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Sjögren’s syndrome (SjS) is a human autoimmune
disease characterized by exocrine dysfunction result-
ing from chronic autoimmune attack primarily
against the lacrimal and/or salivary glands. Although,
we previously established a good correlation between
SjS in humans and autoimmune exocrinopathy in
NOD/LtJ mice an in-depth evaluation of lacrimal
gland disease in the NOD/LtJ mouse has remained
limited. This leaves a major gap in our understanding
of the dacryoadenitis/keratoconjunctivitis sicca in
this model. Here we characterize the development of
the autoimmune dacryoadenitis in NOD/LtJ and
NOD.B10-H2b mice in comparison with age- and sex-
matched nonautoimmune CD1 mice. We observed a
decline in tear production beginning at 8 weeks of age
in both NOD/LtJ and NOD.B10-H2b mice, continuing
throughout the 40 to 46 weeks studied. This corre-
lated with a quantifiable increase in mixed T- and
B-lymphocyte infiltrations in the extraorbital lacri-
mal glands. In addition, temporal differences in tear
protein expression between NOD/LtJ and CD1 mice
were identified using two-dimensional gel electro-
phoresis and tandem mass spectrometry. Thus, using
this model we can identify potentially important
pathophysiological mechanisms of the autoimmune
attack and possible diagnostic markers for develop-
ment of SjS-associated dacryoadenitis. (Am J Pathol

2007, 171:1224–1236; DOI: 10.2353/ajpath.2007.070388)

Dry eye diseases, or syndromes, result from changes

in the tear flow rate, the composition of the tears, or

both.1 Underlying causes of these alterations include

the natural aging process, autoimmune attack against

one or more of the multiple secretory tissues/glands

of the eye, irradiation, injury, and/or surgical proce-

dures.2 In general, these causes seem to result from a

loss of exocrine cell mass, an onset of exocrine cell

senescence or refractivity, and/or loss of, neural regu-

lation of the ocular secretory reflex arc.3 One of the

more severe forms of dry eye disease is associated

with Sjögren’s syndrome (SjS).4 SjS is a human disease

characterized by exocrine gland dysfunction resulting

from the action of an autoimmune response.4 Primary

SjS is characterized by a chronic autoimmune attack

against the lacrimal and salivary glands, whereas sec-

ondary SjS is marked by an autoimmune attack against

the lacrimal and/or salivary glands in the presence of

another autoimmune disease, often a connective tissue

disease.5 In addition to the primary sites of SjS, (ie, the

lacrimal and salivary glands), other tissues that can be

affected include the entire gastrointestinal tract, the

skin, the lungs, the liver, and the vagina.6 Fibromyal-

gia-like symptoms are also often associated with SjS.

As with several other autoimmune connective tissue

diseases, there exists a sexual dimorphism in SjS with

women affected 15 to 20 times more frequently than

men,7 suggesting a role for sex hormones in disease

susceptibility,8 –10 possibly related to the relative bal-

ance between androgen and estrogen.11

Throughout the past 2 decades, a variety of mouse mod-

els exhibiting various aspects of SjS have been advanced
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and investigated in an attempt to identify the nature of this

autoimmune disease.12 Typically, these mouse models

show lymphocyte infiltration of the exocrine glands, in-

creased expressions of proinflammatory cytokines, gener-

ation of unique autoantibodies [especially ANAs, anti-�-

fodrin, and anti-muscarinic acetylcholine type-3 receptor

(M3R) antibodies], and eventually decreased saliva flow

rates.13–24 Strains that have been extensively studied in-

clude NZB/NZW F1-hybrids,25 MRL/lpr,26 NOD/LtJ,19 NFS/

sld,27 IQI/Jic,28,29 the C57BL/6.NOD-Aec1Aec2 congenic

line,12 the Id3 gene knockout,30 the aromatase gene knock-

out,31 and Baff gene knockin mice.32 Although each strain

has been reported to resemble features of SjS in human

patients, none recapitulate completely the pathological

characteristics of the human disease. Nevertheless, one of

the more interesting and well-studied models of SjS is the

nonobese (NOD) mouse, which not only closely mimics the

human disease but has a large number of congenic partner

gene knockout strains, eg, NOD-scid, NOD.Ifn��/�,

NOD.IL2�/�, NOD.IL4�/�, NOD.IL10�/�, NOD.Ig��/�, and

NOD.Stat6�/�, permitting investigations into the role of in-

dividual genes in the development and onset of SjS-like

disease in this model.14–17 Studies using these NOD-de-

rived mice have led to the hypothesis that SjS-like disease is

divided into three distinct consecutive phases.17–20 In

phase 1 (initiation of glandular pathology), a number of

aberrant genetic, physiological, and biochemical activities

associated with retarded salivary gland organogenesis and

increased acinar cell apoptosis occur sequentially before

and independent of detectable autoimmunity.20 In phase 2

(onset of autoimmunity believed to result from acinar cell

apoptosis), leukocytes expressing proinflammatory cyto-

kines infiltrate the exocrine glands, establishing lymphocytic

foci, first of T-cell clusters followed by recruitment of B

lymphocytes.21,22 In phase 3 (onset of disease), loss of

salivary and lacrimal gland secretory functions occur, most

likely the result of (auto-)antibodies reactive with the

M3Rs.13,14,23,24 Overall, then, there is little doubt that onset

of SjS-like disease in the NOD mouse model represents a

progressive and chronic autoimmune process that slowly

leads to exocrine gland dysfunction.

Although the pathology of autoimmune xerostomia has

been extensively investigated in numerous mouse models

of SjS, especially NOD/LtJ- and NOD-derived mouse

strains, far less information has been published on the au-

toimmune xerophthalmia in these mice. Thus, in the present

study, we present results of a comprehensive study de-

signed to identify temporal changes in the dacryoadenitis

lesions within the lacrimal glands and protein physiology of

tears exhibited by NOD/LtJ and NOD.B10-H2b mice during

and after disease onset. NOD.B10-H2b mice, in which the

diabetes susceptibility gene locus, Idd1S, has been re-

placed with a diabetes resistance gene locus, Idd1R, have

been included in the present study to eliminate any effects

diabetes might have on the SjS-like disease exhibited by

NOD/LtJ mice.33 Results are presented that reveal the ex-

tent of the autoimmune attack against the various ocular-

associated exocrine glands and the subsequent conse-

quences of this autoimmune attack in altering the

composition of tear proteins.

