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PURPOSE. During inflammation of the ocular surface, increased proinflammatory cytokines
depress tear protein secretion, suggesting that a decline in lacrimal cell function contributes
to dry eye. Lacritin, a glycoprotein secreted from lacrimal acinar cells, may function as an
autocrine factor to stimulate tear protein secretion. The purpose of the present experiment
was to investigate lacritin-induced protein secretion in normal and cytokine-pretreated
(inflammation model) monkey acinar cells.

METHODS. Acinar cells from monkey lacrimal glands were cultured with or without tumor
necrosis factor alpha (TNF-a) plus interferon gamma (IFN-c). Protein secretion was induced
by lacritin or carbachol (Cch, positive control). Proteins were detected and identified by
immunoblotting and immunocytochemistry. Intracellular Ca2þ was measured with the
fluorophore Calcium-4, and cell damage was determined by LDH leakage into the culture
medium.

RESULTS. In cultured monkey acinar cells, lacritin stimulated tear protein secretion in normal
cells without elevating intracellular Ca2þ. In contrast, Cch elevated intracellular Ca2þ and
release of tear proteins. This contrast suggested an alternate, calcium-independent
mechanism for lacritin-induced protein secretion. TNF-a plus IFN-c caused LDH leakage
from sensitive human corneal epithelial cells, but even higher doses of TNF-a plus IFN-c did
not cause LDH leakage from monkey acinar cells, suggesting a higher tolerance against these
cytokines. In cytokine-treated acinar cells, lacritin stimulated protein secretion as much as
that in normal cells. In contrast, Cch-induced elevation of Ca2þ and release of proteins were
depressed by cytokines.

CONCLUSIONS. Lacritin might be a useful biotechnology-based treatment agent against ocular
surface diseases where endogenous lacritin is inadequate.
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The functions of the tear film include maintaining the
moisture of the eye surface, supplying oxygen and nutrients

to the avascular cornea, protecting the ocular surface by
entrapping and sweeping debris and microorganisms, prevent-
ing infection by supplying antibacterial substances and
antibodies, and maintaining normal osmolarity and tear film
stability.1 Dry eye occurs when there are insufficient tears to
provide these functions.

Inflammation of the ocular surface also plays a key role in
dry eye syndrome.2 Increased concentrations of proinflamma-
tory cytokines tumor necrosis factor alpha (TNF-a) and
interferon gamma (IFN-c) have been found in the tears of dry
eye patients.3–5 In a murine model of human Sjögren syndrome
(MRL/lpr), cytokine expression was upregulated,6,7 and acetyl-
choline release was impaired following a decrease in protein
secretion from the lacrimal gland.8 Proinflammatory cytokines
interleukin-1 alpha, beta, or TNF-a also inhibited peroxidase
secretion induced by neurotransmitters from mouse lacrimal
glands.7

Secretion of tear proteins from lacrimal glands responds to
neurotransmitters from parasympathetic and sympathetic

nerves. The major neurotransmitters are parasympathetic
acetylcholine, vasoactive intestinal peptide, and sympathetic
norepinephrine. Each neurotransmitter activates a different
signaling pathway.9 For example, in cultured monkey lacrimal
acinar cells, we previously reported that acetylcholine analog
carbachol (Cch) increased intracellular Ca2þ, activated the
protein kinase C (PKC) pathway, and promoted secretion of the
tear protein lacritin.10

Lacritin protein expression has been detected in primates,
and high expression was found in human lacrimal and
meibomian glands.11 Recently, lacritin expression was also
found in nonprimate horse tears.12 Monkey lacritin was also
identified in monkey tears, and expressions of lacritin mRNA
and protein were found in monkey lacrimal gland.13 Choliner-
gic stimulation induced secretion of lacritin from monkey
lacrimal acinar cells, suggesting that lacritin is produced in the
lacrimal gland and is secreted onto the ocular surface.10 Since a
decrease of tear lacritin was reported in patients with
blepharitis14 and in contact lens–related dry eye,15 lacritin
might play an important role in maintaining tear fluid and the
ocular surface. Indeed, lacritin promoted protein secretion
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from cultured rat acinar cells16 and stimulated proliferation in
cultured human corneal cells and salivary ductal cells.17,18

