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Abstract
Purpose—To determine the effects of endogenous elevation of homocysteine on the retina using
the cystathionine β-synthase (cbs) mutant mouse.

Methods—Retinal homocysteine in cbs mutant mice was measured by high-performance liquid
chromatography (HPLC). Retinal cryosections from cbs−/− mice and cbs+/− mice were examined for
histologic changes by light and electron microscopy. Morphometric analysis was performed on
retinas of cbs+/− mice maintained on a high-methionine diet (cbs+/− HM). Changes in retinal gene
expression were screened by microarray.

Results—HPLC analysis revealed an approximate twofold elevation in retinal homocysteine in
cbs+/− mice and an approximate sevenfold elevation in cbs−/− mice. Distinct alterations in the
ganglion, inner plexiform, inner nuclear, and epithelial layers were observed in retinas of cbs−/− and
1-year-old cbs+/− mice. Retinas of cbs+/− HM mice demonstrated an approximate 20% decrease in
cells of the ganglion cell layer (GCL), which occurred as early as 5-weeks after onset of the HM diet.
Microarray analysis revealed alterations in expression of several genes, including increased
expression of Aven, Egr1, and Bat3 in retinas of cbs+/− HM mice.

Conclusions—This study provides the first analysis of morphologic and molecular effects of
endogenous elevations of retinal homocysteine in an in vivo model. Increased retinal homocysteine
alters inner and outer retinal layers in cbs homozygous mice and older cbs heterozygous mice, and
it primarily affects the cells of the GCL in younger heterozygous mice. Elevated retinal homocysteine
alters expression of genes involved in endoplasmic reticular stress, N-methyl-D-aspartate (NMDA)
receptor activation, cell cycle, and apoptosis.

Homocysteine is a sulfur-containing, nonproteinogenic amino acid that is an intermediate in
methionine metabolism. Markedly elevated levels of homocysteine are induced in humans by
homozygous mutations in the enzymes cystathionine β-synthase (CBS) or N5,N10-methylene
tetrahydrafolate reductase (MTHFR).1,2 CBS is an enzyme involved in the transsulfuration
pathway of homocysteine. It mediates the conversion of homocysteine to cystathionine, which
is then converted to cysteine. MTHFR reduces N5,N10-methylenetetrahydrofolate to N5-
methyl-tetrahydrofolate. Homozygous mutations in these enzymes result in a severe phenotype
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characterized by premature thromboembolism, severe mental deficits, lens dislocation, and
skeletal abnormalities.3 Heterozygous mutations in cbs and mthfr or nutritional deficiencies of
the vitamins folate, B12, or B6 are more common and lead to moderate elevations of plasma
homocysteine. Moderate elevation of homocysteine has been implicated in the pathogenesis
of cardiovascular disorders,4 including ischemic heart disease, stroke, and hypertension,5 and
of neurodegenerative disorders such as Alzheimer's disease and Parkinson's disease.6,7 There
have been reports of hyperhomocysteinemia in patients with diabetes mellitus,8–11 the
prevalence of which is increasing markedly.12

Homocysteine, like the neurotransmitter amino acid glutamate, is excitotoxic when elevated
extracellularly.13 The neurotoxic effects of glutamate on retina are well known, whereas less
is known about the effects of homocysteine on the retina. Several clinical studies implicate
homocysteine in maculopathy, open-angle glaucoma, and diabetic retinopathy.14–19 A recent
report of a child with severe hyperhomocysteinemia due to methionine synthase deficiency
demonstrated decreased rod response and retinal ganglion cell loss as analyzed by ERG and
visual evoked potential.20 Other complications of hyperhomocysteinemia include glaucoma
and optic atrophy.3 Glaucoma, one of the most common causes of visual impairment especially
in older persons, is characterized by ganglion cell death and optic neuropathy.21 In the presence
of hyperhomocysteinemia, glaucoma is thought to be caused by an increased intraocular
pressure, secondary to lens dislocation.3 However, several recent studies have reported
elevated levels of homocysteine in the plasma, aqueous humor, or tear fluid of patients with
glaucoma.18,22–25

Over the past several years, we have explored the direct effects of homocysteine on the viability
of retinal ganglion cells. Our initial in vitro studies explored a ganglion cell line derived from
rat (RGC-5). Using this cell line, we determined that homocysteine induces apoptotic cell
death; however, millimolar concentrations of homocysteine were necessary for such toxicity.
26 To determine whether these observations had physiologic relevance, we established primary
ganglion cells as a model for testing homocysteine toxicity. Using ganglion cells
immunopanned from neonatal mouse retina, we found that micromolar concentrations of
homocysteine were sufficient to induce significant cell death.27 Direct injection of micromolar
concentrations of homocysteine into mouse vitreous provided the first in vivo experimental
evidence of homocysteine-induced apoptotic ganglion cell death.28

