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Abstract
The non-obese diabetic (NOD) mouse is prone to develop autoimmune disease, including Sjögren’s
syndrome. The purpose of this study was to determine if desiccating environmental stress exacerbates
the development of Sjögren’s syndrome-like lacrimal keratoconjunctivitis in the NOD.B10.H2b

mouse. Four-week-old male mice were used as young controls. Sixteen-week-old male mice were
untreated or subjected to desiccating stress with a fan alone or with a fan plus subcutaneous injections
of the anticholinergic agent scopolamine for 5 or 10 days to inhibit tear production. Mice
spontaneously developed Sjögren’s syndrome-like lacrimal keratoconjunctivitis as they aged.
Desiccating stress increased CD4+ and CCR5+ cells and decreased CD8+ cells in the conjunctival
epithelium and lacrimal gland. Intraepithelial γδ T cells significantly decreased after 5 days and
returned to baseline levels after 10 days in both groups exposed to desiccating stress. These
immunopathological changes were accompanied by a decrease in conjunctival goblet cell density.
Greater matrix metalloproteinase-9 production, gelatinase activity and loss of epithelial cell
membrane CD25 immunoreactivity was noted in the ocular surface epithelia of stressed mice. These
findings indicate that desiccating environmental stress aggravates Sjögren’s syndrome-like lacrimal
keratoconjunctivitis in the NOD mouse which has defective immunoregulation.
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1. Introduction
Sjögren’s syndrome is a chronic autoimmune disease that affects the lacrimal and salivary
glands, resulting in keratoconjunctivitis sicca (KCS) and xerostomia. It is characterized by
focal lymphocytic infiltration of these secretory glands (dacryoadenitis and sialoadenitis),
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hypergammaglobulinaemia and production of autoantibodies, including anti-SS-A/Ro, anti-
SS-B/La and anti-muscarinic type-3 acetylcholine receptor (M3R) [1,2]. Immunopathological
features of the conjunctiva in Sjögren’s syndrome include increased expression of cytokines,
chemokines and immune activation and adhesion molecules [3,4]. An increase in the CD4/
CD8 T cell ratio in the conjunctiva has also been observed [5]. These immune/inflammatory
changes are accompanied by abnormal proliferation and differentiation of the ocular surface
epithelium with a decrease in conjunctival goblet cell density and disruption of corneal barrier
function [5–7].

It is now recognized that the ocular surface epithelia and lacrimal glands function as an
integrated unit, “the lacrimal functional unit”, which are derived embryologically from the
surface ectoderm and are linked by the sensory and autonomic nerves [8]. Sjögren’s syndrome
causes severe dysfunction of the lacrimal functional unit. Desiccating ocular surface stress has
been found to induce autoreactive T cells that when adoptively transferred to naïve
immunodeficient hosts cause Sjögren’s syndrome-like inflammation in the lacrimal gland,
cornea, and conjunctiva, but not in other organs, suggesting the existence of shared epitopes
among the components of the lacrimal functional unit [9].

Several mouse models have been used to investigate the pathogenesis of Sjögren’s syndrome,
such as the non-obese diabetic (NOD) mouse, the MRL/lpr mouse, the NZB/W F1 mouse, the
transforming growth factor (TGF)-β1 knockout mouse and the NFS/sld mouse, thymectomised
3 days after birth [10]. Among these, the NOD mouse is the most accurate model, because
development of adenitis is accompanied by decreased secretory function in the lacrimal and
salivary glands [11]. Lymphocytic infiltration of the exocrine glands of the NOD mouse occurs
well before the onset of clinical findings [12]. Although the NOD mouse can also be used as
a model for spontaneous type 1 diabetes, the NOD.B10.H2b strain develops Sjögren’s
syndrome-like disease, but not diabetes [13].

The histological features of the lacrimal gland in this mouse strain have been previously
reported; however, clinical and immunological evaluation of the ocular surface has not been
performed [14–17]. It is well recognized that exposure to a desiccating environment, use of
medications with anticholinergic side effects (e.g. antihistamines and antidepressants) and laser
in situ keratomileusis (LASIK) surgery are risk factors for development of keratoconjunctivitis
sicca. Furthermore, there appears to be individual susceptibility to these stresses, because some
patients develop mild disease while others have severe manifestations resembling Sjögren’s
syndrome. The cause for the variability in this response to environmental stresses has not been
established, but it may be due to immunogenetic factors that regulate the severity of the immune
response.

The purpose of the present study was to investigate the effects of desiccating environmental
stress on the onset and severity of autoimmune lacrimal keratoconjunctivitis in the
NOD.B10.H2b mouse strain.

2. Materials and Methods
2.1. Animals

This research protocol was approved by the Baylor College of Medicine Center for
Comparative Medicine and it conformed to the standards in the Association for Research in
Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and
Vision Research.