Furthermore, in vivo instillation of recombinant human lacritin
stimulated basal tear flow in rabbits.19 However, no data are
available on lacritin-induced secretion of tear proteins in the
more relevant monkey model. Thus, the purpose of the
present study was to determine if lacritin induces protein
secretion from monkey lacrimal acinar cells cultured under
physiologic and inflammatory conditions.

MATERIALS AND METHODS

Experimental Animals

Lacrimal glands from rhesus monkeys (Macaca mulatta),
ranging in age from 1 to 10 years, were obtained at necropsy
from procedures unrelated to the present studies from the
Oregon National Primate Research Center (Beaverton, OR).
Tear fluids were collected from adult monkeys (Macaca

fascicularis; Evebioscience Co., Ltd., Wakayama, Japan).
Experimental animals were handled in accordance with the
ARVO Statement for the use of Animals in Ophthalmic and
Vision Research and the Guiding Principles in the Care and Use
of Animals (DHEW Publication, NIH 80-23).

Purification of Native Lacritin From Monkey Tears

Adult monkeys were secured in a monkey chair, and 50 lL
saline (Otsuka Pharmaceutical, Tokyo, Japan) was instilled in
the nasal side of one eye by a micropipette. After blinking,
diluted tear fluids were collected from the temporal side of the
palpebral fissure.

Diluted tear fluids (20 mL) were mixed with 80 mL 50 mM
sodium phosphate solution (pH 7.0) and applied onto a
cationic exchange column (HiTrap SP Sepharose; GE Health-
care Life Sciences, Buckinghamshire, UK) and eluted with 50
mM sodium phosphate solution containing 10 mM NaCl (pH
7.0). Flow-through fractions containing lacritin were collected
and concentrated using disposable ultrafiltration spin columns
(Vivaspin 20; Sartorius Stedim Biotech S.A., Aubagne Cedex,
France). The concentrated sample was then purified on a gel
filtration column (Superdex 75 HiLoad 16/60; GE Healthcare
Life Sciences) with phosphate-buffered saline (PBS, pH 7.4).
The gel filtration fractions comprising the lacritin peak were
pooled and subjected to SDS-PAGE and immunoblotting to
document the purity of our lacritin preparation, using 15% Tris-
Tricine gels (c-PAGEL; ATTO Corp., Tokyo, Japan). Gels were
stained with commercial stain (Coomassie Brilliant Blue R-250;
Nacalai Tesque, Inc., Kyoto, Japan). Immunoblotting was
performed by a conventional method20 with primary antibody
against the N-terminus of Macaca mulatta lacritin polypeptide
(Ser-Ser-Asp-Ser-Thr-Asp-Ala-Asp-Pro-Ala-Gln-Glu-Ala-Gly-Thr-
Ser-Lys-Pro-Asn-Glu-Cys) and peroxidase-conjugated goat anti-
rabbit secondary antibody (Thermo Fisher Scientific Inc.,
Rockford, IL).

Culture of Monkey Lacrimal Acinar Cells and
Collection of Secreted Tear Proteins

Lacrimal acinar cells were isolated as described previously,13

and were plated at 1 3 105 cells/cm2 onto rat collagen I (0.01
mg/cm2; BD Biosciences, San Jose, CA) coated plates with
Dulbecco’s modified Eagles’s medium/Ham’s F-12 Nutrient
Mixture (Life Technologies, Carlsbad, CA) containing 10 ng
dexamethazone/mL (Sigma-Aldrich, St. Louis, MO), 50 ng EGF/
mL (Life Technologies), 10 lg glutathione/mL (Sigma-Aldrich),
13 insulin-transferrin-sodium selenite media supplement (Sig-

