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Chronic and Acute Models of Retinal Neurodegeneration
TrkA Activity Are Neuroprotective whereas p75" ' Activity Is
Neurotoxic through a Paracrine Mechanism®
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In normal adult retinas, NGF receptor TrkA is expressed in
retinal ganglion cells (RGC), whereas glia express p75™ "X,
During retinal injury, endogenous NGF, TrkA, and p75™*® are
up-regulated. Paradoxically, neither endogenous NGF nor ex-
ogenous administration of wild type NGF can protect degener-
ating RGCs, even when administered at high frequency. Here
we elucidate the relative contribution of NGF and each of its
receptors to RGC degeneration in vivo. During retinal degen-
eration due to glaucoma or optic nerve transection, treatment
with a mutant NGF that only activates TrkA, or with a biologi-
cal response modifier that prevents endogenous NGF and pro-
NGF from binding to p75~"® affords significant neuroprotec-
tion. Treatment of normal eyes with an NGF mutant-selective
p75NTR agonist causes progressive RGC death, and in injured
eyes it accelerates RGC death. The mechanism of p75N "R a
tion during retinal degeneration due to glaucoma is paracrine,
by increasing production of neurotoxic proteins TNF-« and
a,-macroglobulin. Antagonists of p75™ ' inhibit TNF-a and
a,-macroglobulin up-regulation during disease, and afford
neuroprotection. These data reveal a balance of neuroprotec-
tive and neurotoxic mechanisms in normal and diseased reti-
nas, and validate each neurotrophin receptor as a pharmaco-
logical target for neuroprotection.

C-

Neuropathic diseases of the retina that involve the death of
retinal ganglion cells (RGCs)* are irreversible. This is because
RGCs are neurons whose fibers and axons make up the optic
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nerve (ON) and relay visual input from the retina to the cere-
bral cortex.

Commonly used animal models of neuropathy that cause
RGC death include ON axotomy and glaucoma. ON axotomy
is an acute model of trauma where the optic nerve is com-
pletely severed, causing rapid death of the RGCs (~90%
within 2 weeks). Glaucoma is a chronic and progressive optic
nerve neuropathy often concomitant with elevated intraocu-
lar pressure (IOP) (1). The etiology of RGC death in glaucoma
remains unknown.

One mechanism is the deprivation of survival signals that
neurotrophins provide by acting through the TrkA and TrkB
receptors expressed in RGCs (2, 3). Indeed, activation of TrkA
(4) or TrkB (5) directly activate pro-survival signals during
glaucoma and rescues RGCs from death during ON axotomy
or glaucoma. However, it seems paradoxical that whereas
TrkA activity is protective, neither endogenous nerve growth
factor (NGF) (up-regulated in glaucoma (6)) nor exogenous
NGF applied as a drug afford effective RGC neuroprotection
during ON axotomy or glaucoma (4, 7).

A second mechanism of RGC death in glaucoma is the in-
creased production of tumor necrosis factor-a (TNF-«) (8 —
10) and a,-macroglobulin (a,M) (11). These neurotoxic fac-
tors are produced by activated microglia (12), which express
the neurotrophin receptor p75™*% (7). Indeed, the p75™"™®
receptor has been implicated in the acute release of TNF-«
during acute toxicity leading to RGC death within a few hours
after intravitreal injection of glutamate (13) or after activation
by pro-NGF (14). However, in the normal retina p75™™® and
many of its ligands are present (the mature and the precursor
neurotrophins). Thus it is not clear what homeostatic balance
keeps the normal adult retina from degenerating. In addition,
the actual role of p75™™® in retinal diseased states is not
known.

The retina offers the peculiar advantage that whereas p75 is
found almost exclusively on glia/Muller cells, TrkA receptors
are almost exclusively expressed in RGCs (7). This lends to a
situation where a ligand such as NGF can bind to each recep-
tor in each cell population, triggering signals that can be ben-
eficial or deleterious. This is especially important to under-
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stand during disease states in which neurotrophic approaches
have been attempted to prevent neuronal death.

Here, the roles of p75™"® and TrkA in normal adult retina
and in retinal disease states are studied using models of
chronic (glaucoma) or acute (optic nerve axotomy) neurode-
generation. We also studied the receptor mechanisms that
regulate homeostatic balance of baseline versus pathological
levels of the neuroprotective and neurotoxic proteins NGF,
TNEF-o, and a, M.

The data indicate that ligand activation of p7 in glia
activates neurotoxic pathways that negate the protective ef-
fect of TrkA activation in RGCs, whereas ligand activation of
TrkA negates the neurotoxic action of p75™", The mecha-
nism of p75™"® neurotoxicity in glaucoma is through the
chronic up-regulation of TNF-« and a,M neurotoxic pro-
teins. These data reveal a balance of protective and deleteri-
ous neurotrophic effects in normal and diseased retinas, and
validate each neurotrophin receptor as a pharmacological
target.

