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Glaucoma is one of the most common neurodegenerative diseases. Despite this, the earliest stages of this 
complex disease are still unclear. This study was specifically designed to identify early stages of glaucoma 
in DBA/2J mice. To do this, we used genome-wide expression profiling of optic nerve head and retina and a 
series of computational methods. Eyes with no detectable glaucoma by conventional assays were grouped into 
molecularly defined stages of disease using unbiased hierarchical clustering. These stages represent a tempo-
rally ordered sequence of glaucoma states. We then determined networks and biological processes that were 
altered at these early stages. Early-stage expression changes included upregulation of both the complement 
cascade and the endothelin system, and so we tested the therapeutic value of separately inhibiting them. Mice 
with a mutation in complement component 1a (C1qa) were protected from glaucoma. Similarly, inhibition 
of the endothelin system with bosentan, an endothelin receptor antagonist, was strongly protective against 
glaucomatous damage. Since endothelin 2 is potently vasoconstrictive and was produced by microglia/macro-
phages, our data provide what we believe to be a novel link between these cell types and vascular dysfunction 
in glaucoma. Targeting early molecular events, such as complement and endothelin induction, may provide 
effective new treatments for human glaucoma.

Introduction
Recently developed genomic technologies promise a deeper under-
standing of human diseases, but challenges remain. Despite great 
advances in gene expression studies, the large volume of data make 
it difficult to identify specific molecular changes that are relevant 
to a disease of interest. It also has been difficult to distinguish pri-
mary versus secondary changes. The challenges are especially great 
for complex diseases such as glaucoma that involve multifactorial 
genetic and environmental contributions and asynchronous chang-
es within affected tissues. Particularly little progress has been made 
in identifying the earliest processes in these complex diseases.

Glaucoma is a heterogeneous group of diseases involving reti-
nal ganglion cell (RGC) loss and degeneration of the optic nerve. 
Glaucoma is one of the most common neurodegenerative diseas-
es, affecting an estimated 70 million people (1). Elevated intra-
ocular pressure (IOP) is a major risk factor for glaucoma, but 
disease outcome is affected by many other factors whose molecu-
lar effects are not well defined (reviewed in ref. 2). Current treat-
ments for glaucoma aim to lower IOP but are not always effective 
and have various associated side effects (3–5). To improve patient 
care, more treatments are needed. A key step toward developing 
new treatments is determining the primary molecular mecha-
nisms of glaucoma pathogenesis.

Models for studying glaucoma exist in different species and are 
instrumental in advancing understanding of disease processes. 
Studies of humans and non-human primates established that 
early RGC damage occurs in the axon segment in the optic nerve 
head (ONH) (6–14). The same is true in glaucomatous DBA/2J 
mice, where RGC axons are insulted in the optic nerve (15). 
While it is clear that direct axonal injury occurs in glaucoma, 
other insults to different compartments of the RGC may occur 
(including cell body, axon, dendrites, and synapses) (2). It is not 
clear whether early disease-specific changes in the retina are 
dependent or independent of the initial insult(s) in the ONH. 
For the optic nerve and retina, the temporal order of specific 
events and the potential roles of non-neuronal cell types includ-
ing various types of glial cells, immune cells, and endothelial 
cells require further characterization.

Experimentally induced models of glaucoma (16–18) can pro-
vide a degree of control that should facilitate identification of early 
glaucoma changes in the ONH and retina. However, the method 
of inducing the glaucoma varies and may impact outcomes, with 
findings in a particular model not being reproduced in other mod-
els (19–21). Inherited models, such as DBA/2J mice, are valuable 
because they have features of the human disease including age-
related, variable onset of IOP elevation, progressive optic nerve 
axon damage, and RGC loss. However, the asynchronous and vari-
able nature of these models makes it particularly difficult to iden-
tify early molecular events and to temporally stage changes.
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Gene expression profiling is a powerful tool for assessing molecular 
changes associated with disease. Microarray studies have previously 
evaluated various induced and inherited models of glaucoma and 
have highlighted molecules and pathways for further mechanistic 
evaluation (22–27). Although important, none of these studies was 
specifically designed to assess and temporally stage early molecular 
changes that precede detectable RGC and axon loss. Additionally, 
none assessed changes in both the retina and ONH of the same eye.

Clustering genes in microarray datasets according to their expres-
sion profiles is a powerful approach that has identified molecular 
signatures that predict cancer progression (28, 29). Clustering meth-
ods group the most similar samples based on the expression pro-
files of many relevant genes. Comparing clustered groups of samples 
enables identification of a greater number of expression differences 
and more sensitive interrogation of disease pathways than comparing 
nonclustered groups — a feature we exploit in our current study. As 
demonstrated here, clustering allowed identification of many small 
but important gene expression changes between disease states, and 
thus can provide valuable insight into complex disease processes. If 
only large expression differences are considered, these insights would 
be missed. Clustering of samples based on gene expression data has 
not been previously reported for glaucoma.

Here, we present the use of microarray-generated gene expression 
data, and a series of clustering methods to identify early molecular 
stages of glaucoma. We generated gene expression profiles for a set 
of eyes from the DBA/2J strain of mice, which is widely used as an 
inherited, later-onset, complex, and chronic model of glaucoma. 
Mutations in two genes (Gpnmb and Tyrp1) result in IOP elevation 
and subsequent glaucoma in this strain (30). To study the tim-
ing of and relationships between events in the retina and ONH, 
we assessed both tissues from each eye as separate samples. We 
analyzed the eyes in two separate ways. First, we identified differ-
entially expressed (DE) genes by comparing eyes grouped based on 
the extent of optic nerve damage (referred to as morphologically 
defined groups). Comparison of samples grouped by optic nerve 
damage did not allow for sensitive detection of the early molecular 
events that precede detectable axon damage. To identify these early 
molecular changes, we compared eyes that were grouped based on 
the similarity of gene expression profiles for either the ONH or the 
retina. These eyes had been grouped using unbiased hierarchical 
clustering. The analyses identified early molecularly defined stages 
of glaucoma. Eyes in these stages were previously indistinguish-
able from control eyes based on optic nerve damage. Early events 
include activation of the complement cascade and upregulation 
of endothelin 2 (Edn2) in microglia/macrophages. Separately dis-
rupting either of these two pathways was profoundly protective 
from glaucoma in DBA/2J mice.

Results
Genome-wide assessment of gene expression changes was per-
formed in DBA/2J mice. The ONH and retina from 40 DBA/2J 
eyes at 10.5 months of age were separately profiled. These eyes were 
selected because they encompassed a range of glaucoma severity 
(based on a previously validated method for determining the degree 
of optic nerve damage; see Methods). Selected eyes had the following 
degrees of damage: no detectable axon damage compared with con-
trols (no or early [NOE]); 10%–50% of axons lost (moderate [MOD]), 
and greater than 50% axons lost (severe [SEV]). As the main focus 
of this study was to identify early molecular events in glaucoma, 
we included 21 eyes with NOE glaucoma (no detectable damage),  

9 eyes with MOD glaucoma, and 10 eyes with SEV glaucoma. To 
keep numbers of eyes in each group relatively balanced, the 21 NOE 
eyes were divided into two independent groups (NOE1 n = 10, and 
NOE2 n = 11). Two control groups were also included: 10 eyes from 
10.5-month-old DBA/2J-Gpnmb+/Sj (D2-Gpnmb+) mice (age and 
strain matched, no-glaucoma control) and 10 eyes from 4.5-month-
old DBA/2J mice (young, pre-glaucoma control).

Initially, pairwise comparisons were performed between the 4 mor-
phologically defined groups (NOE1, NOE2, MOD, and SEV groups) 
and the D2-Gpnmb+ control group (dataset 1, Figure 1A). For the 
ONH, 223 and 456 probe sets were DE (q ≤ 0.05) in the NOE1 and 
NOE2 groups, respectively, compared with control. Importantly, the 
vast majority of probes DE by at least 2-fold were the same in these 
independent groups. The two most DE genes were lipocalin 2 (Lcn2; 
DE 8.2-fold NOE1 and 12.7-fold NOE2) and orosomucoid 1 (Orm1; 
DE 5.8-fold NOE1 and 6.1-fold NOE2), two immunomodulatory 
genes. For the retinas of these same eyes, only 7 (NOE1) and 24 
(NOE2) probe sets were DE compared with controls, including glial 
fibrillary acidic protein (Gfap; 2.1-fold NOE2) a marker of reactive 
astrocytosis. Many more probe sets were DE in the MOD and SEV 
groups, including decreased detection of genes expressed in RGCs 
(e.g., Sncg, –1.5-fold MOD and –6.3-fold SEV; Nefl, –1.7-fold MOD 
and –11.0-fold SEV; and Thy1, –1.3-fold MOD and –3.0-fold SEV).

