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ABSTRACT

Photodynamic therapy (PDT) for exudative age-related macular degeneration (AMD) was evaluated using a supramolecular nanomedical device,
that is, a novel dendritic photosensitizer (DP) encapsulated by a polymeric micefle formulation. The characteristic dendritic structure of the
DP prevents aggregation of its core sensitizer, thereby inducing a highly effective photochemical reaction. With its highly selective accumulation
on choroidal neovascularization (CNV) lesions, this treatment resulted in a remarkably efficacious CNV occlusion with minimal unfavorable

phototoxicity.

Photodynamic therapy (PDT) is one of the noninvasive ways
of treating malignant tumors or macular degeneration.! PDT
is based on the delivery of a photosensitizer (PS) to the target
tissue after the administration of PS. Photoirradiation by
appropriate laser light gencrates highly reactive oxygen
specics, such as singlet oxygen, which results in the oxidative
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destruction of target tissue. There are several kinds of already
developed PSs for the clinical evaluation of their photo-
dynamic efficacy. Most of the conventional PSs have large
a-conjugation domains to extend their absorption cross
sections and basically have hydrophobic characteristics.
Therefore, PSs form aggregates easily, which produce the
self-quenching of the excited state, in aqueous medium
because of their z—m interaction and hydrophobic charac-
teristics. To improve the photodynamic efficacy, the efficient
delivery of PSs and high quantum yield of the singlet oxygen
generation are significantly important. On the basis of this
information, we have reported a dendrimer-based PS recently,
dendrimer porphyrin (DP),>™ in which the focal porphyrin
is surrounded by the third generation of poly(benzyl ether)
dendrons (Figure 1a).® Unlike conventional PSs, the DP
ensurcs the cfficacy of singlet oxygen production even at
an extremely high concentration because the dendritic
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Figure 1. Structures of DP (a) and poly(ethylene glycol)-block-
poly(L-lysine) (PEG-b-P(Lys) (b).

envelope of DP can prevent aggregation of the central
porphyrin® Also, the 32 negative charges on DP allow its
stable incorporation into a supramolecular nanocarrier, the
polyion complex (PIC) micelle,” through electrostatic inter-
action with oppositely charged block copolymers (Figure
1 b)‘R.L)

Alternatively, age-related macular degeneration (AMD),
a condition caused by choroidal neovascularization (CNV),
is a major cause of legal blindness in developed countries.
Recently, large randomized control studies demonstrated that
PDT with Visudyne, a liposomal formulation of verteporfin,
prevents severe visual loss due to CNV and was approved
for clinical use.'"™"" However, because of the intractableness
of AMD, most paticnts require repeated treatments every
three months, still suffering from a reduced quality of life.!2
It should also be noted that even with the repeated PDT
treatment, most patients end in visual loss because of
recurring CNV,!* thus prompting investigators to scarch for
alternative PSs with even higher PDT efficacies. For cffective
PDT against AMD, the selective delivery of PS to the CNV
lesions and an effective photochemical reaction at the CNV
sites is necessary. Inregard to the delivery of PS, low-density
lipoproteins and antibodies against endothelial cell markers
have been used as carrier molecules:' however, PS also
distributes to normal vessels to some cxtent because normal
vessels also express such markers. In addition, as described
previously, the increased loading of PSs to drug vehicles
could change the photochemical reaction mechanism from
type II to type [ because of the formation of aggregates,
leading to a diminished photodynamic efficacy.'® Thus, there
is a strong impetus to develop novel PS formulations from
the standpoint of both the efficiency of the delivery and
photochemical reactions of the PS itsell. Herein, we report
the first example of the in vivo evaluation of dendritic PS
for PDT treatment against AMD and wish to highlight the
sclective accumulation and photodynamic effect of the DP-
loaded micelle on the CNV lesions.

Before the in vivo experiment. the photoinduced cytotoxic
property of DP and the DP-loaded micelle was evaluated
against Lewis lung cells, where the DP-Joaed micelle was
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Figure 2. In vitro cytotoxicity of free DP (circle) and DP-loaded
micelle (square) in the presence (open symbol) or absence (closed
symbol) of photoirradiation. Encapsulation of DP into the micelle
resulted in a 280-fold increase in the phototoxicity in vitro.

prepared as follows. A negatively charged third-generation
iomic DP having 32 carboxylatc end groups and PEG-b-
P(Lys) was prepared by a method reported previously.® The
PEG-b-P(Lys) was dissolved in aqueous NaH-PO, (10 mM,
pH = 4.95) and added to an aqueous solution of DP in
Na:HPO,/0.1 N NaOH (10 mM Na,HPO,, pH = 11.54) to
give a solution (10 mM, pH = 7.30) containing DP-loaded
micelles, in which the molar ratio of the carboxylate end
groups and lysine residues was adjusted to unity. The
prepared PIC micelle had a unimodal size distribution. As
shown in Figure 2, neither the DP nor DP-loaded micelle
exhibit any toxic profiles under a dark condition, whereas
either the DP or DP-loaded micelle shows a strong cytotox-
icity under light irradiation. Notably, the encapsulation of
DP into the micelle resulted in a 280-fold increase in the
phototoxicity.

In an attempt to deliver PS to the CNV sites, a free DP
and a DP-loaded PIC micelle were examined. To investigate
the accumulation of the DP-loaded micelles encapsulating
DP in the CNV lesions, we created experimental CNV as
follows."" A general anesthesia was induced with an intra-
peritoneal injection (1000 yL/kg) of a mixture (7:1) of
ketamine hydrochloride (Ketalar, Sankyo, Tokyo, Japan) and
xylazine hydrochloride (Celactal, Bayer, Tokyo, Japan) or
by the inhalation of diethy! cther. The pupil was dilated with
one drop of 0.5% tropicamide (Mydrin M, Santen Pharma-
ceutical, Osaka, Japan) for photocoagulation. Four laser
photocoagulations were applied to each eye of 16 rats (Male
Brown Norway (BN) rats, 60—80 g, Saitama Animal Lab.,
Inc., Saitama, Japan) between the major retinal vessels
around the optic disk with a diode-laser photocoagulator
(DC-3000%, NIDEK, Osaka. Japan) and a slit lamp delivery
system (SL150, Topcon, Tokyo, Japan) at a spot size of 75
um, duration of 0.05 s, and intensity of 300 mW. By tail
vein injection. 400 uL of the DP-loaded micelle encapsulat-
ing 1.5 mg/mL DP or 400 uL of free DP (1.5 mg/mL) was
administered into rats 7 days after the photocoagulation. After
the rats were sacrificed with an overdose of sodium pento-
barbital. the eyes were enucleated immediately and snap-
frozen in OCT compound 0.25, 1, 4, and 24 h later for the
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Figure 3. Accumulation of DP after administration of DP-loaded micelles to rats with experimental CNV (a—c). Accumulation of the
DP-loaded micelle (a—c) and fiee DP (d and ¢) to experimental CNV. When the DP-loaded micelle was administered, the accumulation of
DP in CNV lesions was observed as carly as 15 min after the injection, peaked at 4 h, and was still evident 24 h after the injection,
Whereas, after the free DP injection, DP was also present in CNV lesions for up to 4 h. but disappeared within 24 h (I and g).
tmmunohistochemistry shows the localization of the micelle and DP and factor Vii-positive endothelial cells. Note that DP is present
within the factor VIli-positive endothelial cells when the DP-loaded micelle is administered, whereas DP was present mainly outside the

factor VIlI-positive endothelial cells when free DP was administered.

