anti-inflammation factors, for
instance, IL-10 showed similar pattern as IL-18. TSG6 expres-
sion was obviously enhanced after three days, reached peak
at day seven, and then gradually decreased. In the release
group, qRT-PCR showed the expression of TNF-o and IL-
18 gradually enhanced from day one to day 14. Interest-
ingly, anti-inflammation factor IL-10 expression also grad-
ually increased from day one to day 21. TSG6 expression
increased dramatically if the release was performed at day
three (Fig. 7E).

Cell Proliferation and Apoptosis in Lacrimal
Gland After Obstruction of Lacrimal Gland Ducts

The apoptotic cells emerged in the acini of lacrimal gland,
and they gradually increased after duct blocking for five

days. With releasing the obstruction of ducts, the apoptotic
cells constantly appeared after five days and the amount
is obviously higher than that of the obstruction group
(Figs. 8A, 8C). Ki67 is a validated biomarker of cell prolif-
eration. Ki67-positive cells gradually increased after three
days of duct ligation and maintained a relatively high level
from day seven to day 21. In the release group, Ki67-positive
cells increased at day five and remained at a high level until
day 21, whereas the percentage of Ki67-positive cells was
less than that of obstruction group from day seven to day 21
(Figs. 8B, 8D).

Lacrimal Gland Myoepithelial Cell Changes After
Obstruction of Lacrimal Gland Ducts

To observe the myoepithelial cell changes of the lacrimal
gland, «SMA and p63 immunofluorescence double staining
were performed. In the normal group, «SMA-positive cells
were located in the basal site of the acinus and expressed
ANp63.22 After the lacrimal gland ducts were blocked for
one day, p63-positive staining was reduced. As time went on,
more aSMA-positive cells diminished and lost their normal
morphology, especially after ligating the ducts for five days,
and there was very weak «SMA staining present from day
seven to day 21. On the other hand, the expression of p63
increased from day three to day 21 (Fig. 9A). The qRT-PCR
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Figure 6. Lipid accumulation of lacrimal gland after lacrimal duct blockage. (A) LipidTOX staining showed neutral lipid distribution
increased after seven days in the ligation group and the release group (Red: LipidTOX, Blue: DAPI). Scale bar: 40 nm. (B) Oil red O
staining showed neutral lipid accumulation in the lacrimal gland. Scale bar: 100 ym, n = 5.

results confirmed that p63 expression gradually increased
from day one to day 21 of duct ligation, whereas Pax6
expression decreased at day one and was maintained at a
low level from day three to day 21, «SMA gene expression
dramatically decreased at day five and was maintained at a
very low level from day five to day 21 (Fig. 9D). Moreover, we
applied laminin 5 to investigate basement membrane alter-
ations in the lacrimal gland acini. Laminin 5 is expressed at
the basal side of the normal lacrimal gland acini. Although
laminin 5 expression gradually decreased after seven days’
ligation, and there were only sporadic positive expressions
after 14 days of duct ligation (Fig. 9B). In addition, we used
vimentin fluorescence staining to observe the changes of
mesenchymal cells in the lacrimal gland. Within seven days
of duct ligation, vimentin-positive cells could be seen scat-
tered in the lacrimal gland. At 14 days, vimentin-positive
cells were significantly increased and distributed in acini,
ducts, and stroma. However, positive cells were significantly
reduced at 21 days (Fig. 9C, Supplementary Fig. S2).

With release of the sutures, the morphology of the
myoepithelial cells could recover if the release was
performed within three days. However, the «SMA-positive
cells almost completely disappeared if the release was
performed after five days, and there was no «SMA recovery
until 21 days (Fig. 9A). For the p63 expression, we found
that the quantity of positive cells was augmented after five
days and reached the top at seven days and then gradually
decreased after 14 days (Fig. 9A). The qRT-PCR confirmed
a similar p63 gene expression pattern as that of immunos-

taining (Fig. 9E). Pax6 gene expression showed a transient
increase at day one but gradually reduced to a lower-than-
normal level at days 14 and 21 (Fig. 9E). The «SMA gene
expression reduced even when the ligation was released
after one day and remained at a very low level until 21
days (Fig. 9E). Laminin 5 expression could not recover to
a normal stage even when the suture was released after one
day of ligation and showed punctate staining if the release
was performed after seven days (Fig. 9B). Vimentin staining
did not show an obvious difference between the ligation
group and the release group, although fluorescence inten-
sity analysis showed higher expression in the release group
at day five and day seven (Supplementary Fig. S2).