Although these studies have established the detrimental effects of exogenous homocysteine on
the retina, much less is known about the consequences of endogenously elevated levels of
homocysteine. In the present study we used a transgenic animal model to investigate the effects
of endogenous elevations of homocysteine on the retina. This mouse model, originally
developed in the laboratory of Nobuyo Maeda (Osaka Medical School, Japan),29 has a deletion
of the gene coding for cbs. As a consequence, the homozygous mice (cbs−/−) have an
approximate 30-fold increase in plasma homocysteine levels (∼200 μM compared with ∼6
μM in wild-type mice) and a markedly shortened lifespan of only 3 to 5 weeks. The cbs−/−

mice are a useful model of extreme elevations of homocysteine. Heterozygous mice (cbs+/−)
have an approximate fourfold increase in plasma homocysteine, with a lifespan comparable to
that of wild-type mice, making them a valuable model for slight elevation of endogenous
homocysteine. Dietary supplementation of drinking water with methionine increases plasma
homocysteine levels in cbs+/− mice to approximately sevenfold compared with levels in wild-
type mice.30

The availability of the cbs mouse model offers a unique opportunity to examine in vivo the
effects of long-term exposure of endogenously elevated levels of homocysteine to the retina.
In the present study, we tested the hypothesis that ganglion cell death and retinal disruption
would be the consequence of endogenous hyperhomocysteinemia. In addition, we sought to
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provide insight into mechanisms of homocysteine-induced retinal disease through examination
of the alterations in gene expression.

Methods
Animals

A total of 89 mice were used in the study (Table 1). Breeding pairs of cbs+/− mice (B6.129P2-
Cbstm1Unc/J) were purchased from the Jackson Laboratory (Bar Harbor, ME). The
development of this cbs-knockout mouse has been described by Watanabe et al.29; genotyping
of mice was performed per their published method. The mice were maintained in clear plastic
cages and exposed to 12-hour alternating light/dark cycles (light levels, 6.0–10.0 lux). Room
temperature was 23 ± 1°C. The animals were fed a special rodent diet (Teklad no. 8604; Harlan
Laboratories, Indianapolis, IN) and given tap water ad libitum. To generate cbs+/− high-
methionine mice (cbs+/− HM), cbs+/− mice were given tap water containing methionine (final
concentration, 0.5%) starting from the weaning period. Maintenance and treatment of animals
adhered to the institutional guidelines for the humane treatment of animals and to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research.

High-Performance Liquid Chromatography
HPLC analysis to measure retinal levels of homocysteine and glutathione was performed on
neural retina isolated from 3-week-old wild-type, cbs+/−, and cbs−/− mice. Tissue for each
sample group was homogenized in phosphate-buffered saline and analyzed according to the
method of Sawuła et al.31 Commercial instrumentation was used that included a controller
(LCNet II), a solvent mixing module (MX-2080-31), an autosampler (AS-2055), and a
fluorescence detector (FP-1520; all by Jasco, Inc., Easton, MD). Two columns were used to
execute this experiment (Supelco C18 [25 × 4.6 mm], and the Supel-guard C18 [20 × 4.6 mm];
Ascentis, Bellefonte, PA). Homocysteine and glutathione levels were measured as the
fluorescence emitted by the marker 7-fluorobenzofurazan-4-sulfonic acid that tags thiol
groups, normalized to the internal standard, N-acetyl cysteine. All chemicals used were
purchased from Sigma Life Sciences (St. Louis, MO). The homocysteine and glutathione
content of the tissue samples was calculated by using a standard curve. Values were normalized
to protein content of the samples. Protein levels were estimated by the published method of
Lowry et al.32 Two individual samples were prepared for each test group and measurements
were repeated in duplicate.

Immunohistochemical Studies
Immunohistochemical analysis was performed on frozen sections, as described previously.27

Sections were fixed in 4% paraformaldehyde in PBS, washed, and blocked (PowerBlock;
Biogenx, San Ramon, CA) for 1 hour. The sections were incubated overnight in a humidified
chamber at 4°C with a rabbit anti-mouse polyclonal antibody against homocysteine (1:200;
Abcam, Cambridge, MA). For detection of immunopositive signals, retinal sections were
incubated with Alexa Fluor 555–conjugated donkey anti-rabbit IgG (Invitrogen, Carlsbad, CA)
secondary antibody (1:1000). Slides were washed in PBS, incubated with a 1:24,000 dilution
of Hoechst stain, coverslipped, and viewed by epifluorescence microscope (Axioplan-2
equipped with the Axiovision Program and an HRM camera; Carl Zeiss Meditec, Oberkochen,
Germany). All immunostaining experiments were performed in duplicate.