ma-Aldrich), 25 lg L-ascorbic acid/mL (Sigma-Aldrich), 1 mM
putrescine (Sigma-Aldrich), and 50 lg gentamicin/mL (Life
Technologies). After culture for approximately 16 hours at
378C to allow adhesion and formation of epithelial-like
morphology, the acinar cells were rinsed and pretreated with
supplement-free medium for 30 minutes. Acinar cells were
stimulated for 10 minutes with monkey lacritin or carbachol
(Cch; Sigma-Aldrich) at the concentrations indicated in the
figures. The cultured medium was then collected, and
detached cells were removed by centrifugation. The collected
media were concentrated and subjected to immunoblotting. To
determine calcium requirements for protein secretion, calci-
um-free medium (EpiLife Medium; Life Technologies) was used
during pretreatment and stimulation in replace of medium
containing calcium.

Since the amount of tear proteins secreted into the culture
medium was less than 0.1% of total tear proteins within the
cultured acinar cells, and variability of cell numbers had a
negligible influence on results, protein secretion was ex-
pressed as the amount in the medium not as a ratio to cellular
number.

Establishment of Inflammatory Conditions in
Lacrimal Acinar Cells

To mimic inflammatory conditions, monkey lacrimal acinar
cells were cultured with TNF-a (R&D Systems, Minneapolis,
MN) and IFN-c (R&D Systems) for an additional 1, 2, or 3 days.
To compare with damage due to inflammation on the ocular
surface, human corneal epithelial cells (HCE-T; a gift from
Kaoru Sasaki, Ideta Eye Hospital, Kumamoto, Japan) were also
treated with TNF-a and/or IFN-c at indicated concentrations,
after plating at 3 3 104 cells/cm2 and preculturing for
approximately 16 hours.

After incubation, the medium was collected, and leakage of
LDH was measured as a marker for cell damage (LDH
Cytotoxicity Detection Kit; Takara Bio Inc., Shiga, Japan).
The cells were harvested into buffer containing 20 mM Tris-HCl
(pH 7.5), 100 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsul-
fonyl fluoride, 1 mM sodium orthovanadate, 1 mM dithiothre-
itol, protease inhibitor (complete Mini-EDTA free; Roche
Diagnostics Corp., Indianapolis, IN), and phosphatase inhibitor
cocktail I and II (EMD Chemicals Inc., Philadelphia, PA), and
then lysed by sonication. Supernates were obtained by
centrifugation for 10 minutes at 16,000g, and protein
concentrations were determined with the BCA protein assay
(Thermo Fisher Scientific Inc.) using bovine serum albumin
(BSA) as a standard.

Immunoblotting

Denatured protein samples from cells and media were
separated by 4–12% Bis-Tris gels (NuPAGE; Life Technologies)
with 2(N-morpholino)ethane sulfonic acid buffer (Life Tech-
nologies). The proteins were then electrotransferred from the
gels to polyvinylidene fluoride (PVDF) membranes (Millipore,
Bedford, MA). The membranes were blocked with 0.5% skim
milk in Tris-buffered saline with 0.05% Tween 20 (TTBS) for 30
minutes at room temperature, and incubated overnight at 48C
with primary antibodies for lacritin (dilution: 1:1000),13

lipocalin (1:100; Santa Cruz Biotechnology, Inc. Santa Cruz,
CA), lactoferrin (1:5000; Sigma-Aldrich), phosphorylated
STAT1 (1:1000; Cell Signaling Technology, Inc. Danvers, MA),
STAT1 (1:1000; Cell Signaling Technology), IjB (1:1000; Santa
Cruz Biotechnology, Inc.), or b-actin (1:1000; Sigma-Aldrich) in
1% BSA in TTBS. The membranes were then rinsed in TTBS
and incubated for 1 hour at room temperature with HRP-
conjugated goat antirabbit secondary antibody (1:10,000–
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5000; Santa Cruz Biotechnology, Inc.), HRP-conjugated donkey
antigoat secondary antibody (1:5000; Santa Cruz Biotechnol-
ogy, Inc.), or HRP-conjugated bovine antimouse secondary
antibody (1:5000; Santa Cruz Biotechnology, Inc.). Immuno-
positive proteins were detected by chemiluminescence (ECL
plus or ECL prime; GE Healthcare Life Sciences). Images were
captured with a (FluorChem FC2 imager; Alpha Innotech
Corp., San Leandro, CA).