DiscussION

In this study, we blocked the rat lacrimal gland ducts for
different durations up to three weeks to observe the patho-
logical changes of the lacrimal gland. Moreover, we investi-
gated the reversibility of lacrimal gland damage after ligation
release at different time points. We found that the tear secre-
tion was reduced to about half of the normal level after the
ducts were ligated. Because only the duct of the exorbital
lacrimal gland was ligated in our experiment, the infraorbital
lacrimal gland may still produce tears to the ocular surface.
However, such decrease of aqueous tear already resulted in
corneal neovascularization in 25% to 35% of the animals,
indicating that adequate tear is critical for maintaining home-
ostasis of the ocular surface.
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Ficure 7. Inflammatory cell infiltration in the lacrimal gland after lacrimal duct blockage. (A) PMN staining showed that polymorphonuclear
leukocyte infiltrated into the lacrimal gland tissues was increased after one day in the ligation group and reduced before 14 days in the
release group (Red: PMN; Blue: DAPD). Scale bar: 200 nm. (B) CDG68 staining showed that macrophages infiltrating into the lacrimal gland
increased after seven days in the ligation group and the release group (Green: CDG68; Blue: DAPI). Scale bar: 200 pm. (C) Graph shows
mean immunofluorescent intensity of PMN staining. (D) Graph shows mean immunofluorescent intensity of CD68 staining. (E) The qRT-PCR
results show expression of IL18, TNF«, IL10, and TSG6 of the lacrimal gland (n = 5; *P < 0.5, **P < 0.01, **P < 0.001, ***P < 0.001) The
experiment was statistically analyzed using the one-way ANOVA test method (C, D). The experiment was statistically analyzed using the
t test method (E).
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Ficure 8. Cell proliferation and apoptosis in lacrimal gland after obstruction of lacrimal gland ducts. (A) TUNEL staining shows that
apoptotic cells in the lacrimal gland increased after seven days in the ligation group and the release group (Green: TUNEL; Blue: DAPI).
Scale bar: 200 pm. (B) Immunofluorescence staining of Ki67 shows that proliferative cells in the lacrimal gland increase after seven days
in the ligation group and the release group (Green: Ki67; Blue: DAPI). Scale bar: 200 pm. (C) Graphs show the quantification of TUNEL
positive cells in the lacrimal gland. (D) Graphs show quantification of Ki67-positive cells in the lacrimal gland (n = 5; ***P < 0.001). The
experiment was statistically analyzed using the one-way ANOVA test method (C, D).

In this study, the damage to the lacrimal gland mainly
originated from ductal obstruction. However, ischemia
caused by obstruction of some small vessels could not be
ruled out. We ligated all ducts of the lacrimal gland, as well as
small vessels that were difficult to separate from each other,
accompanied by ducts during construction of the model.
Obstruction of these small blood vessels may have some
effect on the lacrimal gland.?>?* This may not be identical
to the pathological changes of simple lacrimal duct outlet
occlusion in clinical practice.

After the sutures were released, the tear secretion could
be recovered if the sutures were released before 14 days,
although it could not recover to normal level if the ligation
were prolonged to 21 days. AQP5 plays an important role in
maintaining lacrimal gland homeostasis and tear secretion
and will lead to the development of dry eye when AQP5
is deficient.?>?* We found that short-term duct obstruction
promoted AQP5 expression at the acinar apex, but long-
term obstruction resulted in irreversible reduction of AQP5.
The nerve is also essential in maintaining the normal secre-
tory function of the lacrimal gland.?’” We also found that
prolonged duct obstruction resulted in irreversible reduc-

