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Figure 3 In vitro tranfection efficiency and cytofoxicily to Hela celis. a, The
effect of fluence on the transfection efficiency (bars) and photocytotoxicity (dots) of
the pDNA/CP, and pDNA/CP,/BPc complexes. Photoirradiation was performed 6 h
after incubation with each complex, followed by 48 h post-incubation in a fresh
medium. The hc represents hydroxychloroquine. b, The effect of fluence on the
transfection efficiency (bars) and photocytotoxicity (dots) of the pDNA/CP, complex
with different concentrations of AIPcS,,. The same experimental conditions as a
were applied. ¢, The transfection efficiency (bars) and photocytotoxicity (dots) when
Hela cells were irradiated 6 h after incubation with each complex at 3.6 J cm~2,
followed by 48 h post-incubation without medium replacement. Results are
expressed as mean3:s.d. (n==4). The unpaired t-test was used for statistical
analysis, and significant changes in the celi viability {treated to untreated) and the
transfection efficiency (photoirradiated to non-photoirradiated) are indicated by
asterisks * and **, respectively.
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PCI is a smart concept, which allows the cytoplasmic
delivery of macromolecular compounds in a light-inducible
manner. In previous studies, it was demonstrated that AIPcS,,
and TPPS;, (meso-tetraphenylporphine with two sulphonate
groups on adjacent phenyl rings) were effective in PCI-mediated
delivery®™", It is assumed that a hydrophobic moiety in these
dissymmetric compounds may provide preferable interaction with
cell membranes, whereas they are internalized by endocytosis
because of high water solubility. However, such an amphiphilic
nature of the compounds should generate interaction with the
plasma membrane to some extent, possibly photodamaging the
plasma membrane. Meanwhile, such amphiphilic photosensitizers
may relocalize to some cytoplasmic organelles such as mitochondria
and endoplasmic reticulum during the photoirradiation'"”?. It
is known that the plasma membrane and some cytoplasmic
organelles might be susceptible to the photocytotoxicity''. These
effects may be a major cause of the photocytotoxicity of AlPcS,,
and TPPS,,. These compounds are still useful in PCI; however,
reduced photocytotoxicity might be desired in before considering
further applications of this technology. We assume that the selective
photodamage of the endosomal membrane is a key to reduced
photocytotoxicity in PCI, motivating us to develop different gene
carriers based on the PCI concept.

To design gene carriers based on the PCI concept, the
following points should be considered. (i) For in vivo applications,
the photosensitizing units should be integrated into gene
carriers as one component, because separate administration of
photosensitizers might result in their diffused localization to
the surrounding tissues, which may decrease the efficiency in
the PCl-mediated gene delivery and cause the phototoxicity to
the surrounding tissues. (ii) Following internalization by the
endocytosis, the photosensitizers should be released from gene
carriers, otherwise, pDNA could be photochemically inactivated
on photoirradiation. (iii) The photosensitizers should have
increased affinity for cell membranes under endosomal conditions
to accomplish the photochemical rupture of the endosomal
membrane. In the ternary complex system, it was suggested that
DPc may be released from the ternary complex to interact with
the endosomal membrane (Fig. 2b), with the ternary complex
being formed electrostatically under physiological pH conditions
(Table 1), satisfying the aforementioned points for effective PCI-
mediated gene delivery (Fig. 5).

In in vitro experiments, both the ternary complex and the PCI
using AlPcS,, showed reduced cell viability as the fluence increased,
and the degree of the cytotoxicity depended on the cell lines
(Fig. 3a,b, and see Supplementary Information, Figs S1 and S2).
Indeed, the PCI conditions have been optimized depending on each
cell line®"°. However, in this study, a comparison under the same
experimental conditions revealed that the ternary complex showed
a wider range of safe light doses, in which remarkable enhancement
of the transfection was accomplished without reduced cell viability,
irrespective of cell lines and incubation time (Fig. 3a and see
Supplementary Information, Fig. S2). These results may be due
to control of the initial steps in the PCI and highly selective
photodamage to the endosomal membrane as described above. We
believe that such an expanded range of safe light dose might have
resulted in our success in the PCI-mediated gene delivery in vivo.

The reduced photocytotoxicity of the ternary complexes might
be one of the most important achievements in this study.
Because of the pH-dependent membrane binding ability of DPc
(Fig. 2b), the photocytotoxicity appears to be reduced when DPc
is relocated from the acidic endocytic vesicles into the cytosol. A
cytosolic localization of DPc may not be expected to cause the
phototoxicity owing to low stability of singlet oxygen in aqueous
media. Alternatively, it appears that DPc may undergo slower
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a) Laser irradiation h|

Cornea

Conjunctiva

I

Subconjunctival injection
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/ total eyes
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Figure 4 Transfection to the conjunctival tissue to rat eyes. a, The scheme for /in vivo transfection. Rats were given a subconjunctival injection (cotoured in light blue) of

each complex containing 15 ug pDNA encoding a variant of a yellow fluorescent protein (Venus). At 2 h post-injection, a part of the conjunctiva (red circle) was irradiated with
a light of 689 nm. b,¢, Fluorescent images of the Venus expression in the rat eye at 2, 5 and 7 days after the photochemical transfection using the 1:2:1 ternary complex. The
fluorescent-positive eyes/total eyes are indicated below the images. d, A fiuorescent image of the Venus expression in the frozen section of the conjunctival tissue. The image
was taken 2 days after the photochemical transfection using the pDNA/CP,/DPc 1:2:1 ternary complex. The cell nuclei were stained in blue. e, A magnified image of the white

square in the above fluorescent image.

diffusion in the cytosol because of its larger size compared with  cytoplasmic organelles. However, these assumptions remain to

AlPcS,, and have a reduced chance of relocalizing in susceptible  be clarified.
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Figure 5 A scheme for ifinerary of the ternary complex to the iransgene
expression. The ternary complex was designed to control the initial steps (that is,
internalization by the endocytosis and photodamage of the endosomal membrane to
release the polyplex to the cytoplasm) in the PCl-mediated gene delivery.

In the ternary complex system, there is still room for
optimization of each component. For example, the polyplex-
forming polycations can be optimized, because a variety of
polycations can be used for the formation of the ternary complex.
Indeed, the ternary complex was formed from poly(L-lysine)
at a charge ratio of 1:2:2 (see Supplementary Information,
Table S1), and the pDNA/poly(L-lysine)/DPc ternary complex
showed approximately 15-fold photochemical enhancement of
the transfection with a 50% decrease in the cell viability (see
Supplementary Information, Fig. S3). This result suggests that the
polyplex-forming polycations significantly affect the transfection
efficiency and cytotoxicity, highlighting the importance of
optimization of the polycations. In the present study, the CP,
peptide, of which the nuclear localization and the effective gene
transfection following the translocation into the cytoplasm were
demonstrated in the previous study', was used to prepare the
ternary complex, and we successfully obtained the PCI-mediated
gene transfection in vitro and in vivo. Further optimization of the
polycations is our future interest, and the studies in this direction
will be reported elsewhere.

