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Neurobiology of Disease

Tumor Necrosis Factor-␣ Mediates Oligodendrocyte Death
and Delayed Retinal Ganglion Cell Loss in a Mouse Model
of Glaucoma
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Glaucoma is a widespread ocular disease characterized by a progressive loss of retinal ganglion cells (RGCs). Previous studies suggest that
the cytokine tumor necrosis factor-␣ (TNF-␣) may contribute to the disease process, although its role in vivo and its mechanism of action
are unclear. To investigate pathophysiological mechanisms in glaucoma, we induced ocular hypertension (OH) in mice by angle closure
via laser irradiation. This treatment resulted in a rapid upregulation of TNF-␣, followed sequentially by microglial activation, loss of optic
nerve oligodendrocytes, and delayed loss of RGCs. Intravitreal TNF-␣ injections in normal mice mimicked these effects. Conversely, an
anti-TNF-␣-neutralizing antibody or deleting the genes encoding TNF-␣ or its receptor, TNFR2, blocked the deleterious effects of OH.
Deleting the CD11b/CD18 gene prevented microglial activation and also blocked the pathophysiological effects of OH. Thus TNF-␣
provides an essential, although indirect, link between OH and RGC loss in vivo. Blocking TNF-␣ signaling or inflammation, therefore, may
be helpful in treating glaucoma.
Key words: glaucoma; retinal ganglion cell; optic nerve; cytokines; oligodendrocyte; microglia

Introduction
Glaucoma affects ⬎70 million people worldwide (Quigley, 1996;
Resnikoff et al., 2004) and is associated with an optic nerve fiber
atrophy that results in progressive visual loss (Weinreb and
Khaw, 2004). Although increased intraocular pressure (IOP) is
recognized widely as a major risk factor, the pathogenesis of the
disease remains unclear. Lowering IOP is currently the only standard treatment to prevent disease progression, although some
patients with significant IOP reduction (Heijl et al., 2002) or even
normal IOP (Iwase et al., 2004) still show disease progression.
Among the cells in the eye, the retinal ganglion cells (RGCs) are
particularly vulnerable in glaucoma (Levin, 2003). Neuroprotection of RGCs has been emphasized as an important goal for managing the disease (Levin, 2003), although this has yet to achieved.
Tumor necrosis factor-␣ (TNF-␣) is synthesized primarily by
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activated monocytes as a 26 kDa precursor (Brouckaert et al.,
1993) that is cleaved proteolytically and secreted as a 17 kDa
protein (Moss et al., 1997). TNF-␣ acts via either the low-affinity
TNF receptor (TNFR1) or high-affinity TNF receptor (TNFR2)
(Tartaglia and Goeddel, 1992). TNF-␣ is upregulated in several
neurodegenerative disorders including multiple sclerosis, Parkinson’s disease, and Alzheimer’s disease (Shohami et al., 1999)
and in optic nerve microglia and astrocytes of glaucoma patients
(Yan et al., 2000; Yuan and Neufeld, 2000, 2001). TNF-␣ gene
polymorphisms increase the risk for glaucoma (Funayama et al.,
2004), suggesting that TNF-␣ may contribute to the pathogenesis
of the disease. TNF-␣ is toxic to immunopurified RGCs and to
RGCs in mixed cultures when glia are stressed, although not under resting conditions (Tezel and Wax, 2000; Fuchs et al., 2005).
In vivo, exogenous TNF-␣ prevents RGC death after optic nerve
damage (Diem et al., 2001), although other studies show that it
can cause the loss of RGC axons and a delayed loss of somata
(Kitaoka et al., 2006). As yet, there is no direct evidence that
TNF-␣ contributes to RGC death in glaucoma, nor is there any
mechanistic understanding of how this might occur.
The loss of RGCs is delayed by several weeks after elevating
IOP in experimental glaucoma models (Cordeiro et al., 2004;
Huang et al., 2005b; Ji et al., 2005). Because of the difficulty in
manipulating important molecules over this duration, genetically altered mice are ideal for investigating the significance of
candidate molecules in disease progression. Although the establishment of the DBA/2J mouse line with a spontaneous mutation
that leads to glaucoma has contributed greatly to research in this
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field, the use of these animals for investigating pathophysiological mechanisms is limited by a relatively long delay in RGC loss
and by considerable inter-individual variability (John, 2005).
Laser-induced glaucoma models allow for a convenient, rapid
induction of ocular hypertension (OH) and can be done in genetically altered mice to study molecular mechanisms underlying
RGC loss (Lindsey and Weinreb, 2005). Using a laser-induced
OH model in mice, we find that OH induces TNF-␣ upregulation
in the retina, which ultimately leads to RGC loss via microglial
activation and oligodendrocyte death.

