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Abstract
Reduced retrograde transport of neurotrophins (NT) and their receptors has been hypothesized to
contribute directly to retinal ganglion cell (RGC) loss in glaucoma. However, strategies of
supplementing NT and NT receptors have failed to avert ultimate RGC death in experimental
glaucoma. This study examines the response of major components of the NT system and their
interacting proteins in a rat glaucoma model. Unilateral chronic intraocular pressure (IOP) elevation
was produced by episcleral vein injection of hypertonic saline (N = 99). Retinas were collected and
grouped by extent of optic nerve injury. Quantitative reverse transcription PCR, western blot analysis
and immunohistochemistry were used to determine mRNA and protein levels and protein
localization. Out of three RGC-specific Brn3 proteins (Brn3a, b, and c), only Brn3a was significantly
downregulated at the message level to 35 ± 4% of fellow values with the severest nerve injury. With
IOP elevation, no significant alterations were found in retinal mRNA levels for BDNF, NGF, NT-4/5
or NT-3. The abundance of mature retinal BDNF protein was not significantly affected by elevated
IOP, while proBDNF protein decreased linearly with increasing injury grade (r2 = 0.50). In retinas
with the severest nerve injury, TrkB and TrkC receptor mRNA levels significantly declined to 67 ±
9% and 44 ± 5% of fellow values, respectively. However, the levels of TRKB protein and its
phosphorylated form were unchanged. Message level for p75NTR was linearly upregulated up to 219
± 26% with increasing injury (r2 = 0.46), but no alteration was detected at protein level. The mRNA
expression of p75NTR apoptosis adaptor proteins NADE, NRIF, and Lingo1 were significantly
downregulated in retinas with the greatest nerve injury. A positive correlation was found between
injury extent and message levels for Jun (r2 = 0.23) as well as Junb (r2 = 0.27), and RGC labeling
of activated JUN protein increased. Atf3 mRNA levels demonstrated a positive linear correlation to
the extent of injury (r2 = 0.53), resulting in a nearly five-fold increase (482 ± 76%) in eyes with the
greatest nerve damage. Among downstream pro-survival signaling components, Erk5 mRNA
expression was linearly upregulated (r2 = 0.32) up to 157 ± 15% of fellow values in retinas with the
severest nerve injury (p < 0.01). A slight positive correlation was found between NF-κB message
levels and injury extent (r2 = 0.12). Bcl-xl mRNA levels in the most severely injured retinas were
significantly reduced to 83 ± 7% by elevated IOP exposure. Message levels for Erk1/2, Akt1-3 or
Bcl2 appeared unaffected. Elevated IOP did not alter mRNA levels of pro-apoptotic Bim, Bax, or
p53. This study demonstrates that elevated IOP exposure does not result in a dramatic decrease in
retinal levels of either BDNF or its receptor, TrkB. It shows that the responses of NT pathways to
elevated IOP are complex, particularly with regard to the role of p75NTR and Atf3. A better
understanding of the roles of these proteins in IOP-induced injury is likely to suggest informed
strategies for neuroprotection in glaucoma.
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1. Introduction
Progressive loss of retinal ganglion cells (RGCs), a characteristic of primary open-angle
glaucoma, is attributed to apoptosis of the RGCs (Quigley et al., 1995; Quigley, 1999). One
hypothesis to explain how RGCs are lost is that pressure-induced axonal transport obstruction
within the optic nerve head inhibits retrograde delivery of neurotrophin (NT)-tropomyosin
receptor kinase (Trk) receptor complexes from the superior colliculus to the RGC body, thereby
triggering apoptosis (Johnson et al., 2000; Pease et al., 2000; Quigley et al., 2000). This NT
deprivation theory is attractive since these growth factors are known to promote neuronal
survival and regeneration. Additionally retrograde transport of NTs to the retina appears
obstructed in experimental glaucoma (Johnson et al., 2000; Pease et al., 2000). When deprived
of retrograde transported NTs derived from target organs, developing neurons have been shown
to die by apoptosis (Raff et al., 1993). Also, RGCs have been shown to be maintained by
exogenous brain-derived neurotrophic factor (BDNF) in vitro (Johnson et al., 1986; Rodriguez-
Tebar et al., 1989; Cohen-Cory and Fraser, 1994). However, the role of target-derived NTs in
maintaining mature neurons is less clear.

The NT growth factor family is composed of nerve growth factor (NGF), BDNF, NT-3, and
NT-4/5. These target-derived NT form complexes with Trk receptors and p75NTR receptors
and are retrogradely transported through axons to neuronal soma, where they exert their effects
(Ginty and Segal, 2002). Although the pro-survival role of Trk receptor mediated NT signaling
is well-established, and p75NTR has been demonstrated to signal cell apoptosis in the absence
of Trks (Miller and Kaplan, 2001a), studies continue to reveal diverse functions for both
receptors and identify new signaling partners (Fig. 1). For example, p75NTR-mediated NT
signaling has been reported to promote cell survival, instead of cell apoptosis, either by
modifying Trk specificity and signaling (Nykjaer et al., 2005), or via activation of nuclear
factor kappa B (NF-κB) (Hamanoue et al., 1999). On the other hand, Trk receptor activation
has been found to induce neuronal death under certain circumstances (Kalb, 2005). ProNTs,
the precursor proteins of NTs, have recently been found to be secreted from cells as well and
can serve as a death signal by complexing with p75NTR and sortilin (Lee et al., 2001; Teng et
al., 2005).

In the retina, the transport and function of NTs relies on their binding with Trk receptors.
Alterations in the abundance of the receptors alone may therefore have a major impact on NT
function. More importantly, NTs are also locally produced in the retina (Vecino et al., 2002;
Spalding et al., 2004; Seki et al., 2005). This suggests that obstruction of retrograde transport
of NTs may not significantly reduce their levels within the retina. In addition, knowledge about
the actual physiologic roles of NTs from different sources is still lacking in the retina. NTs
have been suggested to act differentially on neuronal compartments, i.e., axons and cell soma
(Kimpinski et al., 1997; Toma et al., 1997; Kuruvilla et al., 2000). This could make it more
critical to distinguish the sources of NTs in tissues like the retina where RGC bodies and axons
are exposed to distinct environments.

So far, no direct evidence is present to support the assumption that NT deprivation occurs in
glaucoma before RGCs are committed to die. Although intravitreal supplementation of BDNF
and NT-4/5 have been reported to enhance survival of injured adult RGCs (Mey and Thanos,
1993; Mansour-Robaey et al., 1994; Unoki and LaVail, 1994; Weibel et al., 1995; Peinado-
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Ramon et al., 1996; Clarke et al., 1998; Di Polo et al., 1998), the protective effect has been
only temporary and failed to prevent eventual RGC death.

