












DISCUSSION
In the present work, we showed that NGC, IMPG2, and CD44
mRNA expression was induced during retinal degeneration in
Rpe65−/− mice. The amplitude of fold-inductions were similar
to those observed for proteoglycans and CD44 in other mouse
models of retinal degeneration, namely rd1 (rodless retina),
rds (retinal degeneration slow, rd2), and rhodopsin knockout
(Rho−/−) mice [29-31]. Upregulation of extracellular matrix

Figure 6. NGC protein expression during retinal degeneration in
Rpe65−/− mice. A: In the present study, 20 μg of total protein extracts
from four pooled retinas of 2-month-old wild-type and Rpe65−/− mice
were resolved on a 6% SDS–PAGE and analyzed by western blot.
Posttranslational modifications of the NGC full-length protein
resulted in a signal for NGC under appearance of a smear. The
asterisk marks the shedded NGC ectodomain of about 75 kDa. B:
Total protein extracts were prepared from one retina of 2-, 4-, and 6-
months (m)-old wild-type (white bars) and Rpe65-/- mice (black
bars). NGC expression was assessed by western blot and
subsequently quantified (n=3). The sum of NGC full-length and
ectodomain signal intensities were normalized to α-tubulin
expression. NGC expression was statistically different between wild-
type and Rpe65-/- retinas at 2 and 4 months, but not 6 months of age,
as assessed by two-way ANOVA (p<0.01) and by Student’s /t/-test.

proteins expressed in the IPM might therefore be a general
mechanism observed in retinal degeneration.

The induction of CD44 gene expression had been
proposed to be an attempt of the Müller cells to strengthen the
IPM, thereby counteracting the degenerative process [29].
Elevated IMPG2 mRNA levels early in retinal degeneration
might also be circumstantial evidence of the importance of
chondroitin sulfate proteoglycans in the IPM to maintain
functional photoreceptors. Indeed, both the inhibition of
chondroitin sulfate proteoglycan synthesis by intravitreal
injections of p-nitrophenyl-β-D-xylopyranoside and the
impairment of β-glucuronidase-mediated lysosomal
degradation of chondroitin sulphate, resulted in photoreceptor
degeneration [32,33]. Notably, at 18 months, when the
photoreceptors have almost completely disappeared in the
Rpe65−/− mice, IMPG2 mRNA levels were down to levels
observed in age-matched wild-type retinas. Consistently, the
decrease in IMPG2 mRNA expression appeared to start from
the outer retina toward the inner retina, as suggested by in situ
hybridization on 6-month-old retinas.

In the present work, we identified NGC as an additional
chondroitin sulfate proteoglycan expressed in the IPM during
retinal degeneration in Rpe65−/− mice. NGC-I was the most
highly expressed isoform in the retina and in the RPE.
Additionally, mainly NGC-I mRNA expression was induced
during retinal degeneration in Rpe65−/− mice. The low NGC-II
mRNA expression in brain, retina, and RPE could not be
assessed by quantitative PCR. It has to be mentioned at this
point, that the presence of a NGC-II protein in the central
nervous system has not been assessed to date [26]. The
isoform NGC-III was present at low levels both in the retina

Figure 5. In situ hybridization of IMPG2 transcripts. In situ hybridization studies were performed on retinal sections from 2-month-old wild-
type mice with antisense (A) and control sense (B) probes. Retinal sections of wild-type (C,D) and Rpe65−/− (E,F) mice at 2 (C,E) and 6
months of age (D,F) were hybridized with the antisense probe to detect IMPG2 transcripts. Abbreviations: retinal pigment epithelium (rpe);
photoreceptor outer segments (pos); outer nuclear layer (onl): outer plexiform layer (opl); inner nuclear layer (inl); inner plexiform layer (ipl);
retinal ganglion cell layer. Scale bars equal 30 μm (A,B) and 40 μm (C-F).
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and the RPE. Taken together, our results define NGC-I as the
major isoform in the retina and the RPE.

At the protein level, we observed a significant induction
of NGC expression in retinas as old as four months. Most
interestingly, we observed an increase in the shedded
ectodomain of NGC in 2- and 4-month-old retinas. This EGF-
like-domain-containing ectodomain is sufficient to promote
neurite outgrowth from rat neocortical neurons in culture
[21]. Additionally, the full-length NGC is a critical modulator
of dendritic branching and spine formation both in cultured
primary neurons and in the mouse cortex [17,22]. The
induction of NGC expression in neurite-containing retinal
layers could therefore be an attempt to maintain proper
synaptic transmission in the degenerating retina. Recently,
tissue inhibitor of metalloproteinases 2 (TIMP-2) and TIMP-3
have been identified in vitro as inhibitors of NGC ectodomain
shedding [34]. It will be interesting to assess the in vivo
activity of TIMP-2 and -3 in RPE65-/- retinas and test any
physiological effect on ectodomain shedding.

