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When the whole human genome sequence was determined by the Human Genome Project, the number of
identified genes was fewer than expected. However, recent studies suggest that undiscovered transcripts
still exist in the human genome. Furthermore, a new technology, the DNA microarray, which can simulta-
neously characterize huge amounts of genome sequence data, has become a useful tool for analyzing genetic
changes in various diseases. A version of this tool, the tiling DNA microarray, was designed to search all the
transcripts of the entire human genome, and provides huge amounts of data, including both exon and intron
sequences, by a simple process. Although some previous studies using tiling DNA microarray analysis have
indicated that numerous novel transcripts can be found in the human genome, none of them has reported
any novel full-length human genes. Here, to find novel genes, we analyzed all the transcripts expressed in
normal human prostate cells using this microarray. Because the optimal analytical parameters for using tiling
DNA microarray data for this purpose had not been established, we established parameters for extracting the
most likely regions for novel transcripts. The three parameters we optimized were the threshold for positive
signal intensity, the Max gap, and the Min run, which we set to detect all transcriptional regions that were
above the average length of known exons and had a signal intensity in the top 5%. We succeeded in obtaining
the full-length sequence of one novel gene, located on chromosome 12q24.13. We named the novel gene
“POTAGE". Its 5841-bp mRNA consists of 26 exons. We detected part of exon 2 in the tiling data analysis.
The full-length sequence was then obtained by RT-PCR and RACE. Although the function of POTAGE is
unclear, its sequence showed high homology with genes in other species, suggesting it might have an impor-
tant or essential function. This study demonstrates that the tiling DNA microarray can be useful for identifying
novel human genes.
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1. Introduction

DNA microarray analysis has been established as one of the most
useful technologies for investigating the underlying pathogenesis of
various diseases (Castellano et al, 2009; Heintzman et al, 2009;
Hussain et al., 2009; Takata et al,, 2010; Xu et al,, 2005; Yeager et al,,
2007; Yeager et al., 2009). Annotated gene expression levels and single
nucleotide polymorphisms can be conveniently evaluated using this
technique. The tiling DNA microarray is a variation that was developed
for investigating all the transcripts of the whole genome, including
those of undiscovered genes (Bertone et al, 2004; Johnson et al.,
2005; Kapranov et al, 2002; Mockler et al., 2005; Royce et al,, 2005;

Abbreviations: mRNA, messenger RNA; RT-PCR, reverse transcription-polymerase
chain reaction; RACE, rapid amplification of ¢cDNA ends; kb, kilobases; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.
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Schadt et al., 2004; Shoemaker et al., 2001). This innovation also allows
us to investigate the pathogenesis of various diseases.

The Human Genome Project reported the first complete sequence
of the human genome in 2003. This project found 30,000 fewer
expressed genes than had been expected (International Human
Genome Sequencing Consortium, 2004; Lander et al,, 2001; Venter
et al., 2001). However, even though the findings also suggested
that more than 98% of all genomic sequences are not transcribed
(Cheng et al., 2005), recent studies on these “non-coding” DNA re-
gions have revealed that they have many functions. In addition,
these regions contain computationally predicted genes that may en-
code functional DNA and/or proteins. These observations suggest
that novel genes that are transcribed into RNA may be found in
these regions.

Because the original DNA microarray technology, used for evaluat-
ing annotated gene expression levels, was designed with relatively
few probes, usually covering only the 5-ends of annotated genes, it
is not very useful for finding undiscovered transcripts in unexplored
genomic regions. Specifically, the number and location of the probes
meant that transcribed regions that lay between the probes could
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not be detected. In contrast, tiling DNA microarrays are useful for
mapping novel transcripts, because the “tiling” feature consists of
25-mer oligonucleotide probes that are tiled at approximately 35-bp
intervals, as measured from the central position of the adjacent
probe. Therefore, a gap of only approximately 10 bp lies between
probes, which cover the entire genome except the telomeres and cen-
tromeres (Sasaki et al., 2007). Tiling DNA microarray data have im-
proved gene annotations and revealed the extensive transcriptions
of non-coding RNAs. The closely spaced probes allow for the accurate
measurement of small transcriptional features, such as single exons
or small introns. This technology is now allowing us to investigate
undiscovered transcripts as well as the expression of annotated
genes. In this regard, the tiling DNA microarray is one of the most
powerful and fruitful tools for evaluating both annotated genes and
novel transcripts that have unclear functions. Previous reports using
tiling DNA microarray have demonstrated novel transcripts in the
human genome. However, full-length novel genes have not been
reported (Kampa et al., 2004; Kapranov et al,, 2005; Nelson et al.,
2008; Weile et al., 2007).

In this study, we used tiling DNA microarray to seek undiscovered
transcripts, and we demonstrated its usefulness for identifying a novel
coding gene.

2. Materials and methods
2.1. Cell culture

Primary normal prostate epithelial cells (PrECs) were purchased
from Lonza (Walkersville, MD) and maintained in prostate epithelial
cell media (PrEGM Bullet Kit-Lonza) supplemented with a mixture
of various growth factors (Single Quots-Lonza). Cells were seeded at
recommended densities and cultured at 37 °C at 5% CO,. Media
were changed every 48 h.

2.2. RNA and DNA preparation

Total RNA was extracted from PrECs with the RNeasy Plus Mini Kit
(Qiagen, Valencia, CA). RNA quality was evaluated by spectrophotom-
etry with a NanoDrop ND-1000 spectrophotometer (Thermo Fisher
Scientific, Wilmington, DE, USA) and by gel electrophoresis.

Genomic DNA was extracted from cancerous and normal frozen
prostate tissue. The samples were minced and mixed well in lysis
buffer with proteinase-K (to 0.2 mg/mL) and SDS (to 0.1%) at 55 °C.
DNA was separated from the proteinaceous component by two ex-
tractions with an equal volume of phenol/chloroform isoamyl alcohol.
The aqueous phase was mixed with 2.5 volumes of 100% ethanol and
0.1 volumes of 3 M sodium acetate and centrifuged at 12,000 xg for
20 min at 4 °C. The DNA pellet was washed with cold 70% ethanol
and allowed to air dry before resuspension in TE (10 mM Tris-HCl
pH 7.5, 1 mM EDTA).

