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PURPOSE. A growing body of evidence suggests that the vasoactive peptides endothelins (ETs)
and their receptors (primarily the ETB receptor) are contributors to neurodegeneration in
glaucoma. However, actions of ETs in retinal ganglion cells (RGCs) are not fully understood.
The purpose of this study was to determine the effects of ETs on gene expression in primary
RGCs.

METHODS. Primary RGCs isolated from rat pups were treated with 100 nM of ET-1, ET-2, or ET-3
for 24 hours. Total RNA was extracted followed by cDNA synthesis. Changes in gene
expression in RGCs were detected using Affymetrix Rat Genome 230 2.0 microarray and
categorized by DAVID analysis. Real-time PCR was used to validate gene expression, and
immunocytochemistry and immunoblotting to confirm the protein expression of regulated
genes.

RESULTS. There was more than 2-fold upregulation of 328, 378, or 372 genes, and
downregulation of 48, 33, or 28 genes with ET-1, ET-2, or ET-3 treatment, respectively,
compared to untreated controls. The Bcl-2 family, S100 family, matrix metalloproteinases, c-

Jun, and ET receptors were the major genes or proteins that were regulated by endothelin
treatment. Immunocytochemical staining revealed a significant increase in ETA receptor, ETB

receptor, growth associated protein 43 (GAP-43), phosphorylated c-Jun, c-Jun, and Bax with
ET-1 treatment. Protein levels of GAP-43 and c-Jun were confirmed by immunoblotting.

CONCLUSIONS. Expression of key proteins having regulatory roles in apoptosis, calcium
homeostasis, cell signaling, and matrix remodeling were altered by treatment with
endothelins. The elucidation of molecular mechanisms underlying endothelins’ actions in
RGCs will help understand endothelin-mediated neurodegenerative changes during ocular
hypertension.
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Glaucoma, the second leading cause of blindness, is an optic
neuropathy characterized by degeneration of the optic

nerve, cupping of the optic disc, and apoptosis of retinal
ganglion cells (RGCs). The detailed mechanisms underlying the
pathogenesis of glaucoma still are not clear. Among several risk
factors associated with glaucoma, such as age, race, sex, and
systemic hypertension, increased IOP is the most significantly
correlated with glaucoma, especially primary open angle
glaucoma. Endothelin-1 (ET-1) is a 21-amino acid peptide
belonging to the endothelin family that includes the vasoactive
peptides, ET-1, ET-2, and ET-3. Endothelin-1 concentration at
basal levels is approximately 1.5 to 2 pg/mL in normal human
plasma and increases several fold in many pathological
conditions,1 including myocardial infarction, angina pectoris,
acute ischemic cerebral stroke, and systemic sclerosis. Studies
in the past two decades have shown that ET-1 levels also are
elevated in the aqueous humor and circulation of glaucoma
patients as well as in animal models of glaucoma.2–6 There is
increasing evidence to show the involvement of ET-1 in several
cellular processes, including development, cell differentiation,
cell proliferation, tumor metastasis, angiogenesis, electrolyte

balance, extracellular matrix formation, mitogenesis, acute or
neuropathic pain, apoptosis, and cell survival.7–20 The diverse
actions of ET-1 also are illustrated by its expression in various
cell types within tissues, and activation of a variety of signaling
pathways upon binding to ET receptors. The main source of ET-
1 in circulation is the endothelial cells; however, it also is
produced by many other types of cells, including epithelial
cells, macrophages, fibroblasts, cardiomyocytes, brain neurons,
and ocular cells, including retinal pigment epithelial cells,
ciliary epithelial cells, trabecular meshwork, and optic nerve
head astrocytes.14,16,17,21

Our laboratory has shown that ET-1 levels are elevated in
aqueous humor in the Morrison’s rat model of elevated IOP, and
associated with increased expression of glial fibrillary acidic
protein (GFAP) in astrocytes and ETB receptor immunoreactiv-
ity in optic nerve.5 Using RT-PCR, Ahmed et al.22 demonstrated
a significant increase in mRNA levels of ET receptors, metal-
lopeptidase inhibitor–1 (timp1), matrix metalloproteinase–3
(mmp3), ET-2, and fibronectin following IOP elevation in
Brown Norway rats. Furthermore, intravitreal injection or
perfusion of ET-1 into eyes in many animal models, such as
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primates, rabbits, and rats, caused optic nerve head damage
similar to that seen in glaucoma, including increased disk
cupping, axon loss, astrogliosis,23–26 as well as disruption of
axonal transport through the optic nerve axons.27,28 Taken
together, these data suggest that ET-1 is an important factor that
contributes to the pathogenesis of glaucoma and progression
of glaucomatous damage.16,17 Endothelin-1 acts through two
main classes of receptors namely, endothelin A (ETA) and
endothelin B (ETB) receptors. Expression of the ETB receptor is
increased in retinas of eyes in a rat model with elevated IOP.29

Moreover, ET-1 treatment has been shown to produce
apoptotic changes in primary RGCs in culture.29 However,
the mechanisms underlying these effects are not completely
understood. The aim of this study was to investigate the effects
of ETs on gene expression in isolated, purified rat RGCs.

METHODS

Primary RGC Isolation

Female timed-pregnant Sprague-Dawley rats were purchased
from Charles River Laboratories (Wilmington, MA, USA).
Primary rat RGCs were isolated from postnatal days 4 to 6 rat
pups using a Thy-1.1 antibody-panning method described by
Barres et al.30 All procedures were done in accordance with
the ARVO Statement on the Use of Animals in Ophthalmic and
Vision Research under the guidelines of the Institutional
Animal Care and Use Committee (IACUC) at University of
North Texas Health Science Center at Fort Worth, TX, USA.
Retinal ganglion cell cultures of purity greater than 95% were
routinely obtained by using this method.30,31 In brief, rat pups
(postnatal days 4–6) obtained from the pregnant rats (Charles
River Laboratories) were killed, and the isolated retinas were
treated with 4.5 units/mL of papain solution (Worthington,
Lakewood, NJ, USA) to dissociate the cells. Cell suspensions
were incubated for 10 minutes with a rabbit anti-macrophage
antibody (Cedarlane, Burlington, Ontario, Canada) and trans-
ferred to a 150-mm petri dish coated with a goat anti-rabbit IgG
(HþL chain) antibody (Jackson ImmunoResearch, West Grove,
PA, USA) for 30 minutes. Cells that did not get attached to the
coated anti-rabbit IgG were transferred to a 100-mm dish
coated with anti-Thy1.1 antibody (generated from hybridoma
T11D7; American Type Culture Collection, Rockville, MD,
USA) for 60 minutes with intermittent shaking. Cells then were
dissociated by trypsin treatment (1250 units/mL; Sigma-Aldrich
Corp., St. Louis, MO, USA) from the Thy-1.1 antibody-coated
dish and seeded on glass coverslips coated with mouse-laminin
(Trevigen, Inc., Gaithersburg, MD, USA) in serum-free Dulbec-
co’s modified Eagle’s medium (DMEM; Invitrogen, Grand
Island, NY, USA) containing brain-derived neurotrophic factor
(50 ng/mL; Peprotech, Rocky Hill, NJ, USA), ciliary neuro-
trophic factor (10 ng/mL; Peprotech), and forskolin (5 ng/mL;
Sigma-Aldrich Corp.). Cells were incubated at 378C in a
humidified atmosphere of 10% CO2 and 90% air. One-half
volume of the culture medium was changed every two days.

