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Abstract

Retinal ganglion cell (RGC) degeneration occurs within 2 weeks following optic nerve crush (ONC) as a consequence of reduced
retro-transport of growth factors including nerve growth factor (NGF). The hypothesis that intravitreal (ivt) and eye drop (ed)
administration of recombinant human NGF (thNGF) might counteract ONC in adult rats is explored in this study. We found that
both ivt- and ed-thNGF reduced RGC loss and stimulated axonal regrowth. Chiefly, survival and regenerative effects of hNGF
were associated with a reduction of cells co-expressing Nogo-A/p75NTR at crush site borders, which contribute to glia scar
formation following nerve injury, and induce further degeneration. We also found that ocular application of thNGF reduced
p75NTR and proNGF and enhanced phosphorylation of TrkA and its intracellular signals at retina level. Nogo-R and Rock2
expression was also normalized by ed-rhNGF treatment in both ONC and contralateral retina. Our findings that ocular applied
NGEF reaches and exerts biological actions on posterior segment of the eye give a further insight into the neurotrophin diffusion/
transport through eye structures and/or their trafficking in optic nerve. In addition, the use of a highly purified NGF form in injury
condition in which proNGF/p75NTR binding is favored indicates that increased availability of mature NGF restores the balance
between TrkA and p75NGF, thus resulting in RGC survival and axonal growth. In conclusion, ocular applied NGF is confirmed
as a good experimental paradigm to study mechanisms of neurodegeneration and regeneration, disclose biomarkers, and time
windows for efficacy treatment following cell or nerve injury.
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neurotrophin nerve growth factor (NGF) in the development
and maintenance of the nervous system [1-5]. The ability of
exogenous NGF to stimulate neuronal survival and the struc-
tural and functional recovery after brain injury in vivo was
also extensively reported [6—11]. Central neurons [12—14]
and retinal ganglion cells (RGCs) depend on NGF that is
produced in the retinal recipient areas and retrograde transport
via the optic nerve to the eyes [15—17]. The reduced availabil-
ity of NGF as a consequence of optic nerve crush (ONC) or
complete axotomy is responsible for RGC loss and axon de-
generation, and it resembles ocular degenerative diseases, like
glaucoma [18, 19].

Studies of the retinal response to ONC demonstrated that
axonal signal impairment induced rapid cellular and molecu-
lar modifications that are associated with the local induction of
NGF [20, 21]. The transient post-injury increase in NGF is
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necessary to inhibit glial proliferation and promote repair
mechanisms. However, the limited availability of growth fac-
tor over time results in RGC loss, glial scar formation, and
further axonal degeneration [22]. We recently demonstrated
that p75SNTR upregulation in Miiller cells and the parallel
activation of apoptotic signals that occur immediately after
nerve crush resulted in approximately 50% of RGC death in
the first 7 days after crush (dac). The subsequent increase in
proNGF and p75NTR contributed to the exacerbation of ret-
inal degeneration via further stimulation of apoptosis [20].
Less than 20% of RGCs survived and/or retained the ability
to regenerate their axons within 2 weeks after ONC [20, 23].
The increased expression of inhibitory factors, such as Nogo-
A, and the activation of Rho-A/Rock signaling via the
p75NTR/Nogo receptor (Nogo-R) also occur in the first week
after ONC, and it is responsible for cone growth collapse and
blockade of axonal growth [24]. Axonal growth inhibition in
the retina, PC12 cell line [25], and hippocampus [26] is also
under the control of the proNGF/p75NTR signaling complex,
which further confirms the role of NGF ligands in the regula-
tion of RGC function. Pharmacodynamic studies demonstrat-
ed that administration of murine NGF to the ocular surface
reached the retina and optic nerve [27] and exerted neuropro-
tective effects in animal models of retinitis pigmentosa, dia-
betic retinopathy, and glaucoma [8, 28-34]. Murine NGF im-
proved visual loss in childhood optic pathway gliomas [35]. A
recent, novel human recombinant form of mature NGF
(thNGF) was demonstrated safe in healthy subjects [36], and
it exhibited high efficacy to promote corneal healing in pa-
tients. The potential use of thNGF treatment in patients with
retinitis pigmentosa is currently under investigation in a phase
Ib/I1, multicenter, randomized, double-masked, placebo-
controlled study [37].

There are no current data of direct thNGF efficacy on
RGCs and/or its ability to stimulate intracellular survival path-
ways following retinal injury.

The present study addressed these questions via evalua-
tions of the morphological and biochemical effects of intravit-
real and topical (eye drop form) application of rhNGF in an
acute unilateral ONC model in adult rats. The anti-apoptotic
and regenerative actions of topically applied thNGF on mature
RGC are discussed.

