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Abstract
Hyperhomocysteinemia is implicated in retinal neurovascular diseases 

including arterial occlusive disease, venous occlusive disease and 
pseudoexfoliation glaucoma. The mechanism for these diseases is not 
known. Here we used hyperhomocysteinemic mice lacking the gene encoding 
cystathionine-beta-synthase (cbs -/-) to examine whether ER stress could 
be a mechanism for the retinal neurovasculopathy reported in these mice. 
Retinas of cbs+/+and cbs-/- mice (age: 3-5 wks) were used to investigate the 
expression of ER stress genes (BiP/GRP78, Perk, Atf6, Atf4, Ire1α,Chop) and 
the proteins they encode. The levels of poly (ADP-ribose) Polymerase (PARP) 
and cleaved cysteine-aspartic proteases-3 (caspase-3), proteins known to be 
involved in apoptosis, were also examined. Quantitative reverse transcription 
polymerase chain reaction and western blotting revealed an increase in BiP/
GRP78 and PERK in retinas of cbs -/-mice compared with cbs+/+mice. There was 
an elevation of CCAAT-enhancer-binding protein Homologous Protein (CHOP) 
in retinal cryosections of cbs -/- mice indicating apoptosis, which was confirmed 
by increased levels of PARP and cleaved caspase-3. The data suggest that 
the genes and proteins that are major players in the ER stress pathway, 
particularly the PERK pathway, are up regulated in retinas of cbs -/- mice. The 
data support a role for ER stress in the pathophysiology associated with the 
hyperhomocysteinemia-linked retinal disease. 
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CCAAT-enhancer-binding Protein Homologous Protein; PERK: 
PKR-like Endoplasmic Reticulum Kinase; IRE1: Inositol-requiring 
Enzyme 1; ATF6: Activating Transcription Factor 6; ATF4: Activating 
Transcription Factor 4; qRT-PCR: Quantitative Reverse Transcription 
Polymerase Chain Reaction; HRP: Horseradish Peroxidase

Introduction
This study investigated Endoplasmic Reticulum (ER) stress as 

a mechanism of homocysteine-linked retinopathy. Homocysteine 
(Hcy), a key intermediate in metabolism of methionine, is the direct 
precursor of S-Adenosyl Methionine (SAM), the most important 
methyl group donor in the body. Depending upon metabolic 
demands, Hcy is the substrate for regeneration of methionine 
(remethylation pathway) or is diverted from the methionine cycle 
to produce cystathionine and ultimately cysteine (transsulfuration 
pathway). Normal human fasting plasma levels of Hcy (total Hcy) 
are 5-15μmol/l; while Hyperhomocysteinemia (HHcy) is classified 
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as: moderate (16-30μmol/l), intermediate (31-100μmol/l), severe 
(>100μmol/l) [1]. HHcy is an independent risk factor in cardiovascular 
diseases (stroke, venous thrombosis, peripheral arterial occlusive 
disease [1-4]) and neurodegenerative diseases (Alzheimer’s and 
Parkinson’s Diseases) [5,6]. Given that the retina is a neurovascular 
tissue, it is not surprising that many clinical studies have investigated 
levels of Hcy in retinopathies [7,8]. HHcy is a risk factor in retinal 
venous and arterial occlusions [9] including central retinal vein 
occlusion [10-14]. It has been linked to pseudoexfoliation glaucoma 
[15-19], macular degeneration [20-22] and diabetic retinopathy [23-
25]. 

HHcy is caused by genetic deficiencies in enzymes responsible for 
transsulfuration or remethylation of Hcy or by nutritional deficiencies 
in vitamins serving as cofactors for these enzymes (folate/B12 /B6). The 
most frequent genetic deficiencies are associated with the enzymes 
Cystathionine Beta Synthase (CBS) and Methylene Tetrahydrofolate 
Reductase (MTHFR). There are more than 150 disease-associated CBS 
mutations, making this the most common genetic cause of severely 
elevated Hcy [26,27]. The I278T mutation accounts for 25% of all 
homocystinuric alleles, and is a common cause of Homocystinuria 
(severe HHcy), a genetically inherited, autosomal recessive inborn 
error of metabolism (1:200,000 live U.S. births) [28]. The cornerstone 
clinical features of these patients are mental retardation, ectopia 
lentis, visual deficits and skeletal abnormalities; premature death is 

Austin
Publishing Group

A



Austin J Clin Ophthalmol 1(5): id1023 (2014)  - Page - 02

Sylvia B Smith Austin Publishing Group

Submit your Manuscript | www.austinpublishinggroup.com

typically due to thromboembolic events [29].