In this study, we systematically examined retinal levels of NTs and NT receptors in response
to intraocular pressure (IOP) elevation in a rat glaucoma model. We also measured mRNAs
associated with signaling pathways mediated by NT receptors to promote cell survival or death.
In order to understand the changes in the larger context of impaired RGC function, we also
evaluated IOP-induced damage to RGCs as well as other retinal cell types, grouping the
samples by the extent of optic nerve injury.

2. Materials and methods
2.1. Experimental glaucoma model

All animal experiments complied with the ARVO statement for the Use of Animals in
Ophthalmic and Vision Research.

Eight-month-old adult Brown Norway rats (N = 99) were housed in low-level constant light
to stabilize circadian IOP oscillations (40–90 lux) (Jia et al., 2000). Sustained IOP elevation
was produced unilaterally by episcleral vein injection of hypertonic saline (Morrison et al.,
1997). We have previously demonstrated that the rat model used here is reproducible, and
results in injury in the retina and optic nerve head that bears many similarities to that found in
human glaucoma (Jia et al., 2000; Johnson et al., 2000, 2006, 2007; Schlamp et al., 2001;
Ahmed et al., 2004; Fortune et al., 2004; Morrison et al., 2005; Pang et al., 2005). Because it
relies on unilateral, experimental obstruction of aqueous humor outflow pathways, we are able
to isolate the results to the consequences of elevated IOP (Nissirios et al., 2008).

IOP was measured in awake animals 4 days per week using a TonoPen (Medtronic,
Minneapolis, MN). As our standard protocol, tissues were collected at five weeks post-injection
(glaucoma model), with the exception of the short-term animals described below. For RNA
and western analysis, animals were deeply anesthetized with isoflurane, decapitated, the eyes
enucleated, and whole retinas quickly removed, frozen and stored at −70 °C.

For immunohistochemistry studies, eyes were perfusion fixed with buffered paraformaldehyde
and paraffin embedded for sectioning and immunolabeling, as previously described (Johnson
et al., 2000).

2.2. Optic nerve injury evaluation
For assessment of pressure-induced optic nerve injury, retrobulbar optic nerves from all eyes
were post-fixed overnight at 4° C in 0.1 M, pH 7.4 phosphate buffer containing 2.5%
glutaraldehyde, 2% paraformaldehyde and 1% CaCl2, embedded in Spurr's resin and cross-
sectioned for light microscopy evaluation. Nerve cross-sections were graded from 1 (no injury)
to 5 (active degeneration involving the total nerve area) as previously described (Jia et al.,
2000). Correlation of injury grade with axon counts by transmission electron microscopy has
demonstrated that the difference between each grade unit is approximately 15,000 axons
(Morrison et al., 2005).

2.3. Short-term exposure to elevated IOP
To capture retinal mRNA responses earlier in the injury process, a group of glaucoma model
animals (N = 35) with a shorter duration of IOP elevation was generated. For these animals,
IOP was measured daily during the post-injection period. Retinas were collected at one week
following the first IOP measurement above a TonoPen reading of 35 mmHg in the injected
eye, an average of 10.2 ± 4.3 days post-injection. We use the phrase “short-term glaucoma” to
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indicate message data from these animals throughout the manuscript, distinct from data derived
from the five-week glaucoma model specimens.

2.4. IOP history
For each injected eye, a cumulative IOP dose was determined as the area under the curve of
the plot of days post-injection vs. corresponding IOP measurement, subtracting the mean of
the corresponding values for fellow eyes. A weighted mean IOP was determined by dividing
the cumulative IOP by the number of post-injection days.

2.5. Message quantification (qPCR)
For evaluation of message levels following chronic IOP elevation, total RNA was extracted
from whole retinas from fellow (N = 13) and injected (N = 29) eyes (Chomczynski and Sacchi,
1987). For the evaluation of message levels following short-term IOP elevation, the groups
included fellows (N = 36), injected eyes without measurable IOP elevation (N = 7), and injected
eyes with elevated IOP (N = 36). Whole RNA from each sample (150 ng) and from a pooled
retinal RNA standard curve (17.5–1200 ng) were reverse transcribed and expression levels
were determined by quantitative PCR using a real-time thermocycler (LightCycler,
LightCycler Software 3.5) and DNA Master SYBR Green 1 (Roche, Indianapolis, IN)
according to the manufacturer's protocol as previously described (Schlamp et al., 2001; Johnson
et al., 2007).

Table 1 lists the primers used in this study. These specific primers were designed to span exon
junctions whenever possible. Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) mRNA
levels were measured in triplicate analyses and average values used for housekeeping gene
normalization. Gapdh levels did not differ among groups and there was no significant
correlation of Gapdh mRNA level with IOP level or optic nerve injury grade.

2.6. Quantitative western analysis
Proteins were extracted from additional whole retinas (9 fellows and 20 glaucoma model eyes
at five weeks post-injection) using a modified RIPA buffer (2 mM ethylene diamine tetracetic
acid, 2 mM ethylene glycol tetracetic acid, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate, 2 mM dithiothritol, 1 mM phenylmethylsulphonyl fluoride, proteinase
inhibitor cocktail (Sigma P-8340), and 50 mM Tris Buffer, pH 7.5) (Harlow and Lane, 1988;
Sambrook et al., 1989; Alexander and Acott, 2003) and sonication on ice for 30 s using a
microtip and 50% maximum setting with a 400-W, 20,000-Hz sonifier (model 450; Branson,
Danbury, CT). The sonicate was then centrifuged at 12,000 g for 5 min, aliquoted and stored
at −80° C until use. Supernatant protein was quantified using the BCA protein assay (Thermo
Scientific, Rockford, IL). A standard curve composed of pooled retinas from several fellow
and experimental samples was used for relative quantification. Equivalent amounts of fellow
and experimental sample proteins were separated on Tris-HCl gels and transferred to
nitrocellulose blots. Blocked blots were incubated in the primary antibody overnight at 4° C,
washed and then exposed to the appropriate secondary antibody for detection. Intensities of
the protein bands were quantified using a Licor Odyssey Infrared Imaging System (LI-COR
Biosciences, Lincoln, NE). Antibodies used were TRKB (07-225, Milli-pore Co, Billerica,
MA), p75NTR (63231, Promega, Madison, WI), BDNF (sc-546) and pTRK (sc-8058, Santa
Cruz Biotech, Santa Cruz, CA). These were coupled with Alexa Fluor (Invitrogen, Carlsbad,
CA) and IRDye (Rockland, Gilbertsville, PA) secondary antibodies, or horseradish peroxidase
(Cell Signaling, Danvers, MA) and SuperSignal West Pico Chemiluminescent (Pierce,
Rockford, IL).
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2.7. Immunohistochemistry
An additional group of five-week glaucoma model animals (N = 15) were used for
immunohistochemistry. Animals were anesthetized, perfused with buffered paraformaldehyde,
and globes were paraffin embedded. Retinal proteins were localized using the brown
chromogen, 3,3′ diaminobenzidine (DAB), as described previously (Johnson et al., 2000).
Antibodies used were: TRKB (2 μg/ml, #G1561) and p75NTR (0.5 μg/ml, #G3231, from
Promega, Madison, WI); pAKT (0.2 μg/ml, #9277), pser63 JUN (1:100, #9261) and pser73 JUN
(1:100, #9164, from Cell Signaling Technology, Danvers, MA); BAX (1:800, #554106), BCL-
X (1:400, #556361) and BCL-2 (1:800, #554087, BD Biosciences, San Jose, CA). For
p75NTR, pser473 AKT, and the pJUN antibodies, sections were pretreated with trypsin (1 mg/
ml) in 0.1 M Tris Buffer, pH 7.8 for 30 min at 37°C. The antibody to TRKB is to the full-length
form of the protein. The BCL-X antibody detects both the short (BCL-XS) and long (BCL-
XL) forms of the protein. The antibody for pser63 JUN is specific for JUN phosphorylated at
serine 63, while the pser73 JUN antibody detects both JUN phosphorylated at serine 73 and
JUND phosphorylated at serine-100. We used sections from approximately 6 fellow and 10
glaucoma model retinas for each antibody evaluated. All slides were graded by retinal region
for stain intensity on a scale of 0-4 by two masked observers and the average grade reported.
Discrepancies of more than one grade unit were resolved by mutual consensus after
reexamination of sections involved.