Immunocytochemistry

Cultured acinar cells were fixed with �208C 100% methanol,
incubated for 3 minutes at�208C, and rinsed with Dulbecco’s
phosphate-buffered saline (DPBS; Life Technologies). Cells
were blocked and permeabilized for 15 minutes in DPBS
containing 1% BSA and 0.1% Triton X-100 at room temper-
ature. Samples were incubated overnight at 48C with primary
antibodies for lacritin (dilutions: 1:200), lipocalin (1:200), or
lactoferrin (1:200). After the cells were rinsed in DPBS with
0.05% Tween 20 (TPBS), they were incubated for 1 hour at
room temperature with Alexa Fluor 488-labeled antirabbit IgG
or antigoat IgG (1:1000; Life Technologies) and DAPI (1:1000;
Life Technologies). Stained cells were rinsed with DPBS and
then photographed with an inverted microscope (Axiovert
200, equipped with an AxioCam MRc5; Carl Zeiss Vision,
GmbH, Hallbergmoos, Germany). Images were compiled in
image-analysis software (ImageJ Launcher 1.4.3.67, GIMP
2.6.11; ImageJ software, provided in the public domain,
developed by Wayne Rasband, National Institutes of Health,
Bethesda, MD; available at http://rsbweb.nih.gov/ij/index.
html).

Measurement of Intracellular Calcium

Cultured acinar cells were incubated with calcium binding
fluorophore Calcium-4 (Molecular Devices, Sunnyvale, CA) in
loading buffer (Hank’s balanced salt solution with 20 mM
HEPES, pH 7.4) for 1 hour at 378C. Fluorescent measurements
were performed on a microplate reader (Flexstation 3;
Molecular Devices) every 1.5 seconds for 3 minutes. Cch
and/or lacritin were added following 20 seconds of initial
background fluorescent measurements. Results are expressed
as the background-adjusted fluorescence intensity versus
time.

Statistical Analysis

Data were analyzed by Dunnett’s test or Student’s t-test with
statistical software (JMP 8.0.1 or 10.0.0; SAS Institute Japan
Ltd., Tokyo, Japan). P < 0.05 was considered statistically
significant.

RESULTS

Purification of Lacritin From Monkey Tears

Raw monkey tears contained lacritin at the expected size of 21
kDa (Fig. 1B, arrowhead), along with other major protein
bands at 87 and <20 kDa (Fig. 1A, lane 1). During the first stage
of purification, lacritin (isoelectric point [pI] ¼ 4.9) did not
bind to a cationic exchange column and was present in the
flow-through fraction. However, the column removed the 87-
kDa band (Fig. 1A, lane 2), identified by immunoblotting as
lactoferrin (data not shown). Gel filtration chromatography
eluted a purified lacritin peak between 110 and 130 minutes
(Fig. 1C, arrow) and removed the contaminating bands below
20 kDa (Fig. 1A, lane 3). The pooled fractions contained

lacritin without other obvious contaminating proteins with the
final purity calculated to be more than 98%.

Lacritin-Induced Secretion of Tear Proteins From
Cultured Monkey Acinar Cells

Lacritin induced secretion of the tear proteins lipocalin (Fig.
2A) and lactoferrin (Fig. 2B) in a dose-dependent manner. The
effect of lacritin at 1 lM was significant and nearly equal to that
of the well-known tear protein stimulator, acetylcholine analog
Cch. Thus, 1 lM of lacritin and Cch were used in the following
experiments.

