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Neurobiology of Disease

Loss of the Cholesterol-Binding Protein Prominin-1/CD133
Causes Disk Dysmorphogenesis and Photoreceptor
Degeneration
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Prominin-1/CD133 (Prom-1) is a commonly used marker of neuronal, vascular, hematopoietic and other stem cells, yet little is known
about its biological role and importance in vivo. Here, we show that loss of Prom-1 results in progressive degeneration of mature
photoreceptors with complete loss of vision. Despite the expression of Prom-1 on endothelial progenitors, photoreceptor degeneration
was not attributable to retinal vessel defects, but caused by intrinsic photoreceptor defects in disk formation, outer segment morphogenesis, and associated with visual pigment sorting and phototransduction abnormalities. These findings shed novel insight on how
Prom-1 regulates neural retinal development and phototransduction in vertebrates.
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Introduction
The Prominin gene family in mammals contains two members of
multispan transmembrane glycoproteins, which are specifically
sorted to microvilli and other plasma membrane protrusions
(Weigmann et al., 1997; Corbeil et al., 2001; Fargeas et al., 2003a;
Dubreuil et al., 2007; Florek et al., 2007). Both prominin molecules interact with plasma membrane cholesterol and are enriched in cholesterol-based membrane microdomains (Röper et
al., 2000; Huttner and Zimmerberg, 2001; Janich and Corbeil,
2007). Prominin-1 (Prom-1, alias CD133) was originally identified and cloned in the mouse as a protein selectively concentrated
at the apical domain of neuroepithelial progenitor cells and adult
kidney proximal tubules (Weigmann et al., 1997), whereas human PROM-1 was first identified as a surface antigen (initially
referred to as AC133) in hematopoietic stem and progenitor cells
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and cloned from WERI-Rb-1 retinoblastoma cell line (Miraglia et
al., 1997; Yin et al., 1997).
Mounting evidence indicates that mouse/human Prom-1 (as
defined in humans by its AC133 epitope) is expressed by other
stem cells originating from various sources (for review, see Fargeas et al., 2007; Mizrak et al., 2008). Clinically, the transplantation of Prom-1 ⫹ cells results in efficient engraftment in different
tissues, indicating the usefulness of Prom-1 as a somatic stem cell
marker (de Wynter et al., 1998; Uchida et al., 2000; Stamm et al.,
2003; Kelly et al., 2004; Torrente et al., 2004). Nevertheless, as
highlighted from its original cloning, the general expression of
Prom-1 is beyond stem cells given that, in both species, the protein has been detected in various differentiated epithelia (Weigmann et al., 1997; Fargeas et al., 2004; Florek et al., 2005; Jászai et
al., 2007b; Immervoll et al., 2008; Karbanová et al., 2008; Lardon
et al., 2008; Shmelkov et al., 2008) and nonepithelial cells, notably
photoreceptor cells (Maw et al., 2000).
We previously analyzed a pedigree, produced by uncle–niece
marriage, of eight children, four of whom were affected by retinal
degeneration (Maw et al., 2000). Linkage analysis revealed that a
627 kb region on chromosome 4p segregated with visual impairment. Further analysis revealed that this region contained the
PROM-1 gene, which exhibited a frameshift mutation in affected
patients (Maw et al., 2000). Others have reported additional missense mutations, creating a premature stop codon (1726C⬎T)
(Zhang et al., 2007) or a single amino acid substitution (R373C)
(Yang et al., 2008), which cause retinal degeneration.
The importance of Prom-1 in the morphogenesis of photoreceptor cells is substantiated by its specific subcellular localization
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in the plasma membrane evaginations at the base of the outer
segment (OS) (Maw et al., 2000). These membranes emerging
from the connecting cilium are the precursor structures of the
photoreceptive disks, which exhibit a high turnover, as they are
shed from photoreceptors and phagocytosed by retinal pigment
epithelium (RPE) cells. The molecular mechanisms underlying
disk biogenesis and turnover still remain poorly understood
(Steinberg et al., 1980). The genetic findings and particular localization of Prom-1 in photoreceptor cells suggest that it might play
a role in the formation and/or stabilization of newly synthesized
disks. However, the precise nature and underlying mechanisms
of the photoreceptor degeneration in these individuals were not
explored. For instance, it remains unknown whether photoreceptor degeneration results from a developmental or an adult defect,
and whether it is an intrinsic photoreceptor defect or secondary
to defects in other retinal cells. The latter question is relevant, as
Prom-1/AC133 is expressed on vascular progenitors, and thus its
deficiency could cause photoreceptor degeneration indirectly via
vascular defects. This aspect is particularly pertinent given that
individuals carrying a PROM-1 mutation do not exhibit any additional significant symptom despite the widespread distribution
of the protein.
To address the questions listed above, we generated Prom-1
deficient mice and characterized retinal development and adult
photoreceptor survival. Our findings uncover, for the first time,
that Prom-1 is expressed very early during retinal development
and acts as a key regulator of disk morphogenesis, to the extent
that loss of Prom-1 causes photoreceptor degeneration and
blindness.