PIC micelle group {(# = 4 at cach time point) and | h later
for the free DP group (# = 4). The frozen sections were
mounted using the ProLong Antitade Kit (Molecular Probes,
Eugene, Oregon) and observed under a fluorescent micro-
scope (model IX, Olympus, Tokyo, Japan). Interestingly, the
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results showed an effective and selective accumulation of
the micelle in the CNV lesions, indicating that the CNV
lesions may have characteristic features similar to solid tumor
vasculatures, such as hyperpermeability and impaired lym-
phatic drainage (i.e., so-called EPR cffect’).¥7" The
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Table 1. CNV Closure Rate (%) after PDT

observation light fluence

PDT condition days 0 J/em? 5 Jfem? 50 J/em?

control 1 31.7 £ 134
7 15,0+ 3.5

treatment at 0.25 h 1 209+ 4.2 194 + 5.6 20.8 + 4.2
after DP administration 7 25.0 + 8.3 33.3+ 83 1884+ 2.1
treatment at 0.25 h after 1 33.3+0 77.7+5.6 771+ 2.9
DP-loaded micelle administration 7 25.0 + 8.3 80.5+ 2.8 83.4+52
treatment at 4 h after DP-loaded 1 333%0 60.0 + 10.0 7224 155
micelle administration 7 25.0 £ 8.3 817+ 1.7 7781+ 2.8

accumulation of DP in the CNV lesions was observed by
histological analysis. For the histological analysis, prepared
frozen sections were stained with FITC-conjugated mono-
clonal antibody against factor VIIT (Dako cytomation, San
Dicgo. CA), mounted with the Prolong Antifade Kit
(Molecular Probes, Eugene, Oregon), and observed under a
fluorescent microscope (model IX, Olympus, Tokyo, Japan).
Both the free DP and DP-loaded micelles were recruited
clearly in the CNV lesions (Figure 3a—e).

However, they exhibited drastically different aspects of
accumnulation. When the DP-loaded micelle was adminis-
tered, the accumulation of DP to the CNV lesions was
observed as carly as 15 min after the injection, peaked at 4
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h, and was still evident 24 h after the injection. Interestingly,
the immunohistochemical analysis demonstrated that DP was
present within the factor VIII-positive endothelial cells when
the DP-loaded micellc was administered (Figure 3f). In
contrast, after the free DP injection, DP concentrated in the
CNV lesion up to 4 h (Figure 3d and e) but disappeared
within 24 h. The immunohistochemical analysis demonstrated
that DP was present not only in the factor ViI-positive
endothelial cells but also outside of those cells when
compared to the DP-loaded micelle administration (Figure
3g). Thesc observations agree with our previous finding in
vitro that the free DP exhibits a lowered cellular uptake
because of its negatively charged periphery.’ Theretore, the
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Figure 4. Efficacy of PDT laser alter administration of the DP-loaded micelle. (a) Representative images of Huorcscein angiograms in
control, PDT-laser-hradiated cye after free DP was administered (DP), and PDT-laser-irradiated cye afier the DP-loaded micelle was
administered (PIC micelle). Note that the enhanced accumulation of DP-loaded micelles in CNV lesions resulted in a significantly pronounced
photodynamic effect, whereas almost all of the CNV lesions showed a sirong hyper{luorescence (marked with arrows), and the CNV
endothelial cells appeared normal when free DP was administered. (b) Immunostaining of the endothelial cells with factor VI antibody.
Strong fluorcscence from the CNV lesion is observable. (¢) Immunostaining of the endothelial cells with factor VI antibody after PDT
treatment with DP-loaded micelle. Note that CNV lesion is occluded, and only autolluoreseence from retinal pigment epithelium is observable,
(d) Transmission clectron microscopy of the CNV lesion of the PDT Jaser-irradiated cye after the DP-foaded micclle was administered. The
neovascular blood vessel in CNV lesion is oceluded by erythrocytes, whereas the normal chorotdal vessel is not destroyed.
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Figure 5. Macroscopic skin phototoxicity of DP-loaded micelle
(top panel) and Photofrin (bottom panel). Skin phototoxicity was
not observed macroscopically when the rats were exposed to
broadband visible light 4 h after the injection of a DP-loaded
micelle, whereas a severe phototoxicity was observed after the
injection of Photofrin.

DP-loaded micelle is a very effective vehicle for delivery to
factor VIHI-positive endothelial cells for efficient photo-
dynamic treatment.

Indeed, the enhanced accumulation of the micelle-
encapsulated DP into CNV lesions resulted in a significantly
pronounced photodynamic effect, which was evaluated using
fluorescein angiography. When the PDT laser was applied