Materials and Methods
Animals and reagents. Animals were housed under constant 12 h light/
dark cycles in covered cages and were fed with a standard rodent diet ad
libitum. TNF-␣ (background, B6.129SF2J), TNFR1, TNFR2, and macrophage antigen-1 (Mac-1; background, C57BL/6) male knock-out mice
aged 2– 4 months were used in the experimental glaucoma model or for
intravitreal administration of TNF-␣ or the blocking antibody. C57BL/6
and B6.129SF2J male mice aged 2– 4 months were used as wild-type
controls where appropriate. All mice were purchased from The Jackson
Laboratory (Bar Harbor, ME) and were bred in the Massachusetts Eye
and Ear Infirmary (MEEI; Boston, MA) animal facility. Quantitation of
retrogradely labeled cells revealed no differences in total numbers of
RGCs among strains (supplemental Table 1, available at www.jneurosci.org
as supplemental material). Mouse recombinant TNF-␣ was purchased
from Preprotech (Rocky Hill, NJ). Goat anti-mouse TNF-␣ blocking
antibody and the appropriate control antibody were from R & D Systems
(Minneapolis, MN). 1,1⬘-Dioctadecyl-3,3,3⬘,3⬘-tetramethylindocarbocyanine
perchlorate (DiI) was purchased from Invitrogen (Carlsbad, CA).
Experimental mouse glaucoma model. All experiments were performed
in accordance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision
Research, using a protocol approved by the Animal Care Committee of
the MEEI. The right eye of each animal was used as the experimental side,
and the left eye served as a control. For general anesthesia a mixture of
ketamine (100 mg/kg; Phoenix Scientific, St. Joseph, MO) and xylazine
(10 mg/kg; Phoenix Scientific) was administered intramuscularly. To
induce chronically high IOP, we flattened the anterior chamber of
8-week-old mice and obstructed the aqueous flow by angle closure via
argon laser irradiation. The procedure used here follows previous descriptions with minor modifications (Aihara et al., 2003). Briefly, the
right pupil was dilated with a topically applied mixture of phenylephrine
(5.0%) and tropicamide (0.8%) 10 min before laser irradiation. The
anterior chamber was flattened by aspirating aqueous fluid with a 30
gauge needle. Immediately after the anterior chamber was flattened, laser
photo coagulation of the limbus was performed with a slit lamp biomicroscope equipped with an argon laser system (532 nm; Elite, HGM
Medical Laser Systems, Salt Lake City, UT). The spot size, laser power,
and duration were 200 m, 100 mW, and 0.1 s, respectively. The laser
beam was focused directly on the corneal limbus, and 100 ⫾ 10 (mean ⫾
SD) spots were placed confluently. As a control the same number of laser
spots was placed on the iris near the pupil. These procedures were completed within 10 min per animal. After treatment 0.1% atropine and an
antibiotic ointment were administered to the cornea.
IOP measurement. IOP was measured by using the applanation
tonometer described previously (Matsubara et al., 2006). This instrument consists of a fiber optic pressure sensor and a Fabry–Pérot interferometer (FPI) (FTI-10, FISO Technologies, Quebec, Canada). The sensor is designed to measure the pressure on the surface of a fiber tip (550
m) and provides high-fidelity performance and in situ pressure measurement via a minimally invasive procedure. The instrument averages
data obtained from 10 repeated pressure measurements via a tip attached
to the mouse corneal surface. IOP was always measured in the morning
under general anesthesia, typically within 2–3 min after the animal lost
consciousness and failed to respond to touch. Anesthetized mice were
placed on a platform, and the tip of the pressure sensor was attached to a
central area of the mouse cornea under microscopic guidance. Average
IOP was displayed automatically after 10 measurements. IOP was mea-

Figure 1. Laser-induced angle closure leads to increased intraocular pressure and loss of
RGCs and axons. A, Time course of IOP after laser-induced angle closure (n ⫽ 15 per time point).
Pressure was measured at the indicated time points with an applanation tonometer. *p ⬍ 0.05
and **p ⬍ 0.01 compared with the contralateral control eye. B, DiI-labeled RGCs in flatmounted retinas (top panels; scale bar, 100 m) and axons (bottom panels; scale bar, 10 m)
of control or OH mice 4 weeks after increasing IOP. C, Quantitation of DiI-labeled RGCs in wildtype and TNF-␣ ⫺/⫺ mice after elevation of IOP. **p ⬍ 0.01 and ***p ⬍ 0.001 compared with
wild-type mice (n ⫽ 10 per time point).
sured in both eyes weekly over an 8 week period after laser irradiation.
We excluded mice from our experimental group in which IOP was not
increased ⬎30% above baseline in the first measurement and included
these as a sham-operated control group.
