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Although clinical and experimental observations indicate that the optic nerve head (ONH) is a major site of axon degeneration in
glaucoma, the mechanisms by which local retinal ganglion cell (RGC) axons are injured and damage spreads among axons remain poorly
defined. Using a laser-induced ocular hypertension (LIOH) mouse model of glaucoma, we found that within 48 h of intraocular pressure
elevation, RGC axon segments within the ONH exhibited ectopic accumulation and colocalization of multiple components of the gluta-
matergic presynaptic machinery including the vesicular glutamate transporter VGLUT2, several synaptic vesicle marker proteins, glu-
tamate, the soluble N-ethylmaleimide-sensitive factor attachment protein receptor complex and active zone cytomatrix components, as
well as ultrastructurally identified, synaptophysin-containing vesicles. Ectopic vesicle exocytosis and glutamate release were detected in
acute preparations of the LIOH ONH. Immunolocalization and analysis using the ionotropic receptor channel-permeant cation agmatine
indicated that ONH axon segments and glia expressed glutamate receptors, and these receptors were more active after LIOH compared
with controls. Pharmacological antagonism of glutamate receptors and neuronal activity resulted in increased RGC axon sparing in vivo.
Furthermore, in vivo RGC-specific genetic disruption of the vesicular glutamate transporter VGLUT2 or the obligatory NMDA receptor
subunit NR1 promoted axon survival in experimental glaucoma. As the inhibition of ectopic glutamate vesicular release or glutamate
receptivity can independently modify the severity of RGC axon loss, synaptic release mechanisms may provide useful therapeutic entry
points into glaucomatous axon degeneration.

Introduction
Glaucoma, a progressive neurodegenerative disease affecting an
estimated 70 million individuals worldwide (Quigley, 1996), is
characterized by visual impairment resulting from optic nerve
axon degeneration and retinal ganglion cell (RGC) loss. Substan-
tial evidence indicates that RGC axon dysfunction and degener-
ation precede cell body loss, and that the optic nerve head (ONH)
is an important site of axon injury (Howell et al., 2007; Bucking-
ham et al., 2008; Soto et al., 2008). Previous studies have demon-
strated that extensive structural remodeling of axons at the ONH
early in the course of disease manifested as axonal enlargement
with accumulation of cellular organelles and obstruction of ax-
onal transport (Anderson and Hendrickson, 1974; Minckler et
al., 1976; Quigley and Addicks, 1980; Quigley et al., 1981; Morri-
son et al., 1997). This disruption of transport is thought to inter-

fere with the retrograde delivery of trophic support to RGCs,
leading to RGC loss (Pease et al., 2000; Quigley et al., 2000; John-
son et al., 2009). While this proposed mechanism of disease has
remained a dominant concept in the field, not much attention
has been paid to the possibility that injured axons at the ONH
with abnormal accumulation of transported components may
give rise to additional local pathophysiological alterations affect-
ing axon survival. In the current study, we present evidence for a
novel mechanism in which ectopic neurotransmitter release from
injured axon segments at the ONH and enhanced glutamate re-
ceptivity in local cellular elements contribute to axon loss.

Materials and Methods
Mouse lines. Mice carrying floxed NMDA receptor 1 (NR1; Grin1) gene
have been described previously (Tsien et al., 1996). The loxP sequences
flank a region of the NR1 gene that encodes the transmembrane domains
and the entire C-terminal sequence of the protein. The mice (referred to
in this study as NR1-f) were originally maintained in a C57BL/6 back-
ground, and were generously donated by Dr. Richard Palmiter at the
University of Washington (Seattle, WA).

A conditional allele of the mouse Slc17a6 gene encoding VGLUT2 was
generated by engineering two loxP sites surrounding exon 2 (Hnasko et
al., 2010). The mice (referred to in this study as VGLUT2-f) were gener-
ated by Dr. T. Hnasko while in Dr. R. Palmiter’s lab at the University of
Washington. The breeding pair in C57BL/6 background used to establish
our colony was a gift from Dr. R. Edwards at the University of California,
San Francisco (UCSF).

B6 albino mice, B6(Cg)-Tyrc-2J/J, were purchased from the Jackson
Laboratory (stock number 000058). They are identical to C57BL/6J mice
except for a mutation in the tyrosinase gene (Tyrc-2J). These mice were
bred to the black NR1-f and VGLUT2-f mice in the C57BL/6J back-
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ground for two generations to obtain albino floxed transgenics. F2 ani-
mals homozygous for both the albinism and floxed loci (Slc17a6loxP/loxP;
Tyrc-2J/c-2J and NR1loxP/loxP; Tyrc-2J/c-2J) were identified based on coat
color and genotyping results.

Additional CD-1 mice were purchased from Charles River Laborato-
ries. All experiments were performed under protocols approved by the
UCSF Institutional Animal Care and Use Committee and were in accor-
dance with the Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Vision Research.

Laser-induced ocular hypertension. Laser-induced ocular hypertension
(LIOH) was performed in male and female CD-1 mice as described pre-
viously (Fu and Sretavan, 2010). In most studies, one eye was treated, and
the contralateral eye served as a control. In the in vivo glutamate antag-
onist experiments and adeno-associated virus (AAV) experiments, LIOH
was performed in both eyes to compare the effect of different reagent
applications. Intraocular pressure (IOP) was measured with the Tonolab
rebound tonometer (Colonial Medical Supply). Only eyes with IOP ele-
vation �21 mm Hg 1 d after laser treatment were used for analysis. Mice
with overt signs of ocular inflammation were euthanatized and excluded
from the study.

To date, we have not obtained consistent and reproducible results with
LIOH induction in C57BL/6 mice. IOP elevation and optic nerve degen-
eration were observed in some experimental animals, but results were
often confounded by considerable anterior segment abnormality and
ocular inflammation (data not shown). One major advantage of using
albino mice for LIOH is the ease of visualizing ocular vasculature, allow-
ing better laser targeting and minimal secondary damage. Therefore,
NR1-f and VGLUT2-f mice originally maintained in the C57/BL6 back-
ground were crossed to the coisogenic albino strain B6(Cg)-Tyrc-2J/J
(The Jackson Laboratory). Albino offspring obtained after two genera-
tions were used in LIOH experiments. For B6 albino mice, a 50 �m
instead of 100 �m spot size was used to photocoagulate the episcleral
veins, while all other aspect of the protocol remained identical to that for
CD-1 (Fu and Sretavan, 2010).

Immunohistochemistry. Samples for immunohistochemistry were pro-
cessed as described previously (Fu and Sretavan, 2010) unless stated
otherwise below. Briefly, mice were deeply anesthetized and perfused
transcardially with 4% PFA in 0.1 M PBS, pH 7.4. Eye cups consisting
of the retina and a segment of retrobulbar optic nerve were dissected
out, immersion fixed in the same fixative at room temperature for
2 h, and cryoprotected with 30% sucrose. Eye cups were then embed-
ded in Tissue-Tek optimal cutting temperature compound (Sakura
Finetek), and 12 �m cryosections were cut along the longitudinal axis
through the ONH. Sections were mounted on Super Frost Plus slides
(Fisher Scientific).

Before immunostaining, cryosections were air dried at room temper-
ature for 1 h and washed with 0.1 M PBS. Nonspecific binding was
blocked with 10% normal donkey serum (NDS) for 1 h at room temper-
ature. Triton X-100 (0.1%) was included in the blocking solution to
permeabilize the tissues. Primary antibody (diluted in 1% NDS) incuba-
tion at 4°C overnight was followed by PBS washes and secondary anti-
body incubation for 1 h at room temperature. Slides were then mounted
in Vectashield mounting medium (Vector Laboratories) and examined
with confocal microscopy. All immunostaining was performed with the
appropriate controls omitting primary antibodies, and dilution series
were performed with both the primary and secondary antibodies to iden-
tify optimal parameters for fluorescence detection.

For glutamate immunohistochemistry, eye cups were dissected from
deeply anesthetized mice and fixed in 4% PFA with 2% glutaraldehyde in
0.1 M phosphate buffer (PB), pH 7.4, for 30 min at 4°C. Cryosections were
blocked in 6% NDS with 0.3% Triton X-100 for 1 h at room temperature,
followed by anti-glutamate antibody incubation in 3% NDS at 4°C over-
night. All washes were performed in PB with 0.05% Tween-20.

The glutamate receptor antibodies (GluR1, GluR2, and NR1) were
found to be sensitive to fixation and permeabilization conditions, in
agreement with previous observations (Fletcher et al., 2000; Haverkamp
and Wassle, 2000). With long fixation and harsh detergent treatment,
the punctate staining pattern of receptors was greatly diminished. We

fixed freshly dissected eye cups with 4% PFA in 0.1 M PB, pH 7.4, for
only 15 min on ice, before cryoprotection and embedding. Blocking
and antibody incubation were performed without Triton X-100
permeabilization.

The primary antibodies used in the immunohistochemical studies are
as follows, with the dilution given in parentheses: rabbit anti-VGLUT2
(1:400), rabbit anti-synaptotagmin-1, lumenal and cytoplasmic domains
(1:100) from Synaptic Systems; mouse anti-SV2 (1:200) from the Devel-
opmental Studies Hybridoma Bank (University of Iowa, Iowa City, IA);
rabbit anti-synaptophysin (1:300), rabbit anti-glutamate (1:50), rabbit
anti-GluR1 (1:500), mouse anti-GluR2 (1:500), rabbit anti-NR1
(AB1516; 07-362-MN; 1:100), rabbit anti-agmatine (AGB; 1:300), and
mouse anti-NeuN (1:500) from Millipore; mouse anti-NR1 (1:500) from
BD PharMingen; mouse anti-Bassoon (1:200) from StressGen; mouse
anti-GFAP (1:400) from Millipore; rabbit anti-green fluorescent protein
(GFP; Alexa Fluor 488-conjugated; 1:100) from Invitrogen; mouse
anti-tubulin �-III (1:500) and mouse anti-synaptosomal-associated
protein 25 (SNAP-25) (1:500) from Covance Research Products; and
rabbit anti-VAMP2 (1:500) from Abcam. Secondary antibodies used
for colabeling experiments were conjugated to cy3 and cy5 fluores-
cent dyes (1:200; Jackson ImmunoResearch). These two fluorophores
were chosen for maximal spectral separation. Most images were col-
orized in green and red for consistency of presentation and ease of
visualizing colocalization. For triple labeling, cy2 was also used.