Our lab and others have performed in vitro and in vivo studies 
to elucidate mechanisms of HHcy-linked retinal disease. A clinically 
relevant experimental system is the mouse deficient or lacking the 
gene encoding CBS allowing studies of the effects of mild to severe 
endogenous elevation of Hcy [30]. In previous studies, we examined 
consequences on retina structure and function using either cbs-/-mice, 
which have a 30-40 fold increase in plasma Hcy and a shortened life-
span of 3-5 weeks; or cbs+/-mice, which have a much milder HHcy 
with ~4-7 fold increase in plasma Hcy (and a 2-fold increase in retinal 
Hcy) and a normal lifespan.  Our work has shown that both cbs-/-and 
cbs+/-mice have retinal neuronal involvement and disruption of the 
retinal vasculature [31-36].

To understand mechanisms for HHcy-induced retinal neuronal 
death we previously investigated the role of excitotoxicity and 
oxidative stress using perforated patch clamp analysis and fluorescent 
detection of intracellular Ca2+ in primary mouse retinal ganglion 
cells and found that Hcy-induced cell death, which was blocked 
partially by MK-801, an N-methyl-D-aspartate receptor (NMDA) 
receptor antagonist [36]. Hcy increased intracellular Ca2+ 7-fold. 
Additionally exposure of ganglion cells to 50 µM Hcy increased 
levels of superoxide, nitric oxide and peroxynitrite levels by 40%, 
90% and 85%, respectively. We also investigated retinal vasculature 
in mice with HHcy and observed a marked vasculopathy developing 
very early in cbs-/- mice associated with increased levels of Vascular 
Endothelial Growth Factor (VEGF) [33]. Interestingly, VEGF has 
been linked to ER stress in various systems including retina [37-39], 
prompting this investigation of well-known ER stress markers. We 
were interested in determining whether ER stress plays a role in Hcy-
induced retinal neurovascular pathology observed incbs-/- mice.

Materials and Methods
Animals

The generation of mice deficient in cbs has been reported 
[30]. Breeding pairs of cbs+/− mice (B6.129P2-Cbstm1Unc/J; Jackson 
Laboratories, Bar Harbor, ME) were used to establish our mouse 
colony. Genotyping, husbandry and housing conditions for the mice 
have been described [33]. Wild type (cbs+/+, n = 17) and homozygous 
mutant (cbs−/−, n = 18) mice were used in this study at ~3 weeks. Mean 
body weight for cbs+/+ mice (6.84 ± 0.2 g) was significantly greater than 
age-matched cbs−/− mice (4.53 ± 0.2 g).Experiments adhered to the 
Association for Research in Vision and Ophthalmology Statement for 

the Use of Animals in Ophthalmic and Vision Research and followed 
our animal use protocol approved by the Institutional Animal Care 
and Use Committee of Georgia Regents University.

Analysis of VEGF levels in retinas of severely 
hyperhomocysteinemic mice

Elevation of VEGF has been linked to increased ER stress in 
various tissues, this observation, along with other evidence suggesting 
ER stress as a mechanism of HHcy-induced pathology, prompted 
the current experiments. We performed immunohistochemical 
studies in cryosections using mouse monoclonal anti-VEGF (IgM) 
(1:250, Abcam Corp., Cambridge, MA) and detected the protein 
using Alexafluor 488 (donkey anti-mouse antibody, Invitrogen, 
Eugene, OR).The Metamorph analysis system was used to quantify 
immunofluorescence levels. 

