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and analysis of pre-miR-124a-1 and pre-miR-124a-2 double knockout
or miR-124a-1, miR-124a-2 and miR-124a-3 triple knockout mice will
be necessary to draw a definitive conclusion.

Although the number of cone cells was significantly reduced in
Rncr3™'~ mice (P < 0.001), rod photoreceptor cells did not seem to
be significantly affected (P > 0.65; Fig. 3c,d and Supplementary
Fig. 4a). When we expressed a pre-miR-124a-2 transgene in the
developing photoreceptors of Rncr3™/~ mice, the number of cone
cells was increased (Fig. 6d-1), suggesting that rod cells and other
retinal neurons compensate for miR-124a loss with pre-miR-
124a-2. Previous studies of the Dicer conditional knockout mouse
in the retina suggested that photoreceptor differentiation at late
developmental stages requires miRNAs? and that, of the retinal
cell types, photoreceptors are the most sensitive to an imbalance of
miRNAs?. Our results suggest that miR-124a is one of the main
miRNAs functioning in photoreceptor cell maturation.

In vivo miR-124a target mRNAs

Several groups identified target mRNAs of miR-124a in the CNS
using translation assay and in vivo knockdown analysis. It was
recently suggested that CREB1 and Actl6a (BAF53a) are miR-124a
target mRNAs in Aplysia and mouse, respectively’®31. Sox9 was
also reported to be a miR-124a target in SVZ adult neurogenesis®.
Ptbpl and Ctdspl were reported to be targets of miR-124a and
are involved in neuronal gene regulation in cultured cells®.
The pairing mechanism between miRNA and target mRNA is
well established as a Watson-Crick pairing known as the miRNA
seed match (especially nucleotides 2-7)32-34, Furthermore, it was
recently found that guanidine:uridine wobble base-pairing between
miRNA seed region and mRNA interferes with targeting activity3>.
Taking advantage of recently updated database information, we
re-examined reported miR-124a targets using TargetScan 5.1 and found
Lhx2, amiR-124a target mRNA candidate in both humans and mice, as
wellas Ptbp1,and Ctdsp 1. Although Lhx2 or Neurod1 were predicted to be
miR-124a target mRNAs by a miR-124a overexpression experiment
in Xenopus?’=35, precursor miRNA overexpression may mistakenly
produce a phenotype as a result of an effect on the miRNA synthesis
mechanism or off-target effects. In fact, we did not detect a significant
change in NEURODI1 protein and Otx2 transcript expression
(P > 0.79; Fig. 2i-1 and Supplementary Fig. 5g.k,n), both of which
were affected by pre-miR-124a overexpression in the Xenopus
study?”36, Here, we found that Lhx2 is a target of miR-124a in
retinal cones and in the dentate gyrus in Rncr3™/~ mice (Fig. 5 and
Supplementary Fig. 8a-d). Furthermore, LHX2 protein localization
did not overlap with Lhx2 mRNA distribution in regions in which
Rncr3 was expressed (Supplementary Fig. 8f-0). These observations
suggest that LHX2 protein expression is affected by miR-124a by
translational inhibition. We also performed both a luciferase assay
and qPCR of luciferase mRNA (Supplementary Fig. 8c,d). Notably,
although the luciferase activity of the construct containing a miR-124a
target sequence in its 3" UTR was decreased by miR-124a expression,
the level of luciferase mRNA was unchanged. Our Lhx2 overexpres-
sion assay revealed that cell death was increased in the developing
retina, suggesting that inhibition of Lhx2 translation by miR-124a
is one of the essential mechanisms for down-regulating Lhx2 in the
normal development of retinal cells (Supplementary Fig. 12).

Lhx2 functions as a selector gene for forebrain and eye
development®. Lhx2-expressing normal dorsal telencephalon cells
show a marked tendency to form aggregation clusters?®, implying that
LHX2 contributes to the regionalization of the cortical hem (LHX2
negative) and the non-cortical hem hippocampal region (LHX2
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positive)?4, In the Runcr3™/~ brain, elevation of LHX2 protein levels
may lead to a higher density of dentate neurons by promoting cell
aggregation (Fig. 51,j,1). Furthermore, we observed aberrant sprout-
ing of dentate gyrus axons, mossy fibers, into the CA3 region in the
Rncr3~'= brain (Fig. 4e-h), and found that the LHX2 level affects
axonal outgrowth in primary cultured hippocampal dentate neu-
rons (Figs. 5m-u and 8f-j). It was recently shown that commissural
neurons, which express LHX2 protein, extend their axons, but fail to
cross the midline in Lhx2 and Lhx9 double knockout mice, suggest-
ing that Lhx2-defective commissural neurons do not respond well
to guidance cues®®. In contrast, in the CA3 region of the Rncr3~/~
hippocampus, we hypothesize that dentate gyrus granule cells may
have an axon elongation capability and may over-respond to guid-
ance cues, resulting in the mis-sprouting of granule cells to the CA3
region. Although elevated LHX2 may induce the aberrant axonal
elongation phenotype, it should be noted that increased cell density
and aberrant sprouting of dentate neurons in the hippocampus have
been observed in seizure-induced rats3®. Thus, understanding the
precise mechanism that underlies these phenotypes awaits future
study. Taken together, our findings suggest that LHX2 protein level
regulation by miR-124a is critical for dentate gyrus maturation and
survival (Supplementary Fig. 12).

Implication of miR-124a in human diseases
In humans, pre-miR-124a-1 is located on chromosome 8p23.1. Notably,
chromosomal duplication, deletion or mutation of the 8p23.1 region have
been reported to be involved in cerebral development and neuropsy-
chiatric disorders, including autism, bipolar disorder, schizophrenia,
learning difficulties, epilepsy and microcephaly?#%4!, In individuals
with temporal lobe epilepsy and model animals, aberrantly sprouting
mossy fibers are often observed*?. However, the molecular mechanisms
remain unknown. We found that a substantial reduction or loss of mature
miR-124a (by 60-80%) or loss of miR-124a-1 resulted in a small brain,
neuronal dysfunction and aberrant axonal sprouting in the hippocampus
(Fig. 4), suggesting that dis-regulation of the miR-124a expression level
is involved in developmental neuropsychiatric disorders and temporal
lobe epilepsy in humans with chromosome 8p abnormalities.

