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Purpose: To examine whether adeno-associated virus (AAV) vector-mediated overexpression of growth-associated
protein-43 (GAP-43) has protective or deleterious effects on retinal ganglion cell (RGC) survival in laser-induced chronic
intraocular pressure (IOP) elevation injury.

Methods: Adult Fischer 344 rats received unilateral intravitreal injection of either normal saline, A AV-green fluorescent
protein (AAV-GFP), or a bicistronic AAV vector encoding GAP-43 and GFP (AAV-GAP-43). Two weeks later, experi-
mental chronic glaucoma was induced in the injected eyes by scarring the trabecular meshwork with a diode laser. IOP
was measured with an impact (rebound) tonometer. Survival of RGCs was estimated after 3 weeks of IOP elevation by
quantifying B-11I tubulin® neurons in retinal whole mounts. The transfection efficiency of target genes was assessed with
direct view of GFP and western blot analysis of GAP-43.

Results: Quantification of B-III tubulin® immunostaining revealed that, compared to uninjured eyes (1,172+80 cells/
mm?), 3 weeks of laser-induced IOP elevation led to a 60% decline in RGC survival (496+136 cells/mm?). Transfection
with control vector AAV-GFP by itself did not have a significant effect on RGC viability (468+124 cells/mm?). Overex-
pression of GAP-43 in RGC cell bodies and axons via bicistronic AAV-GAP-43 led to more severe RGC death (260+112
cells/mm?) in IOP elevated eyes, an 80% loss of the total RGC population.

Conclusions: Overexpression of GAP-43 aggravated RGC death in experimental chronic IOP elevation injury. GAP-43
was upregulated in RGCs regenerating after optic nerve injury. Thus, the finding that this same protein is deleterious to
RGC viability after chronic IOP elevation may aid in understanding the mechanisms involved in RGC loss in glaucoma

and how best to treat this condition.

Glaucoma is the second most common cause of blind-
ness worldwide, and is becoming increasingly prevalent as
people live longer [1,2]. The typical excavated appearance of
the optic nerve head (ONH) and the loss of retinal ganglion
cells (RGCs) attributed to apoptosis [3] are characteristics
of pathologic changes in glaucoma. In addition to older
age, elevation of intraocular pressure (IOP) is believed to
be the major risk factor for glaucomatous RGC loss [4,5],
as lowering of IOP has been shown to significantly reduce
the rate of glaucoma progression in clinical trials [6], though
the mechanism underlying RGC loss has not been clearly
elucidated.

It has been proposed that modifications within the axonal
microarchitecture and disturbances of axonal transport play
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important roles in apoptotic RGC death [7,8], caused by
direct compression of RGC axons as a result of increased
IOP, especially in regions across the lamina cribrosa [9].
Axonal transport is mediated by the axonal cytoskeleton and
by motor proteins, including neurofilaments, microtubules,
kinesin (anterograde transport), and dynein (retrograde trans-
port) [10,11]. Loss of linear microtubule arrays has been found
in compressed axons [12]. A recent study also demonstrated
that increased IOP significantly reduces neurofilament heavy
(NFH), neurofilament medium (NFM), and neurofilament
light (NFL) in the prelaminar, lamina cribrosa, and proximal
postlaminar regions compared to a normal eye [7]. Distur-
bance of the transport system profoundly affects axonal flow,
including anterograde transport of mitochondria [13] and
retrograde transport of neurotrophins such as brain-derived
neurotrophic factor (BDNF) and its receptor trkB [14,15],
which are important for RGC viability [16].
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Growth-associated protein-43 (GAP-43) is a protein
kinase C substrate concentrated in growing axons, growth
cones, and synapses in association with actin cytoskel-
eton [17-19]. It was recently shown that BDNF effects on
neuronal survival and plasticity in cortical cultures required
the presence of GAP-43, which was related to the F-actin
polymerization-depolymerization cycle [20], an important
factor in maintaining normal mitochondrial function and
preventing cell death [21]. GAP-43 plays an important role in
axonal growth. In development or during regeneration after
optic nerve injury, GAP-43 is highly expressed in RGCs when
they are extending their axons [22,23], and overexpression of
GAP-43 in return enhances axonal regeneration in some CNS
neurons [24]. There is also evidence that GAP-43 influences
neuronal survival [20,25-28]. Importantly, intravitreal injec-
tion of BDNF has been reported to increase GAP-43 expres-
sion in RGCs threefold [25], which may facilitate neuronal
survival [20]. In cortical cells from GAP-43(—/-) animals,
where GAP-43 is not present, the neuroprotective effects
of BDNF are lost [20]. However, it has been reported that
increased expression of GAP-43 can cause the death of adult
motoneurons and hippocampal neurons [28,29], and absence
of GAP-43 protects sensory neurons from apoptosis induced
by trophic factor deprivation [26]. In acute IOP elevation,
GAP-43 in RGCs was transiently upregulated up to 72 h
after ischemia/reperfusion damage [30], but whether this is
relevant to RGC survival is unclear.

We set out to determine if there is a direct effect of
increased GAP-43 expression on RGC survival in experi-
mental glaucomatous injury. By using adeno-associated virus
(AAV) vectors [31-33], currently the most efficient vector for
adult RGC transduction [34], the gene encoding GAP-43
protein was introduced into these retinal cells. The effect of
sustained expression of GAP-43 on adult RGC survival was
then quantified after laser-induced chronic intraocular pres-
sure (IOP) elevation injury.

METHODS

Viral vectors: Linear structures of the AAV-2 vector plasmid
pTR-UFI12.1 used in this study are shown in Figure 1. The
expression of GAP-43 was under the control of a hybrid of
two promoters: the cytomegalovirus and chicken B-actin
(CMV-CBA) [35]. The GAP-43 transgene was linked to a
reporter gene, green fluorescent protein (GFP), via an internal
ribosome entry site (IRES). In this bicistronic AAV vector,
the GFP gene was therefore expressed after the transcrip-
tion of the upstream GAP-43 transgene, thus allowing direct
identification of transduced RGCs in injected eyes [31-33].
AAV-GFP was used as the vehicle control. The AAV-2
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A pTR-UF12.1
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B pTR-UF12.1-GAP-43-GFP
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Figure 1. Linear maps of adeno-associated virus (AAV) vector
plasmids (based on pTRUF12.1) applied in this study. Transgenes
(GFP or GAP-43) were under the control of the cytomegalovirus
and chicken B-actin (CMV-CBA) hybrid promoter. GAP-43 plas-
mids contained IRES that enabled the bicistronic expression of the
GFP reporter gene.

vectors were packaged, and purified according to previ-
ously published methodologies [31,36]. Briefly, AAV vector
plasmids were co-transfected together with the AAV helper
plasmid pDG (provided by J. Kleinschmidt, Heidelberg) into
HEK 293T cells (ATCC, Manassas, VA) using a calcium
phosphate precipitation method. Viral particles were puri-
fied in an iodixanol (Nycomed Pharma, Norway) gradient
and finally concentrated on a centricon column (Millipore,
MA). Titers (transducing units, TU) were established by
transducing 293T cells with a dilution series of the purified
AAYV and then counting the number of GFP positive cells. The
titers of the AAV-GAP-43-GFP and AAV-GFP stocks were
in the range of 10° TU/ml. To verify the translation efficiency
of transgene GAP-43 encoded in the vector plasmid, HEK
293T cells were transfected directly with the vectors. Twenty-
four hours later, cells were fixed with paraformaldehyde and
immunostained with antibodies against GFP and GAP-43.
GFP was colocalized with GAP-43 protein in the majority
of cells.