Materials and Methods

Animals

Breeding pairs of NOD/LtJ and NOD.B10-H2b mice

were originally purchased from Jackson Laboratories

(Bar Harbor, ME), and breeding pairs of CD-1 mice

were purchased from Charles River Laboratory (Wil-

mington, MA). All mice were bred and maintained

within the Department of Pathology’s Mouse Facility at

the University of Florida, Gainesville, FL. Because

dacryoadenitis is reported to be more severe in males

than females of NOD-derived strains, all studies re-

ported here were conducted on male mice. Euthanasia

was performed by cervical dislocation after anestheti-

zation with isoflurane. The studies reported herein were

performed according to the Association for Research

in Vision and Ophthalmology Statements for the Use of

Animals in Ophthalmic and Vision Research, approved

by the University of Florida’s Institutional Animal Care

and Use Committee and overseen by Animal Care

Services’ veterinarians.

Measurement of Tear Volumes

To reduce movement and stress during measurement of

tear flow rates, the mice were lightly anesthetized using

isoflurane. The mice were injected with pilocarpine hy-

drochloride (4.5 mg/kg in saline) and allowed to rest

comfortably for 10 minutes. After the resting period, tear

volumes were measured by carefully placing the bent

end of a Zone-Quick phenol red thread (FCI Ophthal-

mics, Pembrooke, MA) at the intercanthus of one eye and

held in place with sterile forceps for 20 seconds, a mod-

ification of the procedure described by Hamano and

colleagues.34 On removal of the thread, the length of the

red area was measured using the scale provided and

recorded. The red portion of the thread containing the

tear sample was then cut into small fragments (�2 to 3

mm in length), placed in an equivalent volume of phos-

phate-buffered saline (PBS), and stored at �80°C.

Histological Evaluation

Submandibular and lacrimal glands were removed from

euthanized mice, placed in 10% phosphate-buffered for-

malin for 24 hours, and then processed and embedded in

paraffin. The embedded tissues were sectioned at 5-�m

thickness and mounted onto microscope slides. Slides

were deparaffinized and rehydrated in a graded series of

ethanol. Tissue sections were stained with Mayer’s he-

matoxylin and eosin (H&E) dye and observed at the

magnifications listed in the figure legends. The extent of

lymphocytic infiltration in the extraorbital lacrimal glands

was assessed by two methods. First, the numbers of

lymphocyte foci containing more than 50 cells were de-

termined for each section. Second, the severity of the

inflammatory lesions were classified into five grades (0 to

4) using the criteria defined by Takada and col-

leagues.28,29 In brief, this classification is as follows: 0, no

Dacryoadenitis in NOD Mice with SjS 1225
AJP October 2007, Vol. 171, No. 4



visible change; 1, mild accumulation of mononuclear

cells within the interstitium; 2, focal accumulation of

mononuclear cells without any parenchymal destruction;

3, focal accumulation of mononuclear cells with paren-

chymal destruction; and 4, extensive infiltration of mono-

nuclear cells with severe tissue damage. Each extraor-

bital lacrimal gland was graded as a whole and the

results presented as the mean of the number of foci per

full glandular section. The glands themselves are ex-

tremely small, allowing only for a very few sections to

be cut. We examined several sections in one gland and

found that the initial two to three sections cut were

representative of those generated from the entire

gland.

Immunofluorescent Staining for T and B Cells

Tissue sections prepared as described above were

washed 5 minutes with PBS at 25°C, then incubated 1

hour with blocking solution containing normal rabbit

serum diluted 1:50 in PBS. Rat anti-mouse B220 (BD

Biosciences PharMingen, San Diego, CA) diluted 1:10

and goat anti-mouse CD3 (Santa Cruz Biotechnology,

Santa Cruz, CA) diluted 1:50 were added to individual

sections for 1 hour at 25°C. The slides were washed

three times with PBS for 5 minutes per wash followed

by a 1-hour incubation at 25°C in a mixture of second-

ary antibodies [Texas Red-conjugated rabbit anti-rat

IgG (Biomeda, Foster City, CA) diluted 1:25 and fluo-

rescein isothiocyanate-conjugated rabbit anti-goat IgG

(Sigma Chemicals, St. Louis, MO) diluted 1:100]. The

slides were thoroughly washed with PBS, treated with

Vectashield DAPI-mounting medium (Vector Laborato-

ries, Burlingame, CA), and overlayed with glass

coverslips.

Tear Protein Preparation for Two-Dimensional

Differential Gel Electrophoresis (2D DIGE)

Tear proteins were precipitated with 9 vol of ice-cold

10% TCA, 80% acetone, and 20 mmol/L dithiothreitol

overnight at �20°C. Protein precipitate was then

washed with 80% ice-cold ethanol and air-dried for 5

minutes before being dissolved in sample buffer con-

taining 10 mmol/L Tris buffer, pH 8.5, 8 mol/L urea, 2

mol/L thiourea, 4% (w/v) CHAPS, and 0.2% sodium

dodecyl sulfate. The urea/thiourea protein solution was

then clarified at 40,000 � g for 30 minutes before

dialysis in same urea/thiourea buffer overnight at 4°C

to remove salt and small molecules. Protein concentra-

tion was determined using a 2D Quant kit (Amersham

Biosciences, Arlington Heights, IL) after tear protein

has been precipitated to remove urea and detergent.

Samples were then used either for an analytical com-

parison of differentially expressed proteins or for pre-

parative experiments for protein characterization as

outlined below.