Materials and Methods

Generation of Prom-1⫺/⫺ mice. To inactivate the Prom-1 gene in embryonic stem (ES) cells, a targeting vector pPNT. Prom-1 was constructed
containing a 7.7 kb BamHI-Ssp fragment in which the region encompassing exon 2, which contains the start codon, was replaced by a neomycin phosphotransferase (neo) cassette (supplemental Fig. S1, available
at www.jneurosci.org as supplemental material). A thymidine kinase cassette was cloned outside of the homology region to enable selection
against random integration events. The linearized targeting vector was
used for electroporation into R1 ES cells as described previously (Stalmans et al., 2002). Homologous recombinant clones were identified by
appropriate Southern blot analysis. This included Southern blotting of
BamHI/NciI digested genomic DNA with a probe corresponding to the
NheI-BamHI fragment located ⬃1 kb downstream of the 3⬘ homology,
which identifies a 10.8 kb and a 9.2 kb band for the wild type (WT) and
the targeted allele, respectively (Fig. 1a). Prom-1⫺/⫺ ES clones were generated by culturing Prom-1⫹/ ⫺ ES clones in 1000 g/ml G418.
Correctly targeted Prom-1⫹/⫺ ES clones were used for embryo aggregation with Swiss morula stage embryos as described (Stalmans et al.,
2002) to generate chimeric and transgenic animals. Genotyping of the
mice was done by PCR on genomic DNA isolated from tail biopsies. PCR
with forward primer A (5⬘-gaa agt atc cat cat ggc tga tgc aat gcg-3⬘) and
reverse primer B (5⬘-cgc cgc caa gct ctt cag caa tat c-3⬘), annealing in the
neo cassette, amplify a 340-bp knockout-specific band. PCR with forward primer X (5⬘-ggc caa caa cta tgg ctc tcg tct tca gtg-3⬘) and reverse
primer Z (5⬘-gta gag agg gcc aac aat ccc agc att g-3⬘), annealing in exon 2
of the Prom-1 gene, amplify a 178-bp wild type-specific band.
The original mouse line, having a 50% 129/Sv ⫻ 50% Swiss genetic
background, was back-crossed into a C57BL/6 background for ⬎10 generations, yielding congenic C57BL/6 WT and Prom-1 ⫺/⫺ mice. All animal experiments were approved by the local experimental animal committees at the respective research institutes and adhered to the
Association for Research in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic Research.
In situ hybridization, immunohistochemistry and morphometric analysis. Eyes were harvested for morphological analysis as described previ-
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ously (Stalmans et al., 2002). Briefly, mice were anesthetized, eyes were
dissected and fixed overnight in 4% phosphate buffered paraformaldehyde. Eyes were then dehydrated or cryo-protected in 20% sucrose and
embedded in paraffin or Tissue-tek, respectively. To analyze the various
retinal layers in a precise orientation, the superior pole of each eye was
marked with a suture at the time of enucleation (Okoye et al., 2003) and
embedded in a fixed position. Serial sections were cut at 10 m thickness,
and one series was stained with hematoxylin and eosin. Immunostainings were performed on paraffin or cryo-sections after incubation of
sections in antigen retrieval solution (Dako) for 20 min at 95°C. The
following primary antibodies were used: rat anti-prominin-1 (clone
13A4, eBioscience) (Weigmann et al., 1997), mouse anti-rhodopsin
(Sigma), rabbit anti-opsin and rabbit anti-recoverin (both Millipore Bioscience Research Reagents), mouse anti-calbindin (Sigma), rabbit anticalretinin (Swant), mouse anti-glial fibrillary acidic protein (GFAP)
(Dako Cytomatation), mouse anti-glutamine synthetase (Millipore),
mouse anti-protein kinase C (PKC)-␣ (Santa Cruz), mouse antineuronal nuclei antigen (NeuN) (Millipore), FITC-conjugated mouse
anti-peanut agglutinin (PNA) (Vector Technologies). Sections were subsequently incubated with fluorescently conjugated secondary antibodies
(Alexa 488 or 546, Invitrogen) or with peroxidase-labeled IgGs (Dako),
followed by amplification with the proper tyramide signal amplification
systems (Perkin-Elmer Life Sciences). Detection of apoptotic cells in the
retinas was performed using the In Situ Cell Death Detection kit (Roche)
according to the manufacturer’s protocol.
Immunostainings were examined using a Zeiss microscope equipped
with epifluorescence illumination (Axioplan 2) and morphometric analyses were performed using KS300 image analysis software. Analysis procedures were adjusted for the growth of eyeballs; every fifth section for
ages up to postnatal day 5 (P5), every 10th section for ages from P7 to P15
and every 15th section for ages P20 and older. At least 6 eyes from 6
different mice were analyzed for each time point and 4 measurements
each were performed for upper and lower hemisphere starting immediately adjacent to the optic nerve, resulting in 8 measurements per eye.
Morphometric analysis to quantify photoreceptor loss was performed by
measuring the whole retina thickness from the internal limiting membrane up to the pigmented epithelium and the thickness of neuroblast
layer (NBL) (at P0), inner nuclear layer (INL) and outer nuclear layer
(ONL) (beyond P5).
Whole-mount immunostainings on isolated retinas were performed
as described previously (Stalmans et al., 2002). Retinas were incubated
with Alexa-647 conjugated isolectin IB4 (from Griffonia simplicifolia,
Invitrogen) for 6 h, or overnight at 4°C with the primary anti-GFAP
antibody, followed by incubation with an Alexa-488 labeled secondary
antibody (Invitrogen) for 2 h.
In situ hybridization was performed according to standard protocols
(Tiveron et al., 1996). Briefly, serial sections were hybridized for 16 h at
70°C with digoxigenin (DIG) labeled cRNA probes (see below) at a concentration of 0.5 ng/l. Stringency washes were performed at 70°C. The
sections were then incubated with anti-DIG antibody (1:4000; Roche
Molecular Biochemicals) for 16 h at 4°C. After several washing steps the
reaction was visualized using NBT-BCIP (nitro-blue tetrazolium chloride and 5-bromo-4-chloro-3⬘-indolyphosphate p-toluidine salt) substrate (Roche) resulting in a blue reaction product. After stopping the
color reaction by several washes in PBS, the sections were rinsed quickly
in dH2O and then mounted with Kaiser’s Glycerol-Gelatin (Merck). Images were captured using an Olympus BX61 microscope with the IPLAB
software.
For electron microscopy, eyes were prefixed in 4% paraformaldehyde
in 0.1 M phosphate buffer on ice, fixed overnight in 1% glutaraldehyde in
0.1 M phosphate buffer at 4°C, contrasted with 2% osmium tetroxide (at
room temperature) and 0.5% uranyl acetate (on ice) in water, dehydrated with ethanol and embedded in EmBed resin (Science Services).
Sectioning was performed on an Ultracut Microtome (Leica Microsystems). Semithin sections were stained with toluidine blue. Ultrathin sections were poststained with uranyl acetate and lead citrate and viewed
under an electron microscope (Morgagni, FEI). Micrographs were taken
with a digital camera (MegaviewII, Soft Imaging System). For cone detection, vibratome sections were incubated with PNA (0.2 g/ml; In-

