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Tissue factor (TF) is the primary initiator of blood coagulation. In addition to hemostasis, TF can initiate intracellular
signaling and promote inflammation and angiogenesis, the key processes underlying the pathogenesis of age-related
macular degeneration (AMD). AMD, the leading cause of irreversible blindness among the elderly, involves many genetic
and environmental risk factors, including oxidative stress and inflammation. In this study, TF expression was examined in
human AMD tissue and in the eyes of a model of AMD, the Ccl2�/�/Cx3cr1�/� (DKO) mouse, as well as in the ARPE-19 cell
line after lipopolysaccharide (LPS) and H2O2 stimulation. Total RNA was extracted from tissue samples and further
analyzed by real-time RT-PCR. Immunohistochemistry was performed to evaluate TF protein expression. In the human
retina, a 32-fold increase of TF mRNA expression was detected in AMD macular lesions compared with normal maculae.
TF protein expression was also enhanced in human AMD maculae. Similarly, TF transcript and protein expression were
moderately increased in retinal lesions, neuroretinal tissue, and cultured RPE cells of DKO mice compared with age-
matched wild-type mice. TF expression level correlated with age in both wild-type and DKO mice. In order to better
understand how AMD might lead to enhanced TF expression, 1, 5, and 10 mg/ml LPS as well as 100 and 200 mM H2O2 were
used to stimulate ARPE-19 cells for 24 and 2 h, respectively. LPS treatment consistently increased TF transcript and protein
expression. H2O2 alone or in combination with LPS also moderately enhanced TF expression. These results indicate that
upregulated TF expression may be associated with AMD, and inflammatory and oxidative stress may contribute to
TF expression in AMD eyes.
Laboratory Investigation (2011) 91, 519–526; doi:10.1038/labinvest.2010.184; published online 1 November 2010

KEYWORDS: age-related macular degeneration; inflammation; oxidative stress; retina; retinal pigment epithelium; tissue factor

Age-related macular degeneration (AMD) represents a lead-
ing cause of irreversible blindness in the elderly.1,2 Advanced
AMD is generally subclassified into geographic atrophy (dry)
and neovascular/exudative (wet) AMD. Dry AMD progresses
relatively slowly and is characterized by the accumulation of
drusen deposits, degeneration, and atrophy of both retinal
pigment epithelium (RPE) and photoreceptors. Wet AMD
leads to sudden and severe vision loss and is characterized
by choroidal neovascularization (CNV)—the growth of new
blood vessels from the choroid into Bruch’s membrane or the
subretinal space and retina.

Tissue factor (TF), a transmembrane cell-surface receptor
for plasma coagulation factor VII (FVII) and its activated

form FVIIa, is the primary initiator of mammalian blood
coagulation. Normal endothelium lacks detectable TF ex-
pression, whereas vascular subendothelial cells constitutively
express TF.3 Upon vascular injury, FVII binds to TF to form
the TF/VIIa complex, which initiates the coagulation cascade
by activating downstream coagulation factors. In addition
to hemostasis, the TF/VIIa complex can also mediate
intracellular signaling through protease-activated receptors,
and promote inflammation4,5 and angiogenesis.6–8

Inflammation and angiogenesis have been implicated
in the pathogenesis of AMD. Drusen formation initiates
inflammation by stimulating the production of cytokines and
reactive oxygen species (ROS), and leads to further RPE and
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photoreceptor damage. Studies have found an association of
AMD with single-nucleotide polymorphisms of the genes
coding for complement factor H, factor B, C2, and C3.1,9 Of
interest, coagulation factor X and fibrinogen, which are
downstream mediators of blood coagulation closely related
to the expression of TF activity, have also been detected
in AMD lesions.10–14 Inflammation elicited by lipopoly-
saccharide (LPS), TNF-a, IL-1, IL-6, C5a, and many other
factors can result in increased cellular expression of TF.
Enhanced TF expression may in turn induce expression of
proinflammatory cytokines such as IL-1b, IL-6, IL-8, and
macrophage inflammatory protein-2a (MIP-2a/CXCL2a).4,15