SNTR

MATERIALS AND METHODS

All animal procedures adhered to the IACUC guidelines for
use of animals in research, and to protocols approved by
McGill University Animal Welfare Committees.

Animals—Wistar rats (female, 250 —300 g; Charles River)
were kept in a 12-h dark-light cycle with food and water ad
libitum. All animal manipulations were performed between
9 a.m. and 12 p.m. Deep anesthesia was used during cauteri-
zation (induction of glaucoma), ON transection, fluorogold
labeling, intraocular injection procedures, optical coherence
tomography measurements, and euthanasia (ketamine, xyla-
zine, and acepromazine injected intraperitoneally: 50/5/1 mg/
kg). For measuring IOP, light anesthesia was used (a gas mix-
ture of oxygen, 2% isofluorane mixture, at a rate of 2.5
liter/min).

Glaucoma Model and Intraocular Pressure—The episcleral
vein cauterization model of rat (15, 16) is validated in com-
parative studies (17, 18). We have described the methods pre-
viously (4, 6, 11). IOP was measured using a Tonopen XL ap-
planation tonometer (19, 20) immediately after episcleral vein
cauterization surgery and every week until the end point of
each experiment. In the glaucoma model, ~1.7-fold elevated
IOP was maintained for as long as 4 months (data not shown).

Optic Nerve Transection—We have described the ON axo-
tomy model in the rat (5). The ON was exposed and was com-
pletely transected 0.5—-1.0 mm posterior to the eyeball with
the use of microtweezers, sparing vessels. Normal blood cir-
culation in the retina was ascertained.

Intravitreal Injections—The experimental eyes were in-
jected with test or control vehicle, whereas the contralateral
eyes served as naive normal controls (4, 6, 11).

Fluorogold Retrograde Labeling—RGCs were retrogradely
labeled with a 4% Fluorogold solution (Fluorochrome, Engle-
wood, CO) applied bilaterally to the superior culliculous (4,
11), with minor modifications as described (5). In ON, axo-
tomy retrograde labeling was performed 7 days before surgi-
cal transection. In glaucoma, retrograde labeling was per-
formed at day 35 after ocular hypertension (e.g. 7 days before
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the experimental end point). The RGCs were labeled through-
out the whole retina, both in glaucoma and normal eyes. The
RGC numbers reported are consistent with those reported by
other groups (7).

Quantification of Retinal Structures Using Fourier Domain
Optical Coherence Tomography (FD-OCT)—FD-OCT is a
non-invasive method that allows time kinetic studies in the
same animal, acquisition of retinal images with axial tissue
resolution nominally better than 4 wm, and repeatability of
the measurements from B-scans better than 1 wm. Details of
the method have been published (5). During retinal scanning,
3 volumes were acquired in different sectors of the retina con-
taining the ON head and retinal blood vessels as landmarks.
In post processing, six B-scans were randomly selected from
each volume. The retinal thickness measurements were per-
formed with Image] software. In each B-scan the thickness of
the nerve fiber layer-ganglion cell layer-inner plexiform layer
(NGI) was measured at four adjacent points at a distance 1.5
mm from the ON head.

Drug Treatments—Drug treatments were done with the
experimenters blinded to treatment code. In each rat we used
one experimental eye (right eye, OD) with or without treat-
ment, and the naive contralateral eyes (left eye, OS) were al-
ways normal and untreated and were standardized to 100%
RGCs.

Nerve Growth Factor and NGF Mutants—All NGF forms
are recombinant. Wild type NGF (binds TrkA and p75™™)
serves as an internal control. NGF-KKE mutant (herein
termed NGF-C) is a selective TrkA agonist (21, 22). The
NGF-Delta 9/13 mutant (herein termed NGF-A) is a selective
p75N TR agonist (23).

Anti-NGF Antibody— Anti-NGF monoclonal antibody,
NGF30 mAb, binds to NGF (K, 600 nM, measured in Biacore
studies, data not shown) and blocks NGF-p75™"® binding
without affecting NGF-TrkA binding and activation (24).
Here, we also show that NGF30 mAb blocks pro-NGF bind-
ing to p75""®, as expected because binding epitope is also
present in pro-NGF.

p75NTR Small Molecule Antagonists—LM-24 was reported
(25). Synthesis of THX-B (1,3-diisopropyl-1-[2-(1,3-dimethyl-
2,6-dioxo-1,2,3,6-tetrahydro-purin-7-yl)-acetyl]-urea) was by
coupling theophylline-7-acetic acid to N,N'-diisopropyl car-
bodiimide in dimethyl formamide for 4 h at 60 °C. After cool-
ing the solvent was evaporated in vacuum. The residue was
dissolved in a minimal amount of chloroform and purified by
flash chromatography on Silica Gel 60A with chloroform:
methanol (98/2) as eluant. The fractions with the product
were pooled and evaporated, yielding 44% of the compound as
a white powder; R, = 0.68 (chloroform:methanol (9/1), R, =
0.23 (ethyl acetate). The empirical formula (F.W. 365) was
confirmed by LC/MS. The main molecular peak was found at
365 with a second peak at 387 for the sodium salt (m.p. =
117-20 °C). The "H NMR spectra (300 MHz) (data not
shown) are consistent with the expected structure. The de-
sign, synthesis, and properties of THX-B analogs will be de-
scribed elsewhere.

