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Increased Mitochondrial Fission and Volume
Density by Blocking Glutamate Excitotoxicity

Protect Glaucomatous Optic Nerve Head
Astrocytes

Won-Kyu Ju,1 Keun-Young Kim,2 You Hyun Noh,1 Masahiko Hoshijima,2,3

Thomas J. Lukas,4 Mark H. Ellisman,2 Robert N. Weinreb,1 and Guy A. Perkins2

Abnormal structure and function of astrocytes have been observed within the lamina cribrosa region of the optic nerve head
(ONH) in glaucomatous neurodegeneration. Glutamate excitotoxicity-mediated mitochondrial alteration has been implicated
in experimental glaucoma. However, the relationships among glutamate excitotoxicity, mitochondrial alteration and ONH
astrocytes in the pathogenesis of glaucoma remain unknown. We found that functional N-methyl-D-aspartate (NMDA) recep-
tors (NRs) are present in human ONH astrocytes and that glaucomatous human ONH astrocytes have increased expression
levels of NRs and the glutamate aspartate transporter. Glaucomatous human ONH astrocytes exhibit mitochondrial fission
that is linked to increased expression of dynamin-related protein 1 and its phosphorylation at Serine 616. In BAC ALDH1L1
eGFP or Thy1-CFP transgenic mice, NMDA treatment induced axon loss as well as hypertrophic morphology and mitochon-
drial fission in astrocytes of the glial lamina. In human ONH astrocytes, NMDA treatment in vitro triggered mitochondrial fis-
sion by decreasing mitochondrial length and number, thereby reducing mitochondrial volume density. However, blocking
excitotoxicity by memantine (MEM) prevented these alterations by increasing mitochondrial length, number and volume den-
sity. In glaucomatous DBA/2J (D2) mice, blocking excitotoxicity by MEM inhibited the morphological alteration as well as
increased mitochondrial number and volume density in astrocytes of the glial lamina. However, blocking excitotoxicity
decreased autophagosome/autolysosome volume density in both astrocytes and axons in the glial lamina of glaucomatous D2
mice. These findings provide evidence that blocking excitotoxicity prevents ONH astrocyte dysfunction in glaucomatous neu-
rodegeneration by increasing mitochondrial fission, increasing mitochondrial volume density and length, and decreasing auto-
phagosome/autolysosome formation.
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Introduction

Primary open angle glaucoma (POAG), the most common

form of glaucoma in the United States, has been charac-

terized by a slow and progressive degeneration of retinal gan-

glion cells (RGCs) and their axons, leading to loss of visual

function (Weinreb and Khaw, 2004; Weinreb et al., 2014).

Regardless, the biological basis of glaucoma is not yet fully

understood, and the factors contributing to its progression are

currently not well characterized. Intraocular pressure (IOP) is

the only proven treatable risk factor. However, lowering IOP

is not enough for reducing disease progression (Weinreb and

Khaw, 2004; Weinreb et al., 2014; Zhang et al., 2012).
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Astrocytes in the central nervous system (CNS) contrib-

ute to many functional roles including regulation of the

blood–brain barrier, modulation of synaptic function and plas-

ticity, regulation of energy metabolism, as well as maintenance

of extracellular balance of ions and neurotransmitters (Barres,

2008; Brown and Ransom, 2007; Nedergaard et al., 2003; Pel-

lerin et al., 2007; Ransom, 2000; Waxman et al., 1993). Of

interest, astrocyte alterations that are accompanied by RGC

axon loss has been implicated as important pathophysiological

mechanisms in the pathogenesis of glaucomatous optic nerve

head (ONH) degeneration (Hernandez et al., 2008; Tezel,

2006). Indeed, structural and functional abnormalities of astro-

cytes within the lamina cribrosa region of the ONH have been

reported in experimental rodent models of glaucoma and in

patients with POAG (Dai et al., 2012; Hernandez et al., 2008;

Son et al., 2010; Sun et al., 2010). However, the biological

basis of the pathophysiological mechanisms within glaucoma-

tous ONH astrocytes is not well understood.

Increasing evidence indicates that alterations in the regu-

lation of mitochondrial dynamics, fusion and fission, can trig-

ger neurodegeneration (Chen and Chan, 2005; Karbowski

and Youle, 2003; Song et al., 2011). It is noteworthy that

since mitochondrial respiration-mediated dysfunction has

been observed in patients with POAG (Abu-Amero et al.,

2006; He et al., 2008; Izzotti et al., 2011), our previous stud-

ies have shown that alteration of mitochondrial dynamics is

linked to mitochondrial dysfunction-mediated ONH degener-

ation and RGC death in a mouse model of glaucoma (Ju

et al., 2008, 2009, 2010). These observations strongly suggest

the presence of a distinct mitochondrial dysfunction-mediated

degenerative pathway in the ONH of glaucoma.

Glutamate excitotoxicity triggers mitochondrial dysfunc-

tion in the CNS in both acute and chronic neurodegenerative

disorders including glaucoma (Beal, 1995; Ju et al., 2009;

Nicholls and Ward, 2000; Nguyen et al., 2011a, b). There is

growing evidence that glutamate excitotoxicity contributes to

alteration of mitochondrial dynamics, leading to mitochon-

drial dysfunction and cell death (Grohm et al., 2012; Jahani-

Asl et al., 2011; Nguyen et al., 2011a, 2011b). Of interest,

recent studies in mouse, rat, and humans indicate that CNS

astrocytes express functional glutamate N-methyl-D-aspartate

(NMDA) receptors (NRs; Krebs et al., 2003; Lee et al.,

2010; Palygin et al., 2011), suggesting that there is a direct

response of CNS astrocytes to extracellular glutamate. More-

over, blocking glutamate excitotoxicity by selective NR antag-

onists such as memantine (MEM) and MK801 partially

promotes cell survival in human primary astrocyte cultures

(Lee et al., 2010). However, it is unknown whether there are

functional NRs on human ONH astrocytes. Also unknown is

the potential relationship between NR activation and mito-

chondrial alteration in rodent and human ONH astrocytes.

Here, we report that glaucomatous human ONH astro-

cytes that have functional NRs upregulate the expression lev-

els of NRs and glutamate aspartate transporter (GLAST), as

well as increase dynamin-related protein 1 (DRP1) and its

phosphorylation at Serine 616 (pDRP1) that are associated

with mitochondrial fission. Moreover, blockade of glutamate

excitotoxicity by MEM not only prevents morphological

alteration of ONH astrocytes, but also protects ONH astro-

cytes by increasing mitochondrial fission, increasing mito-

chondrial volume density and length, and decreasing

autophagosome/autolysosome formation against glaucomatous

neurodegeneration.

Materials and Methods

Human Eyes
Thirteen eyes from eleven Caucasian American (CA) donors (age

73 6 9 years) with POAG (referred to as CAG) and six eyes from

three African American donors (age 62 6 13 years) with POAG

(referred to as AAG) were used to generate ONH astrocyte cultures

as described previously (Lukas et al., 2008). Normal eyes were from

12 CA donors (age 60 1 11 years) and 12 AA donors (age 58 1 12

years) with no history of eye disease, diabetes, or chronic central

nervous system disease as described previously (Lukas et al., 2008).