15 min after the injection of a DP-loaded micelle, 78% of

the CNV lesions showed no fluorescein leakage at day 1
(Table 1). At day 7. the hypofluorescence persisted (Table
1), suggesting that leakage from the CNV lesions was still
reduced. Similar results were obscrved when PDT was
performed 4 h after the injection (Table I). In sharp contrast,
neither the administration of DP alone nor the application
of the PDT laser alone affected the CNV activity (i.e., a
similar proportion of the CNV lesions showed leakage (ca.
20—30% closure rate; Table 1, Figurc 4a)).
Jmmunohistochemical analysis with factor-VIII demon-
strated that CNV endothelial cells were destroyed by the PDT
laser compared to the untreated control lesion when the lesion
was treated with the laser after the administration of a DP-
loaded micelle (Figure 4b and c). Transmission electron
microscopy revealed that the vessels in the CNV lesion
regressed to collagen tubes without endothelial cells or were
occluded by crythrocytes (Figure 4d). Importantly, the
endothelial cells of the overlying normal blood vessel in the
retina and choroid in the treated lesions were not destroyed,
even after the application of the PDT laser at maximum
energy after the administration of the DP-loaded micelle,
probably because neither the PIC micelle nor free DP was
taken up into the endothelial cells in normat blood vesscls.
Moreover. as shown in Figure 5, skin phototoxicity is not
macroscopically observable when the rats were exposed to
broadband visible light (Xenon lamp equipped with a filter
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passing light of 377—700 nm, incident light irradiance:
approximately 30 mW/cm?) 4 h after the injection of the
DP-loaded micelle (400 uL, 1.5 mg/mL), which is in sharp
contrast to the results observed after the injection of a
clinically used PS formulation, Photofrin (400 4L, 1.5 mg/
mL). In contrast to the suppressive effect after the admin-
istration of the DP-loaded micelle, almost all of the CNV
lesions showed a strong hyperfluorescence (i.e., no ocelusion
of CNV) and the CNV endothelial cells appeared normal
when free DP was applied under identical PDT conditions
(Figure 4a and Table 1). In addition, as described previously,
the encapsulation of DP into the micelle resulted in a 280-
fold increase in phototoxicity. Because the DP-loaded micelle
is assumed to dissociate gradually into the constituent DP
and block copolymer in the body by dilution, long-term
phototoxicity is avoidable after PDT using this micelle.

In the present paper. a novel concept for the treatment of
CNV using the combination of a dendrimer photosensitizer
and polymeric micelles was presented. The DP-loaded
micelle achieved a highly selective accumulation of DP in
the CNV lesions, and a lower power energy of light was
sufficient to occlude the CNV lesions. This might be
attributed to the unique characteristic of DP; the aggregation
of the core porphyrin is sterically prevented even at a
remarkably high concentration. Our data suggest that the DP-
loaded micelles enhanced the efficacy of PDT significantly
while circumventing side effects to the normal retinal and
choroidal vessels and skin. Also, this protocol is applicable
to the PDT of solid tumors. From the standpoint of the
clinical use for solid tumors. we are developing dendritic
PSs with longer excitation wavelengths currently. Neverthe-
less. our results strongly suggest the usefulness of dendritic
PSs and their miccllar formulation for effective PDT. The
data in this communication will provide a novel paradigm
for practical usc in biomedical fields as dendrimer-based
nanomedicines.
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Abstract Exudative age-related macular degeneration, charac-
terized by choroidal neovascularization (CNV), is a major cause
of visual loss. In this study, we examined the distribution of the
polyion complex (PIC) micelle encapsulating FITC-P(Lys) in
blood and in experimental CNV in rats ¢o investigate whether
PIC micelle can be used for treatment of CNV. We demonstrate
that PIC micelle has long-circulating characteristics, accumu-
lating to the CNV lesions and is retained in the lesion for as
long as 168 h after intravenous administration. These results
raise the possibility that PIC micelles can be used for achieving
effective drug targeting to CNV.

© 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.

Key words: Age-related macular degeneration;
Choroidal neovascularization; Drug delivery system;
Nanotechnology; Polyion complex micelle

1. Introduction

Exudative age-related macular degeneration (AMD), char-
acterized by choroidal neovascularization (CNV), is a major
cause of visual loss in developed countries {1.2]. Photocoagu-
lation of the entire CNV is an effective treatment option for
exudative AMD proved in large randomized control studies
performed by the Macular Photocoagulation Study Group [3].
However, since most CNV extends to the subfovea, perma-
nent central visual loss is inevitable immediately after photo-
coagulation. Thus, alternative treatments for CNV with mini-
mal damage to the healthy retina, such as photodynamic
therapy, are being developed [4]. In addition, compounds with
anti-angiogenic properties are under intensive study for pos-
sible clinical applications [5,6]. Although studies in vivo using

*Corresponding author. Fax: (81)-3-3817 0798.
E-mail address: yanagi-tkywiomin.acjp (Y. Yanagi).

U These authors contributed equally to this work.
Abbreviations: AMD, age-related macular degeneration; CNV, cho-

roidal neovascularization; DLS, dynamic light scattering; EPR, en-
hanced permeability retention; PIC, polyion complex

animal CNV models have demonstrated the favorable results
of several anti-angiogenic drugs such as interferon-f and tha-
lidomide, these drugs were not effective in inhibiting the de-
velopment of CNV in humans. To develop a pharmacologi-
cal therapy for CNV with minimal systemic adverse effects,
it is necessary to achieve a high local concentration of the
drug {7}

These results have prompted the search for an alternative
drug delivery system. Macromolecules can accumulate and
prolong their retention in perivascular regions of solid tumors
to a greater extent than in normal tissues because newly
formed vessels in solid tumors exhibit high substance perme-
ability compared with those in normal tissues, and the lymph
systems in tumor tissue are incomplete [8.9]. This effect is
known as the enhanced permeability retention (EPR) effect
[10]. CNV membranes have high permeability and several
studies have demonstrated that macromolecules accumulate
in experimental CNV presumably through the EPR effect
[7.

The size of the molecules is an important factor in exerting
the EPR effect. Polymeric micelles have a size range of several
tens of nanometers with a very narrow distribution, similar to
that of viruses and lipoproteins [§]. Thus, they accumulate in
solid tumors through the EPR effect [11,12]. In addition, com-
pared with the drug delivery system based on macromolecule
conjugates, polymeric micelle can stably encapsulate chemical
compounds with high efficiency [§]. On the basis on this
together with their high drug-loading capacity, polymeric
micelles are expected to become a novel drug delivery sys-
tem. In fact, we have developed a drug delivery system with
polymeric micelles encapsulating doxorubicin {13] and it is
now in phase IT clinical trial for the treatment of solid tu-
mors [14].

We have recently developed a novel type of polymeric
micelle formed through electrostatic interaction (polyion com-
plex (PIC) micelle) [8,15]. Unlike polyion complexes formed
from an oppositely charged pair of simple homopolymers
or statistical copolymers, PIC micelles from charged block
copolymers are totally water-soluble and are narrowly dis-
tributed. In this study, to investigate whether PIC micelle
can be used for treatment of CNV, we examined the distri-
bution of the PIC micelle in blood and in experimental CNV
in rats.

0014-5793/03/$30.00 © 2003 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Preparation and schematic structure of PIC micelle encapsulating
by the P(Asp) segment and FITC-P(Lys), and an outer PEG shell.

2. Materials and methods

2.1 Animals

Male Brown Norway rats weighing 100-120 g were obtained from
Saitama Animal Lab (Saitama, Japan). All experiments were con-
ducted in accordance with the Animal Care and Use Committee
and the Association for Research in Vision and Ophthalmology State-
ment for the Use of Animals in Ophthalmic and Vision Research.