Real time quantitative RT-PCR (RT-q PCR) analysis of 
genes in the ER stress pathways

Expression levels of mRNA transcripts specific for several key 
genes involved in ER stress pathways (BiP/GRP78, Perk, Atf6, Ire1α, 
Atf4, Chop) were examined in neural retinas isolated from cbs+/+ 

and cbs-/- mice per our method [40]. Total RNA was isolated using 
TRIzolTM Reagent (Invitrogen, Carlsbad, CA) and quantified. 2 μg 
of RNA was reverse transcribed using iScript™ Synthesis kit (BioRad 
Laboratories, Hercules, CA).  cDNAs were amplified for 45 cycles 
using Absolute QPCR SYBR Green Fluorescein (AB gene, Surrey, 
UK) and gene specific primers (Table 1) using the Bio-Rad icycler 
(Hercules, CA). Expression levels were calculated by comparison of 
Ct values (delta-delta Ct).PCR was performed (40 cycles: 95oC for 30 
s; 60oC for 30 s; 72oC for 30 s); melt curve analysis confirmed end 
product purity. Resulting CT values were normalized to 18s and 
analyzed using the comparative CT method to obtain fold-changes in 
gene expression. 

Immunoblotting to detect levels of major ER stress 
proteins 

Proteins were extracted from neural retinas isolated from 
cbs+/+and cbs−/−mice to detect BiP/GRP78 (immunoglobulin 
heavy chain-binding protein, a 78 kD glucose regulated protein) 
(BD Bioscience, San Jose, CA), ATF6 (Activating Transcription 
Factor-6),CHOP(C/EBP homologous protein) (Santa Cruz 
Corp., Santa Cruz, CA), PERK(RNA-dependent Protein Kinase 
(PKR)-like ER kinase), p-PERK (Phosphorylated PERK),cleaved 
caspase-3 (cysteine-aspartic proteases-3), PARP (poly(ADP-ribose) 

Gene NCBI Accession No. Primer Sequence Predicted band size

BiP NM_022310 Forward: 5’-aCTTGGGGaCCaCCTaTTCCT-3’
reverse:  5’-aTCGCCaaTCaGaCGCTCC-3’ 134

Perk NM_010121 Forward: 5’-aGTCCCTGCTCGaaTCTTCCT-3’
reverse:  5’-TCCCaaGGCaGaaCaGaTaTaCC-3’ 125

Atf4 NM_009716 Forward: 5’-TCCTGAACAGCGAAGTGTTG-3’
reverse:  5’-aCCCaTGaGGTTTCaaGTGC-3’ 129

Ire1α NM_023913 Forward: 5’-ACACCGACCACCGTATCTCA-3’
reverse:  5’-CTCaGGaTaaTGGTaGCCaTGTC-3’ 110

Atf6 NM_001107196 Forward: 5’-TGCCTTGGGaGTCaGaCCTaT-3’
reverse: 5’-GCTGaGTTGaaGaaCaCGaGTC-3’ 141

ChoP NM_007837 Forward: 5’-CTGGaaGCCTGGTaTGaGGaT-3’
reverse: 5’-CaGGGTCaaGaGTaGTGaaGGT-3’ 121

18S Nr_003278 Forward: 5’-aGTGCGGGTCaTaaGCTTGC-3’
reverse: 5’-GGGCCTCaCTaaaCCaTCCa-3’ 90

Table 1: Sequences of primers used for qRT-PCR.
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polymerase)(Cell Signaling, Danvers, MA)per our published method 
[33].  Protein samples were subjected to SDS-PAGE and transferred 
to nitrocellulose membranes, which were incubated with the above 
antibodies at 4oC overnight, followed by a Horseradish Peroxidase 
(HRP)-conjugated goat anti-mouse IgG (1:5000) or goat anti-
rabbit IgG antibody (1:3000). Nitrocellulose membranes, to which 
the proteins had been transferred, were incubated with primary 
antibodies at a concentration ranging from 1:100 to 1:500.  They 
were incubated with HRP-conjugated goat anti-rabbit (Santa Cruz 
Corp., 1: 3000) or goat anti-mouse IgG antibody (Sigma-Aldrich, St. 
Louis, MO, 1:3000). Proteins were visualized using the Super Signal 
West Pico Chemiluminescent Substrate detection system (Pierce 
Biotechnology, Rockford, IL). Membranes were reprobed with mouse 
monoclonal anti-β-actin antibody (1:5000) as a loading control. 
Protein levels were quantified as described [33].

