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diseases; hence, further elucidation of their effects on each
human eye is necessary. Based on this concept, the vitreous
levels of VEGF, SDF-1e, interleukins (ILs), and tumor
necrosis factor-a (TNF-«) were assessed after intravitreal
injection of bevacizumab or TA in eyes with proliferative
diabetic retinopathy (PDR), and the results showed that eyes
with intravitreal bevacizumab had significantly lower levels
of VEGF and SDF-1« than eyes without injection.

Patients and Methods

Study Population

A total of 47 eyes of 47 patients with type 2 diabetes who were
affected by PDR were enrolled in this study. The patients were
divided into 3 groups: an historical control of 18 consecutive patients
received vitrectomy without preoperative therapy before January
2005 (control group), a second group of 10 consecutive patients
receiving preoperative intravitreal TA operated on between February
2005 and April 2005 (TA group), and a third group of 19 consec-
utive patients receiving preoperative intravitreal bevacizumab op-
erated on after February 2007 (bevacizumab group). The clinical
histories of all patients were obtained from their medical records.
Slit-lamp, funduscopic, fluorescein angiographic, and gonioscopic
examinations were used to classify eyes as active PDR in which
there was perfused retinal or iris neovascularization or both. To
minimize individual variations, eyes with massive vitreous hem-
orrhage (in which the optic disc was invisible) or apparent tractional
retinal detachment were excluded from the study group, and all
patients had persistent diffuse macular edema detected by optical
coherence tomography. All diagnoses were confirmed by at least 2
doctors independently at the time of admission. Bevacizumab (Avas-
tin; Genentech, Inc., South San Francisco, CA; 1.25 mg/0.05 ml) or
TA (Kenacort-A; Bristol-Myers Squibb Pharmaceuticals, Tokyo,
Japan; 4 mg/0.1 ml) was injected into the vitreous cavity as
preoperative adjunctive therapy 7 days before vitrectomy. Al-
though there is no literature on the preoperative use of TA, it was
reported that intravitreal TA possibly had an antiangiogenic effect
on ocular neovascular diseases* and that VEGF and SDF-1 in eyes
with diabetic retinopathy were eliminated 1 month after adminis-
tration of 4 mg TA.” Therefore, the authors hypothesized that even
1 week of treatment with 4 mg TA could reduce these molecules
to some extent and ameliorate the preoperative intraocular condi-
tion without an adverse event during in this therapeutic period.
Based on this perspective, a pilot trial was conducted using TA as
a preoperative adjunctive therapy before vitrectomy. All patients
gave informed consent before treatment. All surgery was per-
formed at Kagoshima University Hospital. This study was ap-
proved by the institutional ethical committee and was performed in
accordance with the Declaration of Helsinki.

Sample Collection

For ethical and technical reasons, it was impossible to obtain
paired samples of vitreous humors in the same eye (before and
after injection). Therefore, only the vitreous humors of postinjec-
tion eyes were examined. Undiluted vitreous fluid samples (range,
0.5-0.7 ml) were obtained by pars plana vitrectomy. Vitreous
humor was collected into sterile tubes, placed immediately on ice,
centrifuged to remove cells and debris, and stored at —80°C until
analysis.
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Measurement of Vitreous Levels of Vascular
Endothelial Growth Factor, Stromal Cell-Derived
Factor 1a, Inflammatory Cytokines and
Chemokines, and Total Protein

In this study, because of the limited amount of vitreous sampling,
2 different techniques, enzyme-linked immunosorbent assays
(ELISAs) and a multiplex cytometric bead array (CBA) technol-
ogy, were used for determining the vitreous levels of 8 molecules
from the same samples, according to a previously described meth-
od.” Although the absolute value in CBA technology can differ
from the ELISA value, it was reported that the concentrations
follow similar patterns among kits from multiple suppliers.® Mea-
surements obtained by ELISAs and CBA technologies also were
confirmed to be highly correlated in vitreous samples.® Therefore,
this method was considered to be applicable to the following
statistical analyses.

Vascular endothelial growth factor and SDF-1a were quantified in
each sample using commercial ELISAs: human VEGF and CXCL12/
SDF-1ee immunoassays (R&D Systems, Minneapolis, MN). Each
assay was performed in duplicate according to the manufacturer’s
instructions and used a 50-ul vitreous sample (prediluted to 100 ul)
per well for the VEGF ELISA and 100 pl (without predilution) for the
SDF-1a ELISA. In this setting, the detection limits were 18 pg/ml for
both VEGF and SDF-1« ELISAs.

Interleukin-1p8, IL-6, IL-8, IL-10, IL-12p70, and TNF-a were
quantified using a commercial multiplex CBA system, Human
Inflammation Kit (BD Biosciences Pharmingen, San Diego, CA),
according to the manufacturer’s protocols. The sample require-
ment was 50 ul; therefore, undiluted 50-ul vitreous samples were
used for the CBA kit. The detection limits for IL-18, IL-6, IL-8,
IL-10, IL-12p70, and TNF-a were 7.2, 2.5, 3.6, 3.3, 1.9, and 3.7
pg/ml, respectively. All concentrations less than the detection level
were assigned a value of O in the subsequent analysis.

Total protein (TP) concentration was determined using a mi-
crobicinchoninic acid protein assay reagent (Pierce Biotechnology,
Rockford, IL) according to the manufacturer’s protocols. It is well
known that vitreous protein concentration is increased by serum
diffusion because of the breakdown of the blood-retinal barrier in
eyes with PDR and potentially contributes to the increase of
intravitreous VEGF and other mediators. To avoid the influence of
serum diffusion, the authors believed it necessary to measure the
protein concentration, and then the results were expressed as ratios
of concentration to TP (pg/mg) as well as concentrations (pg/ml),
as previous described.!®

Statistical Analysis

Because of the skewed distribution, results were analyzed statis-
tically using nonparametric tests (Kruskal-Wallis variance analysis
and Mann—Whitney U test) and were expressed as median and
range. Kruskal-Wallis variance analysis was performed to assess
differences among the bevacizumab, TA, and control groups for
the levels of all molecules. This was followed by pairwise com-
parisons using the Mann—Whitney U test. Statistical analyses were
performed using SPSS software version 16.0 (SPSS, Inc., Chicago,
IL). A P value <.05 was considered to be statistically significant.
To adjust for inflated o error resulting from multiple comparisons,
the corrected significant P value was defined as 0.05/3 using the
Bonferroni correction for multiple comparisons.

Because no changes in the significances were found after
excluding all potential outliers identified on the basis of the stan-
dard 1.5 interquartile range rule and used nonparametric tests,
which are less sensitive to distribution parameters including out-
liers, all values including potential outliers were used for the
statistical analyses.
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Table 1. Characteristics of the Patients

Bevacizumab  Triamcinolone Acetonide Control

Characteristic (n=19) (n = 10) (n = 18) P Value
Age (yrs) 54 (41-12) 55 (47-170) 62 (36-15) 0.079*
Female gender, no. (%) 5(26) 3 (30) 10 (56) 0.156%
Duration of diabetes (yrs) 11 (6-32) 13 (10-30) 15 (6-40) 0.278*
Hemoglohin Alc (%) 7.95 (5.5-10.6) 7.1(5.7-9.1) 7.3 (6.0-11.6) 0.770*
Hypertensive, no. (%) 11 (58) 5 (50) 11 (61) 0.8497
PRP, no. (%) 12 (63) 8 (80) 15 (83) 0.336"
Period from last PRP to vitrectomy (mos) 5(2.5-84) 11 (5-48) 11 (2-96) 0.417*

PRP = panretinal photocoagulation.

Values are expressed as median (range) or number (%).
#Kruskal-Wallis variance analysis.

TChi-square test.

Results

The baseline characteristics of each group are summarized in
Table 1. There was no statistical significance in age, gender,
duration of diabetes, hemoglobin Alc, and hypertension. In par-
ticular, the ratio and the timing of previous panretinal photocoag-
ulation, which may alter the levels of VEGF and other mediators
at the time of surgery and may contribute to the wide ranges of
values for these intravitreous molecules, were not significantly
different among the 3 groups (Table 1).

Between intravitreal injection and vitrectomy, no complications,
such as uvveitis, endophthalmitis, tractional retinal detachment, ocular
hypertension, or any obvious ocular or systemic adverse events de-
veloped in any eyes. Although there were some variations, all eyes
with intravitreal bevacizumab or TA showed similar tendencies of
decreases of fluorescein leakage on angiogram and reduction of
central macular thickness on optical coherence tomography after
vitrectomy. However, no significant differences in retinal thickness
measured by optical coherence tomography could be found among the
3 groups, and there were no apparent correlations between the low
level of VEGF and the reduction of macular edema (data not shown).