NOD.B10.H2b mice were purchased from the Jackson Laboratories (Bar Harbor, ME). Four-
week-old male mice served as young controls (4W). Sixteen-week-old male mice were
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untreated (16W) or subjected to desiccating stress by exposure to an air draft with a fan, without
(F) or with (FS) subcutaneous injection of 0.5 mg/0.2 mL of the muscarinic receptor blocker,
scopolamine hydrobromide (Sigma-Aldrich, St. Louis, MO) in alternating hindquarters four
times a day (8 am, 11 am, 2 pm and 5 pm), as previously reported [9,18]. Mice were euthanized
after 5 or 10 days (D) of treatment. Each experimental group studied consisted of four mice
(eight eyes) and all experiments were repeated.

2.2. Histology
Eyes and adnexa were surgically excised, fixed in 10% formalin, and embedded in paraffin.
Six-μm sections were stained with periodic acid-Schiff (PAS) reagent. Sections from 4 mice
of each group were examined and photographed with a microscope equipped with a digital
camera (Eclipse E400 with a DMX 1200; Nikon, Garden City, NY). Goblet cell density in the
superior and inferior conjunctiva was measured in 3 sections from each eye using image-
analysis software (MetaVue 6.24r; Molecular Device) and expressed as the number of goblet
cells per 100 μm.

2.3. Immunohistochemistry
Immunohistochemistry was performed to detect and count the cells in the conjunctival
epithelium and stroma that stained positively for CD4, CD8, γδ T-cell receptor (TCR) and
CCR5. Cryosections from 4 mice per each group were fixed in acetone at −20°C for 10 minutes.
After fixation, endogenous peroxidases were quenched with 0.3% H2O2 in PBS for 10 minutes.
The sections were sequentially blocked with avidin/biotin block (Vector Laboratories,
Burlingame, CA) for 10 minutes each. After blocking with 20% normal goat (for CD4, CD8,
and γδ TCR) or rabbit (for CCR5) serum in PBS for 45 min, monoclonal rat antibody against
CD4 (clone H129.9, 10 μg/mL; BD Biosciences), monoclonal rat antibody against CD8 (clone
53-6.7, 3.125 μg/mL; BD Biosciences), monoclonal hamster antibody against γδ TCR (clone
GL3, 3.125 μg/mL; BD Biosciences) or polyclonal goat antibody against CCR5 (M20; 1 μg/
mL; Santa Cruz, Santa Cruz, CA) were applied and incubated for 1 hour at RT. After washing,
the sections were incubated with biotinylated goat ant-rat antibodies (for CD4 and CD8; BD
Biosciences), mouse anti-hamster antibody (for γδ TCR; BD Biosciences) and rabbit anti-goat
antibody (for CCR5; Vectastain Elite ABC Kit; Vector Laboratories). The samples were finally
incubated with NovaRed (Vector Laboratories) peroxidase substrate to give a red stain (2–8
minutes, optimized for each antibody) and counterstained with Mayer’s hematoxylin.
Secondary antibody alone and appropriate anti-mouse isotype (BD Biosciences) controls were
also performed. Three sections from each animal were examined and photographed with a
microscope equipped with a digital camera (Eclipse E400 with a DMX 1200; Nikon). Positively
stained cells were counted in the goblet cell rich area of the conjunctiva, over a length of at
least 500 μm in the epithelium and to a depth of 75 μm below the epithelial basement membrane
in the stroma for a distance of 500 μm using image-analysis software (MetaVue 6.24r;
Molecular Device). Results were expressed as the number of positive cells per 100 μm.

2.4. Immunofluorescent staining and laser scanning confocal microscopy
Immunofluorescent staining was performed to evaluate expression of CD25 and matrix
metalloproteinase (MMP)-9 in corneal and conjunctival tissue sections. Eyes and adnexa from
4 mice of each group were surgically excised, embedded in OCT™ compound (VWR, Swannee,
GA), and flash frozen in liquid nitrogen. Cryosections were fixed in acetone at −20°C for 5
minutes. After blocking with 20% normal goat serum in phosphate buffer solution (PBS) for
45–60 minutes, monoclonal rat antibody against CD25 (clone 7D4; 5 μg/mL; BD Biosciences,
San Jose, CA) or polyclonal rabbit antibody against MMP-9 (10 μg/mL; Chemicon, Billerica,
MA) were applied, and the sections were incubated for 1 hour at RT. Secondary antibodies,
Alexa-Fluor 488 conjugated goat anti-rat IgG or goat anti-rabbit IgG (1:300 dilution) were then
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applied, and the sections were incubated in a dark chamber for 1 hour, followed by
counterstaining with propidium iodide (PI; 2μg/ml in PBS; Sigma-Aldrich, St. Louis, MO) for
10 minutes. Tissues without primary antibody were used as negative controls.