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Intravitreal injection and retrograde labeling of RGCs. Intravitreal administration of TNF-␣ (1 ng in 1 l of PBS with 0.1% BSA) and retrograde labeling of RGCs with DiI were performed as described with minor
modification (Nakazawa et al., 2002b). DiI was prepared as a 2% solution
in dimethylsulfoxide. Under anesthesia the skin over the cranium was
incised, the scalp was exposed, and holes ⬃1 mm in diameter were drilled
in the skull 4 mm posterior to the bregma and 1 mm lateral to the midline
on both sides. DiI solution was injected (1 l; 0.5 l/min) at a depth of 2
mm from the brain surface with a Hamilton syringe (Hamilton, Reno,
NV). Skull openings were sealed with antibiotic ointment, the overlying
skin was sutured, and antibiotic ointment was applied externally. Laserinduced angle closure or intravitreal injections were performed 7 d after
retrograde labeling. DiI-labeled RGCs were counted at various survival
times as described previously (Nakazawa et al., 2002b) under fluorescent
microscopy (Leica Microsystems, Wetzlar, Germany) with the use of a
rhodamine filter set. Cell survival was determined by counting labeled
RGCs in 12 distinct areas of 9.0 ⫻ 10 ⫺2/mm 2 each (three areas per
retinal quadrant at one-sixth, three-sixths, and five-sixths of the retinal
radius). The density of RGCs was defined as the average number of cells
in the 12 fields. Cell counting was performed in a masked manner.
Histological procedures for optic nerve analysis. For quantitative analyses we analyzed at least three sections from each of eight mice for each
experimental condition. Optic nerves were placed immediately into fixative consisting of 2.5% glutaraldehyde and 2% formaldehyde in 0.1 M
cacodylate buffer with 0.08 M CaCl2 overnight at 4°C. The tissue was
washed in 0.1 M cacodylate buffer and postfixed in 2% aqueous OsO4.
Segments were dehydrated in graded alcohols and embedded in Epon.
Then 1 m sections were cut and stained with 1% toluidine blue in 1%
borate buffer.
Immunohistochemistry. Immunohistochemistry (IHC) was performed
as described previously (Nakazawa et al., 2002b; Yin et al., 2006). Sections
through the retina (10 m) with the optic nerve attached were preblocked (PBS containing 10% goat serum, 0.5% gelatin, 3% BSA, and
0.2% Tween 20) and then incubated with mouse monoclonal antiadenomatous polyposis coli (APC) as a marker for oligodendrocytes
(clone CC-1, 1:50; EMD Biosciences, San Diego, CA) or rat anti-mouse
CD11b as a marker for microglia (Serotec, Raleigh, NC). The reaction
buffer without the primary antibody served as a negative control. The
secondary antibody was a goat anti-mouse or rat IgG conjugated to Alexa
Fluor 488 (Invitrogen). Sections were mounted with Vectashield mounting medium with 4⬘,6-diamidino-2-phenyindole (DAPI; Vector Laboratories, Burlingame, CA). For quantitation the images of APC ⫹ oligodendrocytes or CD11b ⫹ microglia were captured from optic nerve sections
at a distance of 1 mm behind the eye. All cell counting was performed in
a masked manner.
Real-time reverse transcription-PCR analysis for TNF-␣. Total RNA
extraction and real-time PCR were performed as previously reported
with minor modifications (Nakazawa et al., 2005). Briefly, total RNA was
extracted (RNA Purification System, Invitrogen) from retinas homogenized with 600 l of RNA lysis buffer and mixed with an equivalent
volume of 70% ethanol. The mixture was applied to an RNA spin cartridge, centrifuged at 12,000 ⫻ g for 15 s at 25°C, and rinsed with wash
buffers I and II. Total RNA was eluted with 20 l of RNase-free water.
Total RNA (3 g) was reverse-transcribed by using the SuperScript III
First-Strand Synthesis System (Invitrogen), and first-strand cDNAs were
amplified by using a real-time PCR thermal cycler (ABI7700, Applied
Biosystems, Foster City, CA). Quantitative real-time PCR was performed
with TaqMan Universal PCR Master Mix kit (Applied Biosystems) according to the manufacturer’s guidelines. PCR primers for TNF-␣ used
in this study include mouse TNF-␣ (mTNF-␣) forward, 5⬘CATCAGTTCTATGGCCCAGACCCT-3⬘, and mTNF-␣ reverse, 5⬘GCTCCTCCACTTGGTGGTTTGCTA-3⬘, plus mTNF-␣, VIC-TCA
GAT CAT CTT CTC AAA ATT CGA GTG ACA AGC CT-TAMRA. PCR
products were confirmed by agarose gel electrophoresis and sequencing.
For relative comparison of each gene we analyzed the cycle of threshold
(Ct) value of real-time PCR data with the ␦–␦ Ct method according to the
company’s instructions (Nakazawa et al., 2005). To normalize the
amount of sample cDNA added to each reaction, we subtracted the Ct
value of each target gene from the Ct value of the endogenous control
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Figure 2. Loss of oligodendrocytes after OH. A, APC ⫹ oligodendrocytes in retinas with or
without OH at 8 weeks after surgery. Scale bar, 50 m. B, Time course of oligodendrocyte
survival after increasing IOP. *p ⬍ 0.05, **p ⬍ 0.01, and ***p ⬍ 0.001 compared with normal
controls (n ⫽ 8 per time point). Circle, Sham-operated controls (n ⫽ 6); triangle, OH; square,
control.