Analogous to the process of tumor angiogenesis, in the
later stages of wet AMD, CNV serves to actually reduce the
blood supply to the retina, with diminished transport of
macromolecules such as oxygen, thereby creating a hypoxic
environment. Hypoxia subsequently induces the expression
of vascular endothelial growth factor (VEGF) and promotes
further CNV formation.16 In cancer and inflammation, a
positive feedback loop exists between VEGF and TF; TF
can induce angiogenesis by upregulating VEGF,17–19 and
enhanced VEGF can in turn increase TF expression.20

Recent studies have suggested the possibility that TF may
be implicated in the pathogenesis of AMD.14 Immunostain-
ing revealed TF expression in RPE cells and macrophages
in post-mortem eyes with CNV, and in surgically excised
CNV specimens,21 TF was expressed strongly in macrophages
and variably in RPE cells. In addition, TF staining was
observed to be increased in ‘inflammatory-active’ versus
‘inflammatory-inactive’ CNV. Belting et al6 reported that TF
phosphorylation was associated with pathological neovas-
cular vessels but not with normal vessels in human diabetic
retina, indicating a potential role of TF in CNV formation.
Furthermore, targeting TF has been proposed as a potential
immunotherapy for treating CNV. Administration of a
FVII-Fc chimeric antibody, which targets TF, selectively
obliterated CNV without any side effects in laser-induced
mouse and pig models, which simulate neovascular
AMD.22,23 Taken together, these findings suggest that aber-
rant expression or activity of intraocular TF may have a role
in AMD pathogenesis, and that TF may serve as an effective
therapeutic target for pathological neovascular lesions in
AMD retina.

TF expression in normal and diseased eyes as well as its
association with increasing age has not been previously
demonstrated. In addition, it still remains unclear whether
TF can serve as a target or marker in early and dry AMD. In
this study, we examined TF expression in human AMD
retina, as well as in the eyes of the murine model of AMD,
Ccl2�/�/Cx3cr1�/� double-knockout (DKO) mice, which
spontaneously develop focal, progressive retinal lesions, and
elevated A2E levels as early as at 4–6 weeks of age.24 TF
expression under the control of inflammatory and oxidative
stress was also evaluated in vitro in ARPE-19 cells after
stimulation with LPS and H2O2.

MATERIALS AND METHODS
Human Eye Sections
The study was approved by the National Eye Institute
Institutional Review Board for human subjects. Archived
paraffin-embedded sections cut through the macula of age-
matched two non-AMD and four AMD eyes were selected.
The AMD retinas demonstrated macular disciform scars or
neovascular AMD, indicating end stage of the disease.

Animals
The development of DKO mice was described previously.24,25

The DKO mice and age-matched wild-type (WT) control
(C57Bl/6) mice were bred in-house. All animal experiments
were performed under protocols approved by the NEI
institutional animal care and use committee and were in
compliance with the ARVO Statement for the use of animals
in ophthalmic and vision research. Both WT and DKO
had young (1-month-old mice) and old (1-year-old mice)
subgroups. Three mice of each subgroup were used in
experiments.

Cell Culture
Adult human RPE cells (ARPE-19) were obtained from the
American Type Culture Collection (Manassas, VA, USA) and
cultured in DMEM/F12 medium (1:1) (Sigma, St Louis, MO)
containing 10% fetal bovine serum (FBS; Sigma-Aldrich,
St Louis, MO), 1% L-glutamine–penicillin–streptomycin
(Sigma-Aldrich), 1% 100� MEM nonessential amino acids
(Invitrogen, Carlsbad, CA, USA), and 1% N1 growth med-
ium supplement (Sigma-Aldrich). The cells were cultured at
37 1C in humidified 5% CO2 condition and split when 90%
confluent.

Microdissection
Human retinal cells in the macular area, including RPE, were
manually microdissected from paraffin-embedded AMD eye
sections. Retinal neuronal and RPE cells from normal ma-
culae were also microdissected from non-AMD human eye
sections to compare TF mRNA expression levels. Retinal
lesion sites of DKO mice and comparable retinal areas from
WT mice were microdissected from frozen sections. Total
RNA was isolated from the microdissected cells following the
instructions of the Picopuret RNA Isolation Kit (Arcturus
Bioscience, Mountain View, CA, USA).