Digital confocal images (512 × 512 pixels) were captured with a laser-scanning confocal
microscope (LSM 510, with krypton-argon and He-Ne laser; Carl Zeiss Meditec, Thornwood,
NY) with 488-excitation and 543-nm emission filters (LP505 and LP560, respectively; Carl
Zeiss Meditec) and were acquired with a 40/1.3x oil-immersion objective. The images were
captured with identical photomultiplier tube gain settings and were processed using the
microscope system (LSM-PC; Carl Zeiss Meditec) and image analysis (Adobe Photoshop 7.0;
Adobe System, San Jose, CA) software.

2.5. In situ zymography
In situ zymography was performed to localize the gelatinase activity in the cornea and
conjunctiva, as previously described [18]. Cryosections from 4 mice per each group were
thawed and incubated overnight with reaction buffer (0.05M Tris-HCl, 0.15M NaCl, 5mM
CaCl2, and 0.2 mM NaN3; pH 7.6), containing 40 μg/mL FITC-labeled DQ gelatin, which was
available in a gelatinase/collagenase assay kit (EnzChek Molecular Probes, Eugene, OR). As
a negative control, 50 μM 1,10-phenanthroline, a metalloproteinase inhibitor, was added to the
reaction buffer before applying the FITC-labeled DQ gelatin. After incubation, the sections
were counterstained with PI. Areas of gelatinolytic activity were photographed with a
microscope equipped with a digital camera (Eclipse E400 with a DMX 1200; Nikon).

2.6. Measurement of tear volume and tear turnover rate
Four mice (8 eyes) per each group were examined in two different sets of experiments. Tear
volume was measured with phenol-red impregnated cotton threads (Zone-Quick, Oasis,
Glendora, CA) as previously described [19]. Tear turnover rate was determined using a
Fluorotron™ Master Fluorophotometer (Ocumetrics, Moutain View, CA) by measuring the
decay of a high molecular weight (MW) fluorescent molecule, Oregon green dextran (OGD;
70,000 MW; Invitrogen, Eugene, OR), according to the manufacturer’s instructions [20]. After
anesthesia with an intraperitoneal injection of 97% 2,2,2-tribromoethanol, nine scans at 4-
minute intervals were performed after instillation of 0.5 μL of 50 μg/mL OGD. Baseline
measurements before administration of OGD was used to substract the background
fluorescence.

2.7. Corneal smoothness and permeability
Four mice (8 eyes) per each group were examined in two different sets of experiments. Corneal
smoothness was assessed by measuring the distortion of a white ring reflected off the corneal
epithelium in digital images, as previously described [7]. Corneal epithelial permeability to
OGD was assessed by grading the severity of corneal staining with this fluorescent dye, as
previously described [18].

2.8. Statistical Analysis
A sample size of 8 eyes per group was calculated to have a 99% power of detecting a between
group difference of 2 CD4+ intraepithelial T cells with an alpha = 0.05. Results are presented
as the mean ± standard error of the mean (SEM). Nonparametric comparisons (Corneal
smoothness and permeability) were done with the Mann-Whitney U test and parametric
comparisons with unpaired t-test, using GraphPad Prism 3.0 software (GraphPad Software;
San Diego, CA). p ≤ 0.05 was considered statistically significant.
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3. Results
3.1. Age and desiccating stress worsen lacrimal keratoconjunctivitis

Development of autoimmune lacrimal keratoconjunctivitis is a hallmark of Sjögren’s
syndrome. This experiment evaluated the density of lymphocytes positive for CD4, CD8, γδ
TCR, and CCR5 in the conjunctivae and lacrimal glands of four groups of NOD.B10.H2b mice:
four week old (4W), sixteen week old (16W), sixteen week old mice subjected to an air draft
from a fan (F) and sixteen week old mice subjected to an air draft and treated with scopolamine
to inhibit tear secretion (FS). The comparative results of these studies are presented in Table
1. In the conjunctiva of the older (16W) group, the number of CD4+ T cells in the epithelium,
γδ T cells in the epithelium and stroma, and CCR5+ cells in the stroma significantly increased,
while CD4+ T cells in the stroma significantly decreased compared to the 4W group (p < 0.01
for all). Desiccating stress significantly increased the number of CD4+ T cells in the
conjunctival epithelium in the FS group (p < 0.05) at 5 days and in both F (p < 0.01) and FS
(p < 0.001) groups at 10 days (Fig. 1A). In contrast, the density of CD4+ T cells in the stroma
was noted to decrease in the FS group at 5 and 10 days (p < 0.05 for both). Desiccating stress
also caused a profound decrease in the density of CD8+ T cells in the conjunctival epithelia
and stroma of both F and FS groups at 5 and 10 days (p < 0.001 for the F group at 5 and 10
days and FS group at 5 days; p < 0.01 for the FS group at 10 days) (Fig. 1B). The density of
γδ T cells significantly decreased in the epithelia of both F (p < 0.05) and FS (p < 0.001) groups
after 5 days, but returned to baseline levels after 10 days (Fig. 1C). The density of CCR5+ cells
significantly increased in the epithelium and stroma of the FS group after 10 days of desiccating
stress (p < 0.05 for both). The FS group had a higher number of CD4+ T cells in the epithelium
at 5 (p < 0.05) and 10 (p < 0.01) days and CCR5+ T cells in the stroma at 10 days (p < 0.01)
than the F group.