Human ONH Astrocyte Culture
Cultures of human ONH astrocytes were generated as described pre-

viously (Yang and Hernandez, 2003). Briefly, explants from each

lamina cribrosa were dissected and maintained in DMEM/F-12 sup-

plemented with 10% fetal bovine serum (FBS; BioWhittaker, Wal-

kersville, MD) in a 37�C, 5% CO2 incubator. After 2–4 weeks,

primary human ONH astrocytes were purified using a modified

immunopanning procedure (Yang and Hernandez, 2003).

Animals
Bacterial artificial chromosome (BAC) aldehyde dehydrogenase 1

family, member L1 (ALDH1L1) enhanced green fluorescent protein

(eGFP) reporter (BAC ALDH1L1 eGFP, GENESAT project) and

B6.Cg-Tg [Thy1-cyan fluorescent protein (CFP)] 23Jrs (Thy1-CFP,

The Jackson Laboratory, Bar Harbor, Maine) mice have been

described in detail previously (Doyle et al., 2008; Feng et al., 2000;

Heiman et al., 2008; Leung et al., 2008; Yang et al., 2011). Female

DBA/2J (D2, The Jackson Laboratory, Bar Harbor, Maine) and

C57BL/6 mice (C57BL, Harlan Sprague Dawley, Indianapolis, IN)

were used. All animals were housed in covered cages, fed with a

standard rodent diet ad libitum, and kept on a 12 h light/12 h dark

cycle. All procedures described were performed in accordance with

the Association for Research in Vision and Ophthalmology State-

ment for the Use of Animals in Ophthalmic and Vision Research,

and under protocols approved by Institutional Animal Care and Use

Committee at the University of California, San Diego.

NMDA Injection
The 4-month-old ALDH1L1 and Thy1-CFP mice were anesthetized

with intraperitoneal injection of a mixture of ketamine (100 mg/kg,

Ketaset; Fort Dodge Animal Health, Fort Dodge, IA) and xylazine
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(9 mg/kg, TranquiVed; VEDCO, St. Joseph, MO). A glass needle

was used to inject a total 1 mL of 40 mM NMDA (Sigma, St. Louis,

MO) in balanced saline solution into the vitreous humor (Libby

et al., 2005).

IOP Measurement
IOP measurement was performed as described previously (Ju et al.,

2008). C57BL and D2 mice used in this study had IOP measure-

ment at 7 and/or 9 months of age (to confirm development of spon-

taneous IOP elevation exceeding 20 mmHg) after anesthesia with a

mixture of ketamine (100 mg/kg, Ketaset; Fort Dodge Animal

Health) and xylazine (9 mg/kg, TranquiVed, Vedeco).

Pharmacological Treatment of ONH Astrocytes
Three groups of human ONH astrocytes were studied following

treatment of NMDA alone (Sigma) or NMDA plus MEM, an

uncompetitive NMDA glutamate receptor antagonist (Sigma): a

group treated with vehicle (1 mM glycine and 1.8 mM CaCl2 in

EBSS), a group treated with NMDA alone (100 lM with 1 mM

glycine and 1.8 mM CaCl2 in EBSS) and a group treated with

NMDA (100 lM)/MEM (200 lM). NMDA alone or NMDA/

MEM were treated in 1% FBS/DMEM/Ham’s F-12 50/50

(DMEM/F12) for 1 h in a 5% CO2 incubator at 37�C and postin-

cubated for 10 h. For the in vivo study, both MEM (5 mg/kg in

0.9% saline) and vehicle (0.9% Saline) were treated in D2 mice

twice daily for 3 months by IP injection as described previously (Ju

et al., 2009).

Tissue Preparation
Mice were anesthetized with a mixture of ketamine (100 mg/kg,

Ketaset; Fort Dodge Animal Health) and xylazine (9 mg/kg, Tran-

quiVed, Vedeco), and perfused transcardially with oxygenated Ring-

er’s solution (0.79% NaCl, 0.038% KCl, 0.02% MgCl2�6H2O,

0.018% Na2HPO4, 0.125% NaHCO3, 0.03% CaCl2�2H2O, 0.2%

dextrose, and 0.02% xylocaine) at 37�C for 30 sec, followed by

0.1 M phosphate-buffered saline (PBS), pH 7.4, containing 4%

paraformaldehyde. For immunohistochemistry, the ONHs were dis-

sected from the choroids and postfixed with 4% paraformaldehyde

in PBS, pH 7.4 for 4 h at 4�C. After several washes in PBS, the reti-

nas were dehydrated through graded ethanol solutions and embed-

ded in polyester wax as described previously (Ju et al., 2008).

Immunohistochemistry and Immunocytochemistry
Immunohistochemical or immunocytochemical staining for 7 mm

wax sections of ONHs or cultured ONH astrocytes were performed

as described previously (Ju et al., 2008). Five sections per wax block

from each group (n 5 4 ONHs/group) were used for immunohisto-

chemical analysis. The primary antibodies included mouse monoclo-

nal anti-glial fibrillary acidic protein (GFAP) antibody (1:300;

Sigma), guinea pig polyclonal anti-GFAP antibody (1:500; Advanced

ImmunoChemical. Long Beach, CA), mouse monoclonal antineuro-

filament antibody (1:500; Sigma), mouse monoclonal anti-NR1 anti-

body (1:1,000; BD Pharmingen, San Diego, CA), rabbit monoclonal

anti-NR2A antibody (1:100; Millipore, Billerica, MA), rabbit

polyclonal anti-NR2B antibody (1:5,000; Millipore), and mouse

monoclonal anti-DRP1 antibody (1:1,000; BD Transduction Labora-

tories, San Diego, CA). The images were acquired with a Fluo-

View1000 confocal microscope (Olympus, Tokyo, Japan).

Western Blot Analysis
Cultured human ONH astrocytes were lysed with lysis buffer as

described previously (Noh et al., 2013). The primary antibodies

included rabbit polyclonal anti-NR1 and NR2A antibody (1:1,000;

Cell Signaling Technology, Danvers, MA), rabbit polyclonal anti-

GLAST (EAAT1, 1:500; Santa Cruz Biotechnology, Santa Cruz,

CA), mouse monoclonal anti-DRP1 antibody (1:1,000; BD Trans-

duction Laboratories), rabbit polyclonal anti-phospho-DRP1 at

Ser616 antibody (1:1,000; Cell Signaling), and mouse monoclonal

anti-actin antibody (1:5,000; Millipore). The scanned film images

were analyzed with ImageJ (National Institute of Health, MD) and

band densities were normalized to the band densities for actin.