Dissection of Mouse Neuroretinal Tissue and RPE
The neuroretinal tissue and RPE of DKO and WT mice was
dissected following a protocol published previously.26 In
brief, a limbal puncture was made in an enucleated eye.
Cutting around the limbus, the cornea, lens, and vitreous
were removed. Growth medium was injected to dislodge the
neuroretina from the RPE. The neuroretina was plucked off
and snap-frozen for RNA isolation. A total of 100 ml of 0.25%
EDTA–trypsin (Invitrogen) was added to each posterior
eyecup and incubated at 37 1C for 45min. The RPE cells were
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dislodged by injecting growth media. The collected RPE was
spun at 2000 r.p.m. for 5min. The cell pellet was resuspended
in 5ml growth medium and plated onto a 96-well cell culture
plate (Costar, Corning, Corning, NY, USA) at 5% CO2/37 1C.
The first change of growth medium was performed after 72 h.
Thereafter, growth medium was changed every other day and
cells split in a 1:3 ratio into new 25 cm2 flasks upon reaching
90% confluence. The cells were used for experiments at
passages between 4 and 7.

Detection of TF Transcripts by Quantitative Real-Time
RT-PCR
Total RNA was isolated from microdissected retinal tissue,
cultured mouse RPE cells, and ARPE-19 cells using the
PureLink Micro-to-Midi RNA purification system according
to the manufacturer’s protocol (Invitrogen). Equal amounts
of RNA were reverse transcribed with Superscript II RNase H
Reverse Transcriptase (Invitrogen). RT-PCR was performed
on the resulting cDNA using Brilliant SYBR Green QPCR
Master Mix (Stratagene, La Jolla, CA, USA). The comparative
cycle threshold value (Ct) method, representing log trans-
formation, was used to establish relative quantification of the
fold changes in gene expression using Stratagene M� 3000P
QPCR System (SABiosciences, Frederick, MD, USA). Fold
changes were normalized first by the level of b-actin. The
average fold change in different subgroups was again nor-
malized to the level of young WTor control cells. TF primers
were purchased from SABiosciences. For an internal control,
b-actin was amplified with a sense primer (50-TCCCCCAAC
TTGAGATGTATGAAG-30) and an antisense primer (50-
AACTGGTCTCAAGTCAGTGTACAGG-30) (Sigma-Genosys,
Woodlands, TX, USA).

Immunohistochemistry
Immunohistochemical (IHC) analysis was carried out using
avidin–biotin complex immunoperoxidase technique.
Paraffin-embedded human eye sections were deparaffinized
in xylene and rehydrated in a graded series of ethanol before
IHC. Enucleated WT and DKO mouse eyes were embedded
in optimal cutting temperature (OCT) compound (Sakura
Finetek, Torrance, CA, USA), snap-frozen, and cut via the
papillary-optic nerve plane. Cultured mouse RPE cells and
ARPE-19 cells were plated overnight on eight-well glass
LabTek chamber slides (Nunc, Rochester, NY, USA) at
10 000 cells/well.

The specimens were fixed in acetone for 7min and rinsed
in Tris-buffer saline (0.05M, pH 7.4). Endogenous peroxide
activity was blocked in 0.3% hydrogen peroxide (H2O2) for
15min. The slides were then immersed in 10% goat serum to
block unspecific background staining and incubated with
primary antibodies for 1 h at room temperature. The primary
antibody against mouse TF (polyclonal IgG rabbit antibody;
American Diagnostica, Greenwich, CT, USA) was diluted to
1:100, and the primary antibody against human TF (4509
monoclonal mouse antibody; American Diagnostica) to

1:2000. The secondary antibody was biotin conjugated, goat
anti-rabbit IgG (Vector Laboratories, Burlingame, CA, USA),
and the chromagen was 3,30-diaminobenzidine (Biocare
Medical, Concord, CA, USA). The slides were counterstained
with 1% methyl green. IHC was performed three times
for each specimen (the eyes and the cultured cells).
Representative images were taken for illustrations.