The CD4/CD8 ratio in the 4W and 16W groups was 0.85 ± 0.45 and 1.62 ± 0.25 (p < 0.01) in
the conjunctival epithelium and 1.97 ± 0.70 and 2.17 ± 0.47 (p = 0.58) in the conjunctival
stroma, respectively. Compared with the 16W group, the CD4/CD8 ratio in the epithelia of the
F and SF groups increased to 8.90 ± 3.32 and 8.42 ± 4.37 after 5 days and to 9.80 ± 2.30 and
9.07 ± 5.01 after 10 days of desiccating stress, respectively (p < 0.01 for all). The ratio in the
stromas of the F and FS groups also increased to 13.06 ± 4.69 and 13.01 ± 6.61 after 5 days
and 9.34 ± 2.05 and 7.05 ± 2.93 after 10 days of desiccating stress, respectively (p < 0.01 for
all).

The lacrimal gland in the older 16W group showed a higher number of CD4+ and CCR5+ cells
and a lower number of CD8+ cells than the 4W group. Following desiccating stress, CD4+ T
cell infiltration in the lacrimal gland tissue increased markedly, especially in the FS group. In
contrast, CD8+ cells were barely detected in the lacrimal glands of both groups exposed to
desiccating stress. The pattern of CCR5+ cell infiltration in the lacrimal gland was similar to
the ocular surface (Fig. 2).

3.2. MMP-9 expression and gelatinase activity on the ocular surface
Increased MMP-9 protein and activity has been observed in the tears of patients with dry eye,
with the highest levels observed in Sjögren’s syndrome [21] MMP-9 has been found to cleave
cell membrane proteins from the ocular surface epithelia, including occludin and IL-2rα
(CD25) [6]. Similar to human Sjögren’s syndrome, MMP-9 production and gelatinase activity
have been noted to increase in the salivary glands and saliva of NOD.B10.H2b mice [22]. Based
on these findings, MMP-9 production and gelatinase activity were evaluated in the ocular
surface epithelia. CD25 immunoreactivity as a marker of MMP-9 activity was also assessed.

Yoon et al. Page 5

J Autoimmun. Author manuscript; available in PMC 2009 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Minimal staining for MMP-9 and intense staining for CD25 were observed in the corneal and
conjunctival epithelia in the 4W group. MMP-9 staining increased and CD25 staining
decreased in the cornea and conjunctival epithelia of the aged (16W) mice. Desiccating stress
induced a progressive increase in MMP-9 immunreactivity and a decrease in CD25
immunoreactivity, which were most prominent in the FS group at 10 days (Fig. 3A, 3B, 4A
and 4B). Gelatinase activity in the cornea and conjunctiva showed a similar pattern to levels
of MMP-9 protein (Fig. 3C and 4C).

3.3. Age and Desiccating Stress Worsen Keratoconjunctivitis Sicca
To determine if the immunopathological changes in the ocular surface and lacrimal glands of
elderly and environmentally stressed mice altered tear function and produced ocular surface
disease, several parameters of dry eye were measured. Tear volume (p < 0.01) and tear turnover
rate (p = 0.06) were found to decrease with age in NOD.B10.H2b mice. Compared with the
16W group, there was a significant decrease in tear volume of the FS group at 5 (p < 0.01) and
10 (p < 0.001) days (Table 2). Although there was no significant change in tear turnover rate
after 5 days of desiccating stress, the rates in both stressed groups significantly decreased
compared with the 16W group after 10 days (p < 0.05 for the F group; p < 0.01 for the SF
group) (Table 2).

Corneal surface irregularity and corneal uptake of the fluorescent dye OGD significantly
increased in older mice (p < 0.01 for both) (Table 2). The corneal smoothness score significantly
increased in the FS group after 5 (p < 0.05) and 10 (p < 0.01) days. Compared with baseline,
the corneal permeability score in the F and FS groups increased after 5 (p = 0.37 and p < 0.01,
respectively) days and after 10 (p < 0.05 and p < 0.001, respectively) days.