Ca21 Measurements
Cells were incubated with Buffer A supplemented with 2 mM Fluo4-

AM (Invitrogen) for 15 min in a humidified 5% CO2 incubator at

37�C. After washing with Buffer A, cells were incubated in F12/

DMEM containing 1% FBS for 30 min in a humidified 5% CO2

incubator at 37�C to complete hydrolysis of the Fluo4-AM before

making the Ca21 measurements. Fluorescent signals were recorded

for 5–10 min at 37�C, the perfusion medium (Buffer A) was

replaced by Buffer A containing 100 mM NMDA with 5 mM Gly-

cine. The recording continued for up to 5 min. Fluo4 Ca21 signals

were recorded in 3–5 cells in each experiment. The response (DF/F)

was 1.01 6 0.17 (mean 6 SEM, n 5 3). DF/F was calculated by the

following formula. DF/F 5 (FNMDA 2 Frest)/(Frest 2 Fmin), where Fmin

was determined by saturating the indicator by adding 2 mM

MnCl2. The experiment was repeated three times. Ca21 imaging

was carried out on a FlowView 1000 confocal microscope (Olym-

pus) equipped with a 403 objective (NA 1.30, oil) and the dye-

loaded cells were excited at 488 nm. Transmitted light differential

interference contrast imaging guided the drawing of circular regions

of interest (ROIs) in the cytoplasmic area of cells. The fluorescent

signal intensity (em 500–600 nm) of each ROI was averaged and

plotted every 5 s. After signal stabilization of fluorescent signals, cells

were stimulated by 100 mM NMDA and 5 mM glycine.

Whole-Mount Preparation and Quantitative
Analysis for RGC Counting
Retinas from enucleated eyes in Thy1-CFP mice (Feng et al., 2000;

Leung et al., 2008) were dissected as flattened whole-mounts (Ju

et al., 2009). Images were captured with a spinning-disc confocal

microscope (Olympus America, Center Valley, PA). RGC densities

were measured in the middle area for each condition and the scores

were averaged (n 5 2 retinal flatmounts/group).

Morphology Analysis of Mitochondria
Mitochondria in the ONH astrocytes were labeled by the addition

of a red fluorescent mitochondrial dye (100 nM final concentration;

MitoTracker Red CMXRos; Invitrogen) to the cultures and main-

taining it for 20 min in a CO2 incubator. The cultures were subse-

quently fixed with 4% paraformaldehyde (Sigma) in DPBS for 30
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min at 4�C. For three-dimensional (3D) reconstruction, images were

obtained with an optical section separation (z-interval) of 0.25 lm

by an Olympus FluoView1000 (Olympus). Iso-surface rendition was

obtained from the stack using Imaris 6.4.2 (Bitplane AG, Zurich,

Switzerland).

Electron Microscopy
Following fixation as previously described (Ju et al., 2008; Noh

et al., 2013), the cells and tissues were embedded in Durcupan

ACM resin (Fluka, St. Louis, MO). Ultrathin (70 nm) sections were

poststained with uranyl acetate and lead salts and evaluated with a

JEOL 1200FX transmission EM operated at 80kV. Images were

recorded on film at 8,0003 magnification. For quantitative analysis,

the number of astrocytic mitochondria was normalized to the total

area occupied by astrocytes in each image, which was measured using

ImageJ (National Institute of Health, Bethesda, MD). Mitochondrial

lengths were measured with ImageJ. The mitochondrial volume den-

sity, defined as the volume occupied by mitochondria divided by the

volume occupied by the cytoplasm, was estimated using stereology as

follows. A 112 3 112 square grid (112 3 112 chosen for ease of

use with Photoshop) was overlaid on each image loaded in Photo-

shop (Adobe), and mitochondria and cytoplasm lying under inter-

cepts were counted. The relative volume occupied by mitochondria

was expressed as the ratio of intercepts coinciding with this organelle

relative to the intercepts coinciding with cytoplasm.

Electron Microscope Tomography
For each reconstruction, a series of images at regular tilt increments

was collected with a JEOL 4000EX intermediate-voltage electron

microscope operated at 400 kV. The IMOD package was used for

rough alignment with the fine alignment and reconstruction per-

formed using the TxBR package. Volume segmentation was performed

by manual tracing in the planes of highest resolution with the pro-

gram Xvoxtrace (Perkins et al., 1997). The mitochondrial reconstruc-

tions were visualized using Analyze (Mayo Foundation, Rochester,

MN) or the surface-rendering graphics of Synu (National Center for

Microscopy and Imaging Research, San Diego, CA) as previously

described (Perkins et al., 1997). Movies of the tomographic volume

were made using Amira (Ju et al., 2008; Kushnareva et al., 2013).

Intracellular Dye Injection
The method for filling cells in fixed tissue slices was adapted from

previously reported protocols (Belichenko and Dahlstrom, 1995;

Buhl, 1993). The ONH slices were viewed with an Olympus Opti-

cal (Melville, NY) BX50WI infrared differential interference contrast

(DIC)/epifluorescent microscope. Sharp glass micropipettes were

backfilled with 10 mM Alexa Fluor 568 in 200 mM KCl, 10 mM

Alexa Fluor 488 in 200 mM KCl (Molecular Probes, Eugene, OR),

or 5% aqueous dilithium Lucifer yellow CH (Calbiochem, La Jolla,

CA). The astrocytes were identified by the distinctive size and shape

of their soma. The somata were impaled, and the dye was injected

into the cells by applying a 0.5 sec negative current pulse (1 Hz)

until the processes were completely filled. After several cells were

filled in a tissue slice, the slice was placed in cold 4% paraformalde-

hyde/PBS for 30 min. Images were acquired with a FluoView1000

confocal microscope (Olympus).

Serial Block-Face Scanning Electron Microcopy
The ONHs were washed in cacodylate buffer for 2 h at 4�C and

placed in cacodylate buffer containing 2% OsO4/1.5% potassium

ferrocyanide for 3 h at RT. After several washing steps, the ONHs

were dehydrated in a series of ice-cold ethanol solutions followed by

ice-cold dry acetone for 10 min. The ONHs were placed in acetone

at RT for 10 min and then infiltrated with an ascending series of

Durcupan:acetone solutions. The ONHs were infiltrated with 100%

Durcupan and then cured at 60�C for 2 days. The ONHs were

trimmed to remove excess plastic and attached to an aluminum pin,

grounded with silver paint, and sputter coated with gold–palladium

before imaging. Specimens were imaged on a FEI Quanta FEG

equipped with a 3View serial block-face scanning electron micros-

copy (SBEM) system (Gatan, Pleasanton, CA). Specimens were

imaged at high vacuum with 2.5-kV beam current and 70-nm sec-

tioning thickness. A 2D montage was collected at each Z plane to

increase field of view. Volumes were processed and analyzed using

IMOD software (http://bio3d.colorado.edu/imod/; Kremer et al.,

1996) and stereology was performed using a custom plug-in for

IMOD (Hatori et al., 2012).

Statistical Analysis
Data were presented as the mean 6 standard deviation (SD). Com-

parison of two or three experimental conditions was evaluated using

the unpaired, two-tailed Student’s t-test or one-way analysis of var-

iance and the Bonferroni t-test. P< 0.05 was considered to be statis-

tically significant.