Table 2 shows concentrations of vitreous VEGF, SDF-1«, ILs,
and TNF-« in the bevacizumab, TA, and control groups. Signifi-
cant differences among the 3 groups were observed for the levels
of VEGF and SDF-l1a (P<<0.001 and P = 0.010, respectively),

which also were noted after normalization to total vitreous protein
concentration (P<<0.001 and P = 0.018, respectively; Table 3).

Vascular Endothelial Growth Factor Levels

The median VEGF level was 0 pg/ml (range, 0-79.2 pg/ml) in the
bevacizumab group, 343.5 pg/ml (range, 0-1683.3 pg/ml) in the TA
group, and 1202.5 pg/ml (range, 76-4213.9 pg/ml) in the control
group (Table 2). The eyes with intravitreal bevacizumab had the
lowest vitreous level of VEGF, and the level was statistically
significant compared with that of eyes with intravitreal TA and that
of the control eyes (P<<0.001 and P<<0.001, respectively; Fig 1A).
This trend continued after normalization to TP (Table 3 and Fig
1B). In addition, the median vitreous VEGF concentration was
lower in eyes with intravitreal TA than those without injection
(P = 0.049; Fig 1A). However, this is not statistically significant
in consideration of Bonferroni correction, as well as when the
levels were normalized to TP concentrations (P = 0.150; Fig 1B).

Stromal Cell-Derived Factor 1a Levels

The median SDF-1« level was 149.2 pg/ml (range, 0-519.4 pg/
ml) in the bevacizumab group, 87.5 pg/ml (range, 0-252.5 pg/ml)
in the TA group, and 245.7 pg/ml (range, 0-856.8 pg/ml) in the
control group (Table 2). The control eyes had the highest vitreous

Table 2. Comparison of Median Vitreous Concentrations in Bevacizumab, Triamcinolone
Acetonide, and Control Groups

Bevacizumab Triamcinolone Acetonide Control
(n = 19) (n = 10) (n = 18) P Value*
VEGF 0 (0-79.2) 343.5 (0-1683.3) 1202.5 (76-4213.9) <0.001%
SDF-1a 149.2 (0-519.4) 87.5 (0-252.5) 245.7 (0-856.8) 0.010"
IL-18 0 (0-104.7) 0 (0-60.8) 15.7 (0-115.3) 0.176
IL-6 66.9 (10.2-723.8) 58.1 (3.4-507.5) 86.3 (3.5-4517.6) 0.916
1L-8 69.5 (14.1-1131.3) 92.6 (0-254.9) 63.1 (5.3-726.7) 0.890
1L-10 0(0-14.2) 0 (0-13.5) 0(0-8) 0.810
IL-12p70 4.8 (0-28.7) 2(0-13.4) 4.2 (0-26.9) 0.781
TNF-« 0(0-17.7) 0(0-12.5) 0(0-12) 0.478

IL = interleukin; SDF = stromal cell-derived factor; TNF = tumor necrosis factor; VEGF = vascular endothelial

growth factor.
Values are expressed as median and range (pg/ml).

#*Kruskal-Wallis variance analysis for bevacizumab, triamcinolone acetonide, and control groups.

P<0.05.
*P<0.01.
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Table 3. Comparison of Median Vitreous Levels (Normalized to Total Protein) in Bevacizumab,
Triamcinolone Acetonide, and Control Groups

Bevacizumab Triamcinolone Acetonide Control
(n = 19) (n = 10) (n = 18) P Value*
VEGF/TP 0(0-23.2) 174.5 (0-383) 300.1 (13.8-1427.1) <0.001%
SDF-1¢/TP 37.7 (0-69.4) 31.1 (0-177.6) 60.8 (0-213.8) 0.0187
IL-18/TP 0 (0-46.2) 0(0-42.8) 4.3 (0-41.3) 0.360
IL-6/TP 25.8 (1.3-205.4) 30.2 (5.0-356.9) 17.2(1.2-114.2) 0.793
IL-8/TP 23.9 (6.8-169.2) 23.5 (0-179.3) 15.2 (2.4-209.5) 0.459
IL-10/TP 0(0-5.3) 0(0-9.5) 0(0-2.9) 0.823
IL-12p70/TP 0.9 (0-25.5) 0.8 (0-9.4) 1.5 (0-5.9) 0.983
TNF-a/TP 0 (0-10.5) 0(0-8.8) 0(0-4.4) 0.705

IL = interleukin; SDF = stromal cell-derived factor; TNF = tumor necrosis factor; TP = total protein; VEGF =

vascular endothelial growth factor.

Vitreous concentrations in Table 1 are normalized to TP concentration.

Values are expressed as median and range (pg/mg).

*Kruskal-Wallis variance analysis for bevacizumah, triamcinolone acetonide, and control groups.

P<0.05.
#p<0.01.

level of SDF-1e, and the level was statistically significant compared
with eyes with intravitreal bevacizumab and TA (P = 0.015 and P =
0.009, respectively; Fig 2A). The difference in the median ratio of
SDF-1c to TP (SDF-1c/TP) also was statistically significant between
the control and bevacizumab groups (P = 0.007; Fig 2B). In contrast,
the difference in the SDF-1a-to-TP ratio between the control and the
TA groups was not statistically significant (P = 0.054). There were no
significant differences between bevacizumab and TA groups in either
SDF-1e concentration or SDF-1a-to-TP ratio.

Interleukin and Tumor Necrosis Factor-a Levels

There was no significant differences regarding ILs and TNF-« at
both concentrations (pg/ml; Table 2) or at ratios of concentration
to TP (pg/mg; Table 3).

Discussion

A growing number of studies indicate that intravitreal injection
of bevacizumab improves the clinical conditions of ocular
neovascular disorders resulting from the blockade of
VEGE.>*!! Sawada et al® clearly showed that VEGF in the
aqueous humor decreased substantially after intravitreal injec-
tion of bevacizumab. The current results for vitreous humor are
comparable with those of that report. It was also presented in
the experimental study using rabbits by Bakri et al'? that
vitreous concentrations of bevacizumab declined in a mono-
exponential fashion with a half-life of 4.32 days, and relatively
high concentrations of bevacizumab were maintained in the
vitreous humor for 30 days. According to this report, bevaci-
zumab is supposed to be present in the vitreous at the time of
vitrectomy, 7 days after intravitreal injection. Therefore, there
are 2 possibilities: VEGF is not present (disappearance of
VEGF) or the epitope of VEGF, detectable by the antibody
used in the ELISA, is masked by bevacizumab (presence of
VEGF-bevacizumab complex; undetectable by ELISA). Be-
cause whether the VEGF-bevacizumab complex actually ex-
isted was not addressed, the values of VEGF that were less
than the detection level in the bevacizumab group were as-
signed as 0 by referring to a previous report.®
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This study found that SDF-1« also is potentially influ-
enced by bevacizumab. Stromal cell-derived factor 1 is the
predominant chemokine that traffics hematopoietic and en-
dothelial progenitor cells to promote not only physiologic
vascular remodeling for development and wound healing,
but also pathologic vascular remodeling for ocular neovas-
cular diseases and tumor growth.!>!# Recently, increases in
vitreous SDF-1a levels in eyes with diabetic retinopathy,’
retinal vein occlusion,” and retinopathy of prematurity'®
have been reported, and its essential role for ocular patho-
logic neovascularization also has been confirmed using ex-
perimental animal models.'>!® Although there is no pub-
lished information available concerning the regulation of
SDF-1 expression in ocular fluid, Grunewald et al'” re-
ported that locally expressed VEGF mobilizes and recruits
bone marrow-derived cells via SDF-1 and that SDF-1 ex-
pression is augmented in activated perivascular myofibro-
blasts of heart, liver, and skin in a VEGF-dependent man-
ner. In ocular tissue, SDF-1 was reported to be expressed by
ischemic astrocytes in mice.'® Therefore, it is possible that
intraocular SDF-1 was upregulated by VEGF in a similar
way in eyes with PDR and that the blockade of VEGF by
bevacizumab resulted in downregulation of SDF-1.

The observation that concentrations of VEGF and
SDF-1a also were low in samples collected after injection
of TA is compatible with the previous report.>!> Triamcin-
olone acetonide is one of the corticosteroids known to
inhibit the production of several proangiogenic and inflam-
matory mediators by both transcriptional and posttranscrip-
tional mechanisms.!®!? In addition, inflammation has been
thought to enhance the effects of VEGF further.?® As a
result, TA may decrease the levels of VEGF and SDF-1 in
the vitreous fluid. However, it is interesting that the ratios of
both VEGF and SDF-1« to TP are not significantly lower in
the TA group than in the control group in this study, which
may be the result of the marked reduction of serum diffusion
caused by intravitreal TA administration. In contrast, it is
difficult to assess the influence of TP in eyes with intravitreal
bevacizumab, because bevacizumab is itself a protein and TP
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Figure 1. A, Graph demonstrating vascular endothelial growth factor
(VEGEF) levels in the vitreous fluid of subjects with intravitreal bevacizumab
(white circles), triamcinolone acetonide (TA; gray circles), and without
injection (control; black circles). B, Graph demonstrating ratios of VEGF to
vitreous total protein concentration. Each bar indicates the average value.
The corrected significant P value (Mann—Whitney U test) was defined as 0.02
(0.05/3 comparisons) after Bonferroni correction. TP = total protein.

must be increased by bevacizumab injection, which may offset
the potential reduction of serum diffusion caused by intravit-
real bevacizumab administration at the same time.