2.8. Data analysis
All data are expressed as percentage of the mean ± SEM of the value obtained for fellow retinas.
A separate analysis of 5 of the genes that were most regulated in elevated IOP eyes
demonstrated that mRNA levels in control eyes from the same animal were not significantly
affected by damage in the contralateral eye (data not shown). Results for retinas with elevated
IOP are grouped according to optic nerve injury grade. Statistical analyses were performed
using Excel (Microsoft, Redmond, WA) and Prism (GraphPad, San Diego, CA) statistical
software packages. ANOVA with Dunnett's multiple comparison post-test and regression
analysis were used to test for significant changes in message and protein levels.

3. Results
Glaucoma model data presented are from tissues analyzed at five weeks following injections
to elevate IOP, with the exception of the changes in message level following short-term IOP
elevation which are presented at the end of the results section.

3.1. IOP history and injury Grade
For the five-week retinas evaluated by qPCR, the mean IOP for uninjected, fellow eyes was
28.3 ± 0.3 mmHg and for injected eyes, 34.2 ± 0.5 mmHg. The average nerve injury grade for
the injected eyes was 3.2 ± 0.2. As shown in Fig. 2A, the injury grade was highly correlated
with cumulative IOP elevation (r2 = 0.84, 3rd order polynomial, preferred fit compared to
linear correlation, p < 0.02).

For these analyses, data from retinas were placed into four groups depending on the degree of
nerve injury: (1) fellows (N = 13): uninjected eyes; (2) no nerve injury (N = 10): retinas from
injected eyes with elevated IOP but without significant optic nerve injury (injury grade < 1.5);
(3) focal injury (N = 8): retinas from eyes with optic nerve injury grades between 1.5 and 4.5;
and (4) global injury (N = 11): retinas from eyes with degeneration occupying the entire area
of the optic nerve (grade > 4.5). Table 2 gives the mean optic nerve injury grade and the range
of cumulative exposure to elevated IOP for each of these groups. A graph of the daily mean
IOP for each group is shown in Fig. 2B. Each of these groups segregates into a distinct level
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of mean pressure over the experimental period, with remarkably little overlap, suggesting that
our results provide an accurate reflection of the effects of elevated IOP.

3.2. Effect of elevated IOP exposure on retinal cell type markers
We quantified mRNA levels of neurofilament H (Nefh) and Brn3 POU domain genes including
Brn3a (Pou4f1), Brn3b (Pou4f2), and Brn3c (Pou4f3). Neurofilament mRNA is produced
almost exclusively by RGC and NEFH protein is localized to their axonal neurofilaments
(Nixon et al., 1989; McKerracher et al., 1993). Brn3a, b, and c are transcription factors
specifically localized to RGC nuclei (Xiang et al., 1995).

As shown in Fig. 3A, no significant decrease in Brn3b mRNA levels were found in glaucoma
model retinas (78 ± 16% of fellow values for those most severely injured by pressure exposure).
Brn3c mRNA levels did show a negative correlation to injury grade (r2 = 0.15, p = 0.01), but
it was so slight that the reduction in Brn3c mRNA level was not significant even in eyes with
global nerve injury (64 ± 14% of fellow eye values, ANOVA with Dunnett's multiple
comparison post-test). Only Brn3a mRNA showed a linear decrease relative to increasing nerve
injury grade (r2 = 0.67, p < 0.0001) that was severe enough to result in a significantly reduced
level in the most severely injured group (35 ± 4%; p < 0.01, one-way ANOVA). In contrast,
Nefh mRNA was significantly reduced in both retina groups with optic nerve injury grades
>1.5 (p < 0.05, one-way ANOVA). In retinas with the highest injury grades (grade > 4.5), the
Nefh mRNA levels decreased to 13 ± 2% of that in fellow eyes. The correlation between Nefh
mRNA level and injury grade was highly significant (r2 = 0.73, p < 0.0001). Considered
together, the relatively unchanged levels of Brn3b and Brn3c, coupled with substantially
reduced levels of Brn3a and Nefh mRNA, suggest that downregulation of some RGC genes
occurs in retinas injured by elevated IOP. This provides context for interpreting the other
findings of this study.

We also evaluated possible damage in other retinal cell types due to elevation of IOP by
measuring mRNA levels of the following neuronal cell type markers: rhodopsin (Rho, for
photoreceptors) (Organisciak et al., 1999), calbindin 1 (Calb1, for horizontal cells) (Strettoi
and Pignatelli, 2000), and syntaxin 1 (Stx1a, for amacrine and horizontal cells) (Nag and
Wadhwa, 2001); and the following glial cell markers: ionized calcium binding adapter
molecule 1A (Iba1,for microglia) (Ohsawa et al., 2000), and glial fibrillary acidic protein (Gfap,
for astrocytes and Müller cells) (Schnitzer, 1987; Ekstrom et al., 1988). As illustrated in Fig.
3B, while glaucoma model retinas demonstrated no significant change in expression of the
other retinal neuronal markers, both glial markers (Iba1 and Gfap) were significantly
upregulated at the message level in glaucoma model retina groups with nerve injury greater
than grade 1.5 (p < 0.05, one-way ANOVA). The upregulation of Gfap mRNA is consistent
with our previously reported microarray and immunohistochemical data (Ahmed et al.,
2004).

3.3. Elevated IOP exposure and retinal NT mRNA levels
Retinal message levels for BDNF, NT-4/5, NT-3 and NGF are summarized in Fig. 4. We found
no significant difference in mRNA level between fellow and glaucoma model groups in any
of these NTs. While BDNF mRNA may appear decreased in the most severely affected group
(74 ± 7%), this was not statistically significant and the slope of the regression line of injury
grade to mRNA level was not quite significantly different from zero (r2 = 0.08, p = 0.06). There
was no significant correlation of injury grade to mRNA level for any of the other NT messages.

