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Targeted ablation of Crb2 in photoreceptor cells
induces retinitis pigmentosa
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5Institute for Protein Research & CREST-JST, Osaka University, Osaka, Japan, 6Department of Developmental Biology,

Osaka Bioscience Institute, Suita, Osaka, Japan and 7Department of Molecular and Cellular Biology and The Helen Wills

Neuroscience Institute, University of California, Berkeley, CA, USA

Received December 13, 2013; Revised and Accepted January 29, 2014

In humans, the Crumbs homolog-1 (CRB1) gene is mutated in autosomal recessive Leber congenital amaurosis
and early-onset retinitis pigmentosa. In mammals, the Crumbs family is composed of: CRB1, CRB2, CRB3A and
CRB3B. Recently, we showed that removal of mouse Crb2 from retinal progenitor cells, and consequent removal
from Müller glial and photoreceptor cells, results in severe and progressive retinal degeneration with concomi-
tant loss of retinal function that mimics retinitis pigmentosa due to mutations in the CRB1 gene. Here, we studied
the effects of cell-type-specific loss of CRB2 from the developing mouse retina using targeted conditional dele-
tion of Crb2 in photoreceptors or Müller cells. We analyzed the consequences of targeted loss of CRB2 in the
adult mouse retina using adeno-associated viral vectors encoding Cre recombinase and short hairpin RNA
against Crb2. In vivo retinal imaging by means of optical coherence tomography on retinas lacking CRB2 in
photoreceptors showed progressive thinning of the photoreceptor layer and cellular mislocalization.
Electroretinogram recordings under scotopic conditions showed severe attenuation of the a-wave, confirming
the degeneration of photoreceptors. Retinas lacking CRB2 in developing photoreceptors showed early onset of
abnormal lamination, whereas retinas lacking CRB2 in developing Müller cells showed late onset retinal disor-
ganization. Our data suggest that in the developing retina, CRB2 has redundant functions in Müller glial cells,
while CRB2 has essential functions in photoreceptors. Our data suggest that short-term loss of CRB2 in adult
mouse photoreceptors, but not in Müller glial cells, causes sporadic loss of adhesion between photoreceptors
and Müller cells.

INTRODUCTION

Mutations in the Crumbs homolog-1 (CRB1) gene have been
reported in patients with a variety of autosomal recessive
retinal dystrophies, including Leber congenital amaurosis, retin-
itis pigmentosa type 12, retinitis pigmentosa with Coats-like

exudative vasculopathy and other early-onset forms of retinitis
pigmentosa (1–3).

CRB1 is a member of the Crumbs family that in mammals is
composed of four members, CRB1, CRB2, CRB3A and
CRB3B (3). The prototypic CRB protein has a large extracel-
lular domain with epidermal growth factor (EGF) and
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laminin-globular domains, a single transmembrane domain, and
a short 37 amino acid intracellular C-terminus containing single
FERM and PDZ protein-binding motifs (4). The Crumbs pro-
teins are associated through PALS1 with PATJ or MUPP1,
forming the core of the Crumbs complex (5–10). In the develop-
ing and adult mouse retina, the apical Crumbs complex resides at
the subapical region adjacent to the adherens junctions between
the retinal progenitor cells (11) or between the photoreceptors
and Müller glial cells (9,12). However, in the adult mouse
retina, while CRB2 protein is present in both photoreceptor
and Müller glial cells, CRB1 is detected only in Müller glial
cells (13).

In the mouse retina, loss of CRB1 from Müller glial cells
results in retinal disorganization and dystrophy limited to one
quadrant of the retina (9,14). The severity of the CRB1/Crb1
phenotype is strongly dependent on the genetic background as
different mutations cause various retinal phenotypes in human
and mice (9,14,15). The lack of a clear genotype–phenotype cor-
relation suggests that other Crumbs family members have a func-
tion influencing the severity of the retinal disease. We showed
that the removal of CRB2 from retinal progenitor cells resulted
in progressive abnormal lamination of newborn photoreceptors
leading to severe retinal degeneration with concomitant loss of
retinal function (16). Furthermore, CRB2 has roles in restricting
proliferation of progenitor cells and the number of rod photo-
receptor and Müller glial cells (11,16). Loss of both CRB1 and
CRB2, from mouse retinal progenitor cells, results in retinal
overgrowth due to overproliferation of retinal progenitor cells,
leading to an abnormal and thick retina without a proper and
separated photoreceptor cell layer. The Crumbs proteins show
a dose-dependent effect, since different levels of CRB protein
give rise to different phenotypes (17).