This system can be potentially useful for the gene therapy of
ophthalmic diseases*. The molecular design could be expanded to
a systemically targeted gene carrier for the treatment of various
diseases, including solid tumours. Spatial control of transgene
expression in the body will ensure the effectiveness and safety of
in vivo gene therapy.

METHODS
POLYMER SYNTHESIS AND CHARACTERIZATION

Synthesis of ionic DPc (Fig. 1a) was performed according to the method
reported in ref. 25. The detailed synthetic procedure is described in
Supplementary Information. The absorption spectra revealed that DPc shows B
band absorption at 350 nm and strong Q band absorption at 685 nm.

A cationic peptide C(YGRKKRRQRRRG), (CP;) was synthesized by the
Peptide Institute (Osaka, Japan). The CP, peptide was prepared by oxidation of
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the CP; peptide in 10 mM of Tris—HCl buffer (pH 7.4) over 14 days. PAA
homopolymer (DP: 26; weight-averaged/number-averaged molecular mass
(M, /M,), 1.2) was synthesized as reported in ref. 26.

PLASMID DNA

A plasmid DNA, pCAcc+ Luc, containing a firefly luciferase cDNA driven by a
CAG promoter? was provided by RIKEN Bioresource Centre (Tsukuba,
Japan). Also, a fragment cDNA of SEYFP-F46L (Venus), which is a variant of a
yellow fluorescent protein with the mutation F46L*, was provided by

Dr Miyawaki of the Brain Science Institute, RIKEN (Wako, Japan), and inserted
into the pCAcc vector (pCAcc+ Venus). Each plasmid DNA (pDNA) was
amplified in competent DH5a Escherichia coli and purified by a HiSpeed
Plasmid Maxi Kit (Qiagen, Germany). pCAcc+Luc was used for in vitro studies,
whereas i1 vivo transfection was performed using pCAcc + Venus.

PBEPARATION OF THE TERNARY. COMPLEX

The pDNA/CP, polyplex was prepared by mixing pDNA and CP, peptide in

10 mM of Tris—HCl buffer (pH 7.4) at an N/P ratio of 2 (pDNA concentration,
100 pg ml™"). At 30 min after incubation at ambient temperature, the
pDNA/CP, polyplex solution was mixed with the DPc solution with varying
charge molar ratios of pDNA/CP,/DPc, followed by an extra 30-min
incubation at ambient temperature to obtain the pDNA/CP,/DPc ternary
complex. The ternary complexes with varying ratios of DPc were characterized
by a gel retardation assay.

CHARACTERIZATION OF THE TERNABY COMPLEX

The size and polydispersity were evaluated by dynamic light scattering
measurement using a DLS-7000 instrument (Otsuka Electronics, Osaka, Japan)
equipped with an Ar ion laser (488 nm). The {-potential was measured by a
laser-Doppler electrophoresis ELS-6000 instrument (Otsuka Electronics)
equipped with a He-Ne ion laser (633 nm). AFM imaging was performed in a
tapping mode with a standard silicon probe 160 pm in length using an NVB
100 microscope (Olympus, Tokyo, Japan) operated by Nanoscope Illa software
(Digital Instruments, Santa Barbara; California). Detailed experimental
conditions are described in Supplementary Information.

OCTANOL/WATER PARTITIONING

The experimental procedure is described in Supplementary Information.

FLOW CYTOMETRY ANA!YSIS AND CONFOCAL MICROSCOPIC ORSERVATION

The amount of uptake of each polyplex containing pDNA labelled with
fluorescein by HeLa cells was analysed by flow cytometry. The detailed
experimental conditions are described in Supplementary Information.
Confocal observation of FITC-labelled dextran (M,,: 10,000-15,000)
co-incubated with the 1:2:1 ternary complex in HeLa cells before and after
photoirradiation was performed using LSM510 (Carl Zeiss, Jena, Germany).
Detailed experimental conditions are provided in Supplementary Information.

N VITRO TRANSFECTION STUDY

HelLa cells (10,000 cells) on a 24-well culture plate were incubated with each
polyplex containing 1 pg pDNA in 0.5 ml of DMEM containing 10% FBS,
followed by 6- or 24-h incubation and fresh medium replacement. The culture
plates were photoirradiated using a 300-W halogen lamp (fluence rate,

3.0 mW cm™2) equipped with a band-pass filter (400-700 nm) with increased
fluence (0.9-3.6 ] cm™2). After 48 h post-incubation, the transfection efficiency
was evaluated by the Luciferase Assay System (Promega, Madison, Wisconsin)
and a Lumat LB9507 luminometer (Berthold Technologies, Bad Wildbad,
Germany), whereas the cell viability was evaluated by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
Sulphonated aluminium phthalocyanine (AIPcS,,) and PEI (25 kDa) were
purchased from Frontier Scientific (Logan, Utah) and Sigma-Aldrich (St Louis,
Missouri), respectively.

N VIVO TRANSFECTION TO CONJUNCTIVA

Wistar rats (male, 6-weeks old, n= 12) (Saitama Experimental Animal Supply,
Saitama, Japan) were given a subconjunctival injection of 150 pl of each
complex containing 15 pug pDNA (pCAcc + Venus). At 2 h post-injection, the
rats were anesthetized and part of the conjunctiva was irradiated using a
689-nm semiconductor laser emitted from in-house built laser equipment
(Topcon, Tokyo, Japan) with 2.0 mW laser power and 4 mm projection
diameter for 605 (1 ] cm™2). The fluorescent images of the Venus expression in
a rat eye and the conjunctival tissues were taken as described in Supplementary
Information. All the experimental procedures were handled in accordance with
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the guidelines of the Animal Committee of the University of Tokyo. The
polyplex from linear PEI, with ExGen500 (Fermentas, Vilnius, Lithuania) as a
control vector, was prepared at N/P ratio =6.