Although it was postulated that bevacizumab and TA
may alter the ocular inflammatory context, there was no
significant difference with regard to ILs and TNF-a. The
results for the bevacizumab-injected eyes indicate that these
mediators may not be regulated by VEGF. The data from
the TA-injected eyes also showed similar results. Triamcin-
olone acetonide should decrease these inflammatory medi-
ators in theory,?! but the results suggest no reductions of
these molecules as opposed to VEGF and SDF-1c. Further

studies may be needed to determine how these intraocular
mediators are affected by these treatments.

Nevertheless, it is of note that the results for bevaci-
zumab gave much clearer evidence than did those for TA.
Although the knockout animal study has contributed greatly
to a better understanding of the role of specific molecules in
various diseases, the information obtained by the knockout
animal study is just that for animals, and has to be inter-
preted carefully before being generalized to human diseases.
Knockout technology can never be applied to human beings
for ethical reasons. However, the present treatment based on
antibody-drug technology could produce a so-called knock-
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Figure 2. A, Graph demonstrating stromal cell-derived factor 1a (SDF-1a)
levels in the vitreous fluid of subjects with intravitreal bevacizumab (white
circles), triamcinolone acetonide (TA; gray circles), and without injection
(control; black circles). B, Graph demonstrating ratios of SDF-1a to vitreous
total protein concentration. Each bar indicates the average value. The cor-
rected significant P value (Mann-Whitney U test) was defined as 0.02 (0.05/3
comparisons) after Bonferroni correction. TP = total protein.
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out condition in humans without raising ethical problems.
For example, the present result for bevacizumab showed
direct evidence that intravitreous SDF-1 potentially is af-
fected by VEGF in PDR, which cannot be achieved by
previous technology. This concept, which is called interven-
tional immunology by Hafler,?? will generate more impor-
tant information on various human diseases in the future.
This was a retrospective, comparative study, and the
comparisons are based on historical controls. Although the
use of a preoperative drug was not determined based on
ocular condition, but rather on surgical period and the
background of each group matched well, there is a possi-
bility of selection bias making a definitive conclusion dif-
ficult. A further prospective study that includes a random-
ized design may be needed to confirm the present findings.
In conclusion, bevacizumab can downregulate SDF-1« via
the blockade of VEGF, and this treatment may have broader
and more profound influences on ocular tissue than has been
thought. Further study of this treatment is recommended.
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Intraocular expression and release of high-mobility
group box 1 protein in retinal detachment

Noboru Arimura'?, Yuya Ki-i'?, Teruto Hashiguchi?, Ko-ichi Kawahara?, Kamal K Biswas?, Makoto Nakamura®,
Yasushi Sonoda', Keita Yamakiri', Akiko Okubo’, Taiji Sakamoto' and Ikuro Maruyama®

High-mobility group box 1 (HMGB1) protein is a multifunctional protein, which is mainly present in the nucleus and is
released extracellularly by dying cells and/or activated immune cells. Although extracellular HMGB1 is thought to be a
typical danger signal of tissue damage and is implicated in diverse diseases, its relevance to ocular diseases is mostly
unknown. To determine whether HMGB1 contributes to the pathogenesis of retinal detachment (RD), which involves
photoreceptor degeneration, we investigated the expression and release of HMGB1 both in a retinal cell death induced
by excessive oxidative stress in vitro and in a rat model of RD-induced photoreceptor degeneration in vivo. In addition, we
assessed the vitreous concentrations of HMGB1 and monocyte chemoattractant protein 1 (MCP-1) in human eyes with
RD. We also explored the chemotactic activity of recombinant HMGB?1 in a human retinal pigment epithelial (RPE) cell line.
The results show that the nuclear HMGB?1 in the retinal cell is augmented by death stress and upregulation appears to be
required for cell survival, whereas extracellular release of HMGB1 is evident not only in retinal cell death in vitro but also in
the rat model of RD in vivo. Furthermore, the vitreous level of HMGB1 is significantly increased and is correlated with that
of MCP-1 in human eyes with RD. Recombinant HMGB1 induced RPE cell migration through an extracellular signal-
regulated kinase-dependent mechanism in vitro. Our findings suggest that HMGB1 is a crucial nuclear protein and is
released as a danger signal of retinal tissue damage. Extracellular HMGB1 might be an important mediator in RD,
potentially acting as a chemotactic factor for RPE cell migration that would lead to an ocular pathological wound-healing
response.
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Cell death is the predominant event of degenerative tissue
damage and can be a trigger that activates the immune system

tional regulation. It is also called amphoterin and accelerates
cellular motility on the cell surface.> HMGBI is reported to

and repair program. Recently, there has been much interest in
the pivotal role of endogenous danger signals released during
cell death." High-mobility group box 1 (HMGBI) protein is a
prototypic innate danger signal, and appears to be crucial in
this context because extracellular HMGB1? can modulate in-
flammation, proliferation, and remodeling, which are involved
in the wound-healing process.”

HMGB1 was originally described as an abundant and
ubiquitous nuclear DNA-binding protein that had multiple
functions dependent on its cellular location.>* In the nucleus,
HMGBI binds to DNA and is critical for proper transcrip-

be passively released into the extracellular milieu by necrotic
cells, but not by apoptotic cells,® or is exported actively by
monocytes/macrophages’ and neural cells® upon receiving
appropriate stimuli. In damaged tissue, extracellular HMGBI
acts as a necrotic signal, which alerts the surrounding cells
and the immune system.” Although extracellular HMGBI can
contribute to normal tissue development and repair, it is also
implicated in the pathogenesis of several diseases (including
lethal endotoxemia,” disseminated intravascular coagulation,9
ischemic brain,’® tumor!! atherosclerosis,’*> rheumatoid
arthritis,"” and periodontitis'*).
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Retinal detachment (RD), the physical separation of pho-
toreceptors from the underlying retinal pigment epithelium
(RPE), is one of the main causes of visual loss. Photoreceptor
degeneration due to RD is thought to be executed by apop-
tosis'>'® and necrosis,’” which usually occur after tissue
damage. Although retinal cell death and the following re-
active responses must occur in almost all forms of retinal
disease including RD,'® data regarding the relationship
among cell death, danger, and responses in the eye, have been
very limited, especially in terms of danger signals. We pre-
viously reported that HMGBI1 was significantly elevated in
inflamed eyes with endophthalmitis, and suggested a possible
link between HMGBI1 and ocular inflammatory diseases.'”
On the other hand, considering the properties of HMGBI, we
hypothesized that HMGBI1 might have some roles in pho-
toreceptor degeneration and subsequent damage-associated
reactions in RD.

To investigate whether HMGBI is involved in the patho-
genesis of RD, we first examined the expression and release of
HMGBI both in a retinal cell death in vitro and in a rat
model of RD-induced photoreceptor degeneration in vivo. To
focus on human RD, we assessed the intravitreous con-
centrations of HMGBI1 in human eyes affected by RD.
Monocyte chemoattractant protein 1 (MCP-1), which was
recently documented to be a potential proapoptotic mediator
in RD,?° was also measured in the same vitreous samples. We
further analyzed the effects of recombinant HMGBI1
(rHMGB1) on chemotactic activity in a RPE cell line in vitro.
Our findings suggest that extracellular HMGBI is evident in
eyes with RD as a danger signal, potentially acting as a che-
motactic factor for RPE cell migration that would lead to
ocular pathological wound healing.

MATERIALS AND METHODS

Reagents

Full-length, LPS-free rat tHMGBI1 protein, which is 99%
identical to human HMGBI and is fully functional on cells of
mammalian origin,”’ was purchased from HMGBiotech
(Milan, Italy). Human recombinant MCP-1 (rMCP-1) was
purchased from Peprotec (Rocky Hill, NJ). Rabbit polyclonal
antibody against HMGB1 was provided by Shino-Test Cor-
poration (Kanagawa, Japan). Antibodies against phospho-
and total extracellular signal-regulated kinase (ERK)-1/2 were
obtained from Cell Signaling Technology (Beverly, MA).
U0126 was obtained from Calbiochem (La Jolla, CA).

