cause of the aqueous solvent used in the dilution, whereas
the osmolarity of TB is higher than that of the control.
In contrast, BBG (0.25 mg/mL) has an almost identical
osmolarity to the control.

The mean corneal endothelial cell counts were
7728+ 268/mm* in the control group, 7642 +317/mm?in
the BBG groups, 7501£230/mm? in the ICG group, and
7030+246/mm* in the TB group. Thus, although BBG
showed marginally less toxicity, there was no significant
difference across the 4 groups. In rat’s eyes, corneal en-
dothelial cells are known to have a higher proliferative ca-
pacity than in human endothelial cells. Our endothelial
cell count of rat’s eyes is suggestive for clinical use; how-
ever, the data do not apply to human endothelial cell counts.
Although the corneal endothelial cell count did not change
in the observation period in the present study, further re-
search is now needed in human clinical studies.

In conclusion, the results of this study show high bio-
compatibility of BBG for use in capsular staining. Bril-
liant blue G demonstrated better-preserved morphologic
features of corneal endothelial cells using transmission
and scanning electron microscopy than ICG and TB.
Also, TUNEL confirmed the lower toxicity of BBG vs TB.
Because rat corneal endothelial cells have higher prolif-
erative capacity than human endothelial cells, the rat data
do not apply to human eyes, and further detailed stud-
ies are needed in human clinical studies. In addition, the
BBG solution has an osmolarity similar to that of the physi-
ologic aqueous humor. Thus, BBG is a good alternative
dye for capsular staining, with superior staining ability
and biocompatibility.
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Cellular Migration Associated With Macular Hole

A New Method for Comprehensive Bird’s-Eye Analysis

of the Internal Limiting Membrane

Toshio Hisatomi, MD, PhD; Hiroshi Fnaida, MD, PhD; Taiji Sakamoto, MD, PhD; Takaaki Kanemaru, MD;
Tadahisa Kagimoto, MD; Ichiro Yamanaka, MD, PhD; Akifumi Ueno, MD; Takao Nakamura, MD, PhD;

Yasuaki Hata, MD, PhD; Tatsuro Ishibashi, MD, PhD

Objective: To elucidate the pathogenesis of macular hole
formation, focusing in particular on the possible role of
cellular migration on the cortical vitreous and internal
limiting membrane (ILM) around the macular hole.

Methods: To gain a comprehensive overview of the ILM
excised in macular hole surgery (n=36), the ILMs were
carefully unfolded and spread out onto glass slides as con-
tinuous flat sheets that each contained a macular hole. The
specimens were observed by light microscopy and trans-
mission electron microscopy (n=9), and the cellular dis-
tribution was analyzed by scanning electron microscopy
in a quantitative manner (n=27). Immunohistochemis-
try for glial fibrillary acidic protein and cytokeratin 18 was
carried out for cellular characterization. Cellular prolif-
eration was assessed by immunohistochemistry for pro-
liferating cell nuclear antigen and Ki-67.

Results: Cellular migration was not apparent around the
macular hole in the early stage of development of the
macular hole (stage 2, 0 um). As the macular hole passed

through the later stages of development, cellular migra-
tion developed around the macular hole (stage 3, 84 um)
and the area of cellular migration gradually enlarged (stage
4,420 pm). The immunophenotypic analysis showed that
these cells were mainly glial fibrillary acidic protein—
positive glial cells and cytokeratin 18—positive retinal pig-
ment epithelial cells. The proliferating cell nuclear an-
tigen and Ki-67 immunohistochemistry showed that some
of these cells were proliferating on the ILM.

Conclusions: Cellular migration on the ILM is not nec-
essary for the initial formation of a macular break. Cel-
lular migration developed after the macular break oc-
curred, and the migration and proliferation increased
gradually from the macular hole.

Clinical Relevance: This study provides a new method
for understanding the ultrastructural analysis of the patho-
genesis of the macular hole.
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HE PATHOGENESIS OF THE ID-

iopathic macular hole is still

not fully understood; how-

ever, there is agreement on

the important role of vitre-
ous attachment and vitreous traction to the
underlying internal limiting membrane
(ILM) and the retina in the developmen-
tal process of the macular hole. Avila et
al' and Kakehashi et al? proposed that an-
teroposterior traction in the vitreous can
cause a macular break. It was suggested
that contraction of the prefoveal vitreous
cortex might cause tangential traction lead-
ing to a macular tear.>® It was also sug-
gested that the premacular vitreous cor-
tex is the posterior wall of the vitreous
pocket and that anterior traction by
premacular vitreous cortex would lead to
intraretinal cyst formation at the fovea fol-
lowing macular hole formation.” In re-
cent years, ultrasonography,!®!! confocal
laser tomography,'*'* and optical coher-

ence tomography'** have provided high-
resolution cross-sectional images of the
retina and vitreous in vivo. Gass®® pro-
posed a classification for the develop-
ment of a macular hole according to 4
stages. Stage 1 is characterized by focal reti-
nal detachment, stage 2 by early hole for-
mation, stage 3 by a fully developed macu-
lar hole without posterior vitreous
detachment (PVD), and stage 4 by a macu-
lar hole with PVD.

Cellular migration is hypothesized to be
one of the major causes of contraction of ex-
tracellular matrix such as vitreous cor-
tex.”** Some biomicroscopical studies and
histological examinations of surgical and
postmortem specimens have identified
premacular tissue that may cause tangen-
tial traction to the retina.?**>?" In addition,
histological examinations of excised ILMs
demonstrated that migrating cells of vari-
ous origins were located on the ILM and that
these cells were associated with collagen fi-
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pment of the Macular Hole* i

. Summary of the 27 Excised Internal Limiting Membranes Analy

‘Macular’ :
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Abbreviations: CK18, cytokeratin 18; GA, glutaraldehyde; GFAP, glial fibrillary acidic protein; NA, not applicable; PCNA, proliferating cell nuclear antigen;
PFA, paraformaldehyde.

*Twenty-seven specimens were confirmed as stage 2 in 5 eyes, stage 3 in 10 eyes, and stage 4 in 12 eyes. Successful expansion of the folded internal limiting
membrane was obtained in 23 specimens, and immunohistochemistry and hematoxylin-eosin staining were carried out in 8 and 2 specimens, respectively.
tEllipses indicate that the specimens were not analyzed by the method.
1Specimen was analyzed by hematoxylin-gosin staining.

bers of various diameters.?®*® Other histological stud- carried out to identify the macular hole, and each was then graded
ies???® examining postmortem eyes with macular holes according to the classification developed by Gass.*** A high-
noted a high incidence of epiretinal formation in the macu- resolution optical coherence tomographic examination was used

to confirm the state of PVD in each case. The stages of develop-
ment of the macular holes were confirmed as stage 2 in 8 eyes,
stage 3 in 13 eyes, and stage 4 in 15 eyes (total, 36 eyes). All of
the data accumulation was carried out with approval from the eth-
ics committee of Kyushu University, Fukuoka, Japan, and was
performed in accordance with ethical standards in the 1989 Dec-
laration of Helsinki. After informed consent was obtained from

lar area of the eyes. However, their detailed pathogenesis,
especially the role and involvement of cellular migration
on the ILM, still remains unclear.