Results

Mitochondrial Fission in Glaucomatous Human ONH
Astrocytes
To test whether glaucomatous damage is associated with altera-

tion of mitochondrial dynamics in human astrocytes of lamina

cribrosa region, we performed Western blot analysis using anti-

bodies raised against GFAP, as well as DRP1and pDRP1 that

regulate mitochondrial fission. We also performed MitoTracker

Red staining and TEM analysis for measuring mitochondrial

length, volume density, number and cristae surface area. In the

current study, we observed that glaucomatous human ONH

astrocytes from patients showed significant increases of GFAP,

DRP1 and pDRP1 protein expression compared with age-

matched normal human ONH astrocytes (Fig. 1A), suggesting

the induction of mitochondrial fission in glaucomatous human

ONH astrocytes. Consistent with these results, immunocyto-

chemical analysis showed that glaucomatous human ONH

astrocytes increased GFAP and DRP1 protein expression in
vitro (Fig. 1B). Interestingly, we found that there were accumu-

lated DRP1 immunoreactivities around the nucleus of glauco-

matous human ONH astrocytes (Fig. 1B). Representative

images from both MitoTracker Red staining and TEM analysis

showed that mitochondria from normal human ONH astro-

cytes appeared as long tubular forms of mitochondria (Fig.

2A,B). In contrast, glaucomatous human ONH astrocytes
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showed shorter and fragmented mitochondria that were accu-

mulated around the nucleus (Fig. 2A,B). These findings sug-

gest the possibility that glaucomatous stress might induce an

altered distribution of mitochondria in human ONH astro-

cytes. In addition, our previous study showed that DRP1 could

translocate from the cytosol to mitochondria in stress condi-

tions such as elevated pressure (Ju et al., 2007).

In good agreement with these results, quantitative TEM

analysis showed that mitochondrial lengths were significantly

decreased in glaucomatous human ONH astrocytes

(1.17 6 0.09 mm, P< 0.001) compared with normal human

ONH astrocytes (1.80 6 0.16 mm; Fig. 2C). However, there

was no difference in mitochondrial volume density, defined as

the volume occupied by mitochondria divided by the volume

occupied by the cytoplasm in terms of a percentage, between

normal and glaucomatous human ONH astrocytes (Fig. 2C).

The number of astrocytic mitochondria, normalized to the

total area occupied by astrocytes in each image, was signifi-

cantly increased in the glaucomatous human ONH astrocytes

(0.12 6 0.13/mm2, P< 0.05) compared with normal human

ONH astrocytes (0.07 6 0.13/mm2; Fig. 2C). Further studies

for 3D tomographic reconstructions showed the reduction of

FIGURE 1: Upregulation of DRP1 and pDRP1 protein expression in glaucomatous human ONH astrocytes. (A) Glaucomatous ONH astro-
cytes (Patients ID# 04-1L, age 79 years and 04–24R, age 53 years) showed significant upregulation of GFAP, DRP1 and pDRP1 protein
expression compared with normal ONH astrocytes (Patient ID# 04–16R, age 80 year). Data are presented as mean 6 SD (* and ** denote
P < 0.05 and P < 0.01, respectively). (B) Representative fluorescent photomicrographs on the expression of GFAP (green) and DRP1 (pink)
in the normal and glaucomatous ONH astrocytes in vitro. Scale bars 5 20 lm.
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the surface area of mitochondrial cristae in a glaucomatous

human ONH astrocyte (0.12 mm2) compared with a normal

human ONH astrocyte (0.18 mm2; Fig. 2D). Collectively,

these results indicate that glaucomatous damage might trigger

mitochondrial fission, as well as alters cristae formation and

architecture in human ONH astrocytes of lamina cribrosa

region. Of interest, in comparison with a normal patient

(age 80 years), we found increased DRP1, pDRP1 and mito-

chondrial fission in both glaucoma patients (ages 79 and

53 years).

Upregulation of NRs and GLAST Protein Expression
in Glaucomatous Human ONH Astrocytes
We next investigate whether human ONH astrocytes express

NRs. We performed immunofluorescent staining using anti-

bodies raised against NRs (NR1, 2A and 2B subunits) in the

lamina cribrosa region of the human ONH tissue (Supp.

Info. Fig. 1) and in cultured human ONH astrocytes in vitro.

Of note, we found that NR1, 2A and 2B subunits were

co-localized with the astrocyte marker, GFAP, in the lamina

cribrosa region of normal human ONH (Fig. 3A,B).

FIGURE 2: Mitochondrial fission and 3D reconstructions of mitochondrial cristae in glaucomatous human ONH astrocytes. (A) Mito-
Tracker Red staining of mitochondria in normal (Patient ID# 04–16R) and glaucomatous ONH astrocytes (Patients ID# 04-1L and 1D#
04–24R) in vitro. Nuclei were counterstained with Hoechst (blue). Scale bars 5 20 lm. (B) Normal ONH astrocytes typically had elongated
mitochondria profiles (arrowhead). In contrast, glaucomatous ONH astrocytes typically had small fragmented organelle profiles (arrow-
heads) as shown in astrocytes from two different glaucoma patients. (C) Quantitative analysis of mitochondrial lengths, volume density
and number in normal and glaucomatous ONH astrocytes. Data represent mean 6 SEM (* and *** denote P < 0.05 and P < 0.001, respec-
tively). Scale bar 5 500 nm. (D) Electron tomography generated high-resolution, 3D reconstructions of mitochondria from normal and
glaucomatous ONH astrocytes. Surface-rendered volumes of the segmented mitochondria provide information concerning shape and
cristae architecture. The outer mitochondrial membrane is shown in gray (made translucent be better visualize the cristae) and cristae
are in various colors. The sites of mitochondrial fission were indicated in the mitochondrion from a glaucomatous ONH astrocyte (arrow-
heads). The graph shows the measurement of cristae membrane surface area in representative mitochondria. Scale bar 5 500 nm.
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Furthermore, cultured human ONH astrocytes showed strong

immunoreactivities for NR1, 2A and 2B subunits (Fig.

4A,B). Consistently, these immunoreactivities were correlated

with GFAP immunoreactivity (Fig. 4A), indicating that

human ONH astrocytes express NRs.

To further determine whether NRs expressed on human

ONH astrocytes are functional, we exposed cultured human

ONH astrocytes to 100 mM NMDA with 5 mM glycine and

observed in cytoplasmic Ca21 level ([Ca21]cyto) using the

FIGURE 3: Expression of NRs in normal human ONH astrocytes.
(A) Representative fluorescent photomicrographs on the expres-
sion of NR1 (green) and GFAP (red) in normal astrocytes in the
lamina cribrosa. Scale bars 5 100 lm (upper panel) and 20 mm
(lower panel). (B) Representative fluorescent photomicrographs
on the expression of NR2A and 2B (green) and GFAP (red) in
normal human astrocytes from lamina cribrosa tissue sections.
Scale bars 5 20 lm.