Received 12 July 2005; accepted 28 September 2005, published XX Month XXXX.
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Increased Expression of VEGF in Retinal Pigmented

Epithelial Cells Is not Sufficient to Cause
Choroidal Neovascularization

YUJ1 OSHIMA,' SACHIKO OSHIMA," HIROYUKI NAMBU,' SHU KACHI,' SEAN F. HACKETT,'

MICHELE MELIA,' MICHAEL KKALEKO,? SHEILA CONNELLY,? NORIKO ESUMI,"

DONALD §. ZACK,"? anp PETER A. CAMPOCHIARO'*

"The Departments of Ophthalmology and Neuroscience,
The Johns Hopkins University School of Medicine, Baltimore, Maryland
?The Department of Molecular Biology and Genetics,
The Johns Hopkins University School of Medicine, Baltimore, Maryland
3Advanced Vision Therapies, Inc., Rockville, Maryland

Increased expression of vascular endothelial cell growth factor (VEGF) in the retina
is sufficient to stimulate sprouting of neovascularization from the deep capillary bed
of the retina, but not the superficial retinal capillaries or the choriocapillaris.
Coexpression of VEGF and angiopoietin 2 (Ang2) results in sprouting of neo-
vascularization from superficial and deep retinal capillaries, but not the
choriocapillaris. However, retina-derived VEGF and Ang2 may not reach the
choriocapillaris, because of tight junctions between retinal pigmented epithelial
(RPE) cells. To eliminate this possible confounding factor, we used the human
vitelliform macular dystrophy 2 (VMD2) promoter, an RPE-specific promoter,
combined with the tetracycline-inducible promoter system, to generate double
transgenic mice with inducible expression of VEGF in RPE cells. Adult mice with
increased expression of VEGF in RPE cells had normal retinas and choroids with no
choroidal neovascularization (CNV), but when increased expression of VEGF in
RPE cells was combined with subretinal injection of a gutless adenoviral vector
containing an expression construct for Ang2 {AGVAng2), CNV consistently
occurred. In contrast, triple transgenic mice with induced expression of Ang2
and VEGF in RPE cells, did not develop CNV. These data suggest that increased
expression of VEGF and/or Ang2 in RPE cells is not sufficient to cause CNV unless it
is combined with a subretinal injection of a gutless adenoviral vector, which is
likely to perturb RPE cells. These data also suggest that the effects of angiogenic
proteins may vary among vascular beds, even those that are closely related, and,
therefore, generalizations should be avoided. J. Cell. Physiol. 201: 393-400,

2004. © 2004 Wiley-Liss, Inc.

Neovascularization plays an important role in many
disease processes such as tumor growth, arthritis,
atherosclerosis, proliferative retinopathies, and age-
related macular degeneration. Understanding the
molecular signals involved in neovascularization would
greatly facilitate the development of new treatments for
these disease processes. However, it is unlikely that
there is a single cascade of signals that is responsible for
neovascularization in all vascular beds and all disease
processes. On the other hand, it is equally unlikely that
there is no overlap in the molecular pathogenesis of new
vessel growth in different vascular beds. To explore this
issue, it is necessary to compare the effects of angiogenic
and antiangiogenic proteins in several well-character-
ized vascular beds.

The eye is advantageous for studies of this type. The
transparency of the cornea, lens, and vitreous allows
direct visualization of retinal vessels and some visuali-

® 2004 WILEY-LISS, INC.

zation of the choroidal vessels in living animals. This is
aided by intravascular injection of fluorescent dyes,
which enhance resolution of retinal and choroidal
vesgels and help to assess vascular permeability. In

Contract grant sponsor: The National Eye Institute; Contract
grant numbers: EY05951, EY12609, P30EY1765; Contract grant
sponsor: Research to Prevent Blindness; Contract grant sponsor:
Foundation Fighting Blindness.

*Correspondence to: Peter A, Campochiaro, Maumenee 719, The
Johns Hopkins University School of Medicine, 600 N. Wolfe
Street, Baltimore, MD 21287-9277. E-mail: pcampo@jhmi.edu

Received 21 November 2003; Accepted 27 January 2004
DOI: 10.1002/jcp.20110

— 297 —



394

the eye, there are several vascular beds separated by
avascular tissue, so effects on multiple vascular beds can
be studied. Vascular invasion of adjacent avascular
tigsue provides unequivocal identification of neovascu-
larization and the absence of background vessels
facilitates quantification. Cell type-specific promoters
provide powerful tools that allow production of proteins
at various locations within the eye to assess their effects
on the various vascular beds (Okamoto et al, 1997;
Ohno-Matsui et al., 2002).

We first employed this strategy by coupling the
rhodopsin promoter to a full-length ¢DNA for the
165 amino acid isoform of vascular endothelial cell
growth factor (VEGF) to generate transgenic mice
with increased expression of VEGF in photoreceptors
(Okamoto et al., 1997). These mice had increased
production of VEGF specifically in photoreceptors
starting on postnatal day (P) 7, and shortly thereafter
developed sprouting of new vessels from the deep
capillary bed of the retina, but not the superficial retinal
or choroidal vegsels. In a follow-up study, we utilized the
tetracycline-inducible promoter system to generate
double transgenic mice with inducible expression of
VEGF in photoreceptors (Ohno-Matsui et al., 2002).
Initiation of VEGF expression in photoreceptorsin adult
mice also caused neovascularization originating only
from deep retinal capillaries, but if VEGF expression
was initiated between PO and P7, sprouting occurred
from the superficial as well as the deep capillaries
(Oshima et al.,, 2003a). Angiopoietin 2 (Ang2) is
expressed along the surface of the retina between PO
and P7, but beyond P7 it is expressed in the region of the
deep capillary bed (Hackett et al., 2000). We, therefore,
examined the effect of coexpression of VEGF and Ang?2.
Double transgenic mice with doxycycline-inducible
expression of Ang2 were given an intravitreous injection
of a gutless adenoviral vector containing an expression
congtruct for VEGF and then treated with doxycycline or
not treated with it. Those treated with doxycycline
expressed both VEGF and Ang2, and developed retinal
neovascularization, while those that were not treated,
expressed only VEGF and did not develop retinal
neovascularization (Oshima et al., 2003a). Therefore,
coexpression of Ang2 is required for retinal vessels to
sprout new vessels in response to VEGF.

Coexpression of VEGF and Ang?2 in the retina did not
cause choroidal neovascularization (CNV). One possible
explanation is that increased levels of VEGF and Ang2
are not sufficient to stimulate CNV, but an alternative
explanation is that the tight junctions between retinal
pigmented epithelial (RPE) cells prevent retina-derived
VEGF and Ang2 from reaching choroidal vegsels. In this
study, we circumvented the second possibility by using
the RPE-specific, human vitelliform macular dystrophy
2 (VMD2) promoter (Esumi et al.,, 2003) to drive
expression of VEGF and Ang2 in RPE cells and thereby
test the effect of VEGF and Ang?2 on choroidal vessels.