Drug Regimen in Vivo—In all cases, the vehicle and drugs
were coded and the experimenters were masked to the treat-
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ment (double-blinded studies). Codes were broken upon de-
posit of a summary of the data. All intravitreal injections de-
livered were 3 pl. For proteins, 1.0 ug was injected (wild type
NGEF stock (12 um), NGF mutants stock (12 um), mAb NGF30
stock (2 um), and mouse IgG control stock (2 um)). For small
molecules a total dose of 3.0 ug was injected (LM-24 (3.0 mm
stock), THX-B (3.0 mm stock)). PBS was the vehicle control.

For studies in the glaucoma animal model the injections
were performed at days 14 and 21 after cauterization. The end
point was at day 42 of high IOP. Thus, in this paradigm there
is pre-existing damage for 14 days before treatment (mea-
sured at ~8% RGC death (4, 6, 11)); and the treatments re-
quire long lived efficacy in the constant presence of retinal
stress due to high IOP.

For studies in the ON axotomy animal model the injections
were performed immediately after ON transection (whereas
the rat was still under general anesthesia). For testing a higher
frequency of wild type NGF, this reagent was administered
immediately after ON transection and also at 7 days after op-
tic nerve transection (2X treatment). The end point was 7 or
14 days after ON sectioning, as indicated.

Anti-NGF Antibody Binding to Pro-NGF—Anti-NGF
monoclonal antibody NGF30 was tested in ELISA as de-
scribed (24). In brief, in 96-well plates 50 ng/well of mouse
NGF, mouse pro-NGF (Alomone Labs, Israel), or control hu-
man NGF were immobilized. Human NGF is a control be-
cause NGF30 mAb does not bind to it. After blocking with
binding buffer (phosphate-buffered saline containing 0.5%
bovine serum albumin), anti-NGF mAb NGF30 or control
IgG (50 nm) were added as primary reagents. After further
washings and blocking, horseradish peroxidase (HRP)-conju-
gated goat anti-rat Ab (Sigma) was added as a secondary rea-
gent and then the wells were washed 3 times in binding buffer
and once in PBS. Peroxidase activity was determined colori-
metrically using the TMB One Solution (Promega) substrate.
Assays were repeated 3 times, with replicates of 4 wells in
each assay.

Quantification of Selective NGF-p75N"™ Antagonism by
Competitive ELISA—Competitive ELISAs are published (24)
and are as described above for ELISAs of NGF30 mAb. Mu-
rine NGF (50 ng) was immobilized onto polystyrene 96-well
microtest plates. Primary reagents were added in binding
buffer: recombinant chimeric p75-Fc or recombinant chi-
meric TrkA-Fc (R&D), or anti-NGF mAb NGF30 (24); each at
50 nM. The competitors THX-B or LM24 were added at the
indicated concentrations for 45 min. After washing, HRP-
conjugated secondary reagents (Sigma) were added for 30 min
(goat anti-human Fc for p75-Fc and TrkA-Fc; and goat anti-
rat Ab for NGF30 mADb). Assays were repeated >4 times, with
replicates of 4 wells for each assay. Wells that received vehi-
cle, inactive compounds, or no competitor served as controls
and were standardized as 100% binding. Wells with no NGF
immobilized but with all other reagents added were treated as
background (<15% of maximal signals) and were standard-
ized to 0% binding.

Quantification of RGCs Survival—Quantification of labeled
RGCs was performed as reported previously (4, 7, 11). At the
experimental end point, both eyes were enucleated and reti-

39394 JOURNAL OF BIOLOGICAL CHEMISTRY

nas were flat-mounted on a glass slide with the vitreous side
up. Pictures for each retina were taken using a fluorescence
microscope (Carl Zeiss Meditec, Jena, Germany), with 12 pic-
tures/retina at X20 magnification. For each quadrant there
were 3 pictures (at a radial distance of 1, 2, and 3 mm from
the optic nerve). Microglia and macrophages were excluded
according to their morphology as previously reported (26).
Fluorogold retrograde labeling measures RGC retrograde
transport. Because transport deficits precede glaucomatous
RGC death (20, 27), quantification of labeled RGCs is a valid
measure of RGC death.

In all cases, manual RGC counting was performed by two
independent persons masked to the protocol. Also, auto-
mated quantitative counting were done with “Metamorph”
software (Molecular Devices) using the module “Count Nu-
clei” to identify cells as unique objects (28). The selected pa-
rameters for retinal ganglion cells were 8 —15 um for the
width range. Both manual and automated counts were gener-
ally in accordance, and deviations among them were <5% per
picture. Comparisons of the results from manual and auto-
mated counting methods showed insignificant deviations, and
therefore results from the three counts (2 manual, 1 auto-
mated) were averaged.