‘We propose a new method for a topographic bird’s-eye
analysis of the whole excised ILM. In this study, we de-
scribe detailed structures of the ILM around the idio-

pathic macular hole, the complex association of migrat- each patent, the patients underwent a standard 3-port pars plana
ing and proliferating cells, and the extracellular matrix vitrectomy. Balanced salt solution (BSS Plus; Alcon Laborato-
conferred by the developing stages of the macular hole. ries, Fort Worth, Tex) was used as an irrigation solution. Triam-
We examine the characterization and the proliferation cinolone acetonide (Kenakolt-A; Bristol Pharmaceuticals KK,
of the distributing cells around the macular hole on the Tokyo, Japan), a water-insoluble white corticosteroid, was used
ILM. for visualizing the vitreous hyaloid as previously described®3* (in

a1.0-mlL triamcinolone acetonide suspension). If necessary, pos-

terior hyaloid detachment was induced by suction or forceps
m around the optic nerve head. The vitreous was removed and PVD

was extended to the periphery. The ILM was then peeled off with

ILM PEELING PROCEDURE ILM forceps intended to be 3 disc diameters surrounding the macu-

lar hole, and fluid-gas exchange was performed through an ex-

Thirty-nine eyes of 38 patients who were diagnosed as having vari- trusion cannula over the optic nerve head and macular hole.

ous stages of the idiopathic macular hole were prospectively stud- Twenty-percent sulfahexafluoride gas was then injected after clo-

ied clinically from January 2002 to July 2004. Biomicroscopical sure of the scleral incisions. Postoperatively, patients were asked
analysis of both the macular and vitreomacular relationships was to keep a face-down position for at least 5 days.
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TRANSMISSION ELECTRON MICROSCOPY
OF THE EXCISED ILM

To carry out transmission electron microscopy, the 12 excised
specimens (stage 2 in 4 eyes; stage 3 in 4 eyes, and stage 4 in 4
eyes) were immediately placed in 4% glutaraldehyde for fixa-
tion, Of the 12 specimens, 9 of them (stage 2 in 3 eyes, stage 3
in 3 eyes, and stage 4 in 3 eyes) were then postfixed in 2% vero-
nal acetate buffer osmium tetroxide, dehydrated in ethanol and
water, and embedded in Epon.** Ultrathin sections were cut from
blocks and mounted on copper grids. The specimens were ob-
served with aJEM 100CX electron microscope (JEOL, Tokyo).
Three specimens were further examined by flat-preparation
transmission electron microscopy.

FLAT-PREPARATION TRANSMISSION
ELECTRON MICROSCOPY

Three fixed specimens (stage 2 in 1 eye, stage 3 in 1 eye, and
stage 4 in 1 eye) were dehydrated in ethanol and water, ex-
tracted as flat sheets with fine needles under a biomicroscope
equipped with dark-field illumination (Nikon, Tokyo), and
placed onto a glass slide. Then, the expanded ILMs were em-
bedded in Epon. Ultrathin sections were cut from blocks and
mounted on copper grids. The specimens were observed with
aJEM 100CX electron microscope.

FLAT PREPARATION FOR COMPREHENSIVE
BIRD’S-EYE ANALYSIS OF THE ILM

For scanning electron microscopy, 27 specimens were pro-
cessed. Fifteen of the excised specimens were fixed in 4% glu-
taraldehyde. Twelve of the specimens were fixed in 4% para-
formaldehyde for light microscopy and immunohistochemistry
and then were analyzed by scanning electron microscopy. The
fixed 1LM was extracted as a flat sheet with fine needles under
a biomicroscope equipped with dark-field illamination (Nikon)
and placed onto a glass slide. When at least one fourth of the
complete macular hole was clearly recognized on the ex-
panded ILM (n=23; 4 specimens were excluded from the total
of 27 specimens; Table), immunochemistry, scanning elec-
tron microscopy, and cellular distribution studies were car-
ried out. Two specimens were stained by hematoxylin-eosin
and observed by light microscopy.

IMMUNOHISTOCHEMISTRY
OF THE EXPANDED ILM

The ILMs were fixed in 4% paraformaldehyde in phosphate-
buffered saline, extracted as whole sheets, and placed onto a
glass slide (n=8). The specimens were air dried. The first an-
tibodies against glial fibrillary acidic protein (Dako, Tokyo)
(n=4), cytokeratin 18 (Chemicon, Temecula, Calif) (n=4), pro-
liferating cell nuclear antigen (PCNA) (Chemicon) (n=2), and
Ki-67 (Dako) (n=2) were used for 2 hours at room tempera-
ture. The second antibodies labeled with Cy5S (Zymed Labora-
tories, San Francisco, Calif) and rhodamine (Cappel, Aurora,
Ohio) were used for 1 hour at room temperature. The speci-
mens were also stained with 4’,6-diamino-2-phenylindole di-
hydrochloride for nuclear staining and observed with a fluo-
rescence microscope (Table). The immunohistochemical control
experiments included a negative control and an isotype con-
trol using the specific IgG subtype. All of the specimens for im-
munohistochemistry were dehydrated in ethanol and water and
then analyzed by scanning electron microscopy.

Figure 1. Vertical analysis of the excised internal limiting membrane (ILM).

A, Light micrograph of a semithin section of the ILM stained by Azur 1, showing
characteristic sinusoidal folding (original magnification x100). B, Transmission
electron microscopy showed collagen membranous tissue with a smooth inner
(vitreous) surface and an irregular outer (retinal) surface. In the early stage of
the macular hole (stage 2), cells were rarely seen. The extracellular matrix,
namely, posterior vitreous hyaloid, was seen on the excised ILM intermingled
with the distributed cells (arrowhead) (original magnification %2000). G, Some
migrating cells (arrow) were seen on the inner surface of the ILM in stage 3 of
development of the macular hole. Again, the extracellular matrix, namely,
posterior vitreous hyaloid, was seen on the excised LM intermingled with the
distributed cells (arrowhead) (original magnification X2000). D, In the later
stage (stage 4), significant celiular migration (arrows) was observed on the
ILM. The extracellular matrix, namely, posterior vitreous hyaloid, was seen on
the excised ILM intermingled with the distributed cells (arrowhead) (original
magnification 2000).

SCANNING ELECTRON MICROSCOPY

The expanded ILMs were dehydrated in ethanol and water on a
glass slide. The specimens were saturated in t-butyl alcohol, and
critical-point drying (Eiko, Tokyo) was performed. The glassslide
was cutintoa 10-mm square. The specimens were then placed on
stubs by means of self-adhering carbon tabs and sputtered with gold
of 20-nm thickness by an argon plasma coater (Fika) 3% The speci-
menswere observed with aJSM 840 electron microscope (JEOL).

CELLULAR DISTRIBUTION ON THE IILM

Cellular distribution was observed in 23 specimens (stage 2 in
5 eyes, stage 3 in 8 eyes, and stage 4 in 10 eyes) (Table) by scan-
ning electron microscopy, and the results were analyzed ac-
cording to the macular hole staging proposed by Gass.>>* The
distance from the top of the cellular distribution to the edge of
the macular hole on the ILM was measured and analyzed us-
ing analysis software (MacScope; Mitani, Fukui, Japan). The
results were expressed as means+SDs. The ¢ test was used to
calculate the probability by comparing data between the groups,
and P<.05 was considered to be statistically significant.

—

VERTICAL ANALYSIS OF PEELED ILM

Light microscopical examination of semithin sections
showed characteristic sinusoidal folds of complexly folded
ILM (Figure 1A). Transmission electron microscopy
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Figure 2. Topographic bird’s-eye analysis of the internal limiting membrane
(ILM) by light microscopy and fluorescence microscopy. The complexly folded
excised ILM (A) extended onto a glass slide showed the intact ILM sheet
containing an ILM defect corresponding to the area of the macular hole
(asterisk) (B) (original magnification % 4). C, A dark-field illumination image
showed that the ILM has the characteristic multilinear pattern associated with
the underlying nerve fibers of the ganglion cells (original magnification x10).
D, The hematoxylin-gosin-stained section showed migrating cells around the
macular hole (asterisk) (original magnification x200). E, Some of the cells on
the ILM were pigmented cells (arrows) (original magnification x400).

showed collagen membranous tissue with a smooth inner
(vitreous) surface and an irregular outer (retinal) surface
(Figure 1B). In the early stage of the macular hole (stage
2), cellular migration was rarely seen (Figure 1B). Some
cells, namely, glial cells, retinal pigment epithelial cells, and
origin-unknown fibroblast-like cells, were seen on the in-
ner surface of the ILM in the middle stages (stage 3)
(Figure 1C) of the macular hole and were seen often in the
later stages (stage 4) (Figure 1D). Some cellular mem-
branes and organelles derived from underlying Muller cells
were occasionally seen on the outer surface of the ILM; how-
ever, there were no changes according to the stage of de-
velopment of the macular holes (Figure 1B-D). We could
not identify the location of the macular hole in complexly
folded ILM by ultrathin cross sections.

