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FIGURE. Representative DR-1 tear interference images from the Sjogren syndrome (SS) aqueous tear deficiency (ATD) and the
non-SS ATD groups. (Left) Representative DR-1 image from a 65-year-old Asian woman in the SS ATD group. Tear evaporation
rates were 5.7 (1077 g/cm? per second), the Yokoi DR-1 grading was 4, and the range of lipid layer thickness estimated from the
DR-1 tear interference image was 40 to 240 nm. Fluorescein and rose bengal scores were 6 and 5, respectively. The tear break-up
time (BUT) was one second, the Schirmer I test value was 3 mm, and meibomian gland expressibility grading was 3. (Right)
Representative DR-1 image from a 73-year-old Asian woman in the non-S§ ATD group. Tear evaporation rates were 1.1
(1077 g/em? per second), the Yokoi DR-1 grading was 4, and the range of lipid layer thickness estimated from the DR-1 tear
interference image was 120 to 220 nm. Fluorescein and rose bengal scores were 5 and 4, respectively. The tear BUT was four

seconds, the Schirmer I test value was 2 mm, and meibomian gland expressibility grading was 2.

Japanese diagnostic criteria of dry eye was used for the
diagnosis of dry eye, and Schirmer I test results of 5> mm or
less were regarded as ATD.16 Both eyes of all subjects
underwent measurement. Only those eyes with Schirmer 1
test results of 5 mm or less were included as ATD eyes in
this study. None of the subjects had any evidence of ocular
infection, none wore contact lenses, none had undergone
punctal occlusion, and none had blepharospasm, conjunc-
tivochalasis, or abnormal blinking. Severe dry eye states,
such as Stevens-Johnson syndrome or ocular pemphigoid,
and cases with allergic conjunctivitis were excluded from
the study.

® TEAR EVAPORIMETER SET UP: Tear evaporation rates
from the ocular surface were measured noninvasively using
our recently reported device.!! Briefly, the evaporimeter
consisted of an eye cup in the form of a ventilated chamber
having a volume of 20 cm® that tightly covered the eye;
air, which was supplied into the cup as a tear evaporation
carrier by an air compressor at a constant flow rate (150
ml/minute), and a quartz crystal sensor (9 MHz A-T cut
quartz crystal 8 mm in diameter and 0.2 mm in thickness),
known as the microbalance, which is highly sensitive to
humidity. The frequency of the sensor shifts in response to
changes in humidity. Evaporation rates were measuted by
calculating the difference between the water content of
the air entering and exiting the cup. The data sampling
rate was four times per second. Real-time changes in the
frequency data appeared on the display of a personal
computer, synchronous with this sampling rate. For the
measurement, the same eye cup was used as in the previous
study to fix the condition.!l
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® EXAMINATIONS OF TEARS, THE OCULAR SURFACE,
AND MEIBOMIAN GLANDS: Tear lipid layer interferome-
try was performed noninvasively after tear evaporimetry
using the DR-1 camera system!? (Kowa, Nagoya, Japan)
before any invasive examination. DR-1 tear interference
images were recorded using a digital photo printer, and the
evaluation of tear interference images was carried out using
the Yokoi semiquantitative dry eye severity grading system
as reported previously: grade 1, somewhat gray color,
uniform distribution; grade 2, somewhat gray color, non-
uniform distribution; grade 3, a few colors, nonuniform
distribution; grade 4, many colors, nonuniform distribu-
tion; grade 5, corneal surface partially exposed. In their
report, normal control eyes were classified into grades 1 and 2
and dry eyes were classified into grades 2, 3, 4, and 5.1213 For
the most recent data from 16 eyes of eight patients (six
eyes of three SS patients, and 10 eyes of five non-S8S
patients), DR-1 images were acquired using the uncom-
pressed high-quality image capturing system,!?18 and tear
lipid layer thickness was quantified using a computer-
synthesized interference color chart system in the repre-
sentative cases.!*

Examination of the ocular surface was performed iden-
tically as in a previous report using the new tear evapo-
rimetry.!! Briefly, the ocular surface was examined by the
double-staining method with 2 pl preservative-free solu-
tion consisting of 1% fluorescein and 1% rose Bengal dye.
Fluorescein and rose bengal staining scores (minimum,
zero; maximum, nine) and tear break-up times (BUT) were
recorded.19:20 The Schirmer I test also was performed. To
assess meibomian gland expressibility, the Shimazaki grad-
ing system was used.? Digital pressure was applied on the
lower tarsus, and the degree of ease of expression of
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TABLE. Comparison of Tear Evaporimetry, Tear Interferometry, and Ocular Signs between the Sjogren Syndrome Aqueous Tear
Deficiency and non-Sjégren Syndrome Aqueous Tear Deficiency Groups

Tear Evaporation Rates

DR-1 Grading Fluorescein Staining Rose Bengal Staining

Tear BUT  Schinmer | Test  Meibomian Gland

(1077 g/em? per second) (1-5) Score (0-9) Score (0-9) (sec) value (mm)  Expressibility (0-3)
SS ATD (n = 24) 59+35 39+12 3.0x24 3.7+26 26+1.7 2520 22+04
Non-SS ATD (n = 21) 29+18 29+11 09+1.6 1.9+25 31+26 2020 1.0+13
P value .0009 .03 .002 .01 .95 .3 .04
ATD = aqueous tear deficiency; BUT = tear break-up time; SS = Sjégren syndrome.
meibomian secretions was evaluated semiquantitatively as DISCUSSION

follows: grade O, clear fluid easily expressed; grade 1, cloudy
fluid expressed with mild pressure; grade 2, cloudy fluid
expressed with more than moderate pressure; and grade 3,
fluid cannot be expressed even with strong pressure.

® STATISTICAL ANALYSIS: All data are shown as the
mean * standard deviation. The Mann—-Whitney U test
was applied to the comparison between SS ATD and
non-SS ATD groups in the examinations. A level of P <
.05 was accepted as statistically significant. Graphpad
Instat software version 3.0 (Graphpad Software, Inc, San
Diego, California, USA) was used for statistical analysis.

RESULTS

® TEAR EVAPORATION RATES AND TEAR LIPID LAYER
INTERFEROMETRY: Tear evaporation rates were 5.9 *+
3.5 (1077 gfem? per second) in the SS ATD group, which
was significantly higher than the non-SS ATD group,
2.9 * 1.8 (1077 glem? per second; Table; P = .0009). The
SS ATD group revealed DR-1 severity grading of 3.9 = 1.2
(Figure, Left), which was significantly higher than DR-1
grading of the non-SS ATD group, 2.9 = 1.1 (Figure,
Right; P = .03).

® COMPARISON OF OCULAR SIGNS IN S§§ ATD AND
NON-S§ ATD GROUPS: The corneal fluorescein mean
score was 3.0 = 2.4 in the SS ATD group, which was
significantly higher than the non-SS ATD group, 0.9 *+
1.6 (Table; P = .002). Similarly, the mean rose bengal
score was 3.7 * 2.6 in the SS ATD group, which was also
significantly higher than in the non-SS ATD group, 1.9 *
2.5 (P = .01). However, tear BUT (2.6 = 1.7 seconds in
the SS ATD group and 3.1 * 2.6 seconds in the non-SS
ATD group; P = .95) and Schirmer I test values (2.5 *+ 2.0
mm in the SS ATD group and 2.0 = 2.0 mm in the
non-SS ATD group; P = .3) were not significantly
different. Meibomian gland expressibility grading was 2.2 *
0.4 in the SS ATD group, which was significantly higher
than the non-SS ATD group, 1.0 = 1.3 (P = .04).
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IN THIS ARTICLE, WE REPORT TEAR EVAPORATION RATES IN
SS ATD and the non-SS ATD groups. Tear evaporation
rates were significantly higher in the SS ATD group com-
pared with the non-SS ATD group, along with worse DR-1
severity grading, vital staining scores of the ocular surface, and
meibomian gland expressibility grading (Table).