FIGURE 4: Upregulation of functional NRs and GLAST protein
expression in glaucomatous human ONH astrocytes. (A) Repre-
sentative fluorescent photomicrographs on the expression of
NR1, 2A and 2B (green) and GFAP (red) in cultured normal ONH
astrocytes in vitro. Scale bars 5 20 lm. (B) Ca21 measurements in
normal human ONH astrocytes in vitro. Cultured normal ONH
astrocytes were exposed to 100 lM NMDA with 5 lM glycine
and measured cytoplasmic Ca21 level ([Ca21]cyto) using a fluores-
cent Ca21-sensitive dye, Fluo-4. (C) Representative immunoblots
of NR1 and 2A, and GLAST in normal and glaucomatous ONH
astrocytes. Data are presented as mean 6 SD (* and ** denote
P < 0.05 and P < 0.01, respectively).
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fluorescent Ca21-indicator, Fluo-4. Consistent with our

immunostaining observations, we found that NMDA with

glycine induced an oscillatory increase in [Ca21]cyto in human

ONH astrocytes (Fig. 4B). Based on our findings for intracel-

lular Ca21 response to NMDA in ONH astrocytes, these

results indicate that human ONH astrocytes could express

functional NRs. In view of the expression of functional NRs

in human ONH astrocytes, we determined whether glauco-

matous damage alters NRs and the glutamate transporter

(GT) system in ONH astrocytes that may reflect glial toxicity.

We performed Western blot analysis using antibodies raised

against NRs (NR1 and NR2A subunits) and GLAST, one of

the main glial GTs. In comparison with normal human

ONH astrocytes, glaucomatous human ONH astrocytes

showed significant increases of NR1, NR2A and GLAST pro-

tein expression (P< 0.05; Fig. 4C).

Glutamate Excitotoxicity Triggers Mitochondrial
Fission in Mouse ONH Astrocytes
To verify whether NMDA-induced glutamate excitotoxicity can

directly induce morphological change and mitochondrial fission

in astrocytes of the glial lamina in vivo, we injected NMDA

into the vitreous of the eyes in BAC ALDH1L1 eGFP mice to

examine morphological change and Thy1-CFP mice to exam-

ine mitochondrial fission. ALDH1L1 is known as the new

astroglial marker that selectively labels adult cortical and spinal

cord astrocytes (Cahoy et al., 2008; Yang et al., 2011). Exami-

nation of changes in astrocyte shape in situ has been made

FIGURE 5: NMDA-mediated glutamate excitotoxicity induces abnormal hypertrophic morphology in astrocytes of the glial lamina in BAC
ALDH1L1 eGFP mice. (A and B) Representative fluorescent photomicrographs on the expression of neurofilament (blue), ALDH1L1
(green) and GFAP (red) in the glial lamina of BAC ALDH1L1 eGFP mice treated with vehicle (VEH) or NMDA (40 mM) for 1 and 3 days.
(B) Higher magnification showed hypertrophic ONH astrocytes in BAC ALDH1L1 eGFP mice treated with NMDA at 1 and 3 days. Scale
bars 5 50 lm.
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possible by the development of BAC ALDH1L1 eGFP mice

(Cahoy et al., 2008; Doyle et al., 2008; Heiman et al., 2008;

Yang et al., 2011). Using BAC ALDH1L1 eGFP mice, we first

found that astrocytes in the glial lamina showed eGFP expres-

sion (Fig. 5A,B). Second, NMDA induced activation of astro-

cytes by increasing eGFP and GFAP protein expression, and

by inducing hypertrophic morphology in the glial lamina at 1

and 3 days after injection (Fig. 5A,B). Third, NMDA triggered

axon damage as evidenced by accumulating increased neurofila-

ment protein expression in the glial lamina (Fig. 5A).

In contrast, Thy-1 promoter-driven CFP expression is

visualized on the cell bodies of adult RGCs in Thy1-CFP

mice (Leung et al., 2008). We found that retinal flatmounts

confirmed approximately 90% loss of CFP-expressing retinal

neurons in Thy1-CFP mice at 3 days after NMDA injection

(P< 0.001; Fig. 6). Furthermore, axonal damage and loss had

spread into the glial lamina of Thy1-CFP mice (Fig. 7A).

Together with these data confirming NMDA-induced ONH

degeneration and RGC death, 3D tomographic reconstruc-

tions showed a tubular form of mitochondrial morphology in

astrocytes of the glial lamina in control Thy1-CFP mice. In

addition, the mitochondrion showed the cristae that have

both tubular and lamellar compartments, which is the most

common archetype of brain mitochondria (Fig. 7B). In con-

trast, mitochondria from NMDA-treated astrocytes of the

FIGURE 6: NMDA-induced RGC loss in Thy1-CFP mice. Represen-
tative photomicrographs on RGC loss in Thy1-CFP mice exposed
to vehicle (VEH) or NMDA (40 mM) for 3 days after injection in
vivo. NMDA induced a massive loss of CFP-expressing RGCs in
Thy1-CFP mice compared with VEH-treated mice. Data are pre-
sented as mean 6 SD (*** denotes P < 0.001). Scale bars 5 50 lm.

FIGURE 7: NMDA-mediated glutamate excitotoxicity triggers
mitochondrial fission in astrocytes of the glial lamina in Thy1-CFP
mice. (A) Representative fluorescent photomicrographs on the
dispersed axon degeneration (cyan) and mitochondrial fission in
astrocytes of the glial lamina of Thy1-CFP mice treated with
vehicle (VEH) or NMDA (40 mM) for 3 days. Scale bars 5 100 lm.
(B) Typical 3D tomographic reconstructions of mitochondria from
mouse ONH astrocytes treated with VEH or NMDA for 3 days.
Left: Top, A 2.4 nm slice through the center of a tomographic
volume of a mouse ONH astrocyte treated with vehicle shows
the mitochondrial outer and cristae membranes in a long mito-
chondrion with many cristae. Middle (top view) and Bottom, side
view of the segmented and surface-rendered volume showing
the outer membrane (blue) and the entire complement of cristae
(various colors) provide a 3D snapshot of the packing arrange-
ment, shape, size and density of cristae. Right: Top, A 2.4 nm
slice through the center of a tomographic volume of a mouse
ONH astrocyte treated with NMDA shows the mitochondrial
outer and cristae membranes at the site of mitochondrial fission.
Middle (top view) and Bottom, side view of the segmented and
surface-rendered volume show the arrangement of the two mito-
chondrial fragments and their membranes. Scale bar 5 200 nm.
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glial lamina in Thy1-CFP mice had shorter and rounder

structures. However, there was no difference in cristae archi-

tecture compared with control (Fig. 7B). See the Supporting

Information Movies 1 and 2 for presentations of the 3D

tomography data.

Blockade of Glutamate Excitotoxicity Increases the
Number of Mitochondria as well as Mitochondrial
Length and Volume Density in Human ONH
Astrocytes
We next determined whether blockade of glutamate excitotox-

icity by MEM prevents alteration of the intracellular mito-

chondrial network in human ONH astrocytes in vitro.