A recent study of FMRP, a protein that is involved in a fragile
X syndrome and a RISC component interacting with Argonaute,
suggested that miR-124a interacts with the FMRP protein, which
is present at synapses*>#4. It was recently reported that miR-124a
is bound and regulated by dFMR1, a FMRP protein in Drosophila®.
Another study found that miR-124a is present in sensory-motor
synapses and is involved in synaptic plasticity through CREB in
Aplysia®. Thus, it was suggested that miR-124a is important for syn-
aptic function. In contrast, it should be noted that another study using
rat hippocampal neurons found that mature miR-124a is not enriched
in synaptosomes®S. Further analysis will be needed to fully understand
the role of miR-124a in synaptic functions.

There are three pre-miR-124a loci (pre-miR-124a-1, pre-miR-124a-
2 and pre-miR-124a-3) in the mouse and human genomes. Our find-
ings strongly suggest that Rncr3 is the primary source of miR-124a.
Production and analysis of miR-124a double and/or triple knockout
mice, if the mutations are not lethal, will further clarify in vivo
miR-124a function and target mRNAs in other parts of the CNS.

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/natureneuroscience/.

Note: Supplementary information is available on the Nature Neuroscience website.
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ONLINE METHODS

Animal care. All procedures conformed to the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research and were approved by the
Institutional Safety Committee on Recombinant DNA Experiments and
the Animal Research Committee of Osaka Bioscience Institute. Mice were housed
in a temperature-controlled room at 22 °C with a 12 h light/dark cycle. Fresh
water and rodent diet were available at all times.

Generation of Rrcr3™/~ mice. We obtained Rucr3 genomic clones from a screen
of the 129/SvEv mouse genomic DNA library (Stratagene). We subcloned a 6.5-kb
Sall-EcoRI fragment and a 4.4-kb SalI-Sall fragment from Rncr3 genomic clones
into a modified pPNT vector, and transfected the linearized targeting construct
into the TC1 embryonic stem cell line. Genomic DNA from the liver was digested
with BamHI or EcoRY, and hybridized with 5" and 3" probes, respectively.

Northern blot analysis. Northern blot analysis was performed as described previ-
ously?’. An approximately 2.2-kb fragment (the BglII-Bglll fragment) of mouse
Rncr3 cDNA (GenBank #BC096449) was used to synthesize the DNA probe.

PAGE northern for miR-124a. Total RNAs from mouse tissues were isolated
by Trizol (Invitrogen). We denatured 20 pm of total RNAs in 5 mM EDTA con-
taining formamide at 80 °C for 5 min, then separated them on 15% denaturing
(7 M urea) polyacrylamide gels. RNAs were transferred to a nylon membrane (Pall
Corporation Biodyne) at a constant current (3.3 mA cm™2) for 35 min. The filter
was baked for 1 h at 80 °C. LNA-modified anti~-miR-124a (EXIQON, 20 pmol)
was end-labeled with y-*2P-ATP (3,000 Ci mmol~!, Muromachi Yakuhin) using
T4 polynucleotide kinase (Takara) and purified on spin columns (GE Healthcare
Micro SpinTM G-25). The nylon filters were hybridized with the labeled probe
in salmon sperm-containing hybridization solution (120 mM sodium phos-
phate (pH 7.2), 250 mM sodium chloride, 7% SDS (wt/vol) and 50% formamide
(vol/vol) at 43 °C overnight, and washed twice with 0.1% SDS containing 2x SSC
at 25 °C for 5 min. The filters were then exposed to X-ray film.

In situ hybridization. In situ hybridization was performed as described previ-
ously?’. Digoxigenin-labeled riboprobes were synthesized by T7, SP6, or T3 RNA
polymerase using the Rucr3 (same as the 3’ probe region in northern blots),
pri-miR-124a-2 (Supplementary Table 1), Lhx2 (ref. 48, Supplementary Table 1),
Ngn2 (an EcoRI-Xbal fragment of cDNA AK143190), Crx or Otx2 (ref. 19) cDNA
as a template in the presence of 11-digoxigenin UTPs (Roche). For miR-124a
detection, we used anti-miR-124a modified with a digoxigenin-labeled LNA
probe (EXIQON).

Immunostaining. For immunohistochemistry, 14-um retina and brain sections
were washed twice in phosphate-buffered saline (PBS), and permeabilized with
0.1% Triton X-100 (wt/vol) in PBS, then incubated with PBS containing 4% donkey
serum (vol/vol) for 1 h to block samples. The samples were incubated with a primary
antibody (Supplementary Table 2) at 4 °C overnight. After PBS-washing, these
samples were incubated with secondary antibodies at 25 °C for 1 h.

For whole-mount immunostaining of the retina, each retina was gently peeled
off from the sclera, rinsed in PBS and fixed with 4% paraformaldehyde (wt/vol) in
PBS for 2 h. The retinas were permeabilized by incubation in 0.1% Triton X-100in
PBS for 30 min. After washing in PBS, samples were blocked with 4% donkey serum
and 0.02% Triton X-100 in PBS for 3 h. The retinas were then immunostained with
primary antibodies to M-opsin and S-opsin (Supplementary Table 2) at 4 °C over-
night. Reactions with secondary antibodies were performed overnight at 4 °C.

‘Western blot analysis. Western blot analysis was performed as described previ-
ously?’. The membrane was incubated with mouse antibody to Flag (1:5,000,
Sigma) or goat antibody to LHX2 (3:500; Abcam). The membrane was then
incubated with a horseradish peroxidase-conjugated donkey antibody to mouse
IgG (1:10,000, Jackson) or rabbit antibody to goat IgG (1:10,000, Zymed). For
secondary immunoreaction, the PVDF membrane was incubated with WB
Stripping Solution (Nacalai Tesque) to remove antibodies, and blocked again
with 5% skim milk (wt/vol) in TBS. Further immunoblots were performed using
rat antibody to GFP (1:2,000, Nacalai Tesque) or mouse antibody to -actin
(ACTB, 1:5,000, Sigma). The signals were measured using Image] (US National
Institutes of Health).

ERG. Electroretinographic recordings were performed as described in detail?’.
In brief, ERGs were picked-up with a gold-wire loop electrode placed on the
cornea. The mice were placed in a Ganzfeld bowl and stimulated with four levels
of stroboscopic stimuli ranging from —5.0 to 1.0 log cd s m™2 to elicit scotopic
ERGs, and four levels of stimuli ranging from —0.5 to 1.0 log cd s m™ for the
photopic ERGs. The photopic ERGs were recorded on a rod-suppressing white
background of 1.3 logcd m™2.