Affymetrix Rat Genome 230 2.0 Microarray

Primary RGCs were isolated from postnatal days 4 to 6 rats by
panning with Thy-1.1 antibody as described above (section on
primary RGC isolation) and approximately 300,000 RGCs were
seeded in a 60-mm dish. After 7 days in culture, isolated RGCs
were treated with 100 nM ET-1, ET-2, or ET-3 for 24 hours,
while untreated RGCs served as the control group. Total RNA
was extracted using Qiagen RNeasy Mini kit (Catalog #74104;
Qiagen, Valencia, CA, USA). The quality and quantity of total
RNA was determined by a bioanalyzer (Agilent Technologies,
Inc., Santa Clara, CA, USA). The extracted total RNA was used

to synthesize biotinylated cDNA and the cDNA product was
tested for its integrity, quantity, and quality using a bioanalyzer.
Gene microarray analyses were done at UT Southwestern
Medical Center Microarray Core Facility. Affymetrix Rat
Genome 230 2.0 Microarray (Affymetrix, Santa Clara, CA,
USA) was used to analyze the changes in gene expression in
RGCs in response to 100 nM ET-1, ET-2, and ET-3 treatments. A
single chip contained more than 31,000 probe sets, which can
analyze over 30,000 transcripts and variants from over 28,000
well-substantiated rat genes. There were 11 pairs of probes to
detect each gene sequence. Each pair of probe set contained a
perfect-matched probe and a mismatched probe. Based on the
hybridization signal from each probes, detection P value were
calculated by a 1-sided Wilcoxon’s signed rank test to reflect
the statistical significance of the differences between perfect-
matched and mismatched using Affymetrix Gene Chip
Operating Software (GCOS). If the detection P value is less
than 0.05, the detected gene is considered as Present (‘‘P’’); the
detection P value is close to 0.05, the detected gene is
considered as Marginally Present (‘‘M’’); and the detection P

value is greater than 0.05, the detected gene is considered as
Absent (‘‘A’’). Only genes labeled with P and M were selected
for analysis. Three sets of experiments (biological replicates)
were performed, including RNA extractions following endo-
thelin treatments and microarray analysis, and each microarray
contained two separate arrays (technical replicates). The
relative fold change was calculated and normalized by setting
the untreated (control) value as 1. The genes flagged as ‘‘P’’
and ‘‘M’’ with at least 2-fold change compared to control were
selected for further DAVID analysis (available in the public
domain at http://david.abcc.ncifcrf.gov/, an online bioinfor-
matic tool to systematically and integratively analyze the large
gene lists), which was used to categorize the regulated genes
into different functional clusters.32,33 The threshold of the
Expression Analysis Systematic Explorer (EASE) scores, which
represent the enrichment of a group of genes, was set at 1.3.
The microarray analysis was used as a screening method and
further confirmation of changes in gene expression of
candidate genes was done using quantitative PCR and
immunocytochemical analysis.

Real-Time PCR

Total RNA was extracted from RGCs using Qiagen RNeasy Mini
kit (Qiagen). The quality and yield of the RNA were monitored
using a bioanalyzer as described above. Total cDNA was
prepared from equal amount of total RNA from different
samples using iScript Reverse Transcription Kit (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). To get a quantitative
estimate of changes in gene expression, real-time PCR
(SsoAdvanced SYBR Green Supermix) was performed using
cDNA as template to detect gene expression (primers are listed
in Supplementary Table S1). Real-time PCR running conditions
were as follows: 958C 30 seconds followed 45 two-step cycles
of 958C 10 seconds and 588C 20 seconds. PCR primers were
validated by using cDNA produced from the whole retina and
detection of melting temperature. Three individual sets of
samples were used in real-time PCR, the assay was repeated 2
to 4 times for some genes. Cyclophilin A served as an internal
control to normalize for equal loading of cDNA template. The
results were presented as relative fold change compared to
untreated control. The statistical significance was calculated by
Student’s t-test, and P values <0.05 were considered signifi-
cant.

Immunofluorescent Staining

RGCs were cultured for 7 days following isolation from rat
retinas, to allow them to attach and extend neurites. RGCs
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were then treated with 100 nM ET-1 or ET-3 for 24 hours and
subsequently fixed with 4% paraformaldehyde in PBS for 10
minutes. Permeabilization was performed using 0.1% Triton X-
100, the coverslips were washed with PBS and nonspecific
binding was blocked by incubation with 5% bovine serum
albumin and 5% normal donkey serum in PBS for 1 hour. The
coverslips were incubated overnight at 48C with combinations
of primary antibodies against specific proteins (Bax, #sc-526,
Santa Cruz Biotechnology, Inc., Dallas, TX, USA; Endothelin B
receptor [ETBR], #Ab117529, Abcam, Cambridge, United
Kingdom; Endothelin A receptor [ETAR], #E3651, Sigma-
Aldrich Corp.; c-Jun, #sc-1694, Santa Cruz Biotechnology,
Inc.; p-c-Jun, #sc-822, Santa Cruz Biotechnology, Inc.; GAP-
43, #G9264, Sigma-Aldrich; RNA-Binding Protein With Multiple
Splicing [RBPMS], #GTX118619, GeneTex, Inc., Irvine, CA,
USA; b-tubulin III, #T8578, Sigma-Aldrich Corp.; Neurofila-
ment-L, #2837s, Cell Signaling, Danvers, MA, USA; Brn-3b,
custom polyclonal antibody from rabbit, Antibody Research
Corporation, St. Charles, MO, USA). Primary antibody incuba-
tions were followed by PBS washes and the corresponding
secondary antibody (donkey anti-mouse Alexa 546/488 or
donkey anti-rabbit 647-conjugate) incubations. Control sec-
tions incubated with only secondary antibodies served as
background control. The coverslips were mounted on slides
with antifade medium (FluorSave; Calbiochem, La Jolla, CA,
USA). Serial images captured using Zeiss 510meta confocal
microscope with Z-scan were stacked except the images for
analysis of protein co-localization.

Immunoblotting

Approximately, 300,000 RGCs were seeded in each well of 6-
well plates and cultured for 7 days. The cultured RGCs were
treated with 100 nM ET-1 for 24 hours, and untreated RGCs
served as control. After washing twice with PBS, RGCs were
lysed using 100 lL of RIPA buffer (50 mM Tris-HCl, pH 8.0,
with 150 mM sodium chloride, 1.0% Igepal CA-630 (equivalent
to NP-40), 0.5% sodium deoxycholate, and 0.1% SDS). Equal
amount of cell lysates were subjected to 4% to 15% SDS-PAGE
gels (Bio-Rad Laboratories, Inc.). Antibodies c-Jun, p-c-Jun, and
GAP-43 (listed above) were used to probe the specific proteins
and calnexin (Cat #: ADI-SPA-860, Enzo Life Sciences, Inc.,
Farmingdale, NY, USA) served as loading control. The
densitometry analyses of immunoblotting signals were per-
formed using Bio-Rad Image Lab software, and the results from
3 to 5 individual experiments were presented as the bar graph
after normalization with calnexin.

RESULTS

Upregulated and Downregulated Genes in
Response to Treatments of RGCs With ET-1, ET-2,
and ET-3

Purified RGCs (cultured for 7 days following isolation) were
either untreated (control) or treated with 100 nM ET-1, ET-2, or
ET-3 for 24 hours. Total RNA was extracted from the cells and
cDNA was synthesized using equal amount of total RNA
(quantitated using a bioanalyzer). The yield and quality of total
RNA was summarized in Supplementary Table S2.

Affymetrix Rat Genome 230 2.0 Microarray was performed,
and the microarray data were validated by the obtained flag
value using Affymetrix GCOS. The results obtained from three
biological replicates and two technical replicates from micro-
array assay were averaged and resultant mean was used to
evaluate the gene responses. The raw data of microarrays have
been submitted to GEO database of the National Center for

Biotechnology Information (NCBI) and the access number is
GSE71021. Genes with a Detection P value �0.05 by a 1-sided
Wilcoxon’s signed rank test and with at least 2-fold increase or
decrease compared to control were selected for DAVID
analysis. There was more than 2-fold upregulation of 328,
378, or 372 genes and downregulation of 48, 33, or 28 genes
with ET-1, ET-2, or ET-3 treatment, respectively, compared to
untreated controls. In the microarray analysis, mRNA levels of
several house-keeping genes, including GAPDH, cyclophilin A,
and b-actin, displayed very stable levels and ET treatment did
not alter the expression of these genes, which provided
important normalization standards for validating the results
(data not shown).

There were 30 genes that were highly upregulated in RGCs
in response to ET-1 treatment for 24 hours, which are shown in
Table 1. Among these genes, mRNA levels of tenascin C (tnc),
IL-6, ETBR, and mmp3 were selected and confirmed using real-
time PCR. A similar fold increase in gene expression was
observed in these 30 genes in response to treatments of ET-1,
ET-2, or ET-3.

Moreover, 30 genes most downregulated in RGCs in
response of ET-1 treatment for 24 hours are shown in Table
2. Asporin (aspn) was selected for further analysis and its
expression was confirmed by real-time PCR. Among these 30
downregulated genes, 10 genes showed different response to
ET-2 and/or ET-3 treatment compared to ET-1, others displayed
the similar trend (Table 2).