2.2. Experimental CNV

A general anesthesia was induced with an intraperitoneal injection
(1000 pl/kg) of a mixture (7:1) of ketamine hydrochloride (Ketalar®,
Sankyo, Tokyo, Japan) and xylazine hydrochloride (Celactal®, Bayer,
Tokyo, Japan) or by inhalation of diethyl ether. The pupil was dilated
with one drop of 0.5% tropicamide (Mydrin® M, Santen Pharmaceut-
ical, Osaka, Japan) for photocoagulation. Experimental CNV was
created as previously described [16,17]. Fifty laser photocoagulations
were applied to each eye between the major retinal vessels around the
optic disc with a diode laser photocoagulator (DC-3000%®, Nidek,
Osaka, Japan) and a slit lamp delivery system (SL150, Topcon, To-
kyo, Japan) at a spot size of 75 pm, duration of 0.05 s, and intensity
of 200 mW.

2.3. Preparation of PIC micelle encapsulating fluorescein
isothiocyanate-lubeled poly-i-lysine (Fig. 1)

Fluorescein isothiocyanate-labeled poty-L-lysine [FITC-P(Lys),
100.0 mg; polymerization degree =105, FITC=0.004 mol/mol of
Lys] and 48.6 mg of polyethylene glycol-block-poly-a,B-aspartic
acid) [PEG-P(Asp); PEG MW =5000 g/mol, polymerization degree
of P(Asp) segment="78] were dissolved in 10.0 and 5.0 ml of phos-
phate-buffered saline (PBS), respectively. PIC micelle solution was
prepared by mixing the same volume (5.0 ml) of FITC-P(Lys) and
PEG-P(Asp) solutions, in which the molar ratio of Lys and Asp
residues was adjusted to unity. As a control, 5.0 ml of FITC-P(Lys)
solution was diluted in 5.0 ml of PBS. Both PIC micelle and control
sofutions included the same concentration (5.0 mg/ml) of FITC-
P(Lys). The average diameter and polydispersity index of PIC micelles
was evaluated by dynamic light scattering (DLS) measured at 25°C,
using a light scattering spectrophotometer (DLS-7000, Otsuka Elec~
tronics, Osaka, Japan) with a vertically polarized incident beam at
632.8 nm supplied by a He/Ne laser. A scattering angle of 90° was
used in this study.

2.4. Accumulation of PIC micelle to CNYV lesions: histological analysis

To investigate the accumulation of PIC micelle to the CNV lesions,
50 photocoagulations were applied to the right eye of a total of 23
rats. The left eyes served as non-photocoagulation controls. By tail
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FITC-P(Lys)

Complex core
L PEG shell
PIC micelle

FITC-P(Lys). PIC micelle consists of an inner complex core formed

injection, 400 i of PIC micelle encapsulating 5.0 mg/ml FITC-P(Lys)
or 400 pl of free FITC-P(Lys) at a concentration of 5.0 mg/ml (n=3)
was administered to rats 7 days after photocoagulation. There was
high mortality in rats receiving FITC-P(Lys) after | h, suggesting that
P(Lys) has toxicity.

After the rats were killed with an overdose of sodium pentobarbital,
the eyes were immediately enucleated, snap-frozen in OCT compound
1, 4, 8, 24, and 168 h later for the PIC micelle group (n=4 at each
time point) and 1 h later for the FITC P(Lys) group (n=3). Then
frozen sections were mounted with the ProLong Antifade Kit (Mo-
lecular Probes, Eugene, OR, USA) and observed under a fluorescent
microscope (model IX, Olympus, Tokyo, Japan).

2.5. Measurement of the concentration of PIC micelle in luser-treated
eyes and blood

To investigate the concentration of FITC-P(Lys) in laser-treated

eyes and blood, rats received PIC micelle encapsulating FITC-
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Fig. 2. DLS histogram of PIC micelle encapsulating FITC-P(Lys).
The average diameter and polydispersity index of PIC micelles were
evaluated by DLS measurement at 25°C, using a light scattering
spectrophotometer. PIC micelle was narrowly dispersed with a size
around 50.7 nm.
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P(Lys) (n=20) or free FITC-P(Lys) (»=3) intravenously 7 days after
photocoagulation. They were killed with an overdose injection of
sodium pentobarbital 1, 4, 8, 24 and 168 h after receiving the PIC
micelles encapsulating FITC-P(Lys) (n=4 at each time point) and | h
after receiving free FITC-P(Lys) (n=3). Immediately after death,
blood samples were collected and the eyes were enucleated. The blood
samples were centrifuged at 12000 rpm for 5 min and the supernatant
was collected and subjected to spectrophotometric analysis. The reti-
na/choroid was collected after the anterior segment and vitreous were
removed. Then, the retina/choroid samples were homogenized in
0.1 ml of PBS and suspended in a total of 0.3 ml of PBS. The homo-
genates were then centrifuged at 12000 rpm for 5 min and the super-
natant was collected and subjected to spectrophotometric analysis.
The fluorescence intensity was measured in a fluorescence spectro-
photometer (FP-6500, Jasco, Tokyo, Japan) with an excitation wave-
length of 495 nm and an emission wavelength of 520 nm. The actual
concentration of FITC-P(Lys) was calculated by means of a calibra-
tion curve.

2.6. Statistical analysis
Mann-Whitney’s U-test was used. Values of P <0.05 were consid-
ered statistically significant.
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3. Results

3.1. Preparation of PIC micelle encapsulating FITC-P(Lys)

Precipitation after mixing FITC-P(Lys) and PEG-P(Asp)
solutions at 25°C was not observed, even after a period of
over 2 months, suggesting the high storing stability of PIC
micelle. Fig. 2 shows the size distribution of PIC micelle ob-
tained from histogram analysis of DLS measurements. It was
clear that the prepared PTIC micelle had a unimodal size dis-
tribution. Also the average diameter and polydispersity index
of PIC micelle were determined to be 50.7 nm and 0.046 by
using the cumulant approach of DLS measurement, indicating
the formation of PIC micelle with an extremely narrow size
distribution.