tion of the lacrimal nerve. This supports the notion that
there could be permanent lacrimal gland damage and func-
tion loss after long-term lacrimal duct obstruction. Because
of obstruction of the ducts, the weight of the lacrimal gland
slightly increased after one day. This may be attributed to
edema of the acinus. However, the weight of lacrimal gland
gradually declined after seven days ligation and reached
about only 30% of the normal control after 21 days ligation.
Although the blockage was released, the weight of lacrimal
gland could not recover to normal stage if the ligation was
released after five days. Although it was reported that the
lacrimal gland has a powerful regenerative capacity after
inflammation or injury,?® our results suggest that long-term
ligation induces irreversible atrophy of the lacrimal gland
within 21 days. Whether a longer period can allow lacrimal
gland injury to repair still needs more exploration in future
study.

H&E staining and Masson staining further confirmed
histological changes of the lacrimal glands after duct liga-
tion. First, major ducts of the lacrimal gland dilated, and
many new small ducts emerged after three days’ ligation
and became prominent as ligation prolonged. This may
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Ficure 9. Lacrimal gland progenitor cell and basement membrane changes after obstruction of lacrimal gland ducts. (A) Images show
immunofluorescence staining of p63-positive cells and myoepithelial cells in the lacrimal gland (Green: aSMA; Red: p63; Blue: DAPI). Scale
bar: 200 pm (B) Immunofluorescence staining of laminin 5 shows basement membrane changes in the lacrimal gland (Red: Laminin 5; Blue:
DAPD). Scale bar: 20 nm. (C) Immunofluorescence staining of Vimentin reveals that mesenchymal cells in the lacrimal gland increased after
seven days and reduced after 21 days (Red: Vimentin; Blue: DAPI). Scale bar: 40 pm. (D) The qRT-PCR results show the expression of p63,
Pax06, and «SMA in the lacrimal gland of the ligation group. (E) The qRT-PCR results show the expression of p63, Pax6, and «SMA in the
lacrimal gland of the release group (n = 5; *P < 0.5, *P < 0.01, **P < 0.001, ***P < 0.001). The experiment was statistically analyzed using
the t test method (D, E).
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be due to the retrograde intraduct pressure increase that
resulted from duct ligation. Similar pathological change
was found in the kidney where there is a blockage of
the ureter by ureteral calculus or cancer.?’ Besides, ductal
obstruction of the salivary glands also initiates inflamma-
tion and fibrosis of the tissues.?®*! Prolonged drain duct
blockage eventually induced atrophy of the acinus, along
with fibrosis that surrounded the major ducts. Blocking of
the ducts also induced inflammation of the lacrimal glands,
as evidenced by infiltration of PMN and macrophages, and
upregulated expression of inflammatory cytokines such as
IL-18 and TNFa. Inflammation is involved in many lacrimal
gland diseases, such as high-fat diet-related dry eye, autoim-
mune disease-related dry eye, and graft-versus-host disease—
related dry eye.3>-34 Lacrimal duct blockage-induced inflam-
mation may also contribute to acinar cell apoptosis and
fibrosis.

Second, we found that lacrimal duct obstruction could
lead to lipid accumulation. Our recent studies demonstrated
that a high-fat diet and sleep deprivation could induce
abnormal lipid accumulation in the lacrimal gland >*3° result
in oxidative stress and inflammation, and further induce
lacrimal gland damage such as acinus apoptosis and myoep-
ithelial damage. The pattern of lipid deposition in a high-fat
diet or sleep deprivation model was diffused in acini cells
and in extracellular matrix, although it showed as patches
in a current lacrimal duct ligation model. Different lipid
deposition patterns may result from different pathogene-
sis. Duct ligation could cause intraduct hypertension and
induce retrograde acinar dysfunction; therefore the first-
line affected acini may be close to the major ducts. Similar
changes were reported in the kidney and were the result of
nephric duct obstruction.*3” Obstruction of the duct also
causes fibrosis, glandular atrophy, and ductal dilation of the
pancreas and liver.®® On the other hand, high-fat diet- and
sleep deprivation-induced pathological changes originated
from blood circulation and thus may affect all the acinar
cells, resulting in diffused lipid deposition.

