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optic nerve was immediately placed into a fixative consisting of
2.5% glutaraldehyde and 2% formaldehyde in 0.1 M cacodylate
buffer with 0.08 M CaCl, overnight at 4 C. The tissue was then
washed in 0.1 M cacodylate buffer and postfixed in 2% aqueous
0sO4. The segments were dehydrated in graded alcohols and
embedded in epon. One-micrometer sections were cut and
stained with 1% toluidine blue in 1% borate buffer. The photo-
micrographs used for axon counting were taken at 5 fixed
positions (center, superior, inferior, nasal and temporal) with an
x 100 objective on a microscope (DMRXA, Leica). Axon counting
was carried out in a masked fashion as previously described
(Nakazawa et al., 2006).

4.5. Immunohistochemistry

Immunohistochemistry (IHC) was performed as previously
described (Nakazawa et al., 2006, 2007a). Briefly, the eyes were
surgically removed with the optic nerve still attached and
fixed with 4% PFA overnight at 4 ‘C, and then cryoprotected
with PBS containing 20% sucrose. Cryo-sections (thickness
10 um) of the retina and optic nerve were mounted on
the slides and incubated with blocking buffer (10% goat
serum, 0.5% gelatin, 3% bovine serum albumin (BSA) and
0.2% Tween 20 in PBS). Next, they were incubated with rabbit
anti-ApoE antibody (Biodesign, K23100R, 1:400), mouse
anti-phosphorylated neurofilaments as a marker of surviving
axons (Convance, SMI-31R, 1:500), mouse anti-glutamine
synthetase as a marker of Miiller cells (Chemicon, MAB302,
1:200), or mouse anti-GFAP as a marker of astrocytes (Simga,
G3893, 1:200) overnight at 4 “C. Blocking buffers without
primary antibodies served as negative controls. The sections
were washed three times with PBST (PBS containing 0.2%
Tween 20) and then incubated with an Alexa 488 or Alexa 568
secondary antibody (1:200, Invitrogen) for 1 h. The slides were
washed three times and mounted with the VECTASHIELD
Mounting Medium with DAPI (H-1200, Vector Laboratories,
Burlingame, CA).

4.6. Statistical analysis

The data were analyzed with ANOVA followed by Scheffe's
post-hoc test or Mann-Whitney U-tests with the software
“EXCEL statistics” (SSRI, Tokyo, Japan). A p value <0.05 was
considered statistically significant and is highlighted in all
figures with an asterisk. All values are expressed as the
mean +standard deviation (SD).
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Artemin, a recently discovered member of the glial cell
line-derived neurotrophic factor (GDNF) family, has neuro-
trophic effects on damaged neurons, including sympa-
thetic neurons, dopamine neurons, and spiral ganglion
neurons both in vivo and in vitro. However, its effects on
retinal cells and its intraceliular signaling remain relatively
unexplored. During development, expression of GFRa3,
a specific receptor for artemin, is strong in the immature
retina and gradually decreases during maturation, sug-
gesting a possible role in the formation of retinal connec-
fions. Optic nerve damage in mature rats causes levels of
GFRa3 mRNA to increase tenfold in the retina within 3
days. GFRa3 mRNA levels continue to rise within the first
week and then decline. Artemin, a specific ligand for
GFRa3, has a neuroprotective effect on axotomized reti-
nal ganglion cells (RGCs) in vivo and in vitro via activation
of the extracellular signal-related kinase— and phospho-
inositide 3-kinase—Akt signaling pathways. Artemin also
has a substantial effect on axon regeneration in RGCs
both in vivo and in vitro, whereas other GDNF family
members do not. Therefore, artemin/GFRa3, but not
other GDNF family members, may be of value for optic
nerve regeneration in mature mammals. © 2014 Wiley
Periodicals, Inc.