3.4. Desiccating Stress Decreased Conjunctival Goblet Cell Density
Conjunctival goblet cell density is recognized to decrease in human Sjögren’s syndrome [23].
The number of PAS-positive goblet cells was noted to decrease with age in NOD.B10.H2b

mice (p < 0.05) (Table 2). Compared with the 16W group (4.18 ± 0.21 cells/100 μm), goblet
cell density in the F and FS groups decreased to 3.84 ± 0.44 (p = 0.08) and 3.76 ± 0.14 cells/
100 μm (p < 0.01) after 5 days and 3.56 ± 0.32 (p < 0.01) and 2.82 ± 0.34 cells/100 μm (p <
0.001) after 10 days, respectively.

These findings indicate that the immunopathological changes in the conjunctiva and lacrimal
gland are associated with functional alterations of tear production.

4. Discussion
These studies investigated the effects of age and desiccating stress on the development of
Sjögren’s syndrome-like autoimmune inflammation in the conjunctiva and lacrimal gland of
NOD.B10.H2b mice. We found that these mice developed Sjögren’s syndrome-like
autoimmune inflammation in the ocular surface and lacrimal gland. Inflammation developed
spontaneously in the ocular surface epithelia and lacrimal glands of these mice as they aged to
16 weeks. Particularly, the CD4+/CD8+ T cell ratio was noted to increase in the conjunctival
epithelia and lacrimal glands of mice subjected to desiccating stress. Furthermore, increased
MMP-9 production and gelatinase activity and decreased CD25 immunoreactivity were
observed in the ocular surface epithelia of stressed mice. These pathological changes were
accompanied by reduce tear volume and tear turnover rate, decrease conjunctival goblet cell
density and disruption of corneal epithelial barrier function in 16-week-old mice subjected to
desiccating stress. These findings suggest that desiccating environmental stress aggravates
lacrimal keratoconjunctivitis in the NOD mouse.
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An animal model mimicking human Sjögren’s syndrome lacrimal keratoconjunctivitis is a
valuable tool to investigate the multiple factors that have been implicated in the pathogenesis
of this condition. Desiccating stress by environmental and pharmacological means has been
used to induce dry eye in several different mouse strains, including C57BL/6, BALB/c, CBA
and 129SvEv/CD-1 [5,18,24]. In contrast to these strains, we found that the NOD.B10.H2b

strain spontaneously develops autoimmune lacrimal keratoconjunctivitis with age. Serum
autoantibodies to acinar and ductal epithelial cells of exocrine glands, 52-kDa SS-A/Ro, M3R,
120-kDa α-foldrin and LPG10 have been previously detected in NOD mice [10,25].
Histopathologically, the autoimmune inflammation in the secretory glands of NOD mice
accelerates acinar cell loss via apoptosis and necrosis and ductal epithelial hyperplasia by local
production of cytotoxic auto- and paracrine factors [16,26]. It is characterized by glandular
infiltration by T cells and B cells, primarily in periductal and perivascular areas [12].

Age and sex differences in the exocrine gland inflammation have been observed in the NOD
mouse [14,15,27,28]. The severity of sialoadenitis is worse in females, whereas inflammation
in the lacrimal glands is far worse in males [27]. Changes in the exocytotic pathway and
abnormalities in acinar cells, such as mitochondrial deterioration, cytoplasmic vacuoles and
lipid accumulation occur at 1 month of age in the lacrimal glands of males [14,15].
Lymphocytic infiltration of the lacrimal gland is first detected about 6–10 weeks in males and
around 30 weeks in females, though secretory dysfunction is generally detectable by 4 months
in males [14,28]. Complement C3 and interleukin-4 (IL-4) have been found to play a critical
role in the onset of this autoimmune exocrinopathy [17,29].

Similar to other mouse strains and humans with dry eye, increased gelatinolytic activity was
noted on the ocular surface of NOD mice. The expression of CD25, the IL-2 receptor alpha
chain, was noted to be inversely correlated with MMP-9 expression and gelatinase activity in
the ocular surface epithelia of NOD mice. MMP-9 has previously been shown to proteolytically
cleave CD25 from the surface of lymphocytes [30]. A similar phenomenon may be occurring
on the ocular surface epithelia of NOD mice.

Derangements in the balance between effector and regulatory T cell responses underlie the
pathogenesis of autoimmune diseases [31]. We have previously reported that desiccating
stress-induced lacrimal keratoconjunctivitis was mediated by CD4+ T cells and was mitigated
by CD4+CD25+ natural regulatory T cells [9]. In this study, an increase in CD4+ T cells and
CCR5+ cells was accompanied by a decrease in CD8+ T cells in the ocular surface epithelium
and lacrimal gland, resulting in an increased CD4/CD8 ratio. Intraepithelial γδ T cells have
been identified in the gut, genital tract, tongue and skin (where they are called dendritic
epidermal T cells) of mice [32,33]. They are believed to play an immunoregulatory role in the
skin, both initiating and inhibiting inflammation. Until now, the distribution and role of γδ T
cells in the ocular surface epithelia has not been investigated. Our results indicate that similar
to other mucosal tissues, γδ T cells are also present in the conjunctival epithelia of the mice.
We found that desiccating stress caused a decrease in the number of intraepithelial γδ T cells,
in contrast to αβ TCR CD4+ T cells.