Microscopic Evaluation and Measurement Procedures
Mice were euthanatized by carbon dioxide asphyxiation, followed by cervical dislocation. Both
eyes were enucleated and flash frozen in OCT (Tissue-Tek; Miles Laboratories, Elkhart, IN)
by immersion in liquid nitrogen. Cryosections (10 μm) were obtained and stained with
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hematoxylin and eosin. Microscopic evaluation of retinas included scanning tissue sections for
evidence of gross disease followed by systematic morphometric analysis, which included
measurements of cell height of the retinal pigment epithelium (RPE), the number of cell rows
in the inner nuclear layer (INL) and outer nuclear layer (ONL), the thickness of these layers,
the thickness of the inner and outer plexiform layers (IPL and OPL), and the thickness of the
inner and outer segments of the photoreceptor cells (IS and OS). The number of cells in the
ganglion cell layer (GCL) was expressed as cell count per 100 μm. Measurements were made
with three adjacent fields on the nasal and temporal sides for a total of six data points. The
initial image on each side was taken ∼200 μm from the optic nerve. Layer thicknesses were
measured at a single point in each field. All measurements were made by microscope
(Axioplan-2 and an HRM camera; Carl Zeiss Meditec) and quantified (AxioVision ver. 4.5.0.0.
program; Carl Zeiss Meditec). The average of measurements for these six images in each eye
was determined for each animal, and an overall average was calculated for each parameter in
each test group. In addition, eyes from cbs−/− mice (age, 3 weeks) were processed for electron
microscopy according to our published method.33

Microarray Analysis
RNA was isolated from neural retinas of wild-type and cbs+/− HM mice at 5 weeks after onset
of the methionine diet. Total RNA was used to synthesize cDNA probes (FairPlay Microarray
labeling kit; Stratagene, La Jolla, CA). These probes were labeled with Cy3 or -5
monofunctional reactive dye (Amersham Bioscience, Piscataway, NJ). Hybridization of cDNA
to mouse oligonucleotide slides (National Cancer Institute, Frederick, MD) was performed in
triplicate at 43°C for 16 hours. Fluorescence imaging was obtained using a scanner (Genepix
4000B and Genepix Pro 4.1 software; Axon Instruments, Union City, CA). The Cy3/Cy5
intensity ratios were normalized and subsequently analyzed with commercial software (JMP;
SAS Institute, Cary, NC) to compare the gene expression profiles quantitatively.

Statistical Analysis
One-way analysis of variance was used to determine whether there was a significant difference
between retinal homocysteine levels in cbs mutant mice compared with wild-type mice. For
morphometric studies, the two-sample t-test was used to determine whether there were
significant differences in morphologic measurements between mouse groups in the
hyperhomocysteinemia studies. Tukey's paired comparison test was the post hoc statistical test.
Data were analyzed (NCSS 2007; NCSS, Kaysville, UT), with P < 0.05 considered to show
significance.

The statistical validity of changes in gene expression levels obtained from microarray analysis
was confirmed with Significance Analysis of Microarrays (SAM), a method published by
Tusher et al.34 Genes with a q < 0.06 were considered significant.

Results
Levels of Homocysteine in Retinas of cbs Mutant Mice

Plasma levels of homocysteine have been reported in cbs+/− and cbs−/− mice,29 but there is no
information available on the levels of homocysteine in the retina of these mice. To determine
these levels, we measured homocysteine in retinas of 3-week-old wild-type (cbs+/+), cbs+/−,
and cbs−/− mice by HPLC. Figure 1A shows the data for the standard curve used to derive the
homocysteine levels in retinas of the three groups of mice (Fig. 1B). Retinas of wild-type mice
had low levels of homocysteine (0.21 ± 0.01 pmol/μg protein). Retinas of cbs+/− mice, known
to have a two- to fourfold elevation of plasma homocysteine, had a concurrent approximate
twofold increase in retinal homocysteine (0.44 ± 0.05 pmol/μg protein). Cbs−/− mice have
extreme hyperhomocysteinemia, with plasma levels 30-fold that of wild-type mice. Retinal
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levels in these mice were approximately seven times greater than in wild-type mice (1.42 ±
0.21 pmol/μg protein). The increase in the retinal levels of homocysteine in heterozygous
(cbs+/−) and homozygous (cbs−/−) mice was statistically significant compared with values in
wild-type mice (P < 0.002).