3.2. Accumulation of PIC micelle to CNV lesions
3.2.1. PIC micelle group. TFluorescent staining was ob-
served in the CNV lesions and also in the choriocapillaris

Neutral
retina

% RPE

~.Chorio-
‘\caprans

Choroid

Neutral
retina

4 RPE

~.Chorio-
capillaris

Choroid

Fig. 3. Accumulation of PIC micelle to CNV lesion. The frozen sections of the CNV lesions were observed under a fluorescent microscopic |
(A), 4 (B), 24 (C) and 168 (D) h after rats received PIC micelle-incorporated FITC-P(Lys). Note that FITC-P(Lys) initially diffuses to the
CNYV lesion and choriocapillaris (A,B), and becomes confined to the CNV lesion thereafter (C,D). Bright fluorescence was observed in the
CNYV lesions up to 168 h (D). One hour after rats received an intravenous injection of free FITC-P(Lys), FITC-P(Lys) distributes to the CNV
lesion and choriocapillaris (E). Arrowheads in A-E indicate CNV lesions. Most rats died 1 h after free FITC-P(Lys) administration. In the la-
ser-non-treated eyes, fluorescence was observed in the choriocapillaris 1 h after rats received PIC micelle (F) and the fluorescence became invisi-
ble 4 h after the injection of PIC micelle (G). Note that PIC micelle effectively accumulated to the CNV lesion throughout the studied period.

Scale bar, 25 um.
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for up to 4 h (Fig. 3A,B). Twenty-four hours after the admin-
istration, accumulation of FITC-P(Lys) to the CNV lesion
was more evident and fluorescence became invisible outside
the photocoagulated lesion including the choroidal and retinal
vasculature (Fig. 3C). The fluorescence was observed for up to
168 h (Fig. 3D). In the non-laser-treated eyes, the fluorescence
was visible in the choroidal vessels for up to 4 h (Fig. 3F), and
the fluorescence became invisible at 24 h and thereafter (Fig.
3G and data not shown). Light microscopic analysis revealed
no abnormalities in other retinal structures.

3.2.2. Free FITC-P(Lys) group. Most rats died 1 h after
the FITC-P(Lys) administration. When evaluated 1 h after
intravenous administration, fluorescence was observed in the
CNV lesion and choriocapillaris (Fig. 3E). In order to reduce
the toxic effect of free FITC-P(Lys), rats received a lower dose
(10 mg per injection) of free FITC-P(Lys). However, all rats
died before 2 h after the administration (n > 10).

3.3. Concentration of FITC-P(Lys) in the laser-ireated eyes

3.3.1. PIC micelle group. FITC-P(Lys) was detected in the
retina/choroid from the laser-treated eyes as early as | h and
the concentration peaked at 4 h and the residual FITC-P(Lys)
was still evident 168 h after intravenous administration (Fig.
4). The concentration of FITC-P(Lys) was below the detect-
able level in the non-laser-treated eyes.

3.3.2. Free FITC-P(Lys) group. When evaluated 1 h after
intravenous administration, the concentration of FITC-P(Lys)
in the free FITC-P(lys) group was significantly lower com-
pared to that in the PIC micelle group (Fig. 4).

3.4. Concentration of PIC micelle in blood

Fig. 5 shows the concentration of FITC-P(Lys) in blood
after a single injection of either free FITC-P(Lys) or PIC
micelle encapsulating FITC-P(Lys). The residual amount of
FITC-P(Lys) in blood was 5.0, 7.8, 3.8 and 0.5% of the in-

20

ol

o PIC-micelle
O free FITC-P(Lys)

10

Concentration of FITC-P (mg/g of tissue)

1 10 100 1000
Time (h)

Fig. 4. Concentration of FITC-P(Lys) in retina/choroid. Concentra-
tions of FITC-P(Lys) in retina/choroid after rats received equivalent
doses of FITC-P(Lys) of PIC micelle-incorporated FITC-P(Lys).
Note that FITC-P(Lys) was detected in retina/choroid from the la-
ser-treated eyes of the PIC micelle group as early as 1 h and the
concentration peaked at 4 h and was still evident 18 h after intrave-
nous administration, whereas the concentration of FITC-P(Lys) in
the free FITC-P(Lys) group was significantly lower compared to
that in the PIC micelle group 1 h after injection. Most rats died 1 h
after free FITC-P(Lys) administration. Error bars indicate S.D.
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Fig. 5. Concentration of PIC micelle in blood. Concentration of
FITC-P(Lys) in blood after rats received 400 pl of free FITC-P(Lys)
at a concentration of 5.0 mg/ml or 400 pl of PIC micelles encapsu-
lating 5.0 mg/ml FITC-P(Lys). The residual amount of FITC-P(Lys)
in blood was 5.0, 7.8, 3.8 and 0.5% of the injected dose at 1, 4, 8
and 24 h, respectively, after intravenous injection of PIC micelles
encapsulating FITC-P(Lys). Most rats died 1 h after free FITC-
P(Lys) administration, whereas no rats died after intravenous injec-
tion of PIC micelles encapsulating FITC-P(Lys). Error bars indicate
S.D.

jected dose at 1, 4, 8, and 24 h, respectively, after intravenous
injection of PIC micelles encapsulating FITC-P(Lys). After
168 h, it was below the detectable level. The concentration
of FITC-P(Lys) in blood was 15% of the injected dose 1 h
after free FITC-P(Lys) injection.

4. Discussion

In this study, FITC-P(Lys) was retained in the CNV lesion
for as long as 168 h after intravenous injection of PIC micelle
encapsulating FITC-P(Lys) as demonstrated by histological
analysis and confirmed by the measurement of the concentra-
tion in the retina/choroid of the laser-treated eyes. Because it
was impossible to distinguish free FITC-P(Lys) and FITC-
P(Lys) encapsulated into PIC micelle, the data presented
here do not address whether FITC-P(Lys) was present in a
free form or encapsulated in the PIC micelle. Together with
the high mortality rate associated with free FITC-P(Lys) ad-
ministration, it was not directly proven whether encapsulation
of FITC-P(Lys) into PIC micelle enhanced the accumulation
of FITC-P(Lys) to the CNV lesions throughout the studied
period. However, it was demonstrated that a significantly
higher amounts of FITC-P(Lys) accumulated to the CNV le-
sions | h after the injection in the PIC micelle group com-
pared to the free FITC-P(Lys) group. It is of note that the
amount of FITC-P(Lys) in the non-laser-treated eyes was be-
low the detectable level. In addition, because CNVs are highly
permeable similar to the newly formed vessels in solid tumors,
it is plausible to speculate that the PIC micelle is likely to
accumulate to CNV lesions presumably through the EPR ef-
fect. This idea is consistent with recent studies that have dem-
onstrated that macromolecules accumulate in the CNV lesion
in rabbits {18].

We have reported that polymeric micelles have long-circu-
lating characteristics {8] and that the stability of PIC micelles
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in the blood stream can be controlled by the charge ratio and
the length of the poly-amino acid, one of the block copoly-
mers that constitute PIC micelles {19]. In this study, 0.5% of
the injected dose was retained in the blood even 24 h after
injection of PIC micelle encapsulating FITC-P(Lys). Gener-
ally, the concentration of compounds in the blood decreases
rapidly to less than 0.1% of the injected dose in a few hours
after intravenous injection of low molecular weight com-
pounds such as fluorescein sodium. In fact, the concentration
of fluorescein sodium 1 h after intravenous injection was at a
non-detectable level (data not shown). Taken together, PIC
micelle encapsulating FITC-P(Lys) also have long-circulating
characteristics, which is a great advantage to exert the EPR
effect.