These recent studies helped increase our understanding of the
role of CRB2 in the retinal progenitor cells and its influence in
retinal development. However, the specific roles of CRB2 in
photoreceptor and Müller glial cells, or maintenance of the
adult retina structure, remained unclear. Therefore, in this
work, we studied the effects of cell-specific loss of CRB2 from
the developing mouse retina, using targeted conditional deletion
of Crb2 in photoreceptors or Müller glial cells. We also studied
the consequences of targeted loss of CRB2 in adult mouse retinas
using adeno-associated viral (AAV) vectors encoding Cre re-
combinase and short hairpin RNA (shRNA) against Crb2.

Our findings show that CRB2 has a redundant function in
mouse Müller glial cells; however, in photoreceptor cells,
CRB2 is crucial for proper retinal development. Removal of
CRB2 from photoreceptors leads to severe and progressive de-
generation with a concomitant loss of retinal function. In the
adult mouse retina, short-term loss of CRB2 in photoreceptor
cells, but not in Müller glial cells, causes sporadic loss of adhe-
sion between adult photoreceptors or Müller glial cells.

RESULTS

Lack of CRB2 during photoreceptor maturation impairs
retinal function in adult mice

We studied the specific function of CRB2 in photoreceptor cells,
by crossing the Crb2 floxed homozygous (Crb2F/F) mice on a

C57BL/6J genetic background (11,16) with Crx-Cre (18) to
obtain Crb2Crx cKO (Crb2F/F/CrxCre+/2) animals.

The Crx-Cre transgenic mice express CRE recombinase in
developing photoreceptors and pinealocytes of the pineal
gland. CRE expression was detected at embryonic day (E)
12.5 in postmitotic differentiating photoreceptors (18,19).
Crb2Crx cKO mice were fertile and in majority viable, but
showed a 42% incidence of severe hydrocephalus consistent
with the domed head shape. The ventricles of the newborn
Crb2Crx cKO with hydrocephalus appeared to be drastically
dilated, and the subventricular structures were damaged severely
(data not shown). Although the cause of hydrocephalus is not
clear, hydrocephalus is unlikely to cause or affect the retinal phe-
notypes we observed.

We performed functional and morphological in vivo analysis
of the retinal phenotype in 1-, 3- and 5-month(s)-old Crb2Crx
cKO, and in the respective age-matched control animals, using
electroretinography (ERG), scanning laser ophthalmoscopy
(SLO) and spectral domain optical coherence tomography
(OCT).

By 1 postnatal month, Crb2Crx cKO mouse retinas showed a
distinct reduction in both scotopic and photopic ERG amplitudes
conditions, indicating alterations of both rod and cone system
components (Fig. 1A–C). At high stimulus intensities under
scotopic conditions, the a-wave of the affected animals was com-
paratively more reduced than the b-wave. Consequently, the b/a
ratio was high, suggesting a primary defect in photoreceptors in
Crb2Crx cKO mice (Fig. 1C). With increasing age, the ERG
signal amplitudes were similar to young animals and no rapid
degeneration was observed (Fig. 1D). In vivo retinal analysis
in 1-month-old Crb2Crx cKO mice revealed changes in the
fundus appearance as well as in retinal layer morphology, sug-
gesting degenerative processes (Fig. 2F–J). In the bright field
illuminated fundus image, several spots and patchy areas were
visible, and in the corresponding autofluorescence image, an ac-
cumulation of autofluorescent material was seen. In addition, a
significant reduction of the thickness of the outer retina was
observed, as well as several sites where misplaced cells were
detected (Fig. 2I, insets J; Supplementary Material, Fig. S1Q).
With increasing age, the Crb2Crx cKO mice showed a continued
progression of the retinal degeneration, characterized by an
increase of the number of fundus abnormalities and a more pro-
nounced thinning of the retina (Fig. 2K–O, P–T and Supple-
mentary Material, Fig. S1R–S). Additionally, in the Crb2Crx
cKO, the retinal vasculature was abnormal at 1 month of age
(Fig. 2H). By fluorescein angiography, sites of neovasculariza-
tion were observed which were very similar in appearance to vas-
cular abnormalities detected in Crb2Chx10 cKO mice (11).