Materials and Methods
Animals and Study Design

Ninety adult Long—Evans rats (male, 300-350 g) were pur-
chased from Charles River (Charles River Laboratories Italia
s.r.l.). Rats were maintained on a 12-h light-dark cycle and
provided food and water ad libitum. The study was performed
in accordance with the ARVO Statement for the Use of

Animals in Ophthalmic and Vision Research, and the Animal
Care and Use Committee of the San Raffaele Scientific Institute
approved all protocols. All surgical and treatment procedures
were performed under ketamine and xylazine anesthesia, and
every effort was made to minimize animal suffering. Rats that
did not recover weight or exhibited signs of suffering after
delivery were not included in the experiments.

Rats were submitted to unilateral ONC, which was per-
formed as previously described [38—40] and as described in
S1 (supplementary files). ONC rats were used to investigate
the effects of ocular thNGF administration (Dompé S.p.A.
L’Aquila, Italy). The study included two sets of experiments
to analyze and compare the intravitreal (ivt) or eye drop ad-
ministration (ed) of thNGF.

The first experiment set investigated retinas 7 days after crush
(dac), when approximately 50% of the RGC population was
present [41-43]. The effects of ivt-rhNGF (n=06) and ed-
thNGF daily administration (n = 12) on the eyes with ONC were
compared to treatment with vehicle (n= 6 ivt; n =6 ed) to eval-
uate the efficacy of different routes and doses of thNGF ocular
administration. Untouched and untreated contralateral right eyes
were used as controls for ONC-induced loss of RGCs.

A second set of experiments further investigated the sur-
vival effects of ed-rthNGF at 14 dac, when a large portion of
RGCs and their axons degenerate [38, 42, 44]. Six ONC rats
per groups were used to analyze the RGC distribution and
axonal growth at 14 dac.

Rats for biochemical investigation underwent ONC and
received daily ed treatment with vehicle or ed NGF. These rats
were euthanized at 7 and 14 dac to evaluate the expression
levels of proNGF, NGF receptors, and intracellular down-
stream signaling molecules in the retina and optic nerve (n =
6 per time points/group of treatment). A group of naive rats
(n=3) was used as controls in these experiments.

A scheme of the experimental design and details of the
surgical procedure and sample collection and processing are
provided as supplementary information.

NGF Treatment

Rats were submitted to ivt or ed administration with thNGF or
vehicle in the left eyes after ONC. The first group of animals
received a first ivt injection or 1-1.5 pg/eye of rhNGF (ivt-
rhNGF) or vehicle immediately after crush and a second in-
jection of the same dose 72 h post-crush.

Two concentrations of hNGF were used for ed administra-
tion based on previous observations on the efficacy of NGF
eye drops [8]: 180 pg/ml (ed-rhNGF 180) and 540 pg/ml (ed-
rhNGF 540). Ed-treated rats received a 10-uL droplet of
rhNGF or vehicle (ed-vehicle) on the ocular surface immedi-
ately after crush and twice daily from day 1 after crush for 7 or
14 days. A group of naive rats was used as controls (CTR) to
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evaluate the basal condition and disclose possible effects of
ONC or ocular treatment on the contralateral eye (CoEye).

Histological Preparation

Rats received an overdose of anesthetics 7 or 14 days after
ONC and were perfused through the heart with ice-cold saline,
followed by 4% paraformaldehyde in PBS. The eyes and optic
nerves were removed, post-fixed for 24 h, and dehydrated in
10-30% sucrose solutions. Retinas were dissected and used for
flat-mount preparation and analyses of RGC survival. The optic
nerves were sectioned at a 14 um thickness using a cryostat
(Leica Microsystems GmbH, Wetzlar, Germany), mounted on
superglass slides and processed for immunofluorescence.

RGC Immunofluorescence and Neuronal Count

Retinas were incubated overnight at 4 °C with a primary an-
tibody against Tujl (1:250, mouse IgG; Covance, Berkeley,
USA) in PBS with 2% Triton X-100 plus 5% normal donkey
serum (Sigma-Aldrich Co, St. Louis, USA). Retinas were
washed, incubated for 2 h at room temperature with donkey
anti-goat Cy3-conjugated secondary antibody (1:1000;
Jackson Immunoresearch Laboratories, West Grove, USA),
washed, flat-mounted, and covered with Vectashield (Vector
Laboratories). All steps were performed under gentle shaking.
A blinded observer imaged all retinas under a fluorescence
microscope (Leica CTR5500; Leica Microsystems). The fo-
cus was positioned in the ganglion cell layer, as described
previously [20].

Images for quantification of Tujl staining were randomly
acquired at approximately a 1.0- (central retina) and 3.5-mm
(peripheral retina) distance from the optic disc in all quadrants
of the retina, and 20 fields (0.064 mmz/ﬁeld, x 40 objective)
were taken. Cell counting was performed as previously de-
scribed [38] (see also supplementary data for details). Data
are expressed as the mean cell number/mm” +s.d. or as a
percentage cell number of the CoEye group.