In the adult eye, NGC was most abundantly expressed at
the apical membrane of the RPE. However, its transcript levels
were not differentially regulated during retinal degeneration,
suggesting the presence of tissue-specific regulatory elements
in the NGC promoter. Constitutive expression of NGC at the
apical membrane of RPE cells might be necessary to modulate
the physiologic interactions between the RPE and the
photoreceptors, e.g. the phagocytosis of photoreceptor outer
segments in the adult retina [19]. The availability of NGC−/−

mice will allow a detailed analysis of the importance of NGC
in maintaining the retinal neuronal network during retinal
degeneration in Rpe65−/− mice [20].
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Figure 7. NGC protein expression in the
adult mouse retina.
Immunohistochemical analysis was
performed with an antiserum raised
against the extracellular part of NGC
(red) on retinal sections of 2-month-old
wild-type mice (A). Nuclei were stained
in blue with DAPI, and images were
merged (B). As a negative control,
serum from a nonimmunized rabbit was
used; the nuclei were stained with
DAPI, and the images were merged (D).
C: NGC is predominantly expressed at
the apical side of RPE cells. NGC
appears in red, nuclei are in blue, and
outer segments of cone photoreceptor
cells are in green. Note cone outer
segments surrounded by microvilli of
RPE cells in yellow (arrows). This
image was obtained by filtering the
intensity of the fluorescence down to
6.25% for the red channel, by fixing the
one of the green channel at 100%. Stars
denote three nuclei of RPE cells.
Abbreviations: retinal pigment
epithelium (rpe); outer nuclear layer
(onl); outer plexiform layer (opl); inner
nuclear layer (inl); inner plexiform layer
(ipl); ganglion cell layer (gcl). Scale
bars equal 30 μm.

Molecular Vision 2008; 14:2126-2135 <http://www.molvis.org/molvis/v14/a249> © 2008 Molecular Vision

2133

http://www.molvis.org/molvis/v14/a249


REFERENCES
1. Gu SM, Thompson DA, Srikumari CR, Lorenz B, Finckh U,

Nicoletti A, Murthy KR, Rathmann M, Kumaramanickavel
G, Denton MJ, Gal A. Mutations in RPE65 cause autosomal
recessive childhood-onset severe retinal dystrophy. Nat Genet
1997; 17:194-7. [PMID: 9326941]

2. Marlhens F, Bareil C, Griffoin JM, Zrenner E, Amalric P, Eliaou
C, Liu SY, Harris E, Redmond TM, Arnaud B, Claustres M,
Hamel CP. Mutations in RPE65 cause Leber's congenital
amaurosis. Nat Genet 1997; 17:139-41. [PMID: 9326927]

3. Jin M, Li S, Moghrabi WN, Sun H, Travis GH. Rpe65 is the
retinoid isomerase in bovine retinal pigment epithelium. Cell
2005; 122:449-59. [PMID: 16096063]

4. Redmond TM, Poliakov E, Yu S, Tsai JY, Lu Z, Gentleman S.
Mutation of key residues of RPE65 abolishes its enzymatic
role as isomerohydrolase in the visual cycle. Proc Natl Acad
Sci USA 2005; 102:13658-63. [PMID: 16150724]

5. Moiseyev G, Chen Y, Takahashi Y, Wu BX, Ma JX. RPE65 is
the isomerohydrolase in the retinoid visual cycle. Proc Natl
Acad Sci USA 2005; 102:12413-8. [PMID: 16116091]

6. Moiseyev G, Takahashi Y, Chen Y, Gentleman S, Redmond
TM, Crouch RK, Ma JX. RPE65 is an iron(II)-dependent
isomerohydrolase in the retinoid visual cycle. J Biol Chem
2006; 281:2835-40. [PMID: 16319067]

7. Redmond TM, Yu S, Lee E, Bok D, Hamasaki D, Chen N,
Goletz P, Ma J-X, Crouch K, Pfeifer K. Rpe65 is necessary
for production of 11-cis-vitamin A in the retinal visual cycle.
Nat Genet 1998; 20:344-51. [PMID: 9843205]

8. Seeliger MW, Grimm C, Ståhlberg F, Friedburg C, Jaissle G,
Zrenner E, Guo H, Remé CE, Humphries P, Hofmann F, Biel
M, Fariss RN, Redmond TM, Wenzel A. New views on
RPE65 deficiency: the rod system is the source of vision in a
mouse model of Leber congenital amaurosis. Nat Genet 2001;
29:70-4. [PMID: 11528395]