2.3. Affymetrix GeneChip® hybridization

Affymetrix Human Tiling 1.0R Array GeneChip® (Tiling array;
Affymetrix, Santa Clara, CA) arrays were used for triplicate hybridizations.
For the microarray hybridization, we followed the protocol described in
the Affymetrix GeneChip® Whole Transcript Double-Stranded Target
Assay Manual (Affymetrix, Santa Clara, CA). In brief, 6 pg of total RNA
was purified by ribosomal RNA reduction using the RiboMinus Human/
Mouse Transcriptome Isolation Kit (Invitrogen Co., Carlsbad, CA) and
cleaned up. A single-stranded cDNA was synthesized using a T7-(N)s
primer, and the cDNA was made double-stranded. The ds cDNA was
amplified by in vitro transcription into complementary RNA (cRNA) and
cleaned up. The second cycle ds cDNA was synthesized using the ampli-
fied cRNA as a template. The ds DNA was cleaned up, fragmented, and
labeled with biotin. The fragmented ds DNA was used for hybridization

to the microarrays at 45 °C for 16 h with a rotation rate of 60 rpm using
a GeneChip® Hybridization Oven (Affymetrix, Santa Clara, CA). The
microarrays were washed and stained using an Affymetrix GeneChip®
Fluidics Station 450 and scanned by an Affymetrix GeneChip® Scanner
3000.

2.4. Tiling array data analysis

To handle the data generated by using probes that hybridize
throughout the whole genome, we extracted the positive data as
follows (Supplemental Fig. 1). As the distance used to locally group
positional data for statistical analysis, we set the bandwidth at the
maximum recommended level (73 bp). This setting increases the re-
liability of the signal intensity derived from a perfectly matched probe
vs. a mismatched probe. After removing data that showed no signal
intensity (43.9% of all probes in 14 arrays), the threshold for each
array was set to filter out all but the top 5% of probe intensities. A pos-
itive probe was defined as one having a signal intensity greater than
threshold (Supplemental Table 1, Supplemental Fig. 2) (Eisenberg
and Levanon, 2003). To evaluate the DNA regions hybridizing with
positive probes, we used a Max gap parameter (the maximum toler-
ated gap between positive positions in the derivation of detected re-
gions) of 70 bp, to permit the hybridization of a negative probe
between two positive probes. The Min run parameter (the minimum
size of a detected region) was set at 140 bp, which is the approximate
average length of all exons identified among the annotated genes
of NCBI (http://www.ncbinlm.nih.gov/) Build 36.2 (Supplemental
Table 1, Supplemental Fig. 3). The regions whose signals passed our
three parameter settings were compared to those of annotated
genes by the probe position, according to the information provided
by NCBI Build 36 in the Affymetrix Integrated Genome Browser
(IGB) (Nicol et al., 2009), to remove regions that overlapped with an-
notated genes. Next, the data were carefully divided into known or
unknown transcripts by checking each sequence against the latest an-
notations. New transcripts that appeared within an annotated gene,
even if not in the exonic sequences, were also considered to be
gene-related transcripts, and we excluded them from further analy-
sis. Finally, cases of two or more novel regions lying within 5-kbp
on the genome were defined as “zones,” and were investigated
further.

2.5. RT-PCR and rapid amplification of cDNA ends (RACE)

Total RNA was extracted from the specimens using the RNeasy
Plus Mini Kit (Qiagen, Valencia, CA). First-strand c¢cDNA synthesis
was performed using the SuperScript Il First-Strand Synthesis Sys-
tem with an oligo (dT),o primer for RT-PCR (Invitrogen Co., Carlsbad
CA), according to standard procedures.

Rapid amplification of cDNA ends (RACE) was performed with a
GeneRacer kit (Invitrogen Co., Carlsbad, CA) and SMART RACE cDNA
Amplification Kit (Clontech Laboratories, CA, USA), according to the
manufacturer's instructions.

2.6. Sequencing analysis

Amplified RT-PCR and RACE products of target regions were se-
quenced with a BigDye terminator v1.1 or v3.1 Cycle Sequencing kit
(Applied Biosystems, CA, USA) using Applied Biosystems 3130 Genetic
Analyzers. The primers for the sequencing analysis were designed
according to the results of each RACE analysis. The primer sequences
are described in the supplementary information.

2.7. Quantitative RT-PCR assay in multiple human tissues

To evaluate the levels of POTAGE expression in human tissues, quan-
titative PCR (QPCR) was performed using the Stratagene Mx3005P
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real-time QPCR system with the Brilliant Il Fast SYBR Green QPCR
Master Mix (Agilent Technologies, CA, USA) and Human MTC Panels I
and II, which include heart, brain, placenta, lung, skeletal muscle, kid-
ney, pancreas, spleen, thymus, prostate, testis, ovary, small intestine,
colon, and peripheral leukocytes (Clontech Laboratories, CA, USA).
These assays were performed at least four times in duplicate. To nor-
malize the values in the quantitative assays, the level of beta-Actin
was assessed as a control. The primer sequences for beta-actin were
(forward) 5/-ATTGCCGACAGGATGCAGAA-3' and (reverse) 5-ACATC
TGCTGGAAGGTGGACAG-3'. After the QRT-PCR assay, each sample was
examined by agarose gel electrophoresis to evaluate the amplification
of a single RT-PCR product.

A

2.8. Methylation assay with normal and cancerous human prostate tissue

DNA methylation is an important epigenetic mechanism of gene
regulation. To investigate the methylation status of POTAGE in the
human prostate, we performed methylation PCR using human prostate
tissues. Normal and cancerous prostate samples were obtained from six
patients, with their informed consent, during radical retropubic prosta-
tectomy for clinically localized prostate adenocarcinoma, performed at
the Kyoto Prefectural University of Medicine. All procedures were
conducted in accordance with the Helsinki declaration. This study was
approved by the Institutional Review Board of Kyoto Prefectural Univer-
sity of Medicine.
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Fig. 1. (A) For this study, we defined two concepts: the region and the zone. A region was the genomic area that passed our settings for all three parameters and did not overlap with
annotated genes. Zones were two or more regions that lay within 5-kbp of one another, on the chromosome, Zones were assumed to encode at least some portion of a novel gene.
(B) Each novel zone was investigated in detail by RT-PCR and RACE. Shown is the region containing the novel protein, which overlapped with exon 2 of LOC100287871, a predicted
gene in NCBI Build 36.3. We obtained the full-length mRNA sequence encoded by this region. (C, D, F) Although 22 of the 26 exons of the novel gene also served as exons of
C120rf51, exons 1, 10, and 26 were new. (E) Exon 23 of the novel gene had a 30-bp deletion.
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The genomic DNA samples from the six patients were treated with
the MethylEasy Xceed Rapid DNA Bisulphite Modification Kit (Human
Genetics Signatures Pty Ltd, Australia), according to the manufacturer's
instructions. The methylation and unmethylation primers for POTAGE
were designed using the CpG island searcher (http://cpgislands.usc.
edu/) (Takai and Jones, 2003) and MethPrimer (http://www.urogene.
org/methprimer/index1.html) web sites (Li and Dahiya, 2002). After
the amplification, the PCR products were separated by electrophoresis
on an agarose gel, and fragments in the expected range were excised
and purified using the QlAquick Gel Extraction Kit (Qiagen, Valencia,
CA). The purified PCR products were ligated using the pGEM-T Easy
Vector System (Promega, W1, USA), and at least 20 independent clones
were sequenced with the T7 (5’-TAATACGACTCACTATAGGG-3') and
SP6 (5'-ATTTAGGTGACACTATAGAA-3') primers.