Plasmid constructs. The Lhx2 cDNA fragment was amplified by PCR
(Supplementary Table 1) using PrimeStar (Takara), and cloned into the pGEM-
TEasy vector (Promega). Lhx2 3’ UTR~containing fragments were also amplified
and cloned into pGEM-TEasy. Mutations in the seed match region were intro-
duced by PCR primers (Supplementary Table 1). The fragments of Lhx2 cDNA
and Lhx2 3" UTR were ligated into the pCAGGS vector. To perform the luciferase
assay, we constructed a miR-124a expression plasmid. Pre-miR-124-1, pre-miR-
124-2 and pre-miR-124-3 were amplified by PCR (Supplementary Table 1) using
ExTaq polymerase (Takara), and each PCR-amplified fragment was cloned into
PCRII plasmids (Invitrogen). After verifying the sequence, we subcloned them into
PBAsi-mU6 (Takara). The Lhx2 3" UTR were ligated into pmirGLO (Promega)
to generate pmirGLO-Lhx2-Nat and pmirGLO-Lhx2-Mut. For Lhx2 knockdown,
PpBAsi-mU6 was used for DNA vector-based shRNA synthesis. Three target
sequences, shLhx2-1, shLhx2-2 and shLhx2-3 (Supplementary Table 1), were
selected from different positions in the mouse Lhx2 open reading frame and sub-
cloned into the pBAsi-mU6 vector. The inhibition abilities of shLhx2-1, shLhx2-2 and
shLhx2-3 were tested by western blot analysis using cultured cells (Supplementary
Fig. 11a,b). The strongest inhibitor of Lhx2, shLhx2-3, was used.

Generation of miR-124a-2 transgenic mice. The pCrx2k-Cre plasmid!® was
digested with Xhol and BamHI to remove the Cre gene (pCrx2k). RIP-miR-124a-2
(a gift from T. Maniatis, Harvard University)® is a pre-miR-124a-2 expression
vector that encodes pre-miR-124a-2 in an intron of the Ds-Red gene. We digested
RIP-miR-124a-2 and ligated it into the pCrx2k plasmid (pCrx2k-Ds-Red-1240-2;
Supplementary Fig. 9a). To construct a transgene vector of miR-124a-2 to rescue
the hippocampal phenotype, we ligated the pUCI8-4.3Syn-CAT plasmid (a gift
from M. Kilimann, Ruhr-Universitit Bochum)?® containing a rat 4.3-kb Syn1
promoter into Ds-red-124a-2 (pSynl4.3k-Ds-Red-124a-2; Supplementary
Fig. 10a). The purified construct was injected into the pronuclei of fertilized
one-cell eggs of B6C3F1 mice (Oriental Bio Service) followed by implantation
into pseudopregnant foster mothers (ICR mice, Japan SLC).

Luciferase assay. We transfected 0.5 g of the reporter plasmid DNA (pmirGLO,
pmirGLO-Lhx2-3" UTR-Nat or pmirGLO-Lhx2-3" UTR-Mut) and 2 ug of
miR-124a expression vector DNA (pBAsi-mU6, pBAsi-mU6-pre-miR-124a-1,
PpBAsi-mU6-pre-miR-124a-2 or pBAsi-mU6-pre-miR-124a-3) per well into HEK
293T cells in a 6-well plate using the calcium phosphate method. After trans-
fection, the cells were incubated for 48 h and lysed with Reporter Lysis Buffer
(Promega). PO hippocampal cells (approximately 2 x 10°) were transfected with
pmirGLO-Lhx2-3" UTR-Nat, or pBAsi-mU6G-pre-miR-124a-1-Muf (250 ng each)
by electroporation (Amaxa Nucleofector). After transfection, the cells were incub-
ated for 72 h, washed with PBS, and lysed with Reporter Lysis Buffer. The lysates
were used for luciferase assays. Luciferase activity was measured with the Dual-
Glo Luciferase Assay System (Promega) according to the manufacturer’s protocol
using a Wallac 1420 Multilabel Counter (Wallac). Firefly luciferase activities were
determined by three independent transfections and normalized by comparison
with the Renilla luciferase activities of the internal control.

Invivo electroporation. In vivo electroporation was performed on the PO mouse
retina as described previously?”. The pCAGGS, pCAGGS-Lhx2-Nat or pCAGGS-
Lhx2-Mut vectors were co-electroporated with the pCAGGS-EGFP vector. We
used pCAGGS vector concentrations of 0, 2 and 3 g pl™!, pCAGGS-Lhx2 (native
or mutated) concentrations of 4, 2 and 1 pig pul™!, and a pCAGGS-EGFP concen-
tration of 1 pig pl™! to make a 5 pg pl~! DNA solution mix. The electroporated
retinas were harvested at P4.

TUNEL assay. Fresh frozen retinas were sectioned to a thickness of 14 um
and fixed with 4% paraformaldehyde in PBS for 1 min. The TUNEL assay was
performed according to the manufacturer’s protocols.

doi:10.1038/nn.2897
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RT-PCRand qPCR analysis. Total RNA was extracted Trizol reagent (Invitrogen),
and reverse transcribed into cDNA using SuperScript II reverse transcriptase
(Invitrogen) with random hexamers. Quantitative PCR was performed using a
SYBR GreenER qPCR SuperMix Universal (Invitrogen). Nucleotide sequences
of primers are shown in Supplementary Table 1. To detect mature miR-124a,
we isolated total RNA using the miRNeasy Mini Kit (Qiagen), and reverse
transcribed using the miScript Reverse Transcription Kit (Qiagen). Real-time
GRT-PCR was performed using the miScript SYBR Green PCR kit with miScript
Universal primer and the miScript Primer assay (Qiagen). For the pri-miR-124a
expression assay, total RNA isolated using the miRNeasy Mini Kit was reverse
transcribed to cDNA using the TagMan reverse transcription reagent kit and
following the manufacturer’s protocol (Applied Biosystems). Real-time QRT-PCR
was performed using TagMan Universal PCR Master Mix and specific TagMan
Pri-miRNA Assays for Mus musculus miR-124-1, miR-124-2 and miR-124-3
(Applied Biosystems).