Quantification of fluorescence in confocal images. Fluorescence images
were collected on an inverted confocal laser microscope (LSM5 Pascal;
Carl Zeiss Meditec). Laser wavelengths at 488, 543, and 633 nm were used
to excite cy2, cy3, and cy5, respectively. During image acquisition, pa-
rameters were carefully monitored with a Range Indicator Lookup Table
to ensure that pixels were neither saturated nor too dark. In experiments
comparing signal intensity between different treatment groups, all sam-
ples were processed in parallel and imaged under identical microscope
settings. The mean pixel intensity over randomly selected regions of
interest (ROIs) was measured using ImageJ (NIH) and averaged across at
least three sections for each sample.

Quantitative colocalization analysis. Quantitative colocalization analy-
sis was performed based on the Costes et al. (2004) method using ImageJ.
For each dual-channel image, colocalization was first confirmed or re-
jected using the Costes et al. (2004) randomization method. The software
tests Pearson’s correlation coefficient (r) against 25 iterations in which
the pixel values in one channel are scrambled to simulate random over-
lap, and then derives a p value for the probability of colocalization. For p
values of �95%, the colocalization is considered significant. Images from
multiple experiments were analyzed quantitatively and used to compute
a mean value of the Pearson’s coefficient.

Dot blot analysis. The unmyelinated ONH tissues were carefully dis-
sected from freshly harvested eye cups and immediately placed in micro-
centrifuge tubes on dry ice to snap freeze. Ten ONHs were pooled as one
sample, and three samples each from control and LIOH-treated group
were analyzed. After the addition of 50 �l ice-cold extraction buffer (1%
Triton X-100, 200 mM NaCl, 25 mM Tris-Cl at pH7.4) supplemented with
protease inhibitor cocktail (Roche Applied Science), each sample was
homogenized with a small pestle designed for microcentrifuge tubes.
The homogenate was centrifuged at 12000 rpm for 20 min at 4°C. The
Bradford assay was performed on the collected supernatant to deter-
mine total protein concentration. After matching the concentration
between samples by dilution, 2 �l of each protein extract was spotted
on a nitrocellulose membrane, dried, and blocked with 5% nonfat
milk for 1 h each at room temperature, and then probed with the
appropriate antibody overnight at 4°C. The membrane was washed in
Tris-buffered saline containing 0.05% Tween-20, and incubated with
horseradish peroxidase (HRP)-conjugated secondary antibodies. The im-
munoreactive signals were visualized using a chemiluminescence kit
(Immun-Start WeternC; Bio-Rad Laboratories), and the mean pixel inten-
sity within the entire dot blot was quantified using Photoshop CS4 (Adobe).
Glyceraldehyde phosphate dehydrogenase (GAPDH) was reported to show
no significant expression change in a rat glaucoma model (Johnson et al.,
2007) and was therefore chosen as a loading control processed in parallel
with the proteins of interest using identical procedures.
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The following primary antibodies were used in the dot blot analysis:
mouse anti-SV2 (1:100; Developmental Studies Hybridoma Bank), rab-
bit anti-synaptophysin (1:300; Millipore), rabbit anti-VGLUT2 (1:1000;
Synaptic Systems), mouse anti-Bassoon (1:250; StressGen), mouse anti-
SNAP-25 (1:1000; Covance Research Products), mouse anti-NR1 (1:400;
BD PharMingen), and HRP-conjugated anti-GAPDH (1:5000, Abcam).
HRP-conjugated secondary antibodies were obtained from Jackson Im-
munoResearch: goat anti-mouse IgG/IgM (1:5000) and donkey anti-
rabbit IgG (1:5000).

Immunoelectron microscopy. Mice were anesthetized and perfused with
4% paraformaldehyde and 2% glutaraldehyde in 0.1 M PB, pH 7.4. ONH
tissues were dissected, postfixed in 2% osmium tetroxide for 1 h followed
by 2% uranyl acetate, dehydrated in an ascending series of alcohol
washes, and embedded in epoxy resin. Ultrathin sections (80 nm) were
collected on nickel grids covered with a Butvar support film and stained
with synaptophysin antibodies (1:300; Millipore). Bound primary anti-
bodies were detected with goat anti-rabbit IgG conjugated to 10 nm gold
particles (Aurion). Sections were examined and photographed with a
JEOL 100CX-II microscope at an accelerating voltage of 80 kV.

Synaptotagmin labeling assay. Mice were euthanized with pentobarbi-
tal, and the eyes with optic nerve attached were removed and placed into
ice cold HEPES-buffered artificial CSF (ACSF) containing the following
(in mM): 140 NaCl, 3 KCl, 1 MgCl2, 1 CaCl2, 10 HEPES, and 10 glucose,
pH 7.4. A 5-mm-long segment of optic nerve was isolated intact to min-
imize antibody reaching the ONH via diffusion through the cut end. The
meninges encasing the nerve were carefully dissected away to enable
reagent penetration. The cornea and iris were removed, while the lens
was left in place to maintain the shape of eye cup until after fixation.
Dissected eye cup/optic nerve preparations were transferred into pre-
equilibrated bicarbonate-buffered ACSF containing the following (in
mM): 126 NaCl, 3 KCl, 2 CaCl2, 2 MgSO4, 1.25 NaH2PO4, 26 NaHCO3,
and 10 glucose, pH 7.4. The samples were incubated in a standard 37°C
cell culture incubator for 1 h. In the no-stimulation experiment, normal
ACSF was used. In the high K �-stimulation condition, NaCl was re-
placed with 40 mM KCl. K � containing Ca 2�-free solution (K �/0 Ca 2�)
was made from this K � stimulation buffer by omitting CaCl2 and adding
1 mM EGTA. In the hypertonic sucrose condition, 800 mM sucrose was
added. After incubation, the samples were washed in HEPES-buffered
ACSF, and incubated with lumenal domain (SYT-lum) or cytoplasmic
domain (SYT-cyto) synaptotagmin antibodies (1:100; Synaptic Systems)
in HEPES-buffered ACSF on ice for 8 h. This temperature was chosen to
minimize uptake of antibodies into the axons by endocytic means. Fol-
lowing washing, labeled tissues were fixed in 4% PFA at room tempera-
ture for 30 min and processed for cryosectioning as described previously.
The eye cups were cut into 12 �m longitudinal sections, and every third
one was collected onto the same slide. Only sections through the ONH
were kept, yielding five sections per slide to be analyzed. Nonspecific
binding was blocked by 10% NDS for 1 h at room temperature, without
detergent permeabilization. Detection of bound synaptotagmin antibod-
ies was performed by incubation with cy3-conjugated secondary anti-
bodies (Jackson ImmunoResearch). As negative controls, tissues were
incubated with secondary antibodies or dextran-conjugated (3000 mo-
lecular weight) tetramethylrhodamine to rule out nonspecific uptake of
reagents into the axoplasm. No staining was found in negative controls.

Fluorescence images were acquired by confocal microscopy and ana-
lyzed with ImageJ (NIH). Some nonspecific staining of blood vessels at
the ONH was observed, which was clearly distinguishable from axonal
labeling. Four 50 � 50 �m ROIs were placed over each image, avoiding
inclusion of blood vessels in the analysis. Mean pixel intensity was mea-
sured and averaged across the ROIs. In most cases, five sections were
analyzed and averaged for each eye sample. To allow for direct compar-
ison of different experiments, data in each experiment were normalized
against the SYT-cyto control (no-LIOH) sample for Figure 4, E and F. For
Figure 4G, only LIOH samples were studied using SYT-lum, and data
were normalized against the no stimulation condition.

Glutamate detection with NADH assay. ONH tissues were quickly dis-
sected in HEPES-buffered ACSF and cut into halves along the longitudi-
nal axis. One-half of the tissue was immobilized with a slice anchor in the
imaging chamber and bathed in an enzymatic assay solution composed

of the following (in mM): 120 NaCl, 2.6 KCl, 1 MgCl2, 2.5 CaCl2, 1
D-aspartic acid, 10 HEPES, and 10 glucose, supplemented with
�-nicotinamide adenine dinucleotide (NAD �; 4 mM; Roche Applied
Science) and L-glutamic dehydrogenase (GDH; 60 mM; Roche Ap-
plied Science), pH 7.4. Imaging experiments were performed at room
temperature on an inverted microscope (TE300; Nikon) equipped for
epifluorescence microscopy. Excitation from a xenon arc lamp was fil-
tered through an ultraviolet filter set (UV-2E/C; Nikon). Fluorescence
images were captured at 1 min intervals using a CCD camera (Retiga EXi;
QImaging) controlled by SimplePCI software (Hamamatsu). After equil-
ibration of tissue in the enzymatic solution for �3 min, baseline fluores-
cence images were collected for 5– 6 min, followed by bath stimulation
with an assay solution containing high K � (substituting NaCl in the
previous buffer with 100 mM KCl) or hypertonic sucrose (addition of 800
mM sucrose). Image acquisition continued for another 10 min after stim-
ulation. Data were processed using the NIH ImageJ software. Raw images
were corrected for photobleaching using the “bleach correction” plug-in
for ImageJ. The exponential decay constant was calculated from control
experiments in which tissues were imaged without stimulation. Follow-
ing background subtraction, five ROIs were randomly selected over the
ONH in each image. The mean pixel intensity in these ROIs was mea-
sured and averaged. To compare experiments conducted on different
days, the change in fluorescence was expressed as �F/F0, in which F0 was
the baseline fluorescence, and �F was the change in fluorescence inten-
sity at each time point after stimulation (Innocenti et al., 2000). Statistical
analysis was performed using two-way ANOVA followed by Bonferroni
post tests.