Optic Nerve Immunofluorescence and Axon
Outgrowth Quantification

The effects of ONC and thNGF administration on the distri-
bution of Nogo-A and p75NTR at the crush site were investi-
gated using double immunofluorescence. Table S1 lists the
primary and secondary antibodies used. Gap-43 immunoflu-
orescence was performed on nerve sections to evaluate axon
regrowth following ONC plus rhNGF treatment. Briefly, sec-
tions from each experimental group were rinsed with PBS
with 0.1% Triton X-100 and incubated in blocking solution
for 1 h at room temperature, followed by incubation for 2 or
12 h depending on the primary antibody used (Table S1).
Alexa-conjugated secondary antibodies (1:1000) were applied
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for 2 h at room temperature. Slides were rinsed in PBS,
mounted with VectaShield (Vector Laboratories), and ob-
served under an epifluorescent (Leica CTR5500; Leica
Microsystems) and/or confocal microscope (Leica TCS
SP5). Nerve sections for axonal growth quantification were
observed under an epifluorescent microscope using a x 40
magnification objective lens, and the number of GAP-43-
labeled axons extending for 0.25-2.0 mm from the crush site
was counted and distributed per distance from the crush site
(Fig. S2). Values were normalized using the formula described
by Leon and colleagues (2000), and the results are expressed
as the total number of axons per nerve at a given distance from
the lesion site.

Western Blot Analysis

Western blot analysis was performed on protein extracts from
retinas at 7 and/or 14 dac. Tissue samples were homogenated
via ultrasonication in lysis buffer and centrifuged at 10,000 rpm
for 30 min at 4 °C. The supernatants were used for total protein
concentration measurements using a Biorad assay.

The Supplementary Methods and Table S1 describe the
details of the primary antibodies and procedures. Briefly, sam-
ples (20—50 pg total protein) were dissolved in a loading buft-
er, separated using SDS-PAGE, and electrophoretically trans-
ferred to polyvinylidene fluoride (PVDF) or nitrocellulose
membranes. Membranes were blocked and incubated over-
night at 4 °C with primary antibody, followed by a horseradish
peroxidase-conjugated the secondary antibody (Table S1).
The blots were developed using ECL Chemiluminescent
HRP Substrate (Millipore) as a chromophore. The public do-
main Image J software (http://rsb.info.nih.gov/ij/) was used
for gel densitometry and protein quantification following the
method described at http://lukemiller.org/index. php/2010/11/
analyzing-gels-and-western-blots-with-image-j/. The
integrated density of glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) served as the normalizing factor.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism soft-
ware (Graph Pad Software Inc.) and Statplus Software
(AnalystSoft. Inc.). Cell counts were compared using one-
way analysis of variance (ANOVA) with ONC and rthNGF
treatment as variables. Axon growth measures were compared
using two-way ANOVA with the distance from the crush site
and treatment as variables. Biochemical data were compared
using two-way ANOVA with time, ONC, and rhNGF treat-
ment as variables. Significance between groups was evaluated
using Tukey—Kramer’s post hoc test, and p < 0.05 was consid-
ered statistically significant.
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Results

Effects of Ocular rhNGF Treatment on RGC Survival
and Axonal Growth at 7 dac

The Tujl antibody was used to stain flat-mounted retinas and
identify RGCs in central and peripheral retinas of intact and
nerve-crushed eyes. ONC induced a loss of Tujl immunoreac-
tivity in central and peripheral retinas compared to CTR (naive)
and CoEyes after 7 days, as previously observed [20]. Therefore,
the CoEyes were used as internal controls, and the number of
Tuj1 cells in ONC/CoEye retinas was calculated to evaluate the
effects of ONC and ivt- and ed-thNGF treatments.

Figure 1a—e shows representative confocal images of RGC
cell distribution in the central retina of CoEye (a), ivt-vehicle (b),
ivt-rhNGF (c), and ed-rhNGF 180 and ed-rhNGF 540 (d and e,
respectively).Quantitative analyses revealed that the percentage
of Tuj1* cells in the crush eyes treated with vehicle (respective to
the CoEyes) was reduced by approximately 50% in the central
retina and 30% in the peripheral retina at 7 dac (Fig. 1£-h). No
significant changes were found in comparisons of ivt-vehicle and
ed-vehicle treatments, which indicates that the delivery route per
se did not contribute to retinal cell death (see the Table in
Fig. 1).The percentage of Tujl cell loss in rats receiving ivt-
thNGF was less than 20% in the central retina, which is an ~
1.5-fold increase over vehicle-treated rats (p < 0.05; Fig. 1f, h).
No significant differences were found in the peripheral retina
(Fig. 1g, h). Only a slight increase in RGC number was found

ivt-vehicle ivt-rhNGF

CoEye

ed-rhNGF 180 ed-rhNGF 540

Fig. 1 RGC survival 7 days after optic nerve crush. a—e Representative of
Tujl immunostaining on flat-mounted retinas of the CoEye (a), ivt +
vehicle (b), and NGF-treated groups: ivt-thNGF (c¢): ed-rhNGF 180 (d);
and ed-rhNGF 540 (e). The results of RGC quantification are shown in
the graph (f and g; percentage of RGC cells respect to CoEye) and table

in the central retinas of ONC rats that received ed-thNGF 180
treatment (p = 0.06; Fig. 1f). RGC number was similar to the
CoEye following ed-thNGF 540 (Fig. 1f, h). A significant in-
crease in RCG number was found in the peripheral retinas of rats
that received ed-rhNGF 540 (Fig. 1g).