Zacchigna et al. • Prominin-1 and Retinal Photoreceptor Degeneration

J. Neurosci., February 18, 2009 • 29(7):2297–2308 • 2299

Figure 1. Absence of Prom-1 leads to retina degeneration. a, Southern blot of BamHI-NciI-digested genomic DNA from ES cell clones generated a unique 10.8 kb band in WT (left lane) and an
additional 9.2 kb allele in Prom-1 ⫹/⫺ clones (right lane). b, Western blot analysis with an antibody (13A4) for Prom-1 on extracts from WT (left lane) and Prom-1 ⫺/⫺ (right lane) kidney confirmed
the deletion of Prom-1 protein (115 kDa) in the knock-out mouse. c– k, A time course morphometric analysis of ONL areas clearly indicates that the ONL (NBL for P0) area progressively decreases in
Prom-1 ⫺/⫺ mice. Shown are hematoxylin and eosin staining of WT (c–f ) and Prom-1 ⫺/⫺ (g–j) retinal sections at P0 (c, g), P15 (d, h), P20 (e, i), and 6 months (f, j). The quantification of the ONL
area over time confirmed that degeneration becomes morphologically evident in Prom-1 ⫺/⫺ mice starting from P15 (k). *p ⬍ 0.05 versus WT. l, Semithin sections (1 m) of 10-week-, 6-monthand 12-month-old mice stained with toluidine blue showing that the thickness of the ONL is severely reduced in KO mice at 10 and 24 weeks of age and completely missing in older Prom-1 ⫺/⫺
animals. No significant differences are evident in Prom-1 ⫹/⫺ mice. OPL, Outer plexiform layer. Dashed line, external limiting membrane. The asterisk in j and l indicates the degenerated
photoreceptor layer. Scale bar, 20 m.

vitrogen), followed by an ultrasmall gold-coupled anti-rabbit antibody
(Aurion, NL) and silver enhancement (R-GENT SE-EM, Aurion, NL);
samples were osmicated, dehydrated in ethanol and embedded as for
standard electron microscopy.
Angiography. SLO imaging was performed with a Heidelberg Retina
Angiograph (HRA I; Heidelberg Engineering), a confocal-scanning laser
ophthalmoscope (SLO), as previously described (Seeliger et al., 2005).
The confocal diaphragm of the SLO allows visualization of different
planes of the posterior pole, ranging from the surface of the retina down
to the RPE and the choroid. The HRA features two argon wavelengths
(488 and 514 nm) in the short wavelength range and two infrared diode
lasers (795 and 830 nm) in the long wavelength range. The laser wavelength of 488 nm (795 nm) was used for fluorescein (indocyanin-green,
ICG) angiography, with a barrier filter at 500 nm (800 nm).
Electroretinography. Ganzfeld electroretinograms (ERGs) were obtained from anesthetized mice (ketamine (66.7 mg/kg) and xylazine
(11.7 mg/kg)) with dilated pupils as described previously (Seeliger et al.,
2001). The ERG equipment consisted of a Ganzfeld bowl, a direct coupling amplifier, and a personal computer-based control and recording
unit (Toennies Multiliner Vision; Viasys Healthcare). Bandpass filter
cutoff frequencies were 0.1 and 3000 Hz. Single white-flash recordings
were obtained under both dark-adapted (scotopic) and light-adapted
(photopic) conditions. Light adaptation before the photopic session was

performed with a background illumination of 30 cd/m 2 for 10 min.
Single white-flash stimulus intensities were increased from 1 ⫻ 10 ⫺4 to
25 cd/m 2, divided in 10 steps of 0.5 and 1 log cd/m 2. Ten responses were
averaged with interstimulus interval of 5 or 17 s (for 1, 3, 10, 25 cd/m 2).
Statistics. Data are expressed as mean ⫾ SEM and analyzed using a
two-tailed Student t test or a nonparametric Mann–Whitney U test, with
p ⬍ 0.05 considered significant.

Results

Generation of Prom-1 ⴚ/ⴚ mice
To generate mice lacking Prom-1, we targetedly deleted exon 2
using standard techniques (supplemental Fig. S1, available at
www.jneurosci.org as supplemental material). Homozygous
Prom-1 deficient (Prom-1 ⫺/⫺) mice, sired by Prom-1 ⫹/⫺ or
Prom-1 ⫺/⫺ breeding pairs, were born at a normal Mendelian
inheritance frequency, viable and fertile, and had a normal lifespan (data not shown). No other obvious abnormalities were
observed upon macroscopic inspection and histological analysis
of various organs (data not shown). Southern and Western blotting confirmed correct targeting of the Prom-1 gene (Fig. 1a,b).
Moreover, in Prom-1 ⫺/⫺ retinas, Prom-1 mRNA was undetectable by in situ hybridization in the photoreceptor layer, identified
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Table 1. Cell-type composition of retinas from WT, Prom-1ⴙ/ⴚ, and Prom-1ⴚ/ⴚ at two different time points during postnatal development as determined by
immunostaining for cell-type-specific markers
P10
P20
Marker

Cell type

WT

⫹/⫺

⫺/⫺

WT

⫹/⫺

⫺/⫺

Recoverin
Rhodopsin
PNA
Calbindin
Calretinin
PKC-␣
NeuN
GFAP

Rods and cones
Rods
Cones
Horizontal cells
Amacrine cells
Bipolar cells
RGCs
Müller glia

62.2 ⫾ 5.3
43.4 ⫾ 5.1
1.16 ⫾ 0.2
2.28 ⫾ 0.3
3.43 ⫾ 0.7
24.3 ⫾ 5.6
3.95 ⫾ 0.2
0.90 ⫾ 0.2

68.7 ⫾ 8.1
40.3 ⫾ 3.9
1.21 ⫾ 0.2
2.48 ⫾ 0.3
2.95 ⫾ 0.8
26.4 ⫾ 1.1
4.14 ⫾ 0.2
1.11 ⫾ 0.3

66.1 ⫾ 7.1
41.4 ⫾ 2.8
1.01 ⫾ 0.2
2.08 ⫾ 0.5
3.28 ⫾ 0.8
21.9 ⫾ 1.7
3.89 ⫾ 0.2
1.09 ⫾ 0.3

74.1 ⫾ 7.4
58.9 ⫾ 5.1
1.47 ⫾ 0.3
3.85 ⫾ 0.7
5.27 ⫾ 0.7
42.0 ⫾ 6.9
4.85 ⫾ 0.9
1.46 ⫾ 0.2