AGB activation assay. Anesthetized mice received bilateral 20 �l injec-
tion of 25 mM AGB (Sigma) into the subconjunctival space. This method
delivered AGB to the ONH to examine ionotropic glutamate receptor
activation in vivo. After 2 h of survival time, eye cups were quickly dis-
sected, washed briefly in HEPES-buffered ACSF, and fixed in 4% PFA
with 0.01% glutaraldehyde in 0.1 M PB, pH 7.4, for 30 min at 4°C. After
washing for 15 min in PB at room temperature with shaking, the eye cups
were processed for anti-agmatine immunohistochemistry. Cryosections
were blocked in 6% NDS with 0.5% Triton X-100 for 1 h at room tem-
perature, followed by primary antibody (anti-agmatine; 1:300; Milli-
pore) incubation in 3% NDS and 0.5% Triton X-100 at 4°C overnight.

Fluorescence confocal images were analyzed with ImageJ (NIH). Iden-
tical parameters were used to set the threshold of fluorescence for the
control and treatment groups. Area of the AGB signal in each ONH
section was then measured and averaged. Data from the LIOH-treated
ONHs were normalized against the contralateral control sample from the
same animal. For the AAV experiments, only AGB signal in axons was
quantified. To do this, sections were coimmunostained for AGB and
tubulin. The image channel containing tubulin immunoreactivity was
binarized and used to create a mask, within which AGB-positive area was
measured. The data were then calculated as the area of AGB immunore-
activity divided by tubulin immunoreactivity to obtain a measure of the
extent of AGB activation within axons. Results from each pair of AAV-
injected eyes were normalized against the AAV-GFP condition.

In vivo glutamate antagonist treatment. Mice were anesthetized 1 d
after LIOH treatment. The conjunctiva was surgically opened, and the
optic nerve was exposed by retracting intraocular muscles with blunt
forceps. A small piece of gel foam soaked in 3 �l of reagents was locally
delivered to the ONH and held in place underneath intraocular muscle
fibers. One eye was treated with a drug mixture containing NBQX (500
�M; Tocris Bioscience), MK-801 (500 �M; Tocris Bioscience), and tetro-
dotoxin (TTX; 300 �M; Tocris Bioscience), whereas vehicle was delivered
to the fellow eye. Bacitracin antibiotic ointment was administered after
surgery, and any animal with postoperative eye infection was excluded
from the study. Optic nerves were harvested 6 d after surgery and ana-
lyzed by counting axons in paraphenylenediamine (PPD)-stained tissue
cross-sections. The PPD staining and axon counting procedures have
been described in detail in previous studies (Fu and Sretavan, 2010,
2011).

Recombinant AAV vectors. The Cre- or GFP-expressing recombinant
AAV (rAAV) vectors were generous gifts from Dr. Z. He (Harvard Med-
ical School, Boston, MA). They were constructed by inserting Cre recom-
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binase or GFP cDNA into the pAAV-MCS plasmid containing AAV2
inserted terminal repeats (Stratagene) as described previously (Park et
al., 2008). Viral particles were produced, purified, and titered by the
University of North Carolina Vector Core Facility (Chapel Hill, NC).

Intravitreal injection. Albino floxed mice were anesthetized with ket-
amine and xylazine. One eye was injected intravitreally with 1 �l of AAV
vector carrying the Cre recombinase (AAV-Cre; 2 � 10 12 particles/ml),
and the fellow eye was injected with AAV-GFP control (1.5 � 10 12 par-
ticles/ml). The eye was first punctured lightly with a 30 gauge hypoder-
mic needle just behind the ora serrata. A custom-made 32 gauge needle
attached to a 10 �l syringe (Hamilton) was then inserted into the vitreous
cavity and angled carefully to avoid damaging the lens. Viral particles
were dispensed slowly over 1 min, after which the needle was left in place
for an additional minute to allow for diffusion of the virus. Three weeks
following viral injection, LIOH was performed on both eyes of the in-
jected mice.

Statistical analysis. The synaptotagmin assay data were evaluated with
one-way ANOVA followed by Tukey’s multiple comparison test. Data
from the NADH assays and axon counting in AAV experiments were
analyzed with two-way ANOVA followed by Bonferroni’s post hoc mul-
tiple comparison test. Results from the AGB assays, in vivo glutamate
antagonist treatments, and analysis of VGLUT2/glutamate level in AAV
experiments were evaluated by t test. Statistical analysis was performed
using the GraphPad Prism (version 5) software, with the significance
level set at p � 0.05. Values are reported as mean � SEM.

Results
Early ectopic accumulation of synaptic vesicle components
within axons at the LIOH-treated ONH
The ONH is normally a nonsynaptic region without any apparent
accumulation of the molecular components associated with syn-
apses. However, within 2 d after the laser induction of experi-
mental glaucoma and elevation of IOP, multiple presynaptic
makers were highly concentrated at the ONH, including synaptic
vesicle (SV) proteins SV2 and synaptophysin (Fig. 1A), vesicular
glutamate transporter VGLUT2 (Fig. 1A), v-SNARE protein
VAMP2 (Fig. 1B), and active zone cytomatrix component Bas-
soon (Fig. 1B). In addition, the t-SNARE protein SNAP-25 was
found to be present at the ONH of both control and LIOH-
induced animals (Fig. 1B). The patterns of immunoreactivity of
these markers varied in size, ranging from intensely stained large
axon bundles (Fig. 1B, rectangular dashed box), to smaller “hot
spots” interspersed along the axons like beads on a string (Fig. 1B,
dashed oval). The distribution of axon bundles containing syn-
aptic vesicle components was highly heterogeneous within the
ONH, with affected axon bundles located next to others that were
seemingly unaffected. Furthermore, within many axons, synaptic
component immunoreactivity was present in foci instead of be-
ing uniformly distributed along the entire axon length (Fig. 1C).
The accumulation of all markers except for SNAP-25 after LIOH
treatment was mainly localized to the unmyelinated ONH, com-
pared to the retina or myelinated optic nerve. Quantification of
SV2 fluorescence intensity indicated that the ratio of LIOH versus
control was 2.7 � 0.7 for the retinal gangling cell layer, 33.1 � 7.3
for the ONH, and 5.7 � 0.9 for the adjacent optic nerve region
(p � 0.0001; n � 10).

The accumulation of these synapse-associated components
was demonstrated in repeated experiments, (�60 times for
SV2, �20 times for synaptophysin, �30 times for VGLUT2,
�6 times for Bassoon, 3 times for VAMP2, and �12 times for
SNAP-25). This phenomenon was observed starting as early as
2 d after LIOH and persisted beyond 2 weeks. As the intensity
of labeling tended to diminish after 4 d, most experiments in
this study were performed on samples harvested between 2
and 4 d after LIOH.

The cellular origin of the VGLUT2 signal was determined in
colabeling experiments simultaneously visualizing VGLUT2, tu-
bulin �-III as a neuron-specific axonal marker (Watanabe et al.,
1991; Brown et al., 2001), and GFAP as an astrocytic marker (Fig.
1C). Upon visual inspection, VGLUT2 immunoreactivity was co-
localized with �-III tubulin (Fig. 1C, arrowheads) but not GFAP
(Fig. 1C, arrows). Quantitative colocalization analysis was per-
formed in dual-channel images with an ImageJ plug-in, which
scrambles the pixel values in one channel to simulate random
overlap and compares it to the original image. This randomiza-
tion algorithm was iterated 25 times, and p � 95% was used as a
criterion to confirm significant colocalization. Multiple experi-
ments were analyzed, and the Pearson’s coefficient (r) is reported
as mean � SEM. Significant colocalization was confirmed for
VGLUT2 and tubulin colabeling (p � 95%; r � 0.61 � 0.03; n �
6). No colocalization was found between VGLUT2 and GFAP
(p � 95%; r � 	0.05 � 0.01; n � 6). These data indicate that
ectopic VGLUT2 accumulation after LIOH was present in RGC
axons at the ONH rather than astrocytes. SV2 and synaptophysin
immunoreactivities at the ONH were also found to have the same
patterns of axonal localization (Fig. 1E).

Similar colocalization studies with VGLUT2 and putative ac-
tive zone markers revealed that the majority of ONH VGLUT2
immunoreactivity overlapped with SNAP-25 (Fig. 1D, merged
image, arrowheads), although SNAP-25 was more widely distrib-
uted (Fig. 1D, arrow), consistent with its expression even in con-
trol RGC axons. Occasional spots of VGLUT2 immunoreactivity
were not colabeled with SNAP-25 (Fig. 1D, double arrows), per-
haps corresponding to severely degenerating axonal segments.
The majority of VGLUT2 similarly colocalized with Bassoon (Fig.
1D, inset, arrowheads); however, hot spots predominantly im-
munoreactive for VGLUT2 (Fig. 1D, inset, arrow) or Bassoon
(Fig. 1D, inset, double arrow) were also found. Quantitative anal-
ysis confirmed significant colocalization of VGLUT2 with both
SNAP-25 (p � 95%; r � 0.80 � 0.03; n � 6) and Bassoon (p �
95%; r � 0.79 � 0.04; n � 6).