Statistical Analysis of RGC Survival—In each rat standardi-
zation of the % RGC survival was calculated as the ratio of the
experimental eye versus contralateral normal control eye
(RGC,perimenta/ RGConratateral X 100%; OD/OS). The %
RGCs survival for each experimental group (untreated, PBS,
NGF-wt, NGF mutants) were averaged = S.E.; the number (n)
of ratios are indicated in each graph and legend. For IOP data,
FD-OCT data, and RGCs counting data, the mean * S.E. are
shown. After quantification of Western blot data, the mean *=
S.D. are shown. Data analysis was performed using GraphPad
Prism 5 software (GraphPad Software Inc., San Diego, CA).
Comparison between the RGCs survival rate used one-way
analysis of variance with Dunnett’s multiple comparison test.
For IOP and FD-OCT results, the data were analyzed by re-
peated measures of analysis of variance with SPSS 13.0 soft-
ware followed by post hoc tests (Tukey HSD) for comparisons
among the groups.

Quantification of TNF-a and a,-Macroglobulin Expression—
Both retinas of each animal were detergent solubilized, and
studied in independent gels standardized to loading control.
The ratio of the glaucoma eye * treatment versus the normal
contralateral eye was calculated, and results were averaged *
S.E., n = 3 animals per group. In glaucoma, all drug treat-
ments were done at day 14 of hypertension. In one group the
retinas were harvested at day 17 of glaucoma (3 days after
intraocular injection) and in the other group the retinas were
harvested at day 19 of glaucoma (5 days after intraocular in-
jection). Normal eyes treated with NGF-A were collected in
the indicated days. After SDS-PAGE and Western transfer,
membranes were immunoblotted with rabbit polyclonal anti-
bodies against TNF-« (Preprotech) or a,M (Santa Cruz) at a
1:3000 dilution. Goat anti-rabbit secondary antibodies conju-
gated to horseradish peroxidase (Sigma) were used at a
1:10,000 dilution. Loading was controlled with antibodies to
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FIGURE 1. Endogenous NGF-TrkA interactions are protective for RGCs during retinal degeneration. Quantification of surviving RGCs: A, at 14 days
post-ON axotomy; B, at 42 days of chronic glaucoma. The density of RGCs in the untreated contralateral normal eye is 100%. In ON axotomy intravitreal in-
jections of the indicated agents were done once immediately after ON axotomy, except for NGF, which was dosed immediately and at day 7 post-axotomy
(2 times treatment). In glaucoma intravitreal injections were done at days 14 and 21 of glaucoma, with constant high IOP measured throughout the test.

B-actin (Sigma). For digital quantification, membranes were
scanned and analyzed using Image] software.

Bioassays ex Vivo: Pro-NTF Killing Assay—Cell lines B104
(expressing ~50,000 p75™"%/cell) and nnr5 (expressing
~150,000 p75™N"®/cell) do not express detectable TrkA, and
do not respond to NGF (29, 30). Cells (5,000 cells/well) were
cultured in 96-well plates (Falcon, Lincoln Park, NJ) in normal
culture medium (RPMI1640, Hepes, glutamine, 5% serum).
Wells were supplemented with NGF, BDNF, pro-NGF, or
pro-BDNF (Alomone Labs) (50 nM final) in the presence or
absence of THX-B (20 uM final). Wells containing all culture
conditions but no cells were used as blanks. The growth/sur-
vival profile of the cells was quantified using 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma) 72 h
after plating, by reading optical density at 595 nm with the
blanks subtracted. In our experience, only ~50% of these as-
says result in significant cell death, likely because of the insta-
bility of the pro-neurotrophins in solution (31). Assays where
pro-neurotrophins did not cause cell death are not reported,
because there is no death to antagonize.

RESULTS

Two in vivo models of RGC degeneration were used. Ocu-
lar hypertension is a model of glaucoma that causes chronic
and progressive RGC death. ON axotomy is a model of trau-
matic injury that causes acute and rapid RGC death. The ani-
mal models used have been reported previously (4, 7, 11).

Wild Type NGF Fuails to Protect RGCs—Pharmacological
treatment with exogenous wild type NGF immediately after
ON axotomy has been reported to not alter the rate of RGCs
death quantified after 7 or 14 days (7). We replicated those
results (data not shown). However, to exclude potential phar-
macokinetic issues affecting NGF efficacy, we also tested a
higher frequency of treatment.

Wild type NGF was applied twice, once immediately after
axotomy and a second time 7 days post-axotomy. Quantifica-
tion of RGCs was done at day 14 post-axotomy. This para-
digm revealed a marginal and statistically not significant im-
provement with 16% RGCs surviving versus 10% RGCs in
untreated axotomy (Fig. 1A4). This result further supports pre-

DECEMBER 10, 2010+VOLUME 285+NUMBER 50

vious reports that wild type NGF does not significantly alter
the pattern of RGC death in ON axotomy.