70.2 ⫾ 7.3
54.4 ⫾ 7.7
1.42 ⫾ 0.3
3.48 ⫾ 0.5
4.99 ⫾ 0.9
39.4 ⫾ 9.7
4.40 ⫾ 0.4
1.69 ⫾ 0.9

43.2 ⴞ 6.4
24.4 ⴞ 4.5
0.98 ⴞ 0.2
3.22 ⫾ 0.6
5.96 ⫾ 1.0
35.5 ⫾ 3.3
4.80 ⫾ 0.5
14.2 ⴞ 2.5

RGCs, Retinal ganglion cells. Bold indicates statistical significance versus WT (p ⬍ 0.02).

by the presence of Crx mRNA (supplemental Fig. S3a– d, available at www.jneurosci.org as supplemental material). Consistently, Prom-1 immunostaining decorated the OS of WT and
Prom-1 ⫹/⫺, but not Prom-1 ⫺/⫺ mice (supplemental Fig. S2a– c,
available at www.jneurosci.org as supplemental material). Of notice, loss of Prom-1 did not induce a compensatory upregulation
of Prom-2 expression in Prom-1 ⫺/⫺ retinas (supplemental Fig.
S3e,f, available at www.jneurosci.org as supplemental material).
Loss of Prom-1 causes photoreceptor cell degeneration
Since retinogenesis in the mouse initiates from midgestation onwards and proceeds until 3 weeks after birth, we first screened
retinal sections by hematoxylin and eosin staining at various embryonic and postnatal ages. No major changes in the thickness of
the various retinal layers were detected in Prom-1 ⫺/⫺ mice, including of the NBL during development (data not shown), or of
the ONL, where photoreceptor cells differentiate from retinal
progenitors, at birth (Fig. 1c,g) and at P7 (data not shown).
However, beyond P15, the ONL underwent progressive degeneration (Fig. 1d–f,h–j). Morphometric analysis revealed that,
compared with WT mice, the thickness of the ONL in Prom-1 ⫺/⫺
retinas was reduced by 16 ⫾ 3%, 55 ⫾ 3% and 64 ⫾ 2% at P15,
P20 and P90, respectively (n ⫽ 8 –11, p ⬍ 0.0005) (Fig. 1k),
indicating that photoreceptors progressively disappeared from
the ONL. By 6 months of age, only two or, at most, three rows of
photoreceptor nuclei persisted in the ONL of Prom-1 ⫺/⫺ mice,
while up to 12 rows were present in WT mice (Fig. 1f,j; supplemental Fig. S2, available at www.jneurosci.org as supplemental
material). The progressive loss of the ONL was specific, as the INL
area was comparable in both genotypes at 3 months of age
(0.140 ⫾ 0.003 m 2 in WT vs 0.138 ⫾ 0.005 m 2 in Prom-1 ⫺/⫺;
n ⫽ 5, p ⫽ NS), and no significant differences were observed in
any other retinal layer (data not shown). Semithin sections confirmed that the ONL was abnormally thin in Prom1 ⫺/⫺ mice at 10
and 24 weeks of age, and was completely missing in older Prom-1 ⫺/⫺
animals (Fig. 1l). Only homozygous but not heterozygous loss of
Prom-1 caused photoreceptor degeneration (Fig. 1l; supplemental
Fig. S2, available at www.jneurosci.org as supplemental material;
Table 1), indicating that the phenotype is recessive.
To better characterize the photoreceptor degeneration in
Prom-1 ⫺/⫺ mice, we analyzed their retinal ultrastructure by electron microscopy (Fig. 2). At P2, when only the NBL (but not yet
the OS) has formed, no genotypic differences could be detected
(Fig. 2a,b). At P12, connecting cilia appeared normal in
Prom-1 ⫺/⫺ retinas (arrows), but disk membranes of both rod
and cone OS were underdeveloped and morphologically abnormal (Fig. 2c,d, black asterisk). Beyond P20, disorganization of
disk membranes and disappearance of photoreceptors became
progressively more evident (shown at 10 weeks in Fig. 2e,f ), re-