HORIZONTAL ANALYSIS OF EXPANDED ILM

Light microscopical examination of the excised whole ILM
(Figure 2A) spread out onto a glass slide showed the in-
tact ILM sheet containing a macular hole (Figure 2B). Dark-
field illumination micrography showed that the 1LM had
the characteristic multilinear pattern associated with the
underlying nerve fibers of the ganglion cells (Figure 2C).
The hematoxylin-eosin-stained section showed migrat-

Figure 3. Immunohistochemical analysis of the distributed cells on the
internal limiting membrane. A, Double immunohistochemistry of glial
fibrillary acidic protein (green) and cytokeratin 18 (red) showed a mosaic-like
migration pattern of glial fibrillary acidic protein—positive glial cells and
cytokeratin 18—positive retinal pigment epithelial cells. Some of the
cytokeratin 18-positive cells were pigmented (arrow) (original magnification
%200). B, Nuclear staining by 4’,6-diamino-2-phenylindole dihydrochloride
showed chromosomes of dividing nuclei (arrows) (original magnification
%1000). Immunohistochemistry of proliferating cell nuclear antigen (C) and
Ki-67 (D) showed proliferating cells (arrowheads) among the distributed
cells on the internal limiting membrane (original magnification x400).

ing cells around the macular hole (stage 4) (Figure 2D). A
few pigmented cells were seen among the distributing cells
around the macular hole on the ILM (Figure 2E).

IMMUNOHISTOCHEMICAL ANALYSIS

Immunohistochemical analysis revealed that most of the dis-
persed cells on the ILM were glial fibrillary acidic protein—
positive glial cells (Figure 3A). There were also cytokera-
tin 18-positive retinal pigment epithelial cells among the
glial cells (Figure 3A). These cells formed a continuous
cellular sheetaround the macular hole on the ILM. Toinves-
tigate whether these cells were migrating and/or proliferat-
ingon the ILM, we examined their proliferation by 2 differ-
ent proliferating cell markers, PCNA and Ki-67. Proliferat-
ing cell nuclear antigen is a 36-kd proliferation-associated
antigen, and Ki-67 is a large nuclear antigen preferentially
expressed duringall of the active phases of the cell cycle but
absent in resting cells. Nuclear staining by 4’ 6-diamino-2-
phenylindole dihydrochloride showed chromosomes of di-
viding nuclei (Figure 3B). Both PCNA and Ki-67 showed
positive staining in the nucleus of the proliferating cells
(Figure 3C and D). The PCNA-positive cells and Ki-67—
positive cells accounted for 7% and 9%, respectively, of the
total cells on the ILM. The proliferating cells dispersed around
the distributed cells around the macular hole, and an obvi-
ous proliferating front was not observed in the specimens.

VERTICAL ANALYSIS OF EXPANDED ILM

Light microscopical examination of semithin sections of
the expanded ILM showed a linear shape of the ILM
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Pasterior Vitreous Hyaloid | .

Figure 4. Vertical observation of the expanded internal limiting membrane
(ILM). A, Light microscopical examination of a semithin section of the
expanded ILM showed the linear shape of the ILM. On the expanded ILM,
few Azur ll-stained cells were seen around the ILM defect corresponding to
the area of the stage 4 macular hole (asterisk) (original magnification x600).
Transmission electron microscopy showed the expanded linear ILM and
migrating cells (original magnification x2000) (B) as well as dense collagen
fibers, namely, residual posterior vitreous hyaloid between the ILM and
migrating celis (original magnification x6600) (C).

(Figure 4A). On the expanded ILM, few Azur
Il-stained cells were shown around the ILM defect cor-
responding to the area of the macular hole at stage 4,
providing better spatial understanding of the ILM.
Transmission electron microscopy demonstrated the
expanded linear [LM and migrating cells (Figure 4B) as
well as dense collagen fibers, namely, residual posterior
hyaloid between the ILM and migrating cells
(Figure 4C).

SCANNING ELECTRON MICROSCOPY

Scanning electron microscopy revealed a smooth inner
surface (Figure 5A) and rough outer surface (Figure 5B)
of the ILM. This dense collagen layer is a basement mem-
brane of Muller cells, namely, the ILM, and demon-
strates the characteristic smooth surface. Neither fi-
brous collagen nor fibrillar vitreous collagen are smooth
surfaced by scanning electron microscopy. In the early
stages of development of the macular hole, migrating cells
were not apparent on the inner surface of the ILM around
the macular hole (Figure 5A). Notably, in the later stages,
migrating cells were clearly visible around the ILM de-
fect corresponding to the area of the macular hole
(Figure 5C), indicating that these cells were migrating
away from the macular hole. Cellular migration oc-
curred on the ILM, showing flat and sticking morpho-

o - —

Figure 5. Topographic analysis of the internal limiting membrane (ILM) by
scanning electron microscopy. Scanning electron microscopy revealed a
smooth inner surface of the excised ILM, where migrating cells from the
macular hole were rarely seen in the early stage (stage 2) of development of
the macular hole (A}, and revealed a rough outer surface of the excised ILM
(B) (original magnification x3000). Migrating cells from the macular hole
were more praminent in the later stage (stage 4) of development of the
macular hole (original magnification x1800) (C), showing flat and sticking
morphological features and spreading filopodia on the ILM (original
magnification x8000) (D). E, A topographic bird's-eye view of the expanded
ILM showed no cellular migration around the ILM defect corresponding to
the area of the stage 2 macular hole (asterisk) (original magnification X75).

logical features and spreading filopodia on the ILM
(Figure 5D). A topographic image of the expanded 1LM
showed no cellular migration around the ILM defect cor-
responding to the area of the macular hole at stage 2
(Figure 5E).

CELLULAR MIGRATION
FROM THE MACULAR HOLE

The distance of cellular migration from the ILM defect
corresponding to the area of the macular hole gradually
increased through each stage of development of the macu-
lar hole (Figure 6). The cellular migration occurred from
the edge of the macular hole and developed to the pe-
ripheral area of the ILM (Figure 6A-C). In most cases,
cellular migration was observed as a continuous sheet of
cells around the macular hole (Figure 6B and C).
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Figure 6. Quantitative analysis of cellular migration from the macular hole. The representative developmental stages of cellular migration on the internal limiting

membrane from the internal limiting membrane defect correspanding to the area of the macular hole (asterisks) are shown for stage 2 (A), stage 3 (B), and stage 4 (C)
(original magnification <140). D, The distance of cellular migration from the edge of the macular hole was measured and analyzed using analysis software {(MacScope;
Mitani, Fukui, Japan). The ttest was used to calculate the probability by comparing data between the groups, and P<.05 was considered to be statistically significant
(asterisks). The area of cellular migration gradually enlarged as the macular hole passed through the later stages of development. Error bars indicate SDs.
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This study demonstrates that cellular migration around
the macular hole develops after the macular break oc-
curs and that cellular migration occurs from the macu-
lar hole and enlarges on the ILM. To our knowledge, this
is the first article clearly showing that cellular migration
on the ILM is not necessary for the initial formation of a
macular break.