MATERIALS AND METHODS
Generation of VMD2 promoter/reverse tetracycline
transactivator (VMD2/rtTA) transgenic mice

A plasmid pUHD172-1neo, which contains the gene
encoding rtTA (Gossen et al., 1995), was kindly provided
by Dr. Manfred Gossen (University of Heidelberg,
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Germany). The —585 to +38 bp fragment of human
VMD2 (Esumi et al.,, 2003), was selected to drive
expression in RPE cells. The 1 kb rtTA ¢DNA was
released from pUHD172-1neo by digestion with EcoR 1/
BamH I, gel-purified, blunt-ended, and ligated into the
placF vector downstream of the VMD2 promoter (this
resulted in loss of the LacZ cassette) (Esumi et al., 2003).
The VMD2/rtTA fragment was then digested by Kpn 1/
Bgl II, gel-purified to remove vector sequence, and
microinjected into mouse one-cell embryos (B6/SJL F2
hybrid) at the Transgenic Mouse Core Facility of Johns
Hopkins University School of Medicine. Mouse pups
born from several different microinjections were screen-
ed by polymerase chain reaction (PCR) of tail DNA with
transgene-specific primers (forward: 5-TTA CGG GTC
TAC CAT CGA GG-3'; reverse: 5-GCG AGA TGC TCT
TGA AGT CT-3"). Two VMD2/rtTA transgenic founders
were obtained and mated with C57BL/6 mice to generate
two transgenic lines. Mice from each of these lines were
crossed with tetracycline response element (TRE)/
VEGF transgenic mice that have been previously
described (Ohno-Matsui et al., 2002). Offspring were
screened by PCR using the primers listed above to
identify the VMD2/tTA transgene, and the primers
used to identify the TRE/VEGF transgene were (for-
ward: 5-TCG ACT AGG CGT GTA CGG-3'; reverse: 5'-
GCA GCA GCC CCC GCATCG-3).

Triple transgenic mice with inducible expression
of VEGF and Ang?2 in RPE cells

Mice from a double transgenic line with inducible
expression of VEGF in RPE cells, VMD2/rtTA-TRE/
VEGF (Tet/VMD2/VEGF), were crossed with TRE/Ang?2,
line 5§ mice (Oshima et al., 2003b). Primers used to
identify the TRE/Ang2 transgene (forward: 5-GTG AAA
GTC GAG CTC GGT-3'; reverse: 5-TGT TGA CGG TCT
CCATTA GG-3) amplify a specific 1,144 bp product.

Production of gutless adenoviral vectors (AGVY)
encoding Ang2

The procedures for generation of AGV encoding Ang?2
are very similar to those previously described (Oshima
et al., 2003c). Briefly, all gutless vector plasmids used to
generate AGV contained the left and the right ITRs
flanked by unique Pac I sites, the packaging signal of
type 5 adenovirus, and human alpha synuclein intronic
region as a stuffer sequence (Reddy et al., 2002). The
c¢DNA encoding human Ang2 under control of the
cytomegalovirus (CMV) immediate-early enhancer/pro-
moter and the SV40 late polyadenylation signal was
ingerted into the polylinker region of pCI (Promega,
Madison, WI), to generate pCIAng2. The Ang?2 expres-
sion cassette from pCIAng?2 was then introduced into the
Pme I site present in the polylinker of a shuttle plasmid,
pGTI1.24aPL2 to generate pGTI24-Ang?2. The plasmid,
pGTIL.24aPL2, contains a polylinker flanked by human
alpha synuclein DNA (Zerby et al., 2003). To generate
the gutless vector plasmid, pGTI24-Ang2 was digested
with Pac I to liberate the plasmid backbone and
combined with Pme I/Mlu I-digested pBV4. The plasmid
pBV4 containg 27,191 bp of human alpha synuclein
stuffer DNA (Zerby et al., 2003).

Generation of AGVAng?2 from plasmid, large-scale
vector production, and purification were performed as
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described (Reddy et al., 2002). The particle titers were
evaluated by optical density measurements, and
AGVAng?2 vector titer was 7.9 x 10’ particles/ml.
DNA extracted from the purified AGVAng2 vector was
analyzed by restriction enzyme digestion and did not
show any detectable rearrangements. A hexon-based
quantitative PCR assay was used to determine the level
of helper virus contamination in gutless vector prepara-
tion (Reddy et al., 2002), and contamination levels were
less than 1%.

RT-PCR

Adult double transgenic mice were given drinking
water containing 2 mg/ml of doxycycline and 5% glucose.
After 2 weeks, mice were euthanized, eyes were
removed, and total RNA was isolated with TRIzol
reagent (Invitrogen, Carlsbad, CA) following the man-
ufacturer’s instructions. Reverse transcription was
carried out with 1.0 pg of total RNA, SuperScript II
reverse transcriptase (Invitrogen), and 5.0 pM oligo (dT)
primer. Aliquots of the ¢cDNAs were used for PCR
amplification using primers that specifically amplify a
380 bp fragment of human VEGF (forward: 5'-CAC CCA
TGG CAG AAG GAG GAG-3'; reverse: 5'-CAA ATG CTT
TCT CCG CTC TGA-3") or a 438 bp fragment of murine
Ang?2 (forward: 5'-AGA TCC AAC AGA ATG TGG TGC-
3; reverse: 5-TGT TGA CGG TCT CCA TTA GG-3).
Titrations were performed to ensure that PCR reactions
were carried out in the linear range of amplification.
Mouse S16 ribosomal protein primers (forward: 5'-CAC
TGC AAA CGG GGA AAT GG-3'; reverse: 5-TGA GAT
GGA CTG TCG GAT GG-3) were used to provide an
internal control for the amount of template in the PCR
reactions.

Histochemistry and immunohistochemistry

Mice were euthanized and eyes were fixed in 4%
paraformaldehyde in 0.05 M phosphate-buffered saline
(PBS) for 1 h and rinsed twice in 25% sucrose in PBS.
Specimens were incubated in 25% sucrose in PBS
overnight and embedded in optimal cutting tempera-
ture embedding compound (OCT; Miles Diagnostics,
Elhart, IN). Ocular frozen sections (10 pm) were histo-
chemically stained with biotinylated Griffonia simplici-
folia lectin B4 (GSA; Vector Laboratories, Burlingame,
CA), which selectively binds to vascular cells, as
previously described (Ozaki et al., 1998). Briefly, slides
were incubated in methanol/H,0, for 10 min at 4°C,
washed with 0.05 M Tris-buffered saline, pH 7.6 (TBS),
and incubated for 30 min in 10% normal porcine serum.
Slides were incubated for 2 h at room temperature with
biotinylated GSA and after ringing with 0.05M TBS,
they were incubated with streptavidin-phosphatase and
developed with HistoMark Red (Kirkegaard and Perry,
Gaithersburg, MD). Sections were rinsed in TBS and
deionized water, and dehydrated by passing them
through a step gradient consisting of 70, 95, and 100%
ethanol, and xylene. Sections were mounted with
Cytoseal XYL mounting medium (Richard-Alan Scien-
tific, Kalamazoo, MI), examined with a Nikon micro-
scope, and captured as digital files with a Nikon Digital
Still Camera DXM1200 (Nikon Instruments, Inc., NY).