The transsulfuration pathway involving CBS results in the generation of cysteine, an amino
acid necessary for the synthesis of glutathione. Since cbs mutant mice have a defect in this
pathway, we compared retinal glutathione levels in wild-type, cbs+/−, and cbs−/− mice. No
significant differences were observed in glutathione content among the three groups (P > 0.05;
Fig. 1D). Figure 1C depicts the standard curve generated to quantify glutathione levels.

The retinal levels of homocysteine were also evaluated by immunohistochemistry using an
antibody specific for homocysteine. The retinas of wild-type mice showed low levels of
homocysteine (Fig. 2A), whereas retinas of 15-week-old cbs+/− mice displayed significantly
elevated levels (Fig. 2B). Immunohistochemistry of retinas of mice maintained on the HM
drinking water (cbs+/− HM) also showed an elevation of homocysteine (Fig. 2C).
Homocysteine accumulation in cbs mutant mice was notably evident in the IPL, as well as the
IS of the photoreceptor cells. These data indicate that increases in plasma homocysteine levels
in cbs mutant mice are accompanied by increased homocysteine levels in the retina.

Histologic Analysis of Mouse Retinas
Retinas of cbs−/− mice were examined at ∼3 weeks of age, to assess the effects of high levels
of homocysteine on the retina. Wild-type retinas at 3 weeks displayed cellular layers that were
compact and well organized (Fig. 3A); no areas of cellular dropout in the GCL were observed.
Retinas of cbs−/− mice showed retinal disruptions (Figs. 3B–D). There were fewer cells in the
GCL of these retinas, with some regions devoid of cells (Fig. 3B, arrows). A higher
magnification of the retina is shown in (Fig. 3C). The nerve fiber layer (NFL), which is
composed of the axons of the ganglion cells, was typically thin, but in the cbs−/− mice was
variable in thickness (Fig. 3C, arrow). The outer retina had more rows of photoreceptor cell
nuclei (ONL) than in age-matched wild-type mice. There were areas of retina in which the
RPE was disrupted (Fig. 3B, arrowhead). As seen at higher magnification (Fig. 3D), the height
of the RPE was increased, there was multiple layering of cells, and in some regions there was
marked dispersion of pigment granules into the region of the OS (Fig. 3D). Retinas of cbs−/−

mice were prepared for electron microscopy (Figs. 3E–G). The thickened, vacuolated region
of the NFL is prominent in Figure 3E and is shown at the ultrastructural level in Figure 3F.
Some of the ganglion cells had shrunken, crenated nuclei (Fig. 3F, arrows), whereas adjacent
cells were plump and healthy in appearance (Fig. 3F, asterisks). The nuclei of ganglion cells
were surrounded by numerous vacuoles, presumably of the NFL. Figure 3G shows
ultrastructural appearance of the RPE. Notable is the dense concentration of pigment granules.
OS appeared generally intact in the mutant mouse retinas. Because of the limited life span of
cbs−/− mice, long-term studies of the consequences of profound hyperhomocysteinemia on
retina are not feasible in these homozygous mice.

The heterozygous mice carrying only one mutant copy of the cbs gene (cbs+/−) have a normal
lifespan, permitting assessment of the effects of chronic moderate hyperhomocysteinemia on
retina. The retinas of cbs+/− mice (ages: 3 weeks and 1-2 years) were examined and compared
to retinas of age-matched wild-type mice. At both ages, wild-type retinas were well organized
and showed the normal stratification of the nuclear and plexiform layers. They displayed the
typical distinct monolayer of cells in the GCL (Figs. 4A, 4C). Retinas of 3-week-old cbs+/−

mice were similar to wild-type mice (Fig. 4B). Analysis of retinas of mice at this age showed
that the number of cells in the GCL of cbs+/− mice was comparable to that in wild-type mice
(13.05 ± 0.47 vs. 13.86 ± 0.53 cells per 100 μm, P > 0.05; n = 2 wild-type, 3 cbs+/− mice). By
1 to 2 years of age, however, cbs+/− mice had areas of cell dropout in the GCL (Fig. 4D),
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averaging 9.19 ± 0.55 cells per 100-μm length of retina compared with 12.51 ± 0.67 cells in
wild-type mice, P < 0.05, n = 2 wild-type, 3 cbs+/− mice. At this advanced age, the IPL
consistently appeared thinner in cbs+/− mice than in the wild-type control and the INL had
fewer cells (approximately three rows of cells in mutants versus approximately five rows in
wild-type).