COMPREHENSIVE TOPOGRAPHIC ANALYSIS
OF EXCISED ILM

Some previous histological studies**® demonstrated cel-
lular migration on the ILM around the macular hole; how-
ever, this was based on findings from the ultrathin par-
tial cross sections of the ILM, leaving the origin and
distribution of the cells largely unknown, as shown in
Figure 1. We propose a topographic analysis of the whole
excised ILM that enables understanding of cellular mi-
gration, especially its origin, frequency, distribution, and
relationship with the macular hole (Figure 6). Whereas
a cross section gives a snapshot of a limited area of ex-
cised complexly folded ILM at a particular time point
(Figure 1), horizontal observation enables a comprehen-
sive analysis of spatial distribution that offers a tempo-
ral perspective of cellular migration around a macular hole
in its process of development (Figure 6).

DISTRIBUTED CFLLS
AROUND THE MACULAR HOLE

The ultrastructural studies®*"#® of migrating cells and
epiretinal membranes have found them to be glial cells, reti-

nal pigment epithelivm, myofibroblasts, and so on. Ourlight
microscopical studies demonstrate that some of the mi-
grating cells were pigmented cells (Figure 2E), and immu-
nohistochemical studies also demonstrate a mosaic-like mi-
gration pattern of glial fibrillary acidic protein—positive glial
cells and cytokeratin 18-positive retinal pigment epithe-
lial cells (Figure 3A). These cells were intermingled to form
an epiretinal membrane as a continuous cellular sheet on
the ILM (Figure 2E, Figure 3A, Figure 4B, and Figure 5C).
To further estimate the cellular proliferation on the ILM,
we examined their proliferation by 2 different proliferat-
ing cell markers, PCNA and Ki-67. Although the prolifer-
ating cells dispersed around the distributed cells around
the macular hole, an obvious proliferating front was not
observed in the specimens.

ROLE OF CELLULAR MIGRATION
IN THE PATHOGENESIS
OF THE MACULAR HOLE

Figure 6A shows a complete lack of cellular migration
in the early stage (stage 2) of development of the macu-
lar hole. In contrast, Figure 6B shows cellular develop-
ment around the edge of the macular hole, and Figure 6C
shows a large amount of cellular migration from the macu-
lar hole to the peripheral area. Notably, in the later stage
of development of the macular hole, some specimens
showed no cellular migration around the macular hole
(Table). Our results confirm that the initial break of the
macular hole is not dependent on cellular migration
around the macular hole (Figure 6D). In contrast, cel-
lular migration developed after the macular break and
expanded from the edge of the macular hole to the pe-
riphery (Figure 4A and Figure 6A-C), finally forming an
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epiretinal membrane on the ILM. This cellular migra-
tion and its contraction of the extracellular matrix on the
ILM (Figure 1B-D and Figure 4) might lead to further
progression of the macular hole (stage 3) and might keep
the macular hole open even after PVD (stage 4).

The role of cellular migration in the pathogenesis of
the macular hole remains quite unclear. We provide a
comprehensive bird’s-eye analysis of the ultrastructure
of the ILM and demonstrate cellular migration and pro-
liferation in a quantitative manner, proposing the asso-
ciation of cellular migration to the pathogenesis of a
macular hole.
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PRECLINICAL INVESTIGATION OF
INTERNAL LIMITING MEMBRANE
STAINING AND PEELING USING
INTRAVITREAL BRILLIANT BLUE G

HIROSHI ENAIDA, MD,* TOSHIO HISATOMI, MD,*

YOSHINOBU GOTO, MD,t YASUAKI HATA, MD,* AKIFUMI UENO, MD,*
MUNEKI MIURA, MD,* TOSHIAKI KUBOTA, MD,i
TATSURO ISHIBASHI, MD#*

Purpose: To investigate the effects of intravitreal brilliant blue G (BBG) on the morphol-
ogy and functions of the retina and its possible use for staining and peeling of the internal
limiting membrane (HL.M).

Methods: Rat eyes (n = 78) underwent gas compression vitrectomy. BBG solution was
then injected into the vitreous cavity. The eyes were enucleated at 2 weeks and 2 months.
Light as well as electron microscopy, terminal nick-end labeling staining, and electroreti-
nography (ERG) were used to investigate retinal damage and function. To test the clinical
potential of BBG, ILM staining was evaluated in primate eyes after pars plana vitrectomy
followed by ILM peeling.

Results: In the rat eyes, no pathologic changes were observed with light microscopy.
Electron microscopy revealed that high doses of BBG induced vacuolization in the inner
retinal cells, but apoptosis was not detected. There was no reduction in the amplitude of
the ERG waves. In the primate eyes, the ILM was clearly visualized after the intravitreous

injection of BBG and was peeled off easily from the retina.
Conclusions: These results demonstrate that BBG, which has low potential for toxicity,
high staining ability, and ease of handling, is a good candidate dye for ILM peeling.

RETINA 26:623-630, 2006

he internal limiting membrane (ILM) is the inner-
most layer of the retina. It forms a boundary
between the vitreous and the retina. The ILM acts as
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a structural support for the Miiller cells of the retina.
Alterations in the structure of the retina due to cellular
proliferation may cause distortion of the ILM, leading
to the formation of epiretinal membranes (ERMs) and
macular holes. Removal of the ILM can successfully
alleviate these vitreoretinal diseases; however, diffi-
culties in visualization of the virtually translucent ILM
can present technical challenges in this procedure. It is
now widely recognized that without surgical adjuvant
it is extremely difficult to remove the membranes due
to the poor visibility of the ILM and ERMs. Staining
of the ILM is therefore one of the most important
developments in surgery for such vitreoretinal diseas-




624 RETINA, THE JOURNAL OF RETINAL AND VITREOUS DISEASES ¢ 2006 < VOLUME 26 - NUMBER 6

es.!-4 Development of indocyanine green (ICG) stain-
ing and trypan blue (TB) staining has greatly facili-
tated peeling of ILM and ERMs in the treatment of
various vitreoretinal diseases, and as a result, these
staining procedures are now widely used by many sur-
geons.>7 However, numerous clinical and experimental
teports have recently suggested that intravitreal injec-
tions of ICG and TB can cause retinal damage.3-2!

In a previous study, we screened various dyes,
focusing on their safety and ability to stain mem-
branes. The results of our screening demonstrated that
brilliant blue G (BBG) capsular staining contributed to
better visualization during continuous curvilinear cap-
sulorhexis in pig eyes than the other dyes tested.22
Furthermore, the standard staining dose of the dye
resulted in no apparent complications and produced
minimal changes on the corneal endothelium in rat
eyes.?? Because BBG has an excellent safety record
from its use in corneal endothelium and capsular stain-
ing, we selected BBG as a potential dye for ILM
peeling. '

In the present study, we examined the effects of
intravitreal BBG on the retina using morphologic and
functional analyses in rat models. We also investi-
gated the ability of BBG to stain the ILM of primate
eyes.

Materials and Methods

All procedures conformed to the Association for
Research in Vision and Ophthalmology Statement for
the Use of Animals in Ophthalmic and Vision Re-
search and the guidelines for animal care produced by
Kyushu University (Fukuoka, Japan).