In the current study, tear evaporation rates were 5.9 =+
3.5 (1077 gfem? per second) and 2.9 * 1.8 (1077 g/cm? per
second) in the SS ATD and the non-SS ATD groups,
respectively. These results could be compared with those
from our previous report about MGD (5.8 * 2.7 [1077
glem? per second]) and normal subjects (4.1 + 1.4 [1077
glem? per second]) using exactly the same evaporimeter
setup.!! Tear evaporation rates in the SS ATD group were
close to those of the MGD subjects and were significantly
higher than the normal subjects. Tear evaporation rates in
the non-SS ATD group were significantly lower than
normal subjects. As mentioned, tear evaporation rates,
which were measured by our new ventilated chamber
system,!! in dry eyes with SS ATD, in dry eyes without SS
ATD (this study), and also in eyes with MGD!! showed
similar trends to those reported in previous studies by our
group using the closed chamber tear evaporimeter sys-
tem.9!9 However, as we pointed out in our previous
report,!! tear evaporation rates in ATD have been incon-
sistent in the literature. Rolando and associates and
Mathers and associates, who used the modified closed
chamber system, reported increased tear evaporation rates
in ATD compared with normal subjects.? On the con-
trary, decreased tear evaporation rates in ATD have been
reported by our group using the closed chamber tear
evaporimeter system!© and by Hamano and associates
compared with normal subjects.® Because of these incon-
sistencies, we decided to examine the lipid layer status
simultaneously with tear evaporimetry.

The difference in tear evaporation rates in ATD dry eye
states could be explained by the observation of surface lipid
layer status, which has been known to affect tear evapo-
ration.*2! This lipid layer condition had been assumed by
the observation of meibomian gland secretion at the lid
margin.® 132223 However in this report, we observed the
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tear surface lipid layer directly by using the DR-1 tear
interference camera.

DR-1 severity grading in the present study was signifi-
cantly higher in the SS ATD group (3.9 = 1.2) compared
with the non-SS ATD group (2.9 * 1.1). DR-1 data
showed increased dry eye severity grading in the SS ATD
and the non-SS ATD groups compared with the previously
reported data from normal subjects (1.5 = 0.5).12

The representative DR-1 images from the SS ATD and
the non-SS ATD groups are shown in the Figure, which
revealed similar DR-1 grading, vital staining scores, tear
BUT, and Schirmer I test values. However, tear evapora-
tion rates were higher in the SS ATD group compared
with the non-SS ATD group. Meibomian gland express-
ibility was worse and distribution of precorneal tear lipid
was more uneven (lipid layer thickness range, 40 to 240
nm) in the SS ATD group compared with the non-SS
ATD group in these representative cases. Such an uneven
distribution and deficient lipid level on the upper cornea

(Figure, Left) may result in higher tear evaporation rates in
the SS ATD group compared with the non-SS ATD
group.

However, it is also evident from the lipid layer thickness
data that patients with non-SS ATD with better meibo-
mian gland expressibility have a relatively more even
distribution of lipid layer thickness over the cornea with a
smaller range of thickness variation (Figure, Right; 120 to
220 nm). The non-SS ATD group had lower tear evapo-
ration rates compared with the SS ATD group. Therefore,
tear evaporation measurement when carried out with DR-1
may explain the difference in clinical findings.

For the evaluation of DR-1 tear interference images, the
Yokoi severity grading system was used.'2!3 When we

began the present study, a lipid layer thickness quantifica-
tion system was not yet available. If we could have applied
this system to all DR-1 images, the correlation between
tear lipid layer thickness and tear evaporation might have
been obtained more clearly. However, as we reported
recently, the Yokoi severity grading system may be inter-
preted roughly as lipid layer thickness information as
follows: grades 1 and 2, lipid layer thickness approximately
10 to 92.5 nm in dark to bright brownish-gray interference
color; grade 3, lipid layer thickness from 100 to 185 nm in
brown interference color; grade 4, lipid layer thickness
from 190 nm to 370 nm in colorful interference images;
and grade 5, no movement of interference image, indicating
no lipid presence, lipid layer thickness approximately O nm.24
Thus, we could judge tear lipid layer thickness condition
from the Yokoi grading system. Furthermore, for the most
recent data, a lipid layer thickness quantification system
was applied.142425

As shown in the Figure, analysis of distribution of
precorneal tear lipid would be important, and the devel-
opment of its index for the comparison of the data would
be highly expected in future studies. Furthermore, in the
future, tear evaporimtery of the other dry eye subtypes such
as dry eyes with only decreased tear film BUT would be
highly anticipated.?6

In conclusion, we applied the new tear evaporimeter
system to ATD dry eye states. Meibomian gland express-
ibility and precorneal lipid layer conditions examined by
tear interferometry may explain the resultant tear evapo-
ration rates in ATD dry eyes. This method can contribute
to further understanding in the pathogenic mechanism of
dry eyes and may give us clues for better treatment of dry
eye patients.2?
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Abstract

Background: In vitro studies using cell lines are useful for
the understanding of cellular mechanisms. The purpose of
our study is to develop a new immortalized aortic vascular
endothelial cell (EC) line that retains endothelial characteris-
tics and can facilitate the study of ECs. Methods: A mouse
aortic vascular EC line (MAEC) was established from p53-de-
ficient mouse aorta and cultured for over 100 passages. The
expression of endothelial markers was assessed, and the
function of this cell line was analyzed by tube formation and
binding assays. Results: MAEC retained many endothelial
properties such as cobblestone appearance, contact-inhib-
ited growth, active uptake of acetylated low-density lipo-
protein, existence of Weibel-Palade bodies and several EC
markers. MAECs exhibited tube formation activity both in

This work was partially supported by grants-in-aid for scientific re-
search from the Ministry of Education, Culture, Sports, Science and
Technology of Japan.

vitro and in vivo. Furthermore, crucially, tumor necrosis fac-
tor o, an inflammatory cytokine, promoted lymphocyte ad-
hesion to MAECs, suggesting that MAECs may facilitate the
study of atherosclerosis and local inflammatory reactions in
vitro. Conclusion: We describe the morphological and cel}
biological characteristics of MAEC, providing strong evi-
dence that it retained endothelial properties. This novel cell
line can be a useful too! for studying the biclogy of ECs.
Copyright © 2007 S. Karger AG, Basel

Introduction

Endothelial cells (ECs) line the inner surface of blood
and lymphatic vessels and play critical roles in vasculo-
genesis, angiogenesis, the development and remodeling
of the vasculature, vascular permeability and circulation
[1]. In vitro studies using EC lines or primary ECs are
highly useful to understand the mechanisms of the re-
sults gained from in vivo analyses. The development of
techniques for the isolation and growth of ECs in vitro
[2] has resulted in a dramatic increase in our understand-
ing of endothelial function. For human studies, a number
of in vitro experimental EC models have been developed
using human umbilical vein ECs (HUVECs) [3, 4]. For
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mouse studies, ECs have been isolated from murine lung
[5], lymph nodes [6],and brain [7]. However, the isolation
of primary ECs from mouse organs is both time consum-
ing and costly, and the ECs of some organs can only be
passaged two or three times before significant senescence
occurs [8]. These problems can be overcome by the use of
immortalized cell lines because they show stable prolif-
eration and clonality. Numerous attempts have been
made by researchers to establish mouse EC lines. Al-
though several mouse and rat EC lines have been estab-
lished, the immortalization resulted in phenotypic chang-
es, such as a decrease in surface antigens [9] and tube-
formingactivity [10],and less responsiveness to cytokines
[11]. Considering these reports, immortalized EC lines
retaining the differentiated characteristics of the original
tissues are useful materials for the study of EC prolifera-
tion, differentiation, and metabolism. In addition, no
aortic EC lines have been described previously.