The concentration of FITC-P(Lys) delivered by PIC micelle
to the retina/choroid peaked 4 h after injection, and remained
as long as 7 days at a concentration higher than 15 pg/g
protein after only one intravenous injection. Because a total
of 2 mg FITC-P(Lys) was administered, the total amount of
FITC-P(Lys) was approximately 300 ng in the retina/choroid
when it was delivered by PIC micelles. As deduced from these
results, 0.02% of the injected dose accumulated to and was
retained within the retina/choroid for as long as 7 days. In the
blood, 5% and 0.5% of the injected dose were retained 1 and
24 h after the injection of PIC micelle, respectively. Thus, the
FITC-P(Lys) in blood vs. that in the retina/choroid at 1 and
24 h after the injection was 340:1 and 45:1, respectively, sug-
gesting that PIC micelle could be effectively targeted to the
retina/choroid through the EPR effect, in spite of the low
concentrations in blood. Moreover, we found that the admin-
istration of free FITC-P(Lys) was associated with high mor-
tality, whereas administration of PIC micelles encapsulating
FITC-P(Lys) was not. This is in line with previous studies
which demonstrated that modification of compounds with a
polymeric carrier results in a decreased adverse effect [20]. Our
observation supports that the PIC micelle attenuated the ad-
verse effect, although the underlying cause of this lethal tox-
icity remains to be unraveled. Such characteristics of the PIC
micelle are a great advantage to achieve effective targeting of
drug while reducing systemic adverse effects.

The concentration of PIC micelles increased in the liver and
spleen but gradually decreased in the kidney and lung within
24 h after intravenous injection (data not shown), suggesting
that the PIC micelle is mainly eliminated through the spleen.

In summary, it has been demonstrated that the PIC micelle
effectively accumulates to the CNV lesion. The distribution of
drug-loaded polymeric micelles in the body may be deter-
mined mainly by their size and surface properties and is less
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affected by the properties of loaded drugs if they are em-
bedded in the inner core of the micelles. Since PIC micelles
are demonstrated to be able to reserve a variety of drugs,
enzymes [21] and DNA in the core and can serve as non-viral
gene delivery vectors {9,19,22}, we believe that PIC micelles
have great potential for achieving effective drug targeting to
CNV.
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Potent Retinal Arteriolar Traction as a Possible
Cause of Myopic Foveoschisis

YASUSHI IKUNO, MD, FUMI GOMI, MD, AND YASUO TANO, MD

@ PURPOSE: To report retinal microfold formation after
vitrectomy for myopic foveoschisis (MF).

® DESIGN: Prospective observational study.

® METHODS: We observed 21 eyes of 17 patients who
had undergone vitrectomy for MF with optical coherence
tomography (OCT) in this institutional study. We also
evaluated the three-dimensional retinal architecture us-
ing the OCT-ophthalmoscope in selected cases. Vitrec-
tomy included core vitrectomy, vitreous cortex removal,
internal limiting membrane (ILM) peeling with indocya-
nine green, and gas tamponade.

e RESULTS: Horizontal linear folds were commonly ob-
served postoperatively. The folds, which were 1,000 to
2,000 pum superior, inferior, or both superior and infe-
rior to the fovea, were detected only by OCT and not by
conventional slit-lamp-based biomicroscopy. The micro-
folds were found in only five eyes (24%) 1 month
postoperatively. The incidence increased over time, how-
ever, and a microfold was detected in nine eyes (43%) 3
months after surgery and in 13 (62%) 6 months after
surgery. OCT-ophthalmoscope examination confirmed
the location of the microfold coincided exactly with that
of retinal arteriole. The presence of microfolds was not
significantly related to the postoperative visual acuity.

® CONCLUSIONS: Retinal microfolds are common in eyes
with MF after vitrectomy with TLM peeling, and they
seem to be generated as the result of insufficient flexibil-
ity of the sclerotic retinal arteriole during axial length
elongation in highly myopic eyes. This finding suggests
that the inward tractional force on the retina along the
arteriole may be closely related to the pathogenesis of
vitreoretinal diseases specific to high myopia, including
MF or paravascular microhole formation. {Am ] Oph-
thalmol 2005;139:462-467. © 2005 by Elsevier Inc.
All rights reserved.)
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YOPIC FOVEOSCHISIS (MF) IS NOT UNCOMMON IN
highly myopic eyes and reportedly is associated
Il with posterior staphyloma formation.!? In addi-
tion, MF leads to macular hole formation, at least in some
cases.>* Vitrectomy, internal limiting membrane (ILM)
peeling and gas tamponade are useful treatments to attain
foveal reattachment and consequent visual improvement
in cases without macular holes.5>-

ILM peeling provides redundancy of the retinal surface.
However, clinical and laboratory observation has shown
that in certain situations indocyanine green (ICG)-assisted
ILM peeling may be harmful,®® and it is controversial
whether ILM peeling is beneficial for patients. Other
investigators have suggested that the ILM can be the
primary component that generates tractional force at the
posterior retina in highly myopic eyes, 19 although there is
poor evidence to support this hypothesis.

We observed eyes that underwent vitrectomy, ILM
peeling, and gas tamponade for MF using optical coher-
ence tomography (OCT) and OCT-ophthalmoscope to
evaluate the retinal status after surgery. We found that
microfolds developed in the retina in these eyes after
surgery. The location of the microfolds coincided with that
of the retinal arteriole, indicating that ILM peeling may
have disclosed the inward tractional force of the sclerotic
retinal arteriole because of insufficient flexibilicy during
elongated axial length.

PATIENTS AND METHODS

Patients. Twenty-one eyes of 17 patients who underwent
vitrectomy for MF were included in this study. Eyes with a
macular hole or an early macular hole were also includ-
ed. 411 Patients with postoperative follow-up of less than 6
months were excluded. The preoperative appearance of
MF was based on the classification of Benhamou and
associates® with slight modification, including foveal de-
tachment, lamellar hole, cystic MF, and macular hole.
Thirteen eyes (62%) had a foveal detachment, 4 eyes
(19%) a lamellar hole, and 4 eyes (19%) a macular hole.
No eyes in this study had the cystic type of MF. Informed
consent was obtained from all the patients.