Minimal CyDye Labeling for 2D DIGE

Control mouse tear proteins (50 �g) were labeled with

Cy3, whereas equal amounts of experimental tear pro-

teins were labeled with Cy5. Excess CyDye was

quenched with 10 mmol/L lysine before the labeled

proteins were reduced with dithiothreitol and carrier

ampholyte pH 3 to 10 (1% v/v) added. For matrix-

assisted laser desorption/ionization time-of-flight, unla-

beled pooled tear proteins were mixed with the labeled

proteins and processed as described below. Immobi-

lized pH 3 to 10 gradient (IPG) strips (Amersham Bio-

sciences, Inc.) were rehydrated with the Cy-Dye-la-

beled samples, according to the manufacturer’s

guidelines (Amersham Biosciences, Inc.). First-dimen-

sion isolectric focusing was performed using an IPG-

phor apparatus (Amersham Biosciences, Inc.). After

isolectric focusing, the protein in the IPG strips was

reduced with 100 mmol/L dithiothreitol and then alky-

lated with 2.5% iodoacetamide. The IPG strips were

mounted with 0.5% agarose solution onto an 8 to 16%

Tris glycine-sodium dodecyl sulfate polyacrylamide

gel, and protein spots were separated with running

buffer. Fluorescence images of both control and ex-

perimental protein maps were acquired with green

(532 nm) and red (633 nm) lasers. The difference in

protein expression between control and experimental

samples were analyzed with Nonlinear Dynamc’s

Phoretix 2D Evolution software (Durham, NC). Features

resulting from nonprotein sources (eg, dust particles

and scratches) were filtered out. The analyses calcu-

lated abundance differences between samples run on

the same gel, and proteins demonstrating a twofold or

more difference or proteins unique to one sample were

chosen for protein identification.

Table 1. Temporal Changes in Tear Volumes of NOD/LtJ, NOD.B10-H2b, and CD-1 Mice Compensated for Body Weight

Mouse strain
Age at first

collection (weeks) n
Tear volume

collected (mm)
Age at second

collection (weeks) n*
Tear volume

collected (mm)
Percent decrease in
original tear volume†

NOD/LtJ 4.0 8§ 1.60 � 0.10 40 4 0.70 � 0.18 56%; P � 0.01‡

NOD.B10-H2b 5.0 6 1.54 � 0.38 52 4 0.73 � 0.13 53%; P � 0.05
CD-1 4.5 8 1.17 � 0.09 35 7 1.12 � 0.07 4.3%; P � n.s.

*Diabetic NOD/LtJ mice were not included in the second collection.
†The reduction in tear volume between final and initial time points as a percentage of the initial volume.
‡P values determined by Student’s t-test.
§Animals not shown in final values had expired during the course of the experimental observation.
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Spot Excision

After imaging, each gel was counterstained with Coo-

massie Blue. Visible spots, and a control gel piece of

comparative size, were excised and stored in 25% meth-

anol for protein identification. Sodium dodecyl sulfate

was removed from the gel fragments by washing in ace-

tonitrile, and then samples were dehydrated with pure

acetonitrile. The supernatant was removed and rehy-

drated in a minimal volume of ammonium bicarbonate, a

process repeated until the gel was colorless. The remain-

ing gel piece was dried in a Speedvac and reduced by

rehydrating in dithiothreitol (45 mmol/L). Any supernatant

liquid was removed, and freshly prepared iodoacetamide

was added immediately to alkylate the proteins in the gel

piece. After several washes in a 1:1 mixture of acetoni-

trile/ammonium bicarbonate, each sample was dried and

subjected to trypsin digestion. The enzyme solution was

removed and replaced with the enzyme diluent overnight.

The supernatant was then removed and stored in a clean

tube and the reaction stopped by adding formic acid to a

final concentration of 5%.

Liquid Chromatography Tandem Mass

Spectrometry (LC/MS/MS-Protein

Characterization)

A capillary trap in combination with a MicroPro gradi-

ent solvent delivery system (Eldex, Napa, CA) was

used to concentrate and desalt the sample before

LC/MS/MS analysis. Gradient flow rates between 200

to 300 nl/minute were attained by splitting a flow of 5

�l/minute supplied by the high performance liquid

chromatography pump. After column equilibration in

3% solvent A (0.1% acetic acid in 95% water/5% ace-

tonitrile), the sample was injected. After isocratic sol-

vent delivery for 5 minutes, a linear gradient was per-

formed for 60 minutes to 30% solvent B (0.1% acetic

acid in 95% acetonitrile/5% water). Nanoflow electros-

pray ionization experiments were performed by inter-

facing a PicoView (New Objective, Woburn, MA) ion

source to a quadrupole ion trap instrument operated

with the Xcalibur (version 1.3) data system software.

Electrospray ionization spray voltage and capillary

temperature were maintained at 1.2 kV and 180°C,

respectively. Full-scan and product-ion mass spectra

were obtained using the data-dependent acquisition

feature in the Xcalibur software. Full-scan mass spec-

tra were acquired from m/z 400 to 1800 using the

automatic gain control mode of ion trapping (target ion

count of 5 � 107). Tryptic peptide ions that exceeded

the threshold level of 1 � 105 counts were subjected to

collision-induced dissociation at 2.0-u isolation width

and 1.75 V-activation amplitude with helium as target

gas.

Mass Spectral Data Analyses

The algorithm SEQUEST was used to facilitate analysis of

the Xcalibur data. Peptide spectra were compared

against entries in the IPI mouse v1.31 (Oct 2004) data-

base. Results from SEQUEST were considered signifi-

cant when the delta correlation value (�Cn) was equal to

or greater than 0.08 and when the cross-correlation

(Xcorr) between the observed mass spectrum and the

theoretical candidate mass spectrum was equal to or

greater than 1.8 for a peptide ion with a single positive

charge, 2.0 for a double positive charge, and 3.0 for an

ion with three positive charges.

Figure 1. Temporal changes in pilocarpine-stimulated tear volumes. Tears
were collected from the eyes of CD-1 (A), NOD/LtJ (both diabetic and
nondiabetic) (B), and NOD.B10-H2b (C) male mice at the ages indicated
using Zone-Quick Phenol Red Threads placed in the intercanthus of one
eye. The tear flow rates (black lines and left y axis values) were compen-
sated for body weights measured at each collection time point. Body
weights of the animals at each time point are shown (blue lines and right
y axis). The dotted lines represent the 95% confidence band of the
regression line generated from the tear flow rate and body weight data
shown. Results are the means � SEM (n � 3 to 8 mice per collection).
*P � 0.05, **P � 0.01, and ‡P � 0.001 compared with tear volumes
collected at 4 weeks of age. Statistically significant differences were
calculated using one-way analysis of variance and Tukey’s multiple com-
parison post hoc test.