Cbs+/− mice have an approximate fourfold elevation in plasma homocysteine levels; levels can
be elevated further by supplementing their drinking water with methionine at the time of
weaning.30 This HM dietary supplementation leads to an approximate sevenfold increase in
plasma homocysteine levels. The cbs+/− HM mice are well-suited for time-dependent
examination of the effects of moderate elevations of homocysteine on retinal structure,
especially the consequences on viability of cells in the GCL. Cbs+/− HM mice were analyzed
at 5, 15, and 30 weeks after onset of the HM diet. The most prominent feature observed in these
mice was a decrease in number of cells in the GCL in the retinas compared with the number
in wild-type mice (Figs. 5A, 5B, 5 weeks; 5C, 5D, 15 weeks; 5E, 5F, 30 weeks). The distribution
of cells in the GCL was uniform in the wild-type mice (Figs. 5A, 5C, 5E), whereas the cell
layer became progressively uneven, with areas of cell dropout detected in the cbs+/− mice (Figs.
5B, 5D, 5F). Systematic morphometric analysis revealed that the number of cells in the GCL
counted per 100-μm length of retina was decreased by ∼20% in the 5-week cbs+/− HM mice.
The cell loss remained at ∼20% over this 30-week period, as shown in Figure 5G. Control mice
at 5 weeks displayed a cell count of 15.67 ± 0.95 cells per 100 μm compared with a significantly
decreased cell count of 12.44 ± 0.55 cells in cbs+/− HM mice (P < 0.007). Analysis showed a
cell count of 13.30 ± 0.66 and 13.06 ± 0.61 cells per 100 μm GCL at 15 and 30 weeks,
respectively; wild-type mice had an average of 16.72 ± 0.42 cells per 100 μm of GCL (P <
0.004). The histology of other layers of the retina remained intact in cbs+/− HM mice. A
decrease in IPL thickness from 46.55 ± 1.32 to 41.01 ± 1.43 μm was observed in cbs+/− HM
mice at 15 weeks (P < 0.009) and a significant decrease in INL thickness from 35.20 ± 1.47
to 30.04 ± 0.85 μm was observed in cbs+/− HM mice at 5 weeks (P < 0.008). Quantitative
analysis of the number of rows of cells in the INL and ONL showed no difference between
wild-type and cbs+/− HM mice at the ages studied. The average number of rows was ∼5 to 6
in the INL and ∼12 to 13 in the ONL in both mouse groups.

Microarray Analysis of Mouse Retinas
The effects of endogenous elevation of homocysteine on retinal gene expression were screened
by microarray analysis, which was performed in triplicate (i.e., three different paired RNA
samples) with RNA isolated from neural retinas of cbs+/− HM at 5-weeks after a methionine
diet and age-matched wild-type mice. The microarray chips used in this study permitted the
screening of 36,212 genes. Of particular interest were those genes in cbs+/− HM mice whose
expression levels changed by at least a factor of 2 (increased or decreased expression) compared
with the wild-type in each of the replicate experiments. Using these selection criteria, we
identified 1219 genes. They were categorized into six functional groups: (1) proapoptosis, (2)
antiapoptosis, (3) cell cycle, (4) antioxidant, (5) calcium signaling, and (6) axon growth/
guidance, with the remaining genes with marked changes in expression placed in a
miscellaneous group. After categorization, relevant genes were further narrowed by SAM
analysis; q < 0.06 was considered significant.

Table 2 represents 68 selected genes with expression altered by endogenous elevations in
homocysteine (the entire dataset will be deposited in the National Center for Biotechnology
Information [NCBI] Gene Expression Omnibus database [Bethesda, MD] after the paper is
accepted). Of note, several genes in both the pro- and antiapoptosis pathways were upregulated
or downregulated in the cbs+/− HM mice. For example, the proapoptosis gene, Bat3, known to
be activated in response to endoplasmic reticular stress and DNA damage,35,36 was
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significantly upregulated. There was a concurrent increase in the expression of antiapoptosis
genes, such as Aven. Genes involved in cell cycle or transcriptional regulation were also altered;
Egr1, or early growth response 1, showed an approximate fivefold increase in expression. This
gene is known to be transcriptionally upregulated in response to N-methyl-D-aspartate
(NMDA) receptor activation.37,38 Genes possessing antioxidant activity, including those
coding for several subunits of glutathione-S-transferase and a subtype of superoxide dismutase,
were downregulated in response to elevated homocysteine levels, suggesting that an increase
in oxidative stress may be one mechanism by which homocysteine disrupts retinal integrity.
In addition, the expression of genes involved in calcium signaling or in the removal of calcium
from the cell was increased in mutant mice compared with wild-type: the gene encoding a
calcium antiporter, Slc24a4, was upregulated. Examination of genes related to axon growth
and guidance revealed that two genes involved in axon guidance, Efnb3 and Ablim2, showed
increased expression. Tsc2, a suppressor of axon formation, was also upregulated. Of the genes
categorized in the miscellaneous group, decreased expression of Vim, which codes for
vimentin, proved to be interesting as upregulation of the gene is a well-known indicator of
Müller cell gliosis. The expression of the gene encoding for transthyretin, Ttr, was also
decreased.