Surgical Procedure for Intravitreal BBG in Rat Eyes

Brown Norway rats (78 males; age, 8§ weeks;
Kyudo, Fukuoka, Japan) were anesthetized with an
intraperitoneal injection of ketamine hydrochloride at
a dose of 75 mg/kg body weight. One eye from each
animal (total of 6 per dose group) was vitrectomized
using 0.05 mL of pure SF, gas as described previous-
1y.8.23-27 After gas injection, 0.05 mL of BBG solution
was injected into the vitreous cavity of each vitrecto-
mized eye using a microscope for enhanced magnifi-
cation during surgery. The BBG solution (Coomassie
BBG 250; Sigma—Aldrich, St. Louis, MO) was pre-
pared at concentrations of 0.01 mg/mL, 0.1 mg/mL,
1.0 mg/ml., and 10 mg/mL using dilution in intraoc-
ular irrigating solution (OPEGUARD-MA; Senjyu
Pharmaceutical, Osaka, Japan) and sterilized through
a 0.22-um syringe filter. The mean osmolarity was
determined using an osmotic pressure meter (OSMO
STATION; Arkray, Kyoto, Japan), and the pH of each

Table 1. Characterization of BBG Solution

Osmolarity
Solution (mosm/KgH,0) PH
Control* 298 7.33
BBG, 10 mg/mL 310 7.41
BBG, 1.0 mg/mL 300 7.42
BBG, 0.1 mg/mL 298 7.41
BBG, 0.01 mg/mL 298 7.41
Saline 285 7.40
BSS plust 305 7.10

*OPEGUARD-MA (Senjyu Pharmaceutical, Osaka, Japan).
fSanten, Osaka, Japan.
BBG, brilliant blue G; BSS, balanced salt solution.

solution was determined for all concentrations pre-
pared (Table 1). The final concentration was deter-
mined according to the ICG solution used in vitrecto-
mies for humans (2.5~5.0 mg/mL),8 to provide the rats
with a safe dose of BBG that would also produce good
staining. Twenty-four sham-operated eyes (injected
with SF, followed by 0.05 mL of intraocular irrigating
solution) were used as controls.

Light Microscopy

The eyes were enucleated and fixed in 10% para-
formaldehyde on day 14 (n = 30; 6 per dose and
control group) and at 2 months (n = 30; 6 per dose
and control group) after surgery. Whole eyes were cut
approximately along the vertical meridian. Paraffin-
embedded sections were stained with hematoxylin—
eosin, and each section was examined using light
microscopy.

Transmission Electron Microscopy

The eyes were enucleated on day 14 and at 2
months after surgery and fixed in 1% glutaraldehyde
and 1% paraformaldehyde in phosphate-buffered sa-
line. The specimens were postfixed in veronal acetate
buffer osmium tetroxide (2%), dehydrated in ethanol
and water, and embedded in Epon (Epon 812 Resin,
CHIYODA JYUNYAKU INC., Tokyo, Japan). Ultra-
thin sections were cut from blocks and mounted on
copper grids. The specimens were observed with a
JEM 100CX electron microscope (JEOL, Tokyo,
Japan).28

TdT-dUTP Terminal Nick-End Labeling (TUNEL)

Apoptotic cell death was detected using TdT-dUTP
TUNEL as described previously.?® A cryostat was
used to produce 4-pm sections from samples fixed in
4% paraformaldehyde and embedded in paraffin.
TUNEL staining was performed with the ApopTag
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Fluorescein Direct In Situ Apoptosis Detection Kit
(Intergen, New York) according to the manufacturer’s
protocol. The sections were costained with propidium
iodide (Molecular Probes, Eugene, OR), thus allowing
observation of the cell nuclei by a fluorescence mi-
croscope (Olympus, Tokyo, Japan). Ten sections from
each eye specimen were selected at random and ob-
served using the microscope.

Electroretinography (ERG)

After gas injection, 0.05 mL of BBG solution (1
mg/mL and 10 mg/mL) or intraocular irrigating solu-
tion was injected into the vitreous cavity. There were
six rats in each dose group and six controls. At time
points of 14 days and 2 months, the rats were kept in
a dark room for one night, with only dim red illumi-
nation, and anesthetized with an intraperitoneal injec-
tion of 15 ul/g of body weight of saline solution
containing ketamine (1 mg/mL), xylazine (0.4 mg/
mL), and urethane (40 mg/mL). ERG was then per-
formed as previously described.827-303! The pupils
were dilated with 2.5% phenylephrine hydrochloride
and 1% tropicamide drops and showed maximal dila-
tation before ERG recording. The cornea was anes-
thetized with 1% proparacaine hydrochloride drops,
and the rats were then placed on a heating pad
throughout the experiment. A wire electrode, coated
with 1% methylcellulose, was placed over the cornea
for ERG recording. A similar wire electrode placed in
the mouth served as a reference electrode, while a
needle electrode inserted into the tail was grounded.
The responses were differentially amplified
(0.8-1,200 Hz), averaged, and stored using a com-
puter. White (xenon) strobe flashes were presented in
a Ganzfeld stimulator (VPA-10; Cadwell, Kennewick,
WA) against an achromatic adapting field. Dark-
adapted (rod-mediated) ERG was performed first to
check the response stability at both intensities. Each
rat was then adapted to dark background luminance
for 20 minutes, a period sufficient to achieve a stable
level of response. Thereafter, dark-adapted a (rod-
mediated) ERG and dark-adapted & (bipolar and Miil-
ler cell-mediated) ERG were performed at a flash
luminance of 1.30 log cd s/m®. The responses to five
successive flashes at an interstimulus interval of 1
minute were then averaged to determine the dark-
adapted responses. The rats were then exposed to a
white light-adapting field (1.50 log cd/m®) for at least
25 minutes, and then light-adapted b (cone-mediated)
ERG was performed at a flash luminance of 1.30 log
cd s/m? (rod-desensitized condition in rats). The re-
sponses to 50 successive flashes made at 2 Hz were
averaged. The results of the ERG amplitudes were

evaluated using the Student’s #-test, and P < 0.05 was
considered statistically significant.

ILM Staining by BBG in Primate Eyes

Because ILM peeling is impossible in rat eyes, we
examined the ability of BBG to stain the ILM in
primate eyes. Two eyes from two cynomolgus mon-
keys 3 years of age were used in this study. The
animals were restrained in a squeeze cage and injected
intramuscularly in the thigh with 20 mg/kg ketamine
hydrochloride (Sankyo Yell Pharmaceutical Products,
Japan) for general anesthesia. The monkeys were sub-
sequently transported to an operating department. Sur-
gery consisted of standard three-port pars plana vit-
rectomy with induction of a posterior vitreous
detachment by suction with a vitrectomy cutter using
triamcinolone acetonide injection for vitreous visual-
ization.32-33

Ten milligrams of BBG was dissolved in 20 mL of
intraocular irrigating solution and sterilized with a
syringe filter. The final concentration of BBG was 0.5
mg/mlL. The prepared BBG solution (0.5 mL) was
then injected gently into the vitreous cavity and
washed out immediately with balanced salt solution
(BSS plus; Santen, Osaka, Japan). Removal of the
ILM was performed using ILM forceps. The instru-
ments were then removed, and the sclerotomy ports
were closed using 7-0 polygalactin sutures. Postoper-
ative examinations included slit-lamp microscopy and
ophthalmoscopy on days 1, 3, and 14. Fluorescein
angiography was performed on day 14.

Results

Characterization of the BBG Solution

BBG is also known as acid blue 90 and Coomassie
BBG. Aside from our previous publication, to our
knowledge, there are no reported studies investigating
the toxicity of BBG for ophthalmic use.?? Table 1
shows the osmolarity and pH of the BBG solution at
different concentrations. The osmolarity and pH of
BBG were found to be similar to those of intraocular
irrigating solutions.

Effect of Intravitreal BBG on the Retina

Light Microscopy

After intravitreal injection of BBG, no toxic effects
of BBG, such as corneal edema, severe retinal edema,
or endophthalmitis, were observed by surgical micros-
copy over a period of 2 months. The eyes were enu-
cleated on day 14 and at 2 months after surgery. The
normal structure of the retina was preserved in the
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Flg 1. nght microscopic photography of rat eyes injected with intra-
vitreal brilliant blue G (10 mg/mL; 0.05 mL per eye) visualized at 14
days. No significant change in the retinal construction was observed
(original magnification: A, X200; B, X400).

eyes injected with the highest doses of BBG (10
mg/mL) both on day 14 and at 2 months. In addition,
no infiltration of inflammatory cells was observed
(Fig. 1; day 14). The normal structure of retina was
also retained in the groups injected with lower doses
of BBG, and no sign of cellular degeneration was
observed in the sections on day 14 or at 2 months.