Dacryoadenitis in NOD Mice with SjS 1227
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Statistical Analyses

Data are presented as the mean � SE of the means. Dif-

ferences between mean values for variables within individ-

ual experiments were compared statistically using the Stu-

dent’s t-test with Welch’s correction or by analysis of

variance and Tukey’s multiple comparison post hoc test (as

indicated in the text). P values were calculated by Graph-

Pad Prism (GraphPad Software, Inc., San Diego, CA), and P

values �0.05 were considered statistically significant.

Results

Development of Keratoconjunctivitis Sicca with

Temporal Loss of Tear Flow Rates

Previously, we and others have shown that NOD/LtJ

and NOD.B10-H2b mice exhibit a 30 to 40% loss of

lacrimal gland secretions between 8 and 24 weeks of

age that correlates with the development of dacryoad-

Figure 2. Cellular infiltration of leukocytic foci within the extra-orbital lacrimal glands of NOD/LtJ and NOD.B10-H2b male mice. Extra-orbital lacrimal glands
removed from groups of NOD/LtJ and NOD.B10-H2b mice ranging in age from 7 to 52 weeks were fixed in 10% formalin. Each gland was serially sectioned (5-�m
thickness) and histology performed on sections cut 50 �m apart. Each section was stained with Mayer’s H&E dye. Representative photomicrographs showing the
temporal increase in leukocyte infiltration of the lacrimal glands is presented. Lacrimal glands from CD-1 mice showed no infiltrates up to 37 weeks of age. Sections
were scored according to the grading system presented in Materials and Methods and presented in Table 2. Original magnifications, �200.

Table 2. Histopathological Analysis of Lymphocytic Infiltration in the Extra-Orbital Lacrimal Glands of Male NOD/LtJ
and NOD.B10-H2b Mice

Mouse strain Age (weeks) n
Number of foci

(per section of extra-orbital gland)*
Inflammatory

lesion (grade)†

NOD/LtJ 4 9 0‡ 0‡

6 and 7 10 6.2 � 1.4 (range, 0 to 12) 1.6 � 0.2
10 8 18.6 � 2.1 (range, 12 to 28) 2.1 � 0.1

12 and 14 7 15.1 � 2.8 (range, 7 to 26) 3.3 � 0.2
28 8 27.0 � 3.3 (range, 18 to 40) 4.0 � 0.0
33 3 18.0 � 2.6 (range, 14 to 23) 4.0 � 0.0
37 5 9.2 � 2.9 (range, 5 to 13) 3.8 � 0.3

NOD.B10 7 and 8 13 5.0 � 1.1 (range, 0 to 11) 1.5 � 0.2
23 14 11.0 � 1.6 (range, 4 to 26) 2.7 � 0.1
28 6 21.7 � 3.8 (range, 11 to 36) 3.0 � 0.0
52 8 29.5 � 3.2 (range, 19 to 48) 2.9 � 0.3

*Foci were considered as independent, noncontiguous areas of lymphocytic infiltration with �50 cells.
†Grading of inflammatory lesions was assessed by scoring the condition of each tissue section as a whole, then averaging those values over the

total number of tissue sections for the strain at each age.
‡Number of foci and grade of inflammatory lesion are expressed as mean � SEM.
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enitis.11 To better characterize this particular feature of

SjS-like disease in NOD/LtJ and NOD.B10-H2b mice,

tear secretions after stimulation with pilocarpine were

determined at various intervals starting from 4 to 5

weeks of age and continuing for almost 1 year. As

presented in Figure 1, B and C, stimulated tear vol-

Figure 3. Differential staining for T and B lymphocytes within the leukocytic foci of lacrimal glands from NOD/LtJ and NOD.B10-H2b male mice. Lacrimal glands
removed from groups of mice at the ages shown were fixed in 10% formalin. Each gland was serially sectioned (5-�m thickness) and histology performed on
sections cut 50 �m apart. Each section was stained with immunofluorescent antibodies for determining the distribution of B (anti-B220, red) and T cells (anti-CD3,
green) in lymphocytic foci. The sections were counterstained with DAPI (blue). Original magnifications, �200.

B C

D E F

Figure 4. Lack of leukocytic infiltrates within the ocular-associated exocrine glands of NOD/LtJ and NOD.B10-H2b male mice. The intraorbital lacrimal,
meibomian, and Hardarian glands were removed from groups of NOD/LtJ, NOD.B10-H2b, and CD-1 mice ranging in age up to 1 year, fixed in 10% formalin,
serially sectioned (5-�m thickness), and histology performed on sections stained with Mayer’s H&E dye. Although the intraorbital lacrimal glands of NOD/LtJ mice
showed an occasional, small leukocyte infiltration at 1 year of age (A), neither the meibomian (D, E, and F) nor the Hardarian (B and C) glands showed signs
of leukocytic infiltrations in any of the three strains tested. Original magnifications, �200.