Discussion
Elevations of plasma homocysteine, which are common particularly in the elderly population,
are associated with increased total and cardiovascular mortality, stroke, dementia, Alzheimer's
disease, bone fracture, and chronic heart failure.39 To understand the role of homocysteine in
these diseases, several laboratories have used tissues from cbs mutant mice. For example, these
mice were used to examine cerebral vascular dysfunction as relevant to stroke,40 endothelial
dysfunction as relevant to numerous cardiovascular diseases,30 and the effects of excess
homocysteine on liver homeostasis and the LDL receptor.41,42 A comprehensive list of studies
performed using murine models of hyperhomocysteinemia has been described in a recent
review.43

Over the past decade, elevated homocysteine has been implicated in visual diseases.14–20

including in glaucoma.3,18,44 These observations prompted the current analysis of the retinas
of cbs mutant mice. Earlier work from our laboratory demonstrated that exposure of isolated
retinal ganglion cells (both a cell line and primary mouse ganglion cells) to elevated levels of
homocysteine induced apoptotic cell death within 18 hours of treatment.26,27 Whether these
in vitro findings are relevant to the effects of homocysteine on the intact retina is not known.
Our experiments in which homocysteine was injected into the vitreous cavity led to death of
cells in the GCL,28 but again reflect an acute insult.

The availability of the cbs mouse allowed examination of the effects of sustained elevation of
homocysteine on the retina. Of interest, the first report of this mutant mouse,29 described
pathologic screening of several organs including the eye. It was stated that “no pathologic
changes were notable in the eyes, knee joints, kidneys, lungs, and hearts of homozygous mice
at day 21, except that they appeared immature when compared to their 21-day-old wild-type
and heterozygous littermates.” That paper did not describe how the eyes were analyzed and
did not mention any systematic examination of the retina. Most publications describing other
tissues in the cbs mice have used heterozygous mice, since the homozygous mice die within 3
to 5 weeks of birth. In the present study, we evaluated retinas of both the homozygous and
heterozygous cbs mice, and our data indicate that there were significant alterations in the retina
of both groups.

The first step in our analysis of the cbs mutant retina was to determine whether elevated levels
of plasma homocysteine translated to elevated levels of retinal homocysteine. The retina is
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separated from systemic circulation by the inner and outer blood–retinal barriers; thus, it cannot
be assumed that the retina is exposed to the same level of homocysteine as other organs.29,30

Two approaches were used for this analysis: HPLC and immunohistochemistry. Both methods
of analysis indicated that retinal homocysteine was elevated in homozygous and heterozygous
cbs mice. HPLC analysis revealed very low levels of homocysteine in wild-type mice (∼0.21
pmol/μg protein) reflecting the tight regulation of homocysteine levels under normal
conditions. Retinal homocysteine levels are approximately sevenfold greater in the cbs−/− mice
compared to wild-type mice, whereas the cbs+/− have an approximate twofold elevation.
Immunohistochemical analysis confirmed the increase of homocysteine in these mice. These
data suggest that cbs mice are relevant for analysis of excess homocysteine in retina.

After establishing that cbs mice had increased levels of retinal homocysteine, we examined
retinas of several groups of mice (homozygous, heterozygous, and heterozygous fed an HM
diet). Although our earlier in vitro studies examined effects of homocysteine only on ganglion
cells,26,27 the analysis of retinas of the cbs mutant mice was not restricted to the GCL. In the
cbs−/− mice, we observed alterations in several layers of the retina including the GCL, ONL,
and RPE. Of interest, there was not a uniform ablation of cells in the GCL; rather there were
pockets of cellular dropout. Examination of the retinas at the ultrastructural level showed the
proximity of cells undergoing apoptosis to normal-appearing cells. The GCL is composed of
two neuronal cell types: ganglion cells and amacrine cells.45 Our analysis did not distinguish
between these two cell types, or the several subtypes of ganglion and amacrine cells.
Nonetheless, there were fewer neurons in this cell layer, and the NFL was altered as shown by
the presence of many vacuoles (unlike the uniform appearance in wild-type retinas.) The inner
retina was not the only portion of the retina affected in the cbs−/− mice. The ONL had more
rows of cells than in that of wild-type mice, thus appearing less differentiated. The RPE was
also hypertrophic in discrete regions of cbs−/− mice and excessive pigmentation was noted.
Thus, cbs−/− mice demonstrate disruptions in several retinal layers. However, many cells
remained, and the laminar organization of the retina was preserved in these homozygous mice.
This was somewhat surprising since in vitro studies with excessive homocysteine in isolated
ganglion cells revealed marked sensitivity (leading to 50% cell death). The cbs−/− model most
likely reflects the buffering capacity of this tissue to stressful insults, possibly mediated by
glial cells. No studies have been performed regarding the capacity of glial cells to clear the
retinal milieu of homocysteine.