The change in the density of CD4+, CD8+, CCR5+ and γδ T cells in the lacrimal functional
unit of NOD mice indicates that desiccation induces Sjögren’s syndrome-like autoimmune
inflammation not only in the ocular surface, but also in the lacrimal gland, suggesting that there
may be shared epitopes in these tissues. The effects of desiccating stress on salivary gland
immunopathology in the NOD strain were not investigated in this study. Our group had
previously reported that desiccating stress promoted development of auto reactive CD4+ T
cells in BALB/c mice that were capable of producing lacrimal keratoconjunctivitis, but not
salivary gland inflammation when adoptively transferred to nude mouse recipients [9].
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The mechanisms responsible for the development of autoimmune diseases remain unclear;
however, several hypotheses such as inflammation, disturbances in apoptosis, infection,
genetic background and aberrant glandular water transport have been suggested. Based on the
concept of molecular mimicry, environmental factors like xenobiotics or chemical compounds
foreign to a living organism as well as bacteria and viruses have been also implicated in the
pathogenesis of several autoimmune diseases [34,35]. In this study, we found that the F group,
which was exposed to an air draft without cholinergic inhibition of tear production, worsened
the severity of the lacrimal keratoconjuctivitis, though to a lesser degree than mice subjected
to an air draft and pharmacological inhibition of tear secretion. This indicates that environment
alone may trigger an autoimmune reaction, potentially initiating or aggravating the
autoimmune lacrimal keratoconjunctivitis in Sjögren’s syndrome.

There are several potential mechanisms by which desiccating stress may expose autoantigens
in the ocular surface and/or lacrimal gland epithelia to the immune system and promote the
development of lacrimal keratoconjunctivitis. This could be a direct effect of dryness or it could
result from the increased protease activity that we detected in response to dryness. Cleavage
of cell surface proteins by gelatinases, such as MMP-9 could expose antigenic epitopes. As an
example, we found that desiccating stress caused loss of cell membrane CD25 from the ocular
surface epithelia. Another possibility is that desiccating stress alters the local
immunoregulatory environment. The conjunctival epithelium in humans and mice contains a
repertoire of intraepithelial lymphocytes (predominantly CD8 T cells in humans and a mixture
of γ δ and CD8 T cells in mice). These intraepithelial T cells have been postulated to have an
immunoregulatory role [32]. We found a significant decrease in both CD8+ and γ δ
intraepithelial T cells after 5 days of desiccating stress that may have tipped the balance to
allow entry of CD4+ effector T cells into the conjunctival epithelium. Finally, desiccating stress
could alter the production of immunoregulatory cytokines. We have found that conjunctival
goblet cells produce TGF-β2 and there is a decrease in immunoreactive TGF-β2 in the
conjunctival epithelium in dry eye that accompanies loss of goblet cells in this condition
[36]. TGF-β has been linked to the retention of lymphocytes within mucosal epithelia due to
its unique ability to up-regulate CD103 on mucosally homed T cells [37].

Our study indicates that the NOD mouse strain develops spontaneous dry eye and Sjögren’s
syndrome-like autoimmune inflammation in the ocular surface and lacrimal gland. Desiccating
environmental stress significantly worsens this process. These findings indicate that
environmental factors may exacerbate autoimmunity in susceptible individuals.