Consistently, MitoTracker Red staining and representative 2D

images from TEM showed that control human ONH astro-

cyte treated with vehicle contained long tubular forms of

mitochondria (Fig. 8A,B). In contrast, human ONH astro-

cytes treated with NMDA contained shorter and fragmented

mitochondria (Fig. 8A,B). However, MEM treatment pre-

served mitochondrial morphology in human ONH astrocyte

against NMDA-induced glutamate excitotoxicity (Fig. 8A,B).

Of interest, quantitative TEM analysis showed significant

decreases of mitochondrial length (1.00 6 0.03 mm, n 5 133,

P< 0.01), volume density (2.30 6 0.38%, n 5 13 mitochon-

dria, P< 0.01) and number (0.08 6 0.02/mm2, n 5 16,

P< 0.05) in NMDA-treated human ONH astrocytes com-

pared with vehicle-treated control human ONH astrocytes

(1.35 6 0.02 mm of lengths, n 5 138; 5.10 6 0.63% of vol-

ume density, n 5 11; 0.17 6 0.03/mm2 of number, n 5 11;

Fig. 8B). More importantly, MEM treatment significantly

increased mitochondrial length (1.44 6 0.03 mm, n 5 90,

P< 0.001), volume density (3.50 6 0.34%, n 5 11, P< 0.05)

and number (0.14 6 0.02/mm2, n 5 23, P< 0.01) in human

ONH astrocytes against NMDA-induced glutamate excitotox-

icity (Fig. 8B).

Blockade of Glutamate Excitotoxicity Prevents
Morphological Alteration in Astrocytes of the Glial
Lamina in Glaucomatous D2 Mice
Reactive astrocytes are a pathological hallmark of axonal

degeneration and contribute to glial scar formation in glau-

coma. We determined whether reactive astrocytes express NRs

in the glial lamina of glaucomatous D2 mice. In good agree-

ment with data from human ONH astrocytes, astrocytes

expressing GFAP were positive for NRs (NR1 and NR2A) in

the glial lamina of age-matched control C57BL and glauco-

matous D2 mice (Fig. 9A). As previously reported (Sun et al.,

2010), we found that there was a glial scar formation that

had a dense and disorganized meshwork of thickened proc-

esses in the glial lamina of glaucomatous D2 mice treated

with vehicle. In addition, glaucomatous astrocytes showed a

greater density of immunoreactivities for GFAP and NRs,

and hypertrophic morphology in the glial lamina of glauco-

matous D2 mice (Fig. 9A).

To further confirm whether blockade of glutamate exci-

totoxicity by MEM treatment restores astrocyte morphology

in their entirety of the glial lamina in glaucomatous D2 mice,

FIGURE 8: Blockade of NMDA-mediated glutamate excitotoxicity
increases the number of mitochondria as well as mitochondrial
length and volume density in human ONH astrocytes in vitro. (A)
MitoTracker Red staining of mitochondria in normal human ONH
astrocytes exposed to control vehicle, NMDA alone or NMDA/
MEM. Nuclei were counterstained with Hoechst (blue). Scale
bars 5 20 lm. (B) Quantitative analysis of mitochondrial lengths,
volume density and number in ONH astrocytes exposed to
NMDA alone or NMDA/MEM. Data represent mean 6 SEM (*, **
and *** denote P < 0.05, P < 0.01 and P < 0.001, respectively).
Scale bar 5 500 nm.
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FIGURE 9: Blockade of glutamate excitotoxicity prevents morphological alteration in astrocytes of the glial lamina in glaucomatous D2
mice. (A) NRs and GFAP double-immunohistochemistry in astrocytes of the glial lamina of glaucomatous D2 mice. Scale bars 5 50 lm.
(B) Dye injections into astrocytes of the glial lamina region. Astrocytes of the glial lamina in lightly fixed slices from age-matched control
C57BL and glaucomatous D2 mice were iontophoretically filled with Lucifer Yellow or Alex 568. Scale bars 5 20 lm. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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astrocytes of the glial lamina in lightly fixed slices were ionto-

phoretically filled with Lucifer Yellow or Alex 568. Because

the glial lamina contains no oligodendrocytes or NG2 glial

cells (Sun et al., 2010), the majority of cells found in the glial

lamina region are astrocytes in nature, being very distinctive

in their morphology. We observed normal shapes of astro-

cytes, showing elongated cell bodies and processes in the glial

lamina of age-matched control C57BL mice (Fig. 9B). In

contrast, glaucomatous D2 mouse treated with vehicle con-

tained abnormal shapes of astrocytes, showing hypertrophic

cell bodies and retracted processes in the glial lamina. Inter-

estingly, however, MEM treatment partially restored the mor-

phology of astrocytes in the glial lamina of glaucomatous D2

mice (Fig. 9B).

Blockade of Glutamate Excitotoxicity Increases
Mitochondrial Fission and Volume Density in ONH
Astrocytes in Glaucomatous D2 Mice
We next determined whether blockade of glutamate excitotox-

icity by MEM treatment prevents alteration of the mitochon-

drial network in astrocytes of the glial lamina in

glaucomatous D2 mice. Representative 2D images from TEM

showed that control astrocytes contained a long tubular form

of mitochondrion in the glial lamina of age-matched C57BL

mice treated with vehicle (Fig. 10A). However, glaucomatous

astrocytes contained several fragmented mitochondria in the

glial lamina of glaucomatous D2 mice treated with vehicle

(Fig. 10A). Interestingly, MEM treatment also contained sev-

eral fragmented mitochondria in astrocytes of the glial lamina

of glaucomatous D2 mice (Fig. 10A). Quantitative TEM

analysis showed that the number of astrocytic mitochondria

did not show a difference in the glial lamina of glaucomatous

D2 mice (0.67 6 0.09 mm2) compared with age-matched con-

trol C57BL mice (0.69 6 0.19 mm2). However, MEM treat-

ment significantly increased mitochondrial number in

astrocytes of the glial lamina in glaucomatous D2 mice

(1.60 6 0.36 mm2; Fig. 10A). Mitochondrial lengths were sig-

nificantly decreased in astrocytes of the glial lamina in glauco-

matous D2 mice (0.30 6 0.01 mm) compared with age-

matched control C57BL mice (0.41 6 0.02 mm). However,

MEM treatment did not show a difference in mitochondrial

lengths in astrocytes of the glial lamina in glaucomatous D2

mice (0.31 6 0.01 mm; Fig. 10A). Mitochondrial volume

density was significantly decreased in astrocytes of the glial

lamina in glaucomatous D2 mice (0.025 6 0.003%) com-

pared with compared with age-matched control C57BL mice

(0.058 6 0.007%). However, MEM treatment significantly

increased in mitochondrial volume density in astrocytes of

the glial lamina in glaucomatous D2 mice (0.050 6 0.004%;

Fig. 10A). Three-dimensional tomographic reconstructions

showed an example of mitochondrial fission in astrocyte of

the glial lamina in glaucomatous D2 mice treated with vehi-

cle (Fig. 10B). A representative mitochondrion showed the

cristae having both tubular and lamellar compartments, which

is the most common archetype of brain mitochondria (Fig.