Animals: Young adult (8- to 10-week-old) Fischer 344 (F344)
rats were used in this study. Rats were housed under stan-
dard conditions with a 12 h:12 h light-dark cycle. All experi-
ments conformed to the Association for Research in Vision
and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research and were approved by the
Hospital Ethics Committee. All possible measures were taken
to minimize suffering and limit the number of rats used. All
surgery was performed under anesthesia of a 1:1 mixture (1.5
ml/kg) of ketamine (100 mg/ml) and xylazine (20 mg/ml).

Intraocular injections. Intraocular injection procedures were
similar to those described previously [37,38]. Briefly, adult
F344 rats were anesthetized by intraperitoneal injection of
ketamine and xylazine and topical 1% proparacaine eyedrops.
Intraocular injections were made with a posterior approach
behind the corneoscleral limbus of the eyeball. A pulled
glass needle was connected by polyethylene tubing to a 10 pl
Hamilton syringe (Reno, NV) to inject viral vectors or saline.
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The assembly was prefilled with mineral oil (Sigma Aldrich,
St. Louis, MO) before drawing up 5.0 ul of viral vector. The
needle was kept in place for several seconds to reduce leakage
after withdrawal. Attention was given to avoiding damage
to the lens, which is known to cause cataract formation and
influence RGC viability [39].

Laser-induced intraocular elevation: Chronic IOP elevation
was achieved by scarring the trabecular meshwork with a
532 nm diode laser. Two weeks after the intravitreal injec-
tion of viral vectors or saline, animals were anesthetized as
described above. Laser energy was delivered to the trabecular
meshwork through a slit lamp on 50—70 spots at 100 um at a
power of 0.7 W and 0.7 s duration. IOP was measured in each
eye with the TonoLab (Toilat, Finland), an impact (rebound)
tonometer. Using this impact tonometer, [OP was measured in
awake and nonsedated animals. Readings were taken before
and 1, 3, and 7 days after laser treatment. Measurement of
IOP was always performed in the morning between 9:00 and
12:00. Six measurements were taken from each eye and aver-
aged. A second laser treatment was given | week later if the
IOP difference between the laser and control eye was less
than 8 mmHg. IOP was measured weekly for 3 weeks after
experimental glaucoma was induced.

Preparation for histology and examination of green fluo-
rescent protein—expressing cells: The procedures for tissue
preparation and immunohistochemistry were also similar to
those reported previously [37,38]. The animals were allowed
to survive for 3 weeks after laser-induced IOP elevation
and 5 weeks after viral vector injection. Then, rats were
euthanized with sodium pentobarbitone (150 mg/kg, intra-
peritoneal injection) and perfused through the heart with
cold saline plus heparin followed by 4% paraformaldehyde.
Retinas were dissected out from the eyecup and post-fixed
in the same fixative for 1 h in a dark chamber. Retinal whole
mounts were prepared after post-fixation by transferring the
whole retina to a microscope slide. Four relieving incisions
were symmetrically made to allow the retinas to flatten. Anti-
fading mounting medium (Dako Corporation, Carpinteria,
CA) was used to reduce fluorochrome quenching during
analysis by fluorescence microscopy. To determine the total
number of viral-transfected cells in each retina, the number
of GFP-expressing cells in each field (0.235x0.235 mm?) at a
fixed distance from one another, in a pattern of grid intersec-
tions, was counted. Forty to fifty fields were sampled per
retina. The average density of positive cells per field was
determined, and the total number obtained by multiplying
this figure by the retinal area. Data from different groups
were statistically analyzed using the Bonferroni test after
one-way analysis of variance (ANOVA) [38,40].
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Transfected cells, mostly RGCs and some displaced
amacrine cells, were reported mainly located in the ganglion
cell layer [31,32]. To identify the latter neurons in the present
study, cryosection of the retina and immunohistochemistry
using syntaxin antibody that labels amacrine cells was
performed. Cryosections of the retinas were cut at 16 um
thickness in nasotemporal orientation after post-fixation for
2 h and cryoprotection in 30% sucrose overnight. The retinal
sections were thoroughly washed with PBS (Na,HPO,-12H,0
2.9 g NaH PO,-2H,0 0.3 g, NaCl 9.0 g) and blocked with
10% normal goat serum (NGS; Biodesign, Saco, ME) and
0.2% Triton (Sangon Biotech, Shanghai, China) for 1 h. The
sections were then immunoreacted with the syntaxin anti-
body (Dallas, TX; 1:100) overnight at 4 °C. Cy3 (Jackson
ImmunoResearch Laboratories, West Grove, PA; 1:400) was
used as the secondary antibody for 1 h at room temperature.
To identify the location of positive staining in the retina,
4’,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich,
St. Louis, MO; 1:2000) was added at the same time as the
secondary antibody to stain the nuclei of all cells, thus
revealing cellular layers of the retina. Retinal section slices
were examined under a fluorescent confocal microscope
(Leica TCS SP5-11, Wetzlar, Germany).

Immunostaining of whole-mount retinas: Immunostaining of
whole-mount retinas was essentially as reported previously
[40-42]. After the GFP-expressing cells were quantified, the
retinas were brushed off the slides followed by three 5-min
washes in PBS. Retinas were blocked and permeabilized
using 10% goat serum (Biodesign, Saco, ME) and 0.2%
Triton X-100 for 1 h. Then the retinas were immunostained
overnight at 4 °C with TUJ1 antibody (1:500, anti-p-II1
tubulin; Covance, Emeryville, CA), which specifically labels
adult RGCs in retinal whole mounts [41-44]. To verify the
expression of GAP-43 in the retinas, primary antibody for
GAP-43 (1:400, Chemicon, Millipore, Billerica, MA) was
also applied to the retinas. The retinas were rinsed with PBS
(three times for 5 min) and then incubated with conjugated
fluorescein isothiocyanate (1:400; Sigma) or cy3 (Jackson
ImmunoResearch Laboratories, West Grove, PA; 1:400)
secondary antibody overnight at 4 °C. After three washes
for 5 min each, the retinas were mounted with antifading
mounting medium (Dako, Carpinteria, CA) and examined
under the fluorescent microscope. The total number of B-111
tubulin® and GAP-43" in each retina was obtained in the same
way described above. Data from the different groups were
statistically analyzed using the Bonferroni test following
one-way ANOVA [38,40].