Transmission Electron Microscopy

Some specimens injected with the highest dose of
BBG (10 mg/mL) showed vacuolization in the gan-
glion cells and Miiller cell processes of nerve fibers
both on day 14 (Fig. 2A; day 14) and at 2 months.

Although the same changes were also found in the
group injected with 1 mg/mL BBG, the grade of
vacuolization was less than in the 10 mg/mL group
(Fig. 2B). Vacuolization was not observed in the
groups receiving lower doses or in the controls.
Among all groups, no remarkable changes were ob-
served in the retina, including the inner nuclear, outer
nuclear, and retinal pigment epithelial cell layers.

Apoptotic Cell Death Detected by TUNEL

Because there have been several recent reports re-
garding damage of the retinal cells by ICG and TB
dependent on apoptosis,'6-2! we investigated apopto-
tic cell death by TUNEL. In the group administered
the highest doses of BBG (10 mg/mL), 1 case of
apoptotic cell death was observed from among 10
sections. However, the apoptotic cell ratio was not
significantly different from that observed in control
sections (Fig. 3; day 14). In groups injected with lower
doses of BBG, no TUNEL staining was observed in
the retina on day 14. Furthermore, retinal cells in all
BBG dose groups had not undergone apoptotic cell
death after 2 months.

ERG

To evaluate the retinal function after BBG injec-
tion, we also performed ERG in the high-dose groups
(1.0 mg/mL and 10 mg/mL). The absence of cataracts
was confirmed in all rats before measurements were
taken. Figure 4A represents the dark-adapted and
light-adapted ERG waveforms of the responses of the
control and high-dose groups on day 14. The ampli-

‘.

Fig. 2. Transmission electron
microscopic photography of
the rat eyes injected with in-
travitreal brilliant blue G (10
mg/mL and 1 mg/mL; 0.05
mL per eye) visualized at 14
days. In the highest dose
group (10 mg/ml), arrows
show vacuolization in the
ganglion cells and Miiller cell
processes of some specimens
at day 14 (A). Although the
same changes were also
found in the 1 mg/mL group
(B), the grade of vacuoliza-
tion was less than in the 10
mg/mL group (original mag-
nification, X2,000).
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Fig. 3. Apoptotic cell death
detected by terminal nick-end
labeling. In the highest dose
(10 mg/mL) group, 1 case of
apoptotic cell death was ob-
served in 10 sections (A; day
14); however, the apoptotic
cell ratio was not significantly
higher than that of the control
specimens (B; day 14) (origi-
nal magnification, X400).

tudes of dark-adapted responses obtained at the begin-
ning of the experiments showed a low variability
between groups. Although a slight reduction in the
mean maximal amplitude of the dark-adapted a waves
(Fig. 4B; day 14) on day 14 was observed in a dose-

A

Dark-adapied ERGs

Fig. 4. Waveforms and max-
imal amplitude of electroreti-
nograms (ERGs) in rat eyes.
A, ERG traces showing the
dark-adapted responses (left)
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dependent manner in the high-dose groups, there was
no significant difference in the maximal wave ampli-
tude compared with the controls (10 mg/mL, P =
0.054; and 1.0 mg/mL, P = 0.063; ¢ test). In addition,
dark-adapted b waves (10 mg/mL, P = 0.553; and 1.0
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mg/mL, P = 0.508; ¢ test) and light-adapted b wave ERG
(10 mg/mL, P = 0.451; and 1.0 mg/mL, P = 0.550; ¢
test) demonstrated no remarkable reduction, with no
statistically significant difference between the ampli-
tudes (Fig. 4B; day 14). After 2 months, ERG recordings
in the same dose groups (1.0 mg/mL and 10 mg/ml.)
were measured, and reduction of the amplitude of the
dark-adapted a waves was found to recover in a manner
similar to that in the control group.

BBG-Assisted ILM Peeling and Postoperative
Examinations in Primate Eyes

The prepared BBG solution (0.5 mL) was injected
gently into the vitreous cavity and washed out imme-
diately with balanced salt solution. After irrigation of
the vitreous cavity, the ILM was stained a light blue
color. The edge and flap of the ILM were clearly
visible during ILM peeling (Fig. 5A). The circular
area underlying the ILM was clearly visible after ILM
peeling (Fig. 5B).

Fig. 5. Internal limiting
membrane (ILM) staining by
brilliant blue G (BBG) in pri-
mate eyes. The ILM was vi-
sualized by intravitreal injec-
tion of BBG. The arrow
shows the ILM being re-
moved from the retina with
ILM forceps (A). The triam-
cinolone  granules  were
trapped in the gel structure of
the residual vitreous. After
ILM removal, the difference
in the retinal surface color be-
tween the area from which the
ILM had been removed (ar-
rowheads) and the surround-
ing area was clearly visible
(B). No adverse effects of
BBG on the retina were ob-
served by fluorescein angiog-
raphy (C; day 14).

Postoperatively, toxic effects of BBG, such as a cor-
neal edema, severe retinal edema, and endophthalmitis,
were not observed during slit-lamp microscopy and oph-
thalmoscopy at day 14. Fluorescein angiography also
revealed that there was no apparent retinal damage by
BBG on day 14 (Fig. 5C). Further ophthalmoscopic
examinations showed no further changes in the retina
during the 6-month follow-up period.

Discussion

The use of dyes such as ICG and TB has become a
popular method to facilitate removal of the ILM and
ERMs for treatment of various vitreoretinal diseas-
es.I=4 This technique has enabled surgeons to perform
ILM and ERM peeling procedures with improved
safety and ease.5>7 However, adverse effects of these
dyes on the retina have been widely reported in recent
years.8—21 Qur previous studies have also shown the
adverse effects of intravitreous ICG on the retina,®
demonstrating that retinal damage can be caused by
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phototoxicity® and the osmolarity!® of ICG. TB, the
other dye frequently used to assist in membrane peel-
ing, is inferior to ICG in its ability to stain the ILM,
and the surgical technique is also complicated by the
need for fluid—gas exchange.?7 Furthermore, TB has
also been recently reported to have a toxic effect on
retinal cells.1420.21

To select a suitable candidate for staining the ILM,
we screened various dyes that were superior to ICG
and TB in terms of their safety and membrane staining
potential. Recently, we reported that BBG capsular

staining contributed to better visualization during con-

tinuous curvilinear capsulorhexis in pig eyes.?? BBG
is a blue dye (color index 42655) with the formula
C,;H,sN;0,5,Na (molecular weight, 854.0) that is
also known as acid blue 90 and Coomassic BBG.
BBG has been used for protein staining in biologic
fields, because it binds nonspecifically to virtually all
proteins. It is also used as a protein electrophoresis
dye. The standard staining dose of the dye produced
no apparent complications, with minimal changes in
the corneal endothelium of rat eyes.22 Furthermore,
the staining ability of BBG solution is similar to that
of ICG, thereby enabling a relatively simple surgical
procedure to be performed.?? The staining mechanism
of BBG at the ILM still remains unknown. However,
to the best of our knowledge, there have been no
reports examining the clinical use of BBG in humans.
The pharmacological function of the BBG still re-
mains unconfirmed. However, although there are no
reports on the medical use of this dye, there is a long
history of biologic use in which no apparent toxicity
has been reported. We therefore performed this study
to investigate the possible use of BBG for safer mem-
brane peeling in human eyes, because BBG is for
experimental use only at present.