sulting in the almost complete absence of a normal OS at 7
months (Fig. 2g,h). The OS defect was specific, as the morphology
of two other structures, rich in membrane protrusions, such as
microvilli (Fig. 2i,j, white arrows) and basal infoldings of RPE
cells (Fig. 2k,l, black arrowheads), appeared normal in
Prom-1 ⫺/⫺ eyes (the integrity of RPE cells at P2, P12 and 12
weeks is also shown in supplemental Fig. S2, available at www.
jneurosci.org as supplemental material). We then determined
whether OS defects only occurred in rod photoreceptors or simultaneously affected cones. At P12, the disk stacked in the OS of
cones appeared already profoundly disorganized in Prom-1 ⫺/⫺ (Fig.
2m,n), thus indicating that both photoreceptor types undergo degeneration at the same time. Electron microscopy after incubation of
retinal sections with peanut agglutinin [PNA, which labels cone extracellular matrix (Sameshima et al., 1987)], followed by ultrasmall
gold detection and silver enhancement, revealed major abnormalities in PNA-labeled cones at 12 weeks (Fig. 2o).
Since retinal gliosis often accompanies photoreceptor degeneration (Semple-Rowland, 1991), we also characterized the expression
of GFAP, a marker of reactive glial cells. At P20, the loss of recoverin ⫹ photoreceptors in Prom-1 ⫺/⫺ retinas (Table 1; supplemental
Fig. S5k,l, available at www.jneurosci.org as supplemental material)
was paralleled by a marked upregulation of GFAP ⫹ cells in the Müller glial layer (supplemental Fig. S5m,n, available at www.
jneurosci.org as supplemental material). Such a gliosis was not detected earlier in development in Prom-1 ⫺/⫺ retinas (Table 1). Overall, loss of Prom-1 caused a specific degeneration of photoreceptors,
without affecting other retinal cell types (see also below).
Loss of Prom-1 impairs vision in adult mice
To investigate the functional consequences of these morphological photoreceptor defects, Ganzfeld ERGs were recorded in adult
mice under dark and light adapted conditions (Fig. 3). At 6
months of age, rod and cone system responses were almost completely absent. At 1 month, the amplitude of the rod responses,
selectively accessible at low stimulus intensities in the scotopic
ERG, was reduced by ⬃50% in Prom-1 ⫺/⫺ mice, without major
changes in the overall ERG waveform (Fig. 3a,b). The 6 Hz flicker
ERG also revealed a lower sensitivity of rod photoreceptors, leading to a right shift of the amplitude peak (Fig. 3f ). The scotopic
mixed responses, recorded at higher stimulus intensities in the
scotopic ERG, lacked a regular a-wave and had reduced oscillatory potentials, i.e., higher frequent transient wavelets riding on
the b-wave (Fig. 3a). The cone photoreceptor system was similarly affected, with a decrease in the amplitude (by ⬃50%) (Fig.
3d) and sensitivity of the photopic ERG (Fig. 3c). These visual
defects are consistent with and confirm the morphological defects, i.e., loss of photoreceptors and abnormal (irregular, shortened) morphology of the OS, in Prom-1 ⫺/⫺ mice.
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Figure 2. Abnormal OS morphogenesis in Prom-1 ⫺/⫺ mice. Time course study of OS morphology by TEM. a, b, Ultrastructure analyses of WT (a) and Prom-1 ⫺/⫺ (b) retinas at P2 shows that
in both cases the OS is not formed yet. c, d, At P12, the OS of Prom-1 ⫺/⫺ mice appears already abnormal (black asterisk in d), indicating that the OS membranes are misfolded early during their
development. At later stages, a progressive disorganization of the rod OS is evident in Prom-1 ⫺/⫺ mice at 10 weeks (compare f with e) and 7 months (compare h with g), when the photoreceptors
have almost disappeared. Black arrows in c–f indicate connecting cilia. In contrast, the RPE layer is well preserved in Prom-1 ⫺/⫺ retina, with intact microvilli (white arrows in i and j) and basal
infoldings (black arrowheads in k and l; asterisk, Bruch’ membrane). m– o, Ultrastracture analysis of cones, as recognized by their position and PNA labeling, followed by ultrasmall gold detection
and silver enhancement. Whereas the disks appear regularly stacked in the OS of cones in WT mice at P12 (m), they are completely disarranged in Prom-1 ⫺/⫺ retinas (n), indicating that both rods
and cones already display abnormal OS structures at this age. Even more profound alterations are evident in PNA-labeled cones at 12 weeks (o). Black dots are silver particles representing the PNA
staining of the OS and IS of the cone cells. IS, Inner segment; PE, pigmented epithelial cells. Scale bars: a–l, 1 m, m– o, 200 nm.

Normal vascular development in Prom-1 ⴚ/ⴚ retinas
Since Prom-1 is expressed by endothelial progenitors (Gehling et
al., 2000; Peichev et al., 2000; Uchida et al., 2000) and vascularization occurs coincidentally with neural development in the
postnatal murine retina (Mukouyama et al., 2002; Carmeliet and