Behavior test. Rncr3~/~ and wild-type mice (4-5 months old) were suspended
by their tails for 3 min, and clasping duration time was measured.

Timm staining and Nissl staining. Coronal sections, 14 um thick, from P10
frozen mouse brains were stained by the neo-Timm’s method?’. After wash-
ing in de-ionized water, sections were counterstained by 0.1%(w/v) cresyl violet
(wt/vol) for 5 min, washed in 100% ethanol, and incubated in xylene. Slides were
coverslipped with Permount (Fisher Scientific).

Axon outgrowth assay. Neurons from P0 mouse hippocampus were dissociated
using Nerve Cell Dissociation Medium (SUMILON) according to the manufac-
turer’s protocol. The hippocampal cells (the approximate numbers are 4 x 10%) were
transfected with pCAGGS, pCAGGS-Lhx2-Nat or pCAGGS-Lhx2-Mut (250 ng
each) together with the transfected cell marker plasmid, 125 ng of pCAGGS-
FGFP by electroporation (Amaxa Nucleofector). Then, cells were cultured on
3.5-cm poly-D-lysine-coated dishes in Nerve-Cell Culture Medium (SUMILON).
For Lhx2 knockdown experiments, hippocampal cells (the approximate num-
bers are 2 x 10°) were transfected with pBAsi-shControF® or pBAsi-shLhx2-3
(250 ng each), together with a transfected cell marker plasmid, pCAGGS-FGFP.
At 72 h, the cells were fixed with 4% paraformaldehyde, 4% sucrose (wt/vol), and
0.02% Triton X-100 in PBS for 30 min, then washed with PBS. After blocking
with 4% donkey serum in PBS, cells were incubated with primary antibodies
to PROX1 and EGFP (Supplementary Table 2). Following PBS washes, Alexa
488-conjugated antibody to rat IgG and Cy3-conjugated antibody to rabbit IgG
were used as secondary antibodies. Images of these cells were obtained using

a confocal microscope LSM700 (Zeiss), and PROX1-positive axons (longest
neurite) were measured using the LSM image browser (Zeiss).

Hippocampal slice culture. A P6 SD rat brain was dissected and sliced (300 um
thick). The hippocampal slices were placed onto membranes of Millicell-CM
culture inserts (Millipore) and infected with Camk2a promoter—driven Lhx2-
IRES-mCherry or mock (control)-IRES-mCherry expression lentivirus (approxi-
mately 1010 PEU ml-! titer) into three loci of the dentate molecular layer using
a micromanipulator. Nutrition medium was composed of 25% heat-inactivated
horse serum, 25% HanKs balanced salt solution, and 50% MEM. The medium was
changed every 2 d. After 5 DIV, the cultured slice was fixed with 4% paraformal-
dehyde, 4% sucrose and 0.02% Triton X-100 in PBS for 3 h, then permeabilized
with PBS, and 0.1% Triton X-100 for 30 min. The sliced section was further
immunostained.

Retinal explant culture and AAV infection. The PO eyes were enucleated, and
the choroid, sclera and cornea were removed. The eyecups (retinas with lens
and vitreous) were incubated with fresh DMEM/F12 media containing AAV5
(approximately 1 x 10'2 particles per ml titer), which bicistronically expresses
shControl or shLhx2 driven by the U6 promoter and mCherry driven by the CMV
promoter (U6-shControl-CMV-mCherry or U6-shLhx2- CMV-mCherry) for 1 h
at 25 °C. The lens and vitreous were removed, and the retinas were explanted
with the photoreceptor side up. After a 30-min incubation, 5 pl of AAVS5
vector (approximately 1 x 10'2 particles) was dropped to cover the surface of
the explants. The explants cultured for 5 d were immunostained with an antibody
to S-opsin.

Statistical analysis. Statistical comparison of datasets were performed with
Student’s t-test. For multiple comparison, we performed one-way ANOVA with
Tukey-Kramer test or Kruskal-Wallis non-parametric ANOVA with Steel-Dwass
multiple comparison test. Complete statistical information is described in the
Supplementary Statistical Analysis.

47. Sanuki, R., Omori, Y., Koike, C., Sato, S. & Furukawa, T. Panky, a novel photoreceptor-
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NATURE NEUROSCIENCE

doi:10.1038/nn.2897



CHANGES IN AREAS OF CAPILLARY
NONPERFUSION AFTER INTRAVITREAL
INJECTION OF BEVACIZUMAB IN EYES
WITH BRANCH RETINAL

VEIN OCCLUSION

TAKAYUKI TERUIL, MD,* MINEO KONDO, MD, PuD,* TADASU SUGITA, MD, PuD,*
YASUKI ITO, MD, PuD,* NAGAKO KONDO, MD, PuD,t ICHIRO OTA, MD, PuD,}
KENSAKU MIYAKE, MD, PuD,T HIROKO TERASAKI, MD, PuD*

Purpose: To study the effect of an intravitreal bevacizumab (IVB) on the retinal ischemia
in eyes with a branch retinal vein occlusion.
Methods: Fluorescein angiography was performed before and 1 month after the IVB

(1.25 mg/0.05 mL) in 58 consecutive eyes of 58 patients with macular edema secondary to
a branch retinal vein occlusion. The area of capillary nonperfusion was measured on an
early-phase fluorescein angiography image by an area measurement program, and the
area was expressed relative to the optic disk area (DA). A blockage of the fluorescence by
the retinal hemorrhage was distinguished from nonperfusion by comparisons with retinal
photographs.

Results: Thirty-seven of 58 eyes did not have any capillary nonperfusion before the IVB,
and capillary nonperfusion developed in 3 of these 37 eyes 1 month after the IVB. The area
of nonperfusion in these 3 eyes was 0.13, 0.47, and 0.60 DA. Twenty-one of the 58 eyes had
capillary nonperfusion before the IVB, and the mean (+SD) area of nonperfusion was
3.45 *+ 4.66 DA before the IVB and 3.45 = 5.19 DA 1 month after the IVB. This change was
not significant (P = 0.36). An increase in the area of capillary nonperfusion of >1.0 DA after

the IVB was seen in only 1 of all 58 eyes.