The increased presence of these SV components demon-
strated in immunohistochemical studies was confirmed in im-
munoblotting experiments. Due to the difficulty of performing
electrophoresis and Western transfer with very small amounts of
tissue from a single ONH, we pooled 10 ONHs into one sample
and used a dot blot method to achieve protein detection. Dot blot
analysis for each SV component compared tissue samples from
control and LIOH animals and was repeated three times. Dot blot
signal intensity was quantified and corrected against GAPDH
loading controls (Fig. 2). In agreement with immunohistochem-
ical data, significant increases in ONH protein expression was
found for SV2 (fivefold; p � 0.04), synaptophysin (threefold; p �
0.01), VGLUT2 (threefold; p � 0.001), and Bassoon (fivefold;
p � 0.04) after LIOH treatment. SNAP-25 level was also slightly
increased, but the difference was not statistically significant (0.6-
fold; p � 0.2).

Ultrastructural localization of synaptophysin to vesicle-like
structures in axons
Postembedding immunoelectron microscopy (immuno-EM)
was performed to examine the ultrastructural localization of the
ONH synaptic vesicle proteins observed at the light microscopy
level. Contrary to the orderly array of tightly packed RGC axons
in the control ONH (Fig. 3A), previous work has shown that
experimental glaucoma results in the disorganization of ONH
axon fibers (Morrison et al., 1997; Pease et al., 2000), a finding
confirmed by the current ultrastructural analysis. The present
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Figure 1. Ectopic accumulation of presynaptic markers at the ONH after LIOH. A, Frozen sections of control and LIOH eye cups were immunostained with antibodies against synaptic vesicle
proteins, including SV2, synaptophysin, and VGLUT2. All three markers show only faint and diffuse staining in the optic nerve of controls, but exhibited increased accumulation at the ONH of LIOH
samples (shown here at 4 d after treatment). Comparable levels of labeling in the retina confirmed that the control and LIOH samples were processed identically. B, SNAP-25, VAMP2, and Bassoon
were present at the LIOH ONH and partially overlapped with VGLUT2. SNAP-25 was expressed in both control and LIOH optic nerve. VAMP2 and Bassoon labeling was weak in the control optic nerve,
but became strongly upregulated after LIOH. Rectangular and oval dashed boxes denote large immunoreactive axon bundles and smaller hot spots, respectively. C, Eye cup sections collected 4 d after
LIOH were immunostained for VGLUT2, tubulin �-III, and GFAP. Regions within the ONH were imaged in triple channels. Ectopic VGLUT2 was observed to colocalize with the axonal marker tubulin
(arrowheads) but not the astrocytic marker GFAP (arrows). Six experiments were analyzed quantitatively and used to compute a mean value of the Pearson’s coefficient (r) as a measure of
colocalization. For VGLUT2 and tubulin, significant colocalization was determined ( p � 95%; r � 0.61 � 0.03). For VGLUT2 and GFAP, no colocalization was found ( p � 95%; r � 	0.05 �
0.01). A representative experiment is shown here with the corresponding scatterplots and r values. D, Colabeling of VGLUT2 and SNAP-25 showed that the two markers overlapped
extensively (arrowheads), although some areas were only labeled for SNAP-25 (arrows) or VGLUT2 (double arrows). Colabeling of VGLUT2 and Bassoon (Figure legend continues.)
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study also revealed the presence of large axonal swellings with
accumulation of membrane-bound organelles at the LIOH-treated
ONH such as mitochondria, multilamellar bodies, translucent vesi-
cles, and dense core vesicles (Figs. 3B,C). The morphology of the
vesicles differed from the small spherical vesicles found at classical
synapses, which mature in the axonal terminals and are more uni-
form in size. The vesicles encountered in ONH axons after LIOH
were more variable in size and shape, measuring 64.0 � 15.9 nm in
length and 50.2 � 13.0 nm in width.

The molecular characteristic of these vesicular structures was
investigated using immuno-EM. Synaptophysin was chosen as a
representative synaptic vesicle marker based on the availability of
antibody reagents. In ONH sections from control animals, only
sparse gold particles were observed (Fig. 3D, medium magnifica-
tion), and individual translucent vesicles associated with immuno-
gold labeling were only occasionally found in the axons (Fig. 3G,
high magnification, arrow). In LIOH-treated ONH samples, the
translucent vesicles were strongly labeled with gold particles (Fig.
3E,F, arrows, medium magnification; H, high magnification),

suggesting that they contained synaptophysin. Synaptophysin-
containing vesicles were often found abutting the axolemma (Fig.
3H, arrows). Patches of electron-dense material were sometimes ob-
served along the plasma membrane, reminiscent of the cytomatrix of
active zones (Fig. 3F,H, arrowheads). Intense immunogold labeling
was also noted along the axolemma of some axons (Fig. 3I, arrows).
We did not observe specializations resembling postsynaptic
densities.

The distribution of vesicle-containing axonal swellings demon-
strated cellular and subcellular heterogeneity (Fig. 3B,C,E,F). Ax-
ons with swollen segments were often found adjacent to structurally
normal fibers. Furthermore, within a given axon, swollen segments
were located next to segments of relatively normal morphol-
ogy. These swellings may correspond with the heterogeneous
hot spots observed in light microscopy following immunostain-
ing using synaptic vesicle markers.

Together, the data presented thus far indicate that an accumu-
lation of vesicle-like structures containing synaptic vesicle pro-
teins was present within axon segments at the ONH within 48 h
after IOP elevation. Furthermore, the colocalization of synaptic
vesicle proteins such as SV2, synaptophysin, and VGLUT2 with
Bassoon and SNAP-25 raised the possibility that such vesicle-like
structures may have access to SNARE and the cytomatrix at the
active zone machinery, which normally mediate vesicle fusion
with the axolemma.

Ectopic ONH vesicle exocytosis
To investigate whether exocytosis of ectopic vesicles can occur at
the LIOH-treated ONH, we used two antibodies, one specific
for the lumenal domain and the other for the cytoplasmic
domain of synaptotagmin-1, both of which have been used in stud-
ies of exocytic events (Matteoli et al., 1992; Kraszewski et al., 1995).
Following SV exocytosis in live neurons, the lumenal epitope is ex-
posed to the extracellular environment and becomes accessible to
the SYT-lum antibodies without prior membrane permeabilization.
However, the cytoplasmic epitope remains inaccessible to the SYT-
cyto antibodies in live neurons unless cell permeabilization is per-
formed. In the present study, eye cup preparations containing the
retina, ONH, and a portion of the optic nerve were used to study
potential vesicle exocytosis at the ONH following LIOH. In control
experiments using detergent-permeabilized frozen sections through
the LIOH-treated ONH, both the SYT-lum and SYT-cyto antibodies
exhibited patterns of ectopic accumulation similar to those for SV
markers described above (data not shown). In studies of live retina/
optic nerve eye cups, tissue preparations were incubated at
37°C in either normal ACSF, high K � ACSF, Ca2 �-free, high
K � ACSF, or hypertonic sucrose ACSF. The live tissue prepa-
rations were then labeled with either SYT-lum or SYT-cyto
antibodies without permeabilization to detect any exposed
lumenal and cytoplasmic epitopes, followed by processing for
cryosectioning. The bound synaptotagmin antibodies were
detected with cy3-conjugated secondary antibodies without
detergent permeabilization of the cryosections.

Following incubation in high K� ACSF to cause membrane
depolarization and to stimulate exocytosis, SYT-cyto antibodies
exhibited minimal staining at the ONH either in control (Fig. 4C)
or LIOH-treated (Fig. 4D) retina/optic nerve preparations, ex-
cept for occasional nonspecific blood vessel labeling (open ar-
rowheads). These control conditions confirmed the specificity of
SYT-cyto antibodies to the cytoplasmic domain of synaptotag-
min, integrity of the live tissues, and absence of antibody diffu-
sion into the cut end of optic nerves. In the presence of high K�,
SYT-lum labeling at the control ONH was similarly minimal (Fig.

4

(Figure legend continued.) was imaged from an ONH region similar to the dashed oval in B. A
large proportion of Bassoon and VGLUT2 immunoreactive hot spots overlapped in the merged
image. The inset is a high-magnification image taken from the boxed region, showing examples
of colocalization (arrowheads) as well as hot spots predominantly labeled for VGLUT2 (arrow) or
Bassoon (double arrow). For VGLUT2 and SNAP-25, 12 experiments were examined, and 6 were
subjected to quantitative analysis ( p � 95%; r � 0.80 � 0.03). For VGLUT2 and Bassoon, 6
experiments were quantitatively analyzed ( p � 95%; r � 0.79 � 0.04). E, Top two panels,
Colocalization of SV2 (red) with �-III tubulin (green), but not with GFAP (green). Bottom two
panels, Colocalization of synaptophysin (red) with �-III tubulin (green), but not with GFAP
(green). Scale bars, 50 �m.

Figure 2. Immunodot blot analysis of presynaptic protein levels. Each animal was
subjected to LIOH in one eye, and the contralateral eye was left untreated as a control.
Each control or LIOH sample contained pooled protein extract from 10 ONHs. Chemilumi-
nescence signals were quantified, corrected against the GAPDH loading control, and plot-
ted as LIOH normalized against the non-LIOH control. SV2, synaptophysin, VGLUT2, and
Bassoon all demonstrated significant ONH accumulation following LIOH. The change in
SNAP-25 level was not significant (ns). *p � 0.05; **p � 0.01.
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4A), indicating a lack of exocytosis and exposure of the SYT
lumenal epitope. In contrast, an increase of SYT-lum antibody
staining was observed at LIOH-treated ONHs under identical
high K� conditions (Fig. 4B), indicating that the synaptotagmin
lumenal epitope was exposed on the plasma membrane by vesic-
ular fusion and was available for antibody binding. For data
quantification (Fig. 4E,F), the measured fluorescence intensity
in each condition was normalized against the SYT-cyto sample in
the same experiment, so that results across different days could be
compared. Of note, we found that the unstimulated LIOH ONH
(Fig. 4F) also exhibited significant SYT-lum labeling above the
level found in control tissues, suggesting that some exocytic
events occurred in vivo in these experimental animals. However,
the level of SYT-lum staining in unstimulated LIOH eye cup
preparations was lower than that of that in K� stimulated prep-
arations (Fig. 3, compare E, F).