3. Results
3.1. Analysis of tiling array data

Our goal was to evaluate all the mRNAs expressed in human pros-
tate cells, using the tiling array in triplicate. The signal intensity and
P-value for each probe were determined by quantile normalization
(Bolstad et al., 2003), after the raw intensity data from triplicate
microarrays were transformed with the Affymetrix Tiling Analysis
Software ver. 1.1. All of the extracted signal data were mapped to
their genomic position and visualized in the IGB. Because the tiling
array was designed based on information from NCBI Build 34, the re-
sults were translated to Build 36 automatically.

Because the thresholds determining positive signal intensity were
determined on the basis of the signals from all the probes in each til-
ing array, the thresholds were slightly different for each array (see
Materials and methods). The values for two other parameters (Max
gap and Min run) were the same for all the arrays (see Materials
and methods). The three parameter settings enabled us to predict
the genomic locations likely to contain transcribed sequences. After
comparing the sequences from our predicted regions with those of
annotated genes (NCBI Build 37.1), we found 319 regions in the entire
genomic sequence that encoded undiscovered transcripts. After the
novel regions were obtained, the novel zones were defined by tiling
data analysis. Finally, we defined 17 zones containing two or more
regions within 5-kbp of each other (Fig. 1A, Supplemental Fig. 1 and
Supplemental Table 1).

3.2. RT-PCR and RACE analysis of the novel region of human chromosome
12

We next designed primer sets for each region that were appropri-
ate for performing RT-PCR analysis with the single-strand cDNA
obtained from normal prostate cells. Each RT-PCR product was se-
quenced to confirm the amplification of the target sequences. Even
when a positive tiling array signal was confirmed, no region was stud-
ied further without the successful amplification of the correct se-
quence. In addition, single regions that did not have any positive
regions in the flanking regions were also excluded. After the RT-PCR
analysis, primers for 5’- and 3'-RACE were designed on the basis of
both the tiling array data and information from NCBI Build 37.1. All
of the 5’- and 3’-RACE experiments were performed with single-
stranded cDNA obtained from normal human prostate tissue.

Finally, we obtained the full-length sequence of POTAGE on chro-
mosome 12q24.13 (Supplemental Table 2, primer Nos. 1-4, Supple-
mental Figs. 4, 5). However we succeeded to obtain the 17 zones by
tiling array data, we failed to confirm 16 zones by RT-PCR and/or
RACE.

The novel mRNA sequence we obtained consisted of 26 exons within
an mRNA of 5841 bp. The gene was located on chromosome 12q24.13.
Assuming that the tiling array data might indicate one of the exons in

the novel transcripts, we performed RT-PCR and RACE of the regions
in this zone. From these results, we found that 4 of the 6 5’-most
exons of POTAGE belonged to the hypothetical protein LOC100287871
(http://www.ncbi.nlm.nih.gov/gene/?term=L0C100287871). More-
over, 18 of the 19 3’-most exons overlapped with part of the 5'-end of
predicted gene C120orf51 in NCBI Build 37.1. There were three novel
exons in POTAGE: exons 1, 10, and 26. Exon 23 of POTAGE contained
a 30-bp deletion compared with the 5’-end of C1201f51 exon 22. The
remaining 22 exons of POTAGE shared 100% identity with C12orf51
(Figs. 1B-F, Supplemental Table 3).

We also investigated the sequence flanking exons 25 and 26 of
POTAGE in detail. We found at least two human isoforms of these
exons. One isoform included exon 26 of POTAGE as its 3’-end; this
isoform was equivalent to POTAGE. The other isoform had a different
3’-end; that is, some other exon followed exon 25. For example,
C12o0rf51 was partially encoded by the other isoform.

To explore the possible function of POTAGE, motif and homology
searches were performed using the MOTIF Search (http://motif.
genome.jp/), Pfam (http://pfam.sanger.ac.uk/), and NCBI web sites.
No major motif was found in the nucleotide acid sequence or the de-
duced protein sequence.

3.3. Comparison of POTAGE expression level in multiple human tissues

We evaluated the expression levels of POTAGE with region-specific
primer pairs in multiple human tissues (Human MTC Panels I and II),
using serni-quantitative real-time RT-PCR (Supplemental Table 2, prim-
er No. 5). POTAGE was expressed in every human tissue examined. The
relative expression levels were calculated as the levels normalized to
the beta-actin expression in each sample. The highest expression level
of POTAGE was observed in the testis (Fig. 2). We created primer
pairs to evaluate the level of expression of the other isoform, and
performed real time RT-PCR using the same conditions as for POTAGE.
While the expression level of the other isoform also was higher in testis,
it was different from that of POTAGE, in that the other isoform was also
highly expressed in skeletal muscle (data not shown).

3.4. Methylation assay for the 5'-upstream CG-rich region of POTAGE

Because DNA methylation in the 5/-upstream CG-rich region of a
gene is related to the repression of gene expression, we investigated
the methylation status of POTAGE using a methylation-specific PCR
assay, to discover if differences in methylation could explain the
lower expression level of POTAGE in normal prostate tissue compared
to other tissues (Jones and Baylin, 2007; Laird, 2003; Ting et al., 2006;

7

Relative Quantity (dRn)

Fig. 2. The expression levels of the novel gene in multiple human tissues using
semi-quantitative real-time RT-PCR. The novel gene was expressed in every human tis-
sue examined in this study, and its level was highest in the testis.