Western blots: Western blot experiments were applied to
determine the expression levels of GAP-43 5 weeks after
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TABLE 1. IOP VALUES IN GLAUCOMATOUS AND CONTROL EYES.
Mean IOP (mm Hg) Peak IOP (mm Hg)
Treatment Group (n)

Glaucoma control Difference Glaucoma control Difference

Laser only (n=8) 28.4+7.4 13.4+1.2 15.1£6.8 45.5+14.8 15.8+1.0 29.8+14.9
AAV-GFP (n=10) 23.7+6.3 11.2+£0.9 12.6+6.5 39.9+16.6 13.0+2.3 26.9+16.9

AAV-GAP-43 (n=7) 23.8+4.9 11.4+1.2 12.6+5.3 42.7£8.5 14.3+£2.0 29.7+8.8

Data are presented as mean+SD for each treatment group. Mean IOP is the average IOP after induction of experimental glaucoma. Peak
IOP is the IOP of the experimental and control eyes on the day that [OP was most elevated after laser treatment.

viral-vector transfection. After euthanasia with a lethal over-
dose of anesthesia, optic nerves were quickly dissected out
and homogenized using lysis buffer containing 1% NP-40
(Fluka, Nonidet P40 Substitute), 0.25% sodium deoxycho-
late (Sigma-Aldrich), protease inhibitor cocktail (Roche
Applied Science, Mannheim, Germany), Phosphate Stop,
and 1 mM phenylmethlsulfonyl fluoride (Sigma, p-7626).
Protein concentration was determined using the Bio-Rad
(Hercules, CA) protein assay reagent. Approximately 40 ug
of protein was loaded and separated in a 10% acrylamide-
Bis solution (Bio-Rad) gel. The protein was then transferred
onto the nitrocellulose membrane (Amersham Biosciences,
Little Chalfont, UK) followed by washing in Tris-Buffered
Saline Tween-20 (TBST) and blocking in 5% non-fat milk
at room temperature for 1 h. To label the specific protein,
the membrane was incubated with anti-GAP-43 antibody
(1:400, Chemicon) in 0.5% milk/TBST at 4 °C with shaking
overnight. After 2-min washing with TBST five times, horse-
radish peroxidase—conjugated (HRP) secondary antibody
(Covance, Emeryville, CA) was added to the membrane and
shaken at room temperature for 1 h, followed by washing in
TBST. The labeled proteins were detected using the enhanced
chemiluminescence (ECL) reagent (Amersham Biosciences).
Light signal from the membranes was detected and captured
with the Molecular Imager ChemiDoc XRS System (Bio-
Rad). Relative signal densities presenting amounts of target
proteins were measured by calculating the band densities with
Quantity One 4.6.2 (Bio-Rad), followed by normalization
against the housekeeping protein glyceraldehyde 3-phosphate
dehydrogenase (GAPDH).

RESULTS

Laser-induced intraocular elevation: 10P changes were
similar to those seen in previous studies [16,45]. Twenty-five
F344 rats were treated with laser unilaterally. The base-
line IOP (mean+standard deviation [SD]) before treatment
without anesthesia was 11.3+£1.9 mmHg and 11.5+1.9 mmHg
in the treated and control eyes (n=25), respectively, with the
measurement using TonoLab. With the laser treatment, the

IOP of all treated eyes increased at least 10 mmHg from base-
line IOP. However, the IOP of four eyes returned to normal
after 3—4 days. The second laser treatment was applied to
these four eyes 1 week after the first treatment. The resul-
tant IOP was again obviously higher than the baseline and
remained elevated, but gradually decreased over the longer
term. Table 1 shows the average changes in IOP in every
group on the treated eye and the control eye for one animal.
After laser treatment, the mean IOP of the treated eyes in
all three groups was greater than 23 mmHg. However, there
was no significant difference in mean IOP among the three
treated groups (p>0.05, ANOVA; Table 1). The average peak
IOP on the treated eyes of these three groups was higher than
39 mmHg, but no difference was detected between the three
groups (p>0.05, ANOVA). In addition, the positive IOP inte-
gral difference of the experimental and control eyes among
these three groups was not significantly different (p>0.05,
ANOVA).

Transgene expression in adeno-associated virus—injected
eyes. To assess the efficiency of transgene expression, bicis-
tronic AAV-GAP-43-GFP vector and the control AAV-GFP
were injected into eyes of non-injured animals containing a
normal RGC population; GFP~ cells were either directly quan-
tified by examination of retinal whole mounts or observed in
retinal cryosection slices with fluorescence confocal micros-
copy. TUJI immunohistochemistry of retinal whole mounts
(Figure 2) showed that most of these GFP* cells were RGCs
[31,32,46], having the size and dendritic morphology of RGCs
and possessing an axon. Fluorescence detection of GFP on
retinal sections (Figure 3) revealed AAV-mediated expression
of the target gene in cells mostly located in the ganglion cell
layer (GCL), while a few were located in the inner nuclear
layer (INL, Figure 3A, yellow arrow). Previous studies
reported that some displaced amacrine cells could also be
transfected in this conditions. In the present study, syntaxin
immunostaining detecting amacrine cells was performed
(Figure 3) and revealed that some syntaxin® amacrine cells
(red, arrowhead) were transfected by the viral vector (green,
GFP"). Whereas other GFP* transfected cells shown in the
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field of the white box were syntaxin negative (white arrows).
Transfection efficiency was determined only in the identified
B-1II tubulin® (Figure 2) RGC population. After intravitreal
injection of AAV-GFP, about 27% of the B-III tubulin® RGCs
were also GFP*. The average RGC transfection efficiency was
slightly lower in animals with AAV-GAP-43-GFP injection
(25%). The transfection efficiency of the target gene was also
assessed with western blot analysis of the expression of the
GAP-43 protein in the optic nerve, since GAP-43 mainly
exerted biologic effects by regulating F-actin polymerization
in axons [20]. Blotting and quantitative results for GAP-43
are shown in Figure 4. Data are presented as an adjusted ratio
of GAP-43 to GAPDH. As expected, low levels of GAP-43
were expressed in intact animals and rats with transfection of
the control viral vector AAV-GFP. After AAV-GAP-43-GFP
was intravitreally injected, the expression levels of GAP-43
in optic nerve were dramatically upregulated by more than
ninefold compared to the control group (**p<0.01).