Human Vitreous Samples

This study was approved by our institutional ethical com-
mittee (Kagoshima University Hospital), and was performed
in accordance with the Declaration of Helsinki. All surgeries
were performed at Kagoshima University Hospital. All pa-
tients gave informed consent before treatment. The clinical
histories of all patients were obtained from their medical
records. Undiluted vitreous fluid samples (0.5-0.7 ml) were
obtained by pars plana vitrectomy. Vitreous humor was
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collected in sterile tubes, placed immediately on ice, cen-
trifuged to remove cells and debris, and stored at —80°C until
analysis.

Animals

All animal experiments were performed in accordance with
the Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Visual
Research and the approval of our institutional animal care
committee (Kagoshima University). Adult male Brown
Norway rats (250-300g; KBT Oriental, Saga, Japan) were
housed in covered cages and kept at constant temperature
and relative humidity with a regular 12-h light—dark sche-
dule. Food and water were available ad libitum.

Surgical Induction of RD

Rat experimental RD was induced as described previously.*?
Briefly, the rats were anesthetized with an intramuscular in-
jection of ketamine and xylazine, and their pupils were di-
lated with topical 1% tropicamide and 2.5% phenylephrine
hydrochloride. The retinas were detached using a subretinal
injection of 1% sodium hyaluronate (Opegan; Santen, Osaka,
Japan) with an anterior chamber puncture to reduce in-
traocular pressure. Sodium hyaluronate (0.05 ml) was slowly
injected through the sclera into the subretinal space to en-
large the RDs. These procedures were performed only in the
right eye, with the left eye serving as a control. Eyes with lens
injury, vitreous hemorrhage, infection, and spontaneous re-
attachment were excluded from the following analysis. The
rats were killed at 3, 7, and 14 days after treatment, with six
animals per each time point.

Cell Culture

The rat immortalized retinal precursor cell line R28, a kind
gift from Dr GM Siegel (The State University of New York,
Buffalo), was cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM) high glucose supplemented with 10% fetal
bovine serum (FBS), 10 mM non-essential amino acids, and
10 pg/ml gentamicin as described previously.”” The human
immortalized RPE cell line ARPE-19, obtained from Amer-
ican Type Culture Collection (Manassas, VA), was grown in
DMEM/F12 supplemented with 10% FBS, 2% penicillin—
streptomycin, and 1% fungizone (all products were obtained
from Invitrogen-Gibco, Rockville, MD). Cells were incubated
at 37°C in a 5% CO, incubator and subcultured with 0.05%
trypsin-EDTA. Subconfluent cultures were trypsinized and
seeded for the following experiments. ARPE-19 cells were
obtained at passage 21 and used at passages 24-30. Increased
passage did not alter the following experimental results up to
this passage number.

Cell Viability Assay

Cell viability was analyzed by mitochondrial respiratory ac-
tivity measured using MTT (3-(4,5-dimethylthiazol-2yl)-2,5-
diphenol tetrazolium bromide) assay (Wako Chemicals,
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Osaka, Japan), as described previously.** Briefly, 2 x 10> R28
cells were cultured in 24-well plates (500 ul medium per well)
with or without hydrogen peroxide (I mM; Merck, Darm-
stadt, Germany) for 24 h. Then the cells were incubated with
MTT (0.5mg/ml; final concentration) for 3h. Formazan
product was solubilized by the addition of dimethyl sulfoxide
for 16 h. Dehydrogenase activity was expressed as absorbance
at a test wavelength of 570 nm and at a reference wavelength
of 630 nm. Assays were performed in triplicate and repeated
three times in independent experiments.

Immunofluorescence for HMGB1 and TUNEL

Indirect immunofluorescence was carried out as described
previously,"”** with some modifications. The eyes were
harvested and fixed in 4% paraformaldehyde at 4°C over-
night. The anterior segment and the lens were removed, and
the remaining eye cup was cryoprotected with 10-30% su-
crose in phosphate-buffered saline. The eye cups were then
frozen in an optimal cutting temperature compound (Sakura
Finetech, Tokyo, Japan). Sections were cut at 8§ um with a
cryostat (Leica Microsystems, Wetzler, Germany). After being
incubated with blocking buffer containing 10% goat serum,
1% bovine serum albumin (BSA), and 0.05% Tween-20 for
1h, the slides were incubated with rabbit polyclonal anti-
HMGB1 antibody (1 ug/ml). After overnight incubation,
sections were washed and probed with Alexa-Fluor 594-
conjugated goat anti-rabbit IgG F(ab’)2 fragment (Molecular
Probes, Carlsbad, CA) for 1h. In some experiments, TUNEL
co-staining was also performed according to the manu-
facturer’s protocol (ApopTag Fluorescein In situ Apoptosis
Detection kit; Chemicon, Temecula, CA) as previously de-
scribed.?? Slides were counterstained with DAPI, mounted
with Shandon PermaFlour (Thermo Scientific, Waltham,
MA), and viewed with a Zeiss fluorescence microscope.
Images were captured using the same exposure time for each
comparative section. To examine the specificity of im-
munostaining, the primary antibody was replaced with nor-
mal rabbit IgG (1 pug/ml). Control slides were invariably
negative under the same setting (data not shown). For all
experiments, at least three sections from each eye were
evaluated. To demonstrate the expression patterns of
HMGBI in retinal cells under oxidative stress in vitro, R28
cells (2 x 10° cells/500 ul medium per well) were seeded on
four-well glass coverslips and challenged with or without
hydrogen peroxide (1 mM) for 1h. Slides were fixed in 4%
paraformaldehyde for 1h, permeabilized with Triton X-100,
and then examined by the same methods as described above.

ELISAs

HMGBI1 and MCP-1 were quantified in each human vitreous
sample using commercial ELISAs; HMGBI ELISA kit (Shino-
Test Corporation) and Human CCL2/MCP-1 Immunoassay
(R&D Systems, Minneapolis, MN), according to the manu-
facturers’ protocols. The detection limits of these kits were
0.2ng/ml for HMGB1 and 5.0pg/ml for MCP-1. Con-
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centrations below the limits were taken as zero in subsequent
analyses. Each sample was run in duplicate and compared
with a standard curve. All samples were assessed in a masked
manner. The mean concentration was determined per sam-
ple. For in vitro study, HMGB1 levels in culture supernatants
were measured by the same ELISA.

Migration Assay

Cell migration was assayed using a modified Boyden chamber
assay as previously described.”® In brief, 5 x 10* ARPE-19
cells resuspended in 200ul control medium (1% FBS-
DMEM/F12) were seeded onto the upper compartment of
the BD Falcon® culture inserts (BD Bioscience, San Jose, CA)
with an 8-um diameter pore size membrane in a 24-well
companion plate. The lower chamber was filled with control
medium (negative control) and those containing 50, 100, or
200 ng/ml rHMGBI. Because MCP-1 was reported to display
a potent chemotactic activity on RPE cells,” a control
medium containing 10 ng/ml rMCP-1 was used as a positive
control. After 8-h incubation, cells remaining on the upper
surface of the filters were removed mechanically, and those
that had migrated to the lower surface were fixed with me-
thanol, stained with Diff-Quick (Dade-Behring, Deerfield,
IL), and counted in five randomly selected high-power fields
(% 100) per insert. Migration index (% of control) was cal-
culated by dividing the number of migrating cells in the
presence of chemoattractants by the cells that migrated in
response to the negative control. To inhibit ERK-1/2 activity,
the cells were pretreated with 1, 5, or 10 uM U0126, or vehicle
(0.1% dimethyl sulfoxide) for 30 min, prior to the addition of
rHMGBI1. U0126 is an inhibitor of active and inactive MEK-
1/2, the MAPK kinase that activates ERK-1/2. These con-
centrations of U0126 and dimethyl sulfoxide had no effect on
ARPE-19 cell viability determined by MTT assay in our study
(data not shown) and in a previous report.*® Assays were
performed in triplicate and repeated three times in in-
dependent experiments.

Immunoblotting

ARPE-19 cells (5 x 10°) were subcultured on 6-cm tissue
culture dishes. Then, the cells were serum starved overnight
in DMEM/F12 and stimulated with 100 ng/ml rHMGBI1 for
the indicated times. Activation of ERK-1/2 was analyzed as
described 1:>reviously.24 In brief, after treatment, whole cells
were lysed with SDS sample buffer and an equal volume of
protein extracts was loaded onto 12% SDS-polyacrylamide
gels and then transferred onto a nitrocellulose membrane.
The membrane was blocked by incubation with 5% non-fat
dry milk plus 1% BSA in TBST (0.02% Tween-20 in Tris-
buffered saline, pH 7.4) for 1h at room temperature. The
membrane was then incubated with the antibody against
phospho-ERK-1/2 (diluted 1/1000) at 4°C overnight. The
blots were subsequently probed with secondary anti-rabbit
antibodies conjugated to horseradish peroxidase (diluted 1/
3000 in TBST), and images were developed using the en-
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hanced chemiluminescence system (GE Healthcare). The
membrane was stripped and reprobed with an antibody
against total ERK-1/2 (diluted 1/1000).