- 181 -



H. Ishida et al. / Gene 516 (2013) 33-38 37

Table 1
Homology among exons of the novel gene in human, mouse, rat, and fugu (pufferfish).

cDNA (translated region)
Human Mouse Rat Fugu
Human 89.18% 88.80% 70.60%
Amino acids Mouse 97.27% 95.14% 72.59%
Rat 97.05% 98.19% 72.47%
Fugu 81.15% 81.00% 80.92%

The percentage of identical amino acids was essentially constant across species.

Vanaja et al., 2009). In addition, we examined the methylation condi-
tion in prostate cancer tissue, to assess any relationship between the
level of expression and prostate oncogenesis. We examined the methyl-
ation of CpG 101 (UCSC (http://genome.ucsc.edu/) GRCh37/hg39), a
CpG island located 557 bp upstream of POTAGE (Supplemental Table
2, Nos. 6-7, Supplemental Fig. 6). However, the CpG island was not
methylated in normal or cancerous prostate tissues.

4. Discussion

New genomic technologies have yielded much useful information
about the whole human genome, and both experimental and compu-
tational approaches have been developed to handle the accumulation
of data. Our approach using the tiling array supported the importance
of choosing the appropriate settings for the three parameters, thresh-
old of signal intensity, Max gap, and Min run, when examining the til-
ing data to evaluate mRNA expression or discover novel genes. The
settings of these parameters were critical to our finding the few
pieces of relevant information among the enormous quantities of
tiling array data. Because our data demonstrated that the signal pat-
terns of many undiscovered regions were very short or very close to
annotated genes, we excluded unknown regions with these patterns
to obtain novel genes that were independent of the known genes.
Therefore, the three parameters in our data were chosen to be strin-
gent, to reduce the amount of data that would require further
investigation.

First, our parameter settings allowed us to extract 17 zones
containing novel regions from our entire set of tiling array data. All
of the zones consisted of two or more novel regions within about
5-kbp of one another. We assumed that each novel region might rep-
resent one or more exons of a novel gene. In 16 of the 17 zones, each

—— Homo sapiens Feb 2009

Mus musculus July 2007

Rattus norvegicus Nov 2004

region was confirmed as encoding a transcript. However, no amplifi-
cation product included neighboring sequences.

Finally, we determined the sequence of a full-length novel gene
from the RT-PCR and RACE results of 1 of the 17 zones. The novel
mRNA was 5841 bp in length and contained 26 exons, which were
encoded by sequences spread over 133,876 bp in the genome, on
chromosome 12q24.13. There were two predicted genes, hypotheti-
cal protein LOC100287871 and C120rf51, that were close to our dis-
covered gene (NCBI Build 36.3). The information on hypothetical
protein LOC100287871 was replaced with the predicted region of
C120rf51 in NCBI Build 37.1. To confirm the sequence of POTAGE,
we also referred to the sequence of the predicted transcript at NCBI
Build 37.1.

Among the 26 exons of POTAGE, three were novel (exons 1, 10,
and 26). POTAGE also shared 23 exons with C12o0rf51 (NCBI Build
37.1), and the 22nd exon of POTAGE (the 23rd exon of C120rf51)
contained a 30-bp deletion.

The expression level of POTAGE was lower in the prostate than in
most other tissues. To investigate whether POTAGE's expression was
suppressed by methylation, we examined the genomic methylation
in the 5’-upstream CpG island of POTAGE in normal prostate and
prostate cancer, to look for possible associations between malignan-
cies and expression of POTAGE. However, the region we assayed
was not methylated in normal or cancerous prostate tissue. Therefore,
the different expression levels in several tissues, including prostate
cancer, are unlikely to be regulated by the methylation of the 5'-up-
stream CG rich region of POTAGE.

POTAGE has no major motif in the nucleotide acid sequence or the
deduced protein sequence. Interestingly, the sequence of POTAGE had
high homology to transcripts in other species, such as mouse and rat.
The predicted protein had a 97% sequence identity between human
and mouse, and almost the same homology between human and rat
(Table 1). The alignment of the amino acid sequences, which was
constructed using CLUSTAL W ver. 1.83 (http://clustalw.ddbj.nig.ac.
jp/top-j.html) with Kimura's correction, between human and five
other species, showed the closest matches among different species
(Supplemental Fig. 7). Furthermore, the phylogenetic relationship
based on the amino acid alignments of these six species also revealed
high protein homology among human and other species (Fig. 3). On
the other hand, the nucleotide sequence identities between human
and mouse of two housekeeping proteins (beta-Actin and GAPDH)
are 92% and 89%. The between-species percent identity of POTAGE
was higher than that of these housekeeping genes. Therefore, al-
though the function of POTAGE is currently unknown, its high se-
quence homology among different species suggests that it may have
an important or essential biological function.

Gallus gallus May 2006

Xenopus tropicalis Aug 2005

0.1

Takifugu rubripes Oct 2004

Fig. 3. Phylogram depicting the relationship between the deduced amino acid sequence encoded by the novel gene in humans and its homologues in five other species, using Tree
View (ver. 1.6.6). The phylogram was based on the alignment of the amino acid sequences (see Supplemental Fig. 7).
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In summary, we identified a novel gene in a search of the whole
human genome using the powerful new tiling array tool. Although
analyzing the tiling array data was no simple matter, it was still useful
for detecting a novel gene.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.gene.2012.11.076.
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Remarks on Equivariant and Isovariant Maps
between Representations

Tkumitsu NAGASAKI Y

Abstract. In this note, we consider the existence problem of equivariant or iso-
variant maps between representation spheres. In particular, we give a necessary
and sufficient condition for the existence of an equivariant map between unitary
representation spheres of a cyclic group Cpq, where p, ¢ are distinct primes.

1. The existence problem of C),,-maps

The existence or non-existence problem of equivariant maps is a fundamental and
important topic in equivariant topology, and many results are known up to the present.
However, giving a necessary and sufficient condition for the cxistence of an equivariant
map is not so easy in general. Recently, Marzantowicz, de Mattos and dos Santos [6]
discuss a necessary and sufficient condition of the existence of an equivariant map for
a torus and a p-torus. In this note, we deal with the case of Cpg-maps, where p, ¢ are
distinct primes.

First, we recall well-known results on the existence problem. Let G be a compact Lie
group and V an (orthogonal) representation of G. We denote by SV the representation
sphere of V, which is defined as the unit sphere of V. The following fact is proved by

equivariant obstruction theory; for example, see [2].

Proposition 1.1. Let V and W be (orthogonal) representations of G. If dim V¥ <
dim WH for every (closed) subgroup H of G, then there exists a G-map f: SV — SW.