To stain for human VEGF, ocular frozen sections were
dried with cold air for 5 min, fixed in freshly prepared 4%
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paraformaldehyde in 0.05 M PBS at 4°C for 30 min, and
rinsed with TBS for 10 min. Endogenous peroxidases
were blocked by a 10 min incubation with 0.75% HyOz in
PBS. Slides were washed three-times in H,O and once
with 0.01 M citrate buffer, and then with warm citrate
buffer. The sections were heated in a microwave for
1 min after onset of the boiling of the buffer. After cooling
for 1 min, sections were blocked with 1% skim milk in
TBS for 1 h at room temperature. Sections were
incubated overnight at 4°C in 1:10 polyclonal goat
anti-human VEGF (R&D Systems, Minneapolis, MN).
After two rinses in TBS, sections were incubated for
30 min at room temperature with 1:200 biotinylated
bovine anti-goat IgG (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA). After washing, slides were incubated
in streptavidin-phosphatase, developed with Histo-
Mark Red, and mounted as described above.

To stain for murine Ang2, sections were incubated in a
1:50 dilution consisting of 20 pg/ml rabbit anti-mouse
Ang2 (Research Diagnostics, Inc., Flanders, NJ) in
blocking solution overnight at 4°C. After two rinses in
TBS, sections were incubated for 30 min at room tem-
perature with 1:200 biotinylated goat anti-rabbit IgG
(Vector Laboratories). After a wash, slides were incu-
bated in streptavidin-phosphatase, developed with
HistoMark Red, and mounted.

Injection of vectors

Mice were treated humanely in strict compliance with
the Association for Research in Vision and Ophthalmeol-
ogy statement on the use of animals in research.
Intraocular injections of vector were done as previously
described (Mori et al., 2001). Briefly, adult Tet/VMDZ2/
VEGF double transgenic mice were treated with 2 mg/ml
of doxycycline in their drinking water for 2 weeks and
then given a subretinal injection of 1 x 108 viral particles
of AGVAng2 in one eye and a subretinal injection of
1 x 10° viral particles of AGVNull in the other eye.
Injections were done with a Harvard pump microinjec-
tion apparatus and pulled glass micropipets. Each
micropipet was calibrated to deliver 1 pl of vehicle upon
depression of a foot switch. The mice were anesthetized,
pupils were dilated, and a fragment of a coverslip was
used as a contact lens under a dissecting microscope to
visualize the retina. The sharpened pipet tip was passed
through the sclera just posterior to the limbus and
positioned above the retina. Depression of the foot switch
caused the jet of injected fluid to penetrate the retina and
detach roughly % of the retina. After subretinal injec-
tions, mice were treated with 2 mg/ml of doxycycline in
their drinking water for an additional 2 weeks and then
anesthetized. Retinas were examined using a dissecting
microscope with a fragment of a coverslip as a contact
lens. Fundus pictures were taken using a digital camera
(Nikon coolpix 990; Nikon Instruments, Inc.).

Fluorescein angiography

Mice were anesthetized and 2 min after intraperito-
neal injection of 12 pl/g body weight of 1% fluorescein
gsodium (Alcon, Fort Worth, TX), the retinas were
examined with a fluorescence microscope (Axioskop,
Zeiss, Thornwood, NY). Images were digitized with a
3 color CCD video camera (IK-TU40A, Toshiba, Tokyo,
Japan) and a frame grabber.
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Agsessment of neovascularization

Mice were anesthetized and perfused with 1 ml of PBS
containing 50 mg/ml of fluorescein-labeled dextran
(2 x 10° average molecular weight, Sigma, St. Louis,
MO) as previously described (Tobe et al., 1998). Eyes
were removed and fixed for 1 h in 10% phosphate-
buffered formalin. Corneas were removed, retinas were
carefully dissected, and four radial cuts were made in
eyecups to allow flat mounting (AquaPolyMount, Poly-
sciences, Warrington, PA). The area of CNV at Bruch’s
membrane rupture sites was measured by image
analysis using Image-Pro Plus software (Media Cyber-
neties, Silver Spring, MD).

RESULTS
Double transgenic mice with doxycycline-inducible
expression of VEGF in RPE celis

Two VMD2/rtTA transgenic founders were obtained
and crossed with C57BL/6 mice to obtain two indepen-
dent transgenic lines. Mice from each of the lines were
crossed with TRE/VEGF transgenic mice that had been
previously characterized (Ohno-Matsui et al.,, 2002).
One line of double hemizygous VMD2/rtTA-TRE/VEGF
(Tet/VMD2/VEGF) mice showed no detectable expres-
sion of human VEGF mRNA in total RNA isolated from
whole eye when not treated with doxycycline (DOX-),
but when given 2 mg/ml of doxycycline (DOX+) for
2 weeks, there was strong expression of human VEGF
mRNA (Fig. 1). This high level of VEGF mRNA
expression was maintained after 4 weeks of doxycycline
treatment, the longest time point examined. Double
hemizygous Tet/VMD2/VEGF mice generated from the
second VMD2/rtTA transgenic line showed substantial
expression of human VEGF mRNA when not treated
with doxycycline (not shown), and, therefore, this line of
mice was eliminated.

VMD2a/iTA-
TRENEGF +I‘# “’5'/" +I+ +,‘ +I+ +I+
DOX treaiment - - 4 + - +
Trealmen period
RT

VEGF

816
Fig. 1. Doxycycline-induced expression of human vascular endothe-

lial cell growth factor (VEGF) mRNA in the eyes of double transgenic
Tet/vitelliform macular dystrophy 2 (VMD2)/VEGF mice. Adult
double transgenic Tet/VMD2/VEGF mice or mice carrying only one
of the transgenes were given 2 mg/ml of doxycycline in their drinking
water for 2 or 4 weeks and then euthanized. Total RNA was extracted
from whole eyes and RT-PCR was done using primers specific for
human VEGF. In the absence of doxycycline, there was no detectable
expression of VEGF mRNA in mice carrying one or both transgenes.
Treatment with doxycycline for 2 weeks resulted in prominent
expression of VEGF mRNA in double transgenic mice, but not mice
carrying only one of the transgenes. The expression was maintained at
a comparable level after treatment of double transgenics with
doxycycline for 4 weeks.
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Increased expression of VEGF in RPE cells
for up to 4 weeks does not cause CNV

Double hemizygous Tet/VMD2/VEGF mice were
randomly assigned to DOX-— or DOX+ groups. After
2 or 4 weeks, ocular sections stained with the vascular
cell marker GSA showed completely normal superficial,
intermediate, and deep capillary beds and no ectopic
retinal vessels nor CNV (Fig. 2). This indicates that
increased expression of VEGF in RPE cells for up to
4 weeks does not cause CNV.