[Rodent GAPDH (glyceraldehyde phosphate dehydrogenase) Control
Reagents, Applied Biosystems].
ELISA. The tissue complex containing the posterior lens capsule, vitreous, and neural retina was collected at 3, 7, and 14 d after laser-induced
angle closure. Proteins were extracted in 100 l of PBS containing a
protease inhibitor mixture (Complete, Roche Diagnostics, Pleasanton,
CA) and sonicated (10 W, 5 s, 4°C; Sonifier 250, Branson, Danbury, CT).
The supernatant was collected after centrifugation at 14,000 ⫻ g for 20
min at 4°C (Micromax RF, IEC, Needham Heights, MA), and the total
protein concentration was measured with the DC protein assay kit (BioRad, Hercules, CA). Total protein (100 g) was used for ELISA (R & D
Systems), performed according to the manufacturer’s guidelines. The
absorbance at 450 nm was measured by using a 96-well plate spectrophotometer (Spectramax 190, Molecular Devices, Sunnyvale, CA).
Statistical analysis. Statistical analysis of the reverse transcriptionPCR, ELISA, and cell counting data was performed by using unpaired
Student’s t tests with StatView software (version 4.11J, Abacus Concepts,
Berkeley, CA) on a Macintosh computer. All values are expressed as the
mean ⫾ SD unless noted otherwise.

Results
Establishment of an experimental glaucoma model in mice
In glaucoma patients, increased IOP is the most important risk
factor for the loss of RGC axons and somata. To mimic this
disease in mice, we used a slight modification of a previously
established method (Aihara et al., 2003) to increase IOP by angle
closure via laser photo coagulation. Laser photo coagulation
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blocks the normal aqueous flow and, in
our hands, increased IOP from a normal
value of 14 to 24.5 mmHg in 75% of
treated cases at 1 week. IOP remained elevated in these cases for at least 8 weeks
(Fig. 1 A). We next investigated whether
increased IOP in mice leads to the hallmark features of glaucoma, a loss of RGC
axons and somata. At 2 weeks after angle
closure the number of intact DiI-labeled
RGCs was slightly, although not significantly, lower than in normal controls (Fig.
1C), but by 4 weeks the number of RGCs
in affected eyes was 28% lower than in the
control contralateral eyes (Fig. 1 B, C). As
expected, the density of axons in cross sections through the optic nerve also declined
on the side with increased IOP (Fig. 1 B).
Whereas myelinated axons show a homogeneous appearance in control optic
nerves (Fig. 1 B), the caliber of myelinated
axons was heterogeneous 4 weeks after increasing IOP, with vacuoles and large cells
evident. Thus, in conformity with earlier
reports in rats (Cordeiro et al., 2004;
Huang et al., 2005b), laser-induced OH
caused a loss of RGC somata and axons.
These losses were not detected in lasertreated eyes that did not exhibit increased
IOP (Fig. 1C, circle).
Oligodendrocyte degeneration in the
mouse model
Figure 3. TNF-␣ levels increase after elevating IOP and result in a delayed loss of RGCs. A, Real-time PCR analysis of TNF-␣
Oligodendrocytes are the most abundant mRNA in the retina at the indicated time points. Results represent fold-increase relative to normal controls. ***p ⬍ 0.001
cells in the optic nerve, ensheathing the compared with normal control (n ⫽ 6 per each time point). B, ELISA for TNF-␣ protein in the retina. **p ⬍ 0.01, ***p ⬍ 0.001
axons that arise from RGCs. We investi- compared with normal controls. C, DiI-labeled RGCs in flat-mounted retinas with or without TNF-␣ injections at 2 or 8 weeks. Scale
gated whether OH has an impact on these bar, 50 m. D, Quantitation of RGC survival at 2 or 8 weeks after intravitreal injection of TNF-␣. ***p ⬍ 0.001 compared with
cells and, if so, how this might relate to the controls injected with PBS at 8 weeks (n ⫽ 8 per time point).
loss of axons. With the use of an antibody
against the oligodendrocyte marker APC,
Intravitreal administration of TNF-␣ mimics the
IHC revealed that the number of APC ⫹ cells seen in longitudinal
pathophysiological effects of OH
sections of the optic nerve decreased to 80% of control levels 1
To investigate whether TNF-␣ plays a causative role in the loss of
week after laser-induced angle closure and to 55% of control
RGCs, we injected TNF-␣ (1 ng) into the mouse vitreous and
levels by 2 weeks. This number remained constant over the next
quantified DiI-labeled RGCs in retinal whole mounts after either
several weeks (Fig. 2 A, B). Thus oligodendrocyte degeneration
2 or 8 weeks. The number of surviving RGCs remained normal 2
precedes RGC loss. Oligodendrocyte degeneration was not deweeks after a single TNF-␣ injection but declined by 39% by 8
tected in the laser-treated eyes that failed to show increased IOP
weeks (Fig. 3C,D). Thus, like OH, TNF-␣ induced a delayed loss
(Fig. 2 B, circle).
of RGCs.