We next investigated the effect of hypertonic sucrose stimula-
tion, which induces the fusion of the readily releasable pool of

synaptic vesicles (Rosenmund and Ste-
vens, 1996; Kashani et al., 2001; Turner,
2004; Gerber et al., 2008). Sucrose stimu-
lation resulted in higher SYT-lum staining
than normal ACSF (Fig. 4G), suggesting
that in addition to a basal level of exo-
cytosis already occurring at the glauco-
matous ONH in vivo, additional vesicles
are competent for fusion in response to
stimulation, in a way similar to the
“docked” configuration of classical syn-
aptic vesicles. The elimination of Ca 2�

from the high K � ACSF reduced SYT-
lum labeling down to the unstimulated
level, indicating that depolarization-
evoked exocytosis was dependent on ex-
tracellular Ca 2�.

In sum, these results indicated that at
least a portion of the ectopic vesicles pres-
ent at the ONH after LIOH treatment
were competent for release following K�

or hypertonic sucrose stimulation ex vivo.
Furthermore, the elevated SYT-lum stain-
ing found at the unstimulated ONH of
LIOH-treated animals suggested that ves-
icle exocytosis from axon segments at the
ONH occurred in vivo in this animal
model.

Colocalization of glutamate with
ectopic vesicles
Glutamate is the excitatory neurotrans-
mitter mediating transmission from
RGCs (Shen et al., 2006). To investigate
whether vesicles observed in RGC axons
at the glaucomatous ONH contained glu-
tamate like their normal counterparts,
immunohistochemistry was performed
on frozen eye cup/ONH tissue sections
using a polyclonal antibody against gluta-
mate. Control ONH sections exhibited
only weak and diffuse staining (Fig. 5A),
while LIOH-treated ONH sections
showed increased immunoreactivity (Fig.
5D). Colocalization studies using SV2 as a

marker for ectopic ONH vesicles demonstrated that glutamate
and SV2 were extensively codistributed (Fig. 5F). At higher mag-
nification, glutamate immunoreactivity, similar to that for SV2,
was not evenly distributed within RGC axons, but was instead
concentrated in discrete hot spots (Fig. 5F, inset). Of note,
glutamate-positive (glutamate�) hot spots were often slightly
larger than the corresponding SV2� hot spots (Fig. 5F, arrow-
heads). In addition, there were also glutamate immunoreactive
regions that were not labeled with SV2 (Fig. 5F, double arrow).
These observations suggested that glutamate was not confined
only to the SV2� vesicle-like structures.

Glutamate release from the glaucomatous ONH
To investigate whether glutamate can be released from the LIOH
ONH, we used an enzymatic assay in which endogenous gluta-
mate released from living tissues is visualized with NADH fluo-
rescence imaging. GDH supplied in the assay solution converts
glutamate to �-ketoglutarate, concomitantly reducing NAD� to

Figure 3. Ultrastructural analysis revealed the presence of synaptophysin-positive vesicles at the ONH after LIOH. ONH tissues
harvested 2 d after LIOH were processed for electron microscopy along with control tissues. Antibodies directed against synapto-
physin were used in postembedding immunogold labeling. A, Control ONH. Unmyelinated RGC axon fibers (asterisks) are highly
organized and in close association with astrocyte processes (As). B, C, LIOH ONH. Axon fibers were disorganized and often displayed
swollen regions densely packed with membrane-bound organelles, including mitochondria (M), multilamellar bodies (MLB),
translucent vesicles (V), and dense core vesicles (DCV). The translucent vesicles were sometimes scattered among other organelles
(B) and sometimes aggregated in close apposition to the axolemma (C). Asterisks indicate neighboring axons that appeared similar
to the normal axons in control ONH tissues. D–I, Medium- and high-magnification electron micrographs to visualize immunogold
labeling. D, Only sparse gold particle labeling was seen in the control. E, F, Intense labeling over translucent vesicle clusters
(arrows) in LIOH. Arrowheads in F point to electron-dense areas in association with the vesicles. G, Vesicles were occasionally
observed in control axons (arrow). H, Another example of synaptophysin-positive vesicles (arrows), demonstrating electron-dense
regions (arrowheads) along the abutting axolemma. I, Immunogold staining along the axolemma of one axon (arrows). Scale bars:
(in C) A–C, 300 nm; (in F) D–F, 200 nm; (in I) G–I, 100 nm.
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NADH, which fluoresces under UV excitation (Ayoub et al.,
1998; Ayoub and Dorst, 1998; Maguire et al., 1998; Innocenti et
al., 2000).

Freshly dissected control or LIOH ONH tissue was incubated
with an enzymatic assay solution containing GDH and NAD�.
Stimulation was introduced by either high K� or hypertonic su-
crose, and the release of glutamate was monitored by detecting
NADH accumulation with time-lapse fluorescence imaging. Fig-
ure 5, G and H, shows a pseudocolored representative experiment
with sucrose. In the control ONH (Fig. 5G), application of su-
crose produced no detectable change in NADH fluorescence over
time. In contrast, sucrose stimulation of the LIOH ONH led to
marked enhancement of NADH fluorescence (Fig. 5H, J), indi-
cating glutamate release within the tissue sample. The application
of high K� also caused a significant rise of NADH fluorescence in
LIOH-treated but not in control ONH tissues (Fig. 5I).

Glutamate receptor expression on RGC axons and glia at
the ONH
To examine whether regulated glutamate release from ONH ax-
ons following LIOH may have potential functional significance,
we first performed glutamate receptor immunolocalization stud-
ies using subunit-specific antibodies. The results showed that the
AMPA receptor subunit GluR1 was expressed in a punctate pat-
tern throughout the normal ONH (Fig. 6A). After LIOH, GluR1
immunoreactivity became more heterogeneous, with intensely
labeled axonal segments (Fig. 6B, arrows) meandering through
more uniformly stained patches. The GluR2 subunit exhibited a
similar expression pattern (data not shown). NMDA receptor
subunit NR1 immunoreactivity was found at a low level in the

control ONH (Fig. 6C). After LIOH treatment, the ONH expres-
sion of NR1 was strongly upregulated (Fig. 6D).

The increased expression of NR1 following LIOIH was cor-
roborated with immunodot blotting using an anti-NR1 antibody
(Brose et al., 1994; Siegel et al., 1994; Carlton et al., 1995; Cogge-
shall and Carlton, 1998; Iwasato et al., 2000; Milner and Drake,
2001; South et al., 2003). In conventional Western blots using
mouse brain and retinal tissues, this antibody detected a band of
the predicted size (120 kDa) (Data not shown). In dot blotting
experiments, each sample contained protein extracts pooled
from 10 ONHs, as explained in Figure 1. Analysis of NR1 levels
corrected against the GAPDH loading control revealed a three-
fold increase (p � 0.04) of expression after LIOH (Fig. 6E).

Colabeling experiments were performed to examine the cel-
lular localization of glutamate receptors. GluR1 was colocalized
with neuron-specific tubulin �-III (Fig. 6H), GFAP (K), and
CD11b (N), suggesting widespread GluR1 expression on RGC
axons, astrocytes, and microglia. NR1 immunoreactivity exhib-
ited a similar pattern of cellular distribution on RGC axons and
astrocytes.

Functional demonstration of ONH glutamate
receptor activity
AGB was used to provide evidence of ionotropic glutamate recep-
tor activation within the LIOH-treated ONH. The activation of
ionotropic glutamate receptors in the presence of the channel-
permeant organic cation AGB results in AGB entry intracellu-
larly, after which AGB can be trapped by glutaraldehyde fixation
and detected with specific antibodies (Marc, 1999b; Marc et al.,
2005). AGB has been used to functionally map ionotropic gluta-

Figure 4. The labeling of live eye cups/ONH tissues with synaptotagmin lumenal domain antibodies demonstrated exocytosis of ectopic vesicles. Freshly dissected eye cups were incubated with
antibodies against either SYT-lum or SYT-cyto as a negative control. A–D, A representative experiment in which tissues were stimulated with high K � before labeling. C, D, SYT-cyto produced no
appreciable signal other than nonspecific blood vessel staining (open arrowheads). SYT-lum labeling was very weak in the control condition (A), but increased markedly after LIOH (B), which
appeared clearly distinguishable from the nonspecific staining (open arrowheads). E, F, Quantification of K �-stimulated (E) and unstimulated (F) experiments demonstrated significant upregu-
lation of SYT-lum labeling at the LIOH ONHs compared to untreated controls. The analysis in G compared different SYT-lum labeling conditions for LIOH samples. The results were normalized against
the unstimulated condition. Both high K � and hypertonic sucrose stimulation led to more substantial SYT-lum staining than normal ACSF alone. The elimination of Ca 2� from the high K � solution
abolished the difference between stimulated and unstimulated conditions. Scale bar: (in D) A–D, 50 �m. E, n � 3 experiments; F, n � 4 experiments; G, n � 3 experiments. *p � 0.05; **p �
0.01. Before the experiments used for quantification, pilot studies with high K � ACSF were conducted six times with similar results.
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mate receptors in developing and adult retinas of several mam-
malian species (Marc, 1999a,b; Kalloniatis et al., 2002, 2004; Sun
et al., 2003, 2007a,b; Rohrer et al., 2004; Sun and Kalloniatis,
2004, 2006; Marc et al., 2005; Acosta et al., 2007, 2008; Chang and

Chiao, 2008). In the present study, AGB was injected into the
subconjunctival space of anesthetized control or LIOH mice to
allow for reagent access into the ONH. Control experiments con-
firmed that there was no endogenous anti-AGB signal without