3.4. Elevated IOP exposure and retinal BDNF and proBDNF protein levels
In addition to retinal mRNA expression levels, we examined potential alterations in protein
levels of the key NT, BDNF, by semi-quantitative western analysis. RGC apoptosis following
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optic nerve injury has been suggested to result from the loss of target-derived neurotrophic
support to RGC and a number of strategies to increase BDNF levels in the retina have resulted
in increased RGC survival (Castillo et al.,1994; Mansour-Robaey et al.,1994; Di Polo et al.,
1998; Quigley et al., 2000; Martin et al., 2003; Weber et al., 2008).

The levels of mature, 14kD BDNF protein in the retina were not significantly different from
fellow eye values in glaucoma eyes with either mild to moderate (grade 1.5–3.0) or severe
(grade 5) optic nerve injury (Fig. 5A), nor was there a significant linear correlation between
injury grade and BDNF level. Fig. 5B illustrates a typical gel image showing bands for four
experimental retinas and the standard curve used for the quantification of the BDNF doublet,
normally seen in rat tissues (Fawcett et al., 1997;Katoh-Semba et al., 1997).

Using the same antibody, we also measured the levels of the precursor form of BDNF
(proBDNF), which is biologically active and binds to both the BDNF receptor TrkB and
p75NTR. Based on the relative intensity of the bands on the same gel, we estimate that
approximately 80% of retinal BDNF is in this proform. Unlike BDNF, retinal proBDNF was
significantly decreased in both injury groups relative to the fellow group (p < 0.05) (Fig. 5A
and C). Regression analysis also demonstrated a significant negative correlation of proBDNF
levels with injury grade (r2 = 0.50, p < 0.0001).

3.5. Elevated IOP exposure and retinal Trk receptor message levels
We then examined mRNA levels of the full-length, catalytic forms of Trk receptor family
members, TrkB, TrkC and TrkA, in glaucoma model retinas. As illustrated in Fig. 6, both TrkB
and TrkC mRNA levels were significantly reduced in the glaucoma model group with the
severest injury (p < 0.01, one-way ANOVA) to 67 ± 9% and 44 ± 5% of fellow eye values,
respectively. In addition, regression analysis revealed significant, negative linear correlations
between injury grade and mRNA levels of both TrkB and TrkC (r2 = 0.22 and 0.56,
respectively, p < 0.005, both). There was no significant correlation between injury and the
mRNA levels of the two truncated forms of the TrkB receptor, T1 and T2 (both: r2 < 0.05, p
> 0.2, data not shown), leading to the conclusion that the only TrkB expression change is in
the full-length, catalytic form.

3.6. Elevated IOP exposure and activated retinal TrkB receptor protein levels
By western blot of retinas with pressured-induced injury, we found that the protein levels of
full-length TRKB did not change by either ANOVA or linear correlation analysis (Fig. 7A).
However, levels of activated TRKB, the tyrosine 514-phosphorylated form, demonstrated a
significant, positive linear relationship to injury grade (r2 = 0.293, p < 0.05) reaching levels
that were approximately 140% of fellow eye values in the highest injury group (Fig. 7A and
B). By immunohistochemistry, full-length TRKB protein appeared primarily located within
the RGC and nerve fiber layer, and did not appear to change with pressure-induced optic nerve
damage (Fig. 7C).

3.7. Responses of p75NTR to IOP elevation
We then asked if the expression of p75NTR, the “low-affinity” transmembrane NT and proNT
receptor, is regulated in the retina by pressure exposure in our model and what role this receptor
might play in RGC loss. Both injury groups had significantly greater levels of p75NTR mRNA
than the fellow eye group (p < 0.05, one-way ANOVA). At five weeks post-injection, retinal
p75NTR mRNA level linearly increased (r2 = 0.46, p < 0.0001) with increasing injury (Fig.
8A).

Although retinal p75NTR mRNA levels increased with IOP elevation, our western blot analysis
found no change in its protein expression or correlation between p75NTR protein level and
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injury grade (Fig. 8B). Immunolabeling of retinas from fellow eyes demonstrated an inner
retinal distribution similar to that of TRKB protein (Fig. 7C). Injected eyes with nerve injury
grades from 1 to 5 did not reveal any consistent difference in this pattern of labeling.

3.8. p75NTR-interacting proteins
To help interpret the role of p75NTR in pressure-induced RGC death, we examined mRNA
expression of p75NTR adaptor proteins including NT-receptor-interaction factor (NRIF), NT-
receptor-interaction MAGE homolog (NRAGE) and NT-associated cell death executor
(NADE), all of which have been shown to activate Jun amino-terminal kinase (JNK) and
facilitate p75NTR-mediated apoptosis (Yeiser et al., 2004). Sortilin will also complex with
p75NTR and proNTs to signal apoptosis, possibly also through the JNK pathway (Nykjaer et
al., 2004; Teng et al., 2005). Finally, we measured the message level of leucine rich repeat and
Ig domain containing 1 (Lingo1) and NOGO. Lingo1 is an alternative p75NTR adaptor protein,
and when in complex with p75NTR and the NOGO receptor, is believed to inhibit the
regenerative potential of axons in response to myelin protein (Mi et al., 2004).

The results (Fig. 9) revealed that NADE, NRIF, and Lingo1 mRNAs were significantly
downregulated in the retinas with the greatest IOP-induced injury (p < 0.05, one-way ANOVA),
while there was no significant change in the message level of NRAGE, NOGO or Sortilin.
Significant negative linear correlations between injury grade and mRNA levels were found for
NADE (r2 = 0.24, p < 0.005), NRIF (r2 = 0.21, p < 0.005) and Lingo1 (r2 = 0.29, p < 0.001).

3.9. JNK activation and pro-apoptotic signaling
The further downstream signaling pathways regulating p75NTR-mediated neuronal death are
not clearly understood, but the JNKp53-Bax pathway is thought to play a crucial role, a process
that is potentiated by Bim (Putcha et al., 2003; Nykjaer et al., 2005). JNK activation also plays
important roles in cell motility and multiple cellular stress response pathways. Using qPCR,
we examined retinal mRNA expression of three Jun proteins (Jun, Junb and Jund), p53, Bax
and Bim in response to IOP elevation. Message levels for activating transcription factor 3 (Atf3)
were also determined. This is a marker for neuronal injury (Vlug et al., 2005) that appears to
also depend on JNK activation (Lindwall and Kanje, 2005; Mei et al., 2008). Atf3 has been
shown to increase following optic nerve transection (Takeda et al., 2000) and can dimerize
with c-Jun to influence its functional outcome (Lindwall and Kanje, 2005).