Gene Clusters Identified by DAVID Analysis

To summarize the biological information from the micro-
array data, the upregulated and downregulated genes with a
detection P value �0.05 and a relative fold ‡2 were
screened by instruction of DAVID analysis. The three gene
lists were extracted based on the ranking of fold change in
response to ET-1, ET-2, and ET-3 treatments, respectively,
from the upregulated, screened genes. Similarly, three gene
lists were generated from the genes downregulated by
treatment with the ET-1, ET-2, and ET-3. All six gene lists
were analyzed using DAVID individually, and gene clusters
were selected by EASE scores ‡1.3 and P � 0.05 (a modified
Fisher’s exact test and Benjamini multiple test correction).
Gene clusters were categorized into three gene ontologies
(GO) including molecular function, biological process, and
cellular component; in addition, KEGG pathways also were
determined. The results are summarized in Tables 3 and 4.
From identification of gene clusters in the biological
process, the most significantly regulated gene classes were
those of cell cycle, cell growth, cell migration, and
responses to stimuli, and in accordance with this, synthesis
of microtubule, cytoskeleton parts, and extracellular matrix
was most affected by ET treatment (Tables 3, 4).

Calcium Pathway-Associated Genes, Cyclin-
Dependent Kinase 1, and Interleukins

Cyclin-dependent kinase 1 (cdk1) has an important role in
controlling cell cycles by regulation of G1/S and G2/M phase
transitions in eukaryotic cells.34 Microarray analysis revealed
that there was a 2.1-fold increase in expression of cdk1

detected in ET-1–treated RGCs, and several gene clusters
associated with cell cycle in biological process also were
screened by DAVID criteria (shown in Table 3) from gene
ontology analysis of microarray. As a further confirmation, real-
time PCR data showed a 3.3-fold increase, which was
statistically significant (P < 0.001, t-test, n ¼ 9; Fig. 1A).

The S100 proteins belonging to the EF-hand family with 2
binding sites for calcium are involved in a variety of cell
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processes, including cell proliferation, apoptosis, and cell
metabolism.35,36 Several members of this family were shown to
be upregulated in RGCs with ET-1 treatment. There was a 2.1-,
4.4-, and 1.7-fold increase detected in microarray for the
expression of s100A4, s100A6, and s100A11. A similar trend
of 2.1-, 6.1-, and 1.7-fold upregulation of these genes,
respectively, also was found by real-time PCR analysis (Fig.
1A). The upregulation of all three genes in both assays were
statistically significant. In ontology analysis, there were two
gene clusters, including calcium ion homeostasis and cellular
calcium ion homeostasis, that were upregulated and enriched
by ET treatment, identified by DAVID (Table 3).

Interleukins

Treatment of RGCs with ET-1 induced a 7.1- and 8.7-fold
increase in expression of interleukin-6 (il-6) and il-11

determined by microarray analysis; although a large variation
was detected from three sets of data (Fig. 1B). The results from
real-time PCR confirmed this significant upregulation of mRNA
levels for il-6 and il-11 (5.8- and 3.4-fold respectively) with
statistical significance (P < 0.01, n ¼ 12) using the t-test.

Extracellular Matrix Proteins

No change was detected in the mRNA level of mmp2 in RGCs
with ET-1 treatment from microarray and real-time PCR data;
however, a significant upregulation of mmp3 expression was
detected in both assays (8.2- and 5.4-fold, respectively) with ET-
1 treatment (Fig. 2). An appreciable 2.2-fold increase (P ¼
0.065, t-test, n ¼ 3) in timp1, an endogenous inhibitor of
MMPs, was found in microarray and a 2.4-fold increase (P <
0.001, t-test, n¼ 12) also was found by real-time PCR in RGCs
with ET-1 treatment. Tenascin C (tnc), the extracellular matrix
protein regulated by a variety of factors, including TGFb and
TNFa, has been shown to have an important role in neuronal
development. In the current study, mRNA level of tnc in RGCs
treated with ET-1 was significantly elevated by 7.5- and 17.0-
fold in microarray and real-time PCR, respectively. Apart from
the MMP family, mRNA levels of other ECM molecules also
were altered in response to ET treatment. Asporin (aspn), an
extracellular protein belonging to the members of the small
leucine-rich proteoglycan, displays a regulatory role by
inhibiting TGFb1-induced signaling.37 Our results showed a
2.4- and 5.3-fold decrease of the mRNA level for this gene

TABLE 1. A total of 30 Genes With Most Upregulation by ET-1 in Gene Microarray in RGCs

Fold Changes to Control

Representative Public ID Gene Title Gene SymbolControl ET-1 ET-2 ET-3

1.00 26.07 17.23 5.18 AA901151 Interferon activated gene 204 Ifi204

1.00 23.72 15.45 6.50 AI578087 Transmembrane 4 L 6 family member 1 Tm4sf1

1.00 21.15 8.63 18.57 AA891661 Aquaporin 1 Aqp1

1.00 11.64 10.12 9.99 NM_013037 Interleukin 1 receptor-like 1 Il1rl1

1.00 10.51 8.82 10.10 NM_012620 Serine (or cysteine) peptidase inhibitor,

clade E, member 1

Serpine1

1.00 9.45 9.18 11.90 AF053312 Chemokine (C-C motif) ligand 20 Ccl20

1.00 9.27 8.72 9.26 NM_022604 Endothelial cell-specific molecule 1 Esm1

1.00 8.37 6.06 7.67 BG381524 Cell division cycle associated 2 Cdca2

1.00 8.13 1.74 3.88 BF402869 Angiopoietin 1 Angpt1

1.00 8.02 5.68 5.74 AI233363 Ribosomal protein L30 Rpl30

1.00 7.51 7.29 7.29 AI176034 Tenascin C Tnc

1.00 7.20 8.43 6.60 BM385741 Inhibin beta-B Inhbb

1.00 7.09 7.54 7.65 NM_012589 Interleukin 6 Il6

1.00 6.87 6.03 7.03 NM_019282 Gremlin 1, cysteine knot superfamily,

homolog (Xenopus laevis)

Grem1

1.00 6.54 7.66 3.24 BF388856 Chemokine-like factor Cklf

1.00 6.42 3.85 4.19 BE112403 Fibroblast growth factor receptor substrate 2 Frs2

1.00 6.40 6.45 6.34 X57764 Endothelin receptor type B Ednrb

1.00 6.62 5.41 5.15 AI500951 Serine (or cysteine) peptidase inhibitor,

clade E, member 1

Serpine1

1.00 6.10 1.26 2.14 NM_012605 Myosin light chain, phosphorylatable,

fast skeletal muscle

Mylpf

1.00 6.06 5.96 5.96 NM_017043 Prostaglandin-endoperoxide synthase 1 Ptgs1

1.00 5.97 4.00 4.26 AA925924 Cytokine receptor-like factor 1 Crlf1

1.00 5.80 2.22 3.09 AA859029 Fatty acid binding protein 12 Fabp12

1.00 5.76 5.05 2.71 NM_133523 Matrix metallopeptidase 3 Mmp3

1.00 5.33 4.90 7.39 BF405597 Zinc finger protein 457-like /// similar to

zinc finger protein 458

LOC100363969 ///

LOC365723

1.00 5.33 4.90 7.39 BI285131 ELL associated factor 2 Eaf2

1.00 5.19 4.98 3.34 J03819 Thyroid hormone receptor beta Thrb

1.00 5.09 6.19 7.48 BE104344 Centromere protein T Cenpt

1.00 5.04 2.83 3.12 NM_017233 4-hydroxyphenylpyruvate dioxygenase Hpd

1.00 5.04 5.74 5.15 AW527186 Similar to C-C chemokine receptor type 11

(C-C CKR-11) (CC-CKR-11) (CCR-11)

(Chemokine receptor-like 1) (CCRL1) (CCX CKR)

LOC685243

1.00 4.99 7.78 7.54 BE113200 Serine peptidase inhibitor, Kazal type 8 Spink8
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detected from microarray and real-time PCR following a 24-
hour treatment of RGCs with ET-1 (Fig. 2).