Hierarchical clustering allows early disease stages to be identified. Com-
parison of eyes grouped by conventional morphological criteria did 
not allow for sensitive detection of early gene expression changes. 
We reasoned that grouping the same set of eyes by molecular clus-
tering of gene expression profiles and then comparing these groups 
would allow more sensitive detection of early changes in glauco-
ma. Since a critical insult and early damage are known to occur in 
the optic nerve, clustering was first used to group eyes based on 
the similarity of gene expression profiles in the ONH. Unbiased 
hierarchical clustering of the 40 DBA/2J ONH samples and 10 D2-
Gpnmb+ control samples was performed using the gene expression 
values of 570 disease-relevant probe sets (Methods and Supplemen-
tal Figure 1; supplemental material available online with this arti-
cle; doi:10.1172/JCI44646DS1). Hierarchical clustering first linked 
the most similar eyes, and continued until all eyes were linked in 
a dendrogram (Figure 1B and Methods). As the least similar eyes 
were linked at the highest branch points, a cutoff (threshold of 
relatedness) was applied to separate groups of eyes into indepen-
dent disease stages (Methods). We selected a cutoff that made bio-
logical sense based on conventional morphological criteria, e.g., 
Gpnmb+ controls were grouped into their own stage, and SEV eyes 
were separate from NOE eyes. We only considered groups contain-
ing at least 4 eyes as a stage. Using these criteria, 5 new, molecularly 
defined, stages of glaucoma were identified (dataset 2, stage 1 to 
stage 5; Figure 1, B and C). Not surprisingly, 10 of the 40 eyes did 
not fit into these 5 stages. This reflects the large number of possible 
molecular states for such a variable disease.

The 5 stages were ordered based on two criteria: (a) Number of 
DE genes compared with no-glaucoma control: stage 1 had the 
smallest number of DE genes when stages 1–5 were compared with 
the Gpnmb+ control group (381 DE genes, Figure 1C) and was con-
sidered to be the earliest molecular stage. (b) Previously determined 
morphological damage: although stages 2–4 had a similar number 
of DE genes (approximately 10,000), only stages 1 and 2 contained 
eyes with no detectable glaucoma (NOE). In comparison, stage 
3 contained 3 eyes with NOE glaucoma and 3 eyes with MOD 
glaucoma. Stage 4 contained 4 eyes with MOD glaucoma. There-
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Figure 1
Early stages of glaucoma identified by hierarchical clustering. (A) Pairwise comparisons for eyes grouped by conventional morphological 
assessment of optic nerve damage (Dataset 1). The numbers of DE genes compared with controls are shown for both the ONH and retina. 
NOE eyes had no detectable glaucoma; MOD and SEV eyes had readily detectable damage and significant axon loss (Supplemental Figure 1).  
A total of 40 DBA/2J eyes were compared with the 10 controls. (B) A glaucoma-relevant probe set (see Methods and Supplemental Figure 1) 
was used to cluster the same eyes into molecular stages based on expression profiles of ONH samples. The expression data for all 50 eyes are 
shown. Five molecularly defined stages containing at least 4 eyes were identified (ONH stages 1–5). The optic nerve damage level is indicated 
on the left for control, NOE, and SEV eyes. All unlabeled eyes had MOD glaucoma. Black horizontal lines indicate borders between stages. The 
red line indicates the cutoff level for inclusion in a stage. Raw normalized intensity values are represented as green to black to red. For each 
probe set, green represents the lower normalized intensity values across all eyes and red the higher intensity values. All normalized intensity 
values for each probe set are available in Geo DataSets (GSE26299). (C) Pairwise comparisons for these molecular stages (Dataset 2). Stage 3 
contains 3 eyes with no detectable glaucoma and 3 eyes with detectable glaucoma. The numbers of DE genes for the ONH and retina for each 
stage are shown.
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fore, stage 3 was determined to be between stage 2 and stage 4.  
Stage 5 contained only eyes with SEV glaucoma. As expected, axon 
number decreased with increasing glaucoma stage (Figure 2A). 
Also, the number of genes whose expression value was DE by at 
least 2 SDs from the average of Gpnmb+ controls increased from 
stages 1 to 5 (Spearman’s correlation 0.9, P < 10–100) (Figure 2B).

Based on optic nerve damage, 3 of the 6 eyes in stage 3 were 
indistinguishable from no-glaucoma control eyes. The other 3 eyes 
had MOD glaucoma (Supplemental Figure 2). This indicates that 
the molecular changes determining the similarity of eyes in stage 3  
must have occurred prior to detectable glaucomatous damage. In 
addition to RGCs, these early molecular changes may be occur-
ring in a variety of other cell types in the ONH, such as astrocytes, 
microglia, and endothelial cells.

Principal component analysis (PCA) is a powerful method for reduc-
ing the dimensionality of data and is used to facilitate microarray 
experiments (31). Here, PCA was used to independently assess whether 
the 5 identified molecular stages are distinct. The reduced dimension-
al position of the 40 DBA/2J and 10 control eyes was plotted using 
the first two principal component vectors calculated for the 570 dis-
ease-relevant probe sets (see Methods). As expected, eyes in each of the 
5 molecular stages occupied essentially distinct territories (P < 0.01, 
Figure 2C). Therefore, PCA supported the hierarchical clustering.

Molecularly defined ONH stages increase sensitivity to detect DE genes in 
the ONH. To identify DE genes, molecularly defined stages 1–5 were 
compared with the Gpnmb+ control group (Figure 3). DE genes were 
defined as being those with a q value (false discovery rate [FDR]) 
of 0.05 or less. Significantly more DE genes were detected in the 

ONH for the molecularly defined stages than for the morphologi-
cal groups (Figure 3A). Considering groups with eyes that had no 
detectable optic nerve damage and only probe sets that were DE 
at least 2-fold, 1,385 probe sets were DE in molecularly defined 
stages 1–3 versus 100 in morphologically defined NOE2 eyes (Fig-
ure 3A) and 55 in NOE1 eyes (data not shown). Additionally, many 
specific genes, such as Timp1, Edn2, Vcan, and Calcb, had a greater 
fold change in the molecularly as compared with morphologically 
defined stages (Figure 3B).

ECM and immune changes in the ONH. We used a variety of soft-
ware-based annotation tools to provide functional insight into the 
ONH expression differences detected in this study (see Methods). 
As it is not possible to show all analyses in this article, we highlight 
a few enriched gene ontology terms, pathways, and networks that 
are likely to be important during early stages of glaucoma.

Gene ontology (GO) analysis (performed by DAVID; see Meth-
ods) revealed that a significant number of genes with the GO terms 
“immune response” (Gene Ontology Database 0008283), “leuko-
cyte activation” (GO 0045321), and the related term “chemotaxis” 
(GO 0006935) were DE in the early molecularly defined stages of 
disease (Figure 3C). The majority of these changes were not detect-
ed in the morphologically based NOE groups. Genes belonging 
to pathways that are known to affect these same processes were 
also identified by independent Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis (Figure 3D). Two related KEGG 
pathways that were significantly overrepresented are “ECM-recep-
tor interactions” (KEGG mmu04512; Figure 4, A and B) and “focal 
adhesions” (KEGG mmu04510). Neither of these pathways was 
found to be important in either of the NOE groups or the MOD 
group (dataset 1). ECM-receptor interactions are mediated by 
transmembrane molecules such as integrins and proteoglycans and 
lead to direct or indirect control of cellular activities that include 
adhesion, migration, and proliferation. These pathway changes 
may represent early changes to the glial-vascular unit or altered 
interactions between glia and neurons in the ONH. One member 
of this pathway, tenascin C (Tnc) is 1.9-fold elevated in stage 2,  
4.1-fold elevated in stage 3, and 5.7-fold elevated in stage 4 (Figure 
4B) and is localized to the glial lamina region of the ONH (Figure 
4C). Showing the human relevance of our findings, expression of 
TNC was increased in glaucomatous compared with normal human 
ONHs (32). The importance of ECM-receptor interactions is also 
supported by computationally distinct k-means clustering, which 
groups genes that behave similarly across disease stages (Table 1 
and Figure 5). K-means clustering also suggested that the comple-
ment cascade is an important pathway activated early in the ONH. 
C1qa is a component of the C1q complex, an early effector in the 
complement cascade. C1QA is expressed in microglia/macrophages 
in the ONH during early stages of glaucoma (Figure 6).