Conclusion: These results suggest that the incidence of a significant increase in the area
of capillary nonperfusion (>1 DA) during the 1 month after the IVB is very low in eyes with

branch retinal vein occlusion.
RETINA 31:1068-1074, 2011

Vascular endothelial growth factor (VEGF) is one
of the most important molecules in the patho-
genesis of abnormal vessel permeability and growth in
the eye.'® Increased VEGF levels have been reported in
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eyes with various retinal diseases, including diabetic
retinopathy,”™! retinopathy of prematurity,'>* retinal
vein occlusion,'”™” and exudative age-related macular
degeneration.'®" Recently, several anti-VEGF agents
have become available for intraocular use, and the use of
these agents has revolutionized the treatment of these
retinal diseases.”?' Of all these intravitreal anti-VEGF
agents, bevacizumab (Avastin, Roche Pharma, Reinach,
Switzerland), a full-length humanized monoclonal
antibody of VEGF, is one of the most widely used drugs.

Although clinical trials and case reports have proven
the clinical usefulness of intravitreal anti-VEGF
agents in various retinal diseases,”**’ there are several
unsolved issues. One of the major controversies is
whether this treatment would increase retinal ischemia
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because the systemic use of bevacizumab is known to
increase the risk of thromboembolic events, including
strokes.?® Although there are several studies that
reported that intravitreal bevacizumab (IVB) did not
exacerbate retinal ischemia,”*' some recent clinical
and experimental studies suggested that IVB may
worsen ischemic changes in normal and diseased
retinas.**’

A search of PubMed did not extract any studies that
measured the area of capillary nonperfusion before
and after the IVB therapy in patients with branch
retinal vein occlusion (BRVO). We hypothesized that
if the IVB worsened the retinal ischemia in BRVO,
then the area of capillary nonperfusion would increase
within a relatively short period. Thus, the purpose of this
study was to compare the area of capillary nonperfusion
quantitatively before and 1 month after the IVB in eyes
with macular edema secondary to BRVO.

Subjects and Methods

Subjects

To study the effect of IVB on the retinal ischemia in
eyes with a BRVO, fluorescein angiography (FA) was
performed before and 1 month after the IVB for all
patients with BRVO who received IVB therapy at the
Miyake Eye Hospital from October 2006 to November
2009. We reviewed all the FA results. The eyes that
~ had undergone other treatments, that is, vitrectomy,
laser treatments, or other drug injections, before the
IVB were excluded. In the end, the FA results of 58
eyes from 58 patients were studied.

The procedures used conformed to the tenets of the
Declaration of Helsinki of the World Medical
Association. An informed consent had been obtained
from each of the patients after they were provided
sufficient information in both oral and written forms
on the procedures to be used. Information on off-label
use of bevacizumab was also given to all subjects.

Bevacizumab Injections

The IVB was performed in an operating room under
sterile conditions. The eyes were anesthetized with 1%
tetracaine eyedrops, and the fornices of the eyes were
irrigated with 10% povidone—iodine. Each patient
received an intravitreal injection of 1.25 mg/0.05 mL
of bevacizumab using a 30-gauge needle inserted
3.5 mm from the limbus. The patient’s light perception
was confirmed immediately after the injection.
Antibiotic drops were given for 3 days after the
injection.

Fluorescein Angiography and Measurement of
Capillary Nonperfusion Area

Fluorescein angiograms were recorded using a high-
resolution digital fundus camera (TRC-50DX; Topcon
Corporation, Tokyo, Japan) before and 1 month after
the initial IVB. A series of digital images was taken
after the rapid intravenous injection of 5 mL of a 10%
solution of fluorescein. The fundus image subtended
an angle of 60° (diameter), and the optical resolution
of the digital image was 2144 X 1424 pixels for fundus
photograph and 1392 X 1040 pixels for FA. One digital
image in the early phase of the macular area with the
fovea located at the center was used for the analyses.

Capillary nonperfusion in the peripheral retina, that
is, outside the central image, was not analyzed because
it was difficult to measure the exact area of peripheral
nonperfusion with this system. The area of capillary
nonperfusion was measured using the area measure-
ment program of a high-resolution digital system
(IMAGEnet 1024 System; Topcon Corporation;
Figure 1). The area of capillary nonperfusion was
defined as the area where a dropout of the retinal
capillary bed was detected in the FA image.®® A
blockage of the fluorescence by the retinal hemorrhage
was distinguished from the nonperfusion by comparing
the FA image with retinal photographs. The measure-
ments were performed by a retina specialist (T.T.).

Visual Acuity and Foveal Thickness

The best-corrected visual acuity was measured by
a standard Japanese decimal visual acuity chart at 5 m.
The decimal values were converted to the logarithm of
the minimum angle of resolution (logMAR) units for
statistical analyses.

The foveal thickness was determined by the optical
coherence tomography (Stratus model 3000; Carl
Zeiss Meditec, Dublin, CA) with software version
4.0.1. After the patients’ pupils were fully dilated with
0.5% tropicamide and 0.5% phenylephrine (Mydrin-P,
Santen Co, Osaka, Japan), vertical and horizontal
scans of 6 mm length were imaged through the fixation
point. The average foveal thickness of the vertical and
horizontal scans was defined as the foveal thickness.
We used this manual method to measure the foveal
thickness***® because it has been reported that the
automatic measurement of the macular thickness often
fails to identify the outer border of the neural retina.*’

Statistical Analyses

The significance of the differences in the logMAR
visual acuity, foveal thickness, and the area of
capillary nonperfusion between before and 1 month
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. 1.49 DA

Fig. 1. Measurement of capillary nonperfusion area in a retina with BRVO. Fundus photograph (A) and FAs (B and C) are shown. The area of capillary
nonperfusion is outlined by the use of the area measurement program of a high-resolution digital system. Blocked fluorescence lesions because of
retinal hemorrhages were distinguished from nonperfusion by comparing the FA and fundus images. The area of nonperfusion is expressed relative to

the DA.

after the IVB was analyzed by nonparametric Wilcoxon
signed rank tests. The SPSS version 17.0J for Windows
(SPSS, Inc, Chicago, IL) was used for statistical
analyses. A P value of <<0.05 was considered significant.