Cch at 1 lM transiently induced an increase in intracellular
Ca2þ (Fig. 3A), which gradually decreased with time. In
contrast, 1 lM lacritin did not change intracellular Ca2þ levels,
although both Cch and lacritin equally induced secretion of
lipocalin (Fig. 3B). An additive effect on lipocalin secretion was
observed when Cch was combined with lacritin (Fig. 3B). In a
previous study,21 lower concentrations of Cch plus another
agonist showed a synergistic secretory effect in rabbit lacrimal
gland cells. In our model of monkey lacrimal acinar cells, 0.1
lM each of Cch plus lacritin did not show any synergistic effect
(data not shown). However, note that addition of lacritin to
Cch did not increase intracellular Ca2þ levels observed with
Cch alone (Fig. 3A), suggesting that Ca2þ did not directly
regulate lacritin-induced protein secretion. This was also
confirmed in experiment using calcium-free medium. Lacritin
(1 lM) induced lipocalin secretion from monkey lacrimal
acinar cells to a similar level as with medium containing
calcium (Figs. 3B, 3C). Cch (1 lM) did not increase lipocalin
secretion in the calcium-free medium (Fig. 3C). These results
suggested that lacritin did not induce entrance of extracellular
Ca2þ. Calcium was not required for lacritin induction of protein
secretion by monkey lacrimal acinar cells.

Establishment of an Inflammation Model in
Cultured Acinar Cells

By itself, 10 ng inflammatory cytokine TNF-a/mL did not
increase LDH leakage from cultured HCE-T cells (Fig. 4A).
However, addition of the proinflammatory cytokine IFN-c to
TNF-a treatment significantly increased leakage of LDH in a
dose-dependent manner on days 1, 2, and 3 after stimulation.
Inflammatory mediator STAT1 was phosphorylated 10 minutes
after stimulation by 10 ng each TNF-a and IFN-c/mL, and P-
STAT1 remained increased at 60 minutes (Fig. 4A, right). Loss
of IjB was observed 10 minutes after stimulation by TNF-a plus
IFN-c and then returned to initial level by 60 minutes.
Phosphorylation of STAT1 and degradation of the transcrip-
tion-related inflammatory factor IjB confirmed activation of
downstream signal transduction by IFN-c and TNF-a, respec-
tively.

In contrast to HCE-T cells, monkey lacrimal acinar cells
showed no increase of LDH leakage at any culture period when
treated with 10 ng each TNF-a and IFN-c/mL (Fig. 4B).
However, downstream signals were activated similarly as in
HCE-T cells (Fig. 4B, right).

Cultured acinar cells showed an epithelial-like morphology
with granules in the cytoplasm (Fig. 5A, top). This was not
changed by treatment with 10 ng each TNF-a and IFN-c/mL for
1 day (Fig. 5A, bottom). The localization and amounts of major
acinar cell proteins secreted into tear, lacritin, lipocalin, and
lactoferrin were not changed by treatment with cytokines
(Figs. 5A, 5B). Thus, monkey lacrimal acinar cells apparently
maintained normal morphology even after treatment with
cytokines.
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Lacritin, but Not Cch, Induced Protein Secretion
From Acinar Cells Treated With Cytokines

Lacritin and Cch equally increased secretion of lipocalin from
nontreated, normal acinar cells (Fig. 6A). In acinar cells treated
with 10 ng each TNF-a and INF-c/mL, lacritin also induced
secretion of lipocalin as much as in normal cells. In contrast,
treatment with cytokines diminished Cch-induced secretion of
lipocalin (Fig. 6A).

Elevation of intracellular Ca2þ by Cch was suppressed in
cells treated for 1 day with cytokines (Fig. 6B). This was well
associated with diminished secretion of lipocalin (Fig. 6A).