ER-Stress Associated Genes

To investigate if ET-induced apoptosis acts through the ER
stress pathways, the mRNA expression of several key elements
involved in ER stress was determined by microarray and real-
time PCR analysis (Fig. 3). No appreciable changes were
detected in the mRNA level of DNA-damage-inducible tran-
script 3 (ddit3), eukaryotic translation initiation factor 2-a
kinase 3 (eif2ak3 or perk), endoplasmic reticulum to nucleus
signaling 1 (ern1), and X-Box binding protein 1 (xbp1) in ET-1–
treated groups from microarray compared to control (no data
for ern1 were obtained from microarray). Also, mRNA of ern1

and xbp1 did not change in real-time PCR. However, ddit3 and
eif2ak3 expression was decreased to 79% and 70% of control
in real-time PCR. The only statistically significant decrease in
mRNA expression were detected for eif2ak3 in real-time PCR
assay (P < 0.005, n ¼ 6, t-test).

Endothelin Receptors

Previously, our laboratory reported an upregulation of ETB

receptor mRNA and protein levels in retinas of rats with
elevated IOP. Furthermore, RGC loss and axon degeneration
were attenuated in ETB-deficient rats.29,38 Taken together, the
data suggested that ETB receptor is involved in neurodegener-
ation in glaucoma. Therefore, mRNA levels of ETB receptor

were investigated by microarray and real-time PCR (Fig. 4).
There was a 6.4- and 8.4-fold increase in the mRNA levels of
ETB receptor in RGCs treated with ET-1 detected by microarray
and real-time PCR, respectively. In addition, an enhanced
immunostaining of ETB receptor also was found in RGCs
treated with ET-1 or ET-3 (ET-1 binds to ETA and ETB receptor
with the same affinity, whereas ET-3 has a higher affinity of
binding to the ETB receptor). On the other hand, there was no
change or a decrease to 56% of control in the mRNA levels of
ETA receptor in ET-1–treated RGCs determined by microarray
or real-time PCR, respectively; however, protein levels of ETA

receptor determined by immunostaining were increased in
RGCs with ET-1 as well as with ET-3 treatment, compared to
untreated controls. The staining of ETA and ETB receptors was
detected mainly in soma of RGC cells. ETA receptor also was
colocalized with b-tubulin III (a neuronal marker) in RGCs
(data shown in Supplementary Fig. S1).

Transcription Factors

Brn-3b (POU4F2), which belongs to POU domain transcription
factor family (that includes Brn-3a, Brn-3b, and Brn-3c), has a
regulatory role in the development of RGCs in the retina.39,40

To test the effects of ETs on expression, the mRNA expression
of brn-3b was tested by real-time PCR, since no hybridization
oligos were present in the microarray. ET-1 treatment in RGCs
resulted in significant downregulation of the mRNA of brn-3b

to 70% of control (P < 0.001, n ¼ 6, t-test, Fig. 5). Activating
transcription factor 3 (atf3), a member of ATF/cAMP respon-

TABLE 2. A Total of 30 Genes With Most Downregulation by ET-1 in Gene Microarray in RGCs

Fold Change to Control

Representative Public ID Gene Title Gene SymbolControl ET-1 ET-2 ET-3

1.00 0.20 1.24 1.17 BI290677 G protein-coupled receptor 116 Gpr116

1.00 0.24 0.57 0.93 BG377504 Forkhead box I1 Foxi1

1.00 0.30 0.58 2.67 BE098785 Angiotensin I converting enzyme

(peptidyl-dipeptidase A) 2

Ace2

1.00 0.31 0.35 0.46 AI172271 Endomucin Emcn

1.00 0.34 0.72 1.24 AI013851 Prolactin family 8, subfamily a, member 7 Prl8a7

1.00 0.34 2.95 1.99 BF549625 Dickkopf homolog 2 (Xenopus laevis) Dkk2

1.00 0.35 0.30 0.29 AI232716 Indolethylamine N-methyltransferase Inmt

1.00 0.35 0.80 0.18 AI639412 Asporin Aspn

1.00 0.37 0.84 0.89 AW915147 Moloney leukemia virus 10 Mov10

1.00 0.37 0.48 0.58 NM_031817 Osteomodulin Omd

1.00 0.39 1.58 1.02 NM_017338 Calcitonin-related polypeptide alpha Calca

1.00 0.41 0.62 0.79 NM_017193 Aminoadipate aminotransferase Aadat

1.00 0.42 0.42 0.50 AA818521 Thrombomodulin Thbd

1.00 0.42 1.18 0.73 BF404146 MORN repeat containing 5 Morn5

1.00 0.44 1.06 1.18 AI575310 Neurotrophic tyrosine kinase, receptor, type 1 Ntrk1

1.00 0.45 0.35 0.48 BG666306 Thrombomodulin Thbd

1.00 0.45 0.53 0.78 BF397780 GLI family zinc finger 1 Gli1

1.00 0.45 0.48 0.62 AI172339 Actin-binding Rho activating protein Abra

1.00 0.46 0.25 0.62 BI290633 Asporin Aspn

1.00 0.47 0.76 0.54 BI290522 Ankyrin repeat and SOCS box-containing 12 Asb12

1.00 0.47 0.46 0.56 NM_053955 Crystallin, mu Crym

1.00 0.48 0.56 0.65 BG673439 Claudin 11 Cldn11

1.00 0.48 1.66 0.91 BM387946 Zeta-chain (TCR) associated protein kinase Zap70

1.00 0.49 1.05 0.97 NM_012774 Glypican 3 Gpc3

1.00 0.49 0.36 0.42 BM391248 Transmembrane protein 100 Tmem100

1.00 0.51 0.95 1.12 AI233855 Surfactant protein B Sftpb

1.00 0.51 1.08 1.17 AI170076 RAS-like, estrogen-regulated, growth-inhibitor Rerg

1.00 0.51 0.55 0.61 BE100973 Hypothetical protein LOC680687 LOC680687

1.00 0.52 0.50 0.51 AA945955 Osteoglycin Ogn

1.00 0.52 0.63 0.56 BI275292 Angiopoietin 2 Angpt2
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TABLE 3. Gene Clusters of Upregulated Genes in Response to ETs Identified by DAVID Analysis

Gene Ontology Clusters ET-1 P Value ET-2 P Value ET-3 P Value

Molecular function Cytokine activity 1.36E-08 3.73E-06 4.90E-08

Growth factor binding 8.71E-04 8.79E-03

Ligand-dependent nuclear receptor activity 7.33E-03 1.08E-02

Chemokine activity 1.20E-04 2.03E-04 1.51E-05

Chemokine receptor binding 1.40E-04 2.36E-04 1.82E-05

Heparin binding 1.19E-04 2.39E-04 3.72E-06

Glycosaminoglycan binding 1.01E-03 3.83E-04 6.42E-05

Microtubule motor activity 2.09E-02 3.00E-02

Steroid hormone receptor activity 6.34E-03 9.35E-03

Biological process Cell cycle 9.69E-07 2.33E-07 6.26E-07

Response to endogenous stimulus 2.43E-08 1.07E-07 1.81E-07

Response to extracellular stimulus 8.89E-05 5.28E-05 2.41E-04

Cellular calcium ion homeostasis 1.52E-02 2.12E-02 7.73E-03

Calcium ion homeostasis 1.71E-02 2.38E-02 8.88E-03

Regulation of ubiquitin-protein ligase activity 1.40E-02 1.74E-02 1.89E-02

Regulation of cell growth 1.44E-03 9.19E-03

Regulation of growth 7.82E-03 3.45E-02

Tissue remodeling 3.35E-03 4.43E-03

Regulation of protein modification process 3.31E-02 2.76E-03 2.33E-02

Response to hormone stimulus 4.53E-07 1.57E-06 7.26E-07

Regeneration 1.58E-05 3.43E-05

Growth 6.13E-04 3.53E-03 4.19E-03

Chemotaxis 6.84E-07 1.25E-06 1.72E-07

Regulation of cellular protein metabolic process 6.29E-03 1.84E-03 5.77E-03

Cell migration 2.39E-04 7.99E-06 4.37E-05

Regulation of apoptosis 1.07E-02 3.23E-03

Regulation of cell cycle 1.66E-02 2.41E-02 2.78E-02

Positive regulation of signal transduction 1.51E-02 2.28E-02 4.03E-03

Cellular component Microtubule cytoskeleton 1.36E-05 7.31E-05 1.14E-03

Cytoskeletal part 2.61E-03 3.93E-03 1.35E-02

Extracellular region 8.23E-13 1.36E-09 2.92E-12

Extracellular region part 1.56E-10 2.08E-08 7.38E-12

Extracellular matrix 4.41E-06 2.83E-05 2.55E-08

Extracellular space 1.96E-06 3.58E-05 2.51E-06

Intrinsic to plasma membrane 2.02E-02 2.07E-02

Integral to plasma membrane 3.19E-02 1.25E-02

Membrane fraction 5.57E-03 3.31E-02

KEGG pathway Cell cycle 1.27E-05 1.12E-04 6.26E-07

Arachidonic acid metabolism 8.00E-03 4.44E-02

ECM-receptor interaction 5.59E-04 1.40E-04

Focal adhesion 2.38E-03 1.16E-03

P53 signaling pathway 6.25E-03 7.66E-03 1.53E-03

Blank in the Table represented either P value >0.05 or unidentified gene clusters (a modified Fisher’s exact test and Benjamini multiple test
correction).