Key words: retinal ganglion cell; regeneration; growth
factor; signal transduction; mitogen-activated protein
kinase; optic nerve axotomy; glaucoma

Glial cell line-derived neurotrophic factor (GDNF)
was initially identified as a factor secreted from a glioma
cell line that can support the survival of embryonic ventral
midbrain neurons in culture (Lin et al., 1993). Subsequent
studies have shown that GDNF is an important trophic
factor for multiple types of neurons and gha (Baloh et al.,
2000). Additional members of the GDNF family have
since been identified (Lindahl et al., 2000; Carmillo et al.,
2005) and include neurturin (NRTN), artemin (ARTN),

© 2014 Wiley Periodicals, Inc.

and persephin (PSPN). GDNF family ligands activate the
receptor tyrosine kinase Ret through binding of
glycosylphosphatidylinositol-anchored ~ GDNF  family
receptor & (GFR@) coreceptors 1-4 (Sariola and Saarma,
2003). GDNF binds GFRal, NRTN binds GFRa2,
ARTN binds GFR a3, and PSPN binds GFRa4 (Lindahl
et al., 2000; Carmillo et al., 2005). These receptors have
no kinase domain but act through the associated Ret
tyrosine kinase, leading to Ret autophosphorylation and
the initiation of intracellular signaling. Downstream sig-
naling includes the activation of mitogen-activated pro-
tein  kinase (MAPK), phosphoinositide  3-kinase
(PI3K)—AKT, phospholipase Cy, cAMP response
element-binding (CREB), and Src-family kinases (SFK)
pathways (Trupp et al., 1999; Baloh et al., 2000; Jeong
et al., 2008). In addition, GFRs can potentially activate
CREB directly through a Ret-independent mechanism
(Trupp et al.,, 1999). The regulation of GFR. expression
would be expected to play a pivotal role in controlling
ligand-mediated effects. For example, GFRa3 is highly
expressed on embryonic day 11 but is not appreciably
expressed in adult mouse of dorsal root ganglia (DRG) or
superior cervical sympathetic ganglion (SCG; Worby
et al., 1998).
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GDNF, NRTN, and PSPN exert neuroprotective
effects on injured neurons through the PI3K— Akt signal-
ing pathway. This pathway has been shown to be impor-
tant in preventing the death of retinal ganglion cells
(RGCs) in various pathological conditions (Nakazawa
et al., 2002b, 2003, 2005b). In isolated retinal Muller glial
cells, stimulation of GDNF-family protein resulted in the
transcriptional upregulation of FGF-2 (Hauck et al,
2006). Although the roles of GDNF-GFRal and
NRTN-GFRa2 have been characterized to some extent
in the visual system (Hauck et al., 2006; Brantley et al.,
2008; Koeberle and Bahr, 2008), the roles of ARTN and
GFRa3 remain unknown.

This study examined the changes in expression of
growth factor receptors after optic nerve axotomy and
showed that GFRa3 receptors were selectively upregu-
lated. We also investigated the role of GDNF-family
receptor genes in retinal development, in the optic nerve
following axotomy, and in retinal primary cultures. Our
data suggest that GDNF-family proteins have a substantial
neuroprotective effect on RGCs and that ARTN, a
recently discovered member of the GDNF family, has
unique effects on axon regeneration.

MATERIALS AND METHODS

Animals and Surgical Procedure

One hundred thirty-six male Sprague-Dawley rats (SLC,
Hamamatsu, Japan) weighing 200-240 ¢ were used in this
study. All animals were maintained and handled in accordance
with the ARVO Statement for the Use of Animals in Ophthal-
mic and Vision Research.

Transection of the optic nerve was performed on the
right eye as previously described (Nakazawa et al., 2002a,b). In
brief, rats were anesthetized via intraperitoneal injection of
sodium pentobarbital (Nembutal; 45 mg/kg of body weight),
and the optic nerve was transected about 1 mm posterior to the
eyeball, with care taken not to damage the retinal blood supply.
To identify RGCs in the ganglion cell layer (GCL), we per-
formed retrograde labeling by placing a small piece of gelfoam
soaked with 2% aqueous Fluorogold (FG; Fluorochrome, Eng-
lewood, CO) containing 1% dimethylsulfoxide (DMSO) at the
optic stump after optic nerve axotomy. Fifteen minutes before
optic nerve surgery, 1 pg of GDNF, NRTN, or ARTN
(Peprotech, Rocky Hill, NJ) in phosphate-buffered saline (PBS;
3 pl) containing 0.1% bovine serum albumin (BSA) was
injected intravitreally by puncturing the eyeball at the cornea—
sclera junction with a 32-G needle on a Hamilton syringe. Ani-
mals were excluded if the lens was injured during the course of
intraocular injection.