9. Rohrer B, Goletz P, Znoiko S, Ablonczy Z, Ma JX, Redmond
TM, Crouch RK. Correlation of regenerable opsin with rod
ERG signal in Rpe65-/- mice during development and aging.
Invest Ophthalmol Vis Sci 2003; 44:310-5. [PMID:
12506090]

10. Znoiko SL, Rohrer B, Lu K, Lohr HR, Crouch RK, Ma JX.
Downregulation of cone-specific gene expression and
degeneration of cone photoreceptors in the Rpe65−/− mouse
at early ages. Invest Ophthalmol Vis Sci 2005; 46:1473-9.
[PMID: 15790918]

11. Cottet S, Michaut L, Boisset G, Schlecht U, Gehring W,
Schorderet DF. Biological characterization of gene response
in Rpe65−/− mouse model of Leber's congenital amaurosis
during progression of the disease. FASEB J 2006;
20:2036-49. [PMID: 17012256]

12. Acharya S, Foletta VC, Lee JW, Rayborn ME, Rodriguez IR,
Young WS III, Hollyfield JG. SPACRCAN, a novel human
interphotoreceptor matrix hyaluronan-binding proteoglycan
synthesized by photoreceptors and pinealocytes. J Biol Chem
2000; 275:6945-55. [PMID: 10702256]

13. Strauss O. The retinal pigment epithelium in visual function.
Physiol Rev 2005; 85:845-81. [PMID: 15987797]

14. Chaitin MH, Wortham HS, Brun-Zinkernagel AM.
Immunocytochemical localization of CD44 in the mouse
retina. Exp Eye Res 1994; 58:359-65. [PMID: 7513650]

15. Hollyfield JG. Hyaluronan and the functional organization of
the interphotoreceptor matrix. Invest Ophthalmol Vis Sci
1999; 40:2767-9. [PMID: 10549633]

16. Watanabe E, Maeda N, Matsui F, Kushima Y, Noda M, Oohira
A. Neuroglycan C, a novel membrane-spanning chondroitin
sulfate proteoglycan that is restricted to the brain. J Biol Chem
1995; 270:26876-82. [PMID: 7592931]

17. Schumacher S, Volkmer H, Buck F, Otto A, Tarnók A, Roth S,
Rathjen FG. Chicken acidic leucine-rich EGF-like domain
containing brain protein (CALEB), a neural member of the
EGF family of differentiation factors, is implicated in neurite
formation. J Cell Biol 1997; 136:895-906. [PMID: 9049254]

18. Aono S, Keino H, Ono T, Yasuda Y, Tokita Y, Matsui F,
Taniguchi M, Sonta S, Oohira A. Genomic organization and
expression pattern of mouse neuroglycan C in the cerebellar
development. J Biol Chem 2000; 275:337-42. [PMID:
10617623]

19. Inatani M, Tanihara H, Oohira A, Otori Y, Nishida A, Honjo
M, Kido N, Honda Y. Neuroglycan C, a neural tissue-specific
transmembrane chondroitin sulfate proteoglycan, in retinal
neural network formation. Invest Ophthalmol Vis Sci 2000;
41:4338-46. [PMID: 11095636]

20. Jüttner R, More MI, Das D, Babich A, Meier J, Henning M,
Erdmann B, Müller EC, Otto A, Grantyn R, Rathjen FG.
Impaired synapse function during postnatal development in
the absence of CALEB, an EGF-like protein processed by
neuronal activity. Neuron 2005; 46:233-45. [PMID:
15848802]

21. Nakanishi K, Aono S, Hirano K, Kuroda Y, Ida M, Tokita Y,
Matsui F, Oohira A. Identification of neurite outgrowth-
promoting domains of neuroglycan C, a brain-specific
chondroitin sulfate proteoglycan, and involvement of
phosphatidylinositol 3-kinase and protein kinase C signaling
pathways in neuritogenesis. J Biol Chem 2006;
281:24970-8. [PMID: 16803884]

22. Brandt N, Franke K, Rasin MR, Baumgart J, Vogt J, Khrulev
S, Hassel B, Pohl EE, Sestan N, Nitsch R, Schumacher S. The
neural EGF family member CALEB/NGC mediates dendritic
tree and spine complexity. EMBO J 2007; 26:2371-86.
[PMID: 17431398]

23. Sugita S, Streilein JW. Iris pigment epithelium expressing
CD86 (B7–2) directly suppresses T cell activation in vitro via
binding to cytotoxic T lymphocyte-associated antigen 4. J
Exp Med 2003; 198:161-71. [PMID: 12835481]

24. Escher P, Lacazette E, Courtet M, Blindenbacher A, Landmann
L, Bezakova G, Lloyd KC, Mueller U, Brenner HR. Synapses
form in skeletal muscles lacking neuregulin receptors.
Science 2005; 308:1920-3. [PMID: 15976301]

25. Braissant O, Wahli W. A simplified in situ hybridization
protocol using non-radioactive labeled probes to detect
abundant and rare mRNAs on tissue sections. Biochemica.
1998;10–16.