We found that both Jun (r2 = 0.23, p < 0.002, linear regression) and Junb (r2 = 0.27, p < 0.001,
linear regression) mRNAs were linearly upregulated with increasing injury grade (Fig. 10A),
suggesting JNK activation. As a result, both mRNAs were significantly higher in the severest
injury group compared to fellow retina values: 142% for Jun and 171% for Junb (p < 0.01 and
p < 0.05, respectively, one-way ANOVA). In contrast, Jund mRNA levels were unaffected.
Atf3 mRNA demonstrated the most robust response to elevated IOP, with an increase to 482
± 76% (compared to fellow retinas) in eyes with injury grade greater than 4.5 (p < 0.01). This
increase was also linearly correlated to the extent of injury (r2 = 0.53, p < 0.0001). Message
levels for p53 also showed a significant positive correlation to nerve injury grade (r2 = 0.15,
p < 0.01, linear regression), however, the small rate of increase did not result in a significant
difference between injury groups. No significant changes were found in the message levels of
Bax and Bim.

Immunolabeling for pser63 JUN demonstrated a marked increase in intensity in the RGC layer
in glaucoma model eyes with little or no labeling of other regions of the retina (Fig. 10B) and
a masked evaluation of intensity grading of 5 fellow and 11 glaucoma model retinas showed
a linear correlation to injury grade (r2 = 0.60, p < 0.001). This activated form of JUN has been
associated with apoptosis following withdrawal of trophic support (Li et al., 2004;Ribera et
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al., 2007). A similar pattern was seen when retinal sections were immunostained for pser73

JUN. Immunolabeling for BAX demonstrated a generally uniform staining pattern that did not
differ between fellow and glaucoma model retinas (not shown).

3.10. NT receptor mediated pro-survival signaling
Several pathways have been implicated in Trk receptor mediated survival signaling in neurons.
These include PI3K-Akt (Atwal et al., 2000; Brunet et al., 2001; Miller and Kaplan, 2001b),
Erk1/2 (Xia et al., 1995; Bonni et al., 1999; Hetman et al., 1999) and Erk5 pathways (Kamakura
et al., 1999; Cavanaugh et al., 2001). Akt activation inhibits pro-apoptotic p53 and enhances
expression of Bcl2 and Bcl-xl, two typical anti-apoptotic Bcl2 family proteins. Erk5, the newest
member of the MAP kinase family (Lee et al., 1995; Zhou et al., 1995), has a unique role
mediating retrograde survival signaling in response to NTs (Watson et al., 2001).

In our qPCR study, we found that mRNA levels of all three rat Akt isoforms (Akt1, Akt2, and
Akt3), Erk1, Erk2 as well as Bcl2 were unchanged with elevated IOP in the whole retina, both
by linear regression analysis and ANOVA. Bcl-xl, the anti-apoptotic Bcl family member most
associated with the RGC survival (Levin et al., 1997; Malik et al., 2005), was slightly, but
significantly decreased (p < 0.05, ANOVA) to 83 ± 7% of fellow retina values in the glaucoma
model retinas with the greatest nerve injury (Fig. 11). For Erk5, a positive correlation was
found between its message levels and injury grade (r2 = 0.32, p < 0.0001), and the most injured
group displayed a significant upregulation (157 ± 15%) compared to fellow retinas (p < 0.01,
one-way ANOVA).

Immunolabeling for active, serine-473 phosphorylated AKT (pAKT) was detected in the RGC
and inner nuclear layer of both fellow eye and glaucoma model retinas, with only a suggestion
of increased label in the glaucoma eyes (N = 14). While labeling intensity and distribution of
BCL-2 seen in fellow eyes did not change with exposure to elevated IOP, BCL-X
immunostaining appeared less intense in the RGC and plexiform layers of glaucoma model
retinas (data not shown).

NT-signaled neuronal survival can also be mediated by p75NTR. In addition to interacting with
Trk receptors to enhance their affinity for NTs, p75NTR can activate pro-survival signaling via
the NF-κB pathway (Carter et al., 1996). To further examine the role of p75NTR in the signaling
pathways regulating RGC survival in retinas with elevated IOP, we determined retinal NF-κB
mRNA levels and found a small, positive correlation to injury grade (r2 = 0.12, p < 0.05).
However, this increase was not enough to result in a significant elevation of NF-κB mRNA in
the severest injury group (123 ± 14% of fellow eye values) (Fig. 11).

3.11. Message level changes following short-term exposure to elevated IOP (short-term
glaucoma)

To attempt to capture early, potentially important, gene expression responses to IOP elevation,
we examined the same message levels in retinas collected at one week following the initial
IOP measurement of 35 mmHg or more. Description of the cumulative IOP history and optic
nerve injury grades associated with these retinas is shown in Table 3. Fig. 12 summarizes the
mRNA responses in these retinas, which confirmed the response patterns found at five weeks
following injections to elevate IOP. Short-term glaucoma retinas had similar upregulation of
p75NTR, Junb, Jun, Gfap and Iba1 mRNA levels. Also confirmed was the down-regulation of
Nefh and TrkC mRNA in the group with the greatest injury. For Lingo1, a significant negative
correlation between injury grade and message level was detected (r2 0.13, p < 0.02), but only
resulted in values in the most injured group that were 73 ± 10% of fellow eye values (p > 0.05,
ANOVA). No significant alteration of Brn3b, BDNF, TrkB, Sortilin, NOGO, Bad, Bax, or
Bcl2 mRNA levels was detected in these retinas.
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4. Discussion
The NT deprivation theory of glaucoma hypothesizes that RGC viability depends on a steady
supply of trophic NT. Originating in the superior colliculus, NT complex with their Trk
receptors and are ultimately delivered by retrograde transport to the RGC body. Because the
receptors are produced in the RGC, and must first be transported in orthograde fashion to the
superior colliculus, it seems reasonable to expect that elevated IOP, which can obstruct both
retrograde and orthograde axonal transport (Pease et al., 2000; Quigley et al., 2000), could
contribute to RGC death in glaucoma.

As illustrated in Fig. 1, the major NT pathways and their relationships to cell death and survival
are diverse and complex. Because of this, an analysis of the simultaneous responses of its major
components in an intact glaucoma model is essential in order to determine if predictions based
on this theory are indeed supported.

If all pertinent RGC NT were derived from the superior colliculus, we would expect that their
retinal levels would be diminished in eyes with chronic IOP elevation. However, we found no
significant alteration in the mature form of BDNF protein in the whole retina. Although we
previously found immunohistochemical evidence for reduced inner retinal labeling in
specimens shortly after IOP elevation, we also noted a return of RGC label in eyes with
prolonged pressure elevation (Johnson et al., 2000). These results strongly suggest that
depletion of mature BDNF is not seen in eyes with chronic moderate pressure elevation.
Although proBDNF was significantly decreased, this likely represents ongoing conversion to
the mature, active form.