The converse is not true in general, but in some special cases, the converse holds.
Such kind of results are brought from Borsuk-Ulam type theorems. We state two
Borsuk-Ulam type theorems; see [3], [4], [5], [11] for more details.

D Department of Mathematics, Kyoto Prefectural University of Medicine, 13 Nishitakatsukasa-cho,
Taishogun, Kita-ku, Kyoto 603-8334, Japan. e-mail: nagasaki@koto.kpu-m.ac.jp
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Proposition 1.2. Assume that G acts freely on SV and SW. If there exists a G-map
f: 8V — SW, then dimV < dimW holds.

Proposition 1.3. Let G be a torus T" or a p-torus C;. Assume that SV and SW
are G-fized point free, i.e., SVG = SWC = 0. If there exists a G-map f: SV — SW,
then dimV < dim W holds.

Marzantowicz, de Mattos and dos Santos [6] give a necessary and sufficient condition
for the existence of an equivariant map in the case of G being a torus or a p-torus. In
particular, the following result is deduced from their results.

Corollary 1.4. Let G be a torus T™ or a p-torus C;,‘. Let SV and SW be G-fized
point free representation spheres. Then there exists a G-map f: SV — SW if and only
if dim V¥ < dim WH holds for every closed subgroups H of G.

Proof. Note that G/H is a torus or a p-torus; in fact, if G = T, then G/H is connected
and abelian. Hence G/H isa torus. If G = C}, then G/H is an abelian group consisting
of elements of order p or 1. Hence G/H is a p-torus. In each case, f#: SVH — SWH is
a G/H-map between G/H-fixed point free representation spheres. Hence Proposition
1.3 shows the necessary condition. The sufficient condition follows from Proposition
1.1. g

We now consider equivariant maps between representation spheres of a cyclic group
Cpq, where p, g are distinct primes. Let G = C,, and c a generator of Cpy. The unitary
irreducible representations U (0 < k < pg — 1) of Cpq are given by

2mv/ -1
P
Each orthogonal irreducible representation T} is given as the following way: Tp = R

cz=¢z2 for 2€U,=C, £ =exp

with the trivial action; if 0 < k < pg/2, then T}, = rgUy, where rg denote realification
of a unitary representation, and if ¢ = 2 and p is an odd prime, then T, = R_ with
the antipodal action of C; and the trivial action of C,,.

Set Cp = (%) and C; = {cP). Let V and W be orthogonal representations with
VG = WS = 0. If there exists a G-map f: SV — SW, then f¥: SVH — SWH isa
G/H-map for H = C,, or Cg. Since G/H acts freely on SV and SWH | it follows from
Proposition 1.2 that dimVH# < dimW*# for H = C,, C,. In the case of dimW¥# =0
(H = C, or Cy), it follows that dim V# = 0. Since resy f is an H-map between H-free
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representation spheres, we have dimV < dim W by Proposition 1.2. Thus we obtain
the following.

Proposition 1.5. Let G = C,,. Let V and W be representations with VG = W& =g,
If there exists a« G-map f: SV — SW, then the following hold.

(1) dimVE < dim WS and dim VS < dim WS,

(2) If dim WS =0 or dim WS =0, then dimV < dim W.

In the next section, we show that if V and W are unitary, then the converse holds.

As a consequence, we obtain the following.

Theorem 1.6. Let V and W be unitary representations with V¢ = W = 0 for
G = Cpq. There exists a G-map f: SV — SW if and only if the conditions (1) and
(2) of Proposition 1.5 hold.

2. Proof of Theorem 1.6

We have already shown that the conditions (1) and (2) are necessary. Next we show
that (1) and (2) are sufficient for the existence of a G-map. The proof is divided into
several cases.

We set G = Cpy and denote by Uy the unitary irreducible representation of Cj,
described in the previous section. The following is straightforward.

Lemma 2.1. If f;: SV; — SW;, i =1, 2, are G-m.dps, then the join of fi and fo
induces ¢ G-map fi * fa: S(V; & V5) — S(W, & Wa).

The kernel Ker V' of a representation V is defined by the kernel of the representation
homomorphism of V: py: G — GL(V). It is easily seen that

1 (k,pg) =1

Cp (kpg)=p
KerUg=¢ ?
ok C, (kpg)=g¢q
Coy k=0,

where (k,pg) denotes the greatest common divisor of & and pg.
Lemma 2.2. If KerUy = KerU,, then there exists o G-map f : SU, — SU,,

Proof. If Ker Uy = KerU; = C,q, then it is trivial. Assume that Ker Uy = KerU; # Cyy
Since (k/(k,pq), pq) = 1, one can take an integer s such that sk/(k,pg) =1 (mod pq).
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Then a map f defined by
flz) = PR PR R I

is a G-map. ’ 0

For a representation V with V¢ = 0, decompose V into irreducible representations

as follows:
pg—1

V=P ali (a; 20).
i=1

Let H be a subgroup of G. Setting V(H) = ;. v,=u @:Ui, we have a decomposition
V=V(10)e V(C,) & V(C,).

By Lemmas 2.1 and 2.2, we obtain the following.

Proposition 2.3. There exist G-maps between S(V(H)) and S(mU( | pq)) bidirec-
tionally, where m = £ dim V(H).

By this proposition, without loss of generality, we may assumne that V and W have
the following forms:
V =a,U; @ apU, ® aU,,
W =b,U; @ bpyU, @ byU,,
where a; and b; are non-negative integers. Note that VCr = apUy, VCe = aq,U, and so
on. It is easy to see that the conditions (1) and (2) are equivalent to statements:
(1) ap £ bp and a4 < by.
(2) If b, =0, then ay + a4 < by + b, and if b, = 0, then a) + a, < by + by.

First we recall the following result from [12].

Lemma 2.4. Let W = biU; @ b,U, & byU,, b, > 0, by > 0. Then there exists a self
G-map h: SW — SW such that degh = 0.