26. Aono S, Tokita Y, Yasuda Y, Hirano K, Yamauchi S, Shuo T,
Matsui F, Keino H, Kashiwai A, Kawamura N, Shimada A,
Kishikawa M, Asai M, Oohira A. Expression and
identification of a new splice variant of neuroglycan C, a
transmembrane chondroitin sulfate proteoglycan, in the
human brain. J Neurosci Res 2006; 83:110-8. [PMID:
16299773]

Molecular Vision 2008; 14:2126-2135 <http://www.molvis.org/molvis/v14/a249> © 2008 Molecular Vision

2134

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9326941
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9326927
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16096063
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16150724
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16116091
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16319067
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9843205
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11528395
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12506090
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12506090
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15790918
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15790918
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17012256
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10702256
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15987797
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7513650
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10549633
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=7592931
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9049254
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10617623
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10617623
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11095636
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15848802
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15848802
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16803884
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17431398
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17431398
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12835481
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15976301
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16299773
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=16299773
http://www.molvis.org/molvis/v14/a249


27. Aono S, Tokita Y, Shuo T, Yamauchi S, Matsui F, Nakanishi
K, Hirano K, Sano M, Oohira A. Glycosylation site for
chondroitin sulfate on the neural part-time proteoglycan,
neuroglycan C. J Biol Chem 2004; 279:46536-41. [PMID:
15331613]

28. Yasuda Y, Tokita Y, Aono S, Matsui F, Ono T, Sonta S,
Watanabe E, Nakanishi Y, Oohira A. Cloning and
chromosomal mapping of the human gene of neuroglycan C
(NGC), a neural transmembrane chondroitin sulfate
proteoglycan with an EGF module. Neurosci Res 1998;
32:313-22. [PMID: 9950058]

29. Kennan A, Aherne A, Palfi A, Humphries M, McKee A, Stitt
A, Simpson DAC, Demtroder K, Orntoft T, Ayuso C, Kenna
PF, Farrar GJ, Humphries P. Identification of an IMPDH1
mutation in autosomal dominant retinitis pigmentosa (RP10)
revealed following comparative microarray analysis of
transcripts derived from retinas of wild-type and Rho−/− mice.
Hum Mol Genet 2002; 11:547-58. [PMID: 11875049]

30. Hackam AS, Strom R, Liu D, Qian J, Wang C, Otteson D,
Gunatilaka T, Farkas RH, Chowers I, Kageyama M,
Léveillard T, Sahel J-A, Campochioro PA, Parmigiani G,

Zack DJ. Identification of gene expression changes associated
with the progression of retinal degeneration in the rd1 mouse.
Invest Ophthalmol Vis Sci 2004; 45:2929-42. [PMID:
15326104]

31. Chaitin MH, Ankrum MT, Wortham HS. Distribution of CD44
in the retina during development and the rds degeneration.
Brain Res Dev Brain Res 1996; 94:92-8. [PMID: 8816281]

32. Lazarus HS, Hageman GS. Xyloside-induced disruption of
interphotoreceptor matrix proteoglycans results in retinal
detachment. Invest Ophthalmol Vis Sci 1992; 33:364-76.
[PMID: 1740367]

33. Lazarus HS, Sly WS, Kyle JW, Hageman GS. Photoreceptor
degeneration and altered distribution of interphotoreceptor
matrix proteoglycans in the mucopolysaccharidosis VII
mouse. Exp Eye Res 1993; 56:531-41. [PMID: 8500564]

34. Shuo T, Aono S, Nakanishi K, Tokita Y, Kuroda Y, Ida M,
Matsui F, Maruyama H, Kaji T, Oohira A. Ectodomain
shedding of neuroglycan C, a brain-specific chondroitin
sulfate proteoglycan, by TIMP-2- and TIMP-3-sensitive
proteolysis. J Neurochem 2007; 102:1561-8. [PMID:
17532789]

Molecular Vision 2008; 14:2126-2135 <http://www.molvis.org/molvis/v14/a249> © 2008 Molecular Vision

The print version of this article was created on 21 November 2008. This reflects all typographical corrections and errata to the
article through that date. Details of any changes may be found in the online version of the article.

2135

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15331613
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15331613
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=9950058
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11875049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15326104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15326104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8816281
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1740367
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=1740367
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=8500564
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17532789
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17532789
http://www.molvis.org/molvis/v14/a249