Increased expression of VEGF and Ang?2 in RPE
cells does not cause CNV

We have recently generated TRE/Ang2 transgenic
mice in which a murine Ang2 ¢cDNA is coupled to the
TRE (Oshima et al., 2003b). Double hemizygous DOX+
rhodopsin promoter/rtTA-TRE/Ang2 (Tet/Opsin/Ang2)
mice express high levels of Ang2 in the retina, which
increases the sensitivity of retinal vessels to VEGF. To
test if Ang?2 increases the sensitivity of choroidal vessels
to VEGF, we generated triple hemizygous Tet/VMD2/
VEGF/Ang?2 mice. Using primers specific for human
VEGF or murine Ang2, RT-PCR demonstrated that
DOX+ Tet/VMD2/VEGF/Ang2 mice had high levels of
human VEGF and murine Ang2 mRNA in the eye
(Fig. 3). Ocular sections stained with GSA from
triple hemizygous Tet/VMD2/VEGF/Ang2 mice that
were treated with doxycycline for 2 (Fig. 4A) or 4 weeks
(Fig. 4D) demonstrated normal retinal vessels and no
evidence of CNV. Some of these mice had hypopigmen-
ted RPE cells, making it possible to visualize staining for
Ang2 (Fig. 4B) and VEGF (Fig. 4C) in the RPE of DOX +
Tet/VMD2/VEGF/Ang2 mice.

DOX-

Fig. 2. Treatment of Tet/VMD2/VEGF mice with doxycycline for 2 or
4 weeks does not cause choroidal neovascularization (CNV) or any
other identifiable changes in the retina. Adult Tet/VMD2/VEGF mice
were treated with 2 mg/ml of doxycycline in their drinking water
(DOX+4) or given unsupplemented water (DOX -) and euthanized after
2 or 4 weeks. Ocular frozen sections were stained with Griffonia
simplicifolia lectin (GSA), which selectively stains vascular cells, and
counterstained with hematoxylin. In both DOX+ (C, D) and DOX - (A,
B) mice, there were normal appearing retinal vessels and no ectopic
vessels in the outer retina or subretinal space.
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DOX
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TRE/VEGF
TRE/ANG2
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VEGF
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S16

Fig. 8. Triple transgenic Tet/VMD2/VEGF/angiopoietin 2 (Ang2)
mice express high levels of VEGF and Ang2 mRNA in the eye when
treated with doxycycline. Mice carrying the VMD2/reverse tetracy-
cline transactivator (rtTA) transgene and one or both of the TRE/
VEGF and TRE/Ang?2 transgenes were given 2 mg/ml of doxycycline in
their drinking water (DOX+) or unsupplemented water (DOX-).
Double transgenic Tet/VMD2/Ang2 mice expressed high levels of
murine Ang2 mRNA in the presence of doxycycline and low levels
typical of endogenous expression in the absence of doxycycline. With
or without doxycyeline, there was no detectable expression of human
VEGF mRNA. Double transgenic Tet/VMD2/VEGF mice expressed
basal levels of murine Ang2 mRNA and low-level human VEGF mRNA
(mild leakiness) in the absence of doxycycline. Triple transgenic Tet/
VMD2/VEGF/Ang2 mice treated with doxycycline expressed high
levels of human VEGF and murine Ang2 mRNA.

Subretinal injection of AGVAng2 in DOX+ Tet/
VMD2/VEGF mice causes CNV

We have previously demonstrated that subretinal
injection of gutless adenoviral vectors containing an
expression construct for B-galactosidase or endostatin
results in high-level expression of these transgenes in
RPE cells (Takahashi et al., 2003; Oshima et al., 2003a).
Double hemizygous DOX+ Tet/VMD2/VEGF mice were
given a subretinal injection of 1x 10® particles of
AGVAng?2 in one eye and 1 x 10° particles of AGVNull
in the other eye. Two weeks after injection, eyes injected
with AGVAng2 showed fluid and blood beneath the
retina (Fig. 5A) and fluorescein angiography demon-
strated hyperfluorescent areas (Fig. 5B). The hyper-
fluorescent areas increased in size with increasing time
after injection of fluorescein, which is indicative of
leakage of dye from CNV. In contrast, eyes injected with
AGVNull had normal funduscopic examinations or
showed small areas of whitening beneath the retina
(Fig. 5C) and normal fluorescein angiograms or small
areas of hyperfluorescence (Fig. 5D). Choroidal flat
mounts after perfusion with fluorescein-labeled dextran
showed large areas of CNV in all six eyes that had been
injected with AGVAng2 (Fig. 5E), while four of six eyes
that had been injected with AGVNull showed small
areas of CNV (Fig. 5F). Measurement of CNV areas by
image analysis showed that the average area of CNV per
eye was significantly greater in eyes injected with
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Fig. 4. Treatment of Tet/VMD2/VEGF/Ang2 mice with doxycycline
for 2 or 4 weeks does not cause CNV or any other identifiable changes
in the retina. Adult lightly pigmented (A-C) Tet/VMD2/VEGF/Ang2
mice or the same triple transgenics in a C57BL6 background (ID) were
treated with 2 mg/ml of doxyeycline in their drinking water and
euthanized after 2 (A—C) or 4 weeks (D). Ocular frozen sections
stained with GSA, which selectively stains vascular cells, show
normal retinal vessels and no ectopic vessels in the outer retina or
subretinal space (A and D). The GSA binding was visualized with
HistoMark Red and the sections were counterstained with hematox-
ylin, so that blood vessels appear red and the nuclei of retinal neurons
are blue. Immunohistochemical staining for Ang2 using HistoMark
Red shows strong staining for Ang2 in retinal pigmented epithelial
(RPE) cells (B, arrowheads) and between photoreceptor outer
segments (arrows). Immunchistochemical staining for VEGF shows
staining in RPE cells (C, arrowheads).

AGVAng2 compared to those injected with AGVNull
(Fig. 5E).