As noted above, elevation of IOP leads to a loss of oligodendrocytes,
followed by a loss of RGCs. To investigate whether
TNF-␣ increases after OH induction
TNF-␣ might account for these losses, we performed immunoPrevious studies have reported elevated TNF-␣ levels in the retina
histochemistry to evaluate the number of APC ⫹ oligodendroand optic nerve head of glaucoma patients (Yan et al., 2000; Yuan
cytes
in optic nerve sections at various times after injecting
and Neufeld, 2000, 2001). To investigate whether this occurs in
TNF␣
into the vitreous. The number of oligodendrocytes reour experimental model, we measured TNF-␣ levels in the retina
mained
unchanged at 9 h and 1 d after TNF-␣ injections (Fig.
of mice with or without elevated IOP. Real-time PCR showed that
4G), but by 1 d these cells appeared to be disorganized (Fig. 4,
TNF-␣ mRNA levels increased almost fivefold relative to shamcompare B, A). By day 4 the number of surviving oligodendrooperated controls 3 d after increasing IOP and remained elevated
cytes had declined significantly (Fig. 4C,G), and at 14 d ⬍50% of
for at least 14 d (Fig. 3A). At the protein level ELISA revealed that
these cells remained. We also investigated the effects of direct
TNF-␣ expression increased approximately threefold 3 d after
TNF-␣ application by placing Spongels soaked in TNF-␣ (1 ng/
elevating IOP and remained high for at least 2 weeks (Fig. 3B).
ml) around the optic nerve. By day 14 this resulted in the loss of
Thus OH led to a rapid upregulation of TNF-␣ in this experimen⬃40% of oligodendrocytes (Fig. 4 E, G, circle). Together, these
tal model.
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oligodendrocytes by day 14. However, the
group treated with the TNF-␣ neutralizing
antibody showed no detectable loss (Fig.
4 H, I ). Deletion of the TNF-␣ gene likewise had no effect on IOP elevation after
angle closure but eliminated oligodendrocyte loss after OH (Fig. 4 J).
We investigated whether TNF-␣ accounts for the loss of RGCs by quantifying
the survival of these cells after angle closure in TNF-␣ ⫺/⫺ and wild-type mice.
Whereas the number of DiI-labeled RGCs
decreased significantly 3 weeks after inducing OH in wild-type mice, TNF-␣ ⫺/⫺
mice showed no RGC loss even after 4
weeks of OH (Fig. 1C). Thus TNF-␣ appears to play a critical role in linking OH to
the loss of oligodendrocytes and RGCs in
the mouse model used here.
The cytotoxic effects of OH and TNF-␣
are mediated via the TNFR2 receptor
TNF-␣ acts via two known receptors,
TNFR1 and TNFR2. To investigate the
contribution of each of these receptors to
the pathophysiological events described
above, we induced OH in TNFR1 ⫺/⫺ and
TNFR2 ⫺/⫺ knock-out mice. Lack of either
of these genes did not alter IOP elevation
after angle closure (Fig. 5A) nor the number of DiI-labeled RGCs nor the number
of axons in the nerves of untreated animals
(supplemental Table 1, available at www.
jneurosci.org as supplemental material).
At 4 weeks after elevating IOP, however,
⫺/⫺
Figure 4. TNF-␣ mediates the effect of increased IOP on oligodendrocytes. A–F, Representative merged photomicrographs whereas wild-type mice and TNFR1
⫹
showing APC oligodendrocytes (green) and DAPI nuclear staining (blue) in longitudinal sections through the optic nerve with or mice lost ⬎20% of DiI-labeled RGCs and
without TNF-␣ treatment. Shown are control (A) and 1 d (B), 4 d (C), and 14 d (D) after TNF-␣ injection. E, F, APC ⫹ oligoden- axons in the affected eye, TNFR2 ⫺/⫺ mice
drocytes in the optic nerve after direct contact with a Spongel soaked in 1 ng/ml TNF-␣ solution (E) or PBS (F ) after 14 d. Scale bar, showed no RGC degeneration (Fig.
50 m. G, Time course of oligodendrocyte degeneration after intravitreal administration of PBS (diamond) or TNF-␣ (square). 5B–D). Oligodendrocyte loss in the optic
Also shown are survival data 14 d after direct administration of PBS (triangle) or TNF-␣ (circle) to the optic nerve. **p ⬍ 0.01, nerve showed a similar pattern (Fig. 5E).