0002-9394/05/$30.00
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TABLE 1. Patient Demographic Data and the Presence or Absence of Retinal Microfolds After Vitrectomy. for Myobic
Foveoschisis

Postoperative (months)

Case No. Age/Gender R/L Type 1 3 6 12 Comments
1 65/F R Foveal detachment N N Y N
2 65/F R Foveal detachment N Y Y Y
2 65/F L Foveal detachment N Y Y Y
3 51/F R Foveal detachment N N N Y
4 48/F R Macular hole N Y Y Y Macular hole. remained after additional
vitrectomy
4 48/F L Foveal detachment N O ONCY Y " '
5 65/F R Foveal detachment N Y N Y
6 54/M R Foveal detachment Y Y Y Y
7 73/F R Foveal detachment N N N N ]
7 73/F L “Magular hole N N N N Macular hole closed
8 80/F R Macular hole N N Y NA  Macular hole remained
9 59/F R Foveal detachment N N Y Y : i
10 59/F R Macular hole Y Y Y Y Macular hole remained after additional
v ' vitrectomy
11 79/F R l.amellar hole N N N N
12 67/F R Foveal detachment N N N N
12 67/F L Foveal detachment N N Y Y
13 66/F R ‘Lamellar hole N N N N
14 55/F L Lamellar hole N N N N
15 62/F R Lamellar hole Y . Y Y Y
16 72/F R Macular hole Y Y Y Y Macular hole closed after additional
gas injection
17 65/M R Foveal detachment Y Y Y Y

M = male; F = female; Y = yes; N = no; NA = not available.

Surgical Procedure. Vitrectomy was performed according
to the method previously described.? Phacoemulsification and
simultaneous intraocular lens implantation were performed in
17 phakic eyes (81%). After core vitrectomy, the vitreous
cortex was removed using triamcinolone acetonide!? (Kena-
cort-A, Bristol-Myers Squibb, New York, New York, USA)
and a diamond-dusted membrane scraper,'3 and an ILM of 2
to 3 disk diameters was peeled after staining with 5 mg/ml of
ICG (Dai-ichi Pharmaceutical, Tokyo, Japan). The 1CG was
sprayed onto the retina through a 27-G blunt needle, and the
excess ICG was aspirated immediately with a vitrectomy
cutter. Finally, the vitreous fluid was torally exchanged with
air, and gas tamponade was performed. Sixteen percent
perfluoropropane was used in 17 eyes (81%), 20% sulfur
hexafluoride in 3 (14%), and room air in 1 (5%). The
patients were instructed to maintain a prone position for 1
week postoperatively.

Examination. The retinal status was evaluated with OCT
(Humphrey, Dublin, California, USA) and OCT-ophthal-
moscope (OTI, Toronto, Canada).!* OCT scans were per-
formed using the default setting of the crosshairs mode, which
scans the retina horizontally and vertically (scan length, 5.65
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mm). OCT examinations were performed 1, 3, 6, and 12
months after surgery.

The OCT-ophthalmoscope provides simultaneously
“en face” (C-scan) images and cross-sectional (B-scan)
images of the retina. The procedure was performed
according to the manufacturer’s instructions with the
default setting at the 6-month follow-up visit in selected
cases. Scanning laser ophthalmoscopic (SLO) images of
the retinal surface were obtained simultaneously to
identify the location of the microfolds detected on the
C-scan images. The location on the retina was deter-
mined by overlaying the C-scan image onto the SLO
image with the same section of the retina with default
application of the system.

Other routine examinations such as slit-lamp-based
biomicroscopic observation, fundus photography, and best-
corrected visual acuity measurements (BCVA) also were
performed at each follow-up visit.

Statistical Analysis. Statistical analysis was performed
using the commercially available application Sigma Stat
(SPSS, Chicago, Illinois, USA) to detect statistically

significant differences. P < .05 was considered significant.
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FIGURE 1. Typical appearance of a microfold after vitrectomy for myopic foveoschisis (MF). (Top row) Postoperative fundus
photographs of the macula; (second row) preoperative optical coherence tomographic data (OCT); (third and fourth rows)
postoperative vertical and horizontal OCT scans 6 months postoperatively. In all four cases, MF is present preoperatively. Cases 2,
6, and 9 have the foveal detachment type, and case 15 has the lamellar hole type. The fovea was successfully reattached
postoperatively in three cases with the foveal detachment type, and the foveal architecture returned to normal in case 15. A retinal
microfold is detected by vertical OCT scan postoperatively (arrows), however. The microfold is unclear in the fundus photograph
and was not detected by conventional microscopy. It was detected only in the OCT vertical scan, not in the horizontal scan, after
surgery. Folds are observed on either side (cases 6 and 9) or on both sides (cases 2 and 15) of the fovea.

RESULTS

THE DEMOGRAPHIC DATA FROM ALL PATIENTS (15 WOMEN, 2
men) and the presence or absence of microfolds at the time of
OCT are shown in the Table. The mean age of the patients
was 63.8 = 9.0 (mean * SD) years (range, 48-80 years).
Microfolds were found in only five eyes (24%) 1 month
postoperatively. The incidence increased over time, however,
and microfolds were detected in nine eyes (43%) 3 months
postoperatively and 13 eyes (62%) 6 months postoperatively.
After 12 months, OCT data were unavailable for one eye
(5%, case 8); however, microfolds were observed in 13 (65%)
of the remaining 20 eyes.

The foveal architecture returned to normal in all eyes with
a foveal detachment and a lamellar hole. The macular holes
closed in one (20%) of five eyes after the initial vitrectomy
and persisted in the other four eyes (80%). Of the four eyes,
the macular holes closed with additional gas injection in one
eye (case 16); however, the macular hole did not close even
with vitrectomy, including extended ILM peeling and gas
tamponade in case 10 and the right eye of case 4. One patient
refused additional treatment, and the macular hole remained
open (case 8). The BCVA was 0.125 median preoperative
and 0.3 postoperatively. The BCVA improved more than 2
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lines in 13 (62%) eyes, remained unchanged in 8 (38%), and
did not worsen in any (0%).

Typical microfolds in MF are shown in Figure 1. Because
of their size, the microfolds could not be detected during a
conventional fundus examination (Figure 1, top row) and
were detected only with OCT. The folds were detected by
vertical scan but not by horizontal scan, indicating that
the folds were always generated in a horizontal direction
(Figure 1, second, third, and fourth rows). The microfolds,
which were superior to, inferior to, or on both sides of the
fovea, were 1,000 to 2,000 wm from the fovea based on the
scan length of 5.65 mm.