A number of immunoregulatory defects have been identified in NOD mice that may be
responsible for their susceptibility to develop an autoimmune response to ocular surface
antigens that are exposed during aging and desiccating environmental stress. These include
impaired negative selection of autoreactive T cells in the thymus, defective apoptosis of effector
T cells, and reduced number and function of regulatory T cells [38–40]. This model provides
a good framework for determining which of these immunoregulatory defects increases
susceptibility of NOD mice to develop autoimmune lacrimal keratoconjunctivitis and it may
provide clues regarding susceptibility factors for development of Sjögren’s syndrome in
humans.
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Fig. 1.
Immunohistochemistry for CD4 (A), CD8 (B), and γδ TCR (C) in the conjunctiva of
NOD.B10.H2b mouse mice. Representative staining in 4-week-old untreated mice (4W), 16-
week-old untreated mice (16W), and 16-week-old mice subjected to an air draft without (F) or
with (FS) systemic scopolamine administration for 10 days (D). The CD4, CD8, and γδ TCR
positive cells are indicted by arrows. Original magnification X400, bar = 25μm.
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Fig. 2.
Immunohistochemistry for CD4 (A), CD8 (B), and CCR5 (C) in the lacrimal gland of
NOD.B10.H2b mice. Representative staining in 4-week-old untreated mice (4W), 16-week-
old untreated mice (16W), and 16-week-old mice subjected to an air draft without (F) or with
(FS) systemic scopolamine administration for 10 days (D). Original magnification X400, bar
= 25μm.
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Fig. 3.
CD25 and MMP-9 expression and gelatinolytic activity in the corneal epithelium of
NOD.B10.H2b mice. (A and B) Immunofluorescent staining and laser scanning confocal
microscopy in corneal tissue sections stained with antibodies (green) to CD25 (A) and MMP-9
(B). (C) In situ zymogram showing gelatinolytic activity (green) in the corneal epithelium.
Nuclei were counterstained with propidium iodide (red). Representative staining in 4-week-
old untreated mice (4W), 16-week-old untreated mice (16W), and 16-week-old mice subjected
to an air draft without (F) or with (FS) systemic scopolamine administration for 5 and 10 days
(D). Original magnification X400, bar = 50 μm.
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Fig. 4.
CD25 and MMP-9 expression and gelatinolytic activity in the conjunctival epithelium of
NOD.B10.H2b mice. (A and B) Immunofluorescent staining and laser scanning confocal
microscopy in conjunctival tissue sections stained with antibodies (green) to CD25 (A) and
MMP-9 (B). (C) In situ zymography showing gelatinolytic activity (green) in the conjunctival
epithelium. Nuclei were counterstained with propidium iodide (red). Representative staining
in 4-week-old untreated mice (4W), 16-week-old untreated mice (16W), and 16-week-old mice
subjected to an air draft without (F) or with (FS) systemic scopolamine administration for 5
and 10 days (D). Original magnification X400, bar = 50 μm.

Yoon et al. Page 14

J Autoimmun. Author manuscript; available in PMC 2009 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Yoon et al. Page 15
Ta

bl
e 

1
Th

e 
de

ns
ity

 o
f i

m
m

un
e/

in
fla

m
m

at
or

y 
ce

lls
 in

 th
e 

co
nj

un
ct

iv
a 

of
 4

-w
ee

k-
ol

d 
un

tre
at

ed
 m

ic
e 

(4
W

), 
16

-w
ee

k-
ol

d 
un

tre
at

ed
 m

ic
e 

(1
6W

),
an

d 
16

-w
ee

k-
ol

d 
m

ic
e 

su
bj

ec
te

d 
to

 a
n 

ai
r d

ra
ft 

w
ith

ou
t (

F)
 o

r w
ith

 (F
S)

 s
ys

te
m

ic
 s

co
po

la
m

in
e 

ad
m

in
is

tra
tio

n 
fo

r 5
 a

nd
 1

0 
da

ys
 (D

) i
n

th
e 

N
O

D
.B

10
.H

2b  m
ou

se
 st

ra
in

A
re

a
4W

16
W

G
ro

up
5D

a
10

D
,ab

p 
(F

 v
s. 

FS
)

P 
(4

W
 v

s. 
16

W
)

C
D

4+
 (c

el
ls

/
10

0 
μm

)
Ep

ith
el

iu
m

1.
39

±0
.2

0
2.

13
±0

.2
8

F
2.

26
±0

.5
1

2.
82

±0
.3

8**
<0

.0
5 

in
 5

D

<0
.0

1
FS

3.
14

±0
.7

8*
4.

30
±0

.7
3**

*†
<0

.0
1 

in
 1

0D
St

ro
m

a
4.

66
±0

.5
8

3.
29

±0
.3

2
F

3.
02

±0
.5

5
3.

31
±0

.6
1

<0
.0

1
FS

2.
80

±0
.3

9*
2.

56
±0

.6
2*

C
D

8+
 (c

el
ls

/
10

0 
μm

)
Ep

ith
el

iu
m

1.
82

±0
.5

4
1.

33
±0

.2
1

F
0.

26
±0

.1
0**

*
0.

33
±0

.1
2**

*

0.
06

FS
0.

28
±0

.3
2**

*
0.

58
±0

.4
2**

St
ro

m
a

2.
24

±0
.7

7
1.

58
±0

.3
8

F
0.

23
±0

.1
1**

*
0.

34
±0

.1
3**

*
0.

09
FS

0.
28

±0
.2

7**
*

0.
55

±0
.5

4**
γδ

 T
C

R
+ 

(c
el

ls
/

10
0 
μm

)
Ep

ith
el

iu
m

0.
46

±0
.2

5
1.

21
±0

.4
0

F
0.