In many eyes of double hemizygous DOX+ Tet/VMD2/
VEGF mice that were given a subretinal injection of
AGVAng2, there were multiple areas of CNV with some
remote from the injection site, but still within the area of
the subretinal bleb (Fig. 6AB), suggesting that the
perturbation of the RPE caused by the subretinal
injection was not simply due to mechanical damage at
the injection site. These eyes showed strong staining for
Ang2 in RPE cells throughout the region of the
subretinal bleb (Fig. 6C, arrowheads) and also showed
strong staining for VEGF in CNV (Fig. 6D,E, arrows)
and RPE cells (Fig. 6E, arrowheads). Inflammatory cells
were not noted. The fellow eye of that shown in
Figure 6A~E was injected with AGVNull and showed
no detectable CNV beneath the injection site (Fig. 6F,
arrows) or elsewhere.

DISCUSSION

In this study, we used the tetracycline-inducible
promoter system to induce expression of VEGF in RPE
cells of adult mice and found that this was not sufficient
to cause CNV. Using the same system to induce
expression of both VEGF and Ang2 in RPE cells, we
found that this also was insufficient to cause CNV.
However, doxycycline-induced expression of VEGF in
RPE cells combined with subretinal injection of a gutless
adenoviral vector containing an expression cassette for
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Fig. 5. Treatment with doxycycline and subretinal injection of
AGVAng?2 results in severe CNV in Tet/VMDZ/VEGF mice. Adult
Tet/VMD2/VEGF mice were treated with 2 mg/ml of doxycycline
(DOX+) in their drinking water and were given a subretinal injection
of 1 x 10° particles of AGVAng?2 (A, B, E) or AGVNull €, B, F). Two
weeks after injection of AGVAng?2, funduscopic examination showed
areas of whitening (A, arrows) around the optic nerve (ON) with
adjacent blood (arrowheads) beneath the retina. Fluorescein angio-
graphy in another DOX+ Tet/VMD2/VEGF mouse injected with
AGVAng?2 showed an area of leakage of dye (arrow) adjacent to the
ON (B). The arrowheads in B outline subretinal accumulation of dye
corresponding to subretinal fluid. Two weeks after injection of
AGVNull in & DOX+ Tet/VMD2/VEGF mouse, funduscopic examina-
tion showed a small area of whitening (C, arrow) below the ON.
Fluorescein angiography in a similarly treated mouse appeared
normal except for a small area of hyperfluorescence (D). Choroidal
flat mounts of DOX+ Tet/VMD2Z/VEGF mice perfused with fuores-
cein-labeled dextran 2 weeks after subretinal injection of AGVAng2,
showed large areas of CNV (E, arrows). In contrast, mice injected with
AGVNull showed small areas of CNV (F, arrows). Measurement by
image analysis of the area of CNV on choroidal flat mounts after
fluorescein dextran perfusion in DOX+ Tet/VMD2/VEGF mice showed
a significantly larger mean area of CNV in AGVAng2-injected eyes
(n=6) compared to AGVNull-injected eyes (n =6) (G). *P=0.0039 by
Mann—Whitney U-test.
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Tig. 6. High expression of Ang2 and VEGF, and severe CNV in eyes
of doxycycline-treated Tet/VMD2/VEGF mice after injection of
AGVAng2. Sections of eyes of doxycycline-treated Tet/VMD2/VEGF
mice after injection of AGVAng?2 stained with GSA and counterstained
with hematoxylin showed multiple large areas of CNV (A and B,
arrows). Immunchistochemical staining for Ang2 showed staining in
RPE cells (C, arrowheads). Staining for VEGF showed staining in
vagcular cells in CNV lesions (I and E, arrows) and in RPE cells (E,
arrowheads). In the fellow eye that was injected with AGVNull,
staining with GBA showed no CNV beneath the site of injection (F,
arrows) or elsewhere in the eye.

Ang2, caused multiple large areas of CNV. Four of six
eyes expressing VEGF in RPE cells that received a
subretinal injection of empty vector also developed small
areas of CNV, but the total area of CNV per eye was
significantly less than that seen in eyes injected with
AGVAng2. These results suggest that several molecular
signals are required for blood vessels to sprout from
choroidal vessels and penetrate Bruch’s membrane.
Increased expression of VEGF in the skin of trans-
genic mice using a keratin promoter is sufficient to
stimulate neovascularization (Thurston et al., 1999).
Increased expression of VEGF in the retina stimulates
neovascularization from the deep retinal capillary bed,
but not from superficial retinal capillaries, unless the
increased expression of VEGF occurs between postnatal
day (P) 0 and P7, in which case new vessels sprout from
superficial retinal vessels (Okamoto et al., 1997; Oshima
et al., 2003a). These observations point out two concepts
that are underemphasized in the angiogenesis litera-
ture. (1) Different vascular beds differ with regard to the
way they respond to “angiogenic factors.” (2) The same
vascular bed can differ in its response to “angiogenic
factors” at different times during development. A likely
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explanation is that the expression of gene products that
modulate the effects of a particular “angiogenic factor”
may differ in and around different vascular beds and in
the same vascular bed at different times during deve-
lopment. This concept is supported by the demonstra-
tion that Ang2 is expressed in the region of the
superficial capillary bed of the retina between PO and
P7, when the superficial capillaries are responsive to
VEGF, but not later in life when responsiveness to
VEGF is lost (Hackett et al., 2000). Furthermore,
coexpression of high levels of Ang2 and VEGF stimu-
lates neovascularization from the superficial retinal
vessels (Oshima et al., 2003b). For choroidal vessels,
coexpression of VEGF and Ang2 in RPE cells is not
sufficient to stimulate CNV, but CNV can occur when
increased expression of VEGF in RPE cells is combined
with subretinal injection of a viral vector, and in this
setting the amount of CNV is markedly increased by
expression of Ang2. It is not clear what action of viral
vectors injected into the subretinal space facilitates the
occurrence of CNV in the presence of high expression of
VEGF in RPE cells, but some possibilities include
induction of expression of a cytokine(s) that increases
sengitivity to VEGF, induction of expression of VEGF
receptors, or perturbation of RPE cells resulting in
reduction of an inhibitory factor that normally sup-
presses the effect of VEGF. The observation that
subretinally injected viral vectors facilitate the devel-
opment of CNV may explain why subretinal injection of
viral vectors encoding VEGF causes CNV (Baffi et al.,
2000; Spilsbury et al., 2000; Wang et al., 2003), while
induced expression of VEGF in RPE cells of transgenic
mice does not cause CNV.

Transgenic mice in which the murine Rpe65 promoter
drives expression of VEGF in RPE cells show a
thickened choroid (Schwesinger et al., 2001). Despite
up to 4 weeks of increased expression of VEGF in RPE
cells of adult mice, we did not observe any thickening of
the choroid. Expression of Rpe65 begins early in
development. Therefore, a likely explanation for the
difference between our results and those of Schwesinger
et al. (2001)is that increased expression of VEGF in RPE
cells early in development stimulates the developmental
growth of choroidal vessels resulting in thickening of the
choroid. Thisis analogous to the stimulation of growth of
superficial retinal vessels when VEGF is expressed in
the retina between PO and P7 (Oshima et al., 2003a).