Results

Clinical Characteristics of Patients

The clinical characteristics of the 58 patients (25
men and 33 women) are summarized in Table 1. The
mean age of the patients was 66.2 years (range, 41-89
years). Twenty-eight patients had systemic hyperten-
sion, 3 patients had diabetes mellitus without diabetic
retinopathy, and 5 patients had hypercholesterolemia.
The mean duration of the ocular symptoms before
treatment was 11.0 weeks (range, 2-59 weeks).

Table 1. Baseline Clinical Characteristics of 58 Patients
with Macular Edema Secondary to BRVO

Age, mean * SD (range),
years

Sex
Male/female 25/33

Period from the symptom 11.0 = 10.1 (2 to 59)
onset to treatment,
mean *= SD (range),

66.2 + 9.9 (41 to 89)

weeks

Systemic diseases
Hypertension 28
Diabetes mellitus 3
Hypercholesterolemia 5

Visual acuity, mean = SD
(range), logMAR

Foveal thickness,
mean + SD
(range), um

0.56 + 0.43 (—0.08 to 1.70)

565 + 288 (155 to 1,641)

Thirty-six eyes (62.1%) had the initial IVB within
12 weeks after the onset of the symptoms.

Visual Acuity and Foveal Thickness

The mean (£SD) baseline visual acuity was 0.56 *
0.43 logMAR units (20/69, Snellen equivalent), which
significantly improved to 0.34 = 0.37 logMAR units
(20/43, Snellen equivalent) at 1 month after the IVB
(P > 0.0001). Twenty-five of 58 eyes (43.1%) showed
an improvement in visual acuity of =0.2 logMAR
units. In contrast, only 1 eye (1.7%) showed a decrease
in visual acuity of =0.2 logMAR units.

The mean baseline foveal thickness was
565 = 288 um, which significantly reduced to
256 * 140 pwm at 1 month after the treatment (P <
0.0001). Forty-five eyes (77.6%) showed a decrease of
=30% in foveal thickness. Only 1 eye (1.7%) showed
an increase of =30% in foveal thickness at 1 month
after the treatment.

Changes in Area of Capillary Nonperfusion

Thirty-seven of 58 eyes did not have any capillary
nonperfusion before the IVB, but new nonperfusion
areas developed in 3 of these 37 eyes 1 month after the
IVB. The area of nonperfusion for these 3 eyes was
0.13, 0.47, and 0.60 disk area (DA), respectively. None
of these 37 eyes had an area of nonperfusion of >1.0
DA 1 month after the IVB.

Twenty-one of the 58 eyes had an area of capillary
nonperfusion before the IVB, and the mean (£SD)
area of nonperfusion was 3.45 £ 4.66 DA. One month
after the IVB, the mean area of nonperfusion was
3.45 = 5.19 DA. This difference was not statistically
significant (P = 0.36). Four of these 21 eyes showed
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a decrease in the area of capillary nonperfusion
of >1.0 DA 1 month after the IVB (Patients 3, 13, 26,
and 47, blue lines, Figure 2). However, only 1 eye
showed an increase in the area of capillary non-
perfusion of >1.0 DA 1 month after the IVB (Patient
23, red line, Figure 2).

Fundus photographs and FAs before and 1 month
after IVB for 2 eyes are shown in Figures 3 and 4. The
results from 1 eye of a 61-year-old man (Patient 47) in
whom the area of capillary nonperfusion decreased
from 12.49 DA to 9.52 DA 1 month after the IVB are
shown in Figure 3. The best-corrected visual acuity
before the IVB was 0.5 logMAR and improved to
0.7 logMAR 1 month after the IVB. In contrast, the
results of 1 eye of a 62-year-old woman (Patient 23) in
whom multiple soft exudates appeared in the fundus
photograph and the area of capillary nonperfusion
increased from 3.01 DA to 18.00 DA 1 month after the
IVB are shown in Figure 4. The best-corrected visual
acuity before the IVB was 0.8 logMAR and improved
to 1.0 logMAR 1 month after the IVB.

Discussion

Our results demonstrated that the incidence of an
increase in the area of capillary nonperfusion of >1.0
DA 1 month after the IVB therapy was very low in
only 1 of 58 eyes (1.7%) in patients with macular
edema secondary to BRVO. In addition, the difference
in the area of nonperfusion before and 1 month after
the IVB for 21 eyes that had nonperfusion before the

P=10.36
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Fig. 2. Scatter plot for the area of capillary nonperfusion before and
1 month after IVB in patients with BRVO. Results from 21 patients who
had capillary nonperfusion before the IVB are shown. There was no
significant difference before and after the IVB in the area of non-
perfusion (P = 0.36). Red line shows 1 eye whose nonperfusion area
increased >1.0 DA after the IVB. Blue lines show 4 eyes whose
nonperfusion area decreased >1.0 DA after the IVB.

treatment was not statistically significant (P = 0.36).
These results suggest that a single IVB injection does
not worsen the retinal ischemia in eyes with BRVO.

Only 1 eye (Patient 23) showed a significant
increase in the area of nonperfusion, namely, from
3.01 DA to 18.0 DA. This eye also developed multiple
cotton wool spots (Figure 4), indicating a progression
of retinal ischemia during the 1 month after the IVB
therapy. However, it is uncertain whether these isch-
emic changes were truly related to the IVB. The
patient was a 62-year-old woman with hypertension
who had received the IVB very early after the onset of
symptoms (2 weeks). It is known that the eyes with the
nonischemic type of retinal vein occlusion often convert
to ischemic type within 6 months after the onset.*>*

Three articles have been recently published that
support our results.”> ! Prager et al*® followed 29 eyes
with retinal vein occlusion after the IVB therapy, and
while they did not measure the nonperfusion area
quantitatively, they stated that there was no pro-
gression of the nonperfusion area in the FA images for
all eyes. Kook et al** measured the degree of macular
ischemia, that is, the diameter of the foveal avascular
zone, before and after IVB therapy in 126 patients
with chronic diabetic macular edema and reported that
there was no significant change in the degree of
macular ischemia. In addition, Neubauer et al®!
performed semiquantitative measurements of the
nonperfused retina using an ultra wide-field scanning
laser ophthalmoscope before and 1 month after IVB in
19 eyes with diabetic retinopathy. They found that the
mean area of the peripheral ischemia decreased
significantly 1 month after the IVB therapy. They
suggested that IVB therapy may improve the
peripheral retinal ischemia in the short term.