In our previous study, high doses (2.5 mg/mL and
25 mg/mL) of intravitreous ICG were found to cause
morphologic damage in the rat retina when observed
by light microscopy. In groups injected with low
doses (0.025 and 0.25 mg/L), there was no apparent
histologic damage, but the amplitude of the dark-
adapted b waves decreased in a dose-dependent man-
ner, producing a significant difference when compared
with the controls. Similar findings were also observed
in the rat eyes at 2 months after injection.’ In the
present study examining the safety of intravitreal
BBG, the normal structure of the retina was preserved
with all doses tested, both in groups enucleated on day
14 and at 2 months when examined using light mi-
croscopy. However, transmission electron micro-
scopic observations revealed that the high-dose groups
(10 mg/mL and 1 mg/mL) showed vacuolization in the
ganglion cells and Miiller cell processes in the nerve

fiber layer. Because there have been several reports
suggesting that damage of the retinal cells by ICG and
TB is dependent on apoptotic cell death,!6-*! we in-
vestigated apoptotic cell death by TUNEL. Even in
the group injected with the highest dose of BBG (10
mg/mL), however, no apparent apoptotic cell death
was detected in the retina. In addition, we performed
ERG to investigate retinal function. A slight reduction
in the maximal amplitude of the dark-adapted a waves
was observed in a dose-dependent manner on day 14
in the high-dose groups (1.0 mg/mL and 10 mg/mlL);
however, the difference between the high-dose and
control groups was not significant. Because these
changes had recovered to a level similar to that of the
control group 2 months later, the influence of physical
problems such as the high osmolarity of the high-dose
BBG solution or technical problems of the ERG or
operative stress were considered to cause the temporal
dysfunction. From these results, we concluded that
BBG has a better biocompatibility than ICG.

Because ILM peeling is impossible in rat eyes, we
examined the ability of BBG to stain the ILM in
primate eyes. After injecting 0.5 mg/mL BBG solution
into primate eyes, the ILM was instantly stained light
blue and was clearly visible. We were then able to
easily remove the ILM with ILM forceps. Fluorescein
angiography on day 14 also demonstrated that there
was no apparent damage to the retina of primate eyes.

BBG also has a number of advantages over both
ICG and TB in terms of handling. ICG is packaged as
lyophilized powder and will not dissolve properly in
intraocular irrigating solution alone. It therefore must
be diluted in 0.5 mL of aqueous solvent before adding
4.5 mL of intraocular irrigating solution. BBG gran-
ules, by contrast, can be easily dissolved in intraocular
irrigating solution alone and subsequently sterilized
with a 0.22-um syringe filter. The osmolarity and pH
of the BBG solution are also very stable. Because
BBG is not a fluorescent dye, the presence of light
toxicity such as that found in ICG is highly unlikely.
Furthermore, the staining process requires no addi-
tional techniques such as fluid-gas exchange that is
necessary for TB application.

Although the surgical results of ILM or ERM peel-
ing have been improved with the aid of ICG or TB
staining,’~7 surgeons should be aware of the possible
adverse effects of these dyes when treating vitreoreti-
nal diseases. The BBG concentration required for ILM
staining in primates (0.5 mg/mL) is one tenth of that
required for ICG (5 mg/mL). Further investigation is
necessary before any clinical recommendation can be
given. From our results, we conclude that BBG, which
has low potential for toxicity, high staining ability,
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and ease of handling, is a good candidate dye for ILM
peeling.

Key words: brilliant blue G, vitrectomy, internal
limiting membrane peeling, preclinical investigation,
retinal function, retinal damage.
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BRILLIANT BLUE G SELECTIVELY
STAINS THE INTERNAL LIMITING
MEMBRANE/BRILLIANT BLUE

G-ASSISTED MEMBRANE PEELING

HIROSHI ENAIDA, MD,* TOSHIO HISATOMI, MD,* YASUAKI HATA, MD,*
AKIFUMI UENO, MD,* YOSHINOBU GOTO, MD,t TOMOMI YAMADA, MS,}
TOSHIAKI KUBOTA, MD,§ TATSURO ISHIBASHI, MD#*

Purpose: To report the use of the dye brilliant blue G (BBG) for staining of the internal

limiting membrane (ILM) during macular hole (MH) and epiretinal membrane (ERM) surgery.

Methods: This study was designed as an interventional, noncomparative, prospective,
clinical case series. Twenty eyes from 20 consecutive patients with MH or ERM underwent
BBG-assisted ILM and ERM removal. In MH cases, a posterior vitreous detachment was
created, followed by the injection of 0.25 mg/mL BBG solution into the vitreous cavity and
immediate washout of the BBG. This technique improved visualization of the ILM, enabling
peeling and surgery to be performed successfully. However, in ERM cases, staining of the
ERM could not be confirmed at this concentration. Finally, the ILM including the ERM was
removed in all cases. Preoperative and postoperative ophthalmic examinations were
performed.

Results: Postoperatively, 17 patients (85%) had visual acuity improved by at least 2
Snellen lines. No adverse effects were observed postoperatnvely during the observation
period (mean follow-up * 8D, 7.3 = 1.0 months).

Conclusions: BBG selectively stains the ILM. This technique can facilitate the management
of MH and ERM surgery without any adverse effects, as was shown in this short-term study.
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ndocyanine green (ICG) staining and trypan blue
(TB) staining have greatly facilitated internal limiting
membrane (ILM) peeling in various vitreoretinal diseas-
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es.!~6 However, numerous reports have emerged regard-
ing retinal damage caused by ICG and TB in both
experimental models and clinical use.™1¢ A dye with
both satisfactory staining ability at low concentrations
and minimal toxicity is required for effective membrane
staining. We have screened various dyes focusing on
their safety and ability to stain membranes during vitrec-
tomy. From the results of our preclinical studies, we
reported that brilliant blue G (BBG) membrane staining
contributed to better visualization in continuous curvilin-
ear capsulorhexis and ILM peeling in animal eyes.!7-!8
The satisfactory staining dose of the dye provided no
apparent complications, with minimal changes on the
comeal endothelium and retinal cells of rat eyes.17-18
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Table 1. Clinical Parameters for MH Patients
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Case No./ Postop

Age (y)/ MH Preop Postop ILM Retinal Lens Status Postop IOP Follow-up
Sex Stage BCVA BCVA Peeling Status Preop/Postop Elevation Complication (mo)
1/58/F 3 20/63 20/20 + MH closed Phakic/IOL - None 9
2/77/M 4 20/200 20/200 + MH closed Phakic/iOL - None 8
3/57/F 3 20/50 20/32 + MH closed Phakic/IOL - None 7
4/62/F 2 20/100 20/25 + MH closed Phakic/IOL - None 7
5/68/M 3 20/100 20/40 + MH closed Phakic/IOL -~ Peripheral retinal break 7
6/79/M 3 20/80 20/50 + MH closed: 10L/IOL - Peripheral retinal break 7
7/78/M 3 201125 20/25 + MH closed Phakic/IOL + None 7
8/63/F 3 20/50 20/20 + MH closed Phakic/IOL - None 7
9/64/F 2 20/63 20/25 + MH closed  Phakic/IOL - None 7
10/73/M 4 20/200 20/50 + MH closed Phakic/IOL - None 6

MH, macular hole; preop, preoperation; BCVA, best-corrected visual acuity; postop, postoperation; ILM, internal limiting membrane;

IOP, intraccular pressure; +, present; IOL, intraocular lens; -, absent.

In this study, we investigated the staining pattern of
the membranes and clinical outcome using BBG in
macular hole (MH) and epiretinal membrane (ERM)
cases. This study was designed as an interventional,
noncomparative, prospective, clinical case series.