Tessier-Lavigne, 2005), we analyzed retinal vascular development in Prom-1 ⫺/⫺ mice. To label blood vessels, we stained
whole mount retinas with isolectin IB4 (Stalmans et al., 2002). At
P5, the density of the superficial retinal vascular plexus was comparable in both genotypes (IB4 ⫹ area, percentage of total retinal
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Figure 3. ImpairedrodandconefunctioninProm-1 ⫺/⫺ mice.FunctionalevaluationofProm-1 ⫺/⫺ miceat1month(PM1)and6months(PM6)byGanzfeldERG.a,b,Scotopic(dark-adapted)single-flash
recordings. a, Comparison of representative records between Prom-1 ⫺/⫺ mice and WT controls at PM1. b, Statistical evaluation (box-and-whisker plot) of Prom-1 ⫺/⫺ mice at PM1 and PM6 compared with
WT mice (PM1). The two black lines indicate the normal range (5 to 95% quantile). The red lines give the median, the gray boxes the 25 and 75% quantiles, and the black whiskers the 5 and 95% quantiles of
Prom-1 ⫺/⫺ miceatPM1andPM6,respectively.c,d,Photopic(light-adapted)single-flashrecordings.c,ComparisonofrepresentativerecordsbetweenProm-1 ⫺/⫺ miceandWTcontrolsatPM1.d,Statistical
evaluation(box-and-whiskerplotasabove)ofProm-1 ⫺/⫺ miceatPM1andPM6comparedwithWTmice(PM1).e,f,Scotopicflickerrecordingsat6Hzflashfrequency.e,Comparisonofrepresentativerecords
betweenProm-1 ⫺/⫺ mice(right)andWTcontrols(left)atPM1.f,Statisticalevaluation(box-and-whiskerplot)ofProm-1 ⫺/⫺ micecomparedwithWTmiceatPM1.Therightshiftofbothrodandconepeaks
indicates a reduction in sensitivity to light, and the drop in amplitude an additional reduction of functional cell numbers.
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Figure 4. Development and involution of the vascular system in Prom-1 ⫺/⫺ retinas. a– h, Normal development of retinal vessels and astrocytic templates in Prom-1 ⫺/⫺ retinas. Whole mount
staining for isolectin IB4 showing a comparable development of retinal vasculature at P5 in Prom-1 ⫺/⫺ retinas (b) and WT mice (a). An equivalent pattern of Isolectin IB4 staining was also observed
in WT (c) and Prom-1 ⫺/⫺ (d) retinas at P10. GFAP staining at P5 reveals that astrocytic networks also develop similarly in both WT (e) and Prom-1 ⫺/⫺ retinas (f ). A higher magnification view of
peripheral retinas shows that GFAP-positive networks reach fully to the periphery in both WT (g) and Prom-1 ⫺/⫺ retinas (h). i–n, Involution of retinal vessels during the course of degeneration in
Prom-1 ⫺/⫺ mice. Retinal arteries (open arrow) and veins (filled arrow) in Prom-1 ⫺/⫺ retinas appeared normal at 1 month postnatally (PM1), as shown by red-free (RF) surface imaging (514 nm,
10°; i), and fluorescence angiography (FLA, 488 nm, barrier at 500 nm, 10°; j). k–n, At 6 months postnatally (PM6), the vasculature appears strongly attenuated. FLA (20°) shows reduction of retinal
capillaries, reduced diameter and caliber fluctuations of large retinal vessels, and extended areas of choriocapillaris/RPE loss (arrow) (k). l, Magnification of (k), i.e., FLA (10°), same area as in j. ICG
angiography (795 nm, barrier at 800 nm, 20°) enhances the view of choroidal structures because of less absorption by melanin (m). The arrow points to the same area as in (k). An RF surface image
(20°) most clearly depicts the lesions (n). The arrow points to the same area as in k and m.
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area: 48 ⫾ 2% in WT vs 43 ⫾ 3% in
Prom-1 ⫺/⫺; n ⫽ 3, p ⫽ NS) (Fig. 4a,b).
Retinal vessels also grew out over a comparable distance (percentage of the distance
from the center to the periphery: 67 ⫾ 2%
in WT vs 61 ⫾ 5% in Prom-1 ⫺/⫺; n ⫽ 3,
p ⫽ NS). At P10, the superficial vascular
plexus reached the periphery in both genotypes, and the vascular density was comparable (Fig. 4c,d). Similar results were obtained for the deep vascular plexus at P10
(IB4 ⫹ area, percentage of total retinal
area: 69 ⫾ 2% in WT vs 68 ⫾ 3% in
Prom-1 ⫺/⫺ retinas; n ⫽ 3, p ⫽ NS). Since
vessels in the retina navigate onto astrocytes, we also studied the astrocyte network by GFAP staining. At P5, GFAP ⫹
glial cells developed normally to the retinal
periphery in both genotypes, consistent
with the normal blood vessel formation
(Fig. 4e– h).
The vasculature of the retina and choroid was also studied in vivo by using scanning laser ophthalmoscopy (native imaging and angiography) (Seeliger et al.,
2005). At 1 month, both large and small
retinal vessels appeared normal in
Prom-1 ⫺/⫺ retinas (Fig. 4i,j). However, by
6 months of age, the lumen of the large
vessels and the capillary density were decreased in Prom-1 ⫺/⫺ retinas (Fig. 4l ).
These findings are similar to what is observed in humans with retinal degeneration of the Retinitis Pigmentosa type,
where vessel regression occurs secondarily
to photoreceptor degeneration (Hartong
et al., 2006). Native imaging with a green
laser (514 nm) further revealed a loss of
RPE pigmentation in several areas at 6
months of age (Fig. 4n). As this reduces the
absorbance of light, the underlying choroid vessels become better visible at these
sites (Fig. 4k–m, “window effect”). In addition, the normal fine haze in ICG angiography associated with the dye in the
choriocapillary layer is missing in these regions (Fig. 4m, arrow). Semithin and
transmission electron microscopy (TEM)
analysis of RPE at this age revealed that
RPE cells are still present, albeit with slight Figure 5. Localization of Prom-1 protein in WT retina. a, b, Immunofluorescent staining (red) shows that at P0 Prom-1 protein
is expressed at the interface between the neural and epithelial retina (a), when developing photoreceptors can be recognized by
morphological alterations, in Prom-1 ⫺/⫺ recoverin staining (b). c, d, Confocal microscopy showing Prom-1 expression at P20 at the basal part of the OS of adult rods and
retinas (data not shown). These findings cones, as assessed by double immunostaining for Prom-1 in red and either rhodopsin (c) or PNA (d) in green. The higher magnisuggest a late alteration of the RPE, pre- fication insets on the right part of each figure better highlight the subcellular localization of Prom-1 in rods and cones, as shown
sumably secondary to photoreceptor de- by the yellow color resulting in the merged pictures (yellow, lower insets). IS, Inner segment. Scale bar, 50 m.
generation and reduced choriocapillary
perfusion. In summary, retinal and choExpression of Prom-1 in the developing retina
roidal vessels are abnormal in Prom-1 ⫺/⫺ mice at 6 months of
As vascular defects appeared only late in Prom-1 ⫺/⫺ mice, it is
age, reminiscent of those found in humans with loss-ofunlikely that the retinodegeneration is caused by the absence of
function Prom-1 mutations (Zhang et al., 2007). However,
Prom-1 in endothelial progenitors. Therefore, we characterized
since the vessels initially developed and functioned normally
Prom-1 expression in the retina in more detail. At birth, Prom-1
at 1 month, when photoreceptor degeneration had already
expression was detected at the interface between the developing
commenced, the vessel defects are likely secondary to the photoreceptor degeneration.
neuroretina and RPE layer (Fig. 5a), where cells of the NBL dif-
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terial). Thus, Prom-1 is strongly expressed
by rod and cone photoreceptors throughout adult life, consistent with the simultaneous occurrence of structural abnormalities in both photoreceptor types observed
in Prom-1 ⫺/⫺ mice (Fig. 2).

Figure 6. Abnormal pigment sorting and photoreceptor apoptosis in Prom-1 ⫺/⫺ mice. a–f, Pigment mislocalization in
Prom-1 ⫺/⫺ retinas. Rhodopsin immunostaining reveals pigment mislocalization at P20 in Prom-1 ⫺/⫺ retinas (b), where the
ONL still retains rhodopsin signal, while almost no staining is evident in ONL of WT retinas (a). Similarly, cone opsin staining at P20
reveals shortened OS in cone photoreceptors of Prom-1 ⫺/⫺ retinas and pigment mis-sorting to the ONL and the synaptic space
(e) compared with WT retinas (d). Black and white magnification insets (c, f ) better highlight the abnormal localization of rod and
cone opsin, respectively. g, A time course study of TUNEL assay shows an increased number of apoptotic cells in the ONL starting
at P15 in Prom-1 ⫺/⫺ retinas, with a dramatic peak at P20, when the number of apoptotic cells was not countable (red dashed
line). Data are presented as the mean number of TUNEL ⫹ cells per section in the INL or ONL area. h, i, Representative pictures of
TUNEL staining, showing the presence of massive apoptosis in Prom-1 ⫺/⫺ (i) ONL, compared with WT (h) at P20. Scale bars: a–f,
100 m; h, i, 50 m.