LPS and H2O2 Stimulation of ARPE-19 Cells
ARPE-19 cells grown to 90% confluence in 25 cm2 flasks were
incubated in fresh growth medium without FBS for 24 h, and
subsequently with various concentrations of LPS and H2O2.
In all, 5mg Salmonella typhimurium LPS stock (DIFCO,
Livonia, MI, USA) was used at final concentrations of 1, 5,
and 10 mg/ml in growth media for 24 h. In order to induce
oxidative stress, 100 and 200 mM H2O2-conditioned media
was added for 2 h by dissolving 30% H2O2 stock solution
(Fisher Scientific, Fair Lawn, NJ, USA) in growth media just
before use. Afterwards, the stimulated cells were examined
for TF mRNA and protein expression via RT-PCR and IHC,
as described above.

Determination of ARPE-19 Cell Viability by Crystal Violet
Staining Method
ARPE-19 cells were seeded in 96-well culture plate in growth
medium with FBS. After the cells became adherent, growth
medium without FBS was added for 24 h. After LPS and
H2O2 stimulation for the indicated time periods, the cells
were washed with phosphate-buffered saline (PBS), stained
with crystal violet staining solution (0.4% crystal violet, 20%
ethanol) for 20min, washed three times with PBS, and
air-dried for 1 h. The cells were then incubated with 200 ml
of extraction buffer (10% methanol, 10% acetic acid) for
15min. The dye mixture (100 ml) was transferred to a 96-well
plate, and viability was determined by measuring the optical
density at 590 nm using an ELISA plate reader (BioTek,
Burlington, VT, USA). The cell viability was 490% in all
experiments.

Statistical Analysis
Differences in TF mRNA levels among groups were evaluated
by one-way analysis of variance (ANOVA) using SPSS version
16.0 (SPSS, Chicago, IL, USA) with the level of significance
set at Po0.05. The values are presented as means±s.d.

RESULTS
Detection of TF Expression in Human AMD Retina
IHC result showed diffuse immunoreactivity for TF, which
was expressed in the entire neuroretina of both non-AMD
(Figure 1a) and AMD (Figure 1b) eyes, in particular in the
inner and outer plexiform layers as well as in the nerve fiber
layers (see the arrows) as reported previously.14 However,
immunoreactivity for TF was much stronger in AMD retina
when compared with non-AMD retina. Within the same eye,
the macula showed higher TF expression than the periphery

Enhanced TF expression in AMD

Y Cho et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 91 April 2011 521

http://www.laboratoryinvestigation.org


(data not shown). Detectable RT-PCR result was only avail-
able for microdissected cells from one non-AMD and one
advanced wet AMD retina. The expression of the TF trans-
cript in AMD lesions was 32-fold higher than the expression
level in the non-AMD normal retinal area (Figure 1c).

Evaluation of TF Expression in WT and DKO
Mouse Eyes
Knowing that elevated TF expression might be associated
with the pathogenesis of AMD, we investigated whether TF
expression is also increased in the eyes from the DKO murine
model of AMD. Frozen sections of age-matched WT and
DKO mouse retina were immunostained for TF expression
(Figures 2a and b, respectively). Moderately higher TF ex-
pression was observed in all cells of the DKO retina when
compared with those in the WT retina; in particular, the
plexiform layers and the nerve fiber layer were most heavily
endowed with TF expression (see the asterisks).

In order to investigate whether TF is particularly upregu-
lated in the retinal lesion sites and, therefore, potentially
contributes to AMD pathogenesis, retinal cells in the lesions
were microdissected from frozen sections of age-matched
WT and DKO retina for quantitative RT-PCR (Figure 2c).
The frozen sections and funduscopic pictures of the second
samples of DKO retina demonstrated more lesions than the
first DKO samples (data not shown). The RT-PCR results
demonstrated a trend toward higher TF mRNA expression in
DKO lesions compared with WT normal retina, which was
more prominent in the second samples of mice. In the first
samples of mice, the expression of TF in young and old
DKO mice was 1.93- and 4.69-fold greater, respectively, when
compared with the expression level observed in the retina of
young WT mice, whereas the second samples of young and
old DKO mice demonstrated 9.00- and 20.95-fold increase,
respectively, in TF transcript level compared with that in
young WT mice from the first samples of experiments.
In addition, TF transcript levels increased in an age-related

fashion in both WT and DKO mice, indicating a possible link
between age and TF expression in the retina.