In summary, the data from the in vivo analysis indicate that
removal of CRB2 from photoreceptor cells (Crb2Crx cKO)
leads to a severe retinal phenotype with functional impairment.

Removal of CRB2 from photoreceptor cells results in severe
and progressive morphological retinal deterioration

In 1-month-old Crb2Crx cKO, we found several disruptions of
the outer limiting membraneat these sites and observed protrusion
of photoreceptors into the subretinal space and misplaced inner
retinal cells in the outer plexiform layer (Supplementary Material,
Fig. S1B). In the Crb2Crx cKO retinas, CRB2 expression was
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lost from the photoreceptor cells (Supplementary Material,
Fig. S1H); however, immunohistochemistry indicates a small
amount of CRB2 protein was present in Müller glial cells of
these retinas (Supplementary Material, Fig. S1H, arrowheads).
These retinas displayed a disrupted subapical region and adherens
junctions (Supplementary Material, Fig. S1J, L, N and P).

Over time, these retinas continue to progressively thin to the
point where, at 3-months of age the outer nuclear layer (ONL)
was reduced to 4–6 rows of photoreceptor nuclei, protrusions
of photoreceptors into the subretinal space were observed (Sup-
plementary Material, Fig. S1D and R). Sporadically, at 1- and
3-months of age, some residual large photoreceptor rosettes
and retinal folds in the ONL were detected (data not shown).
At 5-months of age, in some areas, the retinas lacking CRB2 in
the photoreceptor cells exhibited regions nearly devoid of photo-
receptors, with only a few photoreceptor nuclei remaining (Sup-
plementary Material, Fig. S1F and S).

The adult Crb2Crx cKO retinal phenotype most severely
affected the photoreceptor cells. We performed immunohisto-
chemistry on 3-month-old retinas using different photoreceptor
markers to study in more detail the changes in the photoreceptors.

We found recoverin-positive photoreceptor cells in the subretinal
space (Fig. 3B, arrowhead). In some areas, the rod photoreceptors
(rhodopsin positive) were observed with short or absent outer seg-
ments (Fig. 3D, arrowhead), and rhodopsin accumulation was
detected in the photoreceptor cell soma (Fig. 3D, arrows, inset).
Cone photoreceptors were also affected, in control mice, cone
arrestin-positive nuclei were exclusively located at the top of
the ONL (Fig. 3E) and displayed well-defined synaptic terminals
and outer segments, whereas in the knockout retinas the cones
showed absence or significantly shortened outer segments.
Some of the nuclei of these cones were displaced to a basal part
of the ONL, close to the outer plexiform layer (Fig. 3F).
M-opsin-positive cones were similarly affected, and in some
areas, we observed mislocalization of M-opsin to the cell soma
(Fig. 3H). The phenotype observed in 3-month-old Crb2Crx
cKO retinas was not limited to the ONL but also affected the
inner retina. In the Crb2Crx cKO retinas, we observed ectopic
SOX9-positive Müller glial cell nuclei in the top of the ONL, at
foci of cellular mislocalization (Supplementary Material,
Fig. S2B, arrowheads). Disruption of the apical end-feet of
these cells could be observed when immunostained with