Figure 2
Differences between the molecularly defined ONH stages. (A) Overall, 
axon number decreased, from stage 1 to 5. However, for stages 1–3, 
there was no significant axon loss with respect to D2-Gpnmb+ control 
eyes (P > 0.1). (B) The number of probe sets altered by at least 2 SDs 
(with respect to D2-Gpnmb+ control) increased with disease stage. 
(C) PCA showed that stages 1–5 occupy essentially non-overlapping 
territories. D2-Gpnmb+ control samples that did not cluster (open dia-
monds, upper left quadrant) were clearly distinct from DBA/2J glau-
coma samples (filled colored diamonds). DBA/2J samples that did not 
cluster are shown as filled black diamonds.
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Hubs and transcription factors. Ingenuity pathway analysis (IPA) 
identifies molecular networks and biological pathways that are 
overrepresented in a given set of DE genes (see Methods). IPA allows 
the identification of key genes (or hubs) that lie at the center of any 
network or subnetwork. Therapeutic modulation of any hub has 
strong potential to impact a variety of network participants, mak-
ing hubs attractive targets for future neuroprotective efforts. We 
separately analyzed the DE genes for stages 1–5 (dataset 2) by IPA. 
One of the most statistically significant networks included various 
members of the ECM-receptor interaction pathway and proinflam-
matory cytokines (Supplemental Figure 3A). Hubs within this net-
work include IL-1β (encoded by Il1b, shown as IL1 in IPA network) 
and integrin β3 (Itgb3), molecules that are reported to affect ECM 
composition and metabolism (33–35). The network also includes 
various other integrins, fibronectin 1 (Fn1), matrix metallopro-
teinase 19 (Mmp19), tissue inhibitors of matrix metalloproteinases 
(Timp1 and Timp2), and a number of collagens. Of interest, cas-
pase-1 (Casp1) was upregulated in the earliest glaucoma stage and 
continued to be increased at later stages (Supplemental Figure 3B). 
CASP1 has interleukin-converting enzyme activity, and its increase 
preceded the upregulation of Il1b and Itgb3 genes (Supplemental 
Figure 3B). Thus, proinflammatory responses are among the earli-
est changes in the ONH in glaucoma.

Clustering identifies early stages of glaucoma in the retina. Clustering 
eyes based on morphological criteria (dataset 1) or the similarity 
of ONH gene expression profiles (dataset 2) was not sensitive for 
identifying early changes in the retina. No DE genes were identified 
in the retina in molecular stages 1 and 2, and only 8 DE genes were 

identified in stage 3 (Figure 1C). This may be because early changes 
in the ONH occur prior to changes in the retina, and/or because 
our sensitivity to detect retinal changes was lower as whole retinas 
were used (<5% of total retinal cells are RGCs). Alternatively, it is 
possible that grouping the eyes based on ONH expression patterns 
is not a sensitive way to determine early glaucoma changes in the 
retina. It is possible that early expression changes in the retina are 
completely or partially independent of events in the optic nerve. 
Thus, we separately clustered the same set of 40 DBA/2J eyes based 
on the similarity of their retinal gene expression profiles (dataset 3). 
We used the same methods as were used for the ONH-based cluster-
ing and similar criteria for determining stages (see Methods). Reti-
nal clustering divided the eyes into a Gpnmb+ control cluster and 
4 glaucoma stages (R1–R4) that made biological sense (dataset 3,  
Figure 7, A and B). Stages R1 and R2 contained only eyes that were 
previously indistinguishable from each other and controls by con-
ventional morphological criteria. Retinal clustering increased the 
sensitivity of detecting DE genes at early stages of disease (Figure 
7B). Compared with the D2-Gpnmb+ control stage, 48 probe sets 
were DE in stage R1 and 8,664 in stage R2. Many fewer DE genes 
were detected in the ONH of the eyes in these retinal clusters (59 DE 
genes, dataset 3, stage R1, compared with 381 DE genes, dataset 2, 
stage 1; Figure 1C). Since clustering using either the ONH or retina 
tissues is not sensitive at detecting early DE genes in the other tis-
sue, our analyses suggest that events in the retina and ONH occur 
asynchronously and are not completely interdependent.

Analyses of the 48 DE probe sets in stage R1 identified the com-
plement cascade as the only significantly overrepresented pathway 

Figure 3
Clustered stages allow sensitive detection of early 
changes in the ONH. (A) The number of DE genes 
in morphologically defined dataset 1 was compared 
with the number of DE genes in molecularly defined 
dataset 2. 1,385 genes were DE at least 2-fold com-
pared with controls in molecularly defined stages 
1–3. This is in comparison to only 100 genes for the 
NOE2 group. Importantly, the expression patterns 
that define stages 1–3 represent changes that occur 
prior to detectable morphological damage. (B) The 
fold changes for individual genes were often 2 or  
3 times greater for the molecularly compared with mor-
phologically defined groups. For this figure, stage 3  
is included to the left of the line indicating detect-
able glaucoma. This is because the gene expression 
differences that determine inclusion in this stage 
occur prior to detectable optic nerve damage. (C) 
The molecularly defined stages allow identification 
of more DE genes with a particular GO term than 
the morphologically defined data. The expression of 
genes with immune-modulating functions, including 
chemotaxis and leukocyte activation, change early 
in the ONH. (D) KEGG pathway analysis suggests 
that ECM-receptor interactions, MAPK signaling, 
and Toll-like receptor signaling pathways are among 
the earliest pathways to become activated. *q ≤ 0.05 
compared with Gpnmb+ controls.
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(P = 5 × 10–4). The DE genes in stage R1 
included C1qa, C1qb, and C1qc. In stage 
R2, 12 members of the complement cas-
cade were DE (Figure 7C). We have found 
that C1qa is expressed in RGCs and local-
izes to synapses in the retina during early 
stages of glaucoma (36). The complement 
cascade was also implicated in the ONH 
by k-means clustering (Table 1 and Fig-
ure 5, cluster 6), where it was expressed 
in microglia (Figure 6).

Early DE genes provide molecular markers 
to assess glaucoma status. Genes shown to be 
DE early in glaucoma may allow the devel-
opment of marker sets to group eyes with 
no detectable optic nerve damage into 
those undergoing early glaucoma and 
those with no glaucoma. Such markers 
may also be used to determine the degree 
of glaucoma or to assess the effectiveness 
of tested treatments. Since many molecu-
lar changes occur in glaucoma and specific 
changes will vary from eye to eye, a reason-
able approach is to assess genes from dif-
ferent pathways and to track the number 
of DE genes for each of these pathways as 
a measure of glaucoma status.

To assess the feasibility of this approach, 
we assessed genes from pathways that were 
activated early in the ONH or retina in the 
microarray study (Supplemental Tables 
2 and 3). These pathways included ECM-
receptor interactions, MAPK signaling, 
and Toll-like receptor signaling for the 
ONH tissue and the complement cascade 
for the retina tissue. We assessed complete-
ly new sets of 10-month-old DBA/2J and 
D2-Gpnmb+ control eyes. As we were most 
interested in eyes with no convention-
ally detectable glaucoma, we separately 
assessed the ONH and retina for 21 NOE 
and 3 MOD DBA/2J eyes, as well as 11 D2-
Gpnmb+ control eyes. To further refine the 
location of retinal changes compared with 
the microarray study, the retinal tissue 
was enriched for the RGC layer and lacked 
the inner nuclear layer and photoreceptor 
layers (see Methods). For each eye, a gene 
was classified as DE only if the normalized 
expression level was at least 2 SDs from 
the average of the 11 control eyes. This 
approach ensured that only robust expres-
sion changes were regarded as DE. For each 
eye, we determined the total number of DE 
genes as well as the number of DE genes in 
each pathway (Supplemental Figure 5). A 
pathway was considered “activated” in eyes 
that had at least 2 times the number of 
DE genes for that pathway relative to any  
of the controls.