***p ⬍ 0.001 compared with PBS-treated controls (n ⫽ 8 per time point). H, APC ⫹ oligodendrocytes in optic nerves treated with
In wild-type and TNFR1 ⫺/⫺ mice the
anti-TNF-␣ blocking antibody or normal goat serum (NGS) 14 d after inducing OH. Scale bar, 50 m. I, Quantitation of OH-induced
number of oligodendrocytes in the afoligodendrocyte degeneration after 14 d. ***p ⬍ 0.001 compared with normal controls (n ⫽ 8). J, Quantitation of OH-induced
⫺/⫺
oligodendrocyte degeneration 14 d after inducing OH in wild-type or TNF-␣
mice. ***p ⬍ 0.001 compared with normal fected optic nerve declined by 35 and 40%,
respectively, after 4 weeks (Fig. 5E). In
control (n ⫽ 8).
contrast, TNFR2 ⫺/⫺ mice showed no such
loss (Fig. 5E). Thus OH-induced oligodenresults show that TNF-␣ mimics the effects of OH, including a
drocyte degeneration and RGC loss were mediated by TNF-␣
acting via TNFR2. We also examined the effect of injecting
rapid loss of optic nerve oligodendrocytes and a delayed loss of
TNF-␣ into the vitreous of mice deficient for either of the TNF
RGCs.
receptors. TNF-␣ significantly decreased the number of APC ⫹
oligodendrocytes in the optic nerves of TNFR1 ⫺/⫺ mice, whereas
Neutralization or genetic deletion of TNF-␣ prevents
TNFR2 ⫺/⫺ mice showed no oligodendrocyte loss (Fig. 6).
OH-induced cell loss
Although the preceding studies show that TNF-␣ can mimic certain features of glaucoma, they do not prove that it plays an
TNF-␣ leads to the activation of CD11b ⴙ microglia
As noted above, intravitreal TNF-␣ injections resulted in a disoressential role. To investigate this issue, we examined whether the
ganized appearance of optic nerve oligodendrocytes within 1 d.
effects of OH could be attenuated with either a neutralizing antiTo investigate whether microglia contribute to this pathology, we
TNF-␣ antibody or by deletion of the TNF-␣ gene. A Spongel
soaked with either an anti-TNF-␣ neutralizing antibody (0.1 mg/
performed immunohistochemistry in the optic nerve, using an
ml) or a control antibody was placed directly on the optic nerve
antibody to CD11b, a marker for microglia. The number of
after angle closure. This treatment had no effect on IOP elevation
CD11b ⫹ microglia was found to increase threefold above baseline 24 –96 h after TNF-␣ injection; these cells appeared to be
after angle closure (data not shown). As expected, mice treated
activated by virtue of being hypertrophied and amoeboid-shaped
with the control antibody showed a 50% reduction in APC ⫹
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(Fig. 7 A, B). The fact that CD11b ⫹ microglia become activated early suggests that
they could play a role in the death of optic
nerve oligodendrocytes.
Mac-1-deficient (CD11b/CD18) mice
are resistant to the effects of OH
and TNF-␣
To investigate whether activated microglia
contribute to OH-induced oligodendrocyte degeneration, we used Mac-1 ⫺/⫺
mice in which the gene for CD11b/CD18 is
deleted. Mac-1 is the integrin ␤2, which
has been shown to play a role in the recruitment and/or activation of leukocytes
in various pathological conditions. Intravitreal TNF-␣ injections or direct application of a TNF-␣-soaked Spongel around
the optic nerve was performed as described above, and surviving APC ⫹ oligodendrocytes were counted 14 d later. Absence of the Mac-1 gene did not prevent
IOP elevation after angle closure (data not
shown). However, unlike wild-type mice
that lost ⬃50% of oligodendrocytes after
14 d (Fig. 4G), Mac-1 ⫺/⫺ mice showed no
detectable oligodendrocyte loss after inducing OH by angle closure or after inject- Figure 5. TNFR2 mediates the effect of increased IOP and of TNF-␣ on oligodendrocytes and RGCs. A, IOP elevation after angle
ing TNF-␣ into the eye (Fig. 7C–G). As closure by laser photo coagulation in wild-type, TNFR1 ⫺/⫺, or TNFR2 ⫺/⫺ mice (n ⫽ 10 per group). Deletion of either TNFR gene
expected, Mac-1 ⫺/⫺ mice showed no in- does not alter IOP elevation. Solid line, laser-treated eye; dashed line, control eye. B, DiI-labeled RGCs (top panels; scale bar, 50
crease in the number of CD11b ⫹ micro- m) or axons (bottom panels; scale bar, 20 m) in wild-type or TNFR-deficient mice 4 weeks after inducing OH. C–E, Quantitation
glia after the various treatments (data not of DiI-labeled RGCs (C), optic nerve axons (D), or APC ⫹ oligodendrocytes (E) 4 weeks after increasing IOP. **p ⬍ 0.01 and ***p ⬍
shown). Finally, in contrast to the delayed 0.001 compared with wild-type mice (n ⫽ 10).