Figure 1. Retinal function is impaired in Crb2Crx cKO. Electroretinographic analysis of retinal function in Crb2F/+/CrxCre+/2 heterozygous control (black), and
Crb2F/F/CrxCre+/2 affected mice (Crb2Crx cKO, red). (A) Scotopic and (B) photopic single-flash intensity series from representative animals at the age of 1 month.
(C) Left: scotopic single-flash ERG responses at 1.5 log cd s/m2 from a heterozygous and a Crb2Crx cKO as well as a respective superposition. The a-wave and the
b-wave are indicated by open arrows and the black arrow points to the attenuated a-wave of the Crb2Crx cKO (red). Right: Quantitative evaluation of scotopic single-
flash b-wave, a-wave amplitudes (1.5 log cd s/m2) and the corresponding b-wave/a-wave amplitude ratio (b/a ratio). Boxes indicate the 25 and 75% quantile range,
whiskers indicate the 5 and 95% quantiles, and the asterisks indicate the median of the data (box-and-whisker plot). (D) Time course single-flash ERG data from 1-
(top), 3- (middle) and 5- (bottom) month(s)-old mice. Scotopic (SC, left column) and photopic (PH, right column) b-wave amplitude are presented as in (C) as a func-
tion of the logarithm of the flash intensity (VlogI function) Crb2Crx cKO showed a distinct decrease in retinal function. Number of animals used: Crb2CrxCre:
1-month-old (1M): four per group; 3M: four Crb2Crx cKO and five controls; 5 M: four per group.
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Figure 2. In vivo retinal imaging of photoreceptors lacking CRB2 showed progressive degeneration. Retinal morphology in 5-month-old Crb2F/+/CrxCre+/2 and in
1-, 3- and 5-month(s)-old Crb2Crx cKO mice. Heterozygous and homozygous mice retinas were examined with SLO imaging (A and B versus F and G versus K and L
versus P and Q), fluorescein angiography (C, H, M and R) and SD-OCT (D and E, I and J, N and O and S and T). As a first sign of retinal degeneration, native fundus
images at 513 nm revealed a spotty fundus appearance in the affected animals already at the age of 1 month (F) in comparison to the controls (A). Increasing age, the
number of spots increased (K and P), as well as the magnitude of hyperfluorescent regions detectable in the autofluorescent images (G, L and Q). With fluorescein
angiography, retinal vascular alterations were found all over the fundus at 1 month of age (H) and became more severe at older stages (M and R) in comparison to
the controls (C). Horizontal OCT scans across the optic disc revealed a decrease in the retinal thickness already at 1-month of age (I and J) and a thinner retina sub-
sequently at the age of 3 and 5 months (N and O, S and T).
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anti-glutamine synthetase (GS) (Supplementary Material,
Fig. S2B). The 3-month-old Crb2Crx cKO retinas overexpressed
glial fibrillary acidic protein (GFAP) throughout the entire retina
and the expression was higher at foci of cellular mislocalization
(Supplementary Material, Fig. S2D, arrowheads). In Crb2Crx
cKO retinas, we observed a marked increase of CD11b-positive
cells, an immune cell marker (Supplementary Material,

Fig. S2F), extended into the outer retinal layers and to misplaced
photoreceptors in the subretinal space.

Amacrine (calretinin positive) and ganglion (neuron-specific
class III beta-tubulin (Tuj1)-positive) inner retinal neurons were
correctly localized at this time point (Supplementary Material,
Fig. S2H). Rod bipolar cells, stained with PKCa antibody,
were found misplaced in the ONL in areas with photoreceptor

Figure 3. Loss of CRB2 in photoreceptor cells leads to degeneration of the ONL. Immunohistochemistry of 3-month-old Crb2Crx-Cre mouse retinas. Sections were
stained with antibodies against: recoverin (A and B), rhodopsin (C and D), cone arrestin (E and F) and M-opsin (G and H). In the mutant retinas, the ONL is thinner and
disorganized. Several photoreceptor nuclei localized the subretinal space were positive for recoverin (arrowhead) (B). Ectopic rhodopsin expression was found in the
cell soma of the photoreceptor in the mutant retinas (arrows, inset) (D). Cone photoreceptors were also affected, in some areas the nuclei of these cells were located in
basal position close to the outer plexiform layer (F and H) and the outer segments was shorter or absent (F and H). In these cells, M-opsin localized ectopically in the cell
soma (H). No morphological changes were observed in the control retinas. GCL, ganglion cell layer; INL, inner nuclear layer; OLM, outer limiting membrane; ONL,
outer nuclear layer. Scale bars: 25 mm, insets in (D): 7.5 mm.
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protrusions (Supplementary Material, Fig. S2J and L). The outer
plexiform layer was fragmented, as demonstrated by PSD-95
staining and ectopic localization of PSD-95 was also observed
in the ONL and close to the misplaced photoreceptor cells in
the subretinal space suggesting the presence of ectopic photo-
receptor synapses (Supplementary Material, Fig. S2J and L).