Figure 4
Genes in the ECM-receptor interaction pathway are upregulated in the ONH. (A) DE genes in 
the ECM-receptor interaction pathway that are upregulated in stage 2 are shown in red. These 
genes remain upregulated through stage 5. Reproduced with permission from KEGG (http://www.
genome.jp/kegg/kegg1.html) (B) Fold changes for 5 genes within the ECM pathway. Lamc1, 
Col5a2, and Spp1 are DE (q ≤ 0.05) across all stages. Itga5 and Tnc are DE across stages 2–5. 
(C) RNA in situ hybridization for Tnc, the most highly expressed gene in the ECM-receptor interac-
tion pathway. Tnc is largely expressed in the glial lamina (indicated by vertical white lines) of the 
ONH and is likely present in astrocytes. V, vessel; NFL, neurofilament (detected with an antibody; 
see Methods). Scale bars: top 2 rows, 50 μm; bottom row, 20 μm.
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In both ONH and retina, this analysis clearly distinguished the 
vast majority of eyes with NOE glaucoma from controls (Supple-
mental Figure 5A). Individual eyes had differing numbers of DE 
genes, with eyes classified with MOD glaucoma having the greatest 
total number of DE genes. For the ONH, ECM-receptor interac-
tions, MAPK signaling, and Toll-like receptor signaling pathways 
were activated in 18 of the 21 eyes with NOE glaucoma and all 3 
eyes with MOD glaucoma. For the retina, the complement cascade 
was activated in 13 of 21 NOE eyes and 3 of 3 eyes with MOD glau-
coma. In the NOE eyes, there was no clear relationship between 
the number of DE genes in the ONH and retina. Most NOE eyes 
had high numbers of DE genes in the ONH, with lower numbers 

activated in the retina (16 of 21 having ≥60% the number of genes 
activated in moderate for ONH compared with only 3 of 21 for 
retina). However, the reverse was true in some eyes. Most strikingly, 
eye number 3 had a large number of DE genes in the retina (similar 
to eyes with MOD glaucoma), but a low number in the ONH (Sup-
plemental Figure 5). This further suggests that early changes in 
the retina and ONH are not completely dependent on each other 
and can occur asynchronously. These marker genes (Supplemental 
Table 2), along with approaches for assessing glaucoma status in 
individual eyes, are likely to be valuable for future studies.

C1QA-deficient mice are protected from glaucoma. Changes in the com-
plement cascade have been reported in animal models and human 
glaucoma. However, it has not been determined whether these 
changes occur very early and prior to detectable axon loss, or if they 
are later and possibly secondary (22, 24, 36, 37). Our current study 
demonstrates that complement cascade changes occur very early 
and prior to detectable glaucoma by conventional assays, with com-
plement genes being among the first genes to change in the retina 
(Figure 7C). Given the very early occurrence of these changes and the 
prior association of complement cascade changes with human glau-
coma, we tested the importance of this cascade in DBA/2J mice.

To test the functional importance of the complement cascade 
in this inherited glaucoma, we generated and analyzed mice with 
a mutation in the C1qa gene (Figure 8). Clinical examinations of 
mice from 6.0 to 12.0 months of age assessed the severity of the 
pigment-dispersing iris disease, which precedes the glaucoma (30, 
38). Both C1QA-deficient and wild-type DBA/2J mice developed 
prominent pigment dispersion and iris atrophy with a similar age 
of onset, but progression to the most severe iris stage was slightly 
delayed in C1QA-deficient mice. Subsequent to the iris disease and 
despite a modest delay in some C1QA-deficient DBA/2J eyes, IOP 
became elevated in mice of each genotype, and their IOP distribu-
tions overlapped extensively (Figure 8A). We previously detected 
an alteration of IOP similar to that in the C1qa mutants in BAX-
deficient DBA/2J mice (39). In these Bax mutants, this IOP change 
did not profoundly alter the degree of optic nerve damage.

C1qa mutant mice were protected from glaucomatous damage to 
the optic nerve and retina at both 10.5 and 12.0 months of age (Fig-
ure 8B), two key ages in this strain (40). Importantly this protection 
was very profound at 10.5 months of age, with only 9% of mutant 
eyes having detectable glaucoma compared with 63% of wild-type 
eyes (P = 5 × 10–100, Figure 8B). None of the mutant eyes had SEV 
glaucoma, while 48% of wild-type eyes were severely affected. At 12.0 
months of age, only 25% of mutant eyes had SEV glaucoma com-
pared with 48% of wild-type eyes. The percentage of eyes with no 
detectable glaucoma was more than doubled in C1qa mutants at 12.0 
months (66% versus 30%, P = 2.2 × 10–9). Protection in C1qa mutant 
mice was confirmed by axon and soma counts (Figure 8, C–E). Thus, 
although future experiments are required to completely define the 
roles of C1QA in ocular drainage and neural tissues during DBA/2J 
glaucoma, it is likely to have an important role in glaucomatous 
neurodegeneration. Irrespective of the relative role in different tis-
sues, our findings indicate that complement pathway inhibition has 
potential as a potent treatment to protect against glaucoma.

Inhibiting the endothelin system protects from glaucoma in DBA/2J mice. 
Our current study demonstrates that the Edn2 gene is upregulated 
in both the retina and the ONH very early in glaucoma (Figure 3B). 
The endothelin system was previously found to be upregulated in 
human and animal models of glaucoma (26, 41–43), but our study 
indicates that the upregulation of Edn2 is a very early event. EDN2 

Table 1
K-means clustering–identified pathways changing in early stages 

of glaucoma in ONH

Pathway P

Cluster 1, 225 probes

MAPK signaling 2.0 × 10–5

Cluster 2, 572 probes

Neuroactive ligand-receptor interaction 1.1 × 10–2

Cluster 3, 820 probes

Focal adhesion 2.6 × 10–4

Pentose and glucuronate interconversions 3.6 × 10–3

ECM-receptor interaction 1.0 × 10–3

Small lung cell cancer 4.4 × 10–3

Porphyrin and chlorophyll metabolism 6.8 × 10–3

Cell adhesion molecules 7.6 × 10–3

Cluster 4, 495 probes

Neuroactive ligand-receptor interaction 5.8 × 10–3

Cluster 5, 381 probes

Calcium signaling pathway 1.9 × 10–3

Long-term depression 7.8 × 10–3

Cluster 6, 167 probes

Complement and coagulation cascades 4.9 × 10–5

Cytokine-cytokine receptor interaction 1.1 × 10–4

Alzheimer disease 6.3 × 10–3

Cluster 7, 562 probes

Cytokine-cytokine receptor interaction 1.6 × 10–6

B cell receptor signaling pathway 2.5 × 10–5

Toll-like receptor signaling pathway 5.5 × 10–4

Apoptosis 4.1 × 10–3

Cluster 8, 639 probes

ECM-receptor interaction 5.1 × 10–9

Focal adhesion 1.1 × 10–5

Regulation of actin cytoskeleton 1.1 × 10–4

Cell communication 2.9 × 10–3

Leukocyte transendothelial migration 7.8 × 10–3

4,138 probe sets (Supplemental Table 1) that were DE in stages 2–5 
compared with the Gpnmb+ controls were clustered. Figure of merit (68) 
analysis indicated that the 4,138 probe sets should be partitioned into 
between 6 and 10 groups to form biologically relevant groups (Supple-
mental Figure 3). Here we present the results for k = 8. All probe sets 
in each cluster were assessed using DAVID to identify overrepresented 
pathways. Since subsets of genes in a specific pathway can behave 
differently, a pathway can be significant in multiple clusters. Significant 
pathways in each cluster are listed, with pathways shown underlined 
being the most significantly overrepresented (P < 5 × 10–5).
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localized to microglia/macrophage-like cells in the nerve fiber 
layer of DBA/2J retinas (Figure 9, A–D).

Administration of EDN1, which shares receptors with EDN2, is 
known to kill RGCs. In contrast, EDN2 was suggested to protect 
photoreceptors from stress (44). To initially assess whether EDN2 
damages RGCs, we injected EDN2 peptide into young DBA/2J eyes 
and found that it damaged both RGCs and the optic nerve (Figure 9,  
E and F). EDN1 is reported to be harmful to neurons by constrict-
ing blood vessels, triggering reactive astrocytosis, and/or inhibiting 
axon transport, but effects on astrocytes and axon transport may 
be secondary to altered blood flow (45–47). Since EDN2 is a potent 
vasoactive peptide, we hypothesized that EDN2 induces vasocon-
striction in the ONH and retina during glaucoma. Even if subtle, 
this vasoconstriction may metabolically stress RGCs and contrib-
ute to their demise in glaucoma. In support of this vasoconstriction 
hypothesis, we identified a decrease in the ratio of lumen area to 
total blood vessel area in retinas of DBA/2J eyes at early and later 
stages of glaucoma (see Methods, Figure 9, G and H, and Supple-
mental Figure 6). This decrease was not uniform in any of the eyes 
investigated, suggesting local differences that may affect some but 
not all RGCs. The decreased lumen area is likely a result of vasocon-
striction, but an EDN2-induced thickening of the vascular smooth 
muscle (48) cannot be ruled out. Either way, decreased lumen area 
is likely to negatively impact perfusion and RGC survival.