Treatment with wild type NGF at days 14 and 21 of glau-
coma results in 77% RGCs surviving at the 42-day end point.
This is not statistically different from untreated glaucoma or
PBS-treated glaucoma control groups that, respectively, have
74 and 77% labeled RGC:s after 42 days. Both the untreated
glaucoma eyes and NGF-treated glaucoma eyes experienced a
significant RGC loss versus normal contralateral eyes (p =
0.0001) (Fig. 1B). Similar data have been reported elsewhere
(4). These data confirm previous reports that intravitreal de-
livery of wild type NGF is not effective in either model of RGC
degeneration.

A TrkA-selective NGF Mutant Provides Neuroprotection ON
Axotomy and in Glaucoma—In ON axotomy treatment with a
mutant NGF selective agonist of TrkA, but which does not
bind to p75 (termed NGEF-C), affords neuroprotection. A one
time treatment with NGF-C was significantly neuroprotec-
tive, with 27% RGCs at day 14 post-axotomy (p = 0.0001 ver-
sus untreated or PBS-treated axotomy control groups that
have 11% RGCs) (Fig. 1A4). These are consistent with previous
reports using other selective TrkA agonists (4, 7).

In glaucoma, treatment with NGF-C at days 14 and 21 of
disease results in 90% of the RGCs surviving at the day 42 end
point (p = 0.0001 versus untreated glaucoma or PBS-treated
glaucoma control groups that have 74 and 77% surviving
RGCs respectively) (Fig. 1B). These data demonstrate that,
whereas wild type NGF is not effective, an NGF mutant selec-
tive agonist of TrkA affords significant neuroprotection in
both models of RGC degeneration.

Restricting the Interactions of Endogenous NGF and Pro-
NGF with p75"*™® as a Strategy for Neuroprotection during
Glaucoma and ON Axotomy—Expression of endogenous
(wild type) NGF is up-regulated during injury. Paradoxi-
cally, this protein appears to be ineffective in protecting
neurons, perhaps because pro-NGF is also up-regulated.
To study the potential role of endogenous NGF and pro-
NGF, we targeted these proteins with a biological response
modifier.
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TABLE 1

mAb NGF30 binds to pro-NGF and to NGF

ELISA binding studies demonstrate direct binding to immobilized NGF or pro-
NGEF, and no binding to BDNF or pro-BDNF relative to control irrelevant IgG.
Data are from colorimetric readouts with blanks subtracted, O.D. = S.E. of 3
independent assays, each assay in quadruplicate.

OD = S.E. (X 10%)

Immobilized protein NGF30 IgG
BSA 308 3011
NGF 373 £ 397 359
Pro-NGF 406 *+ 24¢ 34+8
BDNF 38+ 12 308
Pro-BDNF 213 24 =7

“ p < 0.01 versus negative controls.

An anti-NGF monoclonal antibody termed mAb NGF30
specifically blocks the ability of NGF to functionally bind to
p75NR, but leaves NGF-TrkA binding and function intact
(24). Here, we also show that NGF30 mAb binds to pro-NGF
in a manner that is indistinguishable from NGF (Table 1).
This is expected because the epitope is present in both
proteins.

Treatment with mAb NGF30 immediately after axotomy
affords 21% RGC survival at the 14-day post-axotomy end
point (p = 0.05 versus untreated axotomy groups) (Fig. 1A).
Treatment of glaucomatous eyes with mAb NGF30 at days 14
and 21 affords 87% RGC survival at the day 42 glaucoma end
point (p = 0.005 versus untreated glaucoma or PBS-treated
glaucoma groups) (Fig. 1B). As control, no neuroprotection is
seen after treatment with an irrelevant IgG antibody (data not
shown).

Together, these data indicate that in the injured retina
there are adequate levels of endogenous mature NGF, which
are bioavailable to protect neurons through TrkA; and that
preventing NGF and pro-NGF from interacting with p75N™®
is sufficient to achieve neuroprotection. This is remarkable
given that other ligands of p75""® are present in retina (e.g
pro-BDNF, mature BDNF, etc.) (32-34).

An NGF Mutant Selective p75™"® Agonist Is Degenerative to
RGCs—The data above suggested that the failure of wild type
NGEF to protect injured retinas may be due to NGF or pro-
NGF activation of p75™"®, This would be true for NGF that is
endogenously produced or for NGF exogenously applied as a
therapeutic. To study the role of ligand-dependent activity of
p75™"™ in RGC death, we used a mutant NGF, termed
NGF-A, that is a selective p75™™® agonist but does not acti-
vate TrkA (23).

In normal eyes a single intravitreal injection of NGF-A
causes progressive and significant RGC death: 15% RGCs are
lost after 21 days, and 22% RGCs are lost after 28 days com-
pared with the untreated normal contralateral eyes (p =
0.0001) (Fig. 2A). These data demonstrate that in the normal
adult retina, exacerbated p75™® activity causes RGC death.