In summary, there is some feature of the microenvir-
onment of choroidal vessels that differs from that retinal
vessels or vessels in skin, and prevents increased levels
of VEGF and Ang2 from stimulating CNV. It may be that
a cytokine that is constitutively expressed in retina and
skin is not expressed in choroid unless it is induced by
subretinal injection of a viral vector or laser-induced
rupture of Bruch’s membrane (Yamada et al., 2000).
Alternatively, the RPE and Bruch’s membrane may
provide a mechanical and/or biochemical barrier that
prevents increased expression of VEGF and Ang?2 in
RPE cells from stimulating CNV. The barrier could be
constituted by an inhibitory factor(s) present in the RPE
and/or Bruch’s membrane, such as TIMP3 or PEDF,
which are present in high levels in both tissues. If thisis
the case, the effect of a subretinal injection of viral vector
or laser-induced rupture of Bruch’s membrane (Yamada
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et al., 2000) may be to cause alocalized area where levels
of inhibitory factors are decreased. Additional studies
are needed to determine between these possibilities and
if the latter possibility is correct, to characterize the
nature of the barrier, which could provide the basis for a
treatment to prevent CNV in disease states such as age-
related macular degeneration.
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Abstract—Some retinal ganglion cells in adult cats survive
axotomy for two months and regenerate their axons when a
peripheral nerve is transplanted to the transected optic
nerve. However, regenerated retinal ganglion cells were
fewer than 4% of the total retinal ganglion cell population in
the intact retina. The present study examined the effects of
intravitreal injections of neurotrophic factors (brain-derived
neurotrophic factor, ciliary neurotrophic factor, basic fibro-
blast growth factor, glial cell-derived neurotrophic factor,
neurotrophin 4}, first on the survival of axotomized cat retinal
ganglion cells within 2 weeks, and then on axonal regenera-
tion of the retinal ganglion cells for 2 months after peripheral
nerve transplantation. We tested first enhancement of the
survival by one of the factors, and then one or two of them
supplemented with forskolin, which increases intracellular
cAMP. Single injections of 0.5 ng or 1 pg brain-derived neu-
rotrophic factor, 1 pg ciliary neurotrophic factor, or 1 ng glial
cell-derived neurotrophic factor significantly increased total
numbers of surviving retinal ganglion cells; 1.6-1.8 times
those in control refinas. ldentification of retinal ganglion cell
types with Lucifer Yellow injections revealed that the in-
crease of surviving f cells was most conspicuous: 2.5-fold
(brain-derived neurotrophic factor) to 3.6-fold (ciliary neuro-
trophic factor). A combined injection of 1 pg brain-derived
neurotrophic factor, 1 pg ciliary neurotrophic factor, and 0.1
mg forskolin resulted in a 4.7-fold increase of surviving B
cells, i.e. 50% survival on day 14. On the axonal regeneration
by peripheral nerve transplantation, a combined injection of
brain-derived neurotrophic factor, ciliary neurotrophic factor,
and forskolin resulted in a 3.4-fold increase of B cells with
regenerated axons. The increase of regenerated 3 cells was
mainly due to the enhancing effect of neurotrophic factors on
their survival, and possibly to a change of retinal ganglion
cell properiies by cAMP to facilitate their axonal

*Corresponding author. Tel: +81-568-880811 ext. 3542; fax: +81-
1568-880829.

E-mail address: mwatan@inst-hsc.pref.aichi.jp (M. Watanabe).
Abbreviations: BDNF, brain-derived neurotrophic factor; B+C+f,
brain-derived neurotrophic factor + ciliary neurotrophic factor +
forskolin; CNTF, ciliary neurotrophic factor; Dil, 1,1'-dioctadecyl-
3,3,3',3'-tetramethylindocarbocyanine perchlorate; FGF2, basic fibro-
blast growth factor; GDNF, glial cell-derived neurotrophic factor; LY,
Lucifer Yellow; MAG, myelin-associated glycoprotein; NAB, non-a/8
cell; NGF, nerve growth factor; NT-4, neurotrophin 4; ON, optic nerve;
PN, peripheral nerve; RGCs, retinal ganglion cells; R/S ratio, regen-
eration/survival ratio.

regeneration. © 2003 IBRO. Published by Elsevier Science
Ltd. All rights reserved.
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Axotomized retinal ganglion cells (RGCs) can survive and
regenerate their axons when a peripheral nerve (PN) seg-
ment is transplanted to the stump of the optic nerve (ON)
(Aguayo, 1985; So and Aguayo, 1985). We have been
studying axonal regeneration of cat RGCs, taking advan-
tage of well-established classification based on their mor-
phological and physiological characteristics. Our previous
works revealed that dendritic morphology of the majority of
regenerated cat RGCs is comparable to that of normal «
and B cells, with some exceptions named “unclassified”
(Watanabe et al., 1991; Watanabe et al., 1993). We further
recorded single unit activities from regenerated RGC ax-
ons, and found that 95% of regenerated RGCs retain
visual response properties of normal Y- and X-cells, phys-
iological counterparts of a and B cells, respectively (Miyo-
shi et al., 1999). These results imply that cat RGCs not
only maintain their original dendritic configurations but also
function to transmit visual information even after axofomy
and axonal regeneration (Watanabe et al., 1997; Fukuda
et al., 1998).

Despite long survival and axonal regeneration of axo-
tomized cat RGCs, the number of regenerated RGCs is
still less than 4% of the total population in the cat retina
(Watanabe et al., 1993), being small in number for sub-
stantial recovery of impaired vision. Further, because 8
cells occupy the largest population in the central retina and
can detect a small visual object, their survival and axonal
regeneration is essential for functional recovery of acute
vision. In the previous study on cat RGCs with regenerated
axons, we found that Y/a cells have higher regeneration
ability than X/ and non-a/8 (NAB) cells (Watanabe et al.,
1993). To understand the mechanism underlying the dif-
ferent ability in axonal regeneration, we then investigated
the survival time course of each cell type after ON tran-
section. We found that within 14 days, more than 90% of B
cells died, whereas 35% of « cells died (Watanabe et al.,
2001), implying that B cells are more susceptible to axonal
injury than o cells. Therefore, some means should be
established to promote B cell survival for the recovery of
acute vision.

The first purpose of the present study was to examine
how much survival of axotomized cat RGCs is enhanced
by intravitreal injections of neurotrophic factors which re-
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