© 2013 Molecular Vision

Retinal ganglion cell viability following intraocular eleva-
tion: To ensure that the experimental chronic IOP elevation
model in the rat was successfully established, the surviving
RGC densities in normal saline versus IOP elevation—only
groups were quantified. The representative appearance of
B-III tubulin® RGCs in retinal whole mounts in intact rats is
shown in Figure 5. The average number of RGCs in normal
rats was 1172+80/mm? (Figure 5A and Figure 6), which is
close to that in a previous study using the same methodology
[47]. Quantitative analysis of the surviving B-III tubulin®
RGCs was undertaken 3 weeks after laser-induced IOP
elevation. A significant (***p<0.001) decline in RGC survival
was observed; nearly 60% of the RGCs had died, and only
496=+136/mm? (Figure 5B and Figure 6) RGCs survived the
chronic injury. Thus, elevated IOP for 3 weeks induced by
scarring the trabecular meshwork with laser treatment led to
considerable RGC loss and can be used as a chronic glauco-
matous model in further investigations.

Figure 2. Fluorescent photomicro-
graphs showing characteristics of
green fluorescent protein (GFP)*
transfected cells and BIII tubulint+
surviving retinal ganglion cells
(RGCs) in the same field of retinal
whole mount. Five weeks after
intravitreous injection of 5.0 ul viral
vectors, extensive GFP expression
mostly in the RGC layer was shown
(A). B shows BIII tubulin® surviving
RGCs in the same field. Merged
figure (C) of A and B showing many
GFP* cells are also BIII tubulin®
and are therefore retinal ganglion
cells. D: Arrows show examples
of transduced RGCs, arrow heads
show non-transduced RGCs. Scale
bar, 50 um.
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Figure 3. Fluorescent confocal micrographs showing characteristics
of green fluorescent protein (GFP)" transfected cells (in green) and
syntaxin® cells (in red) in a retinal slice. Most GFP* transfected
cells were located in the GCL. Meanwhile, a few transfected cells
were also seen in the INL (A, yellow arrow). The field in white box
(A) was scanned at different layers with high resolution confocal
microscopy (B, C, D, and E). The white thin cross in each figure
indicates the same position (Z axis) of scanning. The arrowhead
shows the syntaxin* amacrine cell (red) was transfected by the viral
vector (green, GFP"). White arrows show the GFP" transfected cells
without syntaxin staining. Scale bar=25 pm. GCL, ganglion cell
layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL,
outer plexiform layer; ONL, outer nuclear layer.

Effects of adeno-associated virus-mediated expression
of growth-associated protein-43 on retinal ganglion cell
survival: Effects of overexpression of GAP-43 on RGC
survival in animals with or without laser-induced IOP eleva-
tion were examined. In rats without IOP elevation, AAV
vectors carrying exogenous gene GAP-43 were injected
intravitreally 5 weeks before being euthanized. The average
number of surviving RGCs in this group was 1,019+129/
mm? (Figure 6), not significantly different from the unin-
jected, normal group. In animals with induced IOP changes,
AAV-GFP (the viral vehicle control) or AAV-GAP-43-GFP
was applied to verify the direct effects of overexpression
of GAP-43 in RGCs and their axons. Due to the delayed
expression of the transgene, caused by the time requirement
for converting recombinant AAV-DNA into a transcription-
ally active double-stranded form [48,49], viral vectors were
injected 2 weeks before IOP elevation. Quantitative analysis
of RGC viability is shown in Figure 6. Intravitreal injection
of AAV-GFP did not have an obvious effect on RGC survival,
and the average number of surviving RGCs (468+124/mm?,
Figure 5C and Figure 6) was close to that in animals with IOP

© 2013 Molecular Vision
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Figure 4. Western blots and analysis of growth-associated
protein-43 (GAP-43) expression. Data are presented as an adjusted
ratio of GAP-43 to GAPDH. A low level of GAP-43 was expressed
in the intact and AAV-GFP groups. With intravitreous injection of
AAV-GAP-43, the expression level of GAP-43 in the optic nerve
was increased greatly by more than ninefold compared to the
AAV-GFP group (**p<0.01, n=3 in each group), error bars=standard
deviations (SDs).

elevation only. However, in the IOP-elevated eyes, injection of
AAV-GAP-43 resulted in a substantial decline in the number
of viable RGCs (260£112/mm?, **p<0.01; Figure 5D and
Figure 6). The minimum number of surviving RGCs counted
in individual animals was 140/mm?. That is, with overexpres-
sion of GAP-43 in cell bodies and axons, RGCs were more
vulnerable to laser-induced chronic high IOP injury, leading
to 80% RGC loss.

Comparison of central and peripheral retinal ganglion cell
viability: Based on the observations that axonal injury at
different distances from the cell body results in different
rates of RGC death, specifically, RGCs die largely and rapidly
when the ON is transected close to the posterior eye pole,
and is delayed as the distance from the transection site to the
ON head increases [50,51], we hypothesized that mechanical
compression on axons at the ON head induced by IOP eleva-
tion may lead to different rates of RGC loss between the
central and peripheral retina, and overexpression of GAP-43
in the axon may differentially affect the rates of RGC loss.
To examine the differences in RGC viability, regions in
the central (0.470 mm from the ON head, Figure 7A) and

1427


http://www.molvis.org/molvis/v19/1422

Molecular Vision 2013; 19:1422-1432 <http://www.molvis.org/molvis/v19/1422>

© 2013 Molecular Vision

Figure 5. Fluorescent photomicro-
graphs showing characteristics
of B-1II tubulin® surviving retinal
ganglion cells (RGCs) on retinal
whole mounts. A: Surviving RGCs
in the retinas of normal saline
group are shown. The retinas in
B, C, and D were all treated with
laser-induced IOP elevation. Three
weeks after laser-induced IOP
elevation (B), the number of RGCs
is significantly reduced compared
to the control retinas (A). Transfec-
tion by control vector AAV-GFP
(C) did not affect RGC survival, but
overexpression of GAP-43 using
AAV-GAP-43-GAP (D) resulted
in a substantial decline in RGC
viability. Scale bar=50 pm.

peripheral (1.175 mm from the ON head, Figure 7B) retina
were randomly selected for quantification. Data are presented
as ratios of the number of surviving B-III tubulin® RGCs in
the peripheral versus central retina. The average ratio in
intact retinas was 1.25+0.22 (Figure 7C), showing that the
density of RGCs located in the peripheral region was slightly
higher than that of the central region. With laser-induced IOP
elevation, a somewhat higher average ratio (1.36+0.26) was
noticed, but the difference was not statistically significant. In
animals with laser-induced IOP elevation, intravitreal injec-
tion of AAV-GFP and AAV-GAP-43-GFP did not affect the
peripheral/central ratio of RGC viability.