CRB2 in photoreceptors is required for proper retinal
development and lamination

The severe phenotype observed in the adult Crb2Crx cKO retinas
suggests that CRB2 in photoreceptors has an important role in
retinal development. To study this in additional detail, we ana-
lyzed retinas at embryonic (E12.5, E15.5 and E18.5) and early
postnatal (P3,P6 and P10) timepoints.Thefirstmorphological ab-
normalities were detected at E15.5; at this time, rosettes were oc-
casionally found in the neuroepithelial layer at the periphery of the
retina (Fig. 4B, arrowhead). At E18.5, disruptions of the outer
limiting membrane were observed at the periphery (Fig. 4D,
arrowhead) andoccasional photoreceptor rosettes in the neuroepi-
thelial layer. Misplaced inner retinal cells were found in the neuro-
epithelial layer and adjacent to the retinal pigment epithelium
(Fig. 4D, arrows). Using immunohistochemistry, we demon-
strated that the expression of CRB2 was largely reduced in
E18.5 Crb2Crx cKO retinas but some remaining CRB2 protein
was still detected in the knockout retinas, most likely due to
CRB2 present in adjacent wild-type radial glial progenitors and
early Müller glial cells (Fig. 4L, arrowheads). Disruptions of the
subapical region stained by anti-MUPP1 (Fig. 4N), and of the
adherens junctions stained by anti-b-catenin and anti-Nectin1
(Fig. 4P and R), were observed. At these areas, mislocalized
nuclei were present close to the retinal pigment epithelium.
Rosettes expressing in their center adherens junction markers
such as b-catenin were also found (Fig. 4P).

At postnatal Day 3, we found two types of rosettes in the per-
iphery of the retina, the first composed of photoreceptor cells in
the middle of the neuroepithelial layer (Fig. 4F, arrowhead) and
the second composed of inner retina cells at the top of the neuro-
epithelial layer (Fig. 4F, arrow). Disruptions of the outer limiting
membrane were observed. Transmission electron microscopy
pictures of Crb2Crx cKO retinas showed the presence of mis-
placed photoreceptor nuclei in the subretinal space adjacent to
the retinal pigment epithelium (Fig. 5B and C). In some
regions, these nuclei were located between the inner segments
of the photoreceptors and the retinal pigment epithelium
(Fig. 5B, asterisks). Adherens junctions were present in the
knockout retinas; however, their distribution and localization
was irregular (Fig. 5B, arrowheads). The microvilli from the
retinal epithelium cells were compressed between the ectopic
photoreceptor nuclei and the apical membrane of the retinal
pigment epithelium (Fig. 5B and C, arrows).

At postnatal Day 6, we observed similar abnormalities as at
postnatal Day 3, with the addition of single or small clusters of
ectopic photoreceptor nuclei in the subretinal space and small
disruptions of the outer limiting membrane throughout the
entire retina (Fig. 4H, arrowheads).

Retinas from 10-day-old Crb2Crx cKO mice showed a very
prominent phenotype, throughout the entire retina, with disrup-
tions of the outer limiting membrane that coincided with protru-
sions of photoreceptor cells into the subretinal space (Fig. 4J). At