TABLE 4. Gene Clusters of Downregulated Genes in Response to ETs Identified by DAVID Analysis

Gene Ontology Clusters ET-1 P Value ET-2 P Value ET-3 P Value

Molecular function Coenzyme binding 1.43E-02

Cofactor binding 2.48E-02

Biological process Cell adhesion 4.44E-02

Biological adhesion 4.44E-02

Intracellular signaling cascade 1.88E-02

Cellular component Extracellular region 1.12E-02

Extracellular region part 2.12E-03 2.06E-02 2.96E-02

Blank in the Table represented either P value >0.05 or unidentified gene clusters (a modified Fisher’s exact test and Benjamini multiple test
correction).

Endothelin-Mediated Changes in Gene Expression IOVS j September 2015 j Vol. 56 j No. 10 j 6149



sive element-binding protein family, is an immediate early
response gene that is induced by a varieties of stimuli and
stress.41 It also is related to components of the AP-1
transcription factor that affects ETB receptor expression. In a
rat model of glaucoma, atf3 expression was boosted 15-fold in
RGCs in response to elevated IOP.42 However, no appreciable
change was detected in ET-1–treated RGCs using microarray
and real-time PCR. Signal transducer and activator of transcrip-
tion 3 (stat3) is a transcription factor that acts downstream of
Janus Kinase (Jak) to mediate the cellular reaction in response
to interleukins and many growth factors, such as IL-6, EGF, and
BMP2.43–45 Since a significant upregulation of il-6 mRNA was
detected in ET-1–treated RGCs (Fig. 1B), stat3 was a potential
target gene to be studied; however, there was no appreciable
change of stat3 mRNA detected in microarray, and a slight
decrease was found in real-time PCR with no statistical
difference (P ¼ 0.197, n ¼ 3, t-test, Fig. 5).

mRNA and Protein Levels of c-Jun

c-Jun has been shown to be upregulated at the mRNA and
protein levels in retinas of rats with elevated IOP,38,46 and
phosphorylated c-Jun also was detected as early as 1 week after
IOP elevation.46 Surprisingly, c-Jun mRNA was not changed in

RGCs treated with ET-1 in microarray assay, and even slightly
decreased in real-time PCR (Fig. 6A); however, the results of c-
Jun protein levels were different. Immunostaining was used to
determine the protein level of c-Jun and its phosphorylated
form. Staining of c-Jun was appreciably increased in RGCs
treated with 100 nM ET-1 or ET-3 for 24 hours (Fig. 6B), the
staining was detected mainly in soma of RGCs. There was no
discernible difference in the intensity of c-Jun immunostaining
between ET-1 and ET-3 treatment. A visibly enhanced staining
of phosphorylated c-Jun (p-c-Jun) also was detected in RGCs
treated ET-1 or ET-3, the staining was observed not only in the
soma of RGCs, but also in the neurites. There was no
appreciable difference in the staining intensity for p-c-Jun
between ET-1 and ET-3 treatments. ET-1–mediated upregulation
of c-Jun and p-c-Jun in protein levels also was confirmed by
immunoblotting (Fig. 6C).

Growth Associated Protein 43 Response to ET-1
Treatment

Growth Associated Protein 43 (GAP-43) is a protein that is
highly expressed in axonal growth cone during development
and axon neuroregeneration. Levels of GAP-43 mRNA in RGCs
treated with ET-1 were unchanged when determined by

FIGURE 1. Calcium-associated genes, cdk1, and interleukins in response to ET-1 treatment in RGCs. Expression levels of genes were detected by
microarray and real-time PCR using cDNA template synthesized from total RNA, which was extracted from RGCs following ET-1 treatment. (A)
Expression of cdk1 and S100 family genes was detected by microarray and real-time PCR. An increased expression of 2.1-, 4.4-, and 1.7-fold in ET-1
treatment was detected in microarray for s100A4, s100A6, and s100A11, the same trend also was observed as an increase of 2.1-fold (n¼6, t-test, P

¼ 0.01), 6.1-fold (n ¼ 12, t-test, P � 0.001), and 1.7-fold (n ¼ 6, t-test, P � 0.001) from real-time PCR, respectively (A). Statistical analysis was
performed using t-test. (*P < 0.05, **P � 0.01, #P � 0.001). (B) Interleukin-6 and il-11 were detected by microarray and real-time PCR. Statistical
analysis was performed using t-test. (*P < 0.05, **P � 0.01, #P � 0.001). Endothelin-1 treatment of RGC induced a 7.1- and 8.7-fold increase of il-6

and il-11 in microarray, although there was a large variation detected from three sets of data (B); real-time PCR confirmed this significant
upregulation of mRNA level for il-6 and il-11 at 5.8- and 3.4-fold with t-test P < 0.01 (both with n ¼ 12; relative mRNA levels (mean 6 SEM) are
represented in bar graph; in microarray, the vehicle control served as control; in real-time PCR, results were normalized to the expression of
cyclophilin A, and values were compared to the vehicle-treated control cells).
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microarray and decreased to 77% of control when analyzed by
real-time PCR, respectively (Fig. 7A). The decrease of mRNA
expression in ET-1 treatment detected by real-time PCR was
statistically different (P < 0.05, n¼ 6, t-test). Levels of GAP-43
protein also were tested by immunocytochemistry. The
staining intensity was greatly enhanced in RGCs treated with
ET-1 and ET-3, and increased staining was observed in somas
and neurites (Fig. 7B). Furthermore, immunoblotting of GAP-
43 in RGCs showed that ET-1 treatment promoted increased
protein expression of GAP-43 as seen in the immunostaining
(Fig. 7C).

Bcl-2 Gene Family

Bcl-2 gene family consists of proapoptotic genes (bax, bad,
bak, bid, and so forth) and antiapoptotic genes (bcl-2, bcl-XL,
and so forth). These genes have the important roles in

controlling the fate of survival of cells. Among the proapop-
totic genes, analysis of bax gene expression by microarray and
real-time PCR yielded different results. No change of bax

mRNA expression was detected in ET-1–treated RGCs from
microarray; however, a significant decrease (P¼ 0.001, t-test, n

¼ 6) to 86% of control in ET-1–treated RGCs was found by real-
time PCR (Fig. 8). On the other hand, ET-1 or ET-3 treatment of
RGCs increased the protein level of Bax detected by
immunocytochemistry, and the staining intensity of Bax was
higher in the endothelin treated group compared to control. In
addition, Bax staining was detected mainly in somas of RGCs.
mRNA levels of bcl-2, bak1, bcl-xl, and bid were investigated
using both arrays (Fig. 9). Among these genes, ET-1 treatment
of RGCs induced a significant decrease in bcl-2, bak1, and bid

(P < 0.01, t-test, n ¼ 3–6) shown in real-time PCR. The Bcl-2

gene family comprises of upstream regulatory factors (survival
and cell death promoting) controlling the apoptotic pathway.
The caspase family, consisting of a group of cysteine-dependent
aspartate-directed proteases, functions as initiators and effec-
tors controlling apoptosis, inflammation, and cell cycle. mRNA
levels of caspases also were determined by microarray and real-
time PCR. The results from both assays were consistent. A
statistically significant downregulation of mRNA levels of casp2

FIGURE 2. Changes in expression of genes encoding extracellular
matrix proteins in response to ET-1 treatment in RGCs. Expression of
mmp2, mmp3, timp1, tnc, and aspn was detected by microarray and
real-time PCR. There was no change detected in mRNA level of mmp2 in
RGCs with ET-1 treatment from microarray and real-time PCR; however,
a significant upregulation of mmp3 expression was detected in both
assays (8.2-fold, n ¼ 3 and 5.4-fold, n ¼ 12, respectively) with ET-1
treatment. An appreciable 2.2-fold increase (P¼ 0.065, t-test, n ¼ 3) of
timp1 (an endogenous inhibitor of MMPs) was found by microarray, and
a 2.4-fold increase (P < 0.001, t-test, n¼ 12) of timp1 was found in real-
time PCR in RGCs treated with ET-1. The mRNA level of tnc in RGCs in
response to ET-1 treatment was significantly upregulated to 7.5- and
17.0-fold in microarray and real-time PCR, respectively. There was a 2.4-
and 5.3-fold decrease of mRNA of asporin (aspn) detected from
microarray and real-time PCR after 24-hour treatment of ET-1 in RGCs.
(mRNA levels [mean 6 SEM] are represented in bar graph; in microarray,
the vehicle-treated cells served as control; in real-time PCR, results were
normalized to the expression of cyclophilin A, and values were
compared to vehicle-treated control cells). Statistical analysis was
performed using t-test (*P < 0.05, **P � 0.01, #P � 0.001).