Gene transfer of simian virus 40 (SV40) T antigen is
frequently used for cell immortalization, and some cell
lines immortalized by SV40 T antigen-encoding trans-
genes have proven useful in studies on the regulation of
gene expression [12]. However, present disadvantages of
SV40 vectors are the possible risks related to random in-
tegration of the viral genome into the host genome. On
the other hand, p53-deficient mice used in this study have
only one mutation in the p53 gene. In addition, the DNA
content of homozygous cells, which remained in the dip-
loid range, had no chromosomal aberrations [13].

The p53 gene is thought to regulate the process of the
cell cycle to induce cell arrest and cell death in normal
cells, and the deletion of this gene has been used for cell
immortalization. Some cell lines established from p53-
deficient mice have been reported, including an osteo-
blast cell line [14], a pulmonary alveolar type II cell line
[15],a prostatic cellline [16], a cerebellar cellline [17], and
an astrocyte cell line [18]. Furthermore, an established
colon epithelial line did not form colonies in soft agar and
was non-tumorigenic in SCID mice [19]. These reports
indicate that p53-deficiency is sufficient forimmortaliza-
tion of cells and that the loss of p53 itself does not cause
the acquisition of malignant properties. Thus p53-defi-
cient mice are useful for establishing cell lines.

The purpose of our present study is to develop a mouse
aortic vascular EC line (MAEC) derived from p53-defi-
cient mouse aorta, and to demonstrate the utility of this
cell line in functional assays. We here describe the cell-
biological characteristics and function of the MAEC,
thus enhancing our understanding of the role of ECs.

Establishment of a Novel Endothelial Cell
Line

Methods

Mice

All animal experimental protocols were approved by the Tsu-
rumi University Ethics Committee. The p53-deficient mice were
provided by Dr. Shinichi Aizawa (RIKEN, Tsukuba, Japan). Char-
acterization of the p53-deficient mice has been reported in detail
previously [13].

Establishment of Cell Lines from p53-Deficient Mice and Cell

Culture

Vascular ECs were prepared as described previously [20] with
some modifications. Aorta was harvested from an 8-week-old,
female, p53-deficient mouse, minced into 1-mm? pieces, washed
in Hanks’ balanced salt solution without Ca?* and Mg?* (Sigma,
St. Louis, Mo., USA), and incubated in a 60-mm dish containing
0.76 mg/ml EDTA, 4.9 mg/ml L-ascorbic acid, and 4.9 mg/ml glu-
tathione at 37°C for 15 min. The minced tissue was washed with
soybean trypsin inhibitor (Sigma)/Dulbecco’s modified Eagle’s
medium (DMEM; Sigma) and digested in a mixture of collage-
nase (type I: 750 U/ml, Wako, Osaka, Japan) and hyaluronidase
(type IV: 500 U/ml, Sigma) dissolved in DMEM/F12 (Sigma) con-
taining 10% fetal bovine serum (FBS; BioWhittaker, Walkersville,
Md., USA). The first digest suspension was passed through a ster-
ile 100-wm nylon mesh filter, redigested for 2 h using the same
digestion procedure, and then passed again through a 100-pm
nylon mesh filter. The growth medium employed in this study
was M199 medium (Sigma) with 5 ng/ml of recombinant vascular
endothelial growth factor (VEGF; Sigma), Hepes (Invitrogen,
Carlsbad, Calif., USA), heparin sodium (Shimizu, Shizuoka, Ja-
pan) and 5% FBS. HUVECs were cultured in EGM-2 SingleQuots
{Cambrex Bio Science Walkersville, Walkersville, Md., USA) and
mouse fibroblast cell line (NIH3T3) was cultured in DMEM with
10% FBS. Cells were cultured in humidified incubators at 37°Cin
an atmosphere of 5% CO, and 95% air, and the medium was ex-
changed every 2- 3 days.

DiI-Ac-LDL Uptake Study

MAECs, HUVECs and NIH3T3 cells grown in dishes were
incubated for 4 h at 37°C with complete medium containing 10
pg/ml of Dil-Ac-LDL (Biogenesis, Poole, UK). After removal of
the medium, the cells were washed three times with PBS and vi-
sualized using fluorescent microscopy (Olympus, Melville, N.Y.,
USA) or analyzed by flow cytometry (Becton Dickinson, Franklin
Lakes, N.J., USA).

Flow-Cytometric Analysis

The cultured MAECs were dissociated by treatment with cell
dissociation solution (Sigma), harvested by centrifugation and
stained with fluorescein isothiocyanate (FITC) conjugated Grif-
fonia simplicifolia isolectin B4 (GSLI-B4; Vector Laboratories, Pe-
terborough, UK) and then analyzed by flow cytometry. The cells
that took up Dil-Ac-LDL as described above were also monitored
and sorted by flow cytometry. Expression of vascular cell adhe-
sion molecule-1 (VCAM-1) on MAECs and very late antigen-4
(VLA-4) on a murine myelomonocyticleukemia cell line (WEHI-
3B) was also analyzed by flow cytometry using anti-mouse
VCAM-1 antibody, anti-mouse VLA-4 antibody and anti-rat IgG
FITC conjugate (Santa Cruz Biotechnology, Santa Cruz, Calif,,
USA).
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Ultrastructural Examination by Transmission Electron

Microscopy

MAEC:s cultured in plastic dishes were washed in PBS and
then fixed in 2.5% glutaraldehyde. After fixation in 1% osmium
tetroxide, they were embedded in Epon 812. Ultrathin sections
were cut by an LKB ultramicrotome, stained with uranyl acetate
and lead citrate and examined using a Hitachi H-500 electron mi-
croscope.

RT-PCR Assay

Total RNA was extracted from MAECs, HUVECs, NIH3T3
and the aorta of a C57BL/6 mouse, with TRIzol reagent (Life Tech-
nologies, Rockville, Md., USA), and cDNA was prepared from
RNA with 50 pmol of random hexamer and 200 U of reverse tran-
scriptase (Invitrogen, Carlsbad, Calif,, USA); 0.5 ul of a 20-ul
¢DNA mixture was used for PCR with 5 pmol each of forward and
reverse primers and 2.5 U of Ex Taq DNA polymerase (Takara Shu-
zo, Kyoto, Japan). The sequences of the specific sense and antisense
oligonucleotide primer pairs were as follows: VEGF receptor-2
(Flk-1), TGGCAGCACGAAACATTCT and TTGCAGGAGGTT-
TCCCAAAT; von Willebrand factor (vWf), TCCCAGACCAT-
CAGCCCT and GGTAAAGGTGGGTCTGCATT; B-actin, CTC-
TTTGATGTCACGCACGATTTC and GTGGGCCGCTCTAGG-
CACCAA; intercellular adhesion molecule-2 (ICAM-2), TGC-
TGGAGCCTGTCTCTTCTT and TTTCCCGAACACGTGAA-
ATG; Tie-2, TATTGAGTATGCCCCGCATG and GCTAACAAT-
CTCCCAGAGCAA; endothelial nitric oxide synthase (eNOS) for
mice, AAAGAATTGGGAAGTGGGCA and AACATTTCCTGT-
GCAGTCCTG, and eNOS for humans, GACGCTACGAGGAGT-
GGAAG and TAGGTCTTGGGGTTGTCAGG.

Samples were amplified through 35 cycles at an annealing
temperature of 52°C in a PCR Thermal Cycler (Applied Biosys-
tems, Foster City, Calif., USA).