Proof. Degrees of h¥!, H < G, of a self G-map h on SW satisfy the Burnside ring
relation described in [2]. In fact, it is seen that if there exists a G-map h: SW — SW,
then the following relations hold:

deg h = deg h®» mod p,

deg h = deg h® mod gq,

degh®? =1 modgq,

degh€ =1 mod p.
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Conversely, if integers d, d,, d, satisfy relations d; = d,, mod p, dy = d, mody,
dy, =1 modgq and d, = 1 mod p, then there exists a G-map h: SW — SW such that
degh = d;, deg h®r = dp, deg hCs = d,. We set d; = 0 and we can take d, such that
d, = 0 mod p, d, = 1 mod ¢ and d, such that d;, = 1 mod p, d, = 0 mod ¢, These
integers satisfy the above relations. Therefore there exists a G-map h: SW — SW
such that degh = 0. O

2.1. Case 1. We shall show the theorem when b, > 0 and by > 0.

Lemma 2.5. If (1) ap < by, aq < by and (2) by, > 0, by > 0, then there exists o G-map
f: 8V = SW,

Proof. By (1), there is an inclusion i: SV>! — SW>! ¢ SW. Using Waner’s method
[12], we show that this inclusion can be extended to a G-map f. Since G acts freely
on SV \ SV>! SV is decomposed as a union of SV>! and free G-cells:

SV =8v>lyGxD™yU...UG x D™,

where n; < -+ < 1. Set X = SVPIUG x DM U---UG x D™, where k > 1.
Suppose inductively that there is a G-map fi—1: Xx—1 — SW, where Xy = SV>!
and fo = 7. Since X = Xp-1 UG x D™, restricting fr_; to 1 x dD™ = 9D™  we
have a map g = fi—1|op~s: OD™ — SW. Compose ¢ with a G-map h of degree 0
and set ¢’ = hog. Then ¢’ is mill-homotopic and ¢’ is extended to ¢’: D™ — SW.
Furthermore, ¢ is equivariantly extended to a G-map §: G x D" — SW. Thus we

obtain a G-map fr = fr—1U§: X — SW. ]

2.2. Case 2. We shall show the theorem in the case of b, = 0 or b, = 0. We may
suppose b, = 0. Then by condition (1), we have a, = 0 and a, < by, If a; < by, then,
there is an inclusion i: SV — SW, which is G-equivariant.

Suppose that a; > b,. By condition (2), we have a; + a, < by + b, and hence
ay — by < by, — a,. Note that there exists a G-map g: SU; — SU,; for example, g can
be defined by g(z) = 2”. Hence there exists a G-map §: S((a1—b1)Ur) — S{(bp—a,)Uy)
by Lemma 2.1. Joining § with the identity map id: S(b,U; ®a,Up) — S(b1Uy @ apU,),
we obtain a G-map f = g *id: SV — SW. Thus the proof is complete.

3. Comparison to isovariant maps

Let G be a compact Lie group. A continuous G-map f: X — Y is called G-

isovariant if f preserves the isotropy groups; ie., Gy, = G, forall z € X. It is
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important to clarify the existence problem of isovariant maps and there are several
researches about isovariant map as well as equivariant maps; for example, see [7], {8],
(9], [10]. A necessary and sufficient condition for the existence of a C),-isovariant map
between representations (or equivalently, representation spheres) is already known. In

fact, the following result easily follows from results of [7].

Proposition 3.1. Let G = Cpy. Let SV and SW be G-fived point free (orthogonal)
representation spheres. There ezits a G-isovariant map f: SV — SW if and only if
(1) dim V¥ <dimWH# for H = C, and C,, and
(2) dimV —dim V¥ < dimW —dimW¥ for H = C, and C,.

Remark. By combining (1) and (2), it is deduced that dimV < dim W. This kind of
result is called the isovariant Borsuk-Ulam theorem. See [10], [13] for more general
results.

By comparing Proposition 3.1 and Theorem 1.6, we see that there are many pairs
SV, SW of Cpe-fixed point free representation spheres such that there is a Cpq-map
from SV to SW, but not a Cp,-isovariant map.

Example 3.2. Let V = alU; (a > 1) and W = U, & U,;. Then there is a Cps-map
f: SV — SW. However, if @ > 2, then there is no Cpg-isovariant map from SV to
SW. ‘

This example provides another kind of Borsuk-Ulam type result; namely, if a > 2
and f: SV — SW is a Cpe-map, then it follows that f~}(SW>!) # 0, where SW>!
denotes the singular set of SW defined by SW>! = {x € SW |G, # 1}. In this case,
note that SW>! = SU, [] SU, (Hopf link). Furthermore, one can show the following.

Proposition 3.3. Let V = aU; (a 2 2) end W = U, ® U,. If there is a Cpy-map
f: SV — SW, then f~1(SU,) # 0 and f~1(SU,) # 0.

Proof. If f~Y(SU,) = 0, then we have an equivariant map f: SV — SW \ SU,.
Since SW \ SU,, is Cpq-homotopy equivalent to SUj,, there exists a Cpy-map g: SV —
SU,. However, this contradicts Proposition 1.5 (2). Thus we see that f~1(SU,) # 0.
Similarly we see that f~1(SU,) # 0. O
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NMDA receptor subunits have different roles in
NMDA-induced neurotoxicity in the retina
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Abstract

excitotoxicity remains unclear.

deficient mice.

diseases.

Background: Loss of retinal ganglion cells (RGCs) is a hallmark of various retinal diseases including glaucoma, retinal
ischemia, and diabetic retinopathy. N-methyl-D-aspartate (NMDA)-type glutamate receptor (NMDAR)-mediated
excitotoxicity is thought to be an important contributor to RGC death in these diseases. Native NMDARs are
heterotetramers that consist of GIuN1 and GIuN2 subunits, and GIUN2 subunits (GIUN2A-D) are major
determinants of the pharmacological and biophysical properties of NMDARs. All NMDAR subunits are expressed
in RGCs in the retina. However, the relative contribution of the different GIuN2 subunits to RGC death by

Results: GIuN2B- and GluN2D-deficiency protected RGCs from NMDA-induced excitotoxic retinal cell death.
Pharmacological inhibition of the GIuN2B subunit attenuated RGC loss in glutamate aspartate transporter

Conclusions: Our data suggest that GIuN2B- and GIuN2D-containing NMDARs play a critical role in NMDA-
induced excitotoxic retinal cell death and RGC degeneration in glutamate aspartate transporter deficient mice.
Inhibition of GIuN2B and GIuUN2D activity is a potential therapeutic strategy for the treatment of several retinal

Keywords: NMDA receptor, GIUN2B, GIuN2D, Excitotoxicity, Retina, Glaucoma, Glutamate transporter

Background

Glutamate is the major excitatory neurotransmitter in the
mammalian central nervous system. However, its accu-
mulation in extracellular spaces kills neurons through
excitotoxic mechanisms via activation of glutamate recep-
tors [1]. Excitotoxic neuronal cell death is thought to be a
final common pathway in various neurological diseases,
ranging from acute ischemic stroke to chronic neurode-
generative diseases such as Alzheimer’s disease and amyo-
trophic lateral sclerosis [2-5]. Glutamate excitotoxicity has
also been proposed to be an important contributor to the
death of retinal ganglion cells (RGCs) in glaucoma and
ischemia-related conditions such as vessel occlusion and
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Full list of author information is available at the end of the article

() BioMed Central

diabetic retinopathy [6-8], although some investigations
have failed to confirm elevated glutamate concentration
both in human patients with glaucoma [9] and in animal
models of glaucoma [10,11]. The toxic effects of glutamate
on RGCs are predominantly mediated by the overstimula-
tion of N-methyl-D-aspartate (NMDA)-type glutamate re-
ceptors (NMDARs) due to their extreme permeability to
calcium ions [12].