FIGURE 3. Alterations in expression of ER-stress associated genes in
RGCs treated with ET-1. Genes involved in ER stress pathways were
determined by microarray and real-time PCR analysis. No appreciable
changes of ddit3, eif2ak3, ern1, and xbp1 were detected at the mRNA
level in ET-1–treated groups from microarray (no data of ern1 obtained
from microarray). mRNA of ern1 and xbp1 also did not change in real-
time PCR. However, ddit3 and eif2ak3 expression was decreased to
79% and 70% of control in real-time PCR. Only change of eif2ak3 in
real-time PCR was statistically significant (0.005, n ¼ 6, t-test). *P <
0.05, **P � 0.01, #P � 0.001; mRNA levels (mean 6 SEM) are
represented in bar graph; in microarray, the vehicle control served as
control; in real-time PCR, results were normalized to the expression of
cyclophilin A, and compared to vehicle-treated control cells.
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and casp7 in RGCs treated with ET-1 was detected by real-time
PCR. Calpain is another family of calcium-dependent cysteine
proteases having diverse roles in cell cycle and cell death.
Within this family, capn6 was downregulated in ET-1–treated
RGCs in microarray, and the same trend also was detected by
real-time PCR. In the latter experiment, the mRNA level of
capn6 was decreased to 12.9% of control following ET-1
treatment in RGCs (P < 0.001, t-test, n ¼ 9).

DISCUSSION

Previous studies have shown that ETs induced apoptosis of
RGCs that were demonstrated in various experimental
paradigms, including ET treatment of cultured RGC cells,29

intravitreal injection in rats,47 and continuous administration
using implanted osmotic mini-pumps in rats.25 However, the
mechanisms by which ETs induce apoptosis of RGCs still are
not clear. In the current study, ET-induced changes in gene
expression and protein levels were investigated using a
genome-wide screening by microarray, and validated by real-
time PCR, immunocytochemistry, and immunoblotting. A
diverse set of gene responses were found in RGCs treated
with endothelins, including calcium homeostasis, cell cycle,
cell growth, and neurite outgrowth and projection. Since ET
treatment of primary RGCs results in apoptotic changes,29 the
study provides an important insight into changes in gene

expression that contribute to cell death following treatment
with various endothelins.

ET-1 Actions in Apoptosis

Receptors ETA and ETB are expressed in many types of cells in
the central nervous system (CNS) with ETB being predomi-
nant in the CNS,48 including neurons and astrocytes.49,50

Endothelin B (ETB) receptors are upregulated at the mRNA
and protein levels in many ocular tissues, including optic
nerve head, nerve fiber layer, RGCs, and inner plexiform layer
of the retina in animal models of glaucoma.29,38,51,52 Our
immunocytochemistry data showed that ETB and ETA

receptors were upregulated at the protein level in RGCs
treated with 100 nM ET-1, compared to those of untreated
control cells (Fig. 4). However, only the ETB receptor was
increased at the mRNA level. The changes in ET-1 expression
and/or regulation of ET receptors may have an important role
in neuronal death in RGCs. Minton et al. 29 demonstrated that
100 nM ET-1 and ET-3 treatment triggers cell death of cultured
RGCs via apoptosis. A significant loss of RGCs was found in
association with increased immunostaining of the ETB

receptor in wild-type rats with IOP elevation for 4 weeks.
Moreover, RGC loss was attenuated and a significant
protection of RGCs from cell death was found in the ETB

receptor-deficient rats. This suggests that the ETB receptor
has a causative role in RGC loss during ocular hypertension.
Furthermore, intravitreal administration of ET-1 induced

FIGURE 4. Endothelin receptor expression in RGCs treated with ETs. mRNA and protein levels of ETB receptor and ETA receptor were investigated
by microarray, real-time PCR, and immunocytochemistry. There was a 6.4-fold (n ¼ 3) and 8.4-fold (n ¼ 12) increase in mRNA of ETB receptor
detected by microarray and real-time PCR respectively; however, there was either no change or a decrease to 56% of control (n¼9) in mRNA levels
of ETA receptor in both assays. On the other hand, an enhanced staining of ETB receptor and ETA receptor was detected in RGCs treated with ET-1 or
ET-3 compared to untreated controls. The staining of ETA and ETB receptors was detected mainly in soma of RGC cells. t-test, *P < 0.05, **P � 0.01,
#P � 0.001; mRNA levels (mean 6 SEM) are represented in bar graph; in microarray, the vehicle control served as normalization control; in real-time
PCR, results were normalized to the expression of cyclophilin A, and values were compared to vehicle-treated control cells.
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apoptosis in wild-type rats, which was attenuated in ETB

receptor-deficient rats.47 In addition, administration of an
ETA/ETB dual antagonist, bosentan, diminished neurodegen-
eration in the congenital DBA/2J mice model of glaucoma that
has a spontaneous elevation of IOP.53 Taken together, the data
suggest that activation of ETB receptors by ET-1 induces
neurodegenerative effects in ET-1–treated RGCs in culture as
well as in rat models with ocular hypertension. The precise
role of ETA receptor in glaucomatous neurodegeneration
remains to be understood.

c-Jun and GAP-43 Upregulation in RGCs Following

ET-1 Treatment

c-Jun is an immediate early gene whose expression is elevated
in the early stage of neuronal damage and degeneration,54,55

and also associated with axonal regeneration of neurons and
neuronal survival.54,56 Our laboratory previously reported that
ET-1 and ET-3 produced apoptotic changes in isolated RGCs.29

In the current study, protein levels of c-Jun and phosphorylated
c-Jun were greatly increased in ET-1 and ET-3–treated RGCs,
although there was no apparent change in mRNA level of c-Jun

(Fig. 6). c-Jun N-terminal kinase (JNK) is a stress induced MAPK
kinase that is involved in several pathological pathways in

neurodegenerative diseases.57 c-Jun is a direct target of
phosphorylation by JNK and is a component of the AP-1
transcription factor. The neuroprotective effect of attenuation
of phosphorylation of c-Jun (by administration of JNK inhibitor,
SP600125, in mice) and in JNK knock-out mice further proves
the degenerative role of c-Jun in neuronal damage under
glaucomatous conditions. A significant protection of RGCs
from cell death was found in JNK2/3 deficient mice following
optic nerve crush.58 Furthermore, administration of JNK
inhibitor SP600125 significantly protected RGCs from cell
death and reduced axon loss in mice with elevated IOP.59

These observations suggest that c-Jun and phosphorylation of
c-Jun by upstream JNK have a critical role in RGC death. It is
possible that one mechanism by which JNK/c-Jun induces cell
death of RGCs is through upregulation of ETB receptors. Our
previous study showed that overexpression of c-Jun produced
increased expression of ETB receptors in human nonpigment-
ed ciliary epithelial cells (HNPE).38 Increased c-Jun and AP-1
immunostaining also was observed in conjunction with
elevated ETB receptors in the RGC layer of retina with elevated
IOP.38 The present results show that ET-1 treatment in RGCs
promoted not only increased expression of the ETB receptor at
the mRNA and protein levels (Fig. 4), but also increased the
expression and phosphorylation of c-Jun. A key question to
address is whether c-Jun is an upstream regulatory transcrip-
tion factor of the ETB receptor gene. Previous data indicated
that there were six AP-1 and 40 C/EBPb binding sites in the
upstream promoter region of the human ETB receptor gene.38

Mutations or deletions at the AP-1 binding sites significantly
attenuated gene transcription of the ETB receptor. Since ET
levels are elevated in glaucomatous conditions in human
patients as well as in animal models, it is plausible that ET’s
actions could contribute to c-Jun activation and elevated mRNA
expression of ETA receptor, ETB receptor, in RGCs of rats with
IOP elevation (McGrady N, et al. IOVS 2014;55:ARVO E-
Abstract 1917 and Refs. 29, 38).