Immunofluorescence Staining

Cytospin (Thermo Electron, Waltham, Mass., USA) prepara-
tions of MAECs were fixed in 3% (v/v) paraformaldehyde at room
temperature for 15 min and blocked in DAKO Cytomation Pro-
tein Block Serum-Free Ready-to-use (DAKO, Glostrup, Den-
mark) for 1 h. Cells were incubated with primary antibodies, such
as phycoerythrin-conjugated anti-Flk-1 monoclonal antibody
(Pharmingen, San Diego, Calif., USA), anti-vascular endothelial
(VE)-cadherin monoclonal antibody (Pharmingen), anti-vWf
monoclonal antibody (DAKO) or ICAM-2 monoclonal antibody
(Pharmingen) at 4°C overnight. As a control, isotype control (R
& D Systems, Minneapolis, Minn., USA) was used as a primary
antibody. After washing with cold PBS, the cells were incubated
with biotin-conjugated anti-rat IgG (Chemicon, Temecula, Calif.,
USA) or biotin-conjugated anti-mouse IgG (Chemicon) at 4°C for
1 h. Subsequently, the cells were incubated with FITC-conjugated
streptavidin (BD Biosciences, San Jose, Calif., USA)at4°Cfor 1 h.
Preparations were mounted in DAKO fluorescent mounting me-
dium (DAKO) and viewed under a fluorescence microscope
(TS100; Nikon, Tokyo, Japan).

Immunoblotting

The proteins obtained from MAECs and homogenized uterus
were boiled in sample buffer (500 mm Tris-HCI, pH 6.8, 4% SDS,
20% glycerol, and 2% mercaptoethanol) for 5 min. Equal amounts
of total protein were loaded on each lane and run on SDS-PAGE,
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followed by electrophoretic transfer of the proteins to polyvinyli-
dene difluoride membrane. Membranes were first blocked with
5% skim milk for 1 h and then incubated with the mouse anti-a
smooth muscle actin (a-SMA) monoclonal antibody (Research
Diagnostics, Flanders, N.J., USA) or anti-tubulin monoclonal an-
tibody (Sigma) for 1 h. After three sequential 5-min washes with
washing buffer (20 mM Tris-HCI, pH 7.4, and 0.1% Tween 20), the
membranes were incubated with anti-rabbit IgG or anti-mouse
IgG peroxidase-conjugated secondary antibodies (Santa Cruz
Biotechnology) for 1 h at room temperature and then again
washed as described above. Bound protein was developed with
ECL detection reagents (Amersham Biosciences, Piscataway, N.J.,
USA) and exposed to X-ray films for 5 s.

Transient Transfection Procedure

1.5 x 10° HUVECs and MAECs were grown on 12-well plates
and transiently transfected with pcDNA™ 3.1/myc-His/lacZ (In-
vitrogen) using the Lipofectamine™ 2000 Transfection Reagent
(Invitrogen), according to the manufacturer’s protocol. For mea-
suring transfection efficiency, transiently transfected cells were
stained with a B-Gal staining set (Roche, Penzberg, Germany),
and positive staining cells were counted by microscopy.

Tube Formation Assay

One hundred microliters of Matrigel (BD Biosciences) were
added to 24-well culture plates (Becton Dickinson) and allowed
to solidify at 37°C for 30 min. MAECs (2 X 10* cells/well) were
seeded on the Matrigel and cultured in M199 medium at 37°Cin
a humidified atmosphere of 5% CO, air. After incubation for
24 h, tube formation was observed using phase-contrast micros-
copy and photographed.

Infection of Cells with Adenovirus

MAECs (1 X 10°% were plated in 100-mm dishes, cultured
overnight and incubated with 100 multiplicities of infection of
recombinant adenovirus encoding Escherichia coli B-galactosi-
dase (Ad-B-gal) for 1 h. Cultured medium was added and MAECs
were maintained for 24 h. The recovered MAECs were used for
the Matrigel plug assay described below.

In vivo Matrigel Plug Assay

Tube formation activity in vivo was assessed with the Matrigel
plug assay. MAECs (2 x 10%) were mixed with 0.2 ml of PBS or
0.2 ml of Matrigel and inoculated subcutaneously in 4 nude mice.
Matrigel plugs were surgically removed 2 weeks after injection.
Each plug was fixed with 10% (vol/vol) formaldehyde, embedded
in paraffin, sectioned, and stained with hematoxylin/eosin. For
B-gal staining, the removed plugs were then embedded in OCT
and frozen with liquid nitrogen. Cryostat sections (5 jm) were
made, and the slides were stained for B-gal activity. The slides
were then fixed in PBS (pH 7.2) containing 0.25% glutaraldehyde
for 10 min at 4°C and stained in 5 mM K Fe (CN)¢3H,0, 5 mM
K3Fe(CN)g, 0.2 mM MgCl,, and 1 mg of X-Gal/mlin PBS (pH 7.2)
overnight at 37°C. The sections were rinsed in PBS (pH 7.2) and
stained with hematoxylin at room temperature for better visual-
ization of the staining.

Cellular Binding Assay
MAECGs (2.5 x 10*) were seeded into each well of 96-well cul-
ture plates (Becton Dickinson). Confluent cultures of MAECs
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were stimulated with TNFe (10 ng/ml). WEHI-3B cells (1 X 10°)
labeled with PKH2 (Sigma) were added to each well and incubat-
ed with MAECs for 1 h. Cells that nonspecifically bound to
MAECs were removed by inverting the plates for 30 min. Wells
were subsequently washed once with serum-free RPMI 1640 (Sig-
ma), and the remaining cells were lysed with 1% Triton X-100
(Sigma). Fluorescence intensity in cell lysate was measured using
an automated microplate fluorometer (Perkin Elmer, Wellesley,
Mass., USA) at 490 nm. Data are expressed as the percentage of
input cells bound.

Nitrate Measurement

Nitrate accumulation was determined by mixing equal vol-
umes of cell culture medium and Griess reagent (Griess Reagent
System, Promega, Madison, Wisc., USA) with absorbance at 540
nm on a microplate reader. Standard curves were constructed
with known concentrations of NaNQ,.

Results

Isolation of Cell Lines from a p53-Deficient Mouse

Cellsisolated from the p53-deficient mouse aorta were
cultured with M199 medium containing 5 ng/ml recom-
binant mouse VEGF. Most of the growing cells were mor-
phologically fibroblastic. The cells that showed active up-
take of Dil-Ac-LDL were sorted by flow cytometry. After
sorting, the collected cells continued to grow, whereas the
population of fibroblastic cells diminished. In order to
obtain monoclonal cell lines, the sorted cells were sub-
jected to limiting dilution and one of the clones, No. 12,
was used for further experiments. This chosen MAEC
clone was serially cultured over 1 year and for more than
100 passages. The proliferation of MAECs was examined
and the doubling time was 23.2 h. Active uptake of Dil-
Ac-LDL of the No. 12 clone was confirmed by flow cy-
tometry (fig. 1c}) and confocal microscopy (data not
shown). HUVECs clearly showed active uptake of Ac-
LDL (fig. 1b), while NIH3T3 showed no uptake (fig. 1d).
As active uptake of Ac-LDL is one of the well-known
characteristics of ECs, these observations confirmed that
MAECs retained characteristics similar to HUVECs and
originated in ECs. The MAECs showed typical endothe-
lial morphology, such as cobblestone appearance and
contact-inhibited growth (fig. 1a).