70
±0

.3
3*

1.
56

±0
.5

3††

<0
.0

1
FS

0.
43

±0
.2

9**
*

1.
57

±0
.5

7††
†

St
ro

m
a

0.
24

±0
.0

4
0.

59
±0

.2
6

F
0.

43
±0

.1
2

0.
52

±0
.3

2
<0

.0
1

FS
0.

42
±0

.2
2

0.
54

±0
.3

2
C

C
R

5+
 (c

el
ls

/
10

0 
μm

)
Ep

ith
el

iu
m

0.
42

±0
.2

1
0.

53
±0

.1
3

F
0.

57
±0

.1
6

0.
62

±0
.1

9

0.
44

FS
0.

62
±0

.1
3

0.
82

±0
.1

4*
St

ro
m

a
0.

94
±0

.3
5

1.
58

±0
.3

1
F

1.
65

±0
.3

8
1.

81
±0

.3
2

<0
.0

1 
in

 1
0D

0.
01

FS
2.

01
±0

.6
9

2.
96

±0
.6

9*

a*
p<

0.
05

,

**
p<

0.
01

,

**
* p<

0.
00

1 
vs

. 1
6W

.

b 
† p<

0.
05

,

††
p<

0.
01

,

††
† p<

0.
00

1 
vs

. 5
D

.

J Autoimmun. Author manuscript; available in PMC 2009 June 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Yoon et al. Page 16
Ta

bl
e 

2
Te

ar
 v

ol
um

e,
 c

or
ne

al
 sm

oo
th

ne
ss

, c
or

ne
al

 p
er

m
ea

bi
lit

y,
 te

ar
 tu

rn
ov

er
 ra

te
, a

nd
 c

on
ju

nc
tiv

al
 g

ob
le

t c
el

l d
en

si
ty

 in
 4

-w
ee

k-
ol

d 
un

tre
at

ed
m

ic
e 

(4
W

), 
16

-w
ee

k-
ol

d 
un

tre
at

ed
 m

ic
e 

(1
6W

), 
an

d 
16

-w
ee

k-
ol

d 
m

ic
e 

su
bj

ec
te

d 
to

 a
n 

ai
r 

dr
af

t w
ith

ou
t (

F)
 o

r 
w

ith
 (

FS
) 

sy
st

em
ic

sc
op

ol
am

in
e 

ad
m

in
is

tra
tio

n 
fo

r 5
 a

nd
 1

0 
da

ys
 (D

) i
n 

th
e 

N
O

D
.B

10
.H

2b  m
ou

se
 st

ra
in

4W
16

W
G

ro
up

5D
a

10
D

,ab
p 

(F
 v

s. 
FS

)

p 
(4

W
 v

s. 
16

W
)

Te
ar

 v
ol

um
e 

(μ
L)

0.
06

±0
.0

1
0.

05
±0

.0
1

F
0.

04
±0

.0
1

0.
04

±0
.0

1
<0

.0
1 

in
 5

D
<0

.0
1

FS
0.

03
±0

.0
1**

0.
02

±0
.0

1**
*

<0
.0

5 
in

 1
0D

Te
ar

 tu
rn

ov
er

 ra
te

 (%
)

5.
21

±1
.9

3
3.

28
±1

.5
4

F
3.

15
±1

.6
1

1.
31

±0
.5

2*†
0.

06
FS

2.
03

±1
.1

0
1.

05
±0

.4
1**

C
or

ne
al

 sm
oo

th
ne

ss
 sc

or
e

0.
25

±0
.4

3
1.

00
±0

.6
0

F
1.

13
±0

.6
4

1.
17

±0
.3

0
<0

.0
5 

in
 5

D
<0

.0
1

FS
2.

13
±1

.1
3*

2.
80

±1
.3

9**
<0

.0
1 

in
 1

0D
C

or
ne

al
 p

er
m

ea
bi

lit
y 

sc
or

e
0.

40
±0

.6
9

2.
50

±1
.0

0
F

3.
17

±1
.4

0
3.

83
±1

.4
0*

<0
.0

1
FS

3.
88

±0
.9

6**
4.

83
±0

.9
4**

*†
G

ob
le

t c
el

l d
en

si
ty

 (c
el

ls
/1

00
 μ

m
)

5.
07

±0
.8

6
4.

18
±0

.2
1

F
3.

84
±0

.4
4

3.
56

±0
.3

2**
<0

.0
1 

in
 1

0D
<0

.0
5

FS
3.

76
±0

.1
4**

2.
82

±0
.3

4**
*†

†

a*
p<

0.
05

,

**
p<

0.
01

,

**
* p<

0.
00

1 
vs

. 1
6W

.

b 
† p<

0.
05

,

††
p<

0.
01

,

††
† p<

0.
00

1 
vs

. 5
D

.

J Autoimmun. Author manuscript; available in PMC 2009 June 1.