Figure 5. A–F, Immunodetection of glutamate at the ONH. In control samples, glutamate (A) and SV2 (B) patterns of immunoreactivity were similarly weak and diffuse. LIOH treatment resulted
in dramatic ONH accumulation of both glutamate (D) and SV2 (E), which were colocalized extensively (F). The high-magnification inset taken from the boxed region demonstrates that glutamate
and SV2 were found in hot spots along the RGC axons. Although a few of these hot spots were only labeled with SV2 (arrow) or glutamate (double arrow), in most instances the two markers
overlapped, with the glutamate hot spots being slightly larger (arrowheads). n � 13 pairs of eyes. A LIOH day 4 sample is shown here. Scale bar: (in F) A–F, 50 �m. G–J, NADH assay detected release
of glutamate from acutely prepared LIOH ONH tissues. G, H, A representative time-lapse experiment in which hypertonic sucrose was introduced to provide stimulation. No change in fluorescence
level was detected in the control ONH (G). In the LIOH ONH (H), a robust rise in NADH fluorescence resulted from sucrose stimulation, as visualized by the pseudocolored montage. Images captured
at 1 min intervals are shown. Quantification of fluorescence intensity shows that both high K � (I) and hypertonic sucrose (J) stimulation resulted in significant accumulation of NADH in the LIOH
ONH, suggesting that glutamate was released from the tissue. n � 6 for both control and LIOH in I. In J, n � 9 for control and 19 for LIOH. *p � 0.05; **p � 0.01.
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application of AGB (data not shown), in agreement with previous
reports (Marc, 1999a,b; Kalloniatis et al., 2002). Control mice
injected with AGB exhibited only low levels of punctate labeling
at the ONH (Fig. 7A). In contrast, AGB signal at the ONH of
LIOH-treated animals was noticeably increased (Fig. 7D), a find-
ing confirmed quantitatively (Fig. 7G). AGB immunoreactivity
colocalized with tubulin �-III (Fig. 7E,F), suggesting that iono-
tropic receptors were endogenously activated on ONH axons fol-
lowing LIOH induction. AGB immunoreactivity was also
detected in a diffuse punctate manner in astrocytes identified by
colabeling with GFAP (data not shown). These findings indicate that
the ONH glutamate receptor subunits observed in this study were
likely functionally active.

Pharmacological blockade of glutamate signaling attenuated
LIOH-induced axon degeneration in vivo
To examine the potential in vivo effects of glutamate receptor
activation in axons and glia at the LIOH-induced glaucomatous
ONH, we surgically implanted gel foam plugs soaked with an
NBQX/MK-801/TTX mixture next to the ONH 1 d after LIOH in-
duction. NBQX and MK-801 block ionotropic AMPA/kainate
and NMDA glutamate receptors, respectively. The voltage-
gated sodium channel blocker TTX dampens the excitability of ax-
ons, which would presumably result in lower glutamate release.
Optic nerves were harvested 6 d after gel foam implantation, and the

axon numbers were quantified in PPD-stained tissue cross-sections.
PPD histochemistry has been used extensively to analyze glauco-
matous axonal degeneration in optic nerves (Davies et al., 1995;
Libby et al., 2005a; Zhong et al., 2007) and labels healthy myelinated
axons uniformly, but gives rise to distinct dark staining over the
axoplasm of degenerating axons (Libby et al., 2005a). In the current
set of experiments, IOP elevation induced by LIOH was comparable
in both treatment conditions, indicating that the NBQX/MK-801/
TTX drug application did not affect aqueous humor production or
drainage (Fig. 8E). Examination of PPD-stained optic nerve sections
from LIOH animals without pharmacological blockade revealed
prominent axonal degenerative debris marked by darkly stained ax-
oplasm, (Fig. 8C, arrowhead) and axonal swelling (Fig. 8C, arrow).
This morphological damage was also present but to a more moder-
ate extent in the drug-treated group (Fig. 8D). The quantitative scor-
ing of PPD-stained myelinated axons indicated that the number of
surviving axons was significantly higher in the antagonist mixture-
treated group compared to vehicle-treated animals (Fig. 8F). Of
note, we also observed that optic nerves treated with the antagonist
mixture exhibited less pronounced gliosis (Fig. 8B) compared to
optic nerves subjected to vehicle alone (Fig. 8A). These data dem-
onstrated that the pharmacological blockade of glutamate sig-
naling resulted in a moderation of axon loss in experimental
glaucoma.

Figure 6. Expression of glutamate receptor subunits on RGC axons and glia at the ONH. Images acquired from LIOH day 2 samples are shown. A, GluR1 expression at control ONH. B, GluR1
expression after LIOH. Concentrated GluR1 expression was detected in abnormal axon segments (arrows). C, D, NR1 expression was low in the control ONH (C) but demonstrated strong upregulation
following LIOH (D). E, Dot blot analysis of NR1 expression in ONH samples using GAPDH as a loading control confirmed the upregulation of NR1 2 d after LIOH. Three pairs of control and LIOH-treated
samples containing 10 ONHs each were analyzed. *p � 0.05. F–N, Colabeling studies of GluR1 (F, I, L) with tubulin (G), GFAP (J), and CD11b (M) demonstrated that GluR1 was expressed on axons
(H), astrocytes (K), and microglia (N). Scale bars: D (for A–D), N (for F–N) 50 �m.
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Generation of albino mice carrying floxed alleles of VGLUT2
and NR1
The data so far have supported a model in which ectopic accu-
mulation of SV protein-containing vesicles at the glaucomatous
ONH led to ectopic exocytotic glutamate release that contributed
to the degeneration of RGC axons. Although the in vivo pharma-
cological antagonism experiments provide a supporting line of
evidence, drug application does not address which cell type is the
primary target of glutamate action, as glutamate may directly
bind to its receptors on RGC axons or participate in axonal de-
generation indirectly through glial activation. To provide addi-
tional tests of the role of glutamate signaling in LIOH-induced
axon loss, and to gain further mechanistic insight, we examined
LIOH-treated transgenic mice in which key components of the
proposed pathophysiological pathway were genetically deleted
specifically in RGCs. Two transgenic lines were used: one that
carries the floxed Slc17a6 gene, which encodes VGLUT2 (Hnasko
et al., 2010), and one that carries the floxed NR1 gene (Tsien et al.,
1996). Cre recombinase was delivered by intravitreal injection of
rAAV that transduces RGC with high efficiency and specificity
(Cheng et al., 2002; Martin et al., 2002; Malik et al., 2005; Park et

al., 2008; Hellstrom et al., 2009; Ivanova
and Pan, 2009; Pease et al., 2009).

The floxed Slc17a6 (VGLUT2-f) and
floxed NMDAR1 (NR1-f) mice, both of
which were originally maintained in the
C57BL/6 background, were crossed to a
coisogenic strain B6(Cg)-Tyrc-2J/J (The
Jackson Laboratory) of albino mice ho-
mozygous for a Tyrc-2J mutation in the ty-
rosinase gene to circumvent the problem
of LIOH induction in pigmented mouse
strains (see Materials and Methods). The
pigmented floxed mice were crossed with
B6 albino mice for two generations to pro-
duce albino VGLUT2-f (Slc17a6loxP/loxP;
Tyrc-2J/c-2J) and albino NR-f (NR1loxP/loxP;
Tyrc-2J/c-2J) mice, which were then used in
subsequent LIOH studies.

Intravitreal injection of recombinant
AAV vectors
An AAV vector carrying the Cre recombi-
nase (AAV-Cre) was used to conditionally
delete floxed genes encoding VGLUT2 or
NR1. An AAV vector for GFP expression
(AAV-GFP) was used as a control. The
vectors were generously provided by Dr.
Z. He and have been described previously
(Park et al., 2008). Using the reporter line
Rosa26-EYFP Ai3 (Madisen et al., 2010)
and NeuN as a marker for RGCs (Buck-
ingham et al., 2008), we found that Cre
recombination occurred in �90% of the
total RGCs identified in flat-mounted ret-
inas 3 weeks after intravitreal injection of
AAV-Cre (data not shown). This finding
agrees with those of Park et al. (2008),
who reported �90% transduction effi-
ciency 2 weeks following intravitreal in-
jection. In the optic nerve, RGC axons
were the only cellular elements trans-
duced.

VGLUT2 deletion in RGCs diminished glutamate
accumulation at the LIOH-treated ONH
Albino VGLUT2-f mice were injected intravitreally with AAV-
Cre in one eye and AAV-GFP in the fellow eye followed 3 weeks
later by LIOH treatment. Similar to the CD-1 mice reported
above, AAV-GFP-injected B6 albino mice exhibited accumula-
tion of VGLUT2 immunoreactivity at the LIOH ONH (Fig. 9A),
which colocalized with the axon marker tubulin �-III (Fig. 9C).
AAV-Cre injection resulted in effective knockdown of VGLUT2
accumulation. In some cases, VGLUT2 immunoreactivity at the
ONH was nearly abrogated (Fig. 9D).

Accumulation of glutamate immunoreactivity was observed
in AAV-GFP-injected VGLUT2-f mouse ONH after LIOH (Fig.
9G), and overlapped with that of SV2 extensively (Fig. 9I), con-
sistent with the findings in CD-1 mice. Higher magnification
(Fig. 9I, inset) revealed that glutamate immunoreactivity was het-
erogeneous and appeared in intensely labeled patches, closely
associated with corresponding SV2 hot spots. In AAV-Cre-
injected ONH, glutamate labeling after LIOH was markedly di-
minished (Fig. 9J). While SV2 accumulation remained (Fig. 9K),

Figure 7. Demonstration of ionotropic glutamate receptor activation using the channel-permeant organic cation AGB. A, D,
After exposure to AGB in vivo through subconjunctival injection, control (A) and LIOH (D) tissues were labeled with antibodies
directed against AGB. B, E, Colabeling with tubulin was performed. C, F, AGB immunostaining was found to overlap with tubulin at
the ONH. G, Quantitative studies show that AGB immunoreactivity was significantly higher in LIOH compared to control ONHs. Scale
bar: (in F) A–F, 50 �m. n � 4 experiments. *p � 0.05.
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glutamate staining was weak and diffuse,
and did not correlate with SV2 hot spots
(Fig. 9L, inset). Quantitative analysis con-
firmed that the observed reduction in
VGLUT2 (Fig. 9S) and glutamate (Fig.
9T) immunoreactivity by AAV-Cre was
statistically significant. These findings
confirmed that the conditional gene dele-
tion was indeed specific and effective for
downregulating VGLUT2 expression. Ec-
topic vesicles were still present at the
ONH, although most of them became de-
void of VGLUT2 after AAV-Cre transduc-
tion, and presumably have lost the ability
to accumulate glutamate.