GAP-43 is highly upregulated in developmental stages of
neurons, and its expression also is increased in regenerating
axons of RGCs.60 GAP-43 is identified in the mammalian
brain,60–62 RGCs and optic nerves of toads and goldfish.63,64

Interestingly, GAP-43 expression is not limited to neuronal
cells, but also found in astrocytes and microglia.65,66 GAP-43
has an important role in reconstruction of synapses in axons or
neurites, and its phosphorylated form is present in the
presynaptic membranes.67 In the current study (Fig. 7), GAP-
43 protein was detectable in somas and neurites of RGCs by
immunocytochemistry, and ET-1 or ET-3 treatment for 24 hours
increased the protein levels of GAP-43 in somas and neurites,
as shown by immunocytochemistry and immunoblotting.
Based on our previous report29 that ET-treatment induced
RGC apoptosis, it appears that upregulation of GAP-43 could
be a protective response of neurons to the external stimuli
(albeit not sufficient to block apoptotic changes). The changes
in GAP-43 expression show tremendous variation depending
upon the tissues and the nature of the stimulus. Ischemia
generated by cerebral artery occlusion induced the downreg-
ulation of GAP-43 in most damaged neurons and upregulation
in some intact neurons depending upon the stage of ischemia
or its duration.68 Increased GAP-43 protein was detected in
spinal cord, brainstem, and optic nerve with neuronal trauma,
brain damage, or axon injuries.69–72 These observations
suggested that elevated GAP-43 protein is a protective
response to compensate and restore structural integrity and
improve neuronal functions. Interestingly, several AP-1 tran-
scription factor binding sites were identified at the promoter
region of GAP-43,73 and GAP-43 and c-Jun were expressed in
RGCs in rats subjected to optic nerve transection.74 In the
current study, protein levels of c-Jun and its phosphorylated

FIGURE 5. Expression of transcription factors brn3b, atf3 and stat3 in
RGCs treated with ET-1. ET-1 treatment in RGCs decreased the
expression of brn-3b to 70% of control in real-time PCR (P < 0.001,
n ¼ 6, t-test) and no data were obtained for brn-3b because of no
hybridization oligos in microarray chip. There were no significant
changes of atf3 and stat3 detected in ET-1–treated RGCs using
microarray. *P < 0.05, **P � 0.01, #P � 0.001; mRNA levels (mean
6 SEM) are represented in bar graph; in microarray, the vehicle control
served as normalization control; in real-time PCR, results were
normalized to the expression of cyclophilin A, and then compared to
vehicle-treated control cells.
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isoform were shown to be significantly upregulated in RGCs
treated with ET-1 or ET-3, suggesting the involvement of c-Jun
in the increased expression of GAP-43 in RGCs. The possibility
of c-Jun–mediated upregulation of GAP43 expression must be
further investigated.

ET-Induced Calcium Signaling

ET-1–mediated signaling through G-protein coupled receptor

(GPCR), acting primary through Gq coupling, activate phospho-

lipase C (PLCb), generating inositol 1,4,5-trisphosphate (IP3),

FIGURE 6. Messenger RNA and protein levels of c-Jun in RGCs treated with ET-1. Microarray, real-time PCR, and immunocytochemistry were used to
determine mRNA and protein levels of c-Jun. c-Jun mRNA was not changed in RGC cells treated with ET-1 in microarray assay, even decreased in real-
time PCR without statistical significance (A). Staining of c-Jun was increased in RGC cells treated with 100 nM ET-1 or ET-3 for 24 hours, and the
staining was detected mainly in soma of RGCs (B). An enhanced staining of phosphorylated c-Jun (p-c-Jun) also was detected in RGCs treated ET-1 or
ET-3, the staining was observed not only in the soma of RGC, but also in the neurites. There was no appreciable difference in the staining intensity
for c-Jun and p-c-Jun between ET-1 and ET-3 treatments (*P < 0.05, **P < 0.01, #P < 0.001). The increased protein levels of c-Jun and p-c-Jun in
response to ET-1 treatment in RGCs also was confirmed using immunoblotting and bar graph represents the densitometric analysis of the specific
bands of c-Jun (n¼5, P < 0.05, t-test) and p-c-Jun (n¼3, P < 0.05, t-test; C). mRNA levels (mean 6 SEM) are represented in bar graph; in microarray,
the vehicle control served as normalization control; in real-time PCR, the data were normalized to the expression of cyclophilin A, and then the
vehicle-treated cells served as control.
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and diacylglycerol (DAG) by hydrolysis of phosphatidylinositol
4,5-bisphosphate (PIP2). Inositol 1,4,5-trisphosphate acts on IP3
receptors in calcium stores, including the endoplasmic reticulum
releasing Ca2þ and activates protein kinase C (PKC) through the
involvement of DAG. Protein kinase C could act upstream of the
MAPK pathway via activation of Ras and Raf, to influence cell
proliferation through a classical Ras-Raf-MEK-ERK pathway by
the activation of growth factor receptors.75–78 The increased
intracellular Ca2þ also could directly trigger the activation of
Ca2þ-dependent kinases (CaMK, and so forth), as well as
phospholipase A2, and promote the release of arachidonic acid.1

The S100 protein family has an important role in controlling
cell proliferation, apoptosis, calcium concentration, through

diverse mechanisms. The proteins of this family contain a EF-
hand helix-loop-helix domain, which is crucial for calcium
binding.35,36 Several members of the S100 family gene were
found to be significantly upregulated at the mRNA level
following ET treatment (Fig. 1). In real-time PCR, mRNA
expression of s100A4, s100A6, and s100A11 was elevated 2.1-,
6.0-, and 1.7-fold with ET-1 treatment, respectively. The results
from microarray were consistent with real-time PCR. Leclerec
et al.79 have shown that s100A6 in micromolar concentrations
has the ability to induce apoptosis of cultured human SH-SY5Y
neuroblastoma cells. On similar grounds, upregulation of
s100A6 in Hep3B cells increased caspase 3 expression at the
transcriptional level and enhanced cell death.80 Thus, it is

FIGURE 7. Levels of GAP-43 in response to ET-1 treatment; GAP-43 mRNA levels in RGCs treated with ET-1 were unchanged in microarray analysis
and decreased to 77% of control by real-time PCR, respectively (A). The decrease of mRNA expression in ET-1 treatment detected by real-time PCR
was statistically significant (P < 0.05, n ¼ 6, t-test). Levels of GAP-43 protein tested by immunohistochemistry showed the higher intensity of
staining in RGCs treated with ET-1 and ET-3 compared to vehicle control, and the enhanced staining was observed in somas and neurites (*P < 0.05,
**P < 0.01, #P < 0.001, t-test; B). Endothelin-1–mediated upregulation of GAP-43 protein in RGCs was confirmed using immunoblotting and the
densitometry analysis of the specific bands of GAP-43 was represented as bar graph (n¼4, P < 0.01, t-test, C). Messenger RNA levels (mean 6 SEM)
are represented in bar graph; in microarray, the vehicle control served as control; in real-time PCR, results were normalized to the expression of
cyclophilin A, and compared to vehicle-treated control cells.
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possible that s100A6 also may be a contributor to RGC cell
death, but the detailed mechanisms must be addressed.
Endothelins could affect calcium homeostasis through S100
family, possibly through Gq protein coupling of the ETA

receptor, IP3 production, leading to elevation of intracellular
calcium.