Contrary to these reports, other authors suggested
that the IVB therapy may worsen retinal ischemia.
Papadopoulou et al*” reported that the diameter of the
retinal arterioles significantly decreased after an intra-
vitreal injection of ranibizumab (Lucentis, Novartis
Pharma, Basel, Switzerland), a high-affinity, human-
ized, recombinant, antigen-binding fragment in patients
with age-related macular degeneration. They suggested
that intravitreal anti-VEGF agents may cause retinal
circulatory disturbances. Although they reported a de-
crease in the vessel diameter after the injection of anti-
VEGF agents, they did not show any progression of
retinal ischemia associated with vasoconstriction by
ranibizumab.

Ameri et al*® evaluated the effects of IVB in a rabbit
retinal neovascularization model produced by an
intravitreal injection of VEGF. They observed the
development of severe capillary nonperfusion in 4 of 5
rabbits in which the bevacizumab was injected 1 week
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Fig. 3. Fundus photographs and FAs before and 1 month after the IVB in a patient with BRVO (Patient 47, 61-year-old man). The results of the

measure of capillary nonperfusion are shown in the right column. The area of nonperfusion decreased from 12.49 DA to 9.52 DA after the IVB.

after the VEGF injection. Based on these results, they
suggested that a sudden drop in the VEGF concen-
tration may be responsible for the closure of the
normal capillaries. The incidence of severe pro-
gression of capillary nonperfusion after the IVB was
higher in their animals (80%) than that of our study
(1.7%). This difference may be because of the
difference in the species and/or degree of retinal
ischemic condition before the IVB. When compared
with the human BRVO retina, the retina of rabbit
neovascularization model shows more severe ischemic
changes in which the neovascular membrane develops
within 1 week.

There have been recent case reports that showed rapid
ischemic changes,***> multiple retinal hemorrhages,*
and retinal artery occlusion®” after the IVB therapy. Kim
et al** reported a case of nonischemic central retinal vein
occlusion, which transformed to severe ischemic central
retinal vein occlusion 3 weeks after IVB. However, it is
questionable whether these rapid ischemic changes are
related to the IVB because such changes can occur even
during the natural course of retinal vein occlusion.
Hayreh et al*? reported that the incidence of conversion

of nonischemic to ischemic central retinal vein occlusion
within 6 months was 13.2% in patients aged =65 years.

There are four limitations in this study. The first
limitation was the lack of control subjects. Without the
control subjects, we cannot conclude whether the
incidence of severe ischemic changes seen after IVB
(1.7%) was really because of the blockage of VEGF or
spontaneous changes during the natural course of
BRVO. The second limitation was the difficulty in
identifying the exact area of capillary nonperfusion for
some patients with BRVO. We did not set any
observational period before the IVB therapy and
started the IVB at a relatively early stage, a mean
period from the onset to the injection of 11.1 weeks.
At this early stage of BRVO, the extensive blockage
because of the retinal hemorrhage often makes the
exact measurement of the nonperfused retinal area
difficult. The third limitation was that we could not
measure the area of peripheral nonperfused retina
exactly using our standard fundus camera system. The
recently developed ultra wide-field scanning laser
ophthalmoscopy combined with a digital area mea-
surement program may be useful in measuring the area
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Fig. 4. Fundus photographs and FAs before and 1 month after the IVB in a pa

SN

tient with BRVO (Patient 23, 62-year-old woman). The results of the

measure of capillary nonperfusion are shown in the right column. The area of nonperfusion increased from 3.01 DA to 18.00 DA after the IVB, and

multiple cotton wool spots developed in the fundus photograph.

of all nonperfused retinas explicitly. The fourth
limitation was the small sample size. While the
number of eyes treated in this study may be sufficient
to rule out a large risk, a much larger sample size
would be necessary to rule out a smaller risk or an
infrequent complication.

In conclusion, our results demonstrated that the
incidence of a significant increase (>1.0 DA) in the area
of capillary nonperfusion within 1 month after the IVB
was very low (1.7%) in our 58 eyes with BRVO.
Furthermore, randomized controlled trials and longer
follow-up are needed to clarify whether the IVB therapy
exacerbates the retinal ischemia.

Key words: branch retinal vein occlusion, bevaci-
zumab, vascular endothelial growth factor, capillary
nonperfusion, ischemia.
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An Experimental Study of Retinal Endovascular Surgery
with a Microfabricated Needle

Kazuaki Kadonosono," Akira Arakawa,' Shin Yamane," Eiichi Uchio,?

and Yasuo Yanagi,’

Purroske. To study the feasibility of performing retinal endovas-
cular surgery with a microfabricated needle-based cannulation
system at the level of the retinal microvasculature.

METHODS. A total of 40 retinal vein vessels, and 40 porcine eyes
were used, and the eyecups were prepared under an operating
microscope. Twenty retinal veins each were pierced with a
microfabricated needle having an outer diameter of 50 um and
with a micropipette having an outer diameter of 50 um, re-
spectively, and each vessel that was successfully pierced was
injected with a solution. The piercing success rates and injec-
tion success rates were calculated, and a histologic examina-
tion_of the site was performed in each eye.

Resurts. Piercing and injection with the microneedle were
successful in all 20 eyes (100%). Histologic examination
showed that the retinal vasculature was well preserved in all
eyes in which piercing had been performed with the mi-
croneedle. Piercing with the micropipette, on the other hand,
was successful in only 8 eyes (40%), and injection with the
micropipette was successful in only 5 eyes (25%). The tip of
the micropipette broke in 12 vessels during piercing and in 3
vessels during injection.

Concrusions. The feasibility of performing microvascular
piercing and intravascular injection of retinal veins with a
microneedle was demonstrated in porcine eyes. It may be
possible to administer solutions into retinal vessels more
effectively with a microfabricated needle, and that may
contribute to improving retinal endovascular surgery in hu-
man eyes. (Invest Ophthalmol Vis Sci. 2011;52:5790-5793)
DOI:10.1167/i0vs. 11-7327

ecause retinal vascular occlusions may be initiated by en-

dovascular pathophysiologic mechanisms,’? endovascular
surgery has been considered as a potential treatment. How-
ever, despite several earlier intensive experimental and clinical
studies, this surgical approach has never become completely
established.>"!! Retinal vein cannulation is one of the surgical
procedures that are performed on the retinal vasculature.!?1?
It involves puncture, injection, and cannulation, and has been
performed in studies on both animal and human eyes. How-
ever, several problems related to the surgical technique remain
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in retinal endovascular surgery, and as a result it is still chal-
lenging and has never been evaluated as useful clinjcally.' 19

Glass micropipettes have been produced with very fine tips
and diameters that enabled them to be used for such applica-
tions as pressure injection, ion sensing, and microvascular
puncture.?® Glass micropipettes are so sharp that they easily
pierce the retinal microvasculature, and thus have been con-
sidered the most suitable surgical tools for retinal endovascular
surgery.>™'? However, micropipettes have the disadvantage of
being so frangible and delicate that it is difficult to maneuver
them during cannulation procedures on retinal vessels.