Methods

Twenty eyes from 20 consecutive patients present-
ing with MH (10 eyes from 10 patients; 5 men and 5
women) or ERM (10 eyes from 10 patients, 5 men and
5 women) underwent vitrectomy with removal of the
membranes using BBG staining solution between Au-
gust and November 2004. Patients with ocular dis-
eases such as glaucoma, diabetic retinopathy, uveitis,
and corneal disorder were excluded. The mean age +
SD of the patients was 67 * 11.9 years (range, 33—85
years). The mean follow-up * SD was 7.3 = 1.0
months. Patient characteristics are summarized in Ta-
bles 1 and 2. Preoperative and postoperative ophthal-

mic examinations included slit-lamp microscopy, oph-
thalmoscopy, and determinations of best-corrected
visual acuity (BCVA) and intraocular pressure. MH
closure and measurement of foveal thickness (ERM
cases) were determined by optical coherence tomog-
raphy (OCT3; Humphrey Instruments, San Leandro,
CA). The mean foveal thickness was calculated from
a total of four scans.

Excised specimens from four eyes (two eyes of MH
patients and two eyes of ERM patients) were submit-
ted for transmission electron microscopy to verify the
presence of ILM. The specimens were postfixed in
veronal acetate buffer osmium tetroxide (2%), dehy-
drated in ethanol and water, and embedded in Epon
(Epon 812 Resin, CHIYODA JYUNYAKU INC.,
Tokyo, Japan). Ultrathin sections were cut from blocks
and mounted on copper grids. The specimens were ob-
served with a JEM 100CX electron microscope (JEOL,
Tokyo, Japan).

Table 2. Clinical Parameters for ERM Patients

Retinal
Case No./ Thickness :
Age (y)/ ERM Preop Postop ILM Preop/Postop Lens Status Postop IOP Follow-up
Sex Status BCVA BCVA Peeling (em) Preop/Postop  Elevation Complication (mo)
1/33/M  Secondary 20/63 20/32 + 759/232 I0L/I0L - None 9
2/85/M  Primary 20/50 20/32 + 441/248 Phakic/IOL - None 9
3/72/F Primary 20/63 20/50 + 423/354 Phakic/IOL - None 8
4/85/M  Primary 20/63 20/32 + 478/266 Phakic/IOL - Vitreous bleeding 8
6/66/F Primary 20/40 20/125 + 501/240 Phakic/IOL - None 7
6/72/M  Primary 20/40 20/16 + 417/190 Phakic/IOL - None 7
7/63/F Primary 20/63 20/25 + 429/232 Phakic/IOL - None 7
8/69/F Primary 20/100 20/100 + 556/382 Phakic/lOL - None 6
9/566/M  Pseudo MH 20/40 20/20 + 228/146 Phakic/IOL - None 6
10/60/F  Primary 20/40 20/25 + 315/204 I0L/I0L - None 6

ERM, epiretinal membrane; preop, precperation; BCVA, best-corrected visual acuity; postop,

membrane; IOP, intraocular pressure; +, present; IOL, intraccular lens; -, absent; MH, macular hole.

postoperation; ILM, internal limiting
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Fig. 1. Brilliant blue G
(BBG)-assisted internal lim-
iting membrane (ILM) peel-
ing for macular hole (MH).
The prepared BBG solution
(0.25 mg/mL) was injected
gently into the vitreous cavity
(A) and washed out immedi-
ately with balanced salt solu-
tion. In MH cases, the ILM
was stained a light blue color
instantly. The edge and flap
of the ILM were clearly visi-
ble during the ILM peeling (B
and C). After ILM removal,
the difference of the retinal
surface between the area from
which the ILM had been re-
moved and the surrounding
area was clearly visible (ar-
rowheads; D).

This study was carried out with approval from the
institutional review board and performed in accor-
dance with the ethical standards of the 1989 Declara-
tion of Helsinki. The possible advantages and risks of
the present treatment were explained to all patients
before surgery, and written informed consent was
obtained from the patients.

Surgical Technique

Standard phacoemulsification was performed when
needed. Surgery consisted of three-port pars plana
vitrectomy with induction of a posterior vitreous de-
tachment by suction with a vitrectomy cutter using
triamcinolone acetonide injection (Kenakolt-A; Bris-
tol Pharmaceuticals KK, Tokyo, Japan) as re-
quired.'*-21 BBG (brilliant blue G 250; Sigma-Al-
drich, St. Louis, MO) was dissolved in intraocular
irrigating solution (OPEGUARD-MA; Senjyu Phar-
maceutical, Osaka, Japan). The solution was then ster-
ilized through a 0.22-um syringe filter.2223 The final
concentration of BBG was 0.25 mg/mL (289 mosm;

pH = 7.44). The prepared BBG solution (0.5 mL) was
then injected gently into the vitreous cavity (Fig. 1A)
and washed out immediately with balanced salt solu-
tion (BSS plus; Santen, Osaka, Japan). In MH cases,
the ILM was stained a bright blue color instantly.
Removal of the ILM was performed using ILM for-
ceps (Fig. 1, B and C). After ILM removal, the dif-
ference in the retinal surface color between the area
from which the ILM had been removed and the sur-
rounding area was clearly visible (Fig. 1D). In ERM
cases, however, staining of the ERM could not be
confirmed at this concentration (Fig. 2A). After ERM
peeling (Fig. 2B), BBG solution was injected again,
followed by immediate irrigation of the vitreous cav-
ity. The ILM of the area where the ERM had been
removed was well stained with BBG (Fig. 2C). How-
ever, the area where residual ERM and posierior vit-
reous remained was not stained. The well stained ILM
could be easily removed with unstained residual ERM
and posterior vitreous (Fig. 2D).

Finally, intraocular lenses were inserted in all cases.
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In MH cases, fluid—gas exchange was performed and
was replaced with 15% sulfur hexafluoride gas. Pa-
tients were advised to maintain a face down posture
for | week.

Results

The ILM including the ERM was removed from all
20 eyes successfully during surgery. Transmission
electron microscopy confirmed the presence of the
ILM in all processed specimens (n = 4) (Fig. 3).
Postoperatively, any acute toxicity induced by BBG
injection, such as corneal edema, severe retinal
edema, and severe intraocular inflammation such as
endophthalmitis, was not observed by slit-lamp mi-
croscopy and ophthalmoscopy by day 14.

All MHs were completely closed anatomically as
shown by both ophthalmoscopy and optical coherence
tomography. The preoperative median BCVA was
20/100 (range, 20/200 to 20/50). The postoperative
median BCVA was 20/32 (range, 20/200 to 20/20).
Visual acuity improved in 9 eyes (90%) by =2
Snellen lines and was unchanged in 1 eye. In two

Fig. 2. Brilliant blue G
(BBG)-assisted  membrane
peeling for epiretinal mem-
brane (ERM). Staining of the
ERM could not be confirmed
at this concentration (A). Af-
ter peeling of the ERM (B),
BBG solution was injected
again, and the vitreous cavity
was irrigated immediately.
The internal limiting mem-
brane (ILM) of the arca from
which the ERM had been re-
moved was well stained (C).
The arrows show that the area
where residual ERM and the
posterior vitreous remained
was not stained. The well
stained ILM was easily re-
moved (D).

cases, complications included iatrogenic peripheral
retinal breaks, which were treated by endolaser pho-
tocoagulation intraoperatively. In only one MH case was
there an elevation of IOP (26 mmHg) after 6 months, and
this was treated with latanoprost (Xalatan®, Pfizer Japan
Inc., Tokyo, Japan) (Table 1).

In ERM cases, the mean foveal thickness of retina =+
SD measured by optical coherence tomography de-
creased from 454.7 * 141.3 um (preoperative) to
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Fig. 3. Transmission electron micrographs of the removed internal
limiting membrane (ILM). The removed ILM shows an irregular sur-
face on the retinal side (R), which is associated with fragments of
Miiller cells (arrowheads). The vitreous side showed a smooth surface
(V). This examination confirmed the presence of the ILM in all pro-
cessed specimens from four eyes (original magnification, X2,600).