10C). See the Supporting Information Movies 3 and 4 for

presentations of the 3D tomography data.

Our previous study demonstrated that glaucomatous

damage triggered mitochondrial fragmentation in the axons

of the glial lamina in glaucomatous D2 mice (Ju et al.,

2008). Hence, we further confirmed whether blockade of glu-

tamate excitotoxicity prevents alterations of axonal and/or

astrocytic mitochondria in glaucomatous D2 mice. Represen-

tative SBEM images showed abnormal accumulation of auto-

phagosomes/autolysosomes in astrocyte soma and axons of

the glial lamina in glaucomatous D2 mice treated with vehi-

cle compared with age-matched control C57BL mice treated

with vehicle (Fig. 11A). However, MEM treatment prevented

these alterations in both astrocytes and axons of the glial lam-

ina in glaucomatous D2 mice (Fig. 11A). Most importantly,

the volume density analyses of SBEM images showed that

MEM treatment increased mitochondrial volume density in

both astrocyte and axons, but decreased autophagosome/auto-

lysosome volume density in both astrocyte and axons in the

glial lamina of glaucomatous D2 mice (Fig. 11B and Supp.

Info. Table 1).

Discussion

Although there is growing evidence that glaucomatous dam-

age contributes to dysfunction of glial cells or structural loss

of astrocytic processes in the ONH of rodent models of glau-

coma (Dai et al., 2012; Son et al., 2010), the relationship

between mitochondrial dysfunction and ONH astrocytes in

glaucomatous neurodegeneration remains unknown. It has

been proposed that mitochondrial fission initiates

FIGURE 10: Blockade of glutamate excitotoxicity increases mitochondrial fission and volume density in astrocytes of the glial lamina in
glaucomatous D2 mice. (A) Quantitative analysis of mitochondrial lengths, volume density and number in astrocytes of the glial lamina
region in glaucomatous D2 mice. Data represent mean 6 SEM (* denotes P < 0.05). Scale bar 5 500 nm. (B and C) Three-dimensional tomo-
graphic reconstructions of mitochondria from an astrocyte in the glial lamina of glaucomatous D2 mice treated with VEH. Representative
micrographs showed typical mitochondrial fission (B) and a single mitochondrion, showing cristae structure (C) in astrocyte of the glial lam-
ina in glaucomatous D2 mice treated with VEH. Top: A 1.4 nm slice through the center of a tomographic volume of an astrocyte shows
the site of mitochondrial fission (arrows). Top and side view of the segmented and surface-rendered volume showing the outer membrane
(blue) and the entire complement of cristae (various colors) provide a 3D snapshot of the packing arrangement, shape, size and density of
cristae. Scale bar 5 200 nm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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neurodegeneration in the CNS (Knott et al., 2008; Song

et al., 2011). Of interest, reports of altered mitochondrial

function in patients with POAG (Abu-Amero et al., 2006;

Bosley et al., 2011; He et al., 2008; Izzotti et al., 2011) and

of increasing excessive mitochondrial fission-mediated dys-

function in an experimental mouse model of glaucoma (Ju

et al., 2008, 2010) suggest a distinct mitochondrial

dysfunction-mediated degenerative pathway in glaucomatous

neurodegeneration. In the current study, we observed direct

evidence that mitochondrial fission is triggered by increasing

levels of DRP1 and pDRP in glaucomatous human ONH

astrocytes. Emerging evidence from our group demonstrates

that oxidative stress triggers mitochondrial fission-mediated

dysfunction in primary rat ONH astrocytes in vitro (Noh

et al., 2013). Moreover, inhibition of oxidative stress increases

mitochondrial mass and improves mitochondrial bioenergetics

in rat ONH astrocytes in vitro (Noh et al., 2013). Collec-

tively, these findings reflect the possibility that mitochondrial

FIGURE 11: Blockade of glutamate excitotoxicity increases mitochondrial volume density and prevents lysosomal accumulation in both
astrocytes and axons of the glial lamina in glaucomatous D2 mice. (A) Representative SBEM micrographs showed abnormal accumulation
of autophagosomes (arrowhead)/autolysosomes (arrow) in astrocyte somas of the glial lamina in glaucomatous D2 mice treated with
VEH. However, MEM treatment prevented these alterations in both astrocytes and axons of the glial lamina in glaucomatous D2 mice.
Scale bars 5 5 lm (upper panel) and 1 lm (lower panel). (B) Quantitative volume density analysis using SBEM showed that MEM treat-
ment increased mitochondrial volume density in both astrocytes and axons, but decreased autophagosome/autolysosome volume den-
sity in both astrocytes and axons in the glial lamina of glaucomatous D2 mice compared with glaucomatous D2 mice treated with VEH.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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fission may be associated with dysfunction of ONH astrocytes

in glaucomatous ONH degeneration.

In the past decade, research on glaucoma has been

focused on IOP elevation, glutamate excitotoxicity, neurotro-

phic deprivation, abnormal immune response and ischemia/

hypoxia as the possible pathophysiological mechanisms, lead-

ing to ONH axon degeneration and RGC death (Danesh-

Meyer, 2011; Johnson et al., 2011; Seki and Lipton, 2008;

Stefansson et al., 2005; Tezel and Wax, 2004; Weinreb and

Khaw, 2004). Since the first demonstration that glutamate

excitotoxicity has been linked to impaired mitochondrial

dynamics and function in RGC degeneration of a rodent

model of glaucoma (Ju et al., 2009), increasing evidence sup-

ports the hypothesis that glutamate excitotoxicity may induce

mitochondrial dysfunction not only in RGCs, but also in

ONH astrocytes by altering mitochondrial dynamics in glau-

comatous neurodegeneration (Ju et al., 2008; Kushnareva

et al., 2013; Nguyen et al., 2011a, 2011b; Noh et al., 2013).

Functional NR expression has been reported in brain astro-

cytes of the mouse, rat, or human (Krebs et al., 2003; Lee

et al., 2010; Palygin et al., 2011; Uchihori and Puro, 1993).

However, it is unknown whether NRs are present and func-

tional in the astrocytes of the lamina cribrosa region in

humans. In the current study, we found that the immunor-

eactivities of NRs (NR1, 2A and 2B subunits) are present in

human ONH astrocytes. More importantly, based on our

finding of intracellular calcium response to NMDA in human

ONH astrocytes, our results provide evidence for the first

time that human ONH astrocytes express functional NRs.

Therefore, these findings importantly suggest that astrocytes

may contribute to modulation of NR-mediated cellular func-

tion between glia and axons in the lamina cribrosa region in

humans.