Endothelial Characteristics

To investigate whether MAECs had endothelial prop-
erties, their characteristics were examined by electron
microscopy. As shown in figure 2, Weibel-Palade (WP)
bodies were observed in the cytoplasm [21]. WP bodies
are abundant within ECs and consist of P-selectin and
vWI1, formerly designated factor-VIII-related antigen.
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Fig. 1. Establishment and morphology of
MAECs. a MAECs imaged under phase
contrast microscopy. Cells were cultured
at 37°Cin M199 medium and formed cob-
blestone morphology with contact-inhib-
ited growth at confluence (magnification
X400, scale bar = 50 wm). Active Dil-Ac-
LDL uptake examined by flow cytometry
in HUVECs as a positive control (b), and
MAECs (c) and NIH3T3 as a negative con-
trol (d). Dotted line indicates negative
controls without Dil-Ac-LDL.
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Fig. 2. Presence of WP bodies in MAECs detected by electron
microscopy. Many WP bodies are recognized in the cell cyto-
plasm. P-selectin and vWTf are stored in these cytoplasmic com-
ponents, and the existence of WP bodies indicates that MAECs
are ECs (magnification x1,500, scale bar = 1 um).

Aslarge blood vessels, like the aorta, are surrounded by
smooth muscle cells, we analyzed the possibility of smooth
muscle cell contamination. a-SMA, which is a differenti-
ated smooth muscle marker, was not revealed by immu-
noblotting on MAECs (fig. 3a). However, it was strongly
detected in the homogenized uterus, indicating that
MAECs were not contaminated by smooth muscle cells.

We next characterized their vasculogenic potential by
analyzing the expression of endothelial-specific genes.
MAECs were cultured at subconfluent density, and RNA
was extracted for analysis of endothelial-related gene ex-
pression using RT-PCR. Expression of EC adhesion mol-
ecules such as ICAM-2 [22] and growth factor receptors
such as VEGFR-2/Flk-1/KDR [23], Tie-2, and vWf [24]
were detected in the aortaand MAECs but notin NTH3T3
(fig. 3b). Although the expression level was weaker than
normal ECs, the expression profile of endothelial mark-
ers in MAECs was similar to that of the aorta. In order to
study protein expression, MAECs were prepared by cy-
tospin and subjected to immunofluorescence staining
which demonstrated that Flk-1 (fig. 3c), VE-cadherin
(fig- 3d), ICAM-2 (fig. 3e) and vWTf (fig. 3f) were ex-
pressed on MAECs. These results showed that MAECs
have various endothelial markers on their surfaces. Espe-
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cially VE-cadherin, an endothelial-specific cadherin also
known as cadherin-5, mediates cell-cell interactions
through the formation of an adherence junction, which
is important in maintaining vascular integrity [25]. Fur-
thermore, GSLI-B4, which is reported to bind specifical-
ly to mouse ECs, bound to MAECs. This binding was
visualized with fluorescent microscopy (fig. 3h) and as-
sessed with flow cytometry (data not shown).

For more detailed characterization of the established
cell line, transfection efficiency was determined with a
liposomal transfection agent. LacZ gene was transfected
to MAEC or COS-7, and the transfection efficiency was
analyzed by B-gal staining. 13.5% of MAEC were stained
and 58.1% of COS-7 were stained under the same condi-
tions. These results demonstrated that MAEC can be
transfected, but its efficiency is not high.

Three-Dimensional Culture of ECs in vitro and in vivo

As described above, MAECs retained the morphology
and cell surface markers of ECs, and so we performed
functional analysis of MAECs as ECs. One of the endothe-
lial functions of this cell line was determined by culture on
Matrigel, an extracellular matrix basement membrane that
can be used to promote differentiation of ECs [26]. Most
ECs rapidly organize and form tube-like structures after
plating on Matrigel, and the ability to form tube-like struc-
tures on Matrigel can distinguish ECs from common con-
taminated cell types [5]. MAECs spontaneously reorga-
nized tube-like structures on Matrigel after 24 h (fig. 4a),
and they maintained these structures for 3 days. We stud-
ied their behavior in vivo to investigate the capacity of
MAECs to participate in the process of neovasculariza-
tion. We used a tumor transplantation model in athymic
nude mice. The mixture of MAECs and Matrigel was sub-
cutaneously injected into 4 mice. Athymic nude mice in-
jected with MAECs and PBS served as a control group. Two
weeks after injection, MAECs with Matrigel were removed
from the mice. The sections of MAECs and Matrigel were
stained with HE, and tube-like structures were microscop-
ically detected (fig. 4b). In addition, in order to confirm
whether these tube-like structures were constructed of in-
jected MAECs and not recipient ECs, MAECs were labeled
with Ad-f3-gal prior to injection; thus, the expression of the
E. coli 3-gal gene was directed to the nuclear compart-
ment. One week after injection, MAECs were removed and
[3-gal activity was analyzed in the frozen sections. Positive
staining for B-gal was detected in the tube-like structures,
therefore they were disclosed as injected MAEC:s (fig. 4c).
These results indicate that MAECs have the capacity to
form three-dimensional structures in vivo.
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Fig. 3. Endothelial gene expression in
MAECs. a Western blotting demonstrated
that a-SMA was not expressed in MAECs.
The uterus was used as a positive control.
b RT-PCR analysis showed that Flk-1,
ICAM-2, Tie-2, and vWf were expressed in
MAECsbut notin NIH3T3. The aorta was
used as a positive control. Expression of
Flk-1 (c), VE-cadherin (d), ICAM-2 (e),
and vWI (f) was monitored by fluorescent
microscopy. g Isotype control. h MAECs
showed binding to GSLI-B4 by fluorescent
microscopy (magnification X400, scale
bar = 10 pm).
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Cellular Binding Activity of MAECs

To assess another endothelial function, cellular bind-
ing activity with lymphocytic cells, an in vitro cellular
binding assay was performed using TNFa-stimulated
MAECs and WEHI-3B cells. TNFa upregulated the ex-
pression of VCAM-1 on MAEC:s (fig. 5a). WEHI-3B cells
expressed VLA-4, which is a ligand of VCAM-1, on their
surfaces spontaneously (fig. 5b). MAECs were stimulated
with 10 ng/ml TNFa and cocultured with WEHI-3B cells
for 1 h. After washing, the cells which bound to the
MAECs were examined with phase contrast microscopy.
Figure 5c shows that cellular binding between WEHI-3B
cells and TNFa-stimulated MAECs was enhanced com-
pared with unstimulated MAEC:s (fig. 5d). This result in-
dicates that TNFa-induced VCAM-1 may play a role in
the binding with WEHI-3B cells via VLA-4. For quanti-
fication of the binding capacity, WEHI-3B cells labeled
with PKH2 were added to MAECs and the binding of
these cells was revealed by fluorescence intensity. Al-
though 15.2% of the WEHI-3B cells bound to TNFa-
stimulated MAECs, only 3.8% of WEHI-3B cells bound
to unstimulated MAECs. As shown in figure 5f, the adhe-
sion of WEHI-3B cells to TNFa-stimulated MAECs was
significantly upregulated (* p = 0.04, stimulated vs. un-
stimulated MAECs, Scheffe’s test).

NO Production and eNOS Expression in MAECs

Another endothelial function was evaluated: NO pro-
duction and the expression of eNOS. NO accumulated in
HUVEC cultured for 48 h, but little NO was detected in
the MAEC culture (fig. 5g), and 100 ng/ml of VEGF did
not upregulate NO production. eNOS expression was de-
tected in MAECs by RT-PCR but not in the mouse fibro-
blast cell line, NTH3T3 cells (fig. 5g). This expression was
weaker than that in HUVECs as well as the other endo-
thelial markers described above. eNOS expression of
MAECs may decrease during the immortalization pro-
cess and it may result in low level NO production.