In ON axotomy, a single intravitreal injection of NGF-A
accelerated RGC death. At the day 7 post-axotomy end point,
41% of RGCs survive in the NGF-A-treated group, whereas
the untreated axotomy group has 52% RGC survival (Fig. 2B).
This is a significant increase in RGC death (p = 0.005) in this
acute model of neurodegeneration. In ON axotomy, the dele-
terious effects of NGF-A can only be measured after 1 week,

39396 JOURNAL OF BIOLOGICAL CHEMISTRY

A. P<0.0001
100- :
2 907 85.4+1.2
[ 77.7+1.4
; 80
=
(] 70_
(@]
Q
X 60-
5c I I : ]
Intact ~ NGF-A(21d) NGF-A(28d)
Test agents in normal retinas
B. P<0.005
601 52.3+2.0
o 40.8+2.2
T 40-
2
>
S 30
"]
O 20-
o 10.1+0.6 9.9+0.9
10- s
0 /2

Unt(7d) NGF-A(7d) Unt(14d) NGF-A(14d)
Test agents in ON axotomy

P<0.05
90- [
2 g0 74417 769412
g I 65.7+5.6
E 704
? 60-
() E ]
O 504 [ n=57
x
40-
30 T -
Untreated PBS NGF-A

Test agents in glaucoma

FIGURE 2. NGF-p75 interactions are deleterious to RGC survival in nor-
mal eyes and during retinal degeneration. Quantification of surviving
RGCs: A, normal eyes at 21 or 28 days post-treatment; B, at 7 or 14 days
post-ON axotomy; C, at 42 days of chronic glaucoma. Intravitreal injections
of the indicated agents were done immediately after ON axotomy, and at
days 14 and 21 of glaucoma. The density of RGCs in the untreated contralat-
eral normal eye is 100%.

because at 2 weeks RGC death is already nearly maximal in all
groups (Fig. 2B).

In glaucoma, a single intravitreal injection of NGF-A at day
14 accelerated RGC death, and only 66% RGCs survive at the
day 42 end point (p = 0.05 versus untreated glaucoma or PBS-
treated glaucoma groups) (Fig. 2C). Hence, exacerbated li-
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FIGURE 3. THX-B and LM-24 inhibit NGF-p75 binding selectively, and during degeneration they protect retinal structure and delay RGC death.

A, wild type NGF was immobilized on ELISA plates and binding of the indicated primary reagents (p75-Fc (n = 5), TrkA-Fc (n = 4), or anti-NGF mAb NGF30
(n = 3) were tested at 50 nm final concentrations. Binding was revealed with HRP-labeled anti-Fc secondary reagents. Untreated wells are standardized to
100%. LM24 or THX-B (each at 30 um) inhibit the binding of NGF-p75 selectively, and do not inhibit NGF-TrkA or NGF-NGF30 binding. Data are shown as %
inhibition = S.E., of the indicated number (n) of assays, each assay in triplicate; **, p < 0.01. Shown are the chemical structures of THX-B and LM-24. B, B104
(gray bars) and nnr5 cells (white bars) were cultured in serum-containing media, supplemented with the indicated growth factor (50 nm) = THX-B (20 um).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide data are standardized to untreated control = S.D., n = 4 replicates. *, p < 0.05. Similar data
were obtained in two independent experiments where pro-NTFs had a deleterious effect. C, the thickness of the RGC and nerve fiber layer (containing RGC
soma, fibers and axons) was measured by FD-OCT, as described (5). Each time point is the average of 3 individual rats measured over time = S.E., in each rat
the left eye is the normal untreated control. *, p < 0.05; **, p < 0.01. D and E, the p75 antagonists THX-B and LM24 significantly prevent the death of RGCs in
ON axotomy (end point day 14) and glaucoma (end point day 42). Data are % RGC survival = S.E., of the indicated (n) number of rats. The RGC density in the

untreated contralateral normal eye is 100%.
gand-dependent p75™"® activity can accelerate RGC death in
a chronic model of neurodegeneration.

Together, data from Figs. 1 and 2 suggest that ligands able
to activate TrkA (NGF-C mutant, or NGF30-NGF complexes)
are protective even in the presence of pro-apoptotic p75~"*®
ligands such as pro-BDNF and BDNF. In contrast, ligands
able to activate p75™"® (NGF-A or endogenous pro-NTFs)
are deleterious to RGCs even in the presence of TrkA ligands
such as endogenous NGF.

Antagonists of p75™"®—To further study p75™"® as a phar-
macological target, we tested antagonists of this receptor in
ON axotomy and glaucoma. Previous studies have shown that
the peptidic p75™"® antagonist protected RGCs in ON axo-
tomy (7) but the same p75™"® antagonist did not protect
RGCs in a chronic model of glaucoma (4). Therefore, we
tested less peptidic and more stable p75™"® antagonists.

The p75™"® antagonist THX-B was developed in our labo-
ratory, and the p75™"® antagonist LM-24 was published by
others (25). The chemical structures of THX-B and LM-24
are shown in Fig. 3A.