To functionally assess the role of the endothelin system in glau-
coma, we administered bosentan, an endothelin receptor antago-

nist, to DBA/2J mice starting at 6.0 months of age (Figure 10). 
We selected bosentan because it antagonizes both types of endo-
thelin receptors and does not alter blood pressure (see Methods). 
Also, bosentan has been shown to increase ocular blood flow in 
human glaucoma patients (49). Administration of bosentan did 
not alter the onset or progression of either the iris disease or IOP 
elevation (Figure 10A). However, bosentan significantly reduced 
glaucoma at both 10.5 and 12.0 months of age (Figure 10, B–E). 
The protection was especially strong at 10.5 months of age, when 
80% of treated eyes had no detectable glaucoma, compared with 
only 39% of untreated eyes (P = 1.7 × 10–26). At 12.0 months, 43% 
of treated eyes had no detectable glaucoma compared with only 
31% of untreated eyes (P = 0.01). These experiments implicate early 
activation of the endothelin system as pathogenic in this inherited 
model of glaucoma. Endothelin receptor antagonists offer prom-
ise as new treatments to alleviate glaucoma.

Discussion
We used cluster analyses to identify early stages of the later-onset 
glaucoma that occurs in DBA/2J mice. Importantly, these early 
stages precede morphologically detectable glaucomatous damage 
to the optic nerve and retina. Previously indistinguishable eyes with 
no detectable glaucoma were subdivided into molecularly defined 
stages that represent progression from control to more advanced 
disease states. Our cluster-based analyses proved more sensitive at 
detecting expression differences than more conventional analyses 

Figure 5
K-means clustering identified pathways changing in early stages of glaucoma. K-means clustering was used to partition genes that change in the 
ONH into clusters (Table 1). Genes within a cluster behaved in a similar fashion as glaucoma progressed. Gene expression patterns in 3 overrep-
resented pathways are shown. Profiles are based on normalized raw expression values across D2-Gpnmb+ control and glaucoma stages 1–5.
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of the same samples. We separately analyzed gene expression in 
the ONH and retina of each eye, and our data suggest that events 
in these tissues are not completely dependent upon each other. 
For this study, the entire retina was profiled, but additional infor-
mation may be achieved by assessing specific retinal cell types or 
regions. All our raw and processed data have been submitted to 
GEO (GSE26299). In addition, we hope that our experiments will 
be useful to guide future experiments, and thus we are develop-
ing an online environment that allows in-depth visualization and 
interrogation of these data (Glaucoma Discovery Platform, http://
www.simonjohnlab.org).

A number of experimental design features allowed us to molecu-
larly characterize early glaucoma. To estimate normal variation and 
provide a robust estimate of disease-specific changes, we separately 
assessed samples from two different no-glaucoma control groups. 
The first control set was age matched to all of the glaucomatous 
DBA/2J mice but lacked the glaucoma causing Gpnmb mutation 
(D2-Gpnmb+ mice). We produced and characterized this control 
strain for this as well as other studies (50). Although these mice 
genetically differ from the glaucomatous mice only at the Gpnmb 
locus, mice of this control strain rarely (if ever) develop glaucoma 
in our colony (50). The second control group were 4.5-month-old 
DBA/2J mice that did not differ in their Gpnmb genotype. Mice of 
this age have never demonstrated high IOP or glaucoma in our 
colony (40). To allow identification and staging of gene expres-
sion data associated with early glaucoma, we studied more than 
20 eyes that had no detectable glaucoma by conventional assays. 
To minimize non-disease-related differences, all mice were sex- and 
strain-matched, including the two sets of control mice.

To identify disease-relevant genes, we first compared all glau-
coma test eyes with both sets of controls and generated a list of 
genes with disease-specific expression changes. The disease-rel-
evant genes were then used to cluster all samples into groups rep-
resenting disease stages in an unbiased, unsupervised manner. The 
clustering outcomes made biological sense when compared with 
groups of eyes with morphologically recognizable stages of glau-
coma. Clustering analyses have proven useful for identifying gene 
expression differences that distinguish various known types and 
stages of cancer (28, 29). To our knowledge, clustering analysis has 
not been previously used to distinguish and order early states of 
a complex multifactorial disease (or any other disease) in samples 
that are morphologically similar to unaffected controls.

A significant issue in analyzing complex diseases such as glau-
coma is the asynchrony of pathogenic events and large phenotypic 
and molecular variability from eye to eye. Simply analyzing groups 
of eyes can miss key changes that are important in disease mani-
festation but are not uniform within assessed groups. Our results 
show that microarray-based cluster analyses can help by group-
ing eyes with the most similar patterns of gene expression. How-
ever, microarray analysis is not practical for determining relative 
disease status in large numbers of individual eyes in subsequent 
experiments. To address this, we used quantitative PCR to assess 
the expression levels of specific sets of genes identified in the 
microarray study in an independent set of individual eyes. Since 
many molecular changes occur in glaucoma and specific changes 
vary from eye to eye, we assessed a variety of genes from multiple 
pathways as a measure of glaucoma status. We defined altered gene 
expression in individual DBA/2J eyes as changes that were greater 
than or equal to 2 SDs from the average of D2-Gpnmb+ control eyes. 
This promising approach successfully distinguished the majority of 
DBA/2J from control eyes. Although further refinement is needed, 
our methodology may also be relevant to other complex diseases 
such as Alzheimer disease and age-related macular degeneration.

Publicly available tools were used to identify pathways that are 
overrepresented among the DE genes (see Methods). The earliest 
changes in the ONH include upregulation of ECM-receptor interac-
tions and focal adhesion pathways. Genes in these pathways include 
collagens and laminins, important components of the basal lami-
na surrounding ONH axons and microcapillaries. Changes in the 
expression of these genes may indicate early damaging changes to 
the glial-axon or glial-vascular unit (51). Additionally or alternative-
ly, ECM changes may reflect protective mechanisms induced by the 
stress of raised IOP. Focal adhesion molecules such as integrins are 
mechanosensors known to sense changes in pressure-induced defor-
mation and trigger increases in ECM components including tenas-
cin C (33, 35). The expression of many immune/inflammatory genes 
also changed in early glaucoma. These inflammatory processes may 
be either damaging or protective (52, 53), and future experiments 
are needed to determine the roles of specific molecules. It is difficult 
to compare our data with previous gene expression profiling studies 
of human glaucoma and animal models of glaucoma, as the com-
plete datasets are not always available, and criteria for determining 
DE genes can vary (22, 24–26, 54). Nevertheless some similarities 
are evident, including changes in immune/inflammatory and ECM 
genes. Current and future experiments that profile gene expression 
changes in defined cell types from glaucomatous eyes (55–58) will 
enhance sensitivity and contribute to the assignment of different 
events to specific cell types. Important cell types to profile include 
astrocytes, endothelial cells, microglia, Müller cells, and RGCs.

Figure 6
C1qa expression in microglia in the ONH. C1qa expression (red, ribo-
probe) occurs in microglia (IBA1 marker, green, antibody) in the ONH 
during DBA/2J glaucoma. All panels show the same eye, which had no 
detectable optic nerve damage (NOE). The boxed area is enlarged in 
the lower panels. Phosphorylated neurofilament (pNF) labels healthy 
axons throughout the ONH. DAPI labels nuclei. Scale bars: top panels, 
50 μm; bottom panels, 20 μm. Supplemental Figure 3 shows other 
complement genes that are DE in the ONH.
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A reasonable approach toward developing new treatments to 
intervene in glaucoma pathogenesis is to develop treatments that 
target pathways that change early in glaucoma, prioritizing path-
ways that are known to change in multiple animal models of glau-
coma and/or human glaucoma. In this study, we demonstrate that 
both the endothelin system and complement cascade change early 
in DBA/2J glaucoma. The complement cascade mediates innate 
immunity, contributes to elimination of synapses during devel-
opment (36), and is suggested to participate in Alzheimer disease 

(reviewed in ref. 59). Endothelins induce vasoconstriction, inhibit 
axonal transport, activate glial cells, and can kill RGCs (refs. 45–47 
and our present results). Changes in both the complement and 
endothelin systems were previously reported in animal models of 
glaucoma and human glaucoma (22–24, 26, 36, 37, 41–43). Thus, 
we tested the effects of separately manipulating these two path-
ways. Glaucoma was ameliorated in C1QA-deficient mice, with a 
very substantial lowering of glaucoma incidence at 10.5 months. 
Inhibition of the endothelin system using bosentan also signifi-