The whole neuroretinal tissue (a much larger surface area
than the microdissected retinal cells in the focal lesions) was
removed from age-matched DKO and WT mice for RNA
isolation to evaluate generalized TF expression level (Figure
2d). TF mRNA level increased significantly as a function of
age in both WT and DKO mice, from 1.00 to 2.35±0.1 in
WT (Po0.01) and from 1.46±0.50 to 3.39±0.59 in DKO
mice (Po0.05). The older subgroup of DKO mice had a
significantly higher mean TF mRNA level than was observed
in the older WT mice (Po0.05). TF mRNA was increased
slightly in young DKO mice compared with young WTmice,
but this difference was not statistically significant.

Last, mice RPE cells were dissected and cultured for IHC
and RT-PCR. Compared with age-matched WT RPE cells,
RPE cells from both young and old subgroups of DKO mice
expressing significantly higher TF transcript levels were ob-
served in both young (Po0.05) and old (Po0.05) subgroups
of DKO (Figure 2e; n¼ 3). Stronger immunoreactivity for TF
was observed in DKO RPE cells (Figure 2g) when compared
with WT RPE cells (Figure 2f). Similar to the previous
results, TF mRNA level in RPE cells showed a positive
association with age in both WT and DKO mice, increasing
from 1.00 to 6.53±2.42 in cells from the WTmice and from
3.39±2.57 to 10.47±1.19 in cells from the DKO mice.
However, this difference was not statistically significant.

LPS and H2O2-Mediated Induction of TF Expression in
ARPE-19 Cells
ARPE-19 cells were stimulated with 1, 5, and 10 mg/ml of LPS
for 24 h. Moderately increased TF antigen expression was
observed in ARPE-19 cells stimulated with 10 mg/ml LPS
(Figure 3b) compared with nonstimulated control cells
(Figure 3a). TF mRNA expression in the cultured cells de-
monstrated a dose-dependent increase with LPS treatment
(Figure 3c). LPS doses of 1, 5, and 10 mg/ml induced,
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respectively, 2.01±1.27-, 2.17±0.15-, and 3.45±0.16-fold
increase in TF transcript level in the cells. The results of the 5
and 10 mg/ml doses of LPS stimulation were found to be
statistically significant (Po0.05 and Po0.01, respectively).

Stimulation with 200 mM H2O2 for 2 h (Figure 3e) did not
induce noticeable TF protein expression compared with the
control cells (Figure 3d). TF mRNA expression was increased
1.30±0.44- and 1.52±0.69-fold over the control cells
(Figure 3f) when stimulated by 100 and 200 mM H2O2,
respectively. No statistical significance was observed.

Finally, ARPE-19 cells prestimulated with 10 mg/ml LPS for
24 h and then induced with previously selected doses of H2O2

for 2 h demonstrated increased TF protein expression (Figure
3h) compared with control (Figure 3g). RT-PCR data showed
that 10 mg/ml LPS treatment alone induced 3.88±1.07-fold
significant increase in TF transcript expression (Figure 3i;
Po0.01). Addition of 100 and 200 mM H2O2 induced a
further increase in TF mRNA expression levels to 4.51±0.35
(Po0.01) and 4.95±0.60 (Po0.01), respectively (Figure 3i).
These data suggest that enhanced TF expression in human
AMD and DKO eyes may be, in part, induced by in-
flammatory signals (eg, simulated by LPS) and oxidative
stress (eg, simulated by H2O2).