DISCUSSION

The major findings of the present study were that (1) native
lacritin purified from monkey tears promoted secretion of tear
proteins from cultured monkey lacrimal acinar cells via a
calcium-independent pathway (Fig. 2). This mechanism
differed from Cch-induced/calcium-dependent protein secre-
tion. (2) Even when acinar cells were treated with proin-
flammatory cytokines TNF-a and IFN-c, lacritin-induced
protein secretion was maintained, as observed in nontreated
normal cells. In contrast, Cch-induced secretion of tear
proteins was depressed in cytokine-treated acinar cells.

FIGURE 1. Steps in purification of lacritin from monkey tears, showing SDS-PAGE (~2 lg/lane) (A), immunoblotting for lacritin (~0.2 lg/lane) (B),
and final gel filtration chromatography with lacritin fractions eluting at 110 to 130 minutes ([C], arrow). Lane 1, diluted raw monkey tear fluid; lane

2, the flow through fraction from initial cationic exchange chromatography; lane 3, pooled lacritin fractions of gel filtration chromatography.

FIGURE 2. Representative immunoblots and band density measurements for secretion of lipocalin (A) and lactoferrin (B) from cultured monkey
lacrimal acinar cells, showing significant, dose-dependent increases caused by lacritin and carbachol. Data are the means 6 SD (n¼ 4). *P < 0.05
relative to nontreated controls (0 lM) (Dunnett’s test). Lac, lacritin; Cch, carbachol.
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Lacritin-Induced, Calcium-Independent Secretion
of Tear Proteins

In contrast to lacritin, the mechanism for secretion by Cch has
been well studied, and occurs by a calcium-dependent
pathway.10,22,23 In agreement with these previous findings,
Cch increased intracellular Ca2þ in our cultured monkey
lacrimal acinar cells (Fig. 3A). On the other hand, increased
intracellular Ca2þ was not detected in lacritin-treated cells,
although protein secretion was stimulated. Additional lacritin
added to the Cch treatment showed an additional effect on
protein secretion without further increasing Ca2þ (Fig. 3B).
These results were different from those of a previous report
indicating that lacritin increased intracellular Ca2þ and mitosis
in human salivary ductal cells.18 Therefore, we performed Ca2þ

measurements using the calciumsensitive fluorophore Calcium
5 (Molecular Devices) with a microscopic imaging technique
(SP5 AOBS spectral confocal system; Leica Microsystems,
Wetzlar, Germany), similar to the previous report,18 resulting
in a significant increase in calcium by Cch, but not by lacritin
(data not shown). The previous report also showed that
activation of PKCa occurred upstream of elevated Ca2þ and
that an inhibitor of PKCa inhibited increased Ca2þ. In our

monkey lacrimal acinar cells, a PKCa inhibitor did not inhibit
lacritin-induced protein secretion (data not shown), although
Cch-induced secretion was inhibited as previously reported.10

In addition, lacritin-induced protein secretion and even
monkey lacrimal acinar cells were stimulated in Ca2þ-free
medium (Fig. 3C), suggesting that lacritin may not require Ca2þ

influx from extracellular. All these suggest a different
mechanism for lacritin-induced protein secretion in monkey
lacrimal acinar cells. Minor or very transient increases in Ca2þ

might not have been detected in our monkey cells, but Ca2þ

signaling was not a major mechanism for lacritin as it is for Cch-
induced secretion. Similarly, Ca2þ-independent secretion of
insulin was observed in pancreatic islet cells cultured with
EGTA.24 Further studies are needed to clarify the exact
mechanism for lacritin-induced protein secretion.