Figure 7
Molecular clustering identifies early 
stages of glaucoma in the retina. 
(A) 600 glaucoma-relevant probe 
sets that were DE in retina were 
used to cluster samples into molec-
ularly defined stages (retinal stages 
R1–R4). 48 of the 50 eyes in the 
study were clustered (quality con-
trol failed for 2 retinal microarrays; 
see Methods). Expression data 
for all 48 eyes are shown (normal-
ized intensity values have been 
submitted to GEO). Although eyes 
are grouped based on the similar-
ity of gene expression, the dam-
age level based on morphological 
analysis is indicated on the left for 
control, NOE, and SEV eyes. Unla-
beled eyes had MOD glaucoma. 
Black horizontal lines indicate bor-
ders between stages. The red line 
indicates the cutoff level for inclu-
sion in a stage. (B) Pairwise com-
parisons for the new molecularly 
defined retinal stages. The number 
of DE genes for ONH and retina for 
each stage are shown. Importantly, 
stages R1 and R2 were previously 
indistinguishable, with no detectable 
glaucomatous optic nerve damage. 
Compared with the other stages, 
stage R3 lacks power, as it con-
tains 3 eyes. (C) Pathway analysis 
(using DAVID, see Methods) of the 
DE genes in stage R1 and R2 (com-
pared with control) identified the 
complement cascade as the most 
significantly overenriched pathway 
(KEGG mmu04610). Genes shown 
in red have greater expression in 
molecularly defined retinal stage 
R2 than Gpnmb+ controls. Three of 
these genes were DE in stage R1 
(surrounded by thick black boxes).
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cantly ameliorated glaucoma in DBA/2J mice, again with the great-
est effect at 10.5 months. These results suggest that inhibition 
of these pathways may provide valuable new treatments against 
human glaucoma. A full investigation of the glaucoma-relevant 
mechanisms influenced by these pathways, including genetic 
manipulation of different pathway components in different cell 
types during different stages of disease, is warranted.

In conclusion, we have used clustering analyses of ONH and 
retina gene expression to identify early stages of glaucoma. Our 
successful implementation of clustering methodologies to an 
inherited, later-onset, complex glaucoma suggests that similar 
approaches will prove valuable for uncovering early processes in 
other diseases and for identifying novel therapeutic targets.

Methods
Mouse strains, breeding, and husbandry. All experiments were conducted in 

accordance with the Association for Research in Vision and Ophthalmol-

ogy statement on the use of animals in ophthalmic research. All mice were 

housed in a 14-hour light/10-hour dark cycle under previously described 

conditions (60). The Jackson Laboratory Animal Care and Use Committee 

approved all of the experiments in this study. All mice in the gene expres-

sion profiling study were female and housed under the same conditions in 

same animal facility, minimizing environmental differences. Our DBA/2J  

(D2) mouse colony is routinely crossed with DBA/2J mice from The 

Jackson Laboratory production facility to prevent genetic drift. The D2-

Gpnmb+ strain (DBA/2J-Gpnmb+/Sj), which rarely if ever develops glaucoma 

in our colony, was used as a control strain for DBA/2J glaucoma studies 

(50). For the gene expression analyses, more than 500 mice were aged and 

analyzed to produce sufficient eyes with each glaucoma stage. To gener-

ate D2.C1qa+/– mice, the C1qa+/– allele (61) was backcrossed to D2 mice for  

8 generations. The C1qa mutation was selected due to its established role 

in retinogeniculate refinement (36). D2.C1qa+/– mice were assessed with 

102 genetic markers evenly distributed across the mouse genome, and 

only one marker closely linked to the C1qa gene was positive for C57BL/6J 

Figure 8
C1QA deficiency protects against DBA/2J glaucoma. (A) Despite a delay in IOP elevation in some eyes, IOPs of C1qa WT and homozygous 
mutant (KO) mice overlap extensively (WT versus KO: 8.5 months, P = 0.026; 10.5 months, P = 0.34). Number of assessed eyes was at least 
43 for all groups (B) The vast majority of optic nerves from C1qa mutant mice are indistinguishable from control nerves with no detectable glau-
coma (NOE, green bars) at 10.5 months of age, and retain a lower glaucoma incidence than WT mice at 12 months of age. Sample sizes: 46 
WT, 45 KO at 10.5 months; 62 WT, 56 KO at 12 months. P < 1 × 10–8 at each age comparing KO with WT distributions. (C) C1qa KO eyes with 
NOE nerve damage (n = 10) have axon number similar to that of no-glaucoma Gpnmb+ controls (n = 11, P = 0.26). For ease of comparison, 
axon counts for stages 1–5 are repeated from Figure 1. (D) In the ganglion cell layer (GCL), RGC somata are also spared in C1qa mutants 
with NOE nerve damage, but the number of RGC soma lost in KO eyes with severe optic nerve damage was similar to that in WT counterparts. 
Amacrine cells make up the majority of remaining GCL cells in severely affected eyes. (E) The most common optic nerve and GCL phenotypes 
for 12-month-old mice of each genotype are shown. Optic nerve cross sections were stained with PPD and flat mounted retinas stained with 
cresyl violet. Scale bar: 50 μm.
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(this represents flanking sequence closely linked to the C1qa mutation). 

The remaining 101 markers were positive for DBA/2J. This indicates that 

greater than 99% of the genetic background of D2.C1qa+/– mice is derived 

from DBA/2J. To generate DBA/2J mice deficient in C1QA and littermate 

controls, we intercrossed D2.C1qa+/– mice.

Analysis of glaucomatous damage. Intracranial portions of optic nerves 

were processed and analyzed as previously described (38–40). Briefly, optic 

nerves were fixed in situ for 48 hours, dissected free, processed, and embed-

ded in plastic. One-micrometer-thick cross sections of optic nerve from 

behind the orbit were cut and stained with paraphenylenediamine (PPD). 

PPD darkly stains the myelin sheaths and axoplasm of sick or dying axons, 

but not healthy axons (62). PPD staining allows sensitive determination of 

disease stage for large numbers of nerves. Three observers blinded to the 

experimental protocol determined the degree of nerve damage as previ-

ously described (38–40, 63). The 3 clearly distinguishable stages of damage 

were as follows: (a) NOE — less than 5% axons damaged. This amount of 

damage is seen in age-matched mice of various strains that do not develop 

glaucoma. It is called “no or early” because some of these eyes are under-

going early molecular stages of disease, but they are not distinguishable 

from eyes with no glaucoma by conventional morphologic analyses of axon 

number and nerve damage. (b) MOD — many damaged axons throughout 

the nerve, with an average of 30% axon loss. (c) SEV — substantial axon loss 

(>50% lost) and damage. To ensure very distinct stages for this study, we 

selected severely affected eyes with very few remaining axons (>90% loss). 

For C1qa and bosentan experiments, differences in optic nerve damage dis-

tributions between groups were compared using χ2 tests.

Tissue harvesting, RNA isolation, and processing for microarrays. Following 

anesthesia, the left eye was dissected free, and the cornea and lens were 

removed. The optic nerve was cut close to the back of the eye. The ONH 

was excised using a sharpened 1-mm glass capillary centered over the optic 

nerve. The punched-out nerve head was immediately placed in RNAlater 

(Ambion). A small portion of central retina as well as a small portion of 

choroid and sclera were included in this tissue. This tissue is substantially 

enriched for the glial lamina. The retina (containing no ONH) was then 

dissected free from the back of the eye and placed in a separate vial contain-

ing RNAlater and stored at 4°C until required. The process was repeated 

for the right eye. Dissection of each eye was completed in 5 minutes or less 

(10 minutes per mouse).

Figure 9
EDN2 is expressed in retinal microglia and may mediate early vascular damage in glaucoma. (A–C) Images of a retina from a glaucomatous 
DBA/2J eye with fluorescently marked RGCs (D2.Thy1-CFP mice; RGCs and their axons are green). EDN2 (magenta) is present in IBA1-positive 
cells (red) in the RGC and nerve fiber layers. IBA1 is a marker of microglia and macrophages. (D) High-resolution images of an EDN2-positive 
microglia (IBA1, upper panel; EDN2, lower panel). (E–F) Intravitreal injection of EDN2 peptide causes RGC axon damage. EDN2 peptide (500 
μm) or vehicle (PBS) was injected into the vitreous and RGC axon damage assessed 4 weeks later. There was a significant increase in the level 
of RGC axon damage in EDN2-injected eyes compared with PBS-treated control eyes (n = 5 control, n = 8 EDN2 eyes, P = 0.0074). (G) To 
assess vascular changes, retinas were visualized by DIC, and the ratio of lumen area (calculated from the lumen diameter, yellow arrows; see 
Methods) to total vessel area (calculated from vessel diameter, red arrows) was measured. (H) There is a significant decrease in the lumen/ves-
sel ratio in eyes with increasing levels of glaucoma (P < 0.001). Scale bars: A–C, 100 μm, D, 10 μm, E, 50 μm.
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For RNA preparation, tissue was homogenized in RLT Buffer (QIAGEN). 

Total RNA was isolated using the RNeasy Micro Kit (QIAGEN) according 

to the manufacturer’s protocols, and quality was assessed using a 2100 

Bioanalyzer instrument and RNA 6000 Nano LabChip assay (Agilent Tech-

nologies). Tissue harvesting and RNA preparation were completed for all 

mice aged for the gene expression studies. Samples with only the highest-

quality RNA were used.