loss of RGCs after OH was induced in
TNF-␣ gene deleted or by immune depletion of TNF-␣ in wildwild-type mice, Mac-1 ⫺/⫺ mice showed no RGC loss after 4
weeks (Fig. 7H ) (difference significant at p ⬍ 0.001). Thus the
type mice. The effect of TNF-␣ on oligodendrocyte loss was mecytotoxic effect of OH on oligodendrocytes and RGCs appears to
diated primarily via the TNFR2 receptor, because the cytotoxic
involve a TNF-␣-induced activation of CD11b ⫹ microglia.
effects of either increased IOP or direct administration of TNF-␣
were eliminated in mice with the TNFR2 gene, although not the
Discussion
TNFR1 gene, deleted. The cytotoxic effect of OH-induced TNF-␣
The mechanisms by which elevated IOP leads to RGC loss in
may be mediated by CD11b ⫹ microglia, although direct effects
on other cell types cannot be ruled out. These cells increased
glaucoma have remained elusive. Genetic linkage analyses, postrapidly in numbers and activation after TNF-␣ administration,
mortem studies, cell culture data, and in vivo studies have sugand deletion of the gene for integrin ␤2 (CD11b/CD18), which is
gested that TNF-␣ may contribute to the pathophysiology of the
disease; however, under certain conditions TNF-␣ is not cytoimportant for microglial activation, prevented the loss of oligotoxic to RGCs in a mixed cellular environment and is neuroprodendrocytes and RGCs after increasing IOP or after administertective to RGCs after optic nerve injury in vivo (Tezel and Wax,
ing TNF-␣. Mouse models of OH-induced glaucoma have been
used previously to explore the role of caspases, calcineurin cleav2000; Yan et al., 2000; Yuan and Neufeld, 2000, 2001; Funayama
age, and bcl-2 (B-cell CLL/lymphoma-2) family members in
et al., 2004; Fuchs et al., 2005). Thus there is as yet no mechanistic
RGC death (Huang et al., 2005b; Ji et al., 2005) and the role of
understanding of how TNF-␣ might contribute to RGC loss in
vivo nor any direct evidence that it actually mediates RGC cytoparticular genetic mutations in bringing about OH (Gould et al.,
toxicity in glaucoma. Using a mouse model in which we elevate
2004; Mabuchi et al., 2004; Zillig et al., 2005). However, the
IOP via laser surgery, we show that TNF-␣ indeed does mediate
present study represents the first to demonstrate a mechanistic
the cytotoxic effects of OH on RGCs via an indirect route that
link among increased intraocular pressure, TNF-␣ upregulation,
and the loss of oligodendrocytes and RGCs in a mouse model of
involves microglial activation and the loss of oligodendrocytes.
experimental glaucoma.
After laser surgery to produce angle closure in normal mice, IOP
Oligodendrocytes are susceptible to oxidative stress (Haynes
increased by 70% and remained elevated for at least 2 months.
et al., 2005) and glutamate toxicity (Follett et al., 2004), which are
Elevated IOP was accompanied by an increase in TNF-␣ mRNA
and protein within a few days, a loss of oligodendrocytes by 1–2
thought to be related to the high basal metabolism of these cells in
weeks, and a loss of RGCs beginning at 3– 4 weeks (Fig. 8). Intrasynthesizing lipids for myelin biosynthesis (Lane and Farlow,
vitreal administration of TNF-␣ to otherwise normal animals
2005). Oligodendrocyte degeneration plays an important role in
mimicked the degenerative effects of increased IOP, and, condemyelinating diseases such as multiple sclerosis, in which deversely, the effects of IOP were eliminated in mice with the
fined pathogens include microglia-derived TNF-␣, free radicals,
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Figure 6. TNF-␣ -induced oligodendrocyte loss depends on TNFR2. A, APC ⫹ oligodendrocytes in optic nerves of TNFR1 ⫺/⫺ or TNFR2 ⫺/⫺ mice treated with PBS or TNF-␣. Scale bar,
100 m. B, Quantitation of APC ⫹ oligodendrocyte survival after intravitreal injection of TNF-␣
in TNFR1 ⫺/⫺ or TNFR2 ⫺/⫺ mice. ***p ⬍ 0.001 as compared with PBS-injected controls in
TNFR1 ⫺/⫺ mice (n ⫽ 8).

and glutamate (Matute et al., 2001). In addition, TNF-␣ has been
shown to potentiate AMPA/kainate-induced excitotoxicity in
optic nerve oligodendrocytes (Miller et al., 2005) in vitro.
In our study increased IOP or intravitreal TNF-␣ injections
led to a substantial loss of oligodendrocytes 1 week before any
RGC loss could be detected. Previous studies have shown that
intravitreal TNF-␣ injections lead to morphological changes in
mouse oligodendrocytes (Butt and Jenkins, 1994) and that the
loss of oligodendrocytes in the optic nerve affects the susceptibility of axons to excitotoxicity (Coleman, 2005; Stys, 2005). In
addition, TNF-␣ has been shown to cause axonal loss and subsequent death of RGCs in rats (Kitaoka et al., 2006). Axonal damage
resulting from nerve injury has been shown in many studies to
induce a delayed loss of RGC somata (Nakazawa et al., 2002a).