DISCUSSION

In the present study, we used a gene transfection approach
in rats to assess the direct effects of GAP-43 overexpression
on adult RGC survival in a laser-induced chronic IOP eleva-
tion model. There was a substantial increase in expression
of GAP-43 in the optic nerve that appeared to be associated
with greater RGC loss in IOP-elevated eyes. These new data
indicating GAP-43 as a negative modulator of RGC survival
provide a new perspective for interpreting the thus far unex-
plained loss of neurons overexpressing GAP-43 [26,28,29].

After laser-induced IOP elevation, GAP-43 expression
was significantly upregulated but lasted no longer than 1 week

[30]. With viral transfection, however, high-level expression
of GAP-43 was detected more than 5 weeks later. Cytotoxic
effects are obviously a concern when GAP-43 is upregulated

1200 -
1000 -

800 -

600 4 B
400 -
200 | i
0 o
+ + +

IOP elevation - -
AAV-GFP - - - + -
AAV-GAP-43-GFP - + - - +

Average numbers of Surviving RGCs/mm?
in IOP elevated retinas

Figure 6. Average numbers of B-III tubulin+ surviving retinal
ganglion cells (RGCs) under various experimental conditions
3 weeks after laser-induced IOP elevation. Statistical analysis
was conducted against the control groups marked. **p<0.01 and
***p<0.001, Bonferroni test. Error bars=standard deviations (SDs),
sample size : n=7, 6, 8, 10, 7 from left to right.
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Figure 7. Comparison of central
and peripheral retinal ganglion
cells (RGCs) viability. Fluorescent
photomicrographs of B-III tubulin®
surviving RGCs are shown on
the central (A) and peripheral (B)
retinas in intact retinas. C: Data
from various experimental condi-
tions are presented as the ratio of
the number of survival RGCs in
the peripheral region of the retina
to that in central region. Error
bars=standard deviations (SDs).
Scale bar=50 um, sample size : n=7,
8, 10, 7 from left to right.

much higher than that in normal or in glaucomatous eyes.
However, previous work has showed that AAV-mediated
upregulation of GAP-43 has no obvious negative effects
on RGC viability in studies involving optic nerve crush or
transection plus peripheral nerve grafting [31], by comparing
surviving RGCs in the transduced area and the non-
transduced area of the retina, although increased dendritic
complexity was noted [33,52]. In the stimulated regenerative
stage after optic nerve transection, the GAP-43-expressing
level in the optic nerve was found tremendously upregulated
and helped to support axonal regeneration, but no deleterious
effects on RGCs were noted [37]. High IOP may trigger some
unspecified detrimental mechanisms that are sensitive to
increased levels of GAP-43 but are not involved in condi-
tions without IOP elevation. Gagliardini et al. [26] proposed
that GAP-43 may be a mediator of semaphorin III-induced
growth cone collapse and neuron death. Interestingly then,
most class I1I semaphorins are expressed by RGCs [53], and
changes in the expression of some class I1I semaphorins and
their coreceptors have been noted in the retina after optic
nerve injury [54]. However, whether this proposed mecha-
nism is relevant to the present retinal injury model remains
to be elucidated. Interestingly, in IOP-elevated conditions,

some RGCs can survive GAP-43 overexpression for a long
period. One explanation is that different types of RGCs may
respond differently to the same interventions: The RGCs in
a retina are not all the same but have different morphologies
and distinct physiologic features that had been described by
many RGC classification studies [55-57].

After AAV-GAP-43-GFP injection, only about 25% of
the RGCs expressed the target protein; thus, RGC loss would
not have been so extensive if overexpression of GAP-43
affected only those RGCs transfected with the vector. GAP-43
has been reported to play crucial roles in regulating synaptic
plasticity [29,58], which was also important for maintaining
neuronal normal functioning and viability. However, whether
overexpressed GAP-43 influences synapse plasticity and
therefore leads to more neural cell death is not known.
There is evidence that AAV-mediated GAP-43 expression
in retinal cells can have measurable effects on untransfected
RGCs, subtly changing their dendritic architecture [33,52].
One possibility is that GAP-43 can influence extracellular
protease activity by influencing nexin-1 [59], but further
studies are needed to clarify, especially in experimental
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glaucomatous conditions, how GAP-43 overexpression can
lead to the loss of non-transfected RGCs.

According to the observation that optic nerve injury
closer to the ONH resulted in more rapid and severe RGC loss
[50,51], RGCs in the central region of the retina were thought
to be more vulnerable than those in the peripheral retina. In
the present study, we found that the ratio of surviving RGCs
in the central retina to those in the peripheral retina in eyes
with high IOP was slightly higher than that in the control eyes,
yet the difference was not statistically significant. Unlike
complete axotomy in optic nerve transection, with chronic
compression at the ONH by elevated IOP [7,8], the injury
site on axons at different distances away from neuron cell
bodies appears not to be a decisive factor for RGC viability.
In addition to the compression at the ONH, high IOP can
influence the neuron cell bodies within the retina, which may
directly lead to RGC death regardless of the axonal distance
to the ONH.

In conclusion, we demonstrated that AAV mediated over-
expression of the axonal growth—associated protein GAP-43
in RGCs and severely aggravated RGC death in experimental
glaucomatous injury. Thus, in addition to known positive
biologic actions on promoting axonal growth, GAP-43 also
exerts negative effects on RGC survival in high IOP condi-
tions. This finding thus adds an important aspect to our
existing understanding of RGC loss in glaucoma. Specific
mechanisms involved thus far have not been well explained.
More detailed investigations need to be conducted to obtain
full understanding of the molecular pathological processes of
glaucoma and therefore possibly provide better treatments.

ACKNOWLEDGMENTS

This work is supported by the National Natural Science Foun-
dation of China (30672282).

REFERENCES

1. Quigley HA. Number of people with glaucoma worldwide. Br
J Ophthalmol 1996; 80:389-93. [PMID: 8695555].

2. Quigley HA, Broman AT. The number of people with glau-
coma worldwide in 2010 and 2020. Br J Ophthalmol 2006;
90:262-7. [PMID: 16488940].

3. Quigley HA. Neuronal death in glaucoma. Prog Retin Eye Res
1999; 18:39-57. [PMID: 9920498].

4.  Gramer E, Tausch M. The risk profile of the glaucomatous
patient. Curr Opin Ophthalmol 1995; 6:78-88. [PMID:
10150862].

5. Coleman AL, Miglior S. Risk factors for glaucoma onset
and progression. Surv Ophthalmol 2008; 53:Suppl1S3-10.
[PMID: 19038621].

22>

10.

11.

12.

16.

17.

18.

1430

© 2013 Molecular Vision

Heijl A, Leske MC, Bengtsson B, Hyman L, Hussein M.
Reduction of intraocular pressure and glaucoma progres-
sion: results from the Early Manifest Glaucoma Trial. Arch
Ophthalmol 2002; 120:1268-79. [PMID: 12365904].