RGC degeneration was associated with a lack of axon regen-
eration at 7 dac following ONC. GAP-43-positive fibers were
detectable beyond the crush site in vehicle and thNGF groups,
but axon quantification revealed no significant differences be-
tween groups at this experimental time point (data not shown).

Effects of ed-rhNGF Treatment on RGC Survival
and Axon Growth at 14 dac

A further decrease in RGCs was observed at 14 dac in ONC
compared to healthy CoEye retinas. Greater than 80% of RGCs
were lost in the central and peripheral retinas following ONC,
which is consistent with our previous study [20], and no differ-
ences were observed between CTR (naive) and CoEye (data not
showed). The effects of vehicle and ed-thNGF treatment on the
distribution of Tuj1* cells in the central retinas are presented in
representative confocal images in Fig. 2b—d. A twofold increase
in the number of Tuj1* cell was found in the central retinas of ed-
thNGF 180- (p <0.0001) and ed-thNGF 540-treated (p < 0.001)
groups compared to vehicle-treated rats (Fig. 2a, e). Both ed-
thNGF doses produced a 1.5-fold increase in the number of
Tuj1* cells in the peripheral retinas (Fig. 2a, f).

Central Retina

Peripheral Retina
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(h; cells number). Ivt-rhNGF and ed-ThNGF 540 promoted a significant
increase in RGC survival in the central retina (f), and only ed-rhNGF 540
affected peripheral RGC number (g). Significantly different versus
CoEye: *p <0.05, **p <0.001, **%p <0.0001. Scale bar 20 pm
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Fig. 2 Ed-rhNGF effects on RGC survival 14 days after optic nerve
crush. RCG numbers in central and peripheral retinas are shown in a
table (a). The pictures are representative images of Tujl-stained cells in
central retinas of ONC rats that received vehicle (b) or ed-rhNGF at 180

Quantification of axon regeneration at 14 dac demon-
strated that few axons expressed GAP-43 and crossed the
injury site in ONC rats that received vehicle (Fig. 3a), but
numerous GAP-43-positive fibers were detected in the
nerves of ed-rhNGF-treated rats (Fig. 3b, ¢). Two-way
ANOVA demonstrated a significant interaction between
the treatments and axon growth distance from the crush
site (table in Fig. 3d). Post hoc analyses revealed that ed-
rhNGF 180 and ed-thNGF 540 significantly increased ax-
on numbers 0.25 mm from the crush site, but only ed-
rhNGF 540 increased axons at 0.50 mm (Fig. 3d). No
GAP-43-positive fibers were found 1.5 mm from the
crush site in any of the experimental groups.
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(c) and 540 pg/ml (d) for 14 dac. The percentage increase in RGCs in
central and peripheral retinas after rhNGF administration are shown in a
graphs (e and f). Significantly different versus CoEye: *p <0.05, **p <
0.001, ***p <0.0001. Scale bar 20 um

Nogo-A and p75NTR Immunofluorescence in Optic
Nerves

The decreased ability of mature RGCs to regrow axons fol-
lowing ONC was previously demonstrated to be dependent on
the upregulation and interaction between p75SNTR and Nogo-
A at the optic nerve level [45]. Therefore, we investigated the
expression of these two markers at the crush site at 7 and 14
dac in rats that received vehicle or thNGF treatment.

A dense accumulation of p7SNTR and Nogo-A immuno-
reactive cells was observed at the crush site border in the ONC
group at 7 dac (Fig. 4a, b, respectively). Cells with or without
processes co-expressing p75NTR and Nogo-A were also
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DF Sum of Squares  Mean Square F-Value P-Value Lambda Power
Distance from crush site 4 4793314.732 1198328.683  41.116  <0.0001 164.462 1
Treatment 2 569775.702 284887.851 9.775 0.0002 19.549 0.987
Distance * Treatment 8 1075446.226 134430.778 4.612 0.0001 36.899 0.997
Residual 75 2185901.073 29145.348
Fig. 3 Axon regeneration at 14 dac. Representative images of GAP-43 fibers at increasing distances from the crush site across treatments (d).

immunostaining in optic nerves of ONC rats that received vehicle (a) or Significantly different versus CoEye: *p <0.05, **p<0.001, ***p <
ed-tThNGF (b, ¢) for 2 weeks. The graph shows the numbers of GAP-43 0.0001. Scale bar 100 pm

Crush ivt-rhNGF d-rhNGF

100um

Fig. 4 Distribution of p7SNTR and Nogo-A in optic nerves 7 days after differently distributed in ONC + rhNGF groups and show reduced
crush. Increases in immunoreactive cells expressing p75SNTR (a) and p75NTR immunoreactivity and a marked decrease in p75NTR/Nogo-A
Nogo-A (b) and co-expressing the two markers (¢) were detected at the cells at crush sites in ivt and ed-rhNGF nerves (f, i). Scale bars are shown
proximal border of a cells/staining free zone at crush sites in ONC + in the pictures

vehicle rats. Staining of p75NTR (d, g) and Nogo-A (e, h) were
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found in this area (Fig. 4c). Reduced expression and different
distributions of p75SNTR (Fig. 4d, g) and Nogo-A (Fig. 4e, h)
were found in the nerves of ONC rats that received ivt- and ed-
rhNGF treatments. Many Nogo-A-expressing cells were de-
tected, but few of these co-expressed p75NTR (Fig. 4f, 1).
p75NTR-positive cells accumulated at the crush site border
in the ONC + vehicle rats, but p75SNTR immunoreactivity
was found in cells and fibers localized in the central area of
the crush site in ivt- and ed-thNGF-treated rats.

A more visible central unstained area delimited by intense
p75NTR and Nogo-A immunoreactivity was recognizable in
the ONC + vehicle group at 14 dac (Fig. Sa—c). Z-stack analysis
confirmed the co-expression of p75SNTR and Nogo-A at both
margins of crush sites and major accumulation of double-
stained cells in the area proximal to the nerve head (see arrow
in Fig. 5c). Cells and fibers expressing p7SNTR surrounded by
Nogo-A immunoreactive spots were also located in the central
zones of crush sites (Fig. 5g). Cells co-expressing p7SNTR and

ONC

PTSNTR

PTBNTR

Fig. 5 Effects of ed-ThNGF on p75NTR and Nogo-A expression in optic
nerves at 14 dac. Intense p7SNTR (a) and Nogo-A (b) remained at crush
site borders in the ONC + vehicle group after 14 days of treatment, and a
major accumulation of double-stained cells in the area proximal to the
nerve head was observed (see arrow in ¢). p7SNTR/NogaA-positive cells
and fibers were also detected in the central zones (see ¢, g).
Magnifications show that Nogo-A immunoreactivity around fibers and
cellular bodies of p75NTR+ cells in the central zone, which was free of
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Nogo-A were found at the proximal and distal borders of crush
sites (Fig. Sh). The major difference in the distribution of the two
markers at crush sites in ONC + vehicle and ONC + ed-thNGF
groups was the marked reduction in p7SNTR immunoreactivity
(Fig. 5d). No appreciable changes were found in Nogo-A expres-
sion (Fig. 5e), but few cells were positive for p7SNTR, and no
co-expression of these two markers was observed in ONC rats
that received ed-thNGF (Fig. 5f). Z-stack analysis confirmed that
only occasional cells/fibers expressing p7SNTR and Nogo-A
were found in vehicle-treated rats.

Effects of ed-rhNGF on Nogo-A, Nogo-R, and Rock2
Expression in ONC Retinas

Changes in Nogo-A, Nogo-R, and the intracellular signal
Rock2 were previously reported in injured retinas [46].
Therefore, the expression levels of these molecules were also
examined in our experimental conditions. No changes were

ONC+ed-rhNGF

recognizable cells (g). Cells co-expressing the two markers or showing an
intense distribution of Nogo-A around their cellular bodies are also visible
at both sides of the central crush area in ONC + vehicle rats (h).
Reduction in p75NTR staining was observed at crush sites in ONC rats
that received ed-ThNGF for 2 weeks (d). Nogo-A distribution was similar
to ONC + vehicle rats (e). No co-expression of the two markers at the
crush site was observed in ONC + ed-rhNGF rats on z-stack analysis (see
a representative picture in f). Scale bars are shown in the pictures
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found in Nogo-A expression in CTR, ONC, and CoEye ret-
inas with or without rhNGF treatment at 7 and 14 dac
(Fig. 6A). However, a time-dependent variation in Nogo-R
and Rock?2 expression was found (Fig. 6B, C, respectively).
Nogo-R and Rock?2 levels in the crushed retinas of ONC +
vehicle rats increased dramatically compared to CTR and fol-
lowing rhNGF treatment at both doses at 7 dac. However, no
significant differences between groups were detected at 14
dac. An increase in Rock2 expression was also found in the
contralateral eyes of the ONC and ONC + NGF groups com-
pared to healthy controls at 7 dac (Fig. 6C).

ProNGF and NGF Receptor Expression and Activation
in the Retina

The expression levels of proNGF, p75NTR, and TrkA were
analyzed in the retinas of the CTR, CoEye, and ONC groups,
with or without thNGF treatment at 7 and 14 dac. No

Q

[J cr

D CoEye

16 Crushed Eye

Nogo-A (relative OD respect to GAPDH)

CTR ONC rhNGF 180 ONC rhNGF 180  rhNGF 540

A 5 : > A eIy
GAPDH . | 37 KDa
13 [ ol . L e - L
7 days after crush 14 days after crush
C

Rock?2 (relative OD respect to GAPDH)

rhNGF 180

ONC rhNGF 540

Rock2 sy o o —-—

significant differences were found in the expression levels of
proNGF and NGF receptors in the CTR group and CoEye of
the ONC group at the two time points considered or following
ed-rhNGF administration to the left eyes (ANOVA Table S2 in
supplementary data). Therefore, the CoEyes were used as in-
ternal controls, and the related levels of proNGF and NGF
receptors in ONC/CoEye retinas were calculated to evaluate
the effects of ONC and thNGF. Two-way ANOVA revealed
an effect of treatment and time, but no interaction of a time*
treatment effect (Table S2 in supplementary data).

Post hoc analyses revealed significant increases in the ex-
pression levels of proNGF and p75SNTR in ONC retinas at 7
and 14 dac and no reduction in TrkA at 14 dac (Fig. 7A-D). A
reduction in proNGF and p75NTR levels at 7 and 14 dac was
found in the 180 and 540 pg/ml ed-thNGF groups compared
to ONCs that received vehicle (Fig. 7A, B, respectively). A
significant increase in TrkA levels was observed at 14 dac in
the 540 pg/ml ed-thNGF group (Fig. 7C).

T

Nogo-R (relative OD respect to GAPDH)

ONC  rhNGF 180 rhNGF 540 ONC  rhNGF 180 rhNGF 540

Nogo-R . v v s o - —--—-‘_—GGKDa
7 days after crush 14 days after crush

rhNGF 180 rhNGF 540

—— e — ‘ s 160 KDa

D e esetesesen W w e wesws

7 days after crush

Fig. 6 Nogo-A, Nogo-R, and Rock2 expression in CoEye and ONC
retinas. The graphs report the semiquantitative evaluation of ONC and
ed-thNGF effects on retinal levels of Nogo-A (A), Nogo-R (B), and
Rock?2 (C) at 7 and 14 dac. Representative cropped gels showing bands
corresponding to the three proteins and loading control (GAPDH) are
presented at the bottom of each graph. Samples from the different
treatment groups were processed in parallel, as described in the
“Materials and Methods” section and Supplementary information S1.
No changes in Nogo-A were found in comparisons to ONC with or

14 days after crush

without thNGF to the related CoEyes and CTR (A). Nogo-R (B) and
Rock2 (C) were significantly increased at 7 dac in ONC + vehicle rats
compared to the related CoEye and CTR, and no significant changes were
observed at 14 dac. Treatment with ed-thNGF counteracted the ONC-
induced increases in Nogo-R (B) and Rock2 (C) but not the significant
effects in related CoEyes. Data are expressed as the mean optical density
(arbitrary units) and presented as the mean = s.d. Significantly different: a
vs. untouched and untreated rats (CTR); b vs. CoEye; ¢ vs. ONC. *p <
0.05, **p <0.001, ***p <0.0001
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Fig. 7 NGF receptor and proNGF expression levels in retinas at 7 and 14
dac. The graphs show proNGF (A), p75NTR (B), and TrkA (C)
expression in the retinas of CTR (untouched and untreated rats), ONC
+ vehicle, and ONC + rhNGF rats at 7 and 14 dac. Representative western

The effects of treatment on TrkA phosphorylation levels
were also evaluated at 14 dac. No differences in TrkA phos-
phorylation were found in any CoEye group or the crushed
retinas of the ONC + vehicle group (Fig. 8A, D). An increase
in pTrkA/TrkA was detected in ONC + rhNGF retinas com-
pared to CTR and ONC + vehicle retinas, independent of the
dose used. Analyses of ERK1/2 expression and phosphoryla-
tion levels revealed that thNGF treatment significantly in-
creased ERK phosphorylation at 540 pg/ml compared to
ONC + vehicle (Fig. 8B, E). No significant changes in the
levels of total or phosphorylated AKT were found in any rat
group (Fig. 8C, F).

Discussion

The present study verified the efficacy of an ocularly applied
rhNGF formulation on injured retinas. The working hypothe-
sis was that administration of exogenous NGF in the first days
after ONC would counteract and/or revert the intracellular
events resulting in RGC death. Our morphological and mo-
lecular results support this hypothesis and demonstrated that
rhNGF reduced RGC loss and stimulated axon regrowth via
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expressed as the mean of ONC/CoEye + s.d. Significantly different: a vs.
CTR; b vs. ONC. #*p < 0.05, **p <0.001, ***p <0.0001

interfering with apoptotic and growth inhibitory pathways in
retinas and nerve crush sites.

Ivt and ed were equally efficient routes of rhNGF admin-
istration to counteract the initial ONC-induced loss of RGCs,
which confirmed that rhNGF in the form of eye drops to the
ocular surface reached the retina in sufficient amounts to pro-
mote survival and activate protective pathways [27, 47]. Ed-
rhNGF 180 and ed-thNGF 540 recovered ONC-induced RGC
degeneration, and ed-rhNGF 540 approximately doubled the
number of surviving RGCs and regenerating axons at 14 dac.
This last finding suggests that a higher thNGF dose increased
the rate of neurotrophin delivery or accumulation in the pos-
terior eye segment, which could explain the increased effects.

The development of a delivery device implant to allow the
use of decreasing thNGF concentrations should be considered
to overcome the possible side-effects related to prolonged use
of high NGF doses and/or its accumulation and for further
evaluation and characterization of the neuroprotective ability
of ed-rThNGF.

Notably, 540 pg/ml thNGF did not produce cytotoxic effects
regardless of intraocular accumulation. Both doses of thNGF
revered the ONC-induced increase in proNGF/p75NTR and
stimulated TrkA receptors. The early and concomitant upregula-
tion of p75NTR and proNGF in ONC retinas is consistent with
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Fig. 8 TrkA and intracellular signal phosphorylation. The
phosphorylation levels of TrkA, ERK 1/2, and AKT were analyzed and
compared to the expression of the total unphosphorylated forms in CoEye
and crushed retinas of ONC and ONC + ed-rhNGF rats at 14 dac. The
results are shown in the graphs (A—C), and a representative western blot
showing the band size and expression in each experimental group is

the activation of apoptotic signals that lead to RGC degeneration
[20]. ProNGF binding to p7SNTR in Miiller cells likely induces
RGC death via stimulation of the secretion of the proapototic
factor TNF-ox [48]. Our previous study observed that p7SNTR
was upregulated in glial cells in ONC retinas, including astro-
cytes and Miiller cells, which may preferentially respond to the
proNGF increase [20]. RGCs may also express p7SNTR [33,
49], and proNGF directly interacts with receptors on RGC mem-
branes to activate apoptosis [50]. Therefore, the possibility that
RGCs expressed p75SNTR cannot be excluded.

Our study suggests that thNGF administration, likely via
increasing the availability of mature NGF, favored TrkA acti-
vation and/or competed with the ONC-induced proNGF bind-
ing to p75NTR, independently of the cell types expressing
p75NTR. The thNGF-induced increase in TrkA phosphoryla-
tion and the downstream intracellular signals, like ERK 1/2, is
consistent with this hypothesis.

Another aspect of thNGF neuroprotection is the modulation
of Nogo-R and Rock2 expression in the retina. Formation of the
Nogo-R/p75NTR complex and activation of the Rho/Rock path-
way following ONC hinder the survival of RGCs and axonal
regeneration [51]. The upregulation of Rock?2 is a specific RGC
response to axon lesion, and it begins during the first week after
nerve crush to inhibit RGC survival [52, 53]. Rock?2 inhibitors
enhance survival and induce axonal growth after ONC via stim-
ulation of AKT and ERK phosphorylation [52, 54]. We demon-
strated that thNGF treatment reduced Rock2 and Nogo-R ex-
pression in ONC retinas and activated survival pathways, which
suggests that the increased availability of mature NGF in ONC
eyes counteracts the loss of RGCs.

CTR C

shown in D-F. Lanes: CTR; 1 =CoEyes + vehicles; 2=CoEyes +
rhNGF180; 3 = CoEyes + rhNGF540; 4 = ONC + vehicles; 5=0NC +
rhNGF180; 6 = ONC + rhNGF540 CoEyes. Values are expressed as the
mean of ONC/CoEye +s.d. Significantly different: a vs. untouched and
untreated rats (CTR); b vs. ONC + vehicle; *p < 0.05, **p < 0.001, ***p
<0.0001

Reductions in Rock?2 expression and the counteraction of
increased NogoR/p75NTR were only observed in the eyes
that received NGF treatment and not in the contralateral eyes,
in which changes in Rock2 and Nogo-R were detected. Our
previous study [20] found that unilateral ONC affected con-
tralateral retinas and increased GFAP and intracellular signals
associated with cell stress and inflammation. These observa-
tions are consistent with previous studies that demonstrated
cellular and molecular changes, including the activation of
glial cells, in the contralateral eye in the first days after unilat-
eral optic nerve crush [20, 55]. A similar effect was also found
in experimental glaucoma models, and the activation of
micro- and macroglia in CoEyes may be attributed to damag-
ing signals from degenerating axons that reach the unaffected
eyes via the chiasma or post-chiasma areas, including the
LGN and visual cortex [56]. A propagation of astrocyte reac-
tion from the damaged eyes to the contralateral retina via the
chiasma and optic nerve was also hypothesized. The meaning
of glial responses in contralateral retinas following unilateral
injury is not fully understood, but it was not associated with
RCG loss. Therefore, this response may represent an initial
phase of neurodegeneration that is balanced by the presence of
endogenous protective mechanisms. The increase in Rock2 in
CoEyes in the first week after ONC may be associated with
the early activation of signaling pathways that regulate apo-
ptosis, cell stress, and inflammation. Notably, no RGC loss or
significant alterations in proNGF or NGF receptors were
found in contralateral eyes, which indirectly demonstrates that
neuronal survival is regulated via a balance between NGF
receptors and their ligands.
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Whether the decrease in Nogo-R/Rock?2 following ed-rhNGF
treatment depends on reduced expression of p7SNTR or TrkA-
mediated Rho-A inhibition, as previously proposed [25], was not
investigated in our experimental conditions. Therefore, the pos-
sible mechanisms of action can only be speculated.

Ambhed and colleagues [57] demonstrated the survival and
regenerative effects of intravitreal administration of sciatic
nerve-derived Schwann cells, which secrete growth factors,
including NGF, in ONC rats. These authors suggest that the
increase in neurotrophin at the retina level promoted p7SNTR
cleavage at the growth cone level, which resulted in reduced
Nogo-R binding and blockade of inhibitory intracellular sig-
nals activated by Nogo-A, including Rho/Rock enhancement.

The p75NTR antibody recognizes the full-length 75-kDa pro-
tein. Therefore, we cannot conclude that the ed-rhNGF-induced
reduction in p75NTR in the retina depended on receptor prote-
olysis. However, the finding that thNGF stimulated axon growth
supports the idea that thNGF contributed to the mechanism of
disinhibition of RGC axon growth at the nerve level.

Notably, thNGF counteracted the ONC enhancement of
p75NTR, Nogo-R, and Rock? in the retina at 7 dac without
exerting effects on axon regrowth. These findings suggest that
ed-rhNGF administration immediately after crush altered the
early molecular events that otherwise lead to progressive RGC
loss and axon degeneration. However, prolonged treatment is
needed to stimulate axon regrowth.

Morphological observations also demonstrated that ocular
rhNGF administration altered Nogo-A and p7SNTR distribution
at crush sites at 7 and 14 dac. We found increased Nogo-A
immunoreactivity at crush sites that delineated the border around
a central zone that was free of staining/cells, which is consistent
with a previous study [58]. Cell localization of Nogo-A and
p75NTR at 7 days was similar to the described accumulation
of reactive glial cells that form the scar that inhibits axon growth
[59]. Nogo-A and p75NTR-overlapping immunostaining was
intense at both crush borders at 14 dac, and cells and fibers
expressing p7SNTR surrounded by Nogo-A immunoreactive
spots were localized in central crush sites.

Treatment with thNGF resulted in a redistribution of
p75NTR at the nerve level. A marked decrease and different
distribution of p75NTR was observed at crush sites in ONC rats
that received ed-rhNGF. The suppression of cell accumulation
at crush sites at 7 dac and reduced p75SNTR expression at 14 dac
were detected following thNGF, which suggests that this treat-
ment hindered formation of the glial scar and facilitated axonal
regrowth. Z-stack analyses demonstrated that numerous cells
co-expressing Nogo-A and p75NTR were localized at crush
sites, especially at 7 dac. To the best of our knowledge, this
study is the first report demonstrating the presence of Nogo-A/
p75NTR-positive cells in mature intact or injured optic nerves.

The site of injury following nerve crush is populated by nu-
merous cellular elements that express p7SNTR constitutively or
following activation, including damaged oligodendrocytes,
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astrocytes, and activated macrophage/microglia [51]. Nogo-A
in adult optic nerves is primarily exclusively reported in mature
oligodendrocytes [51], but oligodendrocyte precursors, includ-
ing the subpopulation of NG2/glia cells, which play an axon
growth inhibitory role, also accumulate at injury sites [60, 61].
Neither Nogo-A nor p75NTR expression were described in these
cells. However, these cells act as neuronal precursors and are
responsive to NGF [62]. Therefore, it is very likely that these
two markers are expressed at different stages of oligodendrocyte/
glial cell activation or differentiation. Eye drop NGF administra-
tion [63] exerts anti-inflammatory effects on macrophages and
microglia. Therefore, these cells may co-express p7SNTR and
Nogo-A following injury.

In summary, the present study demonstrated that ocular appli-
cation of thNGF recovered the loss of RGCs and stimulated a
cellular growth state and/or axon regrowth. Intravitreal-modified
cell implants, inflammatory agent injection, and NGF or TrkA
agonists [48] recover ONC-induced retina degeneration [64—68].
Our results indicated that stimuli that influence gene expression
in the retina or optic nerve may activate the growth state of
mature RGCs and assist and/or potentiate axonal regeneration
[66]. We propose that the ocular administration of thNGF influ-
ences the dynamic equilibrium between p75SNTR and TrkA re-
ceptors and NGF ligands to activate survival and regeneration
programs in the first 2 weeks after injury. Further studies are
necessary to verify the optimal thNGF dose and its efficacy to
stimulate stable axon regeneration and/or extend effects over a
longer post-injury period. However, our findings contribute to
the development of therapeutic strategies for degenerative ocular
diseases. A potential translatability of topical thNGF as a treat-
ment for optic neuropathies is reasonable based on the evidence
that neuroprotection and regeneration may be achieved using a
non-invasive route of application, such as NGF eye drops, and
that ocular application of thNGF was well-tolerated without ev-
idence of systemic adverse effects in clinical trials [36, 37].
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