For the in vivo experiment for axon regeneration, the
optic nerve was crushed as previously described (Kurimoto
et al. 2006, 2010). The animal was anesthetized with 7% chloral
hydrate solution (400 mg/kg). After skin incision, the left optic
nerve was exposed and mechanically crushed with jewelry for-
ceps (Dumont No. 545; World Precision Instruments, Tokyo,
Japan) for 10 sec, 2 mm behind the eye. We verified, with a
direct ophthalmoscope, that the integrity of the retinal blood
supply was not damaged. To investigate the effect of GDNF,

NRTN, and ARTN on axon regeneration, all reagents were
injected into the vitreous with a glass micropipette through a
hole made by a 27-G needle on days 0, 1, 4, and 7.

Twelve days after the optic nerve was crushed, the oper-
ated animals were anesthetized with a 7% chloral hydrate solu-
tion, and 3 pul 1% cholera toxin B subunit solution (CTB; List
Biological Laboratories, Campbell, CA) was intravitreally
injected. Two days after the CTB application, the animals were
transcardially perfused with 4% paraformaldehyde (PFA) in
phosphate buffer. The optic nerve was dissected and immersed
in 30% sucrose for cryoprotection, and then it was sectioned
longitudinally at a thickness of 16 pm. After being blocked, the
sections were incubated by 1:4,000 goat anti-CTB antibody
(List Biological Laboratories) and in 1:200 biotinylated rabbit
anti-goat IgG antibody (Vector Laboratories, Burlingame, CA)
for 2 hr at room temperature (RT), followed by 1:400 Alexa
488-conjugated streptavidin (Molecular Probes, Eugene, OR).
The sections were then mounted with antifade reagent (Molec-
ular Probes), and axons were counted as previously described
(Kurimoto et al., 2006). Under fluorescent microscopy (Opti-
shot; Leica, California), CTB-labeled axons were directly
counted at each grid line 250, 500, or 1,000 pun from the distal
end of the crush site. The mean number of axons at each dis-
tance was calculated from seven to 10 sections per animal.

RNA Extraction and Quantitative Reverse
Transcription-Polymerase Chain Reaction

RNA extraction and real-time reverse transcription-
polymerase chain reaction (RT-PCR) were performed as pre-
viously described (Nakazawa et al., 2000), with minor modifi-
cation. Retinas  were directly lysed in Qiagen (Hilden,
Germany) RNeasy RLT lysis buffer. Subsequent RNA extrac-
tion was performed with the RNeasy microkit (Qiagen)
according to the manufacturer’s instructions. Total RNA (200
ng) was reverse transcribed by using a SuperScript T first strand
synthesis kit (Life Technologies, Frederick, MD) to synthesize
cDNA. First-strand ¢DNA was amplified by using the Expand
Long Template PCR  system (Bochringer Mannheim,
Indianapolis, IN), with PCR primer sets for GFRal 5-TGG
CAGCCAGCCCCTCCAGTCCA-3 and 5-TTGGGTG
AAACTGCTTCTCAACG-3', GFRa2 5-TCTCCCAAA
GGCCCCTCACTCCCA-3 and 5-ATGTGTGTATGCGTG
TGTTTCCA-3, GFRa3 5-GAGCATGCTCAAACCAGACT
CCGA-3 and 5-TGTGGAAACGCATTTTAGCCGCAA-3,
and Ret 5-TGGGCCAGTATCTCTATGGCGTCT-3'. RT-
PCR of 18S ribosomal RNA (5'-CATGCATGTCTAAGTACG
CACGG-3' and 5'-CGGCGACTACCATCGAAAGTTGA-3)
was used as an internal control for the reactions. PCR. amplifica-
tion was performed by using the GeneAmp PCR. System 2400
(Perkin Elmer/Applied Biosystems, Waltham, MA) for the num-
ber of cycles indicated as GFR a1 (24 cycles), GFRa2 (24 cycles),
GFRa3 (28 cycles), Ret (24 cycles), and 18S (10 cycles) with
denaturation at 96°C for 30 sec, annealing at 60°C for 30 sec, and
extension at 72°C for 90 sec, followed by extension at 72°C for 7
min. PCR products were evaluated by agarose gel electrophoresis
followed by staining with ethidium bromide and sequencing. The
gel was photographed by using short wave-length UV, and the
fluorescent intensity of the product bands was determined by
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densitometry. To ensure that measurements were in a linear range,
the intensity of the PCR product bands of several cycles was
measured by densitometry and plotted to determine its linear
range of amplification (data not shown). The data presented were
all in the linear range.