In recent years, microneedles have been fabricated by le-
veraging tools from the microelectronics industry, and they
have been assessed as devices to facilitate administration de-
livery.?'~** Because fabricated microneedles may be sharp and
rigid enough to serve as tools for microvascular surgery, we
compared the performance of microneedles and conventional
micropipettes as a means of cannulating and injection of retinal
veins in porcine eyes.

MATERIALS AND METHODS

Porcine Eyes

More than 40 porcine eyes were prepared for use in this study. The
eyes were dclivered fresh, and they were used within 24 hours of
enucleation. All maneuvers were performed on the eyecup in room air.
The anterior segment was excised by circumferential incision at the
level of the pars plana. The vitreous was removed by the en bloc method,
which exerts minimal traction on the retinal surface. The vitreous base was
gently massaged with a dry coron-tipped applicator until it separated from
the vitreous base, making it possible to remove and roll the vitreous out of the
eye en bloc with the applicator. The residual fluid on the retinal surface was
aspirated with a blunt 30-gauge canmula. All procedures were approved by the
institutional animal care and use commitiee of Yokohama City Univer-
sity Medical Center and complied with the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research.

Preparation of the Microneedles

An application-independent optimal design for the microneedle was
prepared. The microfabricated needles were manufactured to be an-
gled and jointed with an angled 23-gauge steel pipe (Medical Planning
Laboratory Ltd., Tochigi, Japan) (Figs. 1 and 2). In general, needles
having a smaller diameter made of stainless steel are sharper and can
withstand higher pressure without fracturing or buckling. On the other
hand, the flow rate through microneedles declines as their diameter
decreases, and the pressure increases. With this in mind, the outer
micrometer size domain of the microneedle was designed to be 40 to
50 pm, because the diameter of first-order retinal veins in human eyes
is approximately 100 pm.?*

Also, because needles with a steep angled cutting plane at the tip,
whose angle from the axis of the needle shaft is greater than 60°, are
sharper and capable of piercing the microvasculature more smoothly,
the cutting plane of the needle was designed to have a 30° angle, i.e.,
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Figure 1. Photograph of a microfabricated needle and a micropipette. Left: The micropipeite. Glass
tubes 26 mm in length having an outer diameter of 50 pm and a 30° angle tip were designed to be attached
10 a 23-gauge cannular Right: The microfabricated needle. The microneedle was manufactured with a
curved shaft attached to a 23-gauge holder. The outer micrometer size domain of the microneedie was
designed to be 50 um, and the length of the front of the needle was designed to be 1.5 mm.

60° angle from the axis of the needle shaft (Fig. 3). Shorter needles of
the same diameter and material can withstand higher pressures with-
out fracturing or buckling. Lower microneedle height allows cannula-
ton of smaller needle diameters without inducing buckling. A smaller
“ tip diameter results in a much higher ratio of fracture force to insertion
force into the microvasculature. Accordingly, the front of the mi-
croneedle was designed to be 1.5 mm long and to be connected to a

23-gauge needle. A photograph of the microneedle is shown in Figures

1 and 2.

Preparation of the Micropipettes

Micropipeties were prepared and manufactured from unsharpened
standard glass pipettes (Primetech Laboratory Ltd, Ibaragi, Japan).
Glass tubes 26 mm in length having an outer diameter of 50 um with
a 30° angle tip were designed to be attached to a 23-gauge cannula
(Figs. 1 and 2).

Piercing and Injection

Retinal veins were punctured at a site near the optic nerve head where
the diameter of the vein was maximal and the vein was tightly tethered
to the optic nerve head. The vein was injected with balanced saline
solution (BSS) at high pressure of approximately 50 mm Hg created
with a viscous-fluid control machine (Accurus, Alcon, TX), and retro-
grade blood flow was considered evidence of successful injection of
the solution. The flow rate and the inside diameter in the micropipette
were approximately 0.077 mL per second and 30 upm, respectively,
while those of the microneedle were approximately 0.083 mlL per
second and 35 um, respectively. The duration of the injection was
three minutes. These procedures were performed manually and the
instruments were held with the hands, and there was no significant
movement or distortion of the vessels during the procedures. The

success rate of piercing and injection with each instrument was eval-
uated in all procedures, and a hiStologic examination was performed
on all eyes. After successful piercing and injection of the retinal vein,
the specimen was preserved and. photographed, and the site of the
piercing was identified under a microscope. The specimen was then
embedded in paraffin, and every section up to a distance of 500 um
from the site of the piercing was mounted. Serial sections were exam-
ined to determine the integrity of the retinal vasculature after the
piercing.

REesuLTs

Piercing and injection were performed with micropipettes and
microneedles on a retinal veins in 20 porcine eves each, and a
total of 40 retinal veins in 40 porcine eyes were used (Table 1).

All attempts to pierce the retinal vein with a microneedle
were successful. The resistance of the retinal vein to piercing
was low, and no microneedles broke as a result of uninten-
tional tremors or movements of the microneedies. After the
vein had been pierced,a BSS injection was performed (Fig. 4).
Blood flow was clearly observed in all 20 eyes. The success
rates of both piercing and injection with the microneedle
procedure were 100%.

On the other hand, piercing the retinal vein near the optic

‘nerve with 8 micropipettes was attempted, and then BSS was

injected after the piercing procedure in all 8 eyes in which
piercing was attempted (Fig. 4). The other 12 micropipettes
broke near their tip during the piercing procedure. Thus, the
piercing procedure and the injection procedure were both
successful with only 5 micropipettes. No blood flow at all was
seen or it stopped during the injection in 3 eyes because the

FIGURE 2." “Magnified photograph of the tip of the micropipette (lefty and the microfabricated needie
(right).