Immunofluorescent assessment of ER stress proteins in 
retinal cryosections

The ER stress protein BiP/GRP78 as well as CHOP and cleaved 
caspase-3 were detected using immunofluorescence in cryosections 
prepared from cbs+/+ and cbs-/- mice per our method [33]. Cryosections 
were fixed with 4% paraformaldehyde, incubated with Power Block 
followed by incubation with primary antibody for either 3 h at 37oC 
or overnight at 4ºC. Sections were incubated with secondary antibody 
and covers lipped with Fluoro shield with DAPI (Sigma-Aldrich) to 
label nuclei. They were visualized by immunofluorescence using an 
Axioplan-2 fluorescent microscope (Carl Zeiss, Göttingen, Germany) 
equipped with a High Resolution Microscope (HRM) camera. 
Images were captured and processed using Zeiss Axiovision digital 
image processing software (version 4.7). The Metamorph analysis 
system was used to quantify immunofluorescence levels. Following 
our published method [41], neurons of the ganglion cell layer were 
labeled with NeuN (Neuronal Nuclei, red fluorescence) and Brn-3a 
(green fluorescence) and were counted to determine the number of 
neurons in this layer in retinas of cbs+/+ and cbs-/- mice.  Images were 

captured from the central, mid-peripheral and peripheral retina on 
both sides of the optic nerve (6 images from each retinal section); we 
examined 3 sections per slide and 3 slides per retina. Three mice per 
group were used in this analysis. 

Statistical analysis
qPCR and densitometric scans for western blotting of BiP/GRP78, 

ATF6, ATF4, IRE1, PERK, pPERK, CHOP, cleaved caspase-3, cleaved 
PARP as well as metamorphic quantification of immunofluorescent 
detection of BiP/GRP78, CHOP, VEGF, cleaved caspase-3 were 
analyzed using the Graph Pad Prism software (La Jolla, CA). Tests 
used included unpaired t-test, F test for unequal variance, paired 
t-test and Student’s test. A p value <0.05 was considered significant.

Results
Confirmation that VEGF levels increase in retinas of cbs 
-/- mice

Increased VEGF levels are linked to increased ER stress. In 
the current study, we confirmed our previous findings that VEGF 
levels are increased in retinas of cbs-/-mice [33]. Immunofluorescent 
detection of VEGF in retinal cryosections revealed marked increase 
in VEGF in retinas of cbs−/− mice compared with cbs+/+ mice 
(Figure 1A). In studies in which the primary antibody was omitted 
(negative control) or when IgM was used in place of the primary 
antibody (isotype control) there was no signal detected (data not 
shown). Metamorph analysis of the color intensity of VEGF labeled 
cryosections revealed a marked increase in levels in the cbs-/- retinas 
compared to wild type retinas Figure 1B. The data reaffirm our earlier 
findings [33] that VEGF levels increase in retinas under conditions 
of severe hyperhomocysteinemia and set the stage for analysis of ER 
stress in this model.

Analysis of ER stress genes and proteins in retinas of 
cbs-/- mice

There have been a number of studies implicating ER stress as a 
mechanism mediating Hcy-induced atherosclerosis [reviewed in 42]. 
In retina, there have been many studies implicating ER stress in retinal 
degenerations [reviewed in 43], however few linking Hcy and ER 
stress in retinal disease. There was a report that excess Hcy increased 
VEGF via ER stress in vitro and increased transcription of ATF4 [44], 
but no studies that examine ER stress in retinas with endogenously 
elevated Hcy.  We explored the in vivo role of Hcy in modulating 
retinal expression of major ER stress genes including BiP/GRP78and 
its downstream effector genes (Perk, Atf6, Ire1α), by analyzing their 
expression in neural retina of cbs-/- mice compared to wild type mice. 
qRT-PCR revealed a significant increase in the expression of BiP/
GRP78 and Perk (Figure 2) in the cbs-/- mouse retina compared with 
wild type mice. Interestingly, we observed a trend toward increased 
levels of ATF6 and ATF4, although the data did not reach statistical 
difference.  