Balaratnasingam C, Morgan WH, Bass L, Matich G, Cringle
SJ, Yu DY. Axonal transport and cytoskeletal changes in the
laminar regions after elevated intraocular pressure. Invest
Ophthalmol Vis Sci 2007; 48:3632-44. [PMID: 17652733].

Gaasterland D, Tanishima T, Kuwabara T. Axoplasmic flow
during chronic experimental glaucoma. 1. Light and electron
microscopic studies of the monkey optic nervehead during
development of glaucomatous cupping. Invest Ophthalmol
Vis Sci 1978; 17:838-46. [PMID: 81192].

Quigley HA, Hohman RM, Addicks EM, Massof RW, Green
WR. Morphologic changes in the lamina cribrosa correlated
with neural loss in open-angle glaucoma. Am J Ophthalmol
1983; 95:673-91. [PMID: 6846459].

Almenar-Queralt A, Goldstein LS. Linkers, packages and
pathways: new concepts in axonal transport. Curr Opin
Neurobiol 2001; 11:550-7. [PMID: 11595487].

De Vos KJ, Grierson AJ, Ackerley S, Miller CC. Role of axonal
transport in neurodegenerative diseases. Annu Rev Neurosci
2008; 31:151-73. [PMID: 18558852].

Gallant PE. The direct effects of graded axonal compression on
axoplasm and fast axoplasmic transport. J Neuropathol Exp
Neurol 1992; 51:220-30. [PMID: 1371545].

Stokely ME, Brady ST, Yorio T. Effects of endothelin-1 on
components of anterograde axonal transport in optic nerve.
Invest Ophthalmol Vis Sci 2002; 43:3223-30. [PMID:
12356828].

Pease ME, McKinnon SJ, Quigley HA, Kerrigan-Baumrind
LA, Zack DJ. Obstructed axonal transport of BDNF and its
receptor TrkB in experimental glaucoma. Invest Ophthalmol
Vis Sci 2000; 41:764-74. [PMID: 10711692].

Quigley HA, McKinnon SJ, Zack DJ, Pease ME, Kerrigan-
Baumrind LA, Kerrigan DF, Mitchell RS. Retrograde axonal
transport of BDNF in retinal ganglion cells is blocked by
acute IOP elevation in rats. Invest Ophthalmol Vis Sci 2000;
41:3460-6. [PMID: 11006239].

Martin KR, Quigley HA, Zack DJ, Levkovitch-Verbin H,
Kielczewski J, Valenta D, Baumrind L, Pease ME, Klein
RL, Hauswirth WW. Gene therapy with brain-derived
neurotrophic factor as a protection: retinal ganglion cells in
a rat glaucoma model. Invest Ophthalmol Vis Sci 2003;
44:4357-65. [PMID: 14507880].

He Q, Dent EW, Meiri KF. Modulation of actin filament
behavior by GAP-43 (neuromodulin) is dependent on the
phosphorylation status of serine 41, the protein kinase C site.
J Neurosci 1997; 17:3515-24. [PMID: 9133376].

Benowitz L, Yin Y. Rewiring the injured CNS: lessons from
the optic nerve. Exp Neurol 2008; 209:389-98. [PMID:
17610877].


http://www.molvis.org/molvis/v19/1422
http://www.ncbi.nlm.nih.gov/pubmed/8695555
http://www.ncbi.nlm.nih.gov/pubmed/16488940
http://www.ncbi.nlm.nih.gov/pubmed/9920498
http://www.ncbi.nlm.nih.gov/pubmed/10150862
http://www.ncbi.nlm.nih.gov/pubmed/10150862
http://www.ncbi.nlm.nih.gov/pubmed/19038621
http://www.ncbi.nlm.nih.gov/pubmed/12365904
http://www.ncbi.nlm.nih.gov/pubmed/17652733
http://www.ncbi.nlm.nih.gov/pubmed/81192
http://www.ncbi.nlm.nih.gov/pubmed/6846459
http://www.ncbi.nlm.nih.gov/pubmed/11595487
http://www.ncbi.nlm.nih.gov/pubmed/18558852
http://www.ncbi.nlm.nih.gov/pubmed/1371545
http://www.ncbi.nlm.nih.gov/pubmed/12356828
http://www.ncbi.nlm.nih.gov/pubmed/12356828
http://www.ncbi.nlm.nih.gov/pubmed/10711692
http://www.ncbi.nlm.nih.gov/pubmed/11006239
http://www.ncbi.nlm.nih.gov/pubmed/14507880
http://www.ncbi.nlm.nih.gov/pubmed/9133376
http://www.ncbi.nlm.nih.gov/pubmed/17610877
http://www.ncbi.nlm.nih.gov/pubmed/17610877

Molecular Vision 2013; 19:1422-1432 <http://www.molvis.org/molvis/v19/1422>

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Schaden H, Stuermer CA, Bahr M. GAP-43 immunoreactivity
and axon regeneration in retinal ganglion cells of the rat. J
Neurobiol 1994; 25:1570-8. [PMID: 7861120].

Gupta SK, Mishra R, Kusum S, Spedding M, Meiri KF, Gres-
sens P, Mani S. GAP-43 is essential for the neurotrophic
effects of BDNF and positive AMPA receptor modulator
S18986. Cell Death Differ 2009; 16:624-37. [PMID:
19136940].

Gourlay CW, Ayscough KR. A role for actin in aging and
apoptosis. Biochem Soc Trans 2005; 33:1260-4. [PMID:
16246093].

Moya KL, Benowitz LI, Jhaveri S, Schneider GE. Changes in
rapidly transported proteins in developing hamster retinof-
ugal axons. J Neurosci 1988; 8:4445-54. [PMID: 3199185].

Meiri KF, Pfenninger KH, Willard MB. Growth-associated
protein, GAP-43, a polypeptide that is induced when neurons
extend axons, is a component of growth cones and corre-
sponds to pp46, a major polypeptide of a subcellular fraction
enriched in growth cones. Proc Natl Acad Sci USA 1986;
83:3537-41. [PMID: 3517863].

Bomze HM, Bulsara KR, Iskandar BJ, Caroni P, Skene JH.
Spinal axon regeneration evoked by replacing two growth
cone proteins in adult neurons. Nat Neurosci 2001; 4:38-43.
[PMID: 11135643].

Klocker N, Jung M, Stuermer CA, Bahr M. BDNF increases the
number of axotomized rat retinal ganglion cells expressing
GAP-43, L1, and TAG-1 mRNA-a supportive role for nitric
oxide? Neurobiol Dis 2001; 8:103-13. [PMID: 11162244].

Gagliardini V, Dusart I, Fankhauser C. Absence of GAP-43
can protect neurons from death. Mol Cell Neurosci 2000;
16:27-33. [PMID: 10882480].