Fig. 4. Tube formation of MAECs on Matrigel and in vivo. a Tube
formation by MAECs 24 h after seeding the cells on Matrigel
(magnification X200, scale bar = 100 wm). b MAECs and Matri-
gel were inoculated into nude mice, and removed mixtures were
sectioned and analyzed by HE staining. Many tube formations
were seen in the section. ¢ MAECs that were transfected with
Ad-B-gal were inoculated and analyzed. B-gal-labeled MAECs
were seen in the sections. b, ¢ Magnification X400, scale bar =
50 pm.
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1 expression after incubation with TNFa (10 ng/ml) for 4 h. b Surface expression of VLA-4 on WEHI-3B. The
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3B cells. c-e Magnification X200, scale bar = 100 pm. f Cellular binding activity of MAECs to mononuclear
cells was measured by cellular binding (* p = 0.04). g The expression of eNOS by RT-PCR and nitrate produc-
tion in MAEC. f, g The results are representative of several experiments.
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Discussion

Inorder to understand the mechanism of events shown
in in vivo analysis, it is important to reconstruct them in
in vitro experiments. HUVECs contributed to these in
vitro analyses for human EC biology. For in vivo experi-
ments using mice, some mouse EC lines were previously
reported [27-30], and these cell lines each had endothe-
lial-like characteristics and were useful to some degree.
Although Su et al. [30] showed tube formation of their
cell line on Matrigel, no other EC functions were report-
ed in their studies. A cell line that retains as many similar
functions to normal ECs as possible is required for vari-
ous in vitro analyses. In our present study, we assessed
the characteristics and functions of the newly established
ECline, MAECs. MAECs exhibited typical and basic cri-
teria for the identification of ECs [31], e.g. cobblestone
appearance, contact-inhibited growth and active uptake
of Dil-Ac-LDL. In addition to these characteristics, elec-
tron-microscopic analysis showed the existence of WP
bodies, which are the endothelial-specific storage organ-
elle for the regulation of vWf secretion. These results in-
dicate MAECs are an EC line.

The differentiation of the EC lineage was assessed in a
previous study [32]. FlIk-1 is the early marker for endothe-
lial progenitors and is expressed in isolated mesodermal
cells that give rise to ECs and in hematopoietic cell pro-
genitors, termed hemangioblasts. In addition, Flk-1 is ex-
pressed in various differentiation stages of ECs and is es-
sential for EC differentiation [32-34]. Hirashima et al.
[32] showed that Flk-1+ EC progenitor cells start to ex-
press VE-cadherin and CD31 and differentiate to ECs in
vasculogenesis [32, 34]. Tie-2 is a receptor for both angio-
poietin-1 andangiopoietin-2 and is particularly expressed
in ECs [35] but also in the late stage of vascular morpho-
genesis [34]. Furthermore, vWf is a marker for differenti-
ated ECs [10, 28]. We detected Flk-1 and other endothe-
lial markers such as VE-cadherin, ICAM-2, vWf, and Tie-
2on MAECs. Therefore, these results showed that MAECs
have differentiated characteristics of ECs.

Here, we investigated three functional analyses for
MAECs; tube formation assay, cellular binding assay, and
NO production to examine if the cell line was suitable for
vascular research. The tube formation of ECs on Matrigel
has been used as an in vitro angiogenesis assay [3, 4].
MAECs showed tube formation activity on Matrigel sug-
gesting that they can be used for angiogenesis studies.
MAEC:s also exhibited tube formation in nude mice with
Matrigel, indicating that they retain the potential to or-
ganize a vascular network in vivo and that they can be
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used for wider applications in endothelial or vascular re-
search, However, we have to consider that MAECs may
not be the ideal model for studying angiogenesis under
stressful conditions such as irradiation being imposed on
the cells, because of its deficiency in p53 which plays an
important role in angiogenesis {36].

Cellular binding assay is valuable for the analysis of the
first step of inflammation in vitro {37, 38]. The attach-
ment of mononuclear cells to the endothelium is essential
in the initiation of atherosclerotic and inflammatory le-
sions, and it is well known that cell adhesion molecules
play a key role in the development of inflammation and
atherosclerosis [39]. TNFa-stimulated MAECs displayed
cellular binding ability with WEHI-3B cells. Regarding
the molecules that mediate these adhesions, various mul-
tiple adhesion molecules have been identified on activated
ECs, including endothelial-leukocyte adhesion molecule-
1 (E-selectin), VCAM-1, and ICAM-1. It was also demon-
strated that VCAM-1 was expressed on MAECs activated
by TNFa (fig. 5a). In addition, VLA-4,aligand of VCAM-
1, was expressed on WEHI-3B cells. These results demon-
strated that VCAM-1 and VLA-4 contribute to the cellular
binding activity of MAECs and WEHI-3B. In this man-
ner, using MAECs, the interaction between cell adhesion
molecules can be studied in detail.

Low-level NO production and a lower expression of
eNOS in MAECs compared to HUVECs may result from
the multiple passages of this cell line. Actually, Matsu-
shita et al. [40] reported that eNOS activity was reduced
in senescent human ECs, and shear stress induced great-
er eNOS expression and activity. From these results, al-
though MAECs retained the endothelial characteristics
regarding eNOS expression, the analysis of eNOS activity
should be considered in various conditions, and MAECs
may not be the ideal model for the study of NO and
ECs.

p53 is a tumor suppressor protein that plays an impor-
tant role in the cell cycle and cell growth. p53 protein de-
ficiency causes mice to develop spontaneous tumors, and
loss of p53 function results in genomic instability. Al-
though many kinds of cell lines have been established from
p53-deficient mice, in some cell lines genomic instability,
accelerated growth, malignant transformation and some
phenotypic changes were shown [17, 18, 41]. In this paper,
our results showed that MAECs expressed vWf, whose
production is often lost in transformed or malignant ECs
in angiosarcomas [10, 28]. Therefore, we consider that
MAECs are an established cell line which may not have
obtained malignant transformation. However, further in-
vestigation will be needed regarding malignancy.
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In conclusion, we propose that our EC line MAEC,

which retains endothelial functions such as cellular bind-

ing activity and tube formation activity, could contribute
significantly to the future study of EC biology. This cell
line is freely available for the academic research commu-

nity with a material transfer agreement.

—
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Introduction

Sjogren’s syndrome (SS) is an organ-specific autoimmune

Summary

Regulation of the adhesion of mononuclear cells to endothelial cells is con-
sidered to be a critical step for the treatment of inflammatory diseases, includ-
ing autoimmune diseases. K-13182 was identified as a novel inhibitor for these
adhesions. K-13182 inhibited the expression of vascular cell adhesion
molecule-1 (VCAM-1, CD106) on human umbilical vein endothelial cells
(HUVECs) and on mouse vascular endothelial cell line (MAECs) induced by
tumour necrosis factor (TNF)-a.. K-13182 also inhibited the adhesion of
mononuclear cells to these HUVECs and MAECs, indicating that K-13182
suppressed these adhesions mediated by cellular adhesion molecules includ-
ing VCAM-1. To evaluate the therapeutic effect in autoimmune disease model
mice, K-13182 was orally administered to non-obese diabetic (NOD) mice as
Sjogren’s syndrome (SS) model mice. Severe destructive inflammatory lesions
were observed in the lacrimal glands of vehicle-treated control mice; however,
8-week administration of K-13182 inhibited the mononuclear cell infiltration
into the inflammatory lesions of the lacrimal glands. In K-13182-treated mice,
the decrease in tear secretion was also prevented compared to the control
mice. In addition, the apoptosis and the expression of FasL (CD178), perforin,
and granzyme A was suppressed in the lacrimal glands of K-13182-treated
mice. Therefore, K-13182 demonstrated the possibility of therapeutic efficacy
for the inflammatory region of autoimmune disease model mice. These data
reveal that VCAM-1 is a promising target molecule for the treatment of
autoimmune diseases as a therapeutic strategy and that K-13182 has the
potential as a new anti-inflammatory drug for SS.

Keywords: autoimmune disease, endothelial cells, lacrimal gland, NOD
mouse, VCAM-1

cytokines, endothelial cells express adhesion molecules such
as vascular cell adhesion molecule-1 (VCAM-1), intercellular
adhesion molecule-1 (ICAM-1, CD54) and E-selectin

disorder characterized by lymphocytic infiltration and pro-
gressive loss of exocrine glands resulting in symptoms of dry
mouth and dry eye due to insufficient secretion, and sys-
temic production of autoantibodies to the ribonucleoprotein
[1]. Although a large number of studies have been conducted
[2-5], the mechanism of the destruction of the exocrine
glands is still unclear.