Statistical Analysis

The vitreous HMGB1 and MCP-1 concentrations in each
group were compared using the Mann—-Whitney U-test. The
correlation between HMGBI1 and MCP-1 in RD samples was
analyzed using a simple linear regression analysis and
Spearman’s rank correlation coefficient. All in vitro data are
presented as mean +s.d. and the significance of differences
between groups was determined by Student’s z-test. P-value
less than 0.05 was considered significant.

RESULTS

HMGB?1 is Present in Cultured Retinal Cell and Released
Extracellularly by Oxidative Stress-Induced Cell Death
We first evaluated the expression patterns and cellular dis-
tribution of HMGBI in an R28 retinal cell line with or
without oxidative stress, a known cause of neurodegenera-
tion.” Excessive reactive oxygen species can lead to the de-
struction of cellular components and ultimately induce cell
death through apoptosis or necrosis. To induce oxidative
stress, we used a toxic dose (1 mM) of hydrogen peroxide,
which was reported to stimulate monocytes/macrophages to
release HMGBI1 actively and passively.”® As shown in
Figure la, HMGBI1 immunoreactivity was stably present in
the nucleus of unstimulated R28 cells, and relatively weak
staining was observed in the cytoplasm. By contrast, 1 h after
exposure to 1 mM hydrogen peroxide, some cells seemed to
present rather high levels of HMGBI in their nucleus as well
as their cytoplasm compared with those under an un-
stimulated condition. However, in the other cells, the nuclear
HMGBI1 was diminished or appeared to be released into the
cytoplasm. These results indicate that the nuclear HMGB1
could be varied by death stress and be released into the cy-
toplasm according to the degree of stress. Hydrogen peroxide
(1mM) treatment for 24 h, in which about 90% of the cells
lost their viability (Figure 1b), induced a massive release of
HMGBI from the cells to the cell supernatants (Figure 1c).
Taken together, these findings suggested that HMGB1 could
relocate from the nucleus to the cytoplasm for eventual re-
lease in dying retinal cells, and that the extracellular release of
HMGBI in the eye might be increased dependent on the
extent of retinal cell death.

HMGB1 is Abundantly Expressed in Rat Retina and
Released after RD

As the above findings indicated that HMGB1 was of relevance
to retinal cell death, we investigated whether HMGB1 was
maintained in the rat retina and how HMGBI1 would vary
after RD. As it was reported that HMGBI in rat photo-
receptors had a light-sensitive circadian rhythmic expres-
sion,””> we performed all animal studies on a regular time
schedule, and all eyes were set to be almost equally exposed to
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light. As shown in Figure 2, HMGBI1 immunoreactivity was
well represented in sections of the normal control rat retina
and, as expected, colocalized with DAPI-positive nuclei
(Figure 2a, d and g). HMGBI staining in the normal rat
retina was prominent in the nuclei of ganglion cell layer,
inner nuclear layer, outer nuclear layer, and RPE, and was
also apparent in the photoreceptor inner segments. In par-
ticular, HMGBI1 was localized in photoreceptor at the nuclear
periphery, and HMGBI levels were higher in the inner nu-
clear layer than the outer nuclear layer as opposed to DAPI
staining, which preferred to bind to heterochromatic DNA.
This was consistent with the previous report®® that HMGB1
was preferentially colocalized with euchromatin, which was
often under active transcription and was stained less by
DAPI. Interestingly, HMGBI1 appeared to be robustly upre-
gulated in both the photoreceptors and the other retinal cells
at day 3 after RD inductions, and DAPI staining was inversely
downregulated at the same time (Figure 2b, e and h). As
previous reports demonstrated that dramatic alterations of
retinal gene expression occurred after RD," this high level of
HMGBI1 expression might be related to the active gene
transcription. HMGBI in the nucleus might be stress re-
sponsive and necessary for proper transcription after RD
tissue damage. Afterwards, the nuclear HMGBI1 expression in
the photoreceptors seemed to subside at day 7, while still
clearly remained in the inner segments (Figure 2c, { and i),
gradually decreasing along with the thinning of the outer
nuclear layer due to photoreceptor degeneration by day 14
(data not shown).

Although HMGBI expression was increased in the pho-
toreceptors of the detached retina at day 3, it was not
homogeneous, but was rather heterogeneous. To clarify the
relationship between the upregulation of HMGBI1 and pho-
toreceptor cell death, especially with DNA damage, the RD
retina at day 3 was co-stained with TUNEL, which could
detect apoptotic and potentially necrotic cell death by la-
beling the damaged DNA (Figure 3a—c). Previous studies
indicated that HMGBI could not be released from apoptotic
cells® and the apoptotic photoreceptors were prominent in
this RD model at day 3 after RD.”> We also confirmed re-
markable numbers of apoptotic photoreceptors in the de-
tached retina at day 3 (Figure 3b), and found that the early
faint TUNEL-positive nuclei had relatively low levels of
HMGBI1 and fragmented nuclei, which were brightly stained
by TUNEL, had almost no apparent HMGB1 im-
munoreactivity (Figure 3c), suggesting that apoptotic dying
cells might lose the expression of HMGBI1 to maintain the
proper gene transcription. It might be indispensable for the
surviving photoreceptors to maintain and/or boost the nu-
clear HMGBI in RD.

In the subretinal space of RD at day 7, HMGBI1-positive
and TUNEL-negative debris could be observed (Figure 3d,
arrows), which might be released by necrotic photoreceptors
and/or degradated inner segments, and spread diffusely into
the vitreous cavity if a retinal break was present. It was also
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Figure 1 Release of HMGB1 from R28 retinal neuronal cells exposed to excessive oxidative stress. (a) Immunofluorescence was performed with anti-HMGB1
antibody (red) and DAPI (blue). HMGB1 is predominantly present in the nuclei of unstimulated R28 cells (left column). Some cells present robust
upregulation of HMGB1 in the nuclei, as well as relocation into the cytoplasm (middle column; arrows) on 1 h exposure to a toxic dose of hydrogen peroxide
(1 mM). In the other cells, the nuclear HMGB1 is found to be diminished or released into the cytoplasm (right column; arrowheads). Scale bars: 20 um. (b)
After 24 h exposure to 1 mM hydrogen peroxide, the cell viability analyzed by MTT assay is decreased to about 10% compared with the control. (c) Massive
HMGB1 release into the culture supernatant was determined by ELISA after the same treatment as (b). The data represent the mean £ s.d. (n=3). Similar
results were obtained from three independent experiments.

>
Figure 2 Immunofluorescence analysis of HMGB1 in a rat model of RD. Representative photomicrographs of retinal sections labeled with anti-HMGB1
antibody (red; a-c) and DAPI (blue; d-f). Merged images (g-i) are also presented. The retinal sections were derived from the control eye (a, d, g), those at
3 days (day 3; b, e, h), or 7 days after RD (day 7; ¢, f, i). Arrows point to retinal pigment epithelium (a, g), and arrowheads indicate subretinal macrophages
(b, ¢, h, i). Note that expression of HMGB1 is augmented especially in ONL at day 3 after RD, whereas the upregulation in ONL appears to be subside by
day 7 (n =6 for each time point). Scale bars: 50 um. INL, inner nuclear layer; IS, inner segment; ONL, outer nuclear layer.
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reported that macrophages migrated into the subretinal space
of this RD model.”® The migrating macrophages also had
abundant HMGB1 expression (Figure 3d, arrowheads), and
might have released HMGBI actively in this space. In line
with these data, a large amount of extracellular HMGB1 must
be present at least in the subretinal space after RD.