Lacritin Induced Tear Protein Secretion From
Cytokine-Treated Acinar Cells

Dry eye patients show upregulation of inflammatory markers
such as HLA-DR, which is reduced by topical treatment with
cyclosporin A.25 Proinflammatory cytokines TNF-a and IFN-c
are also increased in the tears of dry eye patients.3–5 In the

FIGURE 3. (A) Elevated free intracellular Ca2þ (fluorescence intensity) levels in acinar cells after induction by Cch (red line). Intracellular Ca2þ levels
during Lac induction (blue line) were not increased and were similar to vehicle-treated controls (black line). Combined treatment with Cch and Lac
(Cchþ Lac) did not further increase Ca2þ (green line). (B) Lipocalin secretion induced by Cch and Lac was similar. Lac plus Cch enhanced lipocalin
secretion. Light gray bar shows the theoretical additive effect of Cch- and Lac-induction. Data are means 6 SD (n¼6). *P < 0.05 relative to vehicle-
treated controls and **P < 0.05 relative to Cch- or Lac-treated alone (Student’s t-test). (C) Ca2-free medium abolished lipocalin secretion induced by
Cch. Lacritin-induced lipocalin secretion in Ca2-free medium was the same as that in medium containing Ca2. Data are means 6 SD (n¼ 3). *P <
0.05 relative to vehicle (Dunnett test).
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present study, pretreatment with inflammatory cytokines TNF-
a and IFN-c did not cause obvious changes in the morphology
of monkey lacrimal acinar cells (Fig. 5); however, phosphor-
ylation of STAT1 and degradation of IjB occurring in other

inflamed cells26,27 were also observed in our lacrimal acinar
cells (Fig. 4). Cch-induced secretion of tear proteins was
depressed in cytokine-treated cells (Fig. 6A), where mobiliza-
tion of Ca2þ was decreased (Fig. 6B), suggesting abnormal

FIGURE 4. (A) LDH leakage from HCE-T cells was not affected by TNF-a at levels up to 10 ng/mL. Addition of IFN-c to TNF-a significantly increased
LDH leakage on days 1, 2, and 3. Data are the means 6 SD (n¼ 5). *P < 0.05 relative to nontreated group at each cultured period (Dunnett’s test).
Right: Immunoblots showing that combining TNF-a with IFN-c at 10 ng/mL each caused phosphorylation of STAT1 and loss of IkB. (B) LDH leakage
from monkey lacrimal acinar cells was not increased at any cultured period even when treated with high concentrations (10 ng/mL) of TNF-a and
INF-c. Data are the means 6 SD (n¼3). Right: Immunoblot showing that treatment with 10 ng/mL each TNF-a and IFN-c caused phosphorylation of
STAT1 and loss of IkB.

FIGURE 5. (A) Immunocytochemistry and phase-contrast microscopy in monkey lacrimal acinar cells cultured for 1 day with 10 ng/mL each TNF-a
and IFN-c (þ), showing similar localization of lacritin (green), lipocalin (red), and lactoferrin (magenta) as observed in nontreated control cells (�).
Nuclei stained (blue) with DAPI. Scale bar: 20 lm. (B) Immunoblots showing equal amounts of lacritin, lipocalin, and lactoferrin in acinar cells with
(þ) and without (�) treatment with cytokines. b-Actin was the loading control.
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regulation of Ca2þ. In contrast, lacritin induced secretion of
proteins from acinar cells under inflammatory conditions as
much as in normal cells. Since mobilization of Ca2þ was not
required for lacritin to induce secretion of tear proteins (Fig.
3), lacritin was an effective protein inducer in acinar cells
under inflammatory conditions as well as in normal cells.

Neurotransmitters released from nerve endings are also
major factors for stimulating protein secretion from the
lacrimal gland.9 Under inflammatory conditions, release of
these neurotransmitters and protein secretion are inhibited,7

leading to dry eye.28–30 In blepharitis, lacritin precursor
protein levels were also decreased.14 Under our experimental
inflammatory conditions, exogenous lacritin treatment still
induced protein secretion, although in actual dry eye patients
decreased levels of lacritin may not be high enough to
compensate for decreased neurotransmitter-induced tear pro-
tein secretion. Thus, treatment with exogenous lacritin may be
useful in ocular surface diseases with inadequate levels of
endogenous lacritin and/or impaired neurotransmitter release,
where Cch is not effective.
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