In the first stage of inflammatory diseases, leucocytes
migrate from the circulation into the sites in which inflam-
mation manifests. Leucocyte adherence to the blood vessel
wall through cell adhesion molecules is the important step for
leucocyte migration [6]. When activated by inflammatory

(CD62E). VCAM-1 is a cell surface glycoprotein which
belongs to the immunoglobulin superfamily, and is adhesive
to certain blood leucocytes and tumour cells that bear o4
integrins. In the vascular system, VCAM-1 is expressed on
activated endothelial cells, smooth muscle cells and fibro-
blasts in a variety of pathological conditions, including ath-
erosclerosis and inflammation [7-9]. These former studies
indicate that endothelial/lymphocyte adhesion involving
VCAM-1/VLA-4 (CD49d/CD29) control the migration of
lymphocytes into the inflamed lesion. These cell adhesion
molecules offer potential therapeutic targets to block the
development of inflammation and tissue destruction.
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In SS, it has been reported that the expression of cell
adhesion molecules on vascular endothelial cells, such as
ICAM-1 and VCAM-1, increased in the salivary and lacrimal
glands [10]. In addition, these adhesion molecules play pre-
dominant roles in controlling T cell recruitment into these
tissues and in the regulation of inflammation [11].

In this study, we identified the newly synthesized, low
molecular weight compound K-13182, which inhibited the
VCAM-1 expression on human umbilical vein endothelial
cells (HUVECs), mouse aortic vascular endothelial cell lines
(MAECs) and inhibited cellular adhesion between HUVECs
and U-937 human monocytic cell lines. The purpose of this
study is to evaluate the therapeutic effect of K-13182 and to
clarify the mechanism in detail in SS model mice.

Materials and methods

Cell cultures

HUVECs were purchased from Clontech (Palo Alto, CA,
USA), and cultured in EGM-2 medium (Clontech). Three
or four time-passaged cells were used for the experiments.
U-937 was obtained from American Type Culture Collec-
tion (Manassa, VA, USA) and maintained in RPMI-1640
medium containing 10% fetal calf serum (FCS) (Invitro-
gen, Carlsbad, CA, USA). Murine myeloid leukaemia cell
line, WEHI-3, was obtained from Riken Cell Bank (Ibaraki,
Japan) and maintained in RPMI-1640 medium containing
10% FCS and 2-mercaptoethanol. MAECs were isolated
and established from p53-deficient mice in our previous
study [12].The cells were maintained in M199 (Sigma, St
Louis, MO, USA) supplemented with 5% FCS, 10 U/ml
heparin sodium (Shimizu Pharmaceutical, Shizuoka,
Japan), 100 U/ml penicillin (Invitrogen) and 100 pig/ml
streptomycin (Invitrogen).

Expression of VCAM-1 on HUVECs and MAECs

The expression of VCAM-1 on MAECs and HUVECs was
analysed with cell enzyme-linked immunosorbent assay
(ELISA). MAECs and HUVECs (1 x 10*) were seeded onto
96-well culture plates (Becton Dickinson, Franklin Lakes,
NJ, USA). Confluent cultures of cells were stimulated with
10 ng/ml tumour necrosis factor (TNF)-o in the presence of
various doses of K-13182. Non-specific binding was blocked
by the sequential addition of 3% non-fat dry milk/
phosphate-buffered saline (PBS) and 5% goat serum/PBS for
1 h. Anti-human VCAM-1 (4B2, Genzyme Corporation,
Cambridge, MA, USA) or anti-mouse VCAM-1 (MK2.7,
American Type Culture Collection) and horseradish peroxi-
dase (HRP)-conjugated goat anti-rat IgG antibody (R&D
Systems, Minneapolis, MN, USA) were used as the first and
second antibodies, respectively, followed by the addition of
3,3, 5, 5'-tetramethyl-benzidine (Moss Inc., Pasadena, MD,
USA). The optical density (OD) of each well was determined
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by using a microplate reader (Bio-Rad Laboratories, Her-
cules, CA, USA) at 450 nm. The relative VCAM-1 expression
was calculated using the following formula: (expression in
the presence of K-13182 [OD)/expression in the absence
of K-13182 [OD])x100. Data are expressed as
mean * standard deviation (s.d.) of three individual
experiments.

Cellular adhesion assay

Cellular adhesion assay using HUVECs or MAECs and
U-937 or WEHI-3 was performed as described in previous
reports [12-15], with some modifications. Endothelial cells
(HUVECs or MAECs, 1 x 10*/well) were seeded into each
well of 96-well culture plates. Confluent cultures of endot-
helial cells were stimulated by 30 ng/ml TNF-« and varying
concentrations of K-13182 for 16 h at 37°C. U-937 or
WEHI-3 cells were labelled with 10pmol/l 2,7'-
bis(carboxyethyl)-5(6") carboxyfluorescein tetraacetoxym-
ethyl ester (PKH-2; Dojindo Laboratories, Kumamoto,
Japan) for 1 h at 37°C in each medium for HUVECs and
MAECs and then washed three times with serum-free
medium. PKH-2-labelled cells (2 x 10*) were added to each
well and incubated with TNF-a-stimulated endothelial cells
for 1 h. Cells that were not bound to endothelial cells were
removed by inverting the plates for 30 min. Wells were sub-
sequently washed once with serum-free M199, and the
remaining cells were lysed with 1% Nonidet P-40 (Calbio-
chem, La Jolla, CA, USA). Fluorescence intensity in cell
lysate was measured by using an automated microplate
fluorometer (Perkin Elmer, Boston, MA, USA) at an exci-
tation wavelength of 485 nm and an emission wavelength
of 535 nm. The relative adhesion cells were calculated using
the following formula: (adhesion in the presence of
K-13182 [OD]/adhesion in the absence of K-13182
[OD}) x 100.

Reverse transcription—polymerase chain reaction
(RT-PCR) assay

MAECs and HUVECs were stimulated with 10 ng/ml TNF-a
in the presence of K-13182 for 4 h. Total RNA was extracted
with TRIzol reagent (Life Technologies, Rockville, MD,
USA), and cDNA was prepared from RNA with 50 pmol of
random hexamer and 200 U of reverse transcriptase {Invit-
rogen); 0-5 ul of a 20-pl cDNA mixture was used for PCR
with 5 pmol each of forward and reverse primers and 2:5 U
of Ex Tag DNA polymerase (Takara Shuzo, Kyoto, Japan).
The sequences of the specific sense and anti-sense oligo-
nucleotide primer pairs were as follows: VCAM-1 (human),
GGATAATGTTTGCAGCTTCTC and TTCAGTAAGTC
TATCTCCAGC; VCAM-1 (mouse), CCCAAGGATCCA
GAGATTCA and TAAGGTGAGGGTGGCATTTC; B-actin,
CTCTTTGATGTCACGCACGATTTC and GTGGGCCGC
TCTAGGCACCAA.
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Samples were amplified through 25 or 30 cycles in a PCR
Thermal Cycler (Applied Biosystems, Foster City, CA, USA).

Mice

Male non-obese diabetic (NOD) mice were purchased from
Clea Japan, Inc. (Tokyo, Japan) and maintained under
specific-pathogen-free conditions in the animal facilities of
Kowa Tokyo New Drug Research Laboratories. All experi-
mental protocols were approved by the animal welfare com-
mittees of Tsurumi University and Kowa Tokyo New Drug
Research Laboratories.