Figure 3 Expression of HMGB1 in DNA-damaged photoreceptors (a-c} and
release of HMGB1 in the subretinal space (d). Representative
photomicrographs of anti-HMGB1 antibody (red; a), TUNEL (green; b), and
merged image (c) from rat retinal sections at 3 days after RD (n=6). The
early faint TUNEL-positive nuclei (¢; arrows) have relatively low levels of
HMGB1 and the fragmented nuclei (¢; arrowheads) have almost no
apparent HMGB1 immunoreactivity. (d) Representative photomicrograph of
a merged image of anti-HMGB1 (red), DAPI (blue), and TUNEL (green)
obtained from rat retinal sections at 7 days after RD (n = 6). HMGB1-positive
and TUNEL-negative debris (d; arrows) and migrating macrophages with
abundant HMGB1 expression (d; arrowheads) can be observed in the
subretinal space. Scale bars: 50 um. INL, inner nuclear layer; IS, inner
segment; ONL, outer nuclear layer; OS, outer segment.
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Vitreous HMGB1 and MCP-1 Levels in Patients with RD
The result obtained from the rat model of RD is the first
evidence to our knowledge that HMGBI is involved in RD-
induced photoreceptor degeneration. Next, we tested whe-
ther extracellular HMGBI1 could also be detected in human
vitreous samples of RD. Samples were harvested from 35 eyes
with RD, including rhegmatogenous RD, RD with macular
hole, and atopic RD and 19 eyes with control diseases, in-
cluding idiopathic epiretinal membrane and idiopathic ma-
cular hole (Table 1). The vitreous HMGBI1 and MCP-1 levels
were significantly higher in the eyes with RD than in those
with control diseases (Figure 4). The median HMGBI level
was 1.4 ng/ml (range, 0-28.3) in the eyes with RD and 0.6 ng/
ml (range, 0-1.3) in those with control diseases (P<0.001;
Figure 4a). The median MCP-1 level was 1383.2 pg/ml
(range, 39.8-5436.1) in the RD eyes and 404.4 pg/ml (range,
17.9-1168.9) in the control eyes (P < 0.0001; Figure 4b). The
vitreous concentration of HMGB1 was correlated sig-
nificantly with that of MCP-1 in the 35 eyes with RD by a
simple linear regression (r=0.593, P<0.001; Figure 4c) and
by Spearman’s rank correlation coefficient (r=0.613,
P<0.001). On the other hand, there was no significant re-
lationship between the vitreous concentrations of HMGBI
and MCP-1 in the 19 eyes of control patients (data not
shown). Although there was no significant difference, the
HMGBI levels in the eyes with proliferative vitreoretinopathy
(PVR), a condition of retinal fibrosis that follows severe
long-standing RD, tended to be lower than those without
PVR (Figure 4d). These findings showed that HMGB1
could be released not only in the subretinal space but also
in the vitreous cavity after RD-induced photoreceptor
degeneration, and that the HMGBI release was coincident
with vitreous MCP-1 expression.

Table 1 Characteristics of the patients

Characteristics Retinal Control
detachment diseases
(n=35) (n=19)
Age (years) 5731163 68.2+87
Fernale sex, no. (%) 19 (54) 10 (53)
Patients with PVR, no. (%) 6(17) —
Subgroups, no. (%)
Rhegmatogenous retinal detachment 28 (80) —
Retinal detachment with macular hole 5(14) —
Atopic retinal detachment 2 (6) —
Idiopathic epiretinal membrane e 7 (37)
Idiopathic macular hole — 12 (63)

PVR, proliferative vitreoretinopathy.

Values are expressed as mean t s.d. Dashes denote not applicable.
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Figure 4 Vitreous levels of HMGB1 and MCP-1. The vitreous HMGB1 (a) and MCP-1 (b) levels are significantly higher in eyes with RD than in those with
control diseases (idiopathic epiretinal membrane or idiopathic macular hole). Each bar indicates the average value. () Scatter plot for the correlation
between vitreous levels of HMGB1 and MCP-1 in eyes with RD (simple linear regression, r=0.593, P<0.001; Spearman’s rank correlation coefficient,
r=10.613, P<0.001). (d) The HMGB1 levels in the eyes with PVR tend to be lower than those without PVR. ERM/MH, epiretinal membrane/macular hole;

NPVR, no PVR; PVR, proliferative vitreoretinopathy.

RPE Cells Respond Chemotactically to Extracellular
HMGB1 through an ERK-Dependent Mechanism
Previous reports have shown that extracellular HMGBI is a
chemoattractant for a variety of cell types.**** We in-
vestigated whether HMGBI is also a chemoattractant for RPE
cells. Extracellular HMGB1 has been reported to engage
multiple receptors, including the receptor for advanced
glycation end products (RAGE) and Toll-like receptors 2
and 4.>* In particular, RAGE has been thought to be a crucial
receptor for HMGBI1-induced cell migration through ERK
activation.” The expression of RAGE at the RNA and protein
level was identified in human RPE* and ARPE-19 cells’**” in
previous studies. It was also shown that the expression of
RAGE and HMGBI1 was colocalized in the proliferative
membrane from an eye with proliferative retinal disease.”®
We, therefore, performed a migration assay using modified
Boyden chambers with various concentrations of rHMGBI.

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 89 March 2009

The representative photographs in Figure 5 show that
rHMGBI1 was capable of inducing a significant level of mi-
gration (Figure 5b) above that obtained with the control
medium (Figure 5a). HMGBI1 stimulated the migration of
RPE cells in a concentration-dependent manner with a 2.7-
fold maximal response at 100 ng/ml (Figure 5¢). This max-
imal response to rHMGBI1 was slightly stronger than that
induced by rMCP-1 (10 ng/ml). Next, we investigated whe-
ther HMGB1 induced phosphorylation of ERK-1/2 in ARPE-
19 cells; we stimulated cells with 100 ng/ml rHMGBI1 for
various time periods and used western blotting with an anti-
phospho-ERK-1/2 antibody on whole-cell lysates (Figure 6a).
Little phosphorylation of ERK-1/2 could be observed in
unstimulated ARPE-19 (at 0min), but a prominent increase
was detected after 5 min of stimulation with rHMGBLI. Figure
6a shows that phosphorylation of ERK-1/2 was augmented
from 5 to 60 min after tHMGBI stimulation in comparison
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Figure 5 RPE cells migrate in response to HMGB1. Representative photographs of ARPE-19 cells stained with Diff-Quick after migration toward control
medium (a) or 100 ng/ml HMGB1 (b). Original magnification: x 100. (c) HMGB1 stimulated ARPE-19 cell migration in a concentration-dependent manner
with a 2.7-fold maximal response at 100 ng/ml. The data represent the mean £ s.d. (n =3). All treatments increase the migratory response relative to the
control (P<0.01 in Student’s t-test). Similar results were obtained from three independent experiments.

with unstimulated ARPE-19 (time 0). To demonstrate that
the ERK signaling induced by HMGB1 was in fact linked to
the migration of RPE cells, we next inhibited ERK-1/2 and
assessed cell migration to HMGBI. Pretreatment of ARPE-19
with U0126 abrogated the migration toward rHMGB1 (Fig-
ure 6b). Thus, the ERK pathway appears to play an essential
role in HMGBI1-induced RPE cell migration.

DISCUSSION

Our findings suggest a possible role of HMGBI in RD, as an
essential nuclear protein and a principal danger signal for
photoreceptor degeneration. Using an in vitro assay of retinal
cell death induced by excessive oxidative stress, we found that
HMGB1 was augmented in the nucleus by the stress and
released into the extracellular space during cell death. On the
basis of immunohistochemical analyses of a rat model of RD-
induced photoreceptor degeneration, augmentation of
HMGBI in the nucleus is also observed in vivo and appears
to be crucial for the proper transcription of photoreceptors
after RD. Moreover, double labeling with TUNEL reveals
defects of upregulation of the nuclear HMGBI in the DNA-
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damaged photoreceptors, which are presumably pro-
grammed dying photoreceptors. Therefore, we propose that
the nuclear HMGBI in the retinal cells might be critical for
retinal cell survival under death stresses both in the in vivo
RD and in vitro retinal cell death. These results for ocular
HMGBI are compatible with previous reports that HMGB1
is a vital nuclear protein and has a protective role in the
nucleus.”*

In a previous animal study, Erickson et al'” reported that a
loss of photoreceptors in a cat model of RD occurred due to
necrosis. During studies on RD, photoreceptor degeneration
after RD had been thought to be mainly caused by
apoptosis.'>!¢ Hisatomi et al’> demonstrated the presence of
apoptotic debris in the subretinal space of rat RD. In the
present study, considering our immunohistochemistry results
from the same rat model of RD, so-called necrotic debris,
which is HMGBI positive and TUNEL negative, was found
to be present. On the basis of the previous finding of the
preferential release of HMGB1 from necrotic cells,® this
suggests that necrosis might still be a fundamental type of
photoreceptor cell death after RD.
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Figure 6 The phosphorylation of ERK is induced by HMGB1 and linked to
HMGB1-induced migration of RPE cells. (a) ARPE-19 cells were stimulated
with HMGB1 (100 ng/mi) for 5, 15, 30, or 60 min, and total cell lysates were
analyzed by western blot. ERK-1/2 activation was detected with anti-
phospho-ERK-1/2 antibody (p-ERK-1/2). Stripped membrane was reprobed
with the antibody against total ERK-1/2 (ERK-1/2). Results are representative
of three independent experiments. HMGB1 augments the ERK-1/2
phosphorylation from 5 to 60 min after stimulation. (b) Pretreatment of
ARPE-19 with U0126 inhibits the cell migration toward HMGB1 (100 ng/ml)
in a dose-dependent manner. The data represent the mean £ s.d. (n=3).
Similar results were obtained from three independent experiments.
*P<0.05, **P<0.01, compared with vehicle-treated control.