For the real-time quantitative PCR,, first-strand ¢cDNA
was amplified with a 7500 fast real-time PCR system (Applied
Biosystems, Foster City, CA) with Taqman probe sets (Life
Technologies) for GFRal (Rn01444617_m1), GFRa2
(Rn00562583_m1), GFRa3 (Rn01760829_m1), Ret
(Rn01463098_m1), and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH; Rn01462662_g1). Relative gene expression
levels were calculated by using the AACt method.

Counting FG-labeled RGCs in Retinal Flat Mounts

Preparation of whole-mounted retina was as previously
described (Nakazawa et al., 2002a,b). Rats were sacrificed by
an overdose of Nembutal 10 days after optic nerve transection.
Retinas were dissected, fixed in 4% PFA. and flat mounted
onto glass slides. RGC densities were determined by counting
FG-labeled RGCs in 12 distinct areas, each measuring 7.29 X
1072 mm?> (three areas per quadrant at 1/6, 3/6, and 5/6 of the
distance from the optic nerve head to the periphery along a ret-
inal radius). The density of FG RGCs was defined as the aver-
age value of the 12 fields counted and analyzed statistically, as
previously described (Nakazawa et al.,, 2002a,b). The counting
of FG-labeled RGCs was conducted under microscopy in a
masked fashion by two independent investigators.

Immunoblot and Immunohistochemistry

Three days after treatment with or without axotomy, the
retinas were isolated and placed into a sampling buffer as HBS
(pH 7.4) containing 1% protease inhibitor cocktail (Sigma-
Aldrich, St. Louis, MO) and homogenized in lysis buffer as
HBST (0.5% Triton X-100, pH 7.4) containing 1% protease
inhibitor cocktail. Cell lysates were clarified by centrifugation
at 15,000g at 4°C for 20 min. Each cell lysate was collected into
a new tube, and quantity of protein concentration was deter-
mined by using a BCA kit (ThermoFisher Scientific, Rockford,
IL). For each sample, 10 pg total protein was applied per lane,
separated with sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, and electroblotted onto a polyvinylidene fluoride
(PVDF) membrane (Millipore, Bedford, MA). After nonspe-
cific binding had been blocked with 8% Block Ace (Yukijir-
ushi, Sapporo, Japan), the membranes were incubated at 4°C
overnight with a rabbit polyclonal antibody against GFRo3
(1:1,000, ab-8028; Abcam, Cambridge, MA) and -actin
(1:5,000, A5316; Sigma-Aldrich). The membranes were then
incubated with a horseradish peroxidase-conjugated anti-rabbit
or anti-mouse immunoglobulin secondary antibody for 1 hr.
The signals were visualized with chemiluminescence (ECL
prime blotting analysis system; GE Healthcare, Tokyo, Japan),
measured in Image Lab statistical software (Bio-Rad, Hercules,
CA), and normalized to B-actin.

Immunohistochemistry was  performed as previously
described (Nakazawa et al., 2002a,b). Briefly, surgically removed
retinas were fixed with 4% PFA at 4°C overnight and then cry-
oprotected with PBS, 0.1 M phosphate buffer (pH 7.4), and
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0.15 M NaCl containing 20% sucrose. Cryosections (10 pm)
were mounted on slides and incubated with blocking buffer
(10% goat serum, 0.5% gelatin, 3% BSA, and 0.2% Tween-20 in
PBS) for 1 hr. Then the sections were incubated with blocking
buffer and a primary antibody made in rabbit against GFRa3
(AB5400; Chemicon, Temecula, CA). Normal serum (Dako,
Osaka, Japan) was used as a negative control. The sections were
then incubated with Alexa TM 488-labeled secondary antibody
(1:200 in blocking buffer; Molecular Probes) for 1 hr. Slides
were washed three times with PBS containing 0.2% Tween-20
and mounted with Vectashield mounting media with 4 6-dia-
midino-2 phenylindole (DAPI; Vector Laboratories). Photo-
graphs of the retina were taken routinely at an area T mm from
the center of the optic nerve with a fluorescent microscope
(Qfluoro system; Leica Microsystems, Wetzlar, Germany) with a
UV filter (DAPI) and an FITC filter (immunostaining).