RNA labeling and microarray processing. Biotin-labeled cDNA was synthe-

sized separately from 20 ng of each total RNA sample per the manufacturer’s 

protocols (Ovation Biotin System, NuGEN). 2.5 μg of each biotin-labeled 

and fragmented cDNA sample was then hybridized onto Mouse Genome 

430 version 2.0 GeneChip arrays (Affymetrix). Post-hybridization staining 

and washing were performed according to the manufacturer’s protocols 

using a Fluidics Station 450 instrument (Affymetrix). Finally, the arrays 

were scanned with a GeneChip Scanner 3000 laser confocal slide scanner. 

The images were quantified using GeneChip Operating Software (GCOS) 

version 1.2. Probe level data were imported into the R statistical software 

environment (http://www.r-project.org), and expression values for each 

probe set on the array were summarized using the robust multichip average 

(RMA) method with quantile normalization in the R/affy package (64, 65).

A total of 110 arrays were used, assessing 60 ONHs and 50 retinas. The 

ONHs included 10 D2-Gpnmb+ control eyes at 10.5 months, 40 DBA/2J 

eyes at 10.5 months, and 10 DBA2J eyes at 4.5 months. The 50 retinas 

included 10 D2-Gpnmb+ control eyes at 10.5 months and 40 DBA/2J 

eyes at 10.5 months. Only 2 arrays failed the quality control; both were  

10.5-month DBA/2J MOD retinas. All 110 arrays were processed at the 

same time. To allow future comparisons, quantile normalization of all of 

the arrays was performed. All individual gene expression profiles are avail-

able in GEO datasets (NCBI, accession number GSE26299).

Statistics for differential gene expression. Differential gene expression between 

any two morphologically defined groups or molecularly defined stages 

of glaucoma was assessed by gene-specific fixed-effect ANOVA methods 

using the R/maanova package (64). The generalized 1-way ANOVA model 

can be written as Yi = μ + GROUP + εi, where Yi represents the log-trans-

formed expression measure of probe set i, μ is the mean for each array, 

GROUP represents the fixed effect under comparison, and εi captures ran-

dom error absorbing both array and biological components. Given the 

ANOVA model, all statistical tests were performed using Fs, a modified F 

statistic incorporating shrinkage estimates of variance components (66). 

All P values were calculated by permuting model residuals 1,000 times. To 

Figure 10
Bosentan robustly protects from glaucoma in DBA/2J glaucoma. (A) Administration of bosentan (an endothelin receptor antagonist) does not 
alter IOP elevation in DBA/2J mice. Sample size: 39–47 per group. (B) Bosentan administration protects significant numbers of eyes from glau-
coma (10.5 months, P = 1 × 10–26; 12 months, P = 0.01; sample sizes: 54 untreated, 54 treated at 10.5 months and 58 untreated, 58 treated at 
12 months). (C) Randomly selected mice that were treated with bosentan and had the NOE nerve damage level have an axon number similar 
to that in no-glaucoma Gpnmb+ controls (11 treated vs. 13 Gpnmb+, P = 0.5) and in DBA/2J mice prior to glaucomatous axon loss. For ease of 
comparison, axon counts for stages 1–5 are repeated from Figure 1. (D) There is no significant soma loss in bosentan-protected eyes (NOE). Not 
unexpectedly, Bosentan did not save RGC soma in eyes with severe axon loss (SEV). (E) Representative optic nerve and retinal phenotypes for 
mice of each treatment group are shown. Optic nerve cross sections were stained with PPD; retinas with cresyl violet. Scale bar: 50 μm.
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address the problem of multiple testing, the permutation P values were 

adjusted using the FDR method of Storey (67) implemented in R/q value. 

The resulting q values estimated the proportion of false positives in the 

list of DE genes and were used to select suitable candidate gene lists for 

subsequent analysis. Unless otherwise noted, statistical significance was 

determined at q ≤ 0.05 (FDR <5%). After statistical assessment, probe sets 

were annotated using Netaffx software (Affymetrix). A wide selection of the 

DE genes were confirmed to be DE by real-time PCR, including genes with 

a fold change greater than 2.

Defining early stages of disease using hierarchical clustering. To generate a list 

of disease-specific probe sets to cluster the ONH samples, we first made a 

pairwise comparison between 10 non-glaucomatous D2-Gpnmb+ and 40 

glaucomatous DBA/2J mice (which have the GpnmbR150X mutation) that 

were 10.5 months of age (Supplemental Figure 1A). As all of these mice 

were age-, sex-, and strain-matched, genes on this first list were DE due 

to effects of glaucoma or Gpnmb genotype (glaucoma and genotype list). 

To avoid DE genes due to Gpnmb genotype, we next generated a genotype-

related list of probes that were DE between the 10.5-month-old D2-Gpnmb+ 

and the ten 4.5-month-old DBA/2J ONH samples. Importantly, since nei-

ther 4.5-month-old DBA/2J nor D2-Gpnmb+ mice have glaucoma in our 

colony, this second genotype list will not contain genes that are DE due 

to glaucoma. However, it may contain some genes that differ due to age. 

The final disease-specific gene list was then generated by subtracting the 

probe sets on the genotype list from the glaucoma and genotype list (570 

DE probe sets, q < 0.001). The 570 probe sets were used to perform hierar-

chical clustering of ONH samples (using JMP Statistical Discovery version 

7.0 software; SAS). Using the average distance metric, hierarchical cluster-

ing started with each eye as its own cluster. At each step, the clustering 

algorithm calculated the distance between each cluster and combined the 

two clusters that were closest together. This combining continued until all 

the points were in one final cluster or dendrogram. A threshold or cutoff, 

based on known differences between control, MOD, and SEV groups, was 

applied to identify 5 molecular stages that made biological sense. Since the 

filters that we used to identify disease-specific probe sets were not perfect, 

all genes other than Gpnmb were included in subsequent group compari-

sons. PCA was performed using MultiExperiment Viewer (TM4 version 

4.5.1; www.http://www.tm4.org/mev) on the 10 D2-Gpnmb+ and 40 DBA/2J 

eyes using the 570 probe sets used for hierarchical clustering.

For the retina, 600 probe sets were DE (q < 0.01) when comparing the 10 

D2-Gpnmb+ control samples with the 38 DBA/2J retina samples (2 of the 40 

retina samples failed quality control). No subtraction was performed on the 

retina samples, as only Gpnmb was DE when D2-Gpnmb+ eyes were compared 

with either of the NOE groups at 10.5 months. Since Gpnmb clearly differed 

due to genotype, this gene was not counted as DE due to glaucoma.

A second clustering experiment was performed using probe sets DE 

between control and MOD eyes to cluster eyes with NOE glaucoma. Pro-

viding confirmation of our first clustering experiment, hierarchical cluster-

ing placed the NOE eyes in the same stages (data not shown).

Functional analyses and gene set enrichment of DE genes. The Database for 

Annotation, Visualization and Integrated Discovery (DAVID, http://david.

abcc.ncifcrf.gov/; ref. 68) was used to add functional annotation to gene 

lists and provide statistical assessment of the annotations. We focused on 

the KEGG pathways (69) and GO terms (70). For each list of DE genes, 

DAVID determines the number of genes in each KEGG pathway and uses 

a Fisher exact test with Benjamini correction to determine the probability 

that the number of genes in each pathway would have occurred by chance 

(68). A corrected P value of 0.05 or less was used to identify significant path-

ways. Pathways with gene expression changes represented by colors (red: 

upregulated, green: downregulated) were generated using the KEGG map-

per tool (http://www.genome.jp/kegg/tool/color_pathway.html) (69).

We performed k-means clustering in R/maanova to identify clusters of 

probe sets whose expression changed in a similar pattern when consider-

ing stages 2–5 from the molecularly determined ONH groups. The earli-

est stage (stage 1) was not included, as there were too few DE probe sets 

in this stage. The normalized expression values (generated by RMA) of 

4,138 probe sets (DE in each of the stages 2, 3, 4, and 5) were clustered into  

8 groups (see Supplemental Table 2). Figure of merit analysis was used 

to determine the most meaningful number of clusters (see Supplemental 

Figure 4 and ref. 71). We performed k-means clustering using k = 4, 6, 8, 

10, and 12. Based on pathway enrichment analysis, 4, 10, and 12 were not 

appropriate, and there was little difference between the results for 6 and 8. 

Therefore, we show the results for k = 8.

To assess gene networks and hubs, we used IPA (Ingenuity Systems).