Excessive glutamate excitotoxicity can trigger apoptotic

cell death in brain astrocytes in vitro and in vivo (Szydlowska

et al., 2006). Furthermore, inhibition of reactive gliosis

decreases GFAP expression and protects RGCs against gluta-

mate excitotoxicity-mediated cell death (Ganesh and Chintala,

2011). In the current study, we found that ONH astrocytes

from human glaucoma patients showed significant increases

of GFAP, NR1 and NR2A protein expression. Thus, our

findings suggest that the increased expression of GFAP and

NRs in glaucomatous human ONH astrocytes may reflect a

possible link to glutamate excitotoxicity in response to an

excess of glutamate in the lamina cribrosa during glaucoma-

tous neurodegeneration. In contrast, astrocytes regulate the

extracellular environment and astrocytic GTs remove excessive

glutamate from the extracellular space under pathological con-

ditions (Morgan, 2000; Waniewski and Martin, 1986). In the

current study, we also found that ONH astrocytes from

human glaucoma patients showed a significant increase in

GLAST protein expression, suggesting additional evidence for

the possible existence of glutamate excitotoxicity. Although it

is still controversial whether glutamate excitotoxicity contrib-

utes to glaucomatous neurodegeneration (Kwon et al., 2005;

Osborne et al., 2001, 2006; Salt and Cordeiro, 2006; Vor-

werk et al., 1999), our findings importantly suggest the possi-

bility that the increased expression of GLAST might be a

compensatory response to remove excessive glutamate levels

for ameliorating glutamate excitotoxicity-mediated degenera-

tion in the lamina cribrosa in glaucoma. Collectively, these

results suggest that glutamate may directly mediate dysfunc-

tion of ONH astrocytes in glaucomatous neurodegeneration.

Glutamate excitotoxicity triggers an increase in DRP1-

mediated mitochondrial fission in HT-22 cells derived from

immortalized hippocampal neurons (Grohm et al., 2012).

Furthermore, inhibition of DRP1 protects HT-22 neuronal

cells against glutamate excitotoxicity (Grohm et al., 2012).

However, it remains unknown whether NR activation is

directly associated with mitochondrial fission-mediated dys-

function in CNS astrocytes including ONH astrocytes. In the

current study, we found that NMDA-mediated glutamate

excitotoxicity triggered mitochondrial fission in human ONH

astrocytes in vitro as well as in hypertrophic astrocytes of the

glial lamina accompanied by axonal degeneration in BAC

ALDH1L1 eGFP or Thy1-CFP transgenic mice. Further-

more, NMDA-mediated glutamate excitotoxicity reduced

mitochondrial volume density in human ONH astrocytes in

vitro as well as in astrocytes of the glial lamina in glaucoma-

tous D2 mice. Of interest, this reduction of mitochondrial

volume density was accompanied by abnormal accumulation

of autophagosome/autolysosome in both ONH astrocytes and

axons of glaucomatous D2 mice. Together with these find-

ings, therefore, our results suggest that glutamate excitotoxic-

ity may contribute to fission-mediated mitochondrial loss,

induction of autophagosome/autolysosome formation and

dysfunction of ONH astrocytes in glaucomatous

neurodegeneration.

Our previous study has shown that blocking glutamate

excitotoxicity by MEM treatment inhibited mitochondrial

alterations and protected RGCs against apoptotic cell death

in the retina of glaucomatous D2 mice (Ju et al., 2009). In

the current study, we found that blocking glutamate excito-

toxicity by MEM treatment not only preserved the morpho-

logical integrity of astrocytes by inhibiting glial scar

formation, but also increased mitochondrial fission as well as

volume density and length in human ONH astrocytes in vitro

or in astrocytes of glial lamina in glaucomatous D2 mice. In

addition, blocking glutamate excitotoxicity decreased autopha-

gosome/autolysosome formation in both astrocytes and axon

in the glial lamina of glaucomatous D2 mice. These findings

first showed a good correlation with results from our own

750 Volume 63, No. 5



and other groups of promoted RGC survival in experimental

models of glaucoma by MEM treatment (Hare et al., 2004;

Hare and Wheeler, 2009; Ju et al., 2009). Furthermore,

because there is increasing evidence that mitochondrial

fission-mediated biogenesis may activate neuroprotective

intervention against mitochondrial dysfunction (Bastin et al.,

2008; Lee et al., 2011; Srivastava et al., 2009; Wenz, 2009),

our findings suggest that increases of mitochondrial fission as

well as volume density and length by blocking glutamate exci-

totoxicity may be a new mitochondria-mediated protective

mechanism in ONH astrocytes against glutamate

excitotoxicity-mediated glaucomatous ONH degeneration.

However, we could not rule out the possibility that the pres-

ervation of RGCs and their axons by blocking glutamate exci-

totoxicity may initially avoid glial activation and scar

formation.

It has been reported that glutamate is released at discrete

sites along axons in white matter of rat brain that has no neu-

rons and nerve terminals (Kukley et al., 2007) and that the

internodal axons also have NRs in the ON of rat (Micu

et al., 2006, 2007). Interestingly, several studies have demon-

strated that astrocytes can release glutamate into the extracel-

lular space (Malarkey and Parpura, 2008; Zhang et al.,

2004). Moreover, a recent study has reported that amyloid

beta induces astrocytic glutamate release, extrasynaptic NR

activation, and synaptic loss (Talantova et al., 2013). We have

demonstrated that elevated IOP-mediated glaucomatous dam-

age is associated with excessive mitochondrial fission-mediated

axonal degeneration in the ON of glaucomatous D2 mice (Ju

et al., 2008; Lee et al., 2014). Based on our current findings

of excitotoxicity-mediated mitochondrial dysfunction in

ONH astrocytes, therefore, we collectively suggest the possi-

bility that NR-mediated excitotoxicity may be associated with

both astrocytes and internodal axons by autocrine or para-

crine manner, and subsequently induce dysfunction not only

in astrocytes, but also in internodal axons during glaucoma-

tous ON neurodegeneration. In contrast, however, because

there are no internodal axons in the lamiar cribrosa region of

the human and in the glial lamina of the mouse, it is possible

that glutamate excitotoxicity in the ONH may primarily con-

tribute to dysfunction of astrocytes and this astrocytic dys-

function may in turn accelerate axonal degeneration in

glaucomatous neurodegeneration. Thus, we propose an

important degenerative mechanism of axon-glia dysfunction

involved in glaucomatous neurodegeneration that includes

glutamate excitotoxicity, mitochondrial dysfunction, and

astrocyte and/or axon degeneration in the ON. Further stud-

ies addressing these important concepts may help to under-

stand excitotoxicity-mediated mitochondrial dysfunction and

its pathophysiological mechanisms in axon-glia network of

the ONH in glaucoma pathogenesis.

In summary, the current findings provide evidence that

glutamate excitotoxicity-mediated mitochondrial fission and

loss may be important mitochondrial dysfunction-mediated

pathophysiological mechanisms in dysfunction of ONH astro-

cytes during glaucomatous neurodegeneration. In addition,

our findings indicate for the first time evidence that astrocytes

utilize mitochondrial fission as a protective mechanism

against glutamate excitotoxicity-mediated glaucomatous neu-

rodegeneration. This new paradigm for preserving ONH

astrocytes by increases of mitochondrial fission as well as vol-

ume density and length may lead to potential therapeutic

strategies for ameliorating mitochondrial dysfunction-

mediated ONH degeneration in glaucomatous optic

neuropathy.
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