Most of our analyses were performed in the heterozygous cbs mice. Examination of retinas of
1- to 2-year-old cbs+/− mice showed fewer cells in the GCL and a noticeable thinning of the
retina. To accelerate our analysis of the effects of moderate elevation of homocysteine on the
retina, heterozygous cbs mice were fed an HM diet.30 Morphometric analysis of the retinas of
mice maintained on this diet revealed consistent loss of cells in the GCL. This was the cell
layer most affected in the cbs+/− mice, although the inner plexiform and nuclear layers were
also affected at 5 weeks. The HM diet commenced in heterozygous mice at the time of weaning,
and retinas of mice maintained 5 weeks on this diet demonstrated an approximate 20% decrease
in the number of cells in the GCL. We anticipated that there would be fewer cells in this layer
with increasing age in mice that were maintained 15 and 30 weeks on this diet. However, cell
loss in the GCL remained constant (∼20%). We asked whether the 20% decrease in cell number
might reflect a developmental difference between heterozygous and wild-type mice, but did
not observe a difference in the number of cells in this layer at 3 weeks. It is possible that the
retina can buffer the effects of a modest increase in homocysteine induced by the HM diet/
heterozygous gene mutation. It was not feasible to analyze retinas of the cbs−/− mice over an
extended period because of their diminished viability; however, two new transgenic mouse
strains have been introduced43 that could be used for long-term studies of homocysteine on
retina.
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It is clear from these morphologic data that sustained, moderate elevations of homocysteine
alter retinal structure. It is noteworthy, however, that the retinas of cbs mutant mice (both
heterozygous and homozygous) did not sustain profound disruption of retinal architecture nor
massive loss of entire cellular layers (as occurs, for example, in the rd mouse in which rod
photoreceptors are completely lost within the first 21 postnatal days46). This observation
suggests that elevated homocysteine alters retinal gene expression and very likely upregulates
not only genes that lead to apoptosis, but perhaps also those that are protective. To begin to
understand the mechanisms underlying the retinal phenotype observed in the cbs mice, we
initiated investigations of those retinal genes whose expression is altered due to moderate
hyperhomocys-teinemia. Microarray analysis was performed to screen for gene changes in
neural retinas of 5-week-old cbs+/− HM mice compared with wild-type mice; 1216 genes were
identified with expression that was altered by twofold or higher. Genes whose expression was
altered are consistent with reported mechanisms of homocysteine toxicity including
stimulation of the NMDA receptor,47,48 increased in intracellular reactive oxygen species and
nitric oxide,49,50 induction of ER stress51–53 and Ca2+ disequilibrium.54,55 Of note, the
expression of some antiapoptosis genes was also increased. These preliminary findings set the
stage for future comprehensive analyses of the temporal changes in gene/protein expression in
this model, which will include RT-PCR, Western blot analysis, in situ hybridization, and
immunohistochemistry.

Based on the microarray screening, there are several genes that warrant comprehensive
investigation over a series of ages in retinas of cbs mutant mice. These include the proapoptosis
gene Bat3 because its protein product regulates apoptosis-inducing factor (AIF) stability in
response to ER stress-induced apoptosis35,36 as well as Aven, an inhibitor of the apoptosis
pathway.56,57 The transcriptional regulator Egr1, a member of the immediate early gene (IEG)
family, was increased by approximately fivefold in cbs+/− HM retinas compared with wild-
type. This gene is a good candidate for future studies in cbs mutant mice, because its expression
increases in response to excitotoxicity.37,38 The microarray screening revealed expression
changes in several genes associated with antioxidant pathways, particularly those that use
glutathione as a substrate to facilitate drug elimination (subunits of glutathione-S-transferase)
and extracellular superoxide dismutase, Sod3; these genes deserve comprehensive analysis in
cbs mouse retinas. The histologic observations that the NFL was altered in the cbs−/− mice and
that the IPL was much thinner in the 1- to 2-year-old mice suggests that genes associated with
axon guidance may also be worthy of further investigation. Genes involved in axon guidance,
Ephb3 and Ablim2, were upregulated, as was expression of Tsc2, a suppressor of axon
formation.58