Furthermore, exploring human vitreous samples by ELISA,
we found that both HMGB1 and MCP-1 are increased sig-
nificantly in eyes with RD. Although MCP-1 is a well-known
mediator for RD,” to our knowledge, this is the first report
indicating that extracellular HMGBI might also be of re-
levance to human RD. HMGBI1 concentration tended to be
high in the eye without PVR, but not so with PVR. One
possible explanation for this tendency is that HMGBI1 might
be sequestered and/or masked in PVR, the advanced stage of
RD. HMGBI binds tightly to heparin and proteoglycans with
heparan sulfate,” and it is also reported that such pro-
teoglycans are abundantly present as the ocular extracellular
matrix, even in RD.*® Hence, these molecules might affect the
HMGBI1 concentration in the vitreous humor. Nevertheless,
this possibility does not negate the presence of HMGBI.
Considering the results obtained with the rat RD model,
extracellular HMGBI could be present at much higher levels,
at least in the subretinal fluid of RD, and it might serve as a
persistent signal adhering to the local damaged retina and/or
surrounding matrix as previously described.”

It is also of importance that HMGBI is significantly cor-
related with MCP-1 in RD vitreous. The secretion of MCP-1
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might parallel the extent of photoreceptor degeneration of
RD. Nakazawa et al”® recently suggested that MCP-1 is a
potential proapoptotic mediator during RD through the ac-
tivation of microglias and/or macrophages. In their study,
Miiller-glial cells were observed to upregulate MCP-1, leading
to activation and increased infiltration of microglias/macro-
phages in the detached retina. These cells induced further
photoreceptor apoptosis through local oxidative stress. Cor-
responding to this report, RAGE was also reported to be
prominently expressed in the Miiller-glial cells.*' Therefore,
HMGBI might influence MCP-1 expression through Miiller-
glial cells. Conversely, HMGBI is known to be released by
activated monocytes/macrophages.” MCP-1 is a potent sti-
mulator and chemoattractant for monocytes/macrophages,*?
and these cells were observed in the subretinal space of RD
with abundant HMGBI1 expression. This would also be an-
other possible explanation for the parallel increases of
HMGB1 and MCP-1. Nevertheless, the positive correlation of
these molecules indicates that cell death-related mediators
might be highly orchestrated in ocular degenerative tissue
damage. Several studies suggest that extracellular HMGBI
can aggravate tissue damage in neuronal tissues.'>** In these
studies, extracellular HMGBI plays a key role in the deve-
lopment of neuronal injury through the induction of inflam-
mation, microglial activation, and neuronal excitotoxicity.
According to these recent reports, the presence of extracellular
HMGB1 concomitantly with MCP-1 is a possible deterjorating
factor for RD, in spite of its essential role in the nucleus.
PVR is one of the most threatening complications of RD. It
is thought to be a reactive process to retinal injury, in other
words, it is one of the wound-healing responses in the eye.
RPE cells are known to be detectable in the fibrotic pro-
liferative membranes of PVR, and play an important role in
the pathogenesis of PVR.** Thus, the effects of a molecule on
PVR formation could be traced to RPE migration, at least in
part. Here, we demonstrate that extracellular HMGBI1 pro-
motes RPE cell migration by chemotaxis in vitro. This result
is consistent with previous reports of HMGBI1-induced cell
migration in various cell types, such as smooth muscle
cells,?"** fibroblasts,*®> and chondrocytes.3 * We also found
that HMGBI activated phosphorylation of ERK-1/2 in RPE
cells and the migration induced by HMGB1 was dependent
on ERK phosphorylation. The phosphorylation of ERK is
associated with cell proliferation and cell migration through
effects on cell-matrix contacts.*® It was also reported to be
found in Miiller-glial cells after RD.* Taken together, our
results suggest that extracellular HMGBI1 from dying ocular
cells might affect retinal cells through ERK phosphorylation
and potentially serve to promote the formation of PVR,
which is wound healing, but has a pathological meaning in
the eye. Several new strategies for prevention of ocular
fibrosis, especially targeting specific signaling pathways, have
been proven to be beneficial in animal models.**™° We
propose that the identification and further characterization
of danger signals, including HMGBI, would provide a novel
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perspective for better understanding the molecular patho-
genesis of PVR before applying these promising therapeutic
manipulations to human subjects.

It has been suggested that post-transcriptional modifica-
tions of HMGBI, such as acetylation, methylation, and
phosphorylation, might influence its activity.”’ Some recent
reports also demonstrate that the proinflammatory activity of
HMGBI is due to combined action with other molecules.”
The present data are mostly limited to the presence of
HMGBL1 rather than its biological activity, and we do not
address what modifications or molecules are involved in in-
traocular HMGBI1. However, we identify for the first time
that HMGBI is evident in a typical retinal injury of human
RD, in which nuclear HMGBI is a crucial nuclear protein
and extracellular HMGBI is a danger signal that might be
required for the ocular wound-healing response. Our find-
ings might have relevance for the underlying mechanisms of
degenerative neuronal diseases. Further detailed studies will
be needed to obtain more accurate knowledge and ther-
apeutic value of HMGBI in human diseases.
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Abstract—Vascular diseases such as diabetic retinopathy or retinal arterial occlusion are always associated with
retinal and/or choroidal vasculopathy and intravascular thrombosis is commonly found. The ultrasound (US)
therapy is a recently developed technique to accelerate fibrinolysis and it is being applied to some clinical fields.
The present study was to observe the effects of extraocular US exposure on intraocular fibrin, which is a deterio-
rating factor in various ocular diseases. Tubes containing human blood (2 mL) in the following groups were irra-
diated with US; US alone, US with tissue plasminogen activator (tPA), tPA alone, and saline (control). Fibrinolysis
was quantified by measuring D-dimer after 2 h. In rat eyes, intracameral fibrin (fibrin formation in the anterior
chamber of the eye) was induced by YAG-laser-induced iris bleeding. Then, eyes in the following groups were irra-
diated with US; US alone, subconjunctival tPA alone, US and subconjunctival tPA, control. Intracameral fibrin was
scored on day 3 (3+ maximum to 0). The temperatures of rat eyes were measured by infrared thermography.
Histologic evaluation was also performed. D-dimer was increased by US with statistical significance (p < 0.05)
or tPA (p < 0.01). D-dimer in US with tPA group was significantly higher than either US alone or tPA alone group
(p < 0.01). In rat eyes, the average intracameral fibrin score on day 3 was 1.4 in control group and 1.2 in subcon-
junctival tPA alone group; however, it decreased significantly in the US alone group (0.75; p < 0.05, vs. control),
US and subconjunctival tPA group (0.71; p < 0.01, vs. control). The temperature was less than 34 °C after US
exposure. No histologic damage was observed. US irradiation from outside accelerated intracameral fibrinolysis
without causing apparent tissue damage. This noninvasive method might have therapeutic value for intraocular
fibrin. (E-mail: tsakamot @m3.kufm.kagoshima-u.ac.jp) © 2009 World Federation for Ultrasound in Medicine
& Biology.

Key Words: Ultrasound, Fibrinolysis, Thrombolysis, Sonothrombolysis, Tissue plasminogen activator.

INTRODUCTION et al. 1990; McDonald et al. 1990; Toth et al. 1991). To
remove thrombus or fibrin, a fibrinolytic agent such as
tissue-plasminogen activator (tPA) is sometimes used
(Feltgen et al. 2006; Hayreh 2008; Kattah et al. 2002;
Noble et al. 2008; Richard et al. 1999; Weber et al.
1998). However, the effect of fibrinolytic agents on these
diseases is controversial and the potential toxicity of high
doses of tPA cannot be neglected (Yamamoto et al. 2008;
Yoeruek et al. 2008). Surgical removal of intravascular
thrombus is another approach but its therapeutic value is
also controversial (Garcfa-Arumi et al. 2006; Opremcak
et al. 2008). Above all, the invasiveness and the potential
risks of surgical embolus removal would make it difficult

Vascular diseases such as diabetic retinopathy are the
leading causes of legal blindness in adults in western soci-
eties. These diseases are always associated with retinal
and/or choroidal vasculopathy and intravascular throm-
bosis is commonly found to some extent (Vine and Sa-
mama 1993). Among them, retinal arterial occlusion
(RAO) has a poor prognosis (Hayreh 2008). Furthermore,
fibrin formation in the vitreous and/or anterior chamber is
sometimes observed after intraocular surgery, leading to
secondary tissue damage (Akassoglou et al. 2004; Jaffe
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for physicians to accept these treatments.
The use of ultrasound (US) to accelerate fibrinolysis
for thrombolytic therapy is a developed technique. It was
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evaluated by previous studies and has been found to have
effects but less invasive potential for fibrinolysis (Francis
et al. 1992; Holland et al. 2008; Hong et al. 1990; Lauer
et al. 1992; Tachibana 1992; Tachibana K and Tachibana
S 1995, 1997; Triibestein et al. 1976). Therefore, it is
being applied in some clinical fields including peripheral
vascular occlusions, acute myocardial infarctions (Cohen
et al. 2003), occluded arteriovenous dialysis grafts (Pfaf-
fenberger et al. 2005) and acute ischemic stroke. Early
investigators showed that transcranial US increases fibri-
nolytic activity (Francis et al. 1995). Although a transla-
tional study using large US probes was hampered by an
increased rate of intracerebral hemorrhage, phase-II
Combined Lysis of Thrombus in Brain Ischemia Using
Transcranial Ultrasound and Systemic t-PA trial that
randomly assigned 126 patients with middle cerebral
artery occlusion showed favorable results (Alexandrov
et al. 2004; Daffertshofer et al. 2005).