VGLUT2 deletion in RGCs attenuated
glutamate receptor activity at the
LIOH-treated ONH
To further confirm the downregulation
of glutamate signaling at the ONH of
AAV-Cre-treated VGLUT2-f animals,
ionotropic glutamate receptor activa-
tion was probed using AGB. In the
AAV-GFP control condition, LIOH-
treated B6 albino VGLUT2-f mice dis-
played strong AGB labeling at the ONH
(Fig. 9M), which was present in both ax-
ons (O) and glia (data not shown). After
AAV-Cre injection, the overall level of re-
ceptor activation was attenuated (Fig. 9P),
presumably as a consequence of the dim-
inution of glutamate accumulation due to
VGLUT2 knockdown. AGB immunore-
activity over RGC axons was quantified
and found to be significantly reduced by
70% in AAV-Cre (Fig. 9U).

Deletion of VGLUT2 in RGCs
promoted axon survival in
experimental glaucoma
Axonal survival in AAV-Cre-injected
VGLUT2-f mice after LIOH was investi-
gated by analyzing PPD-stained optic
nerve cross-sections. IOP elevation after
LIOH treatment was similar in animals
receiving AAV-GFP or AAV-Cre (Fig.
9W). In B6 albino VGLUT2-f mice in-
jected with the AAV-GFP control vector,
LIOH resulted in notable axon dropout after 2 weeks (Fig. 9V).
The overall level of damage was less severe than in aged-match
CD-1 mice, but dark axonal degenerative debris could be readily
observed. In AAV-Cre-injected VGLUT2-f mice, axonal disorga-
nization and degeneration still occurred, but a higher proportion
of axons appeared morphologically normal (Fig. 9V). Quantita-
tive analysis showed that LIOH reduced RGC axon count to 55%
of control level in the AAV-GFP injection group after 2 weeks.
AAV-Cre-mediated deletion of VGLUT2 resulted in a significant
restoration in the number of RGC axons (Fig. 9X) to 77% of
control level (p � 0.01 for AAV-Cre vs GFP). These data indi-
cated that the interference with RGC vesicular glutamate release
promoted axonal survival in LIOH-induced experimental glau-
coma. As axonal survival was not fully restored to the levels in

control animals, vesicular glutamate release and localization ex-
citotoxicity likely only account for one of the mechanisms of
RGC axon loss in LIOH. In addition, other sources of glutamate
release may contribute to the accumulation of ONH glutamate.

NR1 deletion in RGCs reduced axonal glutamate signaling at
the LIOH-treated ONH and promoted axon survival
To investigate the potential cellular targets of glutamate, we per-
formed NR1 knockdown in RGCs using a similar AAV-Cre ap-
proach in NR1-f mice. Since NR1 is an essential subunit of the
NMDA receptor (Moriyoshi et al., 1991; Nakanishi, 1992), dis-
ruption of NR1 in RGC axons should reduce the ability of gluta-
mate to act on NMDA receptors on axons at the ONH. The AGB
activation assay was used as a measure of NR1 knockdown. AGB

Figure 8. Effects of glutamate signaling antagonists on optic nerve axonal degeneration in vivo. A mixture of glutamate
signaling antagonists, NBQX/MK-801/TTX, or vehicle was delivered locally to the ONH of animals treated with LIOH. Optic nerves
were harvested and analyzed after 1 week. A, B, Example low-magnification cross-sectional images of PPD-stained optic nerve.
Gliosis can be readily observed in the vehicle-treated control group (A, arrows), but appeared attenuated in the drug-treated group
(B). C, D, Example high-magnification images. Axonal degenerative debris (arrowheads) and axonal swelling (arrows) were more
pronounced in the vehicle-treated group (C) than the drug-treated group (D). E, IOP elevation in both groups was comparable. F,
The drug-treated group had significantly higher number of surviving axons in the optic nerve compared to vehicle-treated control.
Scale bars: (in B) A, B, 50 �m; (in D) C, D, 10 �m. n � 11 animals analyzed. ns, Not significant. *p � 0.05.
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Figure 9. AAV-Cre-mediated deletion of VGLUT2 attenuated RGC axon loss after LIOH. A–F, Effective VGLUT2 knockdown by AAV-Cre in VGLUT2-f mice. The accumulation of VGLUT2 after LIOH
(day 3) was observed in AAV-GFP-injected VGLUT2-f mouse ONH (A), but was almost abolished in the AAV-Cre-injected eye (D). Colabeling with �-III Tubulin (B, E) was used to detect the presence
of VGLUT2 in RGC axons. G–L, Reduction of ONH glutamate by AAV-Cre in VGLUT2-f mice. SV2 labeling after LIOH (day 3) was not altered in AAV-Cre (K) compared to AAV-GFP (H), but glutamate
immunoreactivity was much reduced in the AAV-Cre condition (compare J, G). Glutamate and SV2 hot spots often codistributed in the AAV-GFP control (G–I, insets taken from the boxed region in
I). In AAV-Cre, glutamate labeling was more diffuse and no longer mirrored SV2 hot spots (J–L, insets taken from the boxed region in L). M–R, AGB assay demonstrated reduced glutamate receptor
activity by AAV-Cre injection in VGLUT-f mice. AGB injected subconjunctivally 3 d after LIOH resulted in strong AGB labeling (M) at the ONH of the AAV-GFP group. �-III Tubulin staining (N) showed
that part of the AGB signal was localized to axons (O), although additional glial labeling was also present. AAV-Cre injection markedly reduced the overall level of AGB staining (Figure legend continues.)
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permeation and accumulation in axons after NR1 knockdown
should be reduced by an amount proportional to the contribu-
tion of NMDA receptor activity to overall ionotropic receptor
activation. In B6 albino NR1-f eyes injected with AAV-GFP, AGB
permeation after LIOH resulted in robust labeling of ONH axons
and glia (Fig. 10A). In contrast, AAV-Cre injection led to a re-

duction of AGB signal in �-III tubulin� axons by 60% (Fig.
10F,G). Of note, AGB staining in the neighboring glial cells re-
mained relatively strong. These findings were consistent with the
restricted deletion of NR1 in only RGCs. Since the AMPA recep-
tor subunits GluR1 and GluR2 were also found to be expressed on
RGC axons, the remaining AGB signal present in axons could be
accounted for by AMPA receptors.

AAV-injected NR1-f mice were subjected to the analysis of
optic nerve axon number after LIOH. IOP elevation was compa-
rable between the AAV-GFP and AAV-Cre treatment groups
(Fig. 10H). The morphology of PPD-stained optic nerve cross-
sections resembled that observed in the VGLUT2-f experiments.
Optic nerve axon counts were similar between non-LIOH-
treated control animals injected with either AAV vector (Fig.
10 I). LIOH reduced RGC axon count to 62% of control level in
the AAV-GFP group after 2 weeks. AAV-Cre-mediated deletion
of NR1 resulted in significant sparing of RGC axons to 80% of the
level observed in non-LIOH-treated control animals (Fig. 10 I;
p � 0.001 for AAV-Cre vs GFP). These data indicated that inter-

4

(Figure legend continued.) (P). S–U, Quantitative analysis indicated the reduction in VGLUT2
(S), glutamate (T), and axonal AGB (U) signals by AAV-Cre were statistically significant. n � 4
for VGLUT2, 5 for glutamate, and 3 for AGB experiments. *p � 0.05; ***p � 0.001. V–X,
AAV-Cre-mediated deletion of VGLUT2 attenuated RGC axon loss after LIOH. Representative
PPD-stained optic nerve cross-sections are shown in V. The non-LIOH control sections were
indistinguishable in the AAV-GFP and AAV-Cre conditions. Significant axon dropout can be
observed in the AAV-GFP condition 2 weeks after LIOH. AAV-Cre injection resulted in less RGC
axon degeneration and more morphologically normal axons. There was no difference in IOP
elevation induced by LIOH in AAV-Cre and AAV-GFP animals (W). AAV-Cre injection significantly
increased the number of surviving axons 2 weeks after LIOH in VGLUT2-f mice (X). n � 10 for
PPD experiment. ns, Not significant. **p � 0.01. Scale bars: F (for A–F), L (for G–L), R (for
M–R), 50 �m; V, 10 �m.

Figure 10. AAV-Cre-mediated deletion of NR1 attenuated RGC axon loss after LIOH. A–F, Reduced glutamate receptor activity following AAV-Cre injection in NR1-f mice. AGB was injected
subconjunctivally 3 d after LIOH. Robust AGB labeling was detected at the ONH of the AAV-GFP group (A). �-III Tubulin staining (B, E) indicated the location of axonal labeling. The level of AGB
immunoreactivity was decreased by AAV-Cre injection (D). In particular, AGB staining was diminished in �-III tubulin � axons, while the intensity of glial signal remained comparable to the AAV-GFP
control (F). G, AGB immunoreactivity over RGC axons was quantified and found to be significantly reduced by AAV-Cre compared to AAV-GFP. n � 4 experiments. H, I, Axon counting in PPD-stained
optic nerve cross-sections of NR1-f mice. No difference in IOP elevation induced by LIOH was found between the AAV-Cre and AAV-GFP groups (H). AAV-Cre injection significantly increased the
number of surviving axons 2 weeks after LIOH (I). Scale bar: (in F) A–F, 50 �m. n � 20 animals. *p � 0.05; ***p � 0.001.
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ference with NMDA glutamate receptor activation in RGCs pro-
moted axonal survival in experimental glaucoma.