Young L, Bilsland J, Harper S. A rapid method for determina-
tion of cell survival in primary neuronal DRG cultures. J
Neurosci Methods 1999; 93:81-9. [PMID: 10598867].

Harding DI, Greensmith L, Mason M, Anderson PN, Vrbova
G. Overexpression of GAP-43 induces prolonged sprouting
and causes death of adult motoneurons. Eur J Neurosci
1999; 11:2237-42. [PMID: 10383612].

Aigner L, Arber S, Kapfhammer JP, Laux T, Schneider C,
Botteri F, Brenner HR, Caroni P. Overexpression of the
neural growth-associated protein GAP-43 induces nerve
sprouting in the adult nervous system of transgenic mice.
Cell 1995; 83:269-78. [PMID: 7585944].

Dijk F, Bergen AA, Kamphuis W. GAP-43 expression is upreg-
ulated in retinal ganglion cells after ischemia/reperfusion-
induced damage. Exp Eye Res 2007; 84:858-67. [PMID:
17343850].

Leaver SG, Cui Q, Plant GW, Arulpragasam A, Hisheh S,
Verhaagen J, Harvey AR. AAV-mediated expression of
CNTF promotes long-term survival and regeneration of
adult rat retinal ganglion cells. Gene Ther 2006; 13:1328-41.
[PMID: 16708079].

Leaver SG, Cui Q, Bernard O, Harvey AR. Cooperative effects
of bcl-2 and AAV-mediated expression of CNTF on retinal

33.

34.

35.

36.

37.

38.

30.

40.

41.

42.

43.

44.

45.

1431

© 2013 Molecular Vision

ganglion cell survival and axonal regeneration in adult
transgenic mice. Eur J Neurosci 2006; 24:3323-32. [PMID:
17229081].

Hellstrom M, Harvey AR. Retinal ganglion cell gene therapy
and visual system repair. Curr Gene Ther 2011; 11:116-31.
[PMID: 21291357].

Hellstrom M, Ruitenberg MJ, Pollett MA, Ehlert EM, Twisk J,
Verhaagen J, Harvey AR. Cellular tropism and transduction
properties of seven adeno-associated viral vector serotypes
in adult retina after intravitreal injection. Gene Ther 2009;
16:521-32. [PMID: 19092858].

Martin KR, Klein RL, Quigley HA. Gene delivery to the eye
using adeno-associated viral vectors. Methods 2002; 28:267-
75. [PMID: 12413426].

Hermens WT, ter Brake O, Dijkhuizen PA, Sonnemans MA,
Grimm D, Kleinschmidt JA, Verhaagen J. Purification of
recombinant adeno-associated virus by iodixanol gradient
ultracentrifugation allows rapid and reproducible preparation
of vector stocks for gene transfer in the nervous system. Hum
Gene Ther 1999; 10:1885-91. [PMID: 10446928].

Leon S, Yin Y, Nguyen J, Irwin N, Benowitz LI. Lens injury
stimulates axon regeneration in the mature rat optic nerve. J
Neurosci 2000; 20:4615-26. [PMID: 10844031].

YinY, Cui Q, Li Y, Irwin N, Fischer D, Harvey AR, Benowitz
LI. Macrophage-derived factors stimulate optic nerve regen-
eration. J Neurosci 2003; 23:2284-93. [PMID: 12657687].

Fischer D, Pavlidis M, Thanos S. Cataractogenic lens injury
prevents traumatic ganglion cell death and promotes axonal
regeneration both in vivo and in culture. Invest Ophthalmol
Vis Sci 2000; 41:3943-54. [PMID: 11053298].

Cui Q, Pollett MA, Symons NA, Plant GW, Harvey AR. A
new approach to CNS repair using chimeric peripheral nerve
grafts. J Neurotrauma 2003; 20:17-31. [PMID: 12614585].

Cen LP, Luo JM, Zhang CW, Fan YM, Song Y, So KF, van
Rooijen N, Pang CP, Lam DS, Cui Q. Chemotactic effect
of ciliary neurotrophic factor on macrophages in retinal
ganglion cell survival and axonal regeneration. Invest
Ophthalmol Vis Sci 2007; 48:4257-66. [PMID: 17724215].

Park K, Luo JM, Hisheh S, Harvey AR, Cui Q. Cellular mecha-
nisms associated with spontaneous and ciliary neurotrophic
factor-cAMP-induced survival and axonal regeneration of
adult retinal ganglion cells. J Neurosci 2004; 24:10806-15.
[PMID: 15574731].

Fischer D, Petkova V, Thanos S, Benowitz LI. Switching
mature retinal ganglion cells to a robust growth state in
vivo: gene expression and synergy with RhoA inactivation.
J Neurosci 2004; 24:8726-40. [PMID: 15470139].

Cui Q, Yip HK, Zhao RC, So KF, Harvey AR. Intraocular
elevation of cyclic AMP potentiates ciliary neurotrophic
factor-induced regeneration of adult rat retinal ganglion
cell axons. Mol Cell Neurosci 2003; 22:49-61. [PMID:
12595238].

Pease ME, Zack DJ, Berlinicke C, Bloom K, Cone F, Wang
Y, Klein RL, Hauswirth WW, Quigley HA. Effect of CNTF


http://www.molvis.org/molvis/v19/1422
http://www.ncbi.nlm.nih.gov/pubmed/7861120
http://www.ncbi.nlm.nih.gov/pubmed/19136940
http://www.ncbi.nlm.nih.gov/pubmed/19136940
http://www.ncbi.nlm.nih.gov/pubmed/16246093
http://www.ncbi.nlm.nih.gov/pubmed/16246093
http://www.ncbi.nlm.nih.gov/pubmed/3199185
http://www.ncbi.nlm.nih.gov/pubmed/3517863
http://www.ncbi.nlm.nih.gov/pubmed/11135643
http://www.ncbi.nlm.nih.gov/pubmed/11162244
http://www.ncbi.nlm.nih.gov/pubmed/10882480
http://www.ncbi.nlm.nih.gov/pubmed/10598867
http://www.ncbi.nlm.nih.gov/pubmed/10383612
http://www.ncbi.nlm.nih.gov/pubmed/7585944
http://www.ncbi.nlm.nih.gov/pubmed/17343850
http://www.ncbi.nlm.nih.gov/pubmed/17343850
http://www.ncbi.nlm.nih.gov/pubmed/16708079
http://www.ncbi.nlm.nih.gov/pubmed/17229081
http://www.ncbi.nlm.nih.gov/pubmed/17229081
http://www.ncbi.nlm.nih.gov/pubmed/21291357
http://www.ncbi.nlm.nih.gov/pubmed/19092858
http://www.ncbi.nlm.nih.gov/pubmed/12413426
http://www.ncbi.nlm.nih.gov/pubmed/10446928
http://www.ncbi.nlm.nih.gov/pubmed/10844031
http://www.ncbi.nlm.nih.gov/pubmed/12657687
http://www.ncbi.nlm.nih.gov/pubmed/11053298
http://www.ncbi.nlm.nih.gov/pubmed/12614585
http://www.ncbi.nlm.nih.gov/pubmed/17724215
http://www.ncbi.nlm.nih.gov/pubmed/15574731
http://www.ncbi.nlm.nih.gov/pubmed/15470139
http://www.ncbi.nlm.nih.gov/pubmed/12595238
http://www.ncbi.nlm.nih.gov/pubmed/12595238

Molecular Vision 2013; 19:1422-1432 <http://www.molvis.org/molvis/v19/1422>

46.