Typically, the microfolds began to develop 1 month
postoperatively and continued to develop (Figure 2).
Microfolds were more obvious 3 or 6 months postopera-
tively compared with 1 month postoperatively. The mi-
crofolds persisted until the final visit (6 or 12 months
postoperatively) in all eyes except case 1, in which the
microfolds resolved between 6 and 12 months postopera-
tively probably because of resolution of the intraretinal
fluid. |

OCT-ophthalmoscope examination confirmed the
presence of microfolds (Figure 3). C-scan images of the
examination provided more information, including the
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Case 5

Vertical scan OCT
(Months postoperatively)
[#%

Case 10

FIGURE 2. Typical time course of microfolds after vitrectomy for myopic foveoschisis. (Top row) Macular fundus photograph and
(second, third, and fourth rows) postoperative optical coherence tomography scan results in two cases. The number indicates the
number of months after surgery, and the OCT scan is always vertical. (case 5) Two microfolds superior and inferior to the foveal
center are present 1 month after surgery (arrows); however, both are more prominent 3 months postoperatively (arrows). The
microfolds have decreased somewhat 6 months after surgery, perhaps due to resolution of MF (arrows). (case 10) A microfold
superior to the fovea appears 1 month after surgery (arrow). The macular hole is open. This microfold is more prominent 3 months
after surgery (arrow), and another microfold is on the other side of the fovea (arrowhead). Both microfolds persist and are somewhat
more prominent 6 months after surgery (arrow and arrowhead).

direction and showed that retinal microfolds were hot-
izontal in orientation (Figure 3, A-C, top right). To
identify the accurate location of the microfolds, we
positioned the C-scan images (Figure 3, A—C, top right)
of the OCT-ophthalmoscope over the SLO images
taken simultaneously (Figure 3, A-C, top left). The
merged image showed that the location of microfolds
coincided exactly with the retinal vessels (Figure 3,
A-C, bottom left). Color fundus photographs showed
that the vessels were always the retinal arteriole but not
the venule (Figure 3, A-C, bottom right). Thus, the
microfolds coincided exactly with the retinal arteriole,
and this was why the microfolds were always horizontal
in the OCT images.

When we compared the BCVA 6 months postopera-
tively between eyes with microfolds and those without,
there was no significant difference (P = .67 by t-test).

DISCUSSION

TO THE BEST OF OUR KNOWLEDGE, NO REPORTS WITH
similar indings have been published. One report described

Vol. 139, No. 3

retinal folds after vitrectomy for X-linked retinoschisis;
however, the appearance of the folds was different from
those in our study.!> As mentioned earlier, it is difficult to
identify microfolds with conventional methods such as
slit-lamp biomicroscopy. Thus, the recent advances in
instrumentation, including OCT and OCT-ophthalmo-
scope, for examining details of the retinal architecture may
have enabled us to detect the folds in our cases.

It is generally accepted that ILM peeling provides retinal
redundancy, which is believed to be the main reason for
enhanced macular hole closure. Although we need to
observe more patients, we believe that retinal redundancy
due to ILM peeling allowed microfold development. We
found that the microfolds coincided exactly with the
retinal arteries, which leads us to hypothesize that retinal
redundancy after ILM peeling disclosed the inward trac-
tion of the sclerotic retinal arteriole due to insufficient
flexibility after axial length elongation or posterior staph-
yloma formation (or both) in these eyes. Microfolds are
rarely observed in nonvitrectomized eyes, probably because
the retina is not redundant in those eyes, and the potent
tractional force does not develop in the presence of the
ILM. The mechanism of microfold formation is still un-
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FIGURE 3. Typical C-scan and scanning laser ophthalmoscopic (SLO) image of
OCT-ophthalmoscope and color fundus photograph of (A) case 17, (B) case 6,
and (C) case 9. The top left panels are SLO images, and the top right panels are
C-scan images. Both scanned the same part of the retina and were examined
simultaneously. Open arrowheads in the SLO images indicate the retinal arteriole,
and closed arrowheads in the C-scan image the retinal microfolds. The bottom left
panel is the SLO image overlaid with the C-scan image. Note that retinal arteriole
coincides exactly with the retinal microfolds. Bottom right is a color fundus
photograph of the corresponding part, indicating that the vessel was the retinal
arteriole but not the venule (arrowheads).

known and another possible mechanism—for instance,
retinal architectural changes by Miiller cells—cannot be
ruled out.

The clinical relevance of microfold formation and po-
tent tractional force is unknown. One possibility is that
the tractional force may be related to the pathogenesis of
foveoschisis. In our experience, we rarely observe vitreous
tractional force during surgery, which is typically seen in
macular traction syndrome in nonmyopic eyes. This leads
us to hypothesize that factors other than vitreous traction
can result in MF, and we believe this tractional force at the
retinal arteriole might be a cause. The retina may be lifted
off the retinal pigment epithelium due to this “retinal
arteriolar” tractional force. Surgical removal of the ILM
provides retinal redundancy and may allow a retinal
structure other than the arteriole (perhaps the foveal
center) to reattach to the retinal pigment epithelium.

We specifically observed microfolds in eyes with MF
after vitrectomy. We also reviewed the OCT images from
16 patients with a macular hole and retinal detachment in
highly myopic eyes. These eyes have been reported previ-
ously.!'® However, the microfolds as observed in this study
were not found in any of the 16 eyes (data not shown),
indicating that microfolds are specific to MF and not to
highly myopic eyes that underwent vitrectomy. This also
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supports the hypothesis that retinal arteriolar traction can
cause MF. A published report described the spontaneous
resolution of MF, however.!? Thus, the contribution of
vitreous traction cannot be ruled out.

Another possible effect of this tractional force is that it
may cause posterior paravascular break formation that
sometimes occurs in highly myopic eyes.!8-20 Paravascular
retinal breaks in highly myopic eyes are typically small and
round. Vitreous traction at the site of paravascular vitreo-
retinal adhesion is believed to be the main cause of retinal
rarefaction formation, resulting in retinal break formation
from posterior vitreous detachment.2! However, this was
not commonly observed in the posterior retina in highly
myopic eyes. Taken together, retinal arteriolar traction in
highly myopic eyes may cause paravascular retinal break
formation.

The presence of microfolds does not seem to affect the
postoperative vision. In this study, most patients had
improved BCVA despite the presence of microfolds. The
foveal architecture also returned to normal in all eyes with
a foveal detachment and the lamellar hole. Although
microperimetry was not performed in this study, it seems
that the effect of microfold formation is limited because
microfolds are small and there are other factors, such as
retinal pigment epithelium and choroidal atrophic

MARCH 2005

— 107 —



changes, that could affect vision. Moreover, the location of

pigment epithelial cells. Invest Ophthalmol Vis Sci

the microfolds coincided exactly with the retinal arteriole. 2003;44:370-377.
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