In comparison to intracranial or visceral lesions,
intraocular lesion is expected to be suitable for this treat-
ment because responses to the treatment can be monitored
in detail by direct observation and the therapeutic efficacy
might be achievable with less power. So far, to the best of
our knowledge, there have been no reports on sonothrom-
bolytic treatment for ocular fibrin formation. In this study,
we report on this new promising treatment approach for
intracameral fibrin (fibrin formation in the anterior
chamber of the eye) and evaluate its effects.

MATERIALS AND METHODS
In vitro study

Fibrin clot preparation. Venous blood was with-
drawn from four healthy volunteers after they provided
informed consent. Whole blood (2 mL) was immediately
placed in disposable culture tubes. The tubes containing
the blood were then placed in a 37°C water bath for 2 h
referring to the previously described method (Frenkel
et al. 2006).

US treatment. US was irradiated using a commer-
cially available machine (Sonitron 2000; Richmar, Inola,
OK, USA) with a 6 mm unfocused probe directly to the
blood in the tubes (Borex, 12 X 75 mm disposable culture
tubes, composed of borosilicate glass) in a tank of water at
37°C for various time intervals. Based upon our prelimi-
nary experiment, the parameters of US were determined
as follows: frequency of 1.0 MHz, duty cycle of 5.2%,
pulse repetition frequency of 20 Hz and the derated
spatial-peak  pulse-average intensity (Isppas) of
10.123 W/cm?. First, US was irradiated with different
exposure times, 5 min or 20 min (n=3§, each). In addition,
the temperature in the tube was measured after US irradi-
ation for 20 min under the same condition (n = 4). Next,
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the experimental groups were divided into the following:
US exposure alone (US, n = 8), US exposure with tPA
(US + tPA, n=28), tPA alone (tPA, n = 8) and saline
alone (no US, no tPA, control, n = 8). tPA (Cleactor; Ei-
sai, Tokyo, Japan) was diluted with saline (40 IU/uL) just
before the experiment. Before the clots were exposed to
US, tPA and saline (total 500 uL.) were added to the tubes
and incubated in a 37°C water bath for 2 h.

D-dimer assays. Because D-dimer is an indicator of
fibrin-degraded products, a commercial D-dimer assay
kit (Diagnostica Stago, Parsippany, NJ, USA) was used
to measure D-dimer levels 2 h after treatment. The assays
were performed according to directions provided by the
manufacturer.

In vivo study

Safety of US exposure. Before application of US with
animals, the output level of US was evaluated. We exam-
ined the safety of Sonitron 2000 with a 3 and 6 mm unfo-
cused probes in consideration of application to human
eyes. In brief, we measured acoustic power using a needle
hydrophone in a water tank and assessed and computed
some acoustic parameters (Schema 1). US was irradiated
under the following conditions: frequency of 1.0 MHz,
high or low intensity mode indicated on the device and
duty cycle of 5.2% or 100%. Safety conditions referred
to information of manufacturers seeking marketing clear-
ance for diagnostic ultrasound systems and transducers by
the Food and Drug Administration of the United States
Department of Health and Human Services (FDA)
(http://www.fda.gov/cdrh/ode/guidance/560.html#2).

Animals. All animals were used humanely in accor-
dance with the approval of our institutional animal care
committee and the ARVO statement on the Use of
Animals in Ophthalmic and Vision Research. Brown-
Norway rats (male; age 8-weeks old, 250 g) were
purchased from KBT Oriental Co., Ltd. (Fukuoka, Japan).
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Schema 1. The simplified schema of the measurement system to

evaluate the output level of US. Measurement system using

a needle hydrophone in a water tank to assess and compute

some acoustic parameters of Sonitron 2000 with a 3 and 6 mm
unfocused probes.
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Induction of intracameral fibrin clot formation and
evaluation. In each of the following procedures, Brown-
Norway rats were anesthetized with an intramuscular
injection of ketamine hydrochloride (50 mg/kg) and xyla-
zine hydrochloride (20 mg/kg), and the ocular surface was
anesthetized with a topical instillation of 0.2% oxybupro-
caine hydrochloride eye drops (Santen Pharmaceutical
Co., Ltd., Osaka, Japan). Intracameral bleeding was
induced by a neodymium-doped yttrium aluminium garnet
(Nd:YAG) laser according to previous report (Sakamoto
etal. 1999). Nd: Y AG laserradiation on the iris is a standard
treatment in clinical ophthalmology for glaucoma and
appears to be a safe (Drake 1987; Tomey et al. 1987). In
this study, laser radiation was performed by the Q-
switched Nd:YAG laser system mounted on a slit lamp
(Ellex Japan Inc., Osaka, Japan) using energy setting of
1.2 mJ per shot and single pulse mode. Nd:YAG laser
were shot at six points on the iris (0, 2, 4, 6, 8 and 10
o’clock) with the spot size of 8 um. In order to confirm
the selectivity of YAG laser treatment, three eyes were
enucleated immediately and fixed with 3.7% formalde-
hyde in phosphate buffered saline (PBS), dehydrated
with a graded alcohol series and embedded in paraffin.
The sections were cut and stained with hematoxylin and
eosin. All of the specimens were then observed by two
masked observers who received no information about the
specimens. After laser shots, moderate to severe bleeding
occurred immediately, clot and fibrin was discerned on
the surface of the iris and lens on the next day. The value
of clot formation in the anterior chamber was graded using
surgical microscopy according to the previously described
method (Sakamoto et al. 1999). Briefly, the criteria were
defined as follows: 3+, clot or bleeding occupies more
than one-third of the anterior chamber; 2+, between one-
fifth and one-third of anterior chamber; 1+, less than
one-fifth of anterior chamber; 0, no clot or bleeding. The
eyes were observed by surgical microscopy everyday
and photographs were taken on the next day (day 1) and
fourth day (day 3) by masked observers.

Sonothrombolysis. The day after the laser shots,
a 3 mm US probe was placed directly onto the comeal
surface, coupling with a gel, hydroxyethyl cellulose
(Senju Pharmaceutical Co. Ltd., Osaka, Japan) of the
rats under general anesthesia and US was irradiated. The
parameters of US were set at frequency of 1.0 MHz,
duty cycle of 5.2%, pulse repetition frequency of 20 Hz
and Igppa s of 0.228 W/em? and US was irradiated for
5 min and the experimental groups were divided as
follows: US alone (US group, n = 14), US and subcon-
junctival tPA (US and subconjunctival tPA group,
n = 14), subconjunctival tPA alone (tPA group, n = 14)
and no treatment (control, » = 14). When t-PA was
applied, 50 uL of t-PA (2000 IU) after diluting with saline

(final concentration 40 IU/uL) was injected into the center
of the tarsal conjunctiva using a syringe with a 30-gauge
needle under surgical microscopy. Given that tPA weights
68 kDa, subconjunctival injection of tPA would have
a limited effect, however, the thrombus was dissolved
even a little intracameral administration in our preliminary
study. So, this method was done as a topical administra-
tion.

Ocular  surface temperature and histologic
findings. Brown-Norway rats were first anesthetized as
described above. A 3 mm US probe was placed directly
onto the corneal surface and US was irradiated under the
following conditions: frequency of 1.0 MHz, high inten-
sity mode (indicated on the device) and duty cycle of
5.2% or 100%. The temperature was monitored for
5min using infrared thermography (TH6200R, NEC
Co., Ltd., Tokyo, Japan). For the microscopic analysis,
the eyes were enucleated after 48 h and were examined
histologically the same way as above. More than six
eyes of each group were examined.

Statistical analysis. All values were expressed as
mean * SD. Analysis of variance with paired t-test was
used to determine the significance of the difference in
a multiple comparison. Differences with a p value of
less than 0.05 were considered to be significant.

RESULTS
In vitro study

US exposure time. US exposure was examined under
the above conditions for 5 min or 20 min (exposure time).
The results showed that D-dimer was significantly
increased by US exposure and that 20 min exposure of
US resulted in significantly higher levels than 5 min expo-
sure (Fig. 1, p <0.01). In this condition, there was no
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Fig. 1. Amount of D-dimer after US exposure. D-dimer
increased after US exposure in a time-dependent fashion (paired
t-test, ¥*p << 0.01). Control; neither US nor tPA.