In conclusion, this study represents the first systematic examination of the consequences of
elevated homocysteine in an animal model of hyperhomocysteinemia. The data show effects
on cells of the GCL in heterozygous mice, as well as in other layers in the more severe
homozygous mutant mice. Future studies will examine comprehensively genes whose
expression is changed under hyperhomocysteinemic conditions.
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Figure 1.
Quantification of homocysteine and glutathione in neural retina. Neural retina was subjected
to HPLC analysis. (A) Standard curve used for derivation of homocysteine content; (B)
homocysteine content. (C) Standard curve used for derivation of glutathione content; (D)
glutathione content. *Significantly different from wild-type mice (P < 0.05); NS, not
significantly different from wild-type (n = 12 wild-type, 6 cbs+/−, and 4 cbs−/− mice).
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Figure 2.
Immunodetection of homocysteine in retinal cryosections. Retinal cryosections from wild-type
(cbs+/+) (A), heterozygous (cbs+−) (B), and cbs+/− mice maintained 15 weeks on the HM diet
(cbs+/− HM) (C) were subjected to immunodetection of homocysteine. The homocysteine-
specific immunopositive signals were detected using an Alexa Fluor 555–conjugated
secondary antibody. Scale bar, 50 μm.
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Figure 3.
Histology of retinas of cbs−/− mice (age: 3 weeks). Light micrographs of hematoxylin and
eosin-stained retinal cryosections from wild-type (cbs+/+) (A) and homozygous (cbs−/−) mice
(B–D). (B, black arrows) Regions of cell dropout in the GCL; (white arrowhead) regions of
RPE hypertrophy. Higher magnification of cbs−/− mouse retina showing foamy appearance of
the NFL (C) and excess pigmentation of the RPE (D). Light micrograph of toluidine blue–
stained, plastic-embedded cbs−/− mouse retina (E). Arrows: shrunken, darkly stained cells.
Ultrastructural image of the GCL and NFL regions of cbs−/− mouse retina (F). Arrows:
shrunken, dying cells; (*): normal-appearing cells, v, vacuoles, which are abundant in the
image. (G) An ultrastructural image of the RPE of cbs−/− mice with abundant pigment granules
(p) in RPE (n = 4 wild-type, 4 cbs−/− mice). Scale bar: (A–D) 50 μm; (E) 25 μm; (F, G) 7 μm.
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Figure 4.
Histology of retinas of cbs+/− mice (age, 3 weeks and 1–2 years). Light micrographs of
hematoxylin-eosin-stained cryosections of retinas of 3-week-old wild-type (cbs+/+) mice (A)
and heterozygous (cbs+/−) mice (B). Light micrograph of toluidine blue–stained, plastic-
embedded retinas of 1-year-old wild-type (cbs+/+) mice (C) and heterozygous (cbs+/−) mice
(D). Scale bar, 50 μm.
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Figure 5.
Histology of retinas of cbs+/− mice maintained on an HM diet to promote modest elevation of
plasma homocysteine. Light micrographs of hematoxylin-eosin-stained retinal cryosections of
wild-type (cbs+/+) mice (A, C, E) and heterozygous mice maintained on 0.5% methionine
drinking water (cbs+/− HM) (B, D, F). Retinas were harvested at 5 (A, B), 15 (C, D) and 30
(E, F) weeks. (B, D, F, arrows) Areas of cell dropout in the GCL. Scale bar, 50 μm. Retinas
were subjected to morphometric analysis; data are shown in (G) and are expressed as neuronal
cells/100 μm length of retina. Solid black bars: cbs+/+ HM mice; striped bars: cbs+/− HM mice.
*Significantly different from wild-type mice, P < 0.05 (n = 5 weeks: three wild-type, eight
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cbs+/− HM mice; 15 weeks: seven wild-type, seven cbs+/− HM mice; 30 weeks: five wild-type,
eight cbs+/− HM mice).
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Table 1
Average Mouse Weights of cbs Mutant Mice on Regular and HM Diets

Treatment Group/Diet n Weight (g) Age at Analysis/Diet Duration

Regular diet

 cbs+/+ 18 9.72 ± 1.18 3 wk

8 19.26 ± 1.48 8 wk

7 22.40 ± 1.41 18 wk

5 24.11 ± 2.55 33 wk

2 41.98 ± 0.16 >52 wk

 cbs+/− 9 9.19 ± 0.14 3 wk

3 37.33 ± 2.49 >52 wk

 cbs−/− 8 6.95 ± 0.01 3 wk

HM diet

 cbs+/− HM 13 18.91 ± 1.56 8 wk/5 wk

7 24.42 ± 1.39 18 wk/15 wk

8 27.07 ±1.13 33 wk/30 wk

Weight is expressed as the mean ± SEM. For those groups on regular diet, the duration was lifetime.
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