ferentiate to photoreceptors (Fig. 5b). In the postnatal retina
(P20), Prom-1 immunoreactivity was detected in photoreceptors, with particular concentration in the region of plasma membrane evaginations at the basal part of the OS (Fig. 5c,d). Doublelabeling of retinal sections for Prom-1 and either rhodopsin or
PNA confirmed that rod and cone photoreceptors expressed
Prom-1, most abundantly between the OS and IS, in close proximity to the connecting cilium (shown at two different magnifications in Fig. 5c,d). Similar expression of Prom-1 in rods and
cones was obtained after double-staining of dissociated adult retinal cells, followed by confocal microscopy (supplemental Fig. S4,
available at www.jneurosci.org as supplemental material) and
fluorescence-activated cell sorting analysis (data not shown). The
expression of Prom-1 in the retina was specific, as Prom-2 was
not detectable in the embryonic or postnatal retina (supplemental Fig. S3e,f, available at www.jneurosci.org as supplemental ma-

Abnormal distribution of visual
pigment in Prom-1 ⴚ/ⴚ photoreceptors
As Prom-1 was concentrated in the region
of the connecting cilium, a structure that
mediates sorting of OS proteins (Sung and
Tai, 2000), we sought to characterize the
subcellular distribution of visual pigments
in photoreceptors. Correct OS morphogenesis and proper localization of opsins
in disk membranes is a prerequisite for
normal phototransduction and photoreceptor cell viability. Even more, any disturbance of the polarized sorting of these
pigments is toxic for photoreceptor cells,
probably because mis-sorted proteins ectopically localize to other membranes, resulting in a deleterious “membrane
crowding” at the level of the synapse (Deretic et al., 1998). Immunostaining revealed that all the rhodopsin (i.e., rod opsin) pigment was localized in the rod OS in
WT mice at P20. In contrast, and consistent with the abnormal OS morphogenesis, this polarized sorting of the pigment
was disturbed in several Prom-1 ⫺/⫺ photoreceptors, resulting in ectopic localization of rhodopsin pigment in the ONL, despite normal total amounts of the pigment
(Fig. 6a– c) (data not shown). Immunostaining for cone opsin also revealed a
shortened length of the OS and disorganized distribution of pigment, with abnormal pigment accumulation in the ONL
(Fig. 6d–f ). Thus, the presence of Prom-1
in the cilium is required for proper OS
morphogenesis and subsequent pigment
sorting in photoreceptors.

Increased apoptosis of photoreceptors
in Prom-1 ⴚ/ⴚ mice
Since impaired OS morphogenesis, in combination with ectopic
distribution of visual pigment, may lead to photoreceptor degeneration (Jansen and Sanyal, 1984; Bascom et al., 1992), we studied, by TUNEL staining, whether loss of Prom-1 induced excessive retinal cell apoptosis. No genotypic differences were
observed in retinal cell apoptosis in the INL and ONL at P10 (n ⫽
6, p ⫽ NS) (Fig. 6g). In contrast, by P15, numerous cells in the
ONL became apoptotic in Prom-1 ⫺/⫺ but not WT retinas, in
particular in the region, which contained strongly Prom-1
stained cells in WT retinas. Apoptosis in the INL was comparable
in both genotypes (Fig. 6g). By P20, most photoreceptors in the
ONL of Prom-1 ⫺/⫺ retinas were apoptotic (Fig. 6g–i) (n ⫽ 6, p ⬍
0.002). The increased apoptosis was not attributable to opening
of eyelids and light exposure, which normally occurs at P13, as
increased retinal apoptosis in the ONL was also observed when
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Prom-1 ⫺/⫺ offspring were maintained in the dark until P20 (data
not shown).
Finally, we checked whether the degeneration specifically affected the photoreceptors, or whether other retinal cell types were
similarly affected, by staining retinal sections for markers of the
different retinal cell types. We did not observe genotypic differences in the number of the other retinal cell populations at P10
(Table 1; supplemental Fig. S5a,j, available at www.jneurosci.org
as supplemental material), suggesting that Prom-1 deficiency did
not affect the overall retinal development. Beyond P15, as expected, both kinds of photoreceptors started to degenerate, as
discussed above (Table 1), but no differences in the number of the
other retinal cell populations could be observed at any time point,
not even at P20, when all cell types were born (Table 1; supplemental Fig. S5, available at www.jneurosci.org as supplemental
material). Thus, loss of Prom-1 specifically impaired photoreceptor OS morphogenesis, without affecting the development of any
other retinal cell population.