47.

48.

49.

50.

51,

52.

on retinal ganglion cell survival in experimental glaucoma.
Invest Ophthalmol Vis Sci 2009; 50:2194-200. [PMID:
19060281].

Cheng L, Sapieha P, Kittlerova P, Hauswirth WW, Di Polo
A. TrkB gene transfer protects retinal ganglion cells from
axotomy-induced death in vivo. J Neurosci 2002; 22:3977-
86. [PMID: 12019317].

Huang Y, Li Z, van Rooijen N, Wang N, Pang CP, Cui Q.
Different responses of macrophages in retinal ganglion cell
survival after acute ocular hypertension in rats with different
autoimmune backgrounds. Exp Eye Res 2007; 85:659-66.
[PMID: 17825287].

Hermens WT, Verhaagen J. Viral vectors, tools for gene
transfer in the nervous system. Prog Neurobiol 1998;
55:399-432. [PMID: 9654386].

Fisher KJ, Gao GP, Weitzman MD, DeMatteo R, Burda JF,
Wilson JM. Transduction with recombinant adeno-associated
virus for gene therapy is limited by leading-strand synthesis.
J Virol 1996; 70:520-32. [PMID: 8523565].

Berkelaar M, Clarke DB, Wang YC, Bray GM, Aguayo AJ.
Axotomy results in delayed death and apoptosis of retinal
ganglion cells in adult rats. J Neurosci 1994; 14:4368-74.
[PMID: 8027784].

Villegas-Pérez MP, Vidal-Sanz M, Rasminsky M, Bray GM,
Aguayo AJ. Rapid and protracted phases of retinal ganglion
cell loss follow axotomy in the optic nerve of adult rats. J
Neurobiol 1993; 24:23-36. [PMID: 8419522].

Rodger J, Drummond ES, Hellstrom M, Robertson D, Harvey
AR. Long-term gene therapy causes transgene-specific

53.

54.

5.

56.

57.

58.

59.

© 2013 Molecular Vision

changes in the morphology of regenerating retinal ganglion
cells. PLoS ONE 2012; 7:¢31061-[PMID: 22347429].

de Winter F, Cui Q, Symons N, Verhaagen J, Harvey AR.
Expression of class-3 semaphorins and their receptors in
the neonatal and adult rat retina. Invest Ophthalmol Vis Sci
2004; 45:4554-62. [PMID: 15557467].

Sharma A, Pollett MA, Plant GW, Harvey AR. Changes in
mRNA expression of Class 3 Semaphorins and their recep-
tors in the adult rat retino-collicular system after unilateral
optic nerve injury. Invest Ophthalmol Vis Sci 2012; 53:8367-
77[PMID: 23139269].

Carcieri SM, Jacobs AL, Nirenberg S. Classification of retinal
ganglion cells: a statistical approach. J Neurophysiol 2003;
90:1704-13. [PMID: 12966177].

Sun W, Li N, He S. Large-scale morophological survey of
rat retinal ganglion cells. Vis Neurosci 2002; 19:483-93.
[PMID: 12511081].

Jelinek HF, Ristanovic D, Milosevic NT. The morphology
and classification of alpha ganglion cells in the rat retinae: a
fractal analysis study. J Neurosci Methods 2011; 201:281-7.
[PMID: 21839778].

Frey D, Laux T, Xu L, Schneider C, Caroni P. Shared and
unique roles of CAP23 and GAP43 in actin regulation,
neurite outgrowth, and anatomical plasticity. J Cell Biol
2000; 149:1443-54. [PMID: 10871284].

Lagriffoul A, Charpentier N, Carrette J, Tougard C, Bockaert
J, Homburger V. Secretion of protease nexin-1 by C6 glioma
cells is under the control of a heterotrimeric G protein, Gol.
J Biol Chem 1996; 271:31508-16. [PMID: 8940166].

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China.
The print version of this article was created on 27 June 2013. This reflects all typographical corrections and errata to the article
through that date. Details of any changes may be found in the online version of the article.

1432


http://www.molvis.org/molvis/v19/1422
http://www.ncbi.nlm.nih.gov/pubmed/19060281
http://www.ncbi.nlm.nih.gov/pubmed/19060281
http://www.ncbi.nlm.nih.gov/pubmed/12019317
http://www.ncbi.nlm.nih.gov/pubmed/17825287
http://www.ncbi.nlm.nih.gov/pubmed/9654386
http://www.ncbi.nlm.nih.gov/pubmed/8523565
http://www.ncbi.nlm.nih.gov/pubmed/8027784
http://www.ncbi.nlm.nih.gov/pubmed/8419522
http://www.ncbi.nlm.nih.gov/pubmed/22347429
http://www.ncbi.nlm.nih.gov/pubmed/15557467
http://www.ncbi.nlm.nih.gov/pubmed/23139269
http://www.ncbi.nlm.nih.gov/pubmed/12966177
http://www.ncbi.nlm.nih.gov/pubmed/12511081
http://www.ncbi.nlm.nih.gov/pubmed/21839778
http://www.ncbi.nlm.nih.gov/pubmed/10871284
http://www.ncbi.nlm.nih.gov/pubmed/8940166

	Reference r59
	Reference r58
	Reference r57
	Reference r56
	Reference r55
	Reference r54
	Reference r53
	Reference r52
	Reference r51
	Reference r50
	Reference r49
	Reference r48
	Reference r47
	Reference r46
	Reference r45
	Reference r44
	Reference r43
	Reference r42
	Reference r41
	Reference r40
	Reference r39
	Reference r38
	Reference r37
	Reference r36
	Reference r35
	Reference r34
	Reference r33
	Reference r32
	Reference r31
	Reference r30
	Reference r29
	Reference r28
	Reference r27
	Reference r26
	Reference r25
	Reference r24
	Reference r23
	Reference r22
	Reference r21
	Reference r20
	Reference r19
	Reference r18
	Reference r17
	Reference r16
	Reference r15
	Reference r14
	Reference r13
	Reference r12
	Reference r11
	Reference r10
	Reference r9
	Reference r8
	Reference r7
	Reference r6
	Reference r5
	Reference r4
	Reference r3
	Reference r2
	Reference r1
	Table t1