Third, ligation of the lacrimal ducts led to significant
downregulation of «SMA of myoepithelial cells. It is known
that contraction of myoepithelial cells helps tear produc-
tion.?* Several studies have suggested that myoepithelial
cells play an important role in lacrimal gland repair and
homeostasis.!”?® There are also studies suggesting that
myoepithelial cells are the progenitor of lacrimal gland
acinar cells.?>* We found that «SMA is very sensitive to duct
ligation. The mRNA and protein expression of SMA dramat-
ically reduced after five days’ ligation. In the release group,
even one day of ligation resulted in significant decrease of
aSMA after 21 days’ observation time, and there was no
recovery from day three to day 21. Future studies may apply
this model to further investigate pathophysiology of myoep-
ithelial cells and determine the function of myoepithelial
cells during lacrimal gland wound healing.

The ANp63 and Pax6 are expressed in myoepithelial cells
and acinar cells of lacrimal gland. They play an important
role in maintaining the function and development of the
lacrimal gland.??“* Our data showed that p63 mRNA expres-
sion was upregulated and ANpG63 positive cells increased
after duct ligation from day one to day 21, which is in accord
with Ki67 expression. Although proliferating cells increased,
there was also an increase of apoptotic cells. Moreover, the
expanded cells did not form normal acinar structure and lost
Pax6, indicating that they lack a normal phenotype and thus
may not function normally. This may explain why the tear
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secretion did not recover to a normal level after 21 days’
ligation or release ligation for 21 days.

It was found that there were stem cells in the normal
lacrimal gland, and the number of stem cells increased
during the repair of lacrimal gland injury.'® It has been
found that injection of mesenchymal stem cells or mesenchy-
mal stem cell secretomes can help lacrimal gland regener-
ation."%2 In the current study, the number of mesenchy-
mal cells increased in response to two weeks of stimula-
tion with lacrimal duct obstruction. However, longer-term
duct obstruction will lead to a decrease in the number of
vimentin-positive cells, and it is speculated that the imbal-
ance of lacrimal gland homeostasis at this time leads to cell
differentiation or death. At seven days of suture release, we
saw an increase of vimentin, indicating that mesenchymal
cells may be involved in the damage repair process of the
lacrimal gland at this time. Although long-term lacrimal duct
obstruction leads to an irreversible reduction in mesenchy-
mal cell. More studies are needed to investigate the involve-
ment of mesenchymal stem cells in this model in the
future.

Interactions between epithelial cells and basement
membrane regulate epithelial cell migration, proliferation,
adhesion and differentiation.”> Laminin 5 is expressed in
the basement membrane of stratified and transitional epithe-
lium. Deficiency or abnormality of laminin 5 could induce
cicatricial pemphigoid.* Suppression of laminin 5 expres-
sion in mammary epithelial cells leads to the loss of recon-
stituted extracellular matrix-mediated growth control and
apoptosis.®> Also, it is a key factor in the differentiation of
corneal epithelial progenitor cells and mesenchymal stem
cells.“>47 Here, we found that a basement membrane repre-
sented by laminin 5 is disrupted after duct obstruction,
implying an imbalance in the microenvironment homeosta-
sis of lacrimal gland epithelial cells, which may further
affect the phenotype and function of lacrimal gland acinar
cells. In the release group, the expression of laminin 5
could not recover to a normal level even there was only
one day of ligation, indicating the basement membrane of
the lacrimal gland acini is fragile and relatively difficult to
regenerate after damage. The relationship between lacrimal
gland wound healing and its basement membrane still needs
further exploration.

In conclusion, blockage of lacrimal gland ducts may result
in dystrophy of lacrimal gland acini, inflammation, and lipid
accumulation of the lacrimal gland microenvironment. Long-
term duct blockage will cause irreversible lacrimal gland fail-
ure. The prompt intervention of lacrimal gland duct obstruc-
tion is essential for the restoration of a functional lacrimal
gland unit and to improve the prognosis of related diseases
such as chemical burns, Stevens-Johnson syndrome, and
mucous membrane pemphigoid.
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