We examined the expression of the proteins encoded by major 
ER stress genes Fig. 3A-F). The protein level was expressed as a ratio 
of band densities of the protein of interest compared to the level of 
the loading control (β-actin). The analysis of proteins of cbs-/- mice 
revealed a significant increase in the level of BiP/GRP 78 compared 
with wild type (mean ± SEM: 1.386 ± 0.002 (cbs-/-)v. 1.308±0.029 
(cbs+/+)) (Fig. 3A). There was a significant increase also in the level 

Figure 1: Detection of VEGF in in retinas of cbs+/+and cbs-/- mice.  Retinal 
cryosections from cbs+/+and cbs-/-mice were subjected to immunofluorescent 
detection of VEGF (green fluorescence), a marker of angiogenesis. (B) 
Quantification of the data obtained from metamorphic analysis of color 
intensity of VEGF (**p<0.01, n=6). (Calibration bar: 50µm)   Abbreviations: 
GCL = ganglion cell layer, INL = inner nuclear layer, ONL = outer nuclear 
layer.
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of PERK in the cbs-/- mice compared with cbs+/+ mice (mean ± SEM: 
1.336 ± 0.0535 (cbs-/-) v. 1.107 ± 0.061(cbs+/+)) (Fig. 3D). Taken 
collectively, there appears to be an increase in the major regulator of 
ER stress as well as involvement of the PERK pathway for ER stress in 
retinas of HHcy mice.

Cellular localization of BiP/GRP78 and CHOP: evidence of 
apoptosis in retinas of cbs-/- mice

We next asked in which retinal cell layers were the increased BiP/
GRP78 protein present in cbs-/- mice. There was a marked increase in 
the level of BiP/GRP78 in the retinas of cbs-/- compared with cbs+/+ 
mice (Figure 4A), which was quantified and found to be significant 
(Figure 4B). The inner retinal layers, especially the ganglion cell layer, 
appeared to have greater levels of BiP/GRP78 than did the outer retinal 
cells. It is well known that if ER stress cannot be suppressed through the 
cellular machinery for correcting misfolded proteins, then apoptosis 
will be triggered so that the cell will die allowing the remaining tissue 
to survive [43,45]. In the ER, apoptosis is signaled through several 
mechanisms including a PERK-dependent pathway that can cause 
induction of CHOP. Given that PERK levels were increased in retinas 
of cbs-/- compared with cbs+/+ mice (Figure 2 and 3), we examined 
CHOP in the retinas of these mice. We used immunohistochemical 
methods to detect CHOP in retinal cryosections (Figure 4C, D) and 
found that CHOP levels were markedly increased in the retinas of 
cbs-/- compared with cbs+/+ mice. As with BiP/GRP78, the inner retina, 
particularly ganglion cells, and the radially oriented Muller cells 
appeared to have the most intense expression of CHOP. These data 
prompted analysis of the numbers of cells in the ganglion cell layer of 
cbs-/- compared with cbs+/+ mice. To investigate this, we labeled retinal 
cryosections with the neuronal marker NeuN and the ganglion cell 
marker Brn-3 using immunohistochemical methods (Figure 4E). We 
then counted the number of cells in the ganglion cell layer in the two 
mouse groups following our published method [41]. The data showed 
a significant decrease in the number of cells in the ganglion cell layer 
of the cbs-/- mice compared with age-match wild type mice (Figure 
4F). 

CHOP was initially reported as a transcription factor involved in 
ER stress-induced apoptosis [15]. We explored apoptosis in retinas of 
cbs-/- mice by examining levels of PARP and cleaved caspase-3. PARP 
catalyzes the poly(ADP-ribosyl) ation of a variety of nuclear proteins 
with Nicotinamide Adenine Dinucleotide (NAD) as substrate. It 
is activated by binding to DNA ends, however when it is cleaved it 
becomes inactive and can no longer respond to DNA strand breaks 
[46,47]. The specific cysteine protease that plays a central role in 
execution of the apoptotic program is caspase-3 [46]. We found a 
significant increase in the level of cleaved caspase-3 in retinas of the 
cbs-/- mice (Figure 5A, B) and a marked increase in the level of cleaved 
PARP (Figure 5C,D). In retinal cryosections, there were significantly 
more cleaved caspase-3 positive cells in retinal cryosections (Figure 
5E,F) of cbs-/-mice compared to cbs+/+ mice. Interestingly, some of the 
cleaved caspase-3 cells co-localized with isolectin-B4, a marker for 
blood vessels.