this time point, a huge accumulation of photoreceptor nuclei in
the subretinal space was observed, forming a double layer of
photoreceptors (Fig. 6D). Rosettes and retinal folds were also
frequently observed (Fig. 6B, D, F, H and J). In the center of
these (half-)rosettes, we found fragments of outer limiting mem-
brane positive for subapical region (PALS1) and adherens junc-
tion (N-cadherin) markers (Fig. 6B). As observed at postnatal
Days 3 and 6, two types of rosettes could be found, one mainly
composed of photoreceptor cells (Fig. 6D) and another com-
posed of inner retinal cells such as amacrine (PAX6- and/or cal-
retinin positive) (Fig. 6F, arrowhead, insets), rod bipolar cells
(PKCa positive) (Fig. 6H, arrowheads) and Tuj1-positive gan-
glion cells (Fig. 6J, arrow). The interneuron-containing rosettes
were found near the bottom of the ONL or trapped between dif-
ferent photoreceptor rosettes, these cells seemed to project pro-
cesses into the center of the rosettes. We also detected ectopic
localization of the synaptic marker PSD-95 around the photo-
receptor rosettes (Fig. 6H).

The lamination of Müller glial cell nuclei was affected. We
detected SOX9-positive nuclei around the photoreceptor cell
rosettes (Fig. 6J). Although the lamination of these retinas was
severely affected, we did not detect an increase in GFAP expres-
sion at this time point (data not shown).

In P10 Crb2Crx cKO retinas, ectopic nuclei were detected in
the ganglion cell layer (Fig. 6D, arrowhead and F, arrow). Some
of these nuclei were recoverin positive and might therefore be
photoreceptors or cone bipolar cells (Fig. 6D, arrowheads).

Removal of CRB2 from Müller glial cells results in a mild
retinal phenotype

To delete Crb2 in Müller glial cells, we crossed Crb2F/F with
Pdgfra-Cre (20) transgenic mouse lines, to obtain Crb2Pdgfra
cKO (Crb2F/F/PdgfraCre+/2) animals. In this transgenic
mouse line, CRE expression is directed to nearly all retinal
Müller glial cells by the mouse Pdgfra (platelet-derived growth
factor receptor, alpha polypeptide) promoter. However, some
CRE expression may also be observed in the ONL and in the gan-
glion cell layer (20). Crb2Pdgfra cKO were viable and fertile;
however, they were born at a 5-fold reduced ratio than expected.
The Crb2Pdgfra cKO group examined at 5 postnatal months
showed no functional or morphological differences when ana-
lyzed by ERG, SLO or OCT (Fig. 7).

In Crb2Pdgfra cKO retinas, we observed at 1-, 3- and
5-month(s) of age disruptions of the outer limiting membrane,
where rows of photoreceptor nuclei protruded into the subretinal
space. These disruptions were mainly observed at the periphery
of the retina (Fig. 8B, D and F). The gross morphology of the
retina remained preserved, confirming the in vivo data.
However, at 5M, a significant reduction of the ONL thickness
was found compared with control retinas (Fig. 8F′). Although
CRB2 was removed from Müller glial cells, the protein was
still present in the photoreceptor cells, resulting only in a slight
reduction in the signal of CRB2 staining (Fig. 8H). At foci, we
observed small disruptions in the staining of Crumbs complex
members such as CRB1 (Fig. 8J), PALS1 (Fig. 8L), MUPP1
(Fig. 8N), the PAR complex member PAR3 (Fig. 8P), adherens
junction markers b-catenin (Fig. 8R), catenin pp120 (P120)
(Fig. 8T), Nectin1 (Fig. 8V), zonula occludens-1 (ZO-1)
(Fig. 8X) and N-cadherin (Fig. 8Z). Protrusion of photoreceptor
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nuclei into the subretinal space at sites of outer limiting mem-
brane disruption were observed in the mutant retinas (Fig. 8H,
J and T). Five-month-old Crb2Pdgfra cKO retinas showed a
very mild phenotype; however, we observed ectopic Müller
glial cell nuclei in the ONL (Fig. 9B, arrowheads) and activated
Müller glial cells, characterized by a moderate increase in the

expression of GFAP, mainly at foci of cellular mislocalization
(Fig. 9D, arrowheads). At these places, ectopic expression of
CD11b, a marker for immune cells, was detected (Fig. 9F).

In summary, removal of CRB2 from Müller glial cells results
in a mild anatomical phenotype with no detectable effects on
retinal function measured by ERG.