DISCUSSION
Tissue factor is a ubiquitous cell-surface protein that
regulates the activation of mammalian coagulation. TF is
expressed constitutively only on the surface of cells involved

in so-called ‘barrier functions’—for example, fibroblasts,
smooth muscle cells, pericytes, trophoblasts, and so on—in
anatomic locations where the prevention of bleeding is
critical (eg, subendothelium, central nervous system, lung,
placenta, and, perhaps, in the eye). In the membrane of other
cells, such as endothelial cells and circulating monocytes,
TF exists in an encrypted form, devoid of procoagulant
properties. In response to specific receptor binding to TF
of its natural, high-affinity ligand (FVII and/or FVIIa), or to
cell stimulation by inflammatory mediators such as IL-1b
or TNF-a, and/or interaction with proteases released from
inflammatory or malignant cells, cellular TF becomes ‘de-
encrypted’ and is able to function as an important regulator
of signal transduction. Indeed, TF expression has now been
linked to oncogene-mediated malignant transformation of
cells, atherogenesis, chronic inflammation, and a variety of
other pathogenic processes.27,28 It was with this knowledge
of the rather ubiquitous relationship of TF expression with
inflammatory, degenerative, and malignant processes that we
sought information regarding TF in AMD.

To our knowledge, this is the first study that demonstrates
the association of intraocular TF expression with increasing
age, and compares TF expression levels of normal with AMD
eyes, as well as WT and DKO eyes. ARPE-19 cells were also
used as an in vitro model in order to understand better how
the microenvironment of AMD might induce TF expression.
Although TF has been implicated in AMD,14 in most of the
published studies, investigators have examined TF in human
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CNV specimens and laser-induced CNV models, which
reflect principally the neovascular component of AMD.21–23

In addition, it remains unclear whether TF expression in-
duced by laser injury has direct relevance to evaluating the
role of TF expression in AMD or simply represents a response
to acute injury or wound healing regardless of underlying
retinal disease.

Enhanced expression of TF mRNA and protein was ob-
served in human advanced wet AMD retina compared with
non-AMD retina (Figures 1a–c). Due to the availability of a
limited number of AMD cases, we cannot be certain if our
findings are representative of all AMD cases; a question that
remains unanswered and requires validation. As an alter-
native, we examined TF expression in the human RPE cell
line, ARPE-19, after creating an environment that mimics
that of AMD, which will be discussed later.

In this study, use of the Ccl2�/�/Cx3cr1�/� murine model
of retinal lesions allowed more definitive investigation of the
potential association of TF expression with early and also
likely dry AMD. DKO mice spontaneously develop retinal
lesions without exogenous stimulation, and thus may provide
a model, which may closely represent the likely expression
and distribution of TF in AMD, in the absence of additional
variables such as physical injury and the wound healing re-
sponse. Therefore, the DKO model enables us to define the
effects of age on retinal TF expression independent of laser
photocoagulation-induced injury. WT and DKO mice were
divided into young and old groups to explore the potential
association of TF expression with increasing age. A similar
age-dependent increase in TF expression was observed in WT
and DKO neuroretinal tissue (Figures 2c–e), which was sta-
tistically significant (Figures 2d and e). The apparently higher
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TF transcript levels in young DKO vs young WT mice were
not significantly different, whereas the pairwise comparison
in old DKO vs old WT mice was significantly different. As
young DKO mice start to develop lesions at 4–6 weeks of age
and old DKO mice show confluent lesions and large areas of
photoreceptor atrophy,24,25 it may be reasonable to postulate
that TF expression in the neuroretinal tissue does not in-
crease in the early stage of lesion development but becomes
significant in later stages.

Moderately higher TF antigen expression was observed in
DKO mice (Figure 2b), indicating a potential link between TF
and AMD. Furthermore, TF mRNA level closely corre-
sponded to the number and severity of retinal lesions in DKO
mice; the first samples of young and old DKO mice presented
with a small focal lesion and retinal degeneration, respec-
tively, whereas the second samples of young and old DKO
mice had three focal lesions with RPE vacuolization, photo-
receptor degeneration and atrophy, respectively. AMD is a
focal disease in which alterations in gene expression in lesion
tissue appears to be highly relevant for determining the
pathogenic mechanisms of the disease. Therefore, upregu-
lated TF expression in the retinal lesions suggests that TF may
have a role in AMD pathogenesis.