NMDARs are composed of various combinations of
GluN1 and GIluN2 (GluN2A-GIuN2D) subunits and, in
some cases, GIluN3 (GluN3A and GIuN3B) subunits.
GIuN2 subunits are major determinants of the functional
properties of NMDARs, including characteristics such as
agonist affinity, deactivation kinetics, single-channel con-
ductance, Ca®* permeability, and sensitivity to Mg>* [13].
However, the relative contribution of different GIuN2 sub-
units to RGC death by excitotoxicity remains unclear.

We previously reported that NMDAR-mediated exci-
totoxicity contributed to the degeneration of RGCs in glu-
tamate aspartate transporter (GLAST) deficient (KO)

© 2013 Bai et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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mice, the first animal model of normal tension glaucoma
[14]. Furthermore, we recently reported that GluN2D defi-
ciency partially protected against the loss of RGCs in
GLAST KO mice [15]. These results suggest that other
GluN2 subunits, in addition to GluN2D, may contribute
to excitotoxic retinal cell death. To address this hypoth-
esis, we examined the roles of the four different GIuN2
subtypes in NMDA-induced retinal cell death using mice
lacking specific GIuN2 subunits. We also evaluated the
neuroprotective effect of 7-hydroxy-6-methoxy-2-methyl-
1-(2-(4-(trifluoromethyl)phenyl)ethyl)-1,2,3 4-tetrahydroiso-
quinoline hydrochloride (HONO0O001) [16], an specific
GluN2B antagonist, on RGC degeneration due to glutam-
ate excitotoxicity in GLAST KO mice.

In the present study, we report that GluN2B and GluN2D
deficiency protect against NMDA-induced excitotoxic
retinal cell death, but GIluN2A and GluN2C deficiency
have no protective effects. We also show that pharma-
cological blockade of GIuN2B subunit attenuates RGC
loss in GLAST KO mice.

Results

NMDA receptor subunits present in mouse RGCs

To investigate the expression of NMDAR subunits in
RGCs, we used a single-cell reverse transcriptase poly-
merase chain reaction (RT-PCR) method. After dissoci-
ation of the retina into single cells, RGCs can no longer
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be identified by their morphology. We therefore used
dissociated retina from B6.Cg-TgN(Thyl-CFP)23]rs/]
transgenic mice (thyl-CFP mice), which express cyan
fluorescent protein (CFP) in most RGCs [17]. We first
confirmed that the CFP-containing cells in the thyl-CFP
mouse retina were RGCs by immunostaining with Brn3,
a neurochemical marker for RGCs [18]. CFP expression
colocalized with Brn3 immunoreactivity in most somata
in the ganglion cell layer (GCL) (Figure 1A-C). A single
CFP-expressing cell was picked with a glass capillary
from the dissociation mix and transferred to the reaction
tube (Figure 1D, E), and was further identified as RGC by
expression of Brn3 (Figure 1F). Typical results of single-
cell RT-PCR on isolated RGCs are shown in Figure 1F.
GIuN1 and GIuN2A-D could be amplified together with
an internal control (-actin) from a single RGC, as well as
from whole retina. In our samples of 4 isolated RGCs, two
cells express GluN1/GluN2A/GluN2B/GluN2C/GluN2D,
whereas the other two cells express GIuN1/GluN2A/
GluN2B/GluN2D. These results indicate the presence of
GluN1 and all GluN2 subunits (GluN2A~D) in the mouse
RGCs.

Retinal structure in mice lacking GIuN2 subunits

We used mice lacking any one of the four GluN2 subunits
to determine the distinct roles of these GluN2 subunits in
NMDA-induced RGC death. Mice lacking GIuN2A,

Glun2C 1N

GluN1

Figure 1 Expression of NMDA receptor subunits in mouse retinal ganglion cell. (A-C) Immunohistochemical analysis of Brn3 (B red) in
Thy1-CFP mice. CFP fluorescence (A green) was overlaid with Brn3 (C). Arrows in (C) indicate double-labeled cells. Scale bar, 20 um. (D-E) After
dissociation the fluorescent RGC was picked up from the cell suspension. CFP (green) and DIC pictures for the same isolated cell are
superimposed (E). Arrowhead indicates CFP-expressing RGC. Scale bar, 20 um. (F) Single-cell RT-PCR analysis for GIuN1, four GIuN2 subunits, Brn3
and {-actin. Distilled water was used for PCR negative control. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; RGC,
retinal ganglion cell.
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GluN2C, and GIuN2D are viable {19-21], whereas GluN2B-
deficient mice die shortly after birth [22]. We therefore
generated conditional GluN2B KO mice, in which
GluN2B was ablated in retinal neurons containing RGCs.
For this purpose, we crossed GluN2B"* [23] mice with c-
kit-Cre mice [24] (GluN2B"Y/c-kit-Cre). In c-kit-Cre mice
crossed with ROSA-tdTomato reporter mice [25] (ROSA-
tdTomato/c-kit-Cre), tdTomato-expressing cells were lo-
calized in the GCL and inner nuclear layer (INL) and most
calretinin immunoreactive cells (RGCs and amacrine cells)
contained tdTomato, suggesting that Cre recombinase is
expressed in RGCs and cells in the INL, including ama-
crine cells, in c-kit-Cre mice (Figure 2A). Immunohisto-
chemical analysis revealed that GIuN2B protein expression
was eliminated in RGCs and cells in the INL in GluN2B"Y/
c-kit-Cre mice (Figure 2B). Western blot analysis showed
that GluN2A, GIuN2C, and GluN2D proteins were com-
pletely eliminated from mutant mice lacking GIuN2A,
GIluN2C, and GIluN2D, respectively (Figure 2C, E, F). In
GluN2B"/c-kit-Cre mice, GluN2B expression level in the
retina was significantly lower than in control mice
(Figure 2D).