Figure 4. Loss of CRB2 from photoreceptor cells results in retinal disorganization. Toluidine-stained light microscope pictures of retinal sections, from the control
(A, C, E, G and I) and from the Crb2Crx cKO (B, D, F, H and J), at different ages, (A and B)—E15.5, (C and D)—E18.5, (E and F)—P3, (G and H)—P6 and
(I and J)—P10. No abnormalities were observed in the control. At E15.5, we observed the first morphological alterations in the mutant retinas with sporadic rosettes
in the neuroepithelial layer at the periphery of the retina (arrowhead) (B). At E18.5, the phenotype became more obvious with disruptions of the outer limiting mem-
brane and rosettes formation at the periphery (arrowhead) (D), in the proximity of rosettes misplaced inner retinal cells localized adjacent to the retinal pigmented
epithelium (arrows) (D). At P3, disruptions of the outer limiting membrane and photoreceptor cell rosettes were found in the periphery of the retina (arrowhead)
(F). Another type of rosette of cells that morphologically resemble inner retinal cells localized at the top of the outer limiting membrane just adjacent to the
retinal pigment epithelium (arrow) (F). At P6, we observed similar abnormalities as at P3; however, at this time point, we also detected single or small clusters of
ectopic photoreceptor nuclei in the subretinal space throughout the entire retina (arrowheads) (H). At P10, disruptions of the outer limiting membrane coincided
with protrusions of photoreceptor cells into the subretinal space. Rosettes and retinal folds were also frequently observed (J). Immunohistochemistry pictures
from control (K, M, O and Q) and Crb2Crx cKO (L, N, P and R) retinal sections stained for apical markers at E18.5: CRB2 (K and L), MUPP1 (M and N),
b-catenin (O and P) and Nectin1 (Q and R). CRB2 was mostly absent from the subapical region in the knockout retinas; however, some CRB2 was still detectable
(arrowheads), much likely due to CRB2 expression in adjacent wild-type progenitor and Müller glial cells (L). In the knockout retinas, the outer limiting membrane
was disrupted at foci, with loss of MUPP1 (N),b-catenin (P) and nectin1 (R). Sporadically, rosettes were observed at E18.5 (arrowhead) (P). GCL, ganglion cell layer;
INL, inner nuclear layer; NL, neuroepithelial layer; OLM, outer limiting membrane; ONL, outer nuclear layer; RPE, retinal pigment epithelium; SAR, subapical
region. Scale bars: (A–H): 50 mm; (I–P): 25 mm.
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Decreased levels of CRB2 in adult photoreceptor cells
induces mild disorganization of the retina

To study the cell-specific function of CRB2 in the adult retina,
different AAV vector approaches were used for cell-specific
transduction. We used AAV-mediated CRE gene transfer (21)
into Crb2 floxed retinal cells (11,16) to knockout Crb2 expres-
sion. Otherwise, we used AAV-mediated short hairpin Crb2
transfer into wild-type C57BL/6J retinal cells to silence Crb2
expression.

For photoreceptor-specific transduction via the subretinal
route, an AAV2-based vector was packaged in AAV5 capsid
(AAV2/5) (22). The AAV-Cre vectors were tested for potential
toxicity by delivery of different numbers of genome copies (108,
109, 1010) of AAV into wild-type retinas. Three weeks after
injection, the retinas were examined for morphological abnormal-
ities. No toxicity and/or retinal damage was observed due to Cre
expression (data not shown). Based on these results, to target

photoreceptors we applied 109 AAV2/5 cytomegalovirus pro-
moter (CMV)-CRE-GFP or 1010 AAV2/5 human G-protein-
coupled receptor kinase 1 (GRK1) promoter-CRE-GFP genome
copies (1 ml) by subretinal injection into Crb2F/F retinas.

Subretinal delivery of AAV2/5 CMV-CRE-GFP, that
expresses a CRE-GFP fusion protein, led to nuclear expression
of CRE in photoreceptors and in retinal pigment epithelial
cells. Crb2F/F retinas infected with AAV2/5 CMV-CRE-GFP
showed decreased immunostaining for CRB2 and gaps in the
staining in areas containing GFP-CRE-positive photoreceptor
nuclei (Fig. 10B, B′). We observed sporadically rows of
ectopic photoreceptor nuclei protruding into the subretinal
space (0–1 event per representative retinal section), some of
these displaced nuclei were GFP-CRE-positive while others
were negative (Fig. 10D, arrowhead), suggesting lack of adhe-
sion between these cells. Cre transduced retinas presented dis-
ruptions of the outer plexiform layer, stained by PSD-95 and
ectopic localization of this protein in the ONL (data not shown).