Cultured RPE cells dissected from age-matched WT and
DKO eyes also demonstrated an age-related increase in TF
transcript level. Both young and old DKO RPE cells showed
statistically significant increases in TF transcript levels when
compared with age-matched WT RPE cells. RPE cells have been
reported to express variable levels of TF in human CNV spe-
cimens.21 Our data confirm that RPE cells are capable of ex-
pressing TF, and extend previous observations by demonstrating
that TF may be involved in both dry and wet AMD pathology.

Given that inflammatory and oxidative stress, the key
contributors to aging and AMD, are capable of inducing
TF expression, ARPE-19 cells were stimulated with LPS
(inflammation) and H2O2 (oxidative stress) to simulate a
microenvironment consistent with that of AMD and in-
vestigate these effect on TF expression. LPS has been used to
induce TF expression in monocytes, platelets, and human
umbilical vein endothelial cells.29–32 In ARPE-19 cells, LPS
consistently enhanced TF protein and transcript expression,
confirming that a proinflammatory environment can induce
TF expression in these cells from the eye as well.

Compared with LPS treatment, H2O2 stimulation induced
a slight increase in TF mRNA and protein level (Figures 3d–
f). Both human and murine TF genes contain one NF-kB and
two AP-1-binding sites, which are required for optimal gene
transcription,33–36 and H2O2 is known to induce the trans-
location of NF-kB and initiate AP-1 binding. However, Penn
et al,37 using smooth muscle cell culture, also observed that
H2O2 did not significantly increase TF mRNA or cell surface
TF antigen levels, but rather enhanced the activity of pre-
existing, latent TF. It is noteworthy that apoptosis is known
as an important contributor to blood or plaque thrombo-
genicity, and colocalization of cellular and extracellular TF

expression with apoptotic death was found in the lipid core
of atherosclerotic plaques.38 In AMD, apoptotic processes in
RPE and photoreceptors induced by oxidative stress may
contribute to enhanced TF expression. Thus, different cell
types and sources of oxidative stress, as well as duration and
severity of the stress, seem to have a role in regulating TF
expression and activity.

Although we have limited studies directly linking TF to
AMD, several pathological roles of TF in AMD can be pro-
posed based on previous studies of TF expression in other
analogous human diseases. Increased TF expression is a
hallmark of many inflammatory conditions, such as sepsis,
atherosclerosis, and the antiphospholipid syndrome. Redecha
et al39 showed that anaphylatoxin C5a, which is also observed
in drusen, induced TF expression on the surface of neu-
trophils in antiphospholipid-treated mice. Enhancement of
ROS production by TF has been described in human mac-
rophages.40 Furthermore, inflammation-active human CNV
showed much more intense TF reactivity than inflammation-
inactive CNV.21 Thus, increased TF expression in AMD may
induce RPE and photoreceptor damage by upregulating both
inflammation and ROS production.

Previous studies on the pathobiological role of TF in
inflammation and malignancy suggest that enhanced TF gene
expression, perhaps with activation of localized blood coa-
gulation, may contribute to AMD development. However,
whether activation of TF signaling is also relevant to AMD
has not yet been determined. TF was shown to be selectively
phosphorylated in association with pathological neovascular
but not normal vessels in diabetic retinopathy.6 In order to
identify whether TF is an essential participating factor in the
pathogenesis of AMD, it will be important to evaluate the
level of TF phosphorylation in AMD and DKO retina, in
addition to TF expression. In the present studies, we have
demonstrated that TF expression increases in human AMD
maculae and DKO mouse eyes compared with non-AMD
maculae and WT eyes, and that upregulated TF expression
may be associated with AMD. Our data also suggest that
inflammatory and oxidative stress may lead to enhanced TF
expression in aging eyes as well as AMD eyes. A more
complete understanding of the role of TF expression and
function in AMD may provide a further rationale for po-
tentially targeting TF in the therapy of AMD.
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