We also found that retinal message for BDNF, as well as other NTs, was not significantly
changed by chronic IOP elevation. Other investigators have reported an increase in retinal
message for BDNF with elevated IOP (Rudzinski et al., 2004; Kim et al., 2007). Both studies,
along with other work (Vecino et al., 2002; Seki et al., 2004), demonstrate that retinal sources
for the local production of NT do exist, and could explain the lack of significant changes in
retinal NT in our model.

Chen and colleagues have reported that intravitreal application of BDNF can decrease retinal
message and protein levels for full-length TrkB (Chen and Weber, 2004). This suggests that
production of TrkB receptor is sensitive to feedback based on retinal levels of NT. Thus, if
elevated IOP decreased retrograde delivery of BDNF to the RGC, we might expect to see an
increase in TrkB message. Instead, we found that TrkB message levels were reduced. However,
there was no change in full-length TRKB protein, while active, phosphorylated TRKB levels
were increased, suggesting active interaction with BDNF and an attempt to promote survival.
Rudzinski, using the vein cautery model, found no change in retinal TrkB (Rudzinski et al.,
2004). Again, neither model produced the result predicted by the NT hypothesis.

Our finding of a concurrent reduction in message for TrkC as well as TrkB is interesting.
However, its significance is uncertain, since message for its specific NT, NT-3, did not change.
Rudzinski and colleagues found an increase in TrkC in Mueller cells, but not in RGC
(Rudzinski et al., 2004). These results suggest that further understanding of the responses and
function of this NT and its receptor with regard to RGC survival in glaucoma should be pursued.

Our observation of a significant increase in message for the p75NTR receptor, with no apparent
change in protein level, provides an additional indication of the complexity of the role of NT
signaling in glaucoma. The p75NTR receptor is capable of triggering multiple pro-apoptotic
and pro-survival pathways and interactions, as well as regulating axon regenerative potential
(Barker, 2004; Mandemakers and Barres, 2005). NT binding to p75NTR has been shown to
activate apoptotic pathways, particularly in association with the adaptor proteins NRIF,
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NRAGE, and NADE (Roux and Barker, 2002). We found significant downregulation in
message for NADE and NRIF, as well as Lingo1, which in complex with p75NTR can inhibit
axon regeneration. These results suggest that RGC death may not be the primary consequence
of p75NTR upregulation following chronic IOP elevation. Rudzinski has also noted a slight
increase in message for p75NTR and suggested that this increase may contribute to RGC death
in glaucoma (Rudzinski et al., 2004). However, specific attempts to protect RGC using
intravitreal injection of p75NTR antagonists have been unsuccessful (Shi et al., 2007).
p75NTR is also recognized to have pro-survival activities. p75NTR interaction with Trk
receptors is essential for high-affinity NT binding (Huang and Reichardt, 2003). This results,
in part, in activation of PI3K-Akt signaling pathway, which mediates signaling of neuronal
survival (Miller and Kaplan, 2001b) as well as enhanced expression of anti-apoptotic Bcl2 and
Bcl-xl. Previous work in the vein cautery model has demonstrated upregulation of message for
both Bcl2 and Bcl-xl (Kim et al., 2007) as well as increased retinal labeling with antibodies to
pAKT (Kanamori et al., 2004; Kim and Park, 2005). While we did not find a change in message
for Bcl2 and Akt, there appeared to be a slight decrease in retinal Bcl-xl message and protein,
with only a suggestion of increased immunolabeling for AKT in the RGC layer in eyes with
elevated IOP, even after five weeks. Again, these discrepancies may reflect differences in the
methods used to elevate IOP (Nissirios et al., 2008).

We did not identify significant message changes for Erk1/2, which have been demonstrated to
play an important role for RGC survival in experimental glaucoma (Zhou et al., 2005). We did,
however, detect a significant increase in Erk5 message, representing what we believe to be the
first report on this signaling molecule in the retina. While this is consistent with increased
survival signaling by retrograde transport (Watson et al., 2001), message data alone of these
and the other signaling molecules investigated here do not necessarily reflect their function.
Although beyond the scope of the present study, detailed evaluations of potentially altered
levels, intracellular distribution or activation states of these and other intriguing proteins should
stimulate future investigations.

p75NTR can also enhance neuronal survival via upregulation of the transcription factor, NF-
κB (Choi et al., 2000). Interestingly, we did find a significant upregulation of NF-κB, which
supports this possibility. Our finding of an increase in the activated form of TRKB protein
further suggests that, following chronic IOP elevation, the NT receptor system is tilted in favor
of survival, rather than apoptotic pathways.

p75NTR-mediated apoptosis is thought to involve the JNK-p53-Bax pathway (Putcha et al.,
2003; Nykjaer et al., 2005). Our results reveal increased immunohistochemical labeling of the
RGC layer with pser63 JUN, as well as an increase in message for both Jun and Junb. This
agrees with previous demonstrations of increased labeling with antibodies to pser73 JUN within
RGC (Levkovitch-Verbin et al., 2005, 2007), suggesting that this particular pathway is
involved in mediating RGC death following elevated IOP.

However, these authors also acknowledge that Jun may contribute to cell survival as well as
cell death (Levkovitch-Verbin et al., 2005), and the outcome may depend on the activity of
other transcription factors. Along these lines, we found a nearly 5-fold increase in message for
Atf3, representing the most dramatic response of all of the messages that we evaluated. While
Levkovitch and colleagues reported no change in the related Atf2 in their glaucoma model,
our study appears to represent the first report of retinal Atf3 expression changes following
chronic IOP elevation.

Atf3 is an immediate early response gene induced by a wide variety of stresses in neuronal and
non-neuronal cells. It can contribute to apoptosis as well as cell survival, depending on the cell
type (Mei et al., 2008) and on whether it forms homodimers, which function as a transcription

Guo et al. Page 11

Exp Eye Res. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



repressor (Chen et al., 1994; Vlug et al., 2005) or heterodimers, which are capable of either
transcription activation or repression (Chu et al., 1994). In the eye, Takeda and colleagues have
demonstrated increased expression of Atf3 in RGC, colocalized with phosphorylated Jun,
following intraorbital optic nerve crush (Takeda et al., 2000). Because this expression appears
mostly during the initial regenerative period, these authors suggest that Atf3 heterodimerizes
with Jun and functions in a supportive, or anti-apoptotic role. The marked upregulation that
we observed in our model suggests that Atf3 deserves closer scrutiny to identify its cellular
localization and potential relationship to Jun and its role in RGC death or survival.

Although our data do not support the concept that reduced delivery of NT plays a major role
in RGC damage due to elevated IOP, other trophic factors could still contribute to this process.
Jiang et al. has reported that intravitreal injection of biodegradable microspheres containing
glial cell line-derived neurotrophic factor (GDNF) improved survival of RGC layer cells and
axons (Jiang et al., 2007). Similarly, ciliary neurotrophic factor (CNTF), either through direct
intravitreal injection (Ji et al., 2004) or by increased RGC expression via injection of
adenoassociated viral vectors containing CNTF (Pease et al., 2009) has been shown to reduce
RGC and axonal loss in the rat laser glaucoma model. Deficits of these, or other trophic factors,
may contribute to glaucomatous RGC loss.