Together, these observations suggest the possibility that OHinduced oligodendrocyte loss leads to a loss of RGC axons, followed by a loss of RGC somata.
A number of mechanisms have been proposed to underlie
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RGC loss in glaucoma, including a loss of retrograde transport of
essential neurotrophins (Pease et al., 2000), degradation of extracellular matrix (Yan et al., 2000; Yuan and Neufeld, 2001), excitotoxicity (Guo et al., 2006), and the activation of calcineurin and
caspases (Huang et al., 2005b). The present results indicate that
suppression of TNF-␣ is sufficient to prevent the loss of oligodendrocytes and RGCs in the mouse model of glaucoma used
here. As far as we know, this is the first demonstration of oligodendrocyte loss in experimental glaucoma. Whether this applies
to the human disease remains to be determined. This finding
suggests that TNF-␣ may contribute directly or indirectly to at
least some of the other pathological signs associated with glaucoma in patients and in animal models, such as caspase activation
(Huang et al., 2005a), calcineurin cleavage (Huang et al., 2005b),
activation of microglia (Yuan and Neufeld, 2001) and astrocytes
(Yan et al., 2000), and MAPK (mitogen-activated protein kinase)
phosphorylation (Tezel et al., 2003). However, we have not examined this issue explicitly. Once oligodendrocytes have been
damaged, demyelinated axons are more susceptible than myelinated axons to cytotoxic factors (Coleman, 2005). Thus the protection of oligodendrocytes in glaucoma may represent a useful
strategy for preventing the loss of RGCs.
Activated microglia are seen in the optic nerve head of glaucoma patients (Yuan and Neufeld, 2001), and microarray analyses with experimental glaucoma tissues (Ahmed et al., 2004) also
have implicated the immune system in OH-induced neuronal
degeneration (Tezel and Wax, 2004). Microglia, an important
component of the innate immune system of the eye (Chen et al.,
2002), express CD11b in the retina and optic nerve (Chen et al.,
2002). In the present study Mac-1-deficient (CD11b/CD18) mice
proved to be resistant to TNF-␣- and OH-induced neuronal degeneration. Thus CD11b ⫹ microglia appear to play a central role
in TNF-␣- or OH-induced neuronal degeneration, and the suppression of microglia with drugs such as minocycline may represent yet another treatment for glaucoma (Tikka and Koistinaho,
2001; Levkovitch-Verbin et al., 2006).
Our data show that OH-induced neuronal degeneration depends on the TNFR2 receptor, but not TNFR1. At first glance this
finding might appear to be inconsistent with the fact that TNFR1
has an intracellular death domain and that its activation elicits
caspase pathways that lead to neuronal cell death. TNFR2, on the
other hand, activates the Akt signaling pathway and promotes cell
survival (Fontaine et al., 2002), at least in neurons. Microglia
express both TNFR1 and TNFR2, whereas oligodendrocytes
and astrocytes primarily express TNFR1 (Dopp et al., 1997;
Bohatschek et al., 2004), and recruited macrophages express
TNFR2 (Dziewulska and Mossakowski, 2003). Signaling via
TNFR2 is important for cytotoxic lymphocyte recruitment in the
axotomized facial motor nucleus (Raivich et al., 2003) and suppresses oxidative stress in microglia (Dopp et al., 2002). Thus it
appears as if the effects of TNF-␣ on microglia, mediated via
TNFR2, lead to the loss of other cells, presumably because of the
release of cytotoxic agents, including reactive oxygen species, nitric oxide, and TNF-␣.
In conclusion, our studies in an experimental mouse model
show that TNF-␣ plays a central role in the pathophysiological
events that result from elevated IOP. TNF-␣ is upregulated as a
consequence of increasing IOP, and, like IOP, exogenous TNF-␣
leads to a loss of oligodendrocytes and a delayed loss of RGCs
(Fig. 8). Our study is the first to show that a functional blockade
of TNF-␣ with an anti-TNF-␣ blocking antibody or deletion of
the gene encoding TNF-␣ in genetically altered mice completely
prevents OH-induced oligodendrocyte degeneration and the sec-
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ondary loss of RGCs. The toxic effects of
TNF-␣ are mediated via TNFR2 receptors
on CD11b ⫹ microglia, which are likely to
be the final killers of oligodendrocytes and,
indirectly, of RGCs. Interference with
TNF-␣ by using a blocking antibody has
been applied in the treatment of other inflammatory diseases (De Keyser et al.,
2006); other possible approaches include
the use of a soluble receptor (Alldred,
2001) or a TACE (TNF-␣-converting enzyme) inhibitor (Moss et al., 2001). Blockade of TNF-␣ function and downstream
microglial activation may be an important
approach for the treatment of glaucoma.
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