For double staining with GFRa3 and Brn3a, retinal sec-
tions were sliced (12 pm thick) with a cryostat and collected on
MES-coated slides (Matsunami, Osaka, Japan). For the immu-
nohistochemistry procedure, sections were blocked with 10%
normal serum and 1% Triton X-~100 in PBS for 1 hr at RT and
then reacted with primary antibodies rabbit anti-GFRa3 (1:50,
ab8028; Abcam) and mouse anti-Brn3a (1:200, sc-8429; Santa
Cruz Biotechnology, Santa Cruz, CA) overnight at 4°C. After
being washed in PBS, the sections were incubated with Alexa
TM 488 (GFRa3)- or 568 (Brn3a)-labeled secondary antibod-
ies for 1 hr at RT and mounted on Vectashield mounting
media with DAPI. The sections were analyzed with a Leica
TCS SP2 laser scanning spectral confocal microscope.

Adult Rat Retinal Primary Cultures

Adult primary retinal cultures were prepared as previously
described (Yin et al., 2006; Nakazawa et al., 2007). Cells from
two retinas were resuspended in 1 ml Neurobasal A medium
(Invitrogen, Carlsbad, CA) containing B27 supplement (Invi-
trogen) with antioxidants for axonal growth analysis (NBA/
B27A0™) or without antioxidants for cell survival assay (NBA/
B27A07), and cells were counted by using a hemocytometer
after incubation with the same volume of 0.4% Trypan blue
solution (Sigma). Cell density was adjusted to 4 X 10° cells/ml
with culture medium, and 100 pl cell suspension was seeded
into each well of an eight-well chamber (Nunc; 4 X 10% cells
per well). Ten minutes after seeding the cells, the total volume
in each well was brought up to 400 pl by adding 300 pl of cul-
ture medium containing 1 pg/ml insulin, 2 mM L-glutamate,
and 12 pg/ml gentamycin. One hour later, GDNF, NRTN,
and ARTN at specified concentrations were added to the cul-
ture medium, and incubation continued in a 5% CO, atmos-
phere at 37°C for 24 hr for cell survival assay or for 72 hr for
axonal growth analysis. Cells were then gently washed with
PBS and fixed with 4% PFA for 10 min at RT. To assess the
viability of RGCs, we performed immunocytochemistry with
mouse anti-B3-tubulin antibody, an RGC marker (Nakazawa
et al., 2007). Briefly, cells were permeabilized with 0.1% Triton
X-100 in PBS for 5 min and blocked by blocking buffer for 30
min at RT. Cells were then incubated with a monoclonal anti-
B3-tubulin antdbody (1:150 dilution; Sigma) at RT for 2 hr,
rinsed with PBS (3 X 5 min), incubated with goat anti-mouse
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Fig. 1. Changes in expression of mRINA for GIDNF-related genes and
their receptors on days 3, 7, and 10 after axotomy. A: Representative
gel images of RT-PCR products. B: Quantitative data of real time
RT-PCR on days 1, 3, 7, and 10 after axotomy; ¢, control. *P < 0.05.

secondary antibody (1:200, Alexa Fluor-488; Molecular Probes)
at RT for 1 hr, and rinsed again with PBS (3 X 5 min). Eight-
well chamber slides were mounted with Vectashield mounting
medium with DAPI. Controls were stained by omitting the pri-
mary antibody. Samples were arranged in a pseudorandomized
manner on the plates so that the investigator would not be
aware of their identity when quantifying B3-tubulin-positive
RGCs. The number of B3-tubulin-positive RGCs was counted
in the following manner. Ten random fields per well were cap-
tured with a fluorescent microscope (X20 objective) equipped
with an imaging system, and the B3-tubulin-positive RGCs
were counted in Image]. RGCs with axons greater than two
RGC diameters in length were defined as RGCs with neurite
outgrowths. Values are the mean = SEM of four replicate wells.
Experiments were repeated at least three times. For inhibitor
studies, we added U0126, LY294002, SB203829, or JNK2
(Merck-Millipore, Billerica, MA) to the culture medium, and
30 min later ARTN was administered at a final concentration
of 1, 10, or 100 ng/ml.

Statistical Analysis

The data from the experimental and control groups were
analyzed with ANOVA followed by Scheffé post hoc test in
StatView 4.11] software (Abacus Concepts, Berkeley, CA).
Statistical analysis for optic nerve regeneration in vivo was
performed with the Tukey honest significant difference test. All
values were expressed as mean * standard deviation. P < 0.05
was considered statistically significant.
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Fig. 2. Changes in expression of protein for GFRa3 on days 3 and 7
atter axotomy. A: Representative images of immunoblot of sham, day
3, and day7 after axotomy. Upper panel, GFRa3; lower panel,
B-actin. B: Quantitative data of immunc blot of GFRa3/B-actin 3
days after axotomy. *P < 0.05.

RESULTS

RNA Expression of GFR-Related Genes After
Optic Nerve Axotomy

To investigate expressional changes of GFR -related
genes after optic nerve axotomy, we performed real-time
RT-PCR with several primer sets including GFR -related
genes and their coreceptor, Ret. We harvested neural ret-
nas at various time points (control and days 1, 3, 7, and
10) after optic nerve axotomy. Real-time PCR data
showed that the expression of GFRa3 increased greater
than tentold 3 days after axotomy (P<0.01; Fig. 1),
whereas other members of the GFR tamily (GFRal and
GFRa2) were unchanged on day 3. On day 7 after axot-
omy, the expression of GFRal was significantly increased
(1.5-told, P < 0.05), and induction of GFRa3 expression
was less than on day 3 but still significantly greater than
baseline (threefold; P < 0.05). On day 10 after axotomy,
the expression of all GFR-related genes had returned to
control levels. The expression of Ret remained constant
during this time period (Fig. 1). We next investigated the
protein expression on days 3 and 7 after axotomy.
GFRa3 protein had increased significantly by day 3 after
axotomy compared with the sham-treated eyes
(2.65 = 0.2-fold, P<0.05; Fig. 2). Immunoblot and
immunohistochemistry (IHC) showed that immunoreac-
avity for GFRa3 antibodies was active in the GCL and
inner nuclear layer (INL) and slightly active in the inner
plexiform layer (IPL; Fig. 3A). On day 3 after axotomy,

immunoreactivity for GFRa3 antibodies was significant
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Fig. 3. Representative confocal microscopy photographs of immunohistochemical staining in adult
rat retinas with GFRa3 antibodies with or without axotomy. A-C: Control rctina. D=J: Day 3
after axotomy. A,D,G: Immunoreactivity of GFRa3 antibody. B,E,I: Merged images. C,F,J: DAPI
nuclear staining. H: Immunorcactivity of Brn3a, an RGC marker. The arrows show RGCs with
colocalized GFRa3 and Brn3a. GCL, ganglion cell layer; IPL, inner plexitorm layer; INL, inner
nuclear layer; OPL, outer plexiform layer. Scale bars = 50 pm.

in the inner retina, including the GCL, IPL, and INL
(Fig. 3D). GFRa3 protein was colocalized in the Brn3a-
positive RGCs (Fig. 3G-I). These data suggest that
GFRa3 is dramatically upregulated following axonal
injury at a critical point for RGC survival.

GFRa3 Expression During Retinal Development

Axonal damage can activate neurons’ intrinsic axo-
nal growth program, which partially recapitulates an ear-

Joural of Neuroscience Rescarch

lier developmental state of neurons (Wang et al., 2007).
This possibility prompted us to investigate the expression
of GFRa3 and other GFRs during retinal development.
Real time RT-PCR showed that the pattern of GFR-
family gene expression changed dramatically over the
course of retinal development. At embryonic day 14
(E14), the neuroblastic layer (NBL) had just formed
(Nakazawa et al., 2000, 2002a), and the expression of
GFRa3 stood out among all GFR family members (Fig.
4). At E17, two cellular layers could be distinguished in
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Fig. 4. Developmental profiles of mRNA  expression tor GDNF-
related genes. Az Representative gel images of RT-PCR products. B:
Quantitative data of RT-PCR at El4, E17, P1, P7, and P14. E,

cmbryonic day; P, postnatal day.

the NBL and GFRal and GFRa3 were expressed, but
GFRa2 expression remained weak. This pattern
remained substantially unchanged at postnatal day 1 (P1),
when the GCL is separated from the NBL. At P7, the
outer plexiform layer (OPL) has formed, and the INL and
outer nuclear layer (ONL) can be distinguished. Here,
GFRal expression decreased and GFRa3  expression
remained high, whereas GFRa2 expression began to
increase. At P14, retinal layer structure is very similar to
adult retinal layer structure, and expression of GFRal
and GFRa2 increased, whereas the expression of GFRa3
decreased. The expression of Ret was detectable from
E17, and the level of Ret mRINA was constant through
P14. These data suggest that the expression of GFRa3 is
highest in the immature retina and then declines, whereas
GFRal and GFRa2 are highly expressed in the mature
retina. The expression of GFRa3 appears carlier than that
of Ret, at E14.

To investigate the distribution of GFRa3 protein in
the developing retina further, we performed THC by
using an anti-GFRa3 antibody. At P1, GFRa3 immuno-
reactivity was detected in the entire retina but was stron-
ger in the cells of the GCL than in the NBL (Fig. 5). At
P7, the expression of GFRa3 was strongest in the GCL,
IPL, and inner margin of INL. At P14, GFRa3 was
detected in the GCL, IPL, inner margin of INL, OPL,
and outer segment. These data indicate that, during
development, GFRa3 is expressed at its highest levels in
the inner retina, including the GCL, IPL, and INL.

P1

]

P7

P14

50um

Fig. 5. Immunohistochemical staining with a GFRa3 antibody in the
developing retina. Upper pancels show results at P1, middle pancls at
P7, and lower pancls at P14 after birth. Left images are IHC for
GFRa3 and right images are DAPI nuclear staining. P, postnatal day;
GCL, ganglion cell layer; IPL, inner plexiform layer; NBL, ncuroblas-
tic layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL,
outer nuclear layer.

Neuroprotective Effect of GFRa3

Next, we investigated the neuroprotective eftect of
GDNF-family proteins on RGCs 1n dissociated adult rat
primary cultures. We found that GDNF, NRTN, and
ARTN all had a neuroprotective eftect on adult RGCs at
a concentration of more than 10 ng/ml (Fig. 6A-E). To
examine the signaling pathway, we treated cells with sev-
eral pathway inhibitors (U0126 as an MEK inhibitor,
LY294002 as a PI3K inhibitor, SB203580 to inhibit p38,
and JNK2 to inhibit JNK) in the presence or absence of
ARTN (Fig. 6F). Baselines differed with kinase inhibitors
in these cultures. Specifically, inhibition of the p38 and
JNK pathways had a significant neuroprotective effect on
dissociated RGCs in vitro. The quantitative count on the
surviving RGCs suggested that the neuroprotective effect
of ARTN was suppressed by MAPK and PI3K inhibitors
but not by inhibitors of p38 and JNK, suggesting that the
neuroprotective effect on cultured RGCs occurs through
the MAPK and PI3K signaling pathways.

Journal of Neuroscience Research
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Fig. 6. Representative images of surviving B3-tubulin-positive RGCs
following stimulation with GDNF-related proteins in vitro. A: PBS.
B: GDNF. C: NTRN. D: ARTN. E: Quantitative data of B3-
tubulin-positive RGCs with different doses ot GIDNF-related proteins
after 24 hr in vitro. *P < 0.05 compared with control without trophic
factors. F: Quantitative data of B3-tubulin-positive RGCs following
treatment with ARTN combined with signaling inhibitors after 24 hr
in vitro. D, DMSO; L, LY294002; U, U0126; S, SB203580; J, JNK
inhibitor II. *P<0.05 compared with ARTN with DMSO;
#P<0.05 compared with ARTN condition with DMSO. Scale
bar = 50 pm.

To investigate whether GDNF family members
have a neuroprotective effect on RGCs, we examined the
effects of GDNF, NRTN, and ARTN on the survival of
axotomized RGCs in vivo. Ten days after optic nerve
damage and intravitreal injection of GDNF family mem-
bers (1 pg per eye), the retina was harvested, and the den-
sity of FG-positive RGCs was counted. The density of

Journal of Neuroscience Rescarch

m

1800 s

1600 - I 1
1400 I " i
1200
1000 -
800
600
400 -
200 -

RGCs (fmm?)

PBS GDNF NRTN ARTN

Fig. 7. Representative photographs of FG-labeled RGCs on day 10
after axotomy. A: Axotomy with intravitreal administration of PBS.
B: GDNF. C: NRTN. D: ARTN. E: Quantitative data of surviving
FG-positive RGCs 10 days after axotomy following treatment with
PBS, GDNF, NTRN, and ARTN. *P<0.05, **P<0.01. Scale
bar =100 pm.

FG-labeled RGCs was found to be 415 % 50 cells/mm?
after injecting PBS (n =10), 1,013 £ 150 with GDNF
(n=10; P<0.0001), 1,143 = 150 with NRTN (n = 10,
P<0.0001), and 935% 107 with ARTN (n=10,
P=0.001; Fig. 7). There was a significant difference
between NRTN and ARTN (P =0.045). These data
suggest that GDNF family proteins have a neuroprotec-
tive effect on axotomized RGCs.

Effect of Axonal Regeneration in Vivo and in
Vitro

At El4, developing RGCs extend their axons
toward the brain, and expression of GFRa3 is much
higher than GFRal and GFRa2 at this time point. This
developmental profile of GFRa3 led us to investigate the
effect of ARTN on axonal growth after injury in adult
animals. No significant differences were found in surviv-
ing RGCs after 72 hr in vitro with antioxidants and treat-
ment with PBS (40.3 = 6.6 cells per field; CPF), GDNF
(52.4 9.4 CPF), NRTN (58.3 7.9 CPF), or ARTN
(54.7 £ 12.0 CPF). Therefore, we showed the percentage
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Fig. 8. Images of B3-tubulin-positive RGCs with axonal growth tol
lowing the stimulation of GDNF-related proteins in vitro. A: PBS.
B: GDNF. C: NTRN. D: ARTN. E: Quantitative data of axonal
growth in B3-tubulin-positive RGCs after 72 hr in vitro. *P < 0.05
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in order to compare the different conditions. In culture,
ARTN had a strong effect on axon outgrowth after
72 hr, whereas GDNF and NRTN did not (Fig. 8). We
also detected similar effects of ARTN on axonal regener-
ation in vivo with multiple administrations (Fig. 9). These
results indicate that, among GDNF family members,
ARTN and its receptor GFRa3 have a unique effect on
axonal growth of RGCs.

DISCUSSION
This study demonstrates that optic nerve injury induces
the upregulation of GFRa3 within 3 days, a critical time
point for determining the fate of injured RGCs. To gain
insight into the role of GFRa3 after axotomy, we investi-
gated its expression during retinal development and found
that, among GDNF family members, the expression of
GFRa3 was particularly high throughout embryonic
development and in the early postnatal period, then grad-
ually decreased at later stages of maturation. Profiles of
GFRal and GFRa2 expression were very different from
that of GFRa3, suggesting substantial differences in the
roles of different GFR family members during develop-
ment. To examine the role of GFRa3 further, we
assessed the effects of ARTN on RGC survival and axon
regeneration both in vivo and in vitro. All of the GDNF
family members (GDNF, NRTN, and ARTN) had neu-
roprotective eftects on axotomized RGCs. Investigation
of intracellular signaling pathways suggested that the neu-
roprotective effect of ARTN was through the MAPK
and PI3K signaling pathways. However, among GDNF
family members, ARTN alone stimulated the regrowth of
RGC axons both in vivo and in vitro. These tindings sug-
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Fig. 9. Representative photographs of axonal regeneration following
multiple injections of GDNF-related proteins in vivo. Stars indicate
the crush site. A: PBS. B: GDNF. C: NTRN. D: ARTN. E: Quan-
titative data of B3-tubulin-positive RGCs with axonal growth at dis-
tances of 250, 500, and 1,000 pm on day 21 after optic nerve crush,
*P < 0.05 compared with vehicle control in the same points.

gest that the ARTN-GFRa3 pathway contributes to the
survival and axonal growth of axotomized RGCs in a
way that is unique among GDNF family members.

The present study indicates that both GDNF and
NRTN had a necuroprotective effect on axotomized
RGCs. This is in agreement with the findings of previous
studies that used RGC injury models (Koeberle and Ball,
2002; Ozden and Isenmann, 2004; Ward et al., 2007).
Here, we also report for the first time that ARTN had a
neuroprotective effect on axotomized R GCs. The neuro-
protective eftfect of NRTN was strongest among GDNF
family members, whereas the neuroprotective effect of
ARTN was weaker than that of the other members. One
possibility is that the roles of ARTN and GFRa3 might
differ in RGC survival and axonal growth.

Seventy-two hours after axotomy, the expression of
GFRa3, the embryonically dominant form of the GFR
family, was significantly upregulated. Previously, we had
shown that RB3, a tubulin disassembly factor, is also
upregulated in the GCL and peaks at 3 days after optic
nerve axotomy (Nakazawa et al., 2005a). Tubulin remod-
eling is a critical step for axonal growth. Furthermore,
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