We next investigated whether the absence of GluN2
subunits affects the anatomical organization of the retina
by histological analyses. Hematoxylin and eosin staining
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revealed the retinae of GIuN2A, GluN2B™Y/ c-kit-Cre,
GluN2C, and GIuN2D mutant mice to be normally orga-
nized, consisting of several different cell layers (Figure 3A).
The thickness of the inner retinal layer (IRL) in all mutant
strains was normal compared with wild-type (WT) mice
(Figure 3B). As previous studies showed that ablation of
GIuN1 increased cell death in the developing somatosen-
sory thalamus [26], we counted cell numbers in the GCL.
The cell number in the GCL of GluN2B"/c-kit-Cre mice
was significantly lower than that of WT mice at 5 weeks,
whereas cell number in the GCL of the other mutant
strains was comparable to that of control mice at 5 weeks
(Figure 3C). These results suggest that GIuN2B subunit
plays a survival role for RGCs during retinal development,
but the other GluN2 subunits (GIuN2A, GluN2C and
GluN2D) are not involved in retinal development and sur-
vival in RGCs.

GluN2B and GluN2D deficiency prevents NMDA-induced-
excitotoxic retinal cell death

To determine which GIuN2 subtypes are involved in
NMDA-induced RGC death in the retina, we examined
the effect of intraocular injection of NMDA on retinal cell
death in GluN2 KO and WT mice. First, to examine the
acute injury of NMDA, TUNEL analysis was performed
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Figure 2 Ablation of GIuN2 subunits in the retinas of mutant mice. (A) Immunostaining of calretinin (green) in ROSA-tdTomato/c-kit-Cre
mice. Overlapping of tdTomato fluorescence (red) and calretinin indicated that Cre-mediated recombination occurs in RGCs (arrows) and
amacrine cells (arrowheads). Enlarged image of the GCL in the upper panel was shown. Scale bar, 20 um (upper) and 10 um (lower). (B)
Immunohistochemical analysis of GIuN2B in GIuN2B"" and GIuN2B conditional knockout mice (GIuN2B""/c-kit-Cre). Scale bar, 20 pm. (C-F) Western
blot analysis of retinas from WT and GIuN2 mutant mice with respective antibodies (GIUN2A, GIuN2B, GIuN2C, GIuN2D and B-actin). For GIuN2B,
mice. Asterisks indicate the GIUN2B protein bands. Each lane was loaded with 30 ug of proteins. GCL, ganglion
cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; ONL, outer nuclear layer.
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Figure 3 Effects of GIuN2 subunits ablation on the morphology of the retina. (A) Hematoxylin and eosin staining (H&E) of retinal sections

at P35 in WT and GIUN2 mutant mice. Scale bar, 50 um. (B-C) Quantification of thickness of the inner retinal layer (B) and the cell number in the
GCL (€) in WT and GIuN2 mutant mice. The data are presented as mean + SEM. of 5 samples for each experiment. **P <0.01. GCL, ganglion cell
layer; INL, inner nuclear layer; ONL, outer nuclear layer; IRL, inner retinal layer.
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on the retinas of WT and GluN2 mutants at 1 day after
NMDA treatment. A number of TUNEL-positive cells
were observed in the GCL and INL in both WT and
GluN2 mutant strains after NMDA injection (Figure 4A),
but the percentage of TUNEL-positive cells in the GCL of
GluN2B7/c-kit-Cre and GluN2D ™~ mice was significantly
lower than that in WT mice (Figure 4B). Following
NMDA injection, the number of RGCs and the thickness
of IRL decreased from days 1 to 7, with no further de-
crease being observed from days 7 to 14 [27,28]. To exam-
ine the chronic injury of NMDA, morphological changes
were measured 7 days after NMDA or phosphate-buffered
saline (PBS) injection. Intraocular administration of
NMDA induced cell death in the GCL in both WT and
GluN2 mutant mice (Figure 4C), but the percentage of
surviving cells in the GCL was significantly larger in
GluN2B"/c-kit-Cre and GluN2D™'~ mice than in WT
mice (Figure 4D). Additionally, the thickness of IRL was
significantly larger in GluN2B”*/c-kit-Cre mice than in
WT mice (Figure 4E). Taken together, these results
suggest that GIuN2B and GluN2D were involved in
NMDA-induced RGC death.

A specific GIuN2B antagonist, HON00O1, prevents RGC
death in GLAST-deficient mice

We have reported that the neuroprotective role of apoli-
poprotein E-containing lipoproteins in glaucomatous
retinal degeneration in GLAST KO mice is mediated
through promoting interaction between low density lipo-
protein receptor-related protein 1 (LRP-1) and the GIuN2B

subunit [29]. Recently, we have also demonstrated that
Dock3 overexpression prevented retinal cell death in
GLAST KO mice by promoting GluN2B degradation [28].
To determine whether GluN2B is involved in RGC degen-
eration in GLAST-deficient mice, we evaluated the effect
of a specific GluN2B antagonist, HONO0001, on RGC
degeneration in GLAST KO mice. As shown in Figure 5,
the number of cells in GLAST KO mice subjected to
HONO0O001 (10 mg/kg) treatment (281 +26) was signifi-
cantly greater than that in GLAST KO mice not subjected
to HONOOO1 treatment (203 + 10). These results suggest
that GluN2B is involved in RGC loss in GLAST KO mice.

Discussion

We previously reported that GluN2D deficiency pre-
vented loss of RGCs in GLAST KO mice [15]. These re-
sults suggest that both GluN2B and GIuN2D subunits
play a critical role in RGC degeneration by glutamate
excitotoxicity. Therefore, an GluN2B-selective antagonist
in combination with an GluN2D-selective antagonist
represents an effective strategy for the management of
glaucoma and various forms of retinopathy. We recently
showed that Dock3 overexpression prevented excitotoxic
RGC death by suppressing the surface expression of
GIuN2D and enhancing NMDA-mediated GIuN2B deg-
radation [15,28]. Thus, the design of compounds capable
of increasing the expression of Dock3 represents a novel
strategy for the treatment of various forms of retinop-
athy. Previous studies also showed that calcium influx
through NMDARSs is modulated by LRP-1 [30,31]. These
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