Dacryoadenitis in NOD Mice with SjS 1229
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umes (standardized to the animals’ weights) between

the initial and final tear volume produced by the NOD/

LtJ and NOD.B10-H2b mice decreased to 56 and 53%,

respectively (Table 1). In contrast, throughout a similar

time frame, stimulated tear volumes remained fairly

constant in male CD-1 mice, a nonautoimmune line

used as a control for NOD mice (Figure 1A). Specific

data, presented in Figure 1 and Table 1, show two

interesting points. First, the weight-compensated tear

volumes for CD1 mice did not exhibit any statistically

significant differences with age, whereas the weight-

compensated tear volumes for both NOD/LtJ and

Figure 5. Changes in the proteome of lacrimal secretions from NOD/LtJ versus CD1 mice using 2D DIGE. Aliquots containing 50 �g of tear protein isolated from
pilocarpine-stimulated tear fluids collected from NOD/LtJ and CD1 and mice 21 weeks of age were labeled with Cy5 and Cy3, respectively, subjected to isoelectric
focusing followed by mass separation via sodium dodecyl sulfate-polyacrylamide gel electrophoresis. A: Computer generated image showing the fluorescently
labeled samples run in the 2D DIGE gel showing the Cy5-labeled NOD/LtJ tear proteins in red and the Cy3-labeled CD1 tear proteins in green and those common
to both in yellow. B: The gel in A was counterstained with Coomassie Blue, and dye spots were isolated and processed for tandem mass spectrometry. Peptide-ion
mass spectra were generated using electron spray ionization and the operating software Xcalibur and matched to IPI mouse database entries using the SEQUEST
search algorithm. Changes in protein levels were quantified and compared using Nonlinear Dynamc’s Phoretix 2D Evolution software. Numbers represent the
spots chosen for identification. The major proteins (ie, those identified by two or more peptide-ion mass spectra) identified from the 63 spots chosen are shown
in Table 4. C: Computer-generated scan of the gel in A highlighting in red the proteins unique to the CD1 tear sample. D: Computer-generated scan of the gel
in A highlighting in red the spots unique to the NOD/LtJ tear sample.

Table 3. Summary of Differentially Expressed Lacrimal Proteins in NOD/LtJ versus CD-1 Mice at Various Ages

Age at comparison
(weeks)

Total number of
proteins analyzed

Unique to
NOD/LtJ

Increased
in NOD/LtJ

Approximately
equally expressed

Increased
in CD-1

Unique
to CD-1

8 to 10 65 2 14 13 19 17
12 to 16 112 5 30 31 37 9
21 81 3 27 15 25 11

1230 Doyle et al
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Table 4. Major Proteins Identified by Tandem MS/MS from the Gel of Tear Proteins from Older CD1 and NOD Lt/J Mice
Shown in Figure 5

Spot no. Descriptive name Accession no. Mr (kd) Theor. Observ. PI Theor. Observ. Seq. cov. (%)

2 Lacrimal androgen-binding protein � IPI00466514 12.2 12 4.4 3.5 22.2

3 Similar to prostatic steroid-binding
protein C1 chain precursor

IPI00664264 12.0 12 6.5 5.2 45.4

4 Cystatin Ap5 precursor IPI00420893 20.6 16 7.7 7.2 31.8

18 Lactoperoxidase IPI00133770 80.9 69 7.2 5 11.5

19 Lactoperoxidase IPI00133770 80.8 69 7.2 5.1 2.7

Keratin, type I cytoskeletal 15 IPI00225378 49.5 69 4.9 5.1 3.5
20 Lactoperoxidase IPI00133770 80.8 69 7.2 5.2 3.2
21 Similar to triacylglycerol lipase, gastric

precursor
IPI00348851 91.2 35 7.0 4.9 5.7

22 Similar to triacylglycerol lipase, gastric
precursor

IPI00348851 91.2 35 7.0 4.75 5.7

25 Odorant binding protein 1a IPI00187557 18.5 16 5.7 5.65 23

26 Seminal vesicle autoantigen IPI00118165 16.0 12 6.5 5.6 42.4

27 Lacrimal androgen-binding protein � IPI00411016 12.9 11 5.9 5.65 53.5

29 Lacrimal androgen-binding protein � IPI00411016 12.9 11 5.9 5.5 24.6
30 Odorant binding protein 1a IPI00187557 18.5 15 5.7 5.1 42.3

31 Odorant binding protein 1a IPI00187557 18.5 15 5.7 5 27

32 Odorant binding protein 1a IPI00187557 18.5 23 5.7 5.35 27

Lipocalin 11 IPI00275210 19.4 23 5.7 5.35 32.9

33 Lipocalin 11 IPI00275210 19.4 20 5.7 5.35 25

35 Major urinary protein 4 IPI00115241 20.5 20 5.8 5.3 20.2

37 Odorant binding protein 1a IPI00187557 18.5 18 5.7 5.2 11
38 Major urinary protein 4 precursor IPI00115241 20.5 20 5.8 5.6 37.6

42 Lipocalin 11 IPI00275210 19.4 21 5.7 5.2 16.3

48 Prolactin-inducible protein homolog
precursor

IPI00113711 16.8 13 4.8 4.9 51.4

57 Deoxyribonuclease 1 precursor IPI00308684 32 25 4.9 4.75 12.3

58 Uncharacterized protein C6ORF58
homolog precursor

IPI00471102 38 32 4.4 4.2 10.7

59 Uncharacterized protein C6ORF58
homolog precursor

IPI00471102 38 32 4.4 4 8.6

Proteins shown here were identified by distinct peptide ion spectra representing two or more peptides representing that particular protein in the SEQUEST
algorithm results. Peptides were matched to entries in the IPI mouse v1.31 (October 2004) database. Proteins identified by one distinct peptide ion spectrum
are shown in Supplemental Table 1 (see http://ajp.amjpathol.org).

*Indicates a modified amino acid, whereas a period indicates that the amino acid residue prior to this one was not identified.
†The fold change of the ratio of the normalized volume of spots from NOD Lt/J and CD1. Negative values mean down-regulation in NOD Lt/J, and positive

values indicate up-regulation in the NOD Lt/J.
(table continues)
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Table 4. Continued

Peptides identified NOD/CD1† Function

R.NVYNFYNNGK.Y, K.YLSNIK.S, K.DISSPIIFK.I,
K.LASCPFNEQADQHKK.T, K.TNCFIEVYNEVSPNVK.L

NOD only Secretoglobin, function unknown as yet,45 in
the rodents may serve as a pheromone46

K.DLALFLLGSK.E, K.ESLEEDLK.T, K.ESLEEDLKTYNPPQEVIDAK.M,
K.TYNPPQEVIDAK.M, K.ECVDNISYADR.I, K.ILGECGVK.A,

�5.2 Peptide C1 forms part of the a-subunit of
prostate binding protein. Secretory
function in luminal prostate cells47

R.NVYNFYNNGK.Y, K.YLSNIK.S, K.DISSPIIFK.I,
K.LASCPFNEQADQHKK.T, K.TNCFIEVYNEVSPNVK.L

�9.0 Cysteine protease inhibitor48

R.HLSDYLK.H, R.EQINALTSFLDASLVYSPEPSLANR.L,
R.ASEQILLATSHTLFIR.E, R.ISNVFTFALR.F, K.DGGIDPLVR.G,
K.TLEELSAVM*K.N, K.TLEELSAVM*KNEVLAK.K

�33.6 Bacteriostatic against streptococci and
lactobacilli. No antibacterial effect on it s
own but has ability to oxidize SCN� in the
presence of H2O2

49

R.AFCGLSQPK.T, R.LVCDNTGIDK.V �32.8 Bacteriostatic against streptococci and
lactobacilli. No antibacterial effect on it s
own but has ability to oxidize SCN� in the
presence of H2O2

49

K.VTMQNLNDR.L, R.LASYLDK.V Intermediate filament protein
R.KNPALGSANR.A, R.DYLPILLGDEM*QK.W �32.6 Vide supra
K.LSILIAPIHTVK.Y, R.LPAYFTPTAFK.S CD1 only Digestion of triacylglycerols

R.LPAYFTPTAFK.S, R.EEVSEEILTILR.K CD1 only Digestion of triacylglycerols

K.TVAIAADRVDK.I, K.TVAIAADRVDKIER.G,
K.VTFYVNENGQCSLTTITGYLQEDGK.T

�3.32 Subclass of lipocalins. Reversibly bind
odorants and pheromones50,51

K.GKNEFTVTLQVK.N, K.VSTVMNPSIK.Y, K.VSTVM*NPSIK.Y,
K.YLSAHAIYTSCLCSANK.Y, K.SICPDDEKIFPVTSYVETATQK.I,
K.IFPVTSYVETATQK.I

2.52 Glycoprotein found in murine seminal
plasma, suppresses the motility of sperm.
In saliva plays a major role in host
defense by binding to microorganisms
such as Streptococcus52

R.IGLHTELAPFDPTVEEK.E, R.IGLHTELAPFDPTVEEKEAFEK.I,
K.IQDCYEEEGLKAK.T, K.TEDM*KLM*TTILFSSECR.S,
K.LM*TTILFSSECR.S, K.EVLKNILVK.F

�1.2

R.IGLHTELAPFDPTVEEK.E, K.IQDCYEEEGLK.A �1.3
K.TVAIAADR.V, K.TVAIAADRVDK.I,

K.VTFYVNENGQCSLTTITGYLQEDGK.T,
K.LVDESPENLTFYSENVDR.A, K.LLFILGHGPLTSEQK.E

�3.3 Vida supra

K.TVAIAADRVDKIER.G, R.YKLVDESPENLTFYSENVDR.A,
K.EKFAELAEEK.G

�2.8 Vida supra

K.TVAIAADRVDKIER.G, R.YKLVDESPENLTFYSENVDR.A,
K.EKFAELAEEK.G

NOD only Vida supra

R.SLIEEGGAYR.C, K.EFYIAEK.T, K.TDTPGQYTFEYQGR.N,
R.SLSTDELGWER.Y, R.GIAPENIVDLSLSR.R

Anti-microbial binds to microbial
siderophores53

R.SLIEEGGAYR.C, K.CVKEFYIAEK.T, K.EFYIAEK.T,
R.SLSTDELGWER.Y, R.GIAPENIVDLSLSR.R

3.2 Anti-microbial binds to microbial
siderophores53

K.TFQLM*ELYGR.K, R.KADLNSDIK.E, K.LCEEHGIIK.E,
K.ENIIDLTK.T

1.5 Carrier for volatile nonpolar pheromones54

Synthesis in larcimal gland is regulated
by testosterone55

K.FAELAEEK.G, R.EVLITDYCPE.- 1.4 Vide supra
R.VFVEHIHVLENSLAFK.F, K.FHTVIDGECSEIFLVADK.T,

K.AGEYSVM*YDGFNTFTILK.T, K.TDYDNYIM*FHLINEK.D
2.5 Vide supra

K.TDTPGQYTFEYQGR.N, R.RGIAPENIVDLSLSR.R,
R.GIAPENIVDLSLSR.R

NOD only Vida supra

K.AYLVSNEPM*EGAFNYVQTR.C, R.CLCNDHPIR.F, R.FFWDIIITR.T,
R.TVTFATVIDIVR.E, R.EKNICPNDM*AVVPITANR.Y,
K.NICPNDM*AVVPITANR.Y, R.YYTYNTVR.M

11.3 Aspartyl proteinase. Acinar protein,
synthesis in male lacrimal gland regulated
by testosterone.56 Binds oral and nonoral
bacteria. PIP is an aspartyl proteinase
and it acts as a factor capable of
suppressing T-cell apoptosis through its
interaction with CD4.52

R.IAAFNIR.T, R.YDIAVIQEVR.D, R.DSHLVAVGK.L, R.YVVSEPLGR.K 4.7 Catalyzes the hydrolytic cleavage of
phosphodiester linkages in the DNA
backbone

R.ILLEETAM*YFAK.Y, R.YNFYSEK.E, R.NSGSLSLTLWENLM*STK.L NOD only Unknown

R.ILLEETAM*YFAK.Y, R.YNFYSEK.E, K.AFEEFLATSS.- NOD only Unknown
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NOD.B10-H2b mice showed statistically significant de-

creases with age (P � 0.01 and P � 0.05, respec-

tively). Second, despite progression of disease in the

NOD/LtJ and NOD.B10-H2b mice, both strains retained

measurable lacrimal gland function throughout the ob-

served time frame. Both the NOD/LtJ and the NOD.B10

mice showed an early statistically significant (using

Student’s t-test) decrease in tear volumes: 4-week-old

(1.60 � 0.10 �l/g) versus 8-week-old (1.10 � 0.13 �l/g)

NOD/LtJ mice (P � 0.05) and 5-week-old (1.54 � 0.38

�l/g) versus 13-week-old (1.02 � 0.09 �l/g) NOD.B10-

H2b mice (P � 0.05).

Histopathological Analysis of the

Ocular-Associated Exocrine Gland System

Leukocyte infiltration of the submandibular gland is a

critical criterion for identification of the autoimmune

phase of SjS in both human and animal models. Although

the absolute number of lymphocytic foci present in the

salivary and/or lacrimal glands often does not correlate

directly with disease or its severity, NOD-derived mouse

strains exhibiting SjS-like disease typically have leuko-

cytic infiltrates in their lacrimal glands.22 To define

temporal changes in leukocyte infiltration within the

ocular-associated exocrine glands of NOD/LtJ and

NOD.B10-H2b mice, the extra- and intraorbital lacrimal

glands, the meibomian glands, and the Hardarian glands

were freshly excised from male mice euthanized at vari-

ous ages between 4 and 36 weeks, fixed in formalin,

embedded in paraffin, sectioned, and stained with H&E.

Histological examinations of the extraorbital lacrimal

glands revealed that multiple foci of leukocytic infiltrates

were easily detected as early as 7 weeks of age in

NOD/LtJ and NOD.B10-H2b mice. The infiltrates contin-

ued to increase in number and size with time (Figure 2

and Table 2). However, the infiltrates eventually began to

coalesce as the disease became more severe leading to

a decrease in the overall number, which is noticeable in

the NOD/LtJ. Thus, the decline in tear production seems to

occur concomitantly with the appearance of infiltrates within

the lacrimal glands of NOD/LtJ and NOD.B10-H2b mice.

Nevertheless, large numbers of exocrine cells persisted

within these glands until the end of the study at �1 year. As

expected, no leukocytic infiltrations were observed in the

extraorbital lacrimal glands of CD1 mice up to 40 weeks of

age. A quantitative comparison of the number and grading

of lymphocytic foci in NOD/LtJ and NOD.B10-H2b mice

throughout time is presented in Table 2.

Immunohistochemical staining revealed that the leuko-

cytic foci present in the lacrimal glands of NOD/LtJ and

NOD.B10-H2b mice were comprised of distinct regions of

CD3	 T cells and B220	 B cells localized in well-defined

foci (Figure 3). Interestingly, the leukocytic foci observed

in the lacrimal glands of young NOD/LtJ and NOD.B10-

H2b mice are comprised mostly of T cells surrounded by

B cells. Throughout time T cells became less numerous

and more scattered in the multilobular lesions whereas

B-cell frequencies remained strong.

H&E staining of the Hardarian, meibomian, and intraor-

bital lacrimal glands of NOD/LtJ and NOD.B10-H2b mice

also revealed differences when compared with the glands

of CD-1 mice (Figure 4). Again, leukocytic infiltrates were

clearly present within the intraorbital lacrimal glands of

NOD/LtJ and NOD.B10-H2b mice, whereas only an occa-

sional infiltrate could be found within the intraorbital lacrimal

glands of CD1 mice. No infiltrates were present in the Har-

darian glands. In contrast, small leukocyte aggregates were

observed occasionally in meibomian glands of NOD/LtJ

and NOD.B10-H2b mice (Figure 4).

Profiling Temporal Changes in Tear Proteins

Using 2-D DIGE and Tandem Mass

Spectrometry

To determine whether any temporal changes in the gen-

eral protein composition of tears occur with development

of SjS-like disease, tear protein profiles were studied with

tear fluids collected from either CD1 or NOD/LtJ mice of

various ages after stimulations with pilocarpine. For this

analysis, individual tear samples collected from mice

within each experimental group were pooled to minimize

individual mouse variability. An example of a protein pro-

file for tears from 21-week-old CD1 and NOD/LtJ mice

after separation by 2D DIGE is presented in Figure 5A

showing the false-color image of the differently labeled

samples. Figure 5, C and D, shows the overlay that

reveals differential quantities of individual protein spots.

This analysis was also performed on tears from 8- to

10-week-old and 12- to 16-week-old mice representing

onset and development of SjS stages in the NOD mouse

model. The temporal changes observed in the number of

spots between NOD/LtJ and CD1 mice with respect to

both age and onset of SjS-like disease in NOD/LtJ mice

are summarized in Table 3. Distinct differences in spot

distribution at each time point examined during develop-

ment of SjS-like disease proved unique, suggesting (but

not proving) that the progression of the disease involves

different physiological entities that could translate to spe-

cific markers of disease development. To determine pro-

teins that were being differentially expressed in the dis-

ease state, equal quantities of tear proteins from the

21-week-old CD1 and NOD/LtJ mice were labeled with

Cy3 and Cy5, respectively. The two labeled samples

were mixed, and additional amounts of unlabeled CD1

and NOD/LtJ tear protein were added to ensure sufficient

material for biomarker identification of individual spots by

Coomassie Blue staining and mass spectroscopy identi-

fication (Figure 5B). Of a total of 180 spots, 63 spots from

the gel representing the mice of the older mice were

picked for identification by tandem mass spectrometry.

Of these, 23 were positively identified by the presence of

two or more peptides representing that particular protein

(listed in Table 4). The peptide ion mass spectra used to

obtain the data in Table 4 had Xcorr values in the range

of 1.8 to 5.2 with a �Cn span in the range of 0.08 to 0.64.

There were several proteins identified on the basis of one

peptide spectrum, and these are shown in Supplemental

Table 1 (see http://ajp.amjpathol.org). Prominent among
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those proteins identified are the secretoglobins, pro-

teases, and many lipid-binding anti-bacterial proteins.

Specifically, we observed increases in lipocalin 11, pro-

lactin-inducible protein, seminal vesicle autoantigen,

odorant-binding protein 1a, and decreases in cystatin

Ap5 and lactoperoxidase in the disease relative to control

state. There was an apparent modification in the expres-

sion and/or posttranslational modifications of lacrimal an-

drogen-binding proteins in the NOD/LtJ tears and a com-

plete lack of the acinar protein triglycerol lipase gastric

precursor, which was only found in the tear proteome of

the CD1 strain. There was also an increase in deoxyribo-

nuclease in the NOD/LtJ strain, mostly likely attributable

to acinar cell destruction and apoptosis.35 As is common

in 2D DIGE analysis, some spots did not purely represent

a single protein, and there were several instances of

co-migration. In particular, both odorant-binding protein

1a and lipocalin were identified in spot 32. Many of the

minor proteins of lower molecular weight were seen to

cluster around spot 30 (Supplemental Table 1; see http://

ajp.amjpathol.org). The problem of co-migration con-

founds the ability to specifically define differences in

expression of these proteins between control and dis-

ease state; however, they offer interesting possibilities to

explore as potential biomarkers.

Discussion

In the present study, we have attempted to correlate

three parameters that when taken together should pro-

vide a comprehensive picture of autoimmune xerophthal-

mia in the NOD mouse model of SjS in humans. These

three parameters are i) the temporal and progressive loss

of stimulated tear flow rates observed in both NOD/LtJ

and NOD.B10-H2b mice; ii) the appearance and expan-

sion of leukocytic infiltrations of the lacrimal glands (as

well as other ocular-associated secretory organs); and iii)

the temporal changes in the protein composition of tears.

Using the nonautoimmune strain CD1 as a control, we

have been able to make both inter- and intragroup com-

parisons. Results clearly suggest a direct correlation be-

tween these three parameters and that the development

and onset of disease is a progressive phenomenon mea-

surable by distinct physiological changes. With this in

mind then, there exists multiple opportunities to develop

profiles of SjS at various stages of development, one of

the long-range goals of this field.

Diagnosis of SjS according to the recently revised

criteria36 includes histopathological analysis of infiltrating

lymphocytes in a labial gland lip biopsy sample.2,4 Lac-

rimal gland biopsies are approved according to the Jap-

anese criteria for diagnosis of Sjögren’s syndrome.37 In-

filtrates appear as periductal foci within the glandular

architecture of the lacrimal and salivary glands.38 Al-

though it has long been accepted that the lymphocytes

infiltrating the lacrimal and salivary tissues are predomi-

nantly CD4	 T cells with a smaller B and CD8	 T-cell

component, more recent data suggest a major infiltration

of B cells during the early development of the disease, a

fact reinforced in the present studies. Histologically, the

lymphocytic infiltrations (or foci) that appear in the lacri-

mal glands show by immunofluorescent staining that,

throughout time, the lesion evolves from a B-cell-cen-

tered focus surrounded by T cells at 12 to 16 weeks of

age to a predominantly B-cell focus at 33 weeks of age.

Most often, though, keratoconjunctivitis sicca (dry

eyes) is assessed by specific tests for changes in lacri-

mal flow rates and biochemical changes in protein com-

position. Analyses of these two items in the present study

revealed that, as tear production decreased in the NOD/

LtJ and NOD.B10-H2b mice, major changes occurred in

the tear protein composition reflecting lacrimal gland

dysfunction. Our results showing the increase in major

protein components are in agreement with previously

published data showing increases in lipocalin and ly-

sozyme in dry eye patients.39 Likewise, we observed

increases in the amounts of lipid-binding anti-bacterial

proteins in NOD/LtJ lacrimal secretions. Lipocalin 11,

seminal vesicle autoantigen, and prolactin-inducible pro-

tein have been shown to bind to and inactivate bacteria.

Similarly, there are decreases in cellular products of the

acinar tissue, in particular prostatic steroid-binding pro-

tein, lactoperoxidase, the odorant-binding proteins, triac-

ylglycerol lipase, and cystatin Ap5. An increase in the

amount of deoxyribonuclease in the disease state could

be associated with the acinar cell destruction observed in

the histological analysis.

Markusse and colleagues40 have shown that tear fluid

levels of lactoferrin and �-1-antitypsin were increased

whereas those of peroxidase, lysozyme, and amylase were

decreased in primary SjS patients relative to non-SjS pa-

tients. Similarly, Ohashi et al41 found higher levels of lacto-

ferrin with lower levels of epidermal growth factor and aqua-

porin 5 correlated with severity of dry eye disease in SjS

patients as measured by either the Schirmer or Rose Ben-

gal tests. Tomosugi and colleagues42 identified 10 specific

proteins that exhibited altered expression levels in primary

SjS patients relative to healthy age- and gender-matched

volunteers. Of these 10 proteins, lysozyme and albumin

were down-regulated. Despite the consistent observation

that lactoferrin is increased in tear fluids of SjS patients, it is

not likely to be used as a specific disease marker because

significant increases in saliva levels are also seen in pa-

tients with type-2 diabetes43 and non-SjS dry-eye disease.

In studying disease progression, a more promising ap-

proach might be the examination of overall profiles in which

predictable patterns or changes in patterns are associated

with various disease stages.44 In the present study, 2D-

DIGE analyses combined with mass spectrometry determi-

nation of proteins present in lacrimal secretions from NOD/

LtJ mice in advanced stage of the disease clearly show a

distinct protein profile when compared with CD1 controls.

This observation is consistent with human SjS disease and

substantiates the advantages in examining lacrimal as well

as salivary secretions for potential SjS biomarkers in the

human condition.

Last, the significant decreases in tear secretions ob-

served in the NOD/LtJ mice between 4 and 8 weeks of age

coincide with the appearance of infiltrates observed in the

lacrimal glands as early as 6 to 7 weeks of age. In conclu-

sion, direct correlations exist between i) loss of secretory
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function, ii) increased severity of leukocytic infiltrations, and

iii) the temporal changes in tear protein profiles observed for

the NOD/LtJ. Because significant changes in the quantities

and posttranslational modifications occur in major tear pro-

teins, a substantial number of lower molecular weight pro-

teins needs to be explored further as potential markers of

disease progression. Thus, it is apparent that more direct

quantitative mass spectrometry is required to eliminate the

complication of co-migration and thus to allow clear defini-

tion of differences in protein expression between SjS pa-

tients and control patients. The possibility of identifying can-

didate markers in lacrimal secretions, for early diagnosis of

SjS, would prove useful in establishing risk factors and

diagnostic tools for following development and onset of

disease within at-risk populations.
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