It is also important to note that these results reflect findings from the whole retina, and that
responses unique to RGCs may be diluted by contributions from non-RGC layers of the retina.
More refined analyses, based on analysis of the RGC layer alone, are likely to reveal changes
on the NT signaling system more specific to RGC damage in glaucoma and are currently in
progress in our laboratory.

This study of the NT system in an intact model of chronic IOP elevation indicates a higher than
anticipated level of complexity and suggests that responses of many of its components enhance
survival, rather than apoptosis. This may explain why interventions based on our current
understanding of the role of NT in RGC survival and the assumption that an NT deficit underlies
glaucomatous RGC loss so far have not provided lasting benefits. Inappropriate NT therapy
may result in unexpected and, potentially undesirable consequences.
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Fig. 1.
Overview of the major NT pathways and their relationships to cell death and survival,
summarizing the relationships between the molecules that are analyzed in this report.
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Fig. 2.
IOP histories and correlation of optic nerve injury grade to pressure exposure. A. Graph
showing the high correlation between cumulative IOP and optic nerve injury grade for all eyes
evaluated for mRNA expression at five weeks post-injection. The best fit line is a 3rd order
polynomial (r2 = 0.84, p < 0.01). B. Graph of the daily mean IOP for the fellow eyes and each
of the three injury grade groups, with best fit lines superimposed. For the injury groups, Grade
< 1.5, 1.5 < Grade < 4.5, and Grade > 4.5 indicate no, focal and global optic nerve injury,
respectively. The lines demonstrate little, if any, overlap between the groups after day 10, when
pressure elevation is generally established in this model.
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Fig. 3.
Responses of retinal neuronal and glial marker mRNA in glaucoma model eyes. A. Levels of
messages highly expressed in RGC, Brn3a, Brn3b, Brn3c and Nefh, compared to fellow eyes.
Brn3a mRNA levels demonstrate a negative linear correlation to injury grade (r2 = 0.67, p <
0.0001). This leads to a significant reduction of the Brn3a level in the global injury group (35
± 4%, **p < 0.01). Brn3c mRNA levels show a slight negative correlation to injury grade (r2

= 0.15, p = 0.01) but not enough to cause a significant reduction in the injury groups (p > 0.05).
No change is found in Brn3b mRNA levels either by linear regression or ANOVA, although
it appears depressed in eyes with global injury. By contrast, Nefh mRNA is significantly
depressed in retinas with both focal (1.5 < grade < 4.5, *p < 0.05) and global injury (grade >
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4.5, **p < 0.01), and there is a very significant negative correlation between Nefh mRNA levels
and injury grade (r2 = 0.73, p < 0.0001). B. No significant alterations are observed at any extent
of injury in markers for photoreceptors (Rho), horizontal cells (Calb1) or amacrine and
horizontal cells (Stx1A). However, messages for glial markers Iba1 and Gfap are both
significantly upregulated in focal (*p < 0.05) and global (**p < 0.01) nerve injury eyes.
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Fig. 4.
NT mRNA levels in glaucoma model retinas demonstrate no significant correlation to injury
grade for any member of the NGF family of NT. Although BDNF mRNA levels appear to
decrease with greater amounts of nerve damage, this correlation was not quite significant by
linear regression analysis (r2 = 0.08, p = 0.06).

Guo et al. Page 22

Exp Eye Res. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Retinal BDNF protein levels in glaucoma model retinas. A. Mature BDNF protein levels in
either focal or global model eyes are not significantly different from those in fellow eyes,
although the precursor form (proBDNF) is significantly decreased in both injury groups
(ANOVA with Dunnett's post-test, *p < 0.05, **p < 0.01). B. Representative gel for
quantification of mature BDNF, showing standard curve (units reflect relative protein load)
and results from 4 retinas with increasing injury grades. C. Representative gel for 32 kD
proBDNF demonstrating reduced protein levels with increasing nerve injury. ProBDNF is
quantitated on a separate set of gels from an electrophoresis of lesser amounts of total protein,
due to the relative abundance of proBDNF in the retina.

Guo et al. Page 23

Exp Eye Res. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Response of retinal mRNA levels of full-length Trk receptors in a glaucoma model. Message
for TrkB and TrkC are both significantly decreased in eyes with global nerve injury compared
to fellow eyes (*p < 0.01), and both demonstrated a significant, negative correlation with nerve
injury (r2 = 0.22, p < 0.005, TrkB, and 0.56, p < 0.0001, TrkC).
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Fig. 7.
Response of TRKB receptor protein in experimental glaucoma. A. Full-length TRKB receptor
protein does not change significantly with increasing optic nerve damage, while the activated
form, pTRKB, increases linearly with increasing optic nerve damage. B. A representative gel
illustrating co-labeling of TRKB (red) and pTRK (green), with the greatest intensity for
activated TRKB corresponding to the greatest optic nerve injury. Upper green band is pTRKA,
which is more abundant in the retina. Standard curve units reflect relative protein load. C.
Immunohistochemistry for TRKB, which is localized to RGC soma and NFL, and does not
appear to change despite advanced pressure damage. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8.
Retinal p75NTR mRNA and protein response to experimental glaucoma. A. p75NTR mRNA
increased significantly to 157 ± 10% (*p < 0.05) and 210 ± 26% (**p < 0.01) for focal and
global injury eyes, respectively. Protein levels were unchanged in glaucoma model eyes. B.
Representative example of western blot documenting lack of consistent change in protein levels
with increasing pressure-induced nerve damage. Standard curve units reflect relative protein
load.
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Fig. 9.
Retinal mRNA levels of p75NTR-interacting proteins, demonstrating significant decreases in
message for NRIF, NADE and Lingo1 in the most affected retinas (*p < 0.05, **p < 0.01,
ANOVA with Dunnett's multiple comparison post-test).
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Fig. 10.
Signaling via JNK activation. A. Analysis of messages compared to injury grade demonstrates
a significant upregulation of the mRNA levels of Jun and Junb, but not Jund, in eyes with
global injury (*p < 0.05). Atf3 mRNA demonstrates a striking increase of 482 ± 76% (**p <
0.01) in retinas with the greatest damage, and a positive correlation with injury grade (r2 =
0.53, p < 0.0001). Message level for p53, although significantly correlated to injury, is not
significantly different between injury groups. B. Representative immunostaining for pser63

JUN pattern, comparing a fellow and grade 5 retina, illustrating a clearly heavier label of RGCs
in the glaucoma model retina.
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Fig. 11.
Responses to elevated IOP of mRNAs for pro-survival proteins. Downstream of Trk receptor
activation are survival pathways mediated by Akt and Erk kinases. Message levels for Erk1
and Erk2 are unchanged, as are those for Akt1, Akt2, and Akt3 (not shown). However, Erk5
levels demonstrate a positive correlation with injury grade (r2 = 0.32, p < 0.0001) that results
in a significant increase in Erk5 message level in retinas with the greatest nerve injury (*p <
0.01). Message levels for NF-κB, a transcription factor mediating p75NTR survival pathways,
are significantly increased with injury grade by linear correlation (r2 = 0.12, p < 0.05).
Mitochondrial pro-survival mRNA levels for Bcl2 are unchanged, while levels of Bcl-xl are
slightly, but significantly reduced in retinas with injury greater than 4.5 (*p < 0.05).
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Fig. 12.
Short-term mRNA data. Many of the changes noted in glaucoma eyes five weeks following
injections to elevate IOP are confirmed to occur shortly after IOP elevation (*p < 0.05).
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Table 1

Primers used for qPCR.