Comparison of Gene Expression at the mRNA and
Protein Level

In the current study, real-time PCR was used to confirm the
mRNA expression of selected genes. In addition, immunocy-
tochemistry also was used to determine the corresponding

protein levels of these genes. Herein, the regulation of mRNA
expression of some genes and their corresponding proteins
were not synchronized in response to ET-1 treatment. Although
no appreciable changes were detected for mRNA of c-jun and
even a decreased in expression was found for gap-43, ETAR,
and bax. However, at the protein level significantly higher
staining intensity was found by immunocytochemistry for their
corresponding proteins. This suggests that there are distinct
mechanisms controlling protein expression and posttransla-
tional modifications, which operate independent of the
regulation of gene expression at the level of mRNA. Several
steps in protein translation could be responsible for the
discrepancy between mRNA and protein levels of gene

FIGURE 8. Messenger RNA and protein levels of Bax in RGCs. There was no change in the mRNA levels of bax detected in ET-1–treated RGCs from
microarray, but a decrease to 86% of control was observed in ET-1–treated RGCs by real-time PCR, which was statistically significant (P¼ 0.001, t-
test, n¼ 6). Endothelin-1 or ET-3 treatment in RGC boosted the protein level of Bax, the staining intensity of Bax was higher in ET-treated group
compared to control (*P < 0.05, **P < 0.01, #P < 0.001); mRNA levels (mean 6 SEM) are represented in bar graph; in microarray, the vehicle
control served as control; in real-time PCR, results were normalized to the expression of cyclophilin A, and values were compared to vehicle-treated
control cells.
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expression: (1) translation of protein from mRNA itself could
be controlled by more complicated mechanisms which are not
fully understood; (2) some proteins undergo posttranslational
modifications to exert their functions, such as phosphoryla-
tion, glycosylation, and so forth; (3) some proteins undergo
cleavage to smaller forms to be activated. For instance,
members of the caspase family and MMP family are initially
translated as proproteins, cleavage of the precursor proteins
produces the mature forms of these proteins; (4) the half-life of
some proteins also is under the precise control of synthesis and
degradation mechanisms. Treatment with ET-1 produced an
increase in c-Jun protein levels in RGCs, although no
appreciable changes were found at the mRNA level. Moreover,
a robust increase of phosphorylated c-Jun was detected in
somas and neurites of RGCs (Fig. 6), suggesting that the c-Jun
protein and its phosphorylated form are critical protein targets
of endothelin actions. In a study conducted in vasopressin-
treated kidney cells, there were 188 proteins with a significant
change in abundance, which was evident from a large-scale
quantitative protein mass spectrometry, whereas more than 1/
3 of these proteins did not show the corresponding changes in
mRNA levels.81 The correlation of mRNA and protein levels
appears to be poor to moderate under some circumstances.

The Extracellular Matrix (ECM)

Extensive remodeling of ECM occurs in ocular tissues both in
glaucoma patients and in animal models of the disease.82–86

Matrix metalloproteinases (MMPs) and their endogenous
tissue inhibitors of TIMPs have important roles in the
regulation of ECM turnover and maintenance of the cell
matrix. Primarily, MMP gene expression is regulated by
growth factors, cytokines and other factors, like stress, and
neurotrauma.87,88 Endothelin-1 not only is known as a potent
vasoactive peptide, but also is involved in ECM remodeling by
shifting the balance between MMPs and TIMPs. In addition, a
number of studies showed that ET-1 also induced ECM protein
expression, including collagens, laminin, and fibronectin in
cell culture and in vivo models.89–93 We reported earlier that
ET-1 regulated ECM remodeling in primary human optic nerve
head astrocytes and lamina cribrosa cells.94,95 These obser-
vations suggest that ET-1 could be involved in ECM
remodeling of the optic nerve head in glaucoma through
astrogliosis and reactivation of astrocytes. However, a detailed
assessment of the ET-1 mediated changes in activity of MMPs
and TIMPs and ECM remodeling in rat models of glaucoma has
not been done to the best of our knowledge. Guo et al.96

reported that increased MMP-9 immunostaining was found in
the RGC layer following 3 months of elevated IOP. An increase
in mRNA levels of ET receptors, timp1, mmp3, ET-2,
fibronectin, and GFAP, also was detected by gene microarray
analysis and RT-PCR in Brown Norway rats with elevated
IOP.22 The results of the current study showed that ET
treatment induced the regulation of transcription of a variety
of ECM genes (Fig. 2), including mmp3, timp1, tnc, and aspn.
The categorized results of gene clusters using DAVID analysis

FIGURE 9. Endothelin-1 mediated changes in expression of members of the Bcl-2 and caspase gene family. Endothelin-1 treatment of RGCs induced
a significant decrease in the mRNA levels of bcl-2, bak1, and bid (P < 0.01, t-test, n¼ 3–6) determined by real-time PCR (A). A downregulation of
mRNA expression of casp2 and casp7 was found by real-time PCR in RGCs treated with ET-1, which was statistically significant (B). Expression of
capn6 was downregulated in ET-1–treated RGCs determined by microarray analysis, and the same trend also was detected in real-time PCR.
Messenger RNA level of capn6 in ET-1 treatment in real-time was 12.9% of control (P < 0.001, t-test, n¼ 9 [B]). *P < 0.05, **P < 0.01, #P < 0.001;
mRNA levels (mean 6 SEM) are represented in bar graph; in microarray, the vehicle control served as control; in real-time PCR, results were
normalized to the expression of cyclophilin A, and compared to vehicle-treated control cells.
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also showed that tissue and ECM remodeling, synthesis of
ECM components, and ECM-receptor interaction were most
regulated in RGCs in response to ETs (Tables 3, 4). Overall,
the data suggest that endothelins exert their regulatory roles
in ECM remodeling not only through astrocytes and other cell
types, but also directly through RGCs. Extensive ECM
remodeling is correlated with RGC apoptosis and axon loss,
possibly through increased MMP activity, which could
enhance ECM degradation, including collagen degradation,
as a mechanism to facilitate the migration of astrocytes into
optic nerve bundles.

ET-1, ET-2, and ET-3 Displayed Similar Actions

All the three endothelins (ET-1, ET-2, and ET-3) induced
profound alterations in expression of a variety of genes,
including cytokines, structural proteins, signaling pathways,
transcription factors, and matrix molecules in RGCs, and also
triggered significant changes in neuronal gene expression.

Endothelin-1 and ET-2 bind to the ETA receptor with high
affinities, whereas ET-3 binds with 70 to 100 times lower
affinity. Interestingly, all three ET peptides bind to the ETB

receptor with similar high affinities.14 Protein kinase C,
MAPK, and PI3K-Akt are involved in signaling induced by ET-1
through its receptors ETAR and/or ETBR. Activation of these
pathways is a key step in triggering downstream signaling and
potential activation of transcriptional factors, such as c-Myc,
Elk-1, c-Fos.97–101 It has been suggested that some transcrip-
tion factors, such Elk-1, c-Fos, AP-1, are controlled simulta-
neously by MAPK-ERK and PKC,13,97,102 whereas p38 and JNK
share different transcription factors. In this study, ET-1, ET-2,
and ET-3 induced a similar pattern of gene expression for
most of the genes, but there still were some exceptions. For
instance, there was no change in the mRNA level of
neurotrophic tyrosine kinase receptor type 1 (Ntrk1) in ET-
2- and ET-3-treated RGCs, whereas there was a 2.3-fold
downregulation of this gene in ET-1–treated RGCs (Table 2).
Endothelin-2 and ET-3 treatment induce a slight increase of
the expression of Mylpf gene in RGCs; however, ET-1
treatment produced a 6-fold elevation in the mRNA level of
this gene compared to control (Table 1). A detailed
investigation of these differential responses to ETs will reveal
the mechanisms and signaling pathways by which the
activation of different ET receptors is triggered.

Taken together, several studies have shown that endothelin
peptides ET-1/ET-2/ET-3 are involved in the pathogenesis of
glaucoma. Endothelins mediate profound cellular responses at
the mRNA and protein level through activation of ETAR and/or
ETBR in RGCs. In the current study, based on the data obtained
from microarray, some classes of genes were selected and
investigated by real-time PCR and immunocytochemistry. The
Bcl-2 family, S100 family, MMPs, c-Jun and ET receptors are
some of the major genes or proteins that are regulated by ET-
mediated signaling. These proteins have important roles in
apoptosis, calcium homeostasis, cell signaling, and matrix
remodeling. The exploration of the roles of endothelins in
glaucoma will help understand some key molecular mecha-
nisms underlying neurodegenerative changes during ocular
hypertension.
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