Discussion
In the present study, we provide evidence for previously unsus-
pected ectopic vesicular glutamate release as well as glutamate
sensitivity in RGC axons at the ONH of mice with laser-induced
glaucoma. The data showed that synaptic components such as
SV2, VGLUT2, glutamate, and Bassoon as well as synaptophysin-
positive vesicles all accumulated ectopically within RGC axons at
the ONH 2 d after IOP elevation. Live tissue detection of lumenal
synaptotagmin epitopes as well as enzymatic assays for glutamate
demonstrated ectopic vesicle exocytosis and local release of glu-
tamate. GluR1, GluR2, and NR1 receptors were detected on RGC
axons as well as astrocytes at the LIOH-treated ONH, and AGB
permeation assays indicated that both cellular elements can re-
spond to local glutamate release. In vivo pharmacological block-
ade of glutamate signaling at the ONH of mice with experimental
glaucoma resulted in enhanced axon survival. AAV-mediated
conditional deletion of VGLUT2 or NR1 specifically in RGCs
showed that the elimination of either RGC glutamatergic vesicu-
lar loading or NMDA receptor signaling resulted in increased
axon survival in LIOH-treated animals. These findings support a
model in which RGC axons responding to LIOH-induced glau-
comatous insults at the ONH act as both the source of ectopic
glutamate vesicular release and of glutamate sensitivity, thus po-
tentially contributing to a cascading mechanism underlying the
progressive RGC axon dropout associated with this disease.

Glutamate release by axons at the ONH
The glutamate-mediated mechanism for glaucomatous RGC
axon loss proposed here differs considerably from a previous
model of glutamate excitotoxicity in glaucoma, in which dying
RGC somas in the retina release and cause a buildup of glutamate
within the vitreous cavity, leading to secondary degeneration of
other RGCs. This earlier proposed mechanism has been ques-
tioned since the initial findings of raised intravitreal glutamate
concentration have not been confirmed, and the presence of dif-
fusible glutamate throughout the vitreous cavity is difficult to
reconcile with the characteristic patchy loss of RGCs in the glau-
comatous retina, in which affected and unaffected regions abut
each other directly (Jakobs et al., 2005; Schlamp et al., 2006; How-
ell et al., 2007).

Our current findings are distinct in three important aspects:
site of synaptic component accumulation and glutamate release,
timing, and the mechanism of release. First, the accumulation of
ectopic vesicles and glutamate induced by LIOH was most prom-
inent at the ONH, and to a much lesser extent in the adjoining
retina or myelinated optic nerve regions. Second, this phenome-
non occurred relatively early in the disease process (�2 d after
LIOH), before apparent RGC soma loss sets in between 1 and 2
weeks after pressure elevation (Fu and Sretavan, 2010). Third,
glutamate appeared to be released via a vesicular mechanism
from axon segments within the glaucomatous ONH, as opposed
to being passively released into the vitreous environment by dy-
ing RGCs in the retina. While it is unclear how much this ectopic
ONH vesicular release resembles normal synaptic glutamate re-
lease in terms of regulatory and energetic mechanisms, the data in-
dicated that it is VGLUT2 dependent and occurs in the presence of
many components of the normal synaptic release machinery.

Ectopic release and axonal glutamate receptors
The release of neurotransmitter-containing vesicles from non-
synaptic axon regions, although counter to the dictum of vesicle

release from specialized presynaptic active zones, is consistent
with accumulating evidence suggesting that exocytosis occurs at
ectopic locations distant from conventional synapses in many
CNS regions, including the optic nerve and retinal bipolar cell
terminals (Ceccarelli et al., 1979; Zenisek et al., 2000; Lenzi et al.,
2002; Matsui and Jahr, 2003, 2006; Coggan et al., 2005; Kukley et
al., 2007; Ziskin et al., 2007; Thyssen et al., 2010). These previous
studies suggested that ectopic release plays a role in normal phys-
iology by mediating synaptic transmission and axon– glia com-
munication and strongly argue that morphologically distinct
specialization is not a prerequisite for exocytosis.

Our ultrastructural data demonstrated the presence of
synaptophysin-positive vesicles that resemble pleiomorphic vesicles
described previously in axons (Kraszewski et al., 1995; Ahmari et al.,
2000) and interpreted as SV precursors that undergo exo-
endocytosis without synaptic contacts (Matteoli et al., 1992; Krasze-
wski et al., 1995; Dai and Peng, 1998; Zakharenko et al., 1999;
Krueger et al., 2003). In LIOH, the demonstration of membrane-
bound organelles containing SV components and vesicular gluta-
mate release at the ONH indicated that ectopic neurotransmitter
release at nonsynaptic sites may also be a feature of pathological
conditions.

Our data also showed that RGC axons at the unmyelinated ONH
were receptive to the released glutamate. After LIOH induction,
RGC axons expressed the AMPA receptor subunits GluR1 and
GluR2 as well as the essential NMDA receptor subunit NR1. Al-
though there was substantial AGB permeation into glaucomatous
RGC axons, demonstrating robust ionotropic glutamate receptor
activity, our current data do not differentiate between AGB influx
into axons via AMPA, kainite, or NMDA receptors.

Previous studies have demonstrated that white matter axons
can respond to AMPA or kainate receptor agonists, and excessive
stimulation of these receptors can lead to axonal damage (Mat-
ute, 1998; Fowler et al., 2003; Ouardouz et al., 2006, 2009a,b;
Bakiri et al., 2009; Matute, 2010). The expression of NMDA re-
ceptor subunits in rodent RGC somas has been well established
by mRNA detection (Brandstätter et al., 1994; Watanabe et al.,
1994; Jakobs et al., 2007), immunohistochemistry (Fletcher et al.,
2000; Gründer et al., 2000; Kalloniatis et al., 2004), and electro-
physiology (Chen and Diamond, 2002). NR1 expression (Aoki et
al., 1994; Gracy and Pickel, 1995) and function (Vorwerk et al.,
2001; Bardoni et al., 2004; Duguid and Smart, 2004) on axons
have also been documented. Our data demonstrated that NR1
was expressed at a low level in RGC axons at the normal ONH and
became strongly upregulated after LIOH treatment. AAV-Cre-
mediated deletion of NR1 from RGCs reduced AGB signal in
LIOH-treated axons, indicating that NMDA receptors account
for at least part of the ionotropic glutamate receptor activity. The
significant axonal protection conferred by the in vivo genetic
deletion of NR1 from RGCs supported a role of NMDA recep-
tors in glaucomatous axon degeneration. The contributions from
AMPA and kainite receptors remain to be further elucidated.

Sectoral patterns of RGC damage in glaucoma
Throughout this study, we repeatedly observed highly localized
patterns of ectopic glutamate-related pathology in LIOH glau-
coma. At the overall anatomic level, ectopic vesicle accumulation
was highly localized to axon segments within the unmyelinated
ONH and was much less apparent in the myelinated portion of
the optic nerve or in RGC somas in the retina. At the cellular level,
there was substantial heterogeneity among RGC axons at the
ONH, with individual groups of axons heavily laden with ectopic
synaptic components, while adjacent groups appeared unaf-
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fected. Heterogeneity extended even to the subcellular level, as
different locations along the same axon appeared to be differen-
tially affected, and glutamate accumulation and receptor activity
were often distributed in discrete hot spots along a process.

Previous findings in the LIOH mouse model (Fu and Sretavan,
2010) and in several other glaucoma models (Jakobs et al., 2005;
Schlamp et al., 2006; Howell et al., 2007; Soto et al., 2010) have
demonstrated that RGC degeneration in the retina occurs in sectoral
patterns, in which areas of dense soma loss reside next to relatively
unaffected regions. The present findings may provide insight into
this phenomenon, since focal damage affecting distinct axon bun-
dles within the ONH can be expected to ultimately lead to a patchy
pattern of RGC loss in the retina. It remains to be determined
whether RGC axons sustaining glutamate-induced damage respond
by acting as further sources of ectopic glutamate release, thus prop-
agating injury to neighboring axons in a cascading fashion.

Applicability to other models of glaucoma
The progression of glaucomatous RGC damage in LIOH follows a
more rapid time course than that in DBA/2J mice (Libby et al.,
2005b; Fu and Sretavan, 2010). However in both mouse models, as
in human glaucoma patients, damage to the visual system is con-
fined to RGCs and does not affect other retina cell types. The LIOH
model permits precise control over the timing of IOP elevation, and
thus disease onset. Such control was particularly important for char-
acterizing the ONH accumulation of synaptic components demon-
strated in this study, as these events occurred relatively early only �2
d after LIOH induction. Furthermore, the experiments using phar-
macological blockade and AAV-mediated gene deletions required
precise timing with disease induction and would have been difficult
to execute otherwise. Our findings demonstrating the role of ectopic
glutamate release and glutamate sensitivity in glaucomatous axon
loss could conceivably be more difficult to recognize in DBA/2J mice
or in human patients, in which disease onset is less well defined.
Nevertheless, we have observed ectopic SV protein accumulation at
the ONH of 10- to 12-month-old DBA/2J mice (our unpublished
data), suggesting that vesicular glutamate release might also be rele-
vant in this more chronic progressive model of glaucoma. Since the
present study suggests that mechanisms of neurotransmitter release
operating ectopically at the glaucomatous ONH may provide useful
entries for therapeutic intervention, future work should be directed
at validation across additional animal models and in human disease.
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