Message (gene namea) Forward primer Reverse primer Product length

Akt1 CCATCACACCGCCTGATCAAG AATTCCGAGGCTGGCGAGGTT 232
Akt2 GCCCAGTCCATCACAATCAC ACAGGGAAGGGAACGCAAAC 218
Akt3 AATGACTATGGCCGAGCTGT ATACGTCCTGCCAGTTTACTCC 280
Atf3 GACTGGTATTTGAAGCCAGGAGTG GGACCGCATCTCAAAATAGC 96
Bad CTATGGCCGTGAGCTCCGAA GGATAATGCGCGTCCAACTG 125
Bax GTGGCAGCTGACATGTTTG ATCAGCTCGGGCACTTTAG 116
Bcl2 CTGAACCGGCATCTGCACAC GCAGGTCTGCTGACCTCACT 195
Bcl-xl (Bcl2L1) GAGATGCAGGTATTGGTGAG TGGTCACTTCCGACTGAAGA 234
Bdnf TTGGCTGGCGGTTCATAA TTCTTGGCAACGGCAACA 323
Bim (Bcl2L11) GCTTCCATAAGGCAGTCTCAG TCTTCCGCCTCTCGGTAAT 143
Brn3a (Pou4F1) CAGGAGTCCCATGTAAGA ACAGGGAAACACTTCTGC 133
Brn3b (Pou4F2) ACCGCGAGAAGCTCACCAAG TGGCTGGATGGCGAAGTAGG 116
Brn3c (Pou4F3) ACTCTGCTTTCCCTGCCCGACT CAGAAGGGTCCGGTTCTGTGGT 96
Calb1 ATCAGGATGGCAACGGATAC CCGACAAGGCCATTATGTTC 132
Erk1 (Mapk3) AGGAGCTGATCTTCCAAGAG TGCAGAGAAGGAGCAGGTAG 120
Erk2 (Mapk1) ACCTTGACCAGCTGAATCAC TGTTCCACGGCACCTTAT 132
Erk5 (Mapk7) AGCTTGTGCCTTGCTGCCAGGAC AGGCGGCTGCTTAAGGCTGAACG 150
Jun CCAGAAGATGGTGCAGTGTT GCGCATGCTACTTGATATGG 116
Gapdh TGCCACTCAGAAGACTGTGGATG GCCTGCTTCACCACCTTCTTGAT 249
Gfap GCGGAGAACAACCTGGCTGTGTA GCAGTTGGCGGCGATAGTCATTA 376
Iba1(Aif1) TCCGAGGAGACGTTCAGTTA CTGGCTCACAACTGCTTCTT 237
Junb CGCCTGGAGGACAAGGTGAA AACTGGCAGCCGTTGCTGAC 131
Jund CGACATGGACACGCAGGAAC TCTCCTCCAGGCGCGAGATA 113
Lingo1 CTTCCTGGGCGTGGTCCTATT GATGCCTGCGTCCGATTTC 118
Nade (Ngfrap1) GTTCATGGAGGAGATGAGAGAG AGGAATACAGCGGGAATCAC 224
Nefh GAGGACCGTCATCAGGTAGACAT GGAGACGTAGTTGCTGCTTCTTC 446
NF-κB (Nfκb1) CTCTCGTCCTCCTCCACAAG GGACTCCGAGAAGCTGAGTT 108
Ngf CACAGCCACGGACATCAA GTGAGTCGTGGTGCAGTATGAG 175
NOGO (Rtn4) CAGAAAGAACCGCACCCGTAGC TACCAGTGCAAGGCCCAGAGGA 136
NRAGE (Maged1) CGGTGCCATTGGCTTCTTCT TGCCACTCTCAGTCAACAGG 145
NRIF (Zfp110) TTGCAGCAAGGAGAGGAT GGTTCGAAGGCAAAGGTT 164
NT-3 (Ntf3) CGGATGCCATGGTTACTTCT GATATCCGCCTGGATCAACT 176
NT-4/5 (Ntf5) TTCTTCGAGACGCGCTGCAA CAGACGCAAGCGGTGTCGAT 197
p53 (Tp53) CATCATCACGCTGGAAGACT TTCAGCTCTCGGAACATCTC 276
p75NTR (Ngfr) GCGACAGTGGCATCTCTGTG GCAGTGGACTCGCTGCATAG 235
Rho CTAAGACCGCCTCCATCTAC CTCCTACAGTCAGCCACAGT 196
Sortilin (Sort1) CCTATCATCCTGGCCATCGT TGCTGCTGAAGCACCGACTA 131
Stx1A ATGTGGAACACGCTGTGGACTA GCGATGATGATGCCCAGAAT 133
TrkA (Ntrk1) GCCACACGCAACTGTCTGGT TCGCCTCAGTGTTGGAGAGC 256
TrkB (Ntrk2) TCCTAGCGGAGTGCTATAACCT CACAGACACCGTAGAACTTGAC 165
TrkB T1 ACCACGCCAACTGACATCG CTACCCATCCAGGGGGATCTT 231
TrkB T2 GAATATGGGAAGGACGAG AGCACACTTCTGCTTACC 315
TrkC (Ntrk3) GCATCATGTACCGGAAGT GCCAAGAATGTCCAGGTAGA 296

a
Gene name provided if an alternative designation is used in the text.
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Table 2

Histories for five-week glaucoma model retinas analyzed by qPCR.

Cumulative IOP elevation
above fellows mmHga

Optic nerve
injury gradea

N

Fellows 1.03 ± 0.08 13
No injury 64 ± 611.09 ± 0.13 10
Focal injury 146 ± 852.90 ± 0.78 8
Global injury 354 ± 964.98 ± 0.04 11

a
mean ± sd.
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Table 3

Histories for short-term glaucoma retinas analyzed by qPCR.

Cumulative IOP elevation
above fellows, mmHga

Optic nerve
injury gradea

N

Fellows 1.0 ± 0.0 36
Grade < 1.5 27 ± 3 1.1 ± 0.0 21
1.5 < Grade<2.5 42 ± 8 1.8 ± 0.1 8
2.5 < Grade<4.5 85 ± 11 3.5 ± 0.3 6

a
mean ± sd.
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