Discussion
The present study examined ER stress in the retinal 

neurovasculopathy observed in mice with severely elevated levels 
of Hcy. HHcy is relevant to human retinal neurovasculopathies, 

Figure 2: Analysis of genes encoding the ER stress effector proteins in 
the neural retina of cbs+/+ and cbs-/- mice.  mRNA of the neural retina was 
isolated from cbs+/+ and cbs-/- at age ~3-5 weeks old. Real time qRT-PCR was 
performed to analyze the expression of BiP/GRP78, ATF6, ATF4, IRE1α, 
PERK, p-PERK and CHOP/GADD34.  Levels were normalized to 18S. Each 
experiment was performed in triplicate;*p <0.05.

Figure 3: Analysis of major ER stress proteins in the neural retina of cbs+/+and 
cbs-/-mice.  Proteins from neural retinas of cbs+/+and cbs-/-mice were isolated 
and subjected to immunoblotting to detect major proteins implicated in the ER 
stress response: (A) BiP, (B) ATF6, (C) IRE1α, (D) PERK, (E)p-PERK, (F) 
CHOP. Band densities were normalized to β-actin and densitometric analysis 
of the bands are provided next to each blot. (*p<0.05).
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including retinal vein occlusion, retinal artery occlusion and 
pseudoexfoliation glaucoma [7-19]. Clinical studies are often 
inconclusive with respect to mechanisms underlying disease. In 
vitro studies, in which neuronal or vascular cell types are incubated 
with varying concentrations and formulations of Hcy, provide 
some clues about pathological mechanisms, although endogenously 
occurring models are likely to provide insights that will be more 
relevant to human pathophysiology. For these reasons, we have been 
investigating mechanisms by which moderate to severe endogenous 
elevation of Hcy may alter the neurons or vessels of the retina 
and have used mouse models that have genetic defects in the Hcy 
metabolic pathway.

The cbs-/-mouse used in this study is an example of very severely 
elevated plasma Hcy (and ~7-fold elevation of retinal Hcy). The 
marked neuronal death and vascular pathology observed in the retina 
are evident within the first three weeks of life [31,33,35]. The model 
has provided an excellent opportunity to investigate mechanisms of 

Hcy-induced retinal neurovasculopathy over a very short time frame, 
in this case 3-5 weeks. The cbs+/-mouse, which is less severe HHcy, 
has also proven useful in mechanistic studies of Hcy-induced retinal 
disease [31,32,34,36,48].

ER stress is a fundamental cellular process. Typically, proteins 
are translocated into the ER lumen in an unfolded state and require 
protein chaperones/catalysts of protein folding to attain their final 
correct conformation. A sensitive system exists to prevent misfolded 
proteins from progressing through the secretory pathway; it directs 
them toward a degradative pathway [49-51]. The processes that prevent 
accumulation of unfolded proteins in the ER lumen are regulated by 
an intracellular signaling pathway known as the Unfolded Protein 
Response (UPR), which facilitates cellular adaptation to alterations 
in protein-folding in the ER lumen by expanding the capacity for 
protein folding. This is accomplished by molecular chaperone 
proteins (BiP/GRP78). When unfolded proteins accumulate in the 
ER, BiP/GRP78 releases transmembrane ER proteins (e.g. PERK, 
IRE1, ATF6) inducing the UPR. In the current study, we explored 
ER stress genes and proteins in retinas of cbs-/- mice compared to wild 
type mice. Our data showed an increase in several ER stress genes/
proteins including BiP/GRP78 and PERK. They suggest that ER 
stress, like oxidative stress and excitotoxicity, is a key mechanism in 
the retinal neurovasculopathy associated with excess levels of Hcy.  

Earlier comprehensive investigation of the retinal vasculature in 
these mice revealed ischemia, neovascularization and a diminished 
blood-retinal barrier [33].Accompanying these pathological changes 
were increased levels of VEGF mRNA and protein. Increased VEGF 
levels, which we observed also in this study, are associated with 
increased ER stress [37,38]. Abcouwer and colleagues performed in 
vitro studies investigating the role of HHcy in upregulating VEGF in 
ARPE-19 cells via an ER stress-mediated pathway [44], but there have 
been no investigations of HHcy and ER stress in retina in vivo.  The 
present studies fill that void. 