Discussion
Prom-1 is a well known and widely used marker of several types
of progenitor cells (Shmelkov et al., 2005), yet its precise function
and importance in vivo remain largely unknown. By characterizing retinal development and maintenance in Prom-1 ⫺/⫺ mice,
we discovered novel roles of Prom-1 in photoreceptor differentiation and survival. The cardinal findings of this study are the
following: (1) Prom-1 is expressed by rod and cone photoreceptors; and (2) in the absence of Prom-1, progressive degeneration
and functional deterioration of both cone and rod photoreceptors are associated with impaired morphogenesis of the disks and
OS.
By scoring retinal cell composition at different time points in
vivo, we could not detect major genotypic differences until P10, it
is thus unlikely that Prom-1 regulates retinogenesis by controlling the differentiation of the various retinal cell types. A late
abnormality in Prom-1 ⫺/⫺ retinas was upregulation of GFAP at
P20, but this is likely reflecting a secondary response to the retinal
degeneration, as is often observed in other models of retinal degeneration (Semple-Rowland, 1991). Of notice, Prom-1 seems to
be necessary for proper morphogenesis of disks and OS of photoreceptors and for normal sorting of visual pigment to the OS,
associated with disk morphogenesis, although our studies do not
exclude the possibility that these defects develop secondary to the
photoreceptor degeneration. In mature differentiated photoreceptors, Prom-1 concentrates at the basal part of the OS, a specialized organelle densely packed with disk membranes containing abundant opsin pigment (Sung and Tai, 2000). The OS is
linked to the cell body via the connecting cilium, which is critical
for the polarized transport of opsins to the OS membrane and
acts as a barrier against redistribution (Sung and Tai, 2000). In
the absence of Prom-1, disk membranes are disorganized and
part of the visual pigment is mislocalized (clearly detectable in the
ONL in several photoreceptors), this is a common finding in
other models of retinal degeneration (Nir and Papermaster, 1986;
Roof et al., 1994; Li et al., 1996, 1998; Hagstrom et al., 1999; Hong
et al., 2000). Interestingly, in transgenic rats expressing a mutant
rhodopsin, unable of proper sorting to the OS, the rate of rod cell
death directly correlates with the severity of rhodopsin mistargeting (Green et al., 2000). Ectopic accumulation of rhodopsin in
membranes, that are normally devoid of pigment, has been proposed to interfere with their normal structure and function (Deretic, 2006). Such crowding appears to be particularly relevant at
the synapse between the photoreceptor and the ganglion cell,
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where rhodopsin accumulation disturbs normal synaptic membrane turnover and continuous vesicle recycling (Roof et al.,
1994; Li et al., 1995, 1996, 1998; Deretic, 2006; Tam et al., 2006).
Indeed, mistargeting of other OS proteins similarly leads to rod
degeneration, as shown in a mouse model lacking the regulatory
subunit Cngb1 of the rod cyclic nucleotide gated channel (Hüttl
et al., 2005). We speculate that the disk dysmorphogenesis, in
association with the defects in visual pigment sorting, not only
impaired phototransduction, but also may have predisposed
photoreceptors to degeneration in Prom-1 ⫺/⫺ mice (although, as
discussed above, we cannot formally conclude that one is causally
linked to the other).
Prom-1 ⫺/⫺ retinas also showed cone opsin mis-sorting.
Among the few models exhibiting a similar cone opsin misrouting (Hagstrom et al., 1999; Hong et al., 2000; Rohrer et al., 2005),
the Retinitis Pigmentosa GTPase Regulator (Rpgr) deficient
mouse shares a number of features with Prom-1 ⫺/⫺ mice, including disk membrane disorganization and photoreceptor degeneration (Hong et al., 2000). Similar to Prom-1, Rpgr is also localized
at the basal part of the OS, and has been proposed to regulate
polarized protein distribution across the connecting cilium
(Hong et al., 2000). Perhaps, Prom-1 might have a similar function, as it is also preferentially localized in cilia (Dubreuil et al.,
2007). A recent study documented that a loss-of-function mutation of Rpgr in humans also results in photoreceptor degeneration, further emphasizing a possible link between abnormal OS
formation, pigment redistribution and photoreceptor disease
(Adamian et al., 2006). Overall, loss of Prom-1 seems to cause
photoreceptor degeneration, at least in part by defective disk
morphogenesis and, possibly, also by abnormal distribution of
visual pigment.
How Prom-1 regulates disk morphogenesis at the molecular
level, remains enigmatic. Prom-1 is specifically sorted to microvilli, cilia and other plasma membrane protrusions (Weigmann et al., 1997; Corbeil et al., 2001; Fargeas et al., 2003a;
Dubreuil et al., 2007; Florek et al., 2007), and has been involved in
the stabilization of curved membrane protrusions (Huttner and
Zimmerberg, 2001; Iglic et al., 2006). In Drosophila melanogaster,
rhabdomers are specialized microvillar structures of photoreceptor neurons, that accommodate light receptor molecules (equivalent to disk OS in vertebrates). During evolution of insect compound eyes, rhabdomers partitioned from each other to improve
angular sensitivity. Interestingly, a prominin-like molecule
(Prom) in the fly decorates the photoreceptor apical surface when
rhabdomeres form, and becomes thereafter selectively localized
to the stalk membrane and the tips of these microvilli (Zelhof et
al., 2006), thus resembling the subcellular localization of Prom-1
in vertebrate photoreceptors. Moreover, Prom may act as a receptor for a secreted protein, called spacemaker, involved in partitioning of rhabdomers (Zelhof et al., 2006). Thus, Prom-1
seems to have retained important evolutionary conserved functions in the animal kingdom to establish highly specialized structures in photoreceptor neurons, required for optimal
phototransduction.
Prom-1 is expressed in various stem cells and other cell types
(Corbeil et al., 2001; Florek et al., 2005; Jászai et al., 2007a). Why
then does Prom-1 deficiency selectively affects retinal development? A possible explanation is that the expression of both
Prom-1 and Prom-2 genes, which have redundant functions (Fargeas et al., 2003a), overlaps in many tissues, while, in the retina,
only Prom-1 is detectable (this study; Fargeas et al., 2003b). We
speculate, however, that future phenotyping of Prom-1 ⫺/⫺ mice
in stressed conditions is likely to reveal additional roles of Prom-1
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in tissue homeostasis. Nonetheless, when considering that
Prom-1 is expressed by endothelial progenitor cells (Shmelkov et
al., 2005), it was somehow surprising that we did not detect more
striking primary vascular defects in Prom-1 ⫺/⫺ mice [the vessel
abnormalities in mutant mice by 6 months of age, i.e., only after
complete photoreceptor loss, are likely secondary to the retinal
degeneration, as occurs in human diseases such as Retinitis Pigmentosa (Milam et al., 1998)].
Overall, our data reveal a novel role of Prom-1, in controlling
proper OS morphogenesis and maintenance, and provide unprecedented evidence about the endogenous role and importance
of the stem cell marker Prom-1 in vertebrates.
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Fiedler W (2000) In vitro differentiation of endothelial cells from
AC133-positive progenitor cells. Blood 95:3106 –3112.
Green ES, Menz MD, LaVail MM, Flannery JG (2000) Characterization of
rhodopsin mis-sorting and constitutive activation in a transgenic rat
model of retinitis pigmentosa. Invest Ophthalmol Vis Sci 41:1546 –1553.
Hagstrom SA, Duyao M, North MA, Li T (1999) Retinal degeneration in

J. Neurosci., February 18, 2009 • 29(7):2297–2308 • 2307
tulp1-/- mice: vesicular accumulation in the interphotoreceptor matrix.
Invest Ophthalmol Vis Sci 40:2795–2802.
Hartong DT, Berson EL, Dryja TP (2006) Retinitis pigmentosa. Lancet
368:1795–1809.
Hong DH, Pawlyk BS, Shang J, Sandberg MA, Berson EL, Li T (2000) A
retinitis pigmentosa GTPase regulator (RPGR)-deficient mouse model
for X-linked retinitis pigmentosa (RP3). Proc Natl Acad Sci U S A
97:3649 –3654.
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