Figure 5. Ultra-structure of retinas lacking CRB2 in photoreceptor cells. Transmission electron microscopy pictures of retina sections, from control (A) and Crb2Crx
cKO (B and C) retinas, at postnatal Day 3. In the control retinas, the adherens junctionswere well aligned and showed a regular distribution (A, arrowheads), and proper
arrangement of photoreceptor inner segments was observed (A, asterisks). Properly ordered microvilli from the retinal pigment epithelium span from the apical mem-
brane until the photoreceptor inner segments (A, arrows). In Crb2Crx cKO retinas, we observed misplaced photoreceptor nuclei in the subretinal space adjacent to the
retinal pigment epithelium (B and C). In some regions, these nuclei were located between the inner segments of the photoreceptors and the retinal pigment epithelium
(B, asterisks). Adherens junctions were present in the knockout retinas; however, their distribution and localization was irregular (B, arrowheads). The microvilli of the
retinal pigment epithelium cells were compressed between the ectopic photoreceptor nuclei and the apical membrane of the retinal pigment epithelium (B and C,
arrows). Photoreceptor nuclei (asterisk). Scale bar: 1 mm. NL, neuroepithelial layer; PRC, photoreceptor cells; RPE, retinal pigment epithelium.
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Figure 6. Lack of CRB2 in photoreceptor cells affects retinal lamination. Immunohistochemistry of 10-day-old Crb2Crx-Cre mouse retinas. Sections were stained
with antibodies against: PALS1 and N-cadherin (A and B), recoverin (C and D), PAX6 and (c) alretinin (E and F), PSD-95 and PKCa (G and H), SOX9 and neuron-
specific class III beta-tubulin (Tuj1) (I and J). At P10 in the mutant retinas, disruptions at the outer limitingmembrane and ectopic photoreceptor nuclei in the subretinal
space were detected. In some areas, multiple (half-)rosettes or retinal folds were detected. In the center of the rosettes, apical proteins, such as PALS1 and N-cadherin
(B), were observed. Adjacent to these (half-)rosettes, several cell types were misplaced. Recoverin (a marker for photoreceptor and cone bipolar cells)-positive cells
were found in the ganglion layer (arrowheads) (D). Also interneurons, amacrine cells (PAX6 and/or calretinin positive) (F, arrowheads) and PKCa-positive bipolar
cells (H,arrowheads) were found misplaced in the middle oron the top of the ONL in areas where rosetteswere found.Ectopic localization ofPSD-95 was foundaround
the rosettes (H). In some areas, PAX6 and calretinin negative cells in the ganglion cell layer were detected (F, arrow). Also, misplaced Müller glial cell nuclei (SOX9
positive) (J, arrowhead) and ganglion cells (Tuj1 positive) (J, arrow) were found. No morphological changes were observed in the control retinas. GCL, ganglion cell
layer; INL, inner nuclear layer; OLM, outer limiting membrane; ONL, outer nuclear layer. Scale bars: 25 mm, insets in (D): 7.5 mm.
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To prevent expression in the retinal pigment epithelium, we
used a photoreceptor-specific promoter, human GRK1 in
AAV2/5 GRK1-CRE-GFP for expression of CRE-GFP specific-
ally in photoreceptors (23). Subretinal administration of the
AAV2/5 GRK1-driven constructs restricted the expression of
GFP and CRE-GFP to the photoreceptor cells, no GFP-positive
retinal pigment epithelial or inner retinal cells were detected
(Fig. 10E and F). We observed a decrease in the signal of CRB2
staining in areas transduced by the AAV2/5 GRK1-CRE-GFP
(Fig. 10F, F′) in contrast to non-transduced areas (data not
shown). The gross structure of the retina was preