
sPLA2-IIa Amplifies Ocular Surface Inflammation in the
Experimental Dry Eye (DE) BALB/c Mouse Model

Yi Wei,1 Seth P. Epstein,1 Shima Fukuoka,1 Neil P. Birmingham,2 Xiu-Min Li,2

and Penny A. Asbell1

PURPOSE. sPLA2-IIa is a biomarker for many inflammatory dis-
eases in humans and is found at high levels in human tears.
However, its role in ocular surface inflammation remains un-
clear. An experimentally induced BALB/c mouse dry eye (DE)
model was used to elucidate the role of sPLA2-IIa in ocular
surface inflammation.

METHODS. BALB/c mice were subcutaneously injected with
scopolamine and placed in a daytime air-drying device for 5 to
10 days. Control mice received no treatment. DE status was
evaluated with tear production with a phenol-red thread
method. Tear inflammatory cytokines were quantified by mul-
tiplex immunoassays. Ocular surface inflammation and sPLA2-
IIa expression were examined by immune-staining and quanti-
tative (q)RT2-PCR. Conjunctiva (CNJ) of the mice was cultured
for prostaglandin E2 production induced by sPLA2-IIa with
various amount of sPLA2-IIa inhibitor, S-3319.

RESULTS. Treated mice produced fewer tears and heavier cor-
neal (CN) fluorescein staining than the untreated controls (P �
0.001). They also revealed lower goblet cell density (P �
0.001) with greater inflammatory cell infiltration within the
conjunctiva, and higher concentration of tear inflammatory
cytokines than the controls. Moreover, treated mice showed
heavier sPLA2-IIa immune staining than the controls in the CNJ
epithelium, but not in the CN epithelium or the lacrimal gland.
Treated mice exhibited upregulated sPLA2-IIa and cytokine
gene transcription. Furthermore, CNJ cultures treated with
sPLA2-IIa inhibitor showed significantly reduced sPLA2-IIa-in-
duced inflammation.

CONCLUSIONS. This is the first report regarding sPLA2-IIa in the
regulation of ocular surface inflammation. The findings may
therefore lead to new therapeutic strategies for ocular surface
inflammation, such as DE disease. (Invest Ophthalmol Vis Sci.
2011;52:4780–4788) DOI:10.1167/iovs.10-6350

Phospholipase A2 (PLA2) is a superfamily of enzymes that
hydrolyze glycerophospholipids through the “sn-2” posi-

tion to produce lysophospholipids and free fatty acids (FFAs).
The FFAs produced include arachidonic acid, which is the
precursor of well-known inflammatory mediators, such as

PGE2, leukotrienes, and eicosaniods.1 At least five types of
PLA2 have been reported in humans and rodents according to
their functional locations or calcium requirements: secretory
PLA2 (sPLA2), cytosolic PLA2 (cPLA2), calcium-independent
PLA2 (iPLA2), platelet-activating factor acetylhydrolase (PAF-
AH), and lysosomal PLA2 (LPLA2).2,3 A new type of PLA2, a
calcium-dependent adipose-specific PLA2 (AdPLA2), was re-
cently added to the list as a major regulator of adipocyte
lipolysis crucial in the development of obesity.4

Humans and rodents share at least 10 isoforms of sPLA2.5 Of
these, the human group IIc isoform (sPLA2-IIc) is a nonfunc-
tional pseudogene.2 At least three isoforms, sPLA2-IIa, sPLA2-V,
and sPLA2-X, have been shown to be associated with human
inflammatory diseases such as atherosclerosis and rheumatoid
arthritis.6–8 Group IIa sPLA2 (sPLA2-IIa) is the prototype of the
sPLA2 family and one of the most intensely studied isoforms.
The association of elevated sPLA2-IIa levels with the inflamma-
tory process has been shown in a number of human diseases,
including rheumatoid arthritis,6 atherosclerosis,9 inflammatory
bowel disease,10 septic shock,11 and asthma.12 For example,
both the concentration and activity of sPLA2-IIa were shown to
be increased in the synovial fluid of rheumatoid arthritis pa-
tients. A recent study of sPLA2s13 using BALB/c and C57BL/6
transgenic mice confirmed the contributions of human sPLA2-
IIa to the severity of arthritis in a K/BxN serum-transferring
mouse model. The same study also revealed a novel anti-
inflammatory role of sPLA2-V, a closely related isoform to
sPLA2-IIa, in the pathogenesis of the arthritis model. Systematic
studies on the expression and distribution of sPLA2 isoforms,
especially for groups IIa, IIe, and X, revealed an important role
of sPLA2-IIa in oligodendrocyte death in the central nervous
system compromised by H2O2, IL-1�, and TNF-�.14 sPLA2-IIa is
therefore considered one of the most important biomarkers for
these inflammatory diseases. Furthermore, the noncatalytic
functions of sPLA2-IIa were shown to be important in inflam-
mation and cancer cell signaling.15–18

It has been reported that the level of sPLA2-IIa in normal
human tears is at least 10,000 times higher than that in normal
human serum.19 sPLA2-IIa is considered a major component of
the eye’s innate immune defense system against Gram-positive
bacteria.20 The human sPLA2-IIa gene (PLA2G2A) was shown
to be expressed approximately 6500 times more in human
conjunctiva (CNJ) compared with the human cornea (CN),
representing the greatest difference in gene expression be-
tween the CNJ and CN.21 It was documented that both the
concentration and enzymatic activity of sPLA2-IIa were ele-
vated twofold in the tears of dry eye (DE) disease patients
when compared to the tears of age-matched normal con-
trols.19,22 Furthermore, sPLA2-IIa stimulated PGE2 production
in a proinflammatory cytokine-dependent manner in human
CNJ epithelial cell line cultures and mouse CNJ organ cul-
tures,22 indicating a role of sPLA2-IIa as an inflammatory me-
diator on the compromised ocular surface. However, the mo-
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lecular mechanism of sPLA2-IIa with respect to ocular surface
inflammation, beyond its bactericidal effect, remains unclear.

DE disease is suggested as an inflammation of the ocular
surface, and it affects the quality of daily life of millions of
people.23 It more commonly affects women, especially in the
aged population. Studies have demonstrated that chronic DE
diseases often involve comprehensive interactions among im-
mune cells such as T lymphocytes, dendritic cells, macro-
phages, and epithelia that cause the release of various types of
cytokines, chemokines, and matrix metalloproteinases.24–29

Several mouse DE models have been established using C57BL/6
and BALB/c mice to study these immune interactions. DE is
induced in these mice by either subcutaneous (SC) scopol-
amine injection, air ventilation, or both.30–32 In this study, we
used DE disease as an ocular surface inflammatory disease
model and adopted the scopolamine-air ventilation DE device
to induce DE in mice. Due to the lack of a functional sPLA2-IIa
gene in C57BL/6 (pla2g2a�),2 we chose BALB/c mice, which
have a functional sPLA2-IIa gene, for our mouse work on
sPLA2-IIa. This article shows that the tear secretion deficiency
in the experimental DE BALB/c mice, induced by the scopol-
amine-air ventilation method, is accompanied by elevated
sPLA2-IIa levels and ocular surface inflammation. We further
demonstrate, by using a specific sPLA2-IIa inhibitor (S-3319),
that sPLA2-IIa plays an important role in amplifying ocular
surface inflammation.

MATERIALS AND METHODS

Mouse DE Model

The protocol for the mouse DE model was approved by the Institu-
tional Animal Care and Use Committee of Mount Sinai School of
Medicine, complying with the standards in the Association for Re-
search in Vision and Ophthalmology Statement for the Use of Animal in
Ophthalmic and Vision Research. The published C57BL/6 mouse DE
models (scopolamine injection-ventilation fan system) were adopted
for in-house BALB/c mice experiments.30,31,33–36 Mice were assayed in
four independent experiments using at least 20 BALB/c mice each
(6–8 weeks old). In each experiment, half of the mice (equally split
into two groups) were injected SC with 200 �L of 2.5 mg/mL scopol-
amine 4 times a day (9 AM, 12 PM, 3 PM, and 6 PM) from day 1 to day
10. The injected mice were placed in a specially designed mouse cage
with a fan and placed under a negatively circulated air hood to remove
humidity during the day. The other half of the mice in each experiment
(also split equally into two groups) served as controls; they did not
receive scopolamine injection and were kept under normal environ-
mental conditions. Per mouse, one eye was used for histologic analyses
and the other eye was used for qRT2-PCR.

Tear Thread

At days “0–1,” “5,” and “10” posttreatment initiation, tear production
in both eyes of each mouse was measured using phenol-red cotton
thread (Zone-Quick; Lacrimedics, Eastsound, WA). The thread was
held with a pair of forceps and placed in the lateral canthus of the CNJ
fornix for 30 seconds, and the length of the wetted cotton thread was
recorded. Pooled threads from each experimental group or two eyes of
each mouse were stored immediately at �80°C for later use in cytokine
assay. Immediately before initiating the cytokine assay, the pooled
threads were incubated with 60 �L of the assay buffer at room tem-
perature for 1 hour and spun down twice at 10,000 rpm for 10 minutes
at 4°C. This clarified liquid was then used for the assay.

CN Staining

CN fluorescein staining was performed and recorded by an experi-
enced ophthalmologist using standard procedures. In brief, 1 �L of 5%
sodium fluorescein solution in PBS was instilled into the inferior CNJ

sac of each eye for 5 minutes. The CN staining was then recorded by
a digital camera using slit-lamp microscopy in cobalt blue light, and
corneal keratopathy was scored with a standard (National Eye Insti-
tute) grading system37–40that adds up a 0–3 score from each of the five
divided areas in corneas.

Immunoassays of Tear Cytokines

Tear cytokines were measured using pooled tear thread32 with a mouse
cytokine/chemokine kit from Millipore (MultiPlex, MPXMCYTO-70K; Mil-
lipore Corp., St. Charles, MO) on a system (Luminex 100; Bio-Rad Labo-
ratories, Hercules, CA) according to the manufacturer’s instructions.
Standard curves were generated by using the reference cytokine con-
centrations supplied by the manufacturer. Raw data (mean fluorescent
intensity) were analyzed by commercially available software (Bio-Plex
Manager Software; Bio-Rad Laboratories) and converted into concen-
tration values.

Hematoxylin-Eosin and Periodic Acid Schiff Stain

The superior CNJ of euthanatized mice was marked with black ink to
reference of orientation. The entire eyeball, including the eyelids, was
surgically enucleated, fixed in PBS-buffered 10% formalin at 4°C over-
night, and embedded in paraffin. A 6 �m-thick cross section through
the central vertical plane was stained with hematoxylin-eosin and
periodic acid-Schiff reagent according to standard protocols. The mor-
phology of the CNJ and CN epithelium was assessed under a bright-
field microscope (Zeiss Axioplan 2IE; Carl Zeiss, Thornwood, NY, in
Mount Sinai School of Medicine Shared Resource Facilities), by two
independent unbiased observers and recorded by digital camera. Gob-
let cells and infiltrated inflammatory cells in the superior and inferior
bulbar and tarsal CNJ were counted by an unbiased observer using
commercially available software (Photoshop CS4; Adobe Systems, Inc.,
San Jose, CA; and ImageJ, http://rsbweb.nih.gov/ij/docs/index.html).
At least three different sections of each specimen were counted; the
averages and standard deviations of the three were then used for
analysis.

Immunofluorescence Staining

The entire eyeball from BALB/c or C57BL/6 mice, including the eyelids,
was surgically enucleated, immediately embedded in optimal cutting
temperature compound, flash-frozen in liquid nitrogen, and stored at
�80°C. The cryosections (6 �m thick) were mounted on slides (Color
Frost/Plus, no. 12-550-18; Fisher Scientific, Suwanee, GA), air dried for
1 hour, fixed by 100% acetone, and blocked with PBS-10% normal
donkey serum (no. 000-001, Jackson ImmunoResearch Laboratories).
The slides were then stained with polyclonal goat anti-mouse sPLA2-IIa
IgG (no. sc-I4472; Santa Cruz Biotechnology, Santa Cruz, CA), followed
by polyclonal donkey anti-goat IgG (Alexa Fluor-488 or Alexa Fluor-
594–labeled, nos. A11055, A11058; Jackson ImmunoResearch Labora-
tories, Invitrogen CO, Grand Island, NY) and 4�-6-diamidino-2-phenylin-
dole. Fluorescent signals were visualized on a fluorescence microscope
(Zeiss Axioplan 2IE; Carl Zeiss, in Mount Sinai School of Medicine
Shared Resource Facilities). Digital photos were taken to cover the
entire CNJ region of each eye sample. The sPLA2-IIa� cells were then
counted using commercially available software (Photoshop CS4,
Adobe Systems, Inc.; and ImageJ, http://rsbweb.nih.gov/ij/docs/index.
html) by an unbiased observer.

Quantitative Real-Time RT-PCR (qRT2-PCR)

The CNJ tissues of euthanatized mice were removed under a dissecting
microscope while the CN epithelial cells were obtained by scratching
with a razor blade. Both tissues were immediately placed into tubes
containing Trizol reagent; RNA was isolated using the Trizol method,
followed by DNA digestion, RNA purification, cDNA synthesis, and
quantitative real-time RT-PCR (qRT2-PCR). A set of established primers
from QIAGEN (Valencia, CA) was used for qRT2-PCR: sPLA2-IIa
(QT00109977), IFN-� (QT01038821), IL-6 (QT00098875), IL-17A
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(QT00103278), IL-17F (QT00144347), and IL-1� (QT01048355). Glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) (QT01658692) was
used as a control for normalization.

CNJ Organ Cultures and PGE2 Production

The CNJ organs of euthanatized mice were surgically removed, washed
with ice-cold PBS, and seeded into a 96-well plate containing 200 �L of
Shem’s medium supplemented with 5% fetal bovine serum. After one
hour preincubation in 95% air and 5% CO2 at 37°C, the CNJ organs
were treated for 12 hours with fresh Shem’s medium containing either
25 �g/mL of human recombinant sPLA2-IIa (no. 5374-PL), 10 ng/mL of
TNF-� (no. 210-TA), and 10 ng/mL of IL-1� (no. 201-LB) or sPLA2-IIa
and TNF-� or sPLA2-IIa and IL-1�. All reagents are from R&D Systems
(Minneapolis, MN). After treatment, the medium was analyzed for
PGE2 production according to the manufacturer’s instructions (EIA,
no. 514,010; Cayman Chemical, Ann Arbor, MI).

Statistical Analysis

A sample size of 20 eyes was calculated to have approximately a 92%
power of detecting between treated and untreated groups via a
POWER analysis data simulation. Data were first averaged between
samples within an experiment and then between experiments, and
results were presented as the mean � SD. These parametric data were
analyzed for statistical differences, using the mean � SD for each of the
various groups in computer generated two-tailed bivariant Student’s
t-tests (NCSS; NCSS Inc., Kaysville, UT; SPSS; SPSS Inc., Chicago, IL), as
well as a one-way analysis of variance (ANOVA: NCSS, SPSS). Two-tailed
significance was established at a confidence level of 0.05 � P � 0.95.

RESULTS

The Ocular Surface of Scopolamine-Treated Mice
Was Dried, Damaged, and Inflamed

Scopolamine injection with air ventilation has been shown
to be an effective method to induce DE disease in mice.41,42

To study the role of sPLA2-IIa in DE pathogenesis, we first

adopted the published methods and induced DE disease in
BALB/c mice. As shown in Figure 1, the basal level of tear
production for each group was measured with the phenol-
red thread test. At day “0” (before treatment began), no
differences were found among groups with respect to tear
production. After 5 days of scopolamine-air ventilation treat-
ment, the treated mice showed significant reduction (P �
0.001) in tear production compared with that of the un-
treated control mice. This trend of reduction in tear produc-
tion continued over the 10-day treatment period (Fig. 1),
suggesting that the ocular surface was dried as intended.

To determine whether or not these dried ocular surfaces
caused any damage to the ocular surface, the surface integ-
rity of the CN was examined by experienced ophthalmolo-
gists using the CN fluorescein staining method. As shown
in Figure 2A, the CN surface of DE mice showed significant
dense fluorescein staining with the typical superficially punc-
tuated pattern (Fig. 2A, right panel), indicating damage of the
dried CN surface; the CN surface of control mice (Fig. 2A, left
panel) appeared clear with no to minimal staining. The corneal
keratopathy scores of DE mice were then recorded and shown
to be significantly higher than those of the control mice (P �
0.002 for the right eyes, and P � 0.001 for the left). The scores
of both eyes from each animal showed no differences (Fig. 2B).

Since the loss of CNJ goblet cells is a widely acknowl-
edged character of DE disease in both humans and
mice,35,37,43 the goblet cell densities were examined at the
superior and inferior bulbar and tarsal CNJ areas. Examina-
tion was performed on paraffin-embedded mice eye slides
stained with PAS-H&E. Compared to the control mice, the
DE mice had significantly reduced the numbers of goblet
cells, as indicated by the dark triangles (Fig. 2C) and the bar
graph (Fig. 2D). An increase in inflammatory cell infiltration
was also observed, as indicated by the red arrows (Fig. 2C)
and further confirmed in Figures 2E and 2F. These findings
are consistent with those of other researches,31,44 implying
the presence of an inflammatory reaction.

To evaluate the level of ocular surface inflammation in
the DE mice, the concentration of inflammatory cytokines in
DE mouse tear thread samples was analyzed and compared
to that of the control mice (10-Plex Luminex kit). As shown
in Table 1, all the tested inflammatory cytokine levels were
found significantly elevated in DE mice after 5 days of desic-
cating treatment, when compared to that of the untreated
controls, which showed similar results between day 1 and day
6. Results from Table 1 also imply a mixed immune response to
the desiccation stress, involving elevations in Th1-, Th2-, and
Th17-related cytokines, with greater elevations in Th1-related
(such as IFN-�, TNF-�, IL-12, average elevation: 4.89 � 0.38-
fold) and Th17-related (such as IL-6 and IL-17; average eleva-
tion, 5.14 � 0.21-fold) cytokines, and lower elevations in Th2-
related (such as IL-4, IL-5, and IL-13; average elevation,
4.72 � 0.10-fold) cytokines. The differences of Th2 to Th1 or
Th2 to Th17 cytokine upregulations in our BALB/c DE mice
appear to be smaller than those previous published data using
C57BL/6 mice; they may reflect the finding that BALB/c mice
are more prone to Th2-like immune responses.32,37 Neverthe-
less, our results are consistent with the trend that DE elicits a
mixed T-helper cell-related immune response45,46 and that
Th17 cells are the dominant pathogenic effectors in DE dis-
ease.27,42,46 Based on these results, a selected panel of cyto-
kines with a fivefold increase in tears, IFN-�, IL-6, IL-17A (or
IL-17), IL-17F, and IL-1�, were assayed for levels of gene tran-
scription as measured by qRT2-PCR. This was confirmed to be
the result of increased cytokine gene transcription using RNA
samples from the CNJ, CN, and lacrimal glands (LG) of DE
mice, compared with control mice (Fig. 3), suggesting that the
ocular surface of the DE mice was inflamed.

FIGURE 1. Tear production measurement with phenol-red cotton
thread method. Equal numbers of BALB/c mice (6–8 weeks) were
injected with 1 mg of scopolamine per day (0.25 mg in 200 �L of
sterilized distilled water for 4 times per day, in 3-hour intervals) and
placed in a daytime air-drying device for 5–10 days. Control mice
received no treatment. Tear thread wetting length was measured for
both eyes of each mouse at days “0,” “5,” and “10.” Student’s t-test was
used for statistical analysis. Data are the mean � SD from four inde-
pendent experiments. A total of 65 mice were used.
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The Ocular Surface of Treated Mice Had Higher
Expression of sPLA2-IIa

sPLA2-IIa has been shown to be associated with many human
inflammatory diseases, including DE disease,22 yet no studies
have been attempted to associate sPLA2-IIa with DE disease

in mice. Therefore, the changes of sPLA2-IIa expression in
the scopolamine-treated mice versus the untreated controls
were examined, using immunofluorescence analyses with
sPLA2-IIa-specific antibody for primary staining and two-color
FITC-labeled antibodies for secondary staining. As shown in

FIGURE 2. The pathologic changes of mouse eyes. (A) Corneal (CN) fluorescein staining of control (left) or scopolamine-treated DE (right)
mice. (B) Corneal keratopathy scores of control (left) or DE mice (right). (C) Periodic acid Schiff and hematoxylin-eosin staining of mouse
conjunctiva (CNJ) epithelium of the control (left) or scopolamine-treated DE mice (right), magification, 630�. Black arrows indicate the
goblet cells; Red arrows indicate the infultrated inflammatory cells. (D) Comparison of the numbers of goblet cells in the superior and
inferior bulbar and tarsal CNJ epithelium of BALB/c mice treated with or without scopolamine injection for 5 days. (E) Hematoxylin-eosin
staining of mouse CNJ of the control (left) or DE mice (right), magnification, 400�. Red arrows indicate typical infiltrated inflammatory cells.
(F) Comparison of the numbers of infiltrated cells: MØ, macrophage; Mono, monocyte; Lymph, lymphocyte. The number of mice used for
counting is shown in parentheses. Results are presented as mean � SD. Statistical significance with Student’s t-test analyses is indicated.
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Figure 4A, the BALB/c controls without the sPLA2-IIa primary
antibody staining or the C57BL/6 controls with or without
primary sPLA2-IIa antibody showed negative staining. Under
the same condition, the CNJ epithelia layer of the control mice
exhibited moderate fluorescent staining (Fig. 4Ae-f), while the
CNJ epithelia layer of DE mice exhibited much heavier staining
(Fig. 4Ah–k and 4B), both in goblet cells and in epithelial cells.
The two secondary antibodies resulted in similar staining pat-
terns. Therefore, we can conclude that the desiccation stress
induced higher levels of sPLA2-IIa expression in the DE-CNJ
epithelia. Furthermore, the sPLA2-IIa staining appeared as a
granular pattern inside cells, more concentrated near the nu-
cleus, and fanning out toward the cell membrane (Fig. 4A-l). In
both DE and control mice, neither the CN epithelium nor the
LG exhibited any sPLA2-IIa-specific staining related to those of
the CNJ.

The messenger RNA of sPLA2-IIa was examined by qRT2-
PCR. As shown in Figure 5, the expression of pla2g2a mRNA
was increased nearly threefold in CNJ of DE mice compared to
the controls. In both DE and control mice, no changes were
observed in the CN epithelia, supporting our immunofluores-
cence observations. This line of evidence strongly implies that
the increased levels of sPLA2-IIa in CNJ during ocular surface
inflammation in DE disease is due to an increased expression of
the pla2g2a gene, and not simply a sPLA2-IIa concentration
increase resulting from tear deficiency. This is consistent with
our results from human subjects with DE disease (unpublished
results).

sPLA2-IIa Amplified Production of Inflammatory
Mediator PGE2 in Sensitized CNJ Organ Cultures

We next tested whether or not the elevated expression of
sPLA2-IIa in the CNJ of DE mice could amplify ocular surface
inflammation. We evaluated this amplification by measuring
production of the inflammatory mediator PGE2 released in the
media. We hypothesized that tear sPLA2-IIa amplifies the in-
flammatory response when the ocular surface tissue is sensi-
tized. First, we reexamined CNJ from untreated BALB/c mice
for their responses to the addition of human recombinant
sPLA2-IIa. Consistent with our previous findings,22 the addition
of exogenous human recombinant sPLA2-IIa stimulated a rela-
tively low level of PGE2 production (Fig. 6, black bars of the
first and second panel).

To confirm that the low level of PGE2 production was
mainly stimulated by sPLA2-IIa, a highly specific sPLA2-IIa in-
hibitor, S-3319, was presented to the CNJ together with sPLA2-
IIa. S-3319 is reported to block the enzymatic activity of sPLA2-
IIa via highly selective binding to the active center of sPLA2-IIa,
with an IC50 as low as 29 nM in vivo in rats.14,47,48 However,
few studies were done on mice CNJ. As shown in Figure 6
(panel 2, gray bars), the addition of 10 �M S-3319 with 25
�g/mL sPLA2-IIa showed a nearly 30% decrease in sPLA2-IIa–
induced PGE2 production.

Previously we have shown that the sPLA2-IIa stimulated
PGE2 production of normal CNJ organs of BALB/c mice in a
TNF-�–dependent manner.22 Therefore, in this study we inves-
tigated whether presensitizing normal untreated BALB/c CNJ
organs with another proinflammatory cytokine IL-1� would
likewise cause a drastic PGE2 release in response to exogenous
sPLA2-IIa. As shown in Figure 6 (panel 3 and 5, black bars), the
addition of IL-1� or TNF-� alone caused minimal to low levels
of PGE2 production, and the addition of S-3319 inhibitor
showed no inhibitory effects compared with those of the
controls. However, when sPLA2-IIa was added to the CNJ
pretreated with IL-1� or TNF-� (panel 4 and 6, black bars),
PGE2 production was greatly increased (85-fold for
sPLA2�TNF-�, and 66-fold for sPLA2�IL-1�). These findings
suggest that the presensitization of the ocular surface is nec-
essary for sPLA2-IIa to trigger a significant amplification of
ocular surface inflammation. Again, the addition of 10 �M
S3319 effectively reversed the PGE2 amplification triggered by
the exogenous sPLA2-IIa (31% reduced in for sPLA2�TNF-�
group, and 39% reduced for sPLA2�IL-1�).

TABLE 1. The Effect of Desiccation on Tear Inflammatory Cytokine Production

Gene

Control (pg/mm) DE (pg/mm)

Relative Fold
Increase (DE/Ctrl)†Day 1* Day 6* Day 1* Day 6*

IL-4 2.36 � 0.19 1.80 � 0.16 2.00 � 0.24 7.04 � 0.61 4.60**
IL-5 1.32 � 0.11 1.06 � 0.08 1.15 � 0.12 4.42 � 0.28 4.79***
IL-6 7.95 � 0.56 5.81 � 0.43 6.90 � 0.71 26.67 � 1.86 5.29***
IL-12 (p70) 7.32 � 0.45 5.76 � 0.44 6.43 � 0.64 22.50 � 1.37 4.45***
IL-13 78.63 � 6.18 57.42 � 6.37 70.43 � 8.02 245.48 � 21.09 4.77***
IL-17 2.56 � 0.18 1.91 � 0.17 2.21 � 0.26 8.24 � 0.38 4.99***
IFN-� 19.71 � 1.51 14.90 � 1.20 17.04 � 1.95 65.35 � 4.10 5.07***
TNF-� 8.46 � 0.92 4.96 � 0.98 6.84 � 1.37 20.66 � 2.18 5.15**
IL-1� 21.18 � 1.94 17.55 � 1.97 17.78 � 1.71 68.40 � 7.46 4.64***

Tear cytokines of scopolamine-treated groups (dry eye [DE]) and control groups (Ctrl) were measured
by Luminex kit. A representative of four independent experiments is shown.

* Data are shown as mean � SE of the cytokine concentration (picogram) per millimeter of the wetted
length of tear threads for each mouse, n � 6 for DE and n � 9 for controls.

† Two-tailed unequal-variance Student’s t-tests were used to compare the ratio of each cytokine
measurement between treated mice at day 6 vs. day 1 and those of the untreated mice, **P � 0.05, ***P �
0.01.

FIGURE 3. qRT2-PCR assays of selected cytokine genes on RNA sam-
ples from scopolamine-treated mice or controls (n � 5 per group). CN,
cornea; CNJ, conjunctiva; LG, lacrimal gland.
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Since the desiccation induced by scopolamine-air ventila-
tion caused an elevation of ocular surface inflammation and
sPLA2-IIa expression (as shown in our BALB/c mice model in
Figures 2–5 and Table 1), we tested whether or not the im-
posed desiccation stress on CNJ can act as another presensi-
tizing agent to amplify PGE2 production when exogenous
sPLA2-IIa was added (as shown in TNF-� or IL-1� presensitiza-
tion). We further tested whether or not this PGE2 amplification
is reversible by S-3319 inhibition. As shown in Table 2, PGE2

production showed no significant changes on the addition of
increasing amount of inhibitor alone, either normal CNJ or
DE-CNJ. On addition of 25 �g/mL sPLA2-IIa, PGE2 production
was stimulated over fourfold to the CNJ from normal mice and
sevenfold to the CNJ from DE mice. PGE2 release was nearly 2
times more up than that of undesiccated controls. In all groups
of CNJ, either from normal untreated mice or DE mice, PGE2
was significantly increased in response to the exogenous
sPLA2-IIa treatment (P � 0.005). Moreover, compared to Ctrl-
CNJ, the treatment of DE-CNJ with S-3319 showed clearly
significant inhibitory effect on PGE2 production in an appar-
ently dose-dependent manner. For example, a lower dose of
S-3319 inhibitor treatment (0.08 �M) reduced PGE2 produc-
tion by 40%. When the higher dose of S-3319 (10 �M) was
present, sPLA2-IIa-stimulated PGE2 amplification was signifi-
cantly reduced by 69%. These results suggest that the compro-
mised CNJ induced by desiccation stress was more sensitive
than Ctrl-CNJ to the changes of the enzymatically active form
of sPLA2-IIa in mediating desiccation-induced PGE2 production
and inflammation.

DISCUSSION

In our present study, we have demonstrated that the scopol-
amine-air ventilation treatments are successful in inducing DE-
like syndrome in BALB/c mice: (1) decreased tear production,
(2) increased fluorescein staining indicating “damage” on the
CN epithelia, (3) increased inflammatory cell filtration in the
CNJ epithelia, (4) decreased goblet cell density in the CNJ
epithelia, (5) increased inflammatory cytokines in tears, and (6)
increased cytokine mRNA expression in the CNJ epithelia.

Accumulated evidence from both human and animal DE
subjects implies that DE disease is likely a T-helper cell (Th)–

FIGURE 4. Immunofluorescence (IF) assays of CNJ cryosections from scopolamine-treated mice (g–l) and control mice (a–c for C57BL/6 mice
control, d–f for BALB/c mice control) stained with polyclonal goat anti-mouse sPLA2-IIa IgG (primary antibody or Ab1), followed by mouse/
human-absorbed FITC-labeled polyclonal donkey anti-goat IgG (secondary antibody or Ab2; the Alexa Fluor-488–labeled Ab2 is shown in green, the
Alexa Fluor-594–labeled Ab2 shown in red), and counterstained with 4�-6-Diamidino-2-phenylindole (DAPI, shown in blue) to visualize nuclei. The
j–k are the higher-magnification images of the insets in h–i. Magnification: a–i, 100�; j–k, 400�; l, 1000�.

FIGURE 5. RT2-PCR of sPLA2-IIa mRNA expression on the ocular sur-
face. CNJ or CN samples from control or DE mice were pooled per
group (n � 5) for total RNA isolation and purification. A total of four
groups of mice from control or DE mice were assayed. Ten (10) ng of
total RNA isolated from CNJ, CN, or LG were reverse transcribed and
used for RT2-PCR. Each pooled total RNA sample ran 6 repeats of
RT2-PCR with sPLA2-IIa primers, and results were normalized with
GAPDH. The results are presented as a mean value � SD.
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mediated autoimmune-related inflammatory disorder. For ex-
ample, an increased expression of Th17 inducers, such as
IL-23, IL-17, and IFN-�, has been found in CNJ of DE patients.
And IL-17-specific antibody neutralization can ameliorate DE-
induced CN barrier dysfunction.45 Therefore, Th17 is sug-
gested to be the dominant pathogenic effector in DE patho-
genesis.27 Consistent with this assumption, our results showed
that not only were Th17-associated cytokine concentrations
the most elevated (compared to Th1 and Th2 cytokines) in the
tears of DE mice (Table 1), but also that their gene expression
was the most increased in the CN and CNJ. We also detected an
increased IFN-� gene expression in CN and IL-6 gene expres-
sion in LG of the DE mice. IFN-� is produced by Th1 cells, IL-6
is produced by several cell types including antigen presenting
cells and Th2 cells, and IL-17A and IL-17F are produced by
Th17 cells. These cytokines either serve as inducers to Th17

T-cell differentiation (IFN- �, IL-6, and IL-1 �) or are co-pro-
duced by Th17 T-cells themselves (IL-17A and IL-17F).45 IL-17F
was chosen as part of the cytokine panel because it is the
closest homolog to IL-17A among the Th17-associated cyto-
kines and is shown to play a critical role in regulating the
inflammatory response.49 Although IL-17A and IL-17F share
many similarities—both are encoded at the same chromosome
locus, coexpressed in Th-17 cells, and may use the same sig-
naling pathways to induce similar downstream inflammatory
genes—they function differently in the setting of inflamma-
tion.49 For example, although desiccation significantly induces
both IL-17A and IL-17F expression in CN and CNJ of C57BL/6
DE mice, the induced levels are quite different, especially in
IL-2r�-/- mice (CD25OK).45,46 Furthermore, in normal media
containing Th17-inducing cytokines, the CD4� T-cells isolated
from C57BL/6 express higher levels of IL-17F than IL-17A in

FIGURE 6. sPLA2-IIa amplified PGE2 productions. Conjunctiva from untreated normal mice were prein-
cubated in 200 �L Shem’s medium with 5% FBS at 37°C and 95% air and 5% CO2 for 1 hour. After the
preincubation, medium was changed to either 10 ng/mL TNF-� or 10 ng/mL IL-1� at designated wells for
a 1-hour presensitization. Then the CNJ organs were treated for additional 12 hours with fresh Shem’s
medium containing either human recombinant sPLA2-IIa, TNF-�, and IL-1� alone, or the combinations of
sPLA2-IIa with TNF-� or sPLA2-IIa with IL-1�, plus indicated amount of S3319 inhibitor. Each treatment
group contained at least two repeats. Each experiment was measured at least three times for PGE2
production. Results of one representative experiment were plotted. All values are the mean � SD.

TABLE 2. The Effect of sPLA2-IIa Inhibitor on PGE2 Production of BALB/c Mice Conjunctiva Cultures

Inhibitor
(�M)

�sPLA2-IIa �sPLA2-IIa

Ratio of
�sPLA2-IIa

(�fold)†
P (<)

(� Inhibitor)‡
P (<)

(� sPLA2-IIa)§
Mean

(�g/mL)* SD
Mean

(�g/mL)* SD

Ctrl-CNJ 0.00 4.33 � 0.10 18.10 � 0.91 4.18 0.005
0.08 4.68 � 0.22 11.13 � 0.71 2.38 0.005 0.005
0.40 4.39 � 0.17 12.59 � 1.67 2.87 0.005 0.005
2.00 5.61 � 0.19 12.59 � 1.11 2.25 0.005 0.005

10.00 4.27 � 0.20 14.52 � 0.58 3.40 0.005 0.005
DE-CNJ 0.00 3.54 � 0.18 24.26 � 2.16 6.85 0.005

0.08 3.79 � 0.18 14.66 � 0.78 3.86 0.005 0.005
0.40 6.50 � 1.76 16.13 � 1.59 2.48 0.005 0.005
2.00 3.58 � 0.17 21.15 � 0.23 5.90 0.025 0.005

10.00 4.27 � 0.20 7.88 � 0.17 1.85 0.005 0.005

* All values are mean � SD (�g/mL) of two measurements, n � 4 eyes in each group.
† Ratio was calculated using PGE2 produced by conjunctiva (CNJ) from normal or dry eye (DE) mice treated with sPLA2-IIa (25 �g/mL) against

samples at the same indicated amount of inhibitor. Ctrl-CNJ, conjunctiva from untreated mice; DE-CNJ, conjunctiva from mice treated with
scopolamine-air ventilation.

‡ Student’s t-test was run to evaluate the effect of the inhibitor on PGE2 production at the groups with an indicated inhibitor concentration
to the groups without inhibitor.

§ Student’s t-test was run to evaluate the effect of sPLA2 on PGE2 production between groups with added sPLA2-IIa and groups without
sPLA2-IIa at each inhibitor level.
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vitro; whereas in a 50% conditioned media from human CN
culture, the same CD4� T-cells express much higher levels of
IL-17A than IL-17F on stimulation.50 IL-17F gene polymor-
phisms are also reported to account for the eye lesions of
patients with Behçet’s disease, a chronic multisystem inflam-
matory disorder characterized by recurrent oral aphthous ul-
cers, genital ulcers, uveitis, and skin lessons.51

Since the concentration and activity of sPLA2-IIa in human
tears have been reported as very high, we wanted to use a
model that would allow us to further evaluate the role of sPLA2
in ocular surface inflammation. The DE model was therefore
chosen as a well-recognized external inflammatory model as-
sociated with ocular surface disease. Although both BALB/c
mice and C57BL/6 mice are reported to be useful in developing
DE disease models, as well as other disease models,17,52,53 only
BALB/c mice have a functional pla2g2g gene. The fact that
C57BL/6 mice do not have a functional pla2g2g gene suggests
that other isoforms of the sPLA2 family are capable of compen-
sating for sPLA2-IIa in the development of DE disease.54 Studies
of the distribution patterns and roles of the different sPLA2
isoforms in DE pathogenesis are under way.

Our immunofluorescence staining results revealed that the
sPLA2-IIa expression increased exclusively in DE-CNJ, in the
goblet as well as the epithelial cells. This increase in sPLA2-IIa
appears to be associated with signs and symptoms of DE
disease and other inflammatory biomarkers, such as increased
inflammatory cell infiltration, elevated tear cytokines, and ele-
vated CNJ cytokine mRNA. sPLA2-IIa mRNA analyses support
that this is an active process of sPLA2-IIa secretion in DE-CNJ,
not simply an evaporation effect. The sPLA2-IIa expression was
not detected for any change in CN, neither by IF nor by
(q)RT2-PCR analyses, consistent with our IF staining results and
Turner’s findings using human CN epithelia (2007).21 The
sPLA2-IIa-specific signals were also not detected any changes in
the LG samples. These findings suggest that sPLA2-IIa comes
primarily from CNJ, not from CN or LG. We will confirm these
findings using more sensitive methods in the near future.

Our previous work with mouse CNJ culture demonstrated
an amplified inflammatory response with addition of sPLA2-IIa
to the BALB/c mouse CNJ tissues presensitized with TNF-�.22

sPLA2-IIa alone stimulated a low level of PGE2 production,
whereas TNF-� alone showed an even smaller effect than
sPLA2-IIa alone; however, sPLA2-IIa added to CNJ that was
presensitized by TNF-� showed a near 10-fold increase in PGE2
production. After this, two other common presensitizing re-
agents, IL-1� and desiccation, were tested side by side with
TNF-�. The desiccated CNJ was obtained from our DE model
mice. Both IL-1� and desiccation alone induced minimal to
lower levels of PGE2 production, similar to that observed from
sPLA2-IIa or TNF-� alone. However, in combination with
sPLA2-IIa, significant amplification of PGE2 production was
observed in both CNJ pretreated with IL-1� and desiccated
CNJ. Furthermore, PGE2 levels, amplified by the different com-
binations of proinflammatory cytokines with sPLA2-IIa or des-
iccation stress with sPLA2-IIa, were significantly reduced by
sPLA2-IIa-specific inhibition, indicating that sPLA2-IIa plays an
important role in amplifying ocular surface inflammation.

Our collective mouse and human DE disease results from
this study and our previous reports22,40 suggest that sPLA2-IIa
plays an important role in amplifying the inflammatory re-
sponse on the ocular surface, specifically in DE disease and
likely in other inflammatory diseases as well. Furthermore, the
results show that there is an increase in both concentration and
activity of sPLA2-IIa in association with typical signs and symp-
toms of DE disease. The changes in sPLA2-IIa correlate with
increases of other inflammatory biomarkers seen in human and
mouse DE disease.40 With the present study we set out to show
that tear sPLA2-IIa leads to an amplification of the inflammatory

response on the ocular surface when the surface cells are
compromised, such as in DE disease and other inflammatory
diseases.

In summary, we demonstrate that BALB/c mice treated with
scopolamine-air ventilation can develop a DE disease model
with tear deficiency, ocular surface inflammation, and sPLA2-
IIa elevation. We also demonstrate a role of sPLA2-IIa in ampli-
fying ocular surface inflammation, especially when the ocular
surface is presensitized or compromised. This amplification
can be reversed by sPLA2-IIa-specific inhibition. The inhibitors
provide a useful tool to evaluate the role of sPLA2 in inflam-
mation of the ocular surface. Furthermore, sPLA2 inhibition
may be useful in controlling or preventing inflammation of
ocular surface in external diseases. Future work will evaluate
sPLA2 and the inhibitors in vivo and using knockout mice.
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