In the current work, we demonstrate upregulation of ER stress 
genes in the retinas of the cbs-/- mouse, particularly BiP/GRP78 and 
PERK, providing strong evidence that ER stress is induced in this 
model. BiP/GRP78 is associated with PERK, which is the major 
protein responsible for attenuation of mRNA translation during 
ER stress. It prevents influx of newly synthesized proteins into ER, 
which is not able to manage the additional protein folding load [52]. 
However, if the unfolded protein response does not alleviate this 
stress, the pathways for apoptosis are activated, which includes PERK. 
Our data show that PERK is elevated at the gene and protein level in 
the cbs-/- retina. Elevation of PERK can in turn upregulate the pro-
apoptotic transcriptional factor CHOP. While we did not observe a 
significant increase of CHOP at the gene or protein level in retinas 
of cbs-/- mice by qRT-PCR and western blotting, we did we detect an 
increase in CHOP in specific retinal layers (nerve fiber layer, ganglion 
cell inner nuclear layer) using immunohistochemical methods.  Since 
CHOP is implicated in apoptosis, we explored markers of apoptosis 
and found that both PARP and caspase-3 were elevated significantly 
in the retinas of severely HHcy mice. Interestingly, we found that the 
caspase-3 positive cells also labeled positively for the vessel marker 
isolectin-B4, which may be relevant to the vasculopathy observed in 
the cbs-/- mice. 

Figure 4: Immunohistochemical detection of BiP and CHOP in retinas of 
cbs+/+and cbs-/-mice and evidence of decreased numbers of retinal ganglion 
cells in cbs-/- mice.  Retinal cryosections from cbs+/+ and cbs-/-mice were 
subjected to immunofluorescent detection of (A) BiP (green fluorescence) 
and (C) CHOP (red fluorescence).  The color intensity of BiP (B) and CHOP 
(D) were quantified using the Metamorph analysis system. (Calibration 
bar: 50µm, ***p<0.001, n = 6).  (E) Neurons of the ganglion cell layer were 
labeled with neuN (red fluorescence) and Brn-3a (green fluorescence) and 
were counted to determine the number of neurons in retinas of cbs+/+ and 
cbs-/- mice; data were depicted graphically (F). (***p<0.001, * p<0.05, n = 6; 
calibration bar: 50µm,).
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In summary, the present study presents the first systematic 
investigation of the role of ER stress in HHcy-induced retinal 
disease.  The evidence suggests that the genes and proteins that are 
major players in the ER stress pathway are upregulated in retinas 
of mice with severe HHcy due to a defect in the transsulfuration 
pathway. The data support a role for ER stress in the pathophysiology 
associated with HHcy-linked retinal disease. Whether the ER stress 
observed is causative of the neurovasculopathy or a response to it, is 
not known. Future studies will explore this and will also investigate 
whether ER stress plays a role in HHcy-linked retinopathies that are 
due to deficiencies of other enzymes in the Hcy metabolic pathway, 
particularly the remethylation pathway. Additional experiments are 
underway to examine whether inhibiting ER stress has any positive 
effect on the neurovasculopathy observed in the HHcy-induced 
retinopathy.
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Figure 5: Evaluation of cleaved caspase-3 and PARP in retinas of cbs+/+and 
cbs-/- mice.  Proteins from neural retinas of cbs+/+and cbs-/-mice were isolated 
and subjected to immunoblotting to evaluate the levels of apoptotic markers 
cleaved caspase-3 (A, B) and cleaved PARP (C,D). Band densities were 
normalized to β-actin and densitometric analysis of the bands are provided 
next to each blot. (E) Panel of retinal cryosections from cbs+/+and cbs-/-mice 
subjected to immunofluorescence methods to detect cleaved caspase-3 
and retinal blood vessels in retinal cryosections (blue = DAPI to label nuclei, 
green = detection of cleaved caspase-3, red = detection of retinal vessels 
using isolectin-B4). (F) The number of cleaved caspase -3 positive cells were 
counted in cryosections (*p <0.05; calibration bar: 50µm).

assistance with histological preparations of mouse retina. 
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