Quantitative real-time PCR. A completely independent set of eyes from  

10-month-old mice were obtained. To avoid RNA degradation, two inves-

tigators harvested the eyes of each mouse in parallel. All dissections were 

performed in an RNase-free environment. Eyes were dissected free (includ-

ing a significant portion of the myelinated optic nerve) and immediately 

placed in sterile 1× PBS. The retina with ONH attached was removed from 

the eye. To separate ONH from retina, an incision was made in the retina 

as close to the ONH as possible. Choroidal and scleral tissues, as well as the 

distal portion of the optic nerve, were removed from the ONH (approxi-

mately 100 μm of the myelinated nerve was left attached to the ONH). 

The ONH tissue was then placed immediately into RNA isolation buffer 

(Ambion) and stored at –20°C. The retina was then placed flat (ganglion 

cell layer up) onto the sterile membrane in a culture plate insert (Millipore, 

PR01715) ensuring no bubbles between the retina and membrane. The 

membrane was cut from the insert and placed flat (retina side up) onto a 

previously prepared flat surface of frozen OCT (Tissue-Tek). Freezing was 

instantaneous. The uppermost 80 μm of retina, containing the vast major-

ity of the ganglion cell layer and some inner plexiform layer, was isolated by 

cryosectioning (4 × 20–μm sections) and immediately placed in RNA isola-

tion buffer and stored at –20°C. For each mouse, the total dissection time 

never exceeded 15 minutes. RNA was extracted using an RNAeasy Micro 

Kit (QIAGEN), and RNA quality was assessed using a bioanalyzer (Agilent). 

Only samples with more than 5 ng of material with no sign of degrada-

tion were subjected to further analysis. cDNA synthesis was performed 

using the WT-Ovation Pico RNA Amplification System (NuGEN). In total,  

12 D2-Gpnmb+ control and 23 DBA/2J eyes passed quality control.

Expression levels for 91 genes (69 ONH and 22 RGC layer of retina) and 

6 normalizers were assessed. The normalizer genes were selected because 

they had the most consistent expression level, irrespective of damage 

level, among a previously tested panel of 194 genes (tested in DBA/2J 

retina and ONH; data not shown). The normalizers were 5730453I16Rik,  

NM_080456.1, and Slc11a2 for RGC layer and Etfb, Odc1, and Rpn2 for ONH. 

All primers were designed using Primer3 (version 0.4.0; http://frodo.wi.mit.

edu/primer3/) with product sizes of 100–120 bp and optimum melting 

temperature of 60°C. All sequences are available as supplemental mate-

rial (Supplemental Table 3). Real-time PCR reactions were prepared using 

Quant-iT RiboGreen RNA assay kit (Invitrogen) and run on the 7900HT 

Fast Real-Time PCR System (Applied Biosystems).

For each sample, each gene was interrogated in triplicate. Any technical 

replicate that was greater than 1.5 cycle threshold (CT) values away from the 

other 2 replicates was removed. For each gene, the CTs were calculated as the 

average of the successful replicates. For normalization, ΔCT values were cal-

culated as CT (gene of interest) – geometric mean of CTs for the normalizers. 

The average and standard deviation of the D2-Gpnmb+ control eyes were cal-

culated. The ΔΔCT was defined as the ΔCT (gene of interest) – ΔCT (control 

average). The fold change was calculated as 2–ΔΔCT (upregulated) or –2ΔΔCT 

(downregulated). A gene was considered DE if the fold change was greater 
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than 2 SDs away from the average fold change for the control eyes. One con-

trol eye was removed from the study because it clearly was a far outlier.

RNA in situ hybridization and immunofluorescence. DBA/2J.Thy1-CFP mice 

were used to visualize RGCs (15). Immunofluorescence to visualize EDN2 

and IBA1 was performed as follows. Eyes from DBA/2J.Thy1-CFP mice were 

fixed overnight at 4°C in 4% PFA. Retinas were dissected free and incubated 

in primary antibody diluted in antibody buffer (5% BSA, 1% Triton X-100) 

for 5 days, with shaking at 4°C. Primary antibodies used were anti-EDN2 

(Santa Cruz Biotechnology Inc., 1:100) and anti-IBA1 (Wako, 1:200). Reti-

nas were washed in antibody buffer for at least 6 hours, with shaking at 4°C 

(changing wash solution at least 5 times). Retinas were incubated in second-

ary antibodies (Invitrogen, diluted in antibody buffer, 1:1,000) for a further 

5 days, with shaking at 4°C. Retinas were rinsed in antibody buffer, washed 

in 1× PBS, mounted onto a slide in mounting media, and coverslipped. Flu-

orescence was visualized using a SP5 confocal microscope (Leica).

RNA in situ hybridization was performed as previously described, using 

4% PFA perfusion-fixed, 12-μm-thick optic nerve cryostat sections (72). 

Digoxigenin-labeled (DIG-labeled) riboprobes for C1qa and Tnc were 

transcribed from cDNA clones (Open Biosystems clone ID: 3592169 and 

40099589, respectively). The plasmids were digested with EcoRI (C1qa) and 

with SpeI (Tnc), and in vitro transcription was performed with T7 poly-

merase. T3 polymerase was used to generate the control sense probes. For 

both C1qa and Tnc, the sense probes produced no signal. The detection 

of hybridized mRNA in sections was performed using the Cy-3 Tyramide 

Signal Amplification System (PerkinElmer). After in situ hybridiza-

tion, the sections were incubated in the primary antibodies: mouse anti-

phosphorylated neurofilament (2F11; 1:1,000; Dako) and rabbit anti-IBA1 

(1:500, Wako). Primary antibodies were diluted in a solution of 10% normal 

goat serum, 0.5% Triton X-100, and 0.5% BSA in 0.1 M PBS. For the second-

ary antibodies, goat anti-mouse Alexa Fluor 647 and goat anti-rabbit Alexa 

Fluor 488 were used at a 1:200 dilution (Invitrogen). The sections were then 

incubated with DAPI (Invitrogen) and mounted in Fluoromount (Sigma-

Aldrich). Fluorescence was visualized using a SP5 confocal microscope.

For all protein and RNA localization, at least 3 sections (ONH) or whole 

retinas from 10 DBA/2J eyes and 5 D2-Gpnmb+ control eyes were assessed.

Vessel measurements and intravitreal injections of EDN2. Retinas were fixed in 

4% PFA overnight and placed flat on a slide and coverslipped. Major arte-

rioles were measured from 24 imaged fields that were evenly distributed 

around the retina and 1 mm out from the ONH. Images were taken using 

differential interference contrast (DIC) on an SP5 confocal microscope. 

For each vessel, the diameter of the both the lumen and the outer vessel 

wall (taken from widest part of the vessel present in the field) was calcu-

lated as the average of 3 measurements. The ratio of the areas of the lumen 

to the total vessel area was calculated (πr2).

For intravitreal injections of EDN2, 500 μM of EDN2 peptide (Invitrogen, 

dissolved in 2 μl of sterile 1× PBS vehicle) was injected into the vitreous 

chamber using a Hamilton syringe with a 35 gauge needle. Vehicle alone 

was injected into other eyes as a control. After 4 weeks, optic nerves were 

assessed for optic nerve damage (see Analysis of glaucomatous damage).

Bosentan administration. Bosentan, an endothelin receptor antagonist, was 

provided by Actelion Pharmaceuticals. Bosentan was incorporated into 

standard mouse chow (100 mg/kg, Test Diet). DBA/2J mice were admin-

istered bosentan from 6 months of age. Control animals were aged in the 

same environment on the same mouse chow (minus bosentan). Although 

bosentan is not reported to affect blood pressure, as it is an inhibitor of 

both the EDNRA and EDNRB endothelin receptors, some endothelin sys-

tem inhibitors do affect blood pressure. To ensure that bosentan would 

not affect blood pressure in DBA/2J mice, a separate cohort of 8 mice was 

administered bosentan for 2 weeks, and then blood pressures was mea-

sured using previously described procedures (73). Blood pressures were 

not affected by bosentan administration (BP, mmHg ± SEM: 113.5 ± 0.67 

treated; 112.7 ± 1.2 control, P = 0.8).

Clinical examination, IOP measurements, and RGC soma assessment. DBA/2J 

mice develop a disease of the iris that leads to intraocular pressure eleva-

tion and glaucoma. Clinical examinations (30) and IOP measurements 

(74, 75) were performed as previously described. For clinical exami-

nations, at least 20 eyes from each genotype or treatment group were 

examined at 6, 8, 10, and 12 months of age. RGC layer soma counts were 

preformed as described previously (15). Two-tailed Student t tests were 

performed to determine statistical significance. P values less than 0.05 

were considered significant.
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