Inhibition of NGF-p75 binding by THX-B and LM-24 was
tested in competitive ELISA, and selectivity was evaluated by
lack of effect upon NGF-TrkA or NGF-NGF30 interactions
(Fig. 34). THX-B and LM-24 antagonized NGF-p75™"® inter-
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actions selectively, and did not interfere with TrkA or mAb
NGF30 binding to NGF (Fig. 34).

The use of mAb NGF30 is an ideal control, because the
mAb is known to recognize a p75™"® binding domain of
NGF. These data suggest that the compounds bind to p75,
and prevent the ability of p75 to bind to NGF.

Similar data were obtained in ELISAs where pro-NGF was
immobilized (data not shown). As further evidence, the effect
of THX-B on the pro-apoptotic function of pro-NGF or pro-
BDNF was tested in functional 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide assays measuring cell me-
tabolism (Fig. 3B). Pro-NGF and pro-BDNF significantly (p <
0.05) reduce the viability of B104 (~50,000 p75™*® per cell)
or nnr5 cells (~200,000 p75™*® per cell). Addition of THX-B
in these conditions prevents the loss of cell viability, indicat-
ing antagonism of pro-NTF-p75~"E,

Antagonists of p75N "R Prevent Loss of Retinal Structure after
ON Axotomy—The relative in vivo efficacy for THX-B and
LM-24 was tested using the ON axotomy model. A quantita-
tive non-invasive structural end point, FD-OCT, was per-
formed in the same animal over time to measure the integrity
of the neuronal layers. We quantified the axons and fibers of
the RGCs that contribute to the thickness of the nerve fiber
layer, the ganglion cell layer, and the inner plexiform layer,
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herein termed NGI. Maintenance of the NGI structure corre-
lates with RGC health (5).

In vivo treatment with THX-B and LM-24 (3-ug dose im-
mediately after ON axotomy) delayed the loss of retinal struc-
ture. THX-B provides significant preservation of the NGI
thickness at days 11 and 14, p < 0.01 compared versus un-
treated. LM-24 provides limited preservation of NGI thick-
ness and only at day 14, p < 0.05 compared versus untreated
(Fig. 3C).

Antagonists of p75™"™® Prevent RGC Degeneration in Axo-
tomy and Glaucoma—Quantification of surviving RGC (fluo-
rogold labeled) after 14 days of ON axotomy shows that treat-
ment with THX-B results in 37% RGC survival, and
treatment with LM-24 results in 21% RGC survival. This
difference is significant, p < 0.0001, compared versus the
control axotomy group that has 10% RGC survival after 14
days (Fig. 3D).

In glaucoma, treatment with THX-B or LM-24 was done at
days 14 and 21 of glaucoma, and quantification of the surviv-
ing RGC was at day 42 of glaucoma. Experimental eyes expe-
rienced constant high IOP throughout (data not shown).
THX-B treatment results in 92% RGC survival, and LM24
treatment results in 87% RGC survival. This difference is sig-
nificant; p < 0.0001, compared versus the control glaucoma
groups where 74 —77% RGCs survive (Fig. 3E).

THX-B has significantly better efficacy than LM24 in pro-
tecting NGI thickness, most significantly early after injury
(p < 0.05 comparing THX-B and LM-24 at day 11 of ON axo-
tomy) (Fig. 3C). Moreover, THX-B has significantly better
efficacy than LM24 in rescuing RGCs from death after ON
axotomy (p < 0.05 comparing THX-B and LM-24 at the end
point) (Fig. 3D). On the other hand, it is noteworthy that in
vitro both compounds inhibit NGF-p75™™® and pro-NGE-
p75™ "R interactions to a similar degree (Fig. 3A).

Paracrine Mechanism of RGC Death Up-regulated by
p75NTR Agonists—In retina p75™"® is expressed in glia, and
these cells are known to secrete neurotoxic factors such as
TNF-a and a,M. Thus, p75™"®-mediated effects upon RGCs
appear to be non-cell autologous. This hypothesis was tested.

Injection of a selective p75™"® agonist NGF-A in normal
eyes induced the up-regulation of TNF-« and «,M, compared
versus normal uninjected contralateral eyes (Fig. 4, A and B).
At 3 or 5 days post-injection of NGF-A, TNF-« and a,M in-
creased progressively to levels comparable with those seen
after 19 days of glaucoma, where TNF-« is up-regulated
~3.1-fold (p = 0.0001 versus normal retina), and a,M is up-
regulated ~2.9-fold (p =< 0.0001 versus normal retina).

A Paracrine Neurotoxic Mechanism of RGC Death in Glau-
coma Is Inhibited by p75™"™ Antagonists—p75™ '® antagonists
were injected intravitreally after 14 days of glaucoma, and the
levels of TNF-a and a,M were quantified 3 (e.g. day 17 of
glaucoma) or 5 days later (e.g. day 19 of glaucoma) (Fig. 4C).