Administration of K-13182

K-13182, dissolved in 0-5% hydroxypropyl methylcellulose,
was administered orally into the mice at a dose of 30 mg/kg/
day from 4 to 12 weeks of age (8 week of administration,
n=12) or from 4 to 16 weeks of age (12 week of adminis-
tration, n=15). For control mice, 0-5% hydroxypropyl
methylcellulose was administered as vehicle for a period of
8 (n=12) or 12 weeks (1= 15).

Measurement of tear secretion

Tear secretion was compared before and after administration
of K-13182. We measured the tear secretion of NOD mice
before administration (control mice: 7 = 5; K-13182-treated
mice: n=5) and 12 weeks after administration (control
mice: n=10; K-13182-treated mice: n=11). Mice were
anaesthetized intraperitoneally with a mixture of 36 mg/kg
ketamine (Sigma) and 16 mg/kg xylazine (Sigma). The
amount of secreted tears was determined by the length of the
Schirmer strip soaked by tears (1 mm in width; Showa
Yakuhin Kako, Tokyo) after insertion into the inner aspect of
an eyelid every 5 min in a 20-min period.

Histological analysis

NOD mice were anaesthetized with diethyl ether (Wako Pure
Chemical Industries, Osaka, Japan) and were killed. The lac-
rimal glands were then removed from K-13182-treated NOD
mice (n = 11, 8 weeks of administration, = 15, 12 weeks of
administration) and control mice (1 = 11, 8 weeks of admin-
istration, n = 15, 12 weeks of administration). Removed lac-
rimal glands were fixed with 4% paraformaldehyde and
embedded in paraffin. The sections (4 um) were prepared
and stained with haematoxylin and eosin (H&E) [16] using
the standard method. Histological grading of the inflamma-
tory lesions in the lacrimal glands was performed according
to the method proposed by White and Casarett [17]. The
number of mononuclear cells on H&E-stained sections
(three areas/section/animal) obtained from each animal was
counted under a light microscope (X 400), and the mean
value was calculated for each animal.

TagMan RT-PCR

Lacrimal glands were removed from NOD mice as men-
tioned above. Total RNA were obtained from the lacrimal
glands of K-13182-treated mice or control mice. Reverse
transcription was performed using a GeneAmp RNA PCR
kit (Applied Biosystems). TagMan—PCR was also performed
according to the manufacturer’s instructions (Applied
Biosystems). Oligonucleotide primers and probes are
described in Table 1. Sequence specific amplification was
detected with an increased fluorescent signal of reporter dye
6-carboxy fluorescein (FAM) during the following amplifi-
cation cycles: 1 cycle at 50°C for 2 min, 1 cycle at 95°C for
10 min and 40 cycles each at 95°C for 15s and 60°C for
1 min. Gene-specific mRNA was normalized subsequently to
rRNA. Primers and probes for rRNA were purchased from
Applied Biosystems.

TUNEL assay

Lacrimal glands were removed from NOD mice, as men-
tioned above, and were embedded in optimal cutting tem-
perature compound (OCT; Sakura Finetechnical, Tokyo,
Japan) and frozen in liquid nitrogen. Cryostat sections
(5 um) were made, and apoptotic cells were detected in sec-
tions by terminal deoxynucleotidyl transferase-mediated
dUTP nick end labelling (TUNEL) assay using the in sifu
apoptosis in situ detection kit (Wako Pure Chemical Indus-
tries), according to the manufacturer’s instructions. The per-
centage of TUNEL-positive cells were counted under the light
microscope (X 400) in three fields per one section (TUNEL
index), and expressed as mean percentage * s.d. in four
(control mice) or three (K-13182-treated mice) sections.

Table 1. Primers and probes used for reverse transcription—polymerase
chain reaction (RT-PCR) analysis.

mRNA Sequences

VCAM-1
Forward primer ACAAGTCTACATCTCTCCCAGGAATAC
Reverse primer CACAGCACCACCCTCTTGAA
Probe CTGTACATCCCTCCACAAG

FasL
Forward primer TCAGCTCTTCCACCTGCAGAA
Reverse primer TACTTTAAGGCTTTGGTTGGTGAA
Probe AACTGGCAGAACTCCGT

Perforin
Forward primer GCAGGTCAGGCCAGCATAA
Reverse primer ACCTTTGAATCCTGGCACTCA
Probe AGTAGCCATGATTCATGCC

Granzyme A
Forward primer GGTGGAAAGGACTCCTGCAA
Reverse primer GCCTCGCAAAATACCATCACA
Probe ATTCTGGCAGCCCTC
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Results

K-13182 inhibited cellular adhesion and the expression
of VCAM-1 in HUVECs

In our previous study, the expression of VCAM-1, ICAM-1
and E-selectin on the HUVECs in response to TNF-a was
augmented markedly [15]. Among these cell adhesion mol-
ecules, K-13182 suppressed VCAM-1 expression in a dose-
dependent manner (P < 0-0001 at 0-01, 0-03, 0-1, 0-3 and
1 UM compared to absence of K-13182, Dunnett’s multiple
comparisons, Fig. 1a). The observed half-maximal inhibi-
tory concentration (ICs) for VCAM-1 expression was
0-019 uM. To examine the specificity of K-13182, ICAM-1
expression was also analysed by cell ELISA. K-13182 (0-1-
10 uM) did not show a suppressive effect on ICAM-1 expres-
sion (Fig. 1b). Suppression of VCAM-1 expression was also
confirmed at the transcriptional level using RT-PCR, and
1 uM of K-13182 clearly inhibited the VCAM-1 mRNA
expression that was induced by 10 ng/ml TNF-a (Fig. 1d).
These results demonstrated that K-13182 specifically inhib-
ited VCAM-1 expression.

We have established a mononuclear cell/endothelial cell
adhesion assay system for the functional analysis of adhesion
inhibitory compounds in a former report [15]. To assess
whether K-13182 can function in lymphocytic cellular adhe-
sion to activated HUVECs, this cellular adhesion assay was
performed in the presence of K-13182. HUVECs were
treated with TNF- (10 ng/ml) for 4 h in the presence of

Fig. 1. The cell adhesion molecule expression and human
mononuclear cell/endothelial cell adhesion. (a) Effects of K-13182 on
vascular cell adhesion molecule-1 (VCAM-1) expression in human
umbilical vein endothelial cells (HUVECs). HUVECs were stimulated
with tumour necrosis factor (TNF)-a in the presence of K-13182 for
4 h. The expressién of VCAM-1 was then investigated by cell
enzyme-linked immunosorbent assay (ELISA). Data are expressed as
percentage of control expression (without K-13182) and represented
as mean = s.d. of triplicate samples. Inhibitory concentration (ICso)
was 0-019 UM. Statistical analysis was made using Dunnett’s multiple
comparisons compared to absence of K-13182, **P < 0-001. The
results are the average of four separate experiments. (b) Effects of
K-13182 on intercellular adhesion molecule-1 (ICAM-1) expression in
HUVECs. ICAM-1 expression was not down-regulated by K-13182 in
doses of 0-10 pM. (c) U-937/HUVECs adhesion assay. HUVECs were
stimulated with TNF-t in the presence of K-13182 (0-3 uM) for 4 h.
Adhesion of fluorescent-labelled U-937 cells were analysed by
fluorescent spectrophotometer. 1Cso was 0-14 UM. Data are expressed
as percentage adhesion of cells added and represented as mean * s.d.
of triplicate samples. Statistical analysis was made using Dunnett’s
multiple comparisons compared to absence of K-13182, *P < 0-05 and
**P < 0-001. (d) Effects of K-13182 on VCAM-1 mRNA expression in
HUVECs. HUVECs were stimulated with 10 ng/ml TNF-o. in the
presence of 1 uM of K-13182 for 4 h. The expression of VCAM-1 was
then investigated by reverse transcription—polymerase chain reaction
(RT-PCR).
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