The levels of both neurotoxic factors are reduced 3 days
after injection of the p75™"® antagonists, and are nearly nor-
malized 5 days after injection of p75™"® antagonists (quantifi-
cation in Fig. 4D). This is remarkable given that the glauco-
matous eyes endured constant high IOP (measured IOP data
not shown).
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These results demonstrate that in normal eyes, ligand-
dependent activation of p75™"® induces the elevation of
neurotoxic factors that cause RGC death. Moreover, they
demonstrate that in glaucoma RGC death is caused by the
p75NTR_dependent up-regulation of TNF-« and a,M
production.

This increase in neurotoxins is fully reversible by p75 an-
tagonists. The endogenous ligand that activates p75™"%-de-
pendent events is competed by LM24 and THX-B, and is
likely to at least include NGF.

DISCUSSION

We studied the function of the TrkA and p75™"" receptors
and endogenous NGF in normal retinas and retinas stressed
chronically (glaucoma) or acutely (ON axotomy). We used
pharmacological probes that target both receptors (wild type
NGF, no effect), a selective agonist of TrkA (NGF mutant
NGF-C, neuroprotective), a selective agonist of p75~'® (NGF
mutant NGF-A, neurodegenerative), a biological response
modifier that blocks endogenous NGF and pro-NGF from
binding to p75™"® (anti-NGF mAb NGF30, neuroprotective),
and small molecule antagonists of p75™™® (THX-B and LM?24,
neuroprotective).

In diseased states, expression of endogenous NGF is up-
regulated, but this is not sufficient to protect RGCs. The use
of exogenous wild type NGF did not protect RGCs in diseased
states either, even with repeated dosing. Why is endogenous
and exogenous NGF incapable of supporting RGC survival in
diseased states?

We postulated that NGF (and/or pro-NGF) binding to up-
regulated p75™"® in glia may be deleterious to neurons
through up-regulation of two proteins that are known to be
neurotoxic: TNF-a and a,M. Although TNF-« kills neurons
directly via TNF-« receptors expressed in RGCs (9), the neu-
rotoxic mechanism of a,M is multifactorial (11) and includes
regulation of growth factor activity or stability, binding to
LRP-1 receptors, and other activities.

The action of p75™"® is ligand-responsive. The p7
selective ligand NGF-A induces RGC death in the normal ret-
ina; and accelerates RGC death in diseased eyes. Furthermore,
a biological response modifier that blocks endogenous NGF
and pro-NGF (mAb NGF30) affords protection to the RGCs
during disease.

These data demonstrate that endogenous NGF is bioavail-
able and capable of neuroprotection, provided its engagement
to p75™™® is blocked. In further support of the hypothesis,
selective agonists of TrkA (e.g. NGF-C) protect RGCs in
chronic and acute neurodegeneration. In our experimental
paradigms the data are not conclusive as to whether the TrkA
agonism is more important than the p75™"® antagonism.

Given that mAb NGF30 only blocks NGF-p75™"® and pro-
NGF-p75N™®, but there remain other endogenous ligands of
p75N "R active in the eye (e.g. BDNF and pro-BDNF), it seems
clear that the TrkA agonism is important for neuroprotection.
Also, the fact that p75™"® antagonists (LM24 and THXB)
were effective also supports the parallel importance of p75~*®
antagonism for promoting survival.

5NTR
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On the other hand, agonism of p75™"® is deleterious to
RGCs: it can kill RGCs in the normal eye, and exacerbates
disease in ON axotomy and glaucoma. Because p75™"® is not
expressed or is expressed poorly in RGCs (7, 13), the evidence
points to a non-cell autologous mechanism that implicates
TNF-« and a,M neurotoxicity. This is consistent with previ-
ous reports implicating p75™ ™™ in TNF-« production during
glutamate toxicity, which is a very fast and acute form of in-
jury affecting retina within 4 h (13).

The glaucoma and ON axotomy models of neurodegenera-
tion are intrinsically different. Glaucoma is a slow, chronic
and progressive disorder, and elevated IOP creates an intraoc-
ular crisis that exerts stress on each layer of the retina and the
optic nerve head and fibers. In contrast, optic nerve transec-
tion is an acute disorder, where the problem is extraocular
because it damages RGC axons and only in late stages affects
the RGC cell body. Despite their differences, both axotomized
and glaucomatous retinas up-regulate NGF, TrkA, and
p75NTR (6, 7, 35, 36). Based on the literature and the pharma-
cological results reported here, we propose three strategies in
glaucoma and related forms of neuropathy or axonopathy.

One strategy is based on the selective agonism of TrkA, to
convey neuroprotection. A second strategy is antagonism of
p75NT® to prevent neurotoxicity. A third strategy is based on
the modification of endogenous NGF with the use of biologi-
cal response modifiers; this would convey neuroprotection
and perhaps also reduce neurotoxicity. Future work will test
different kinetics and doses of these agents, with the expecta-
tion that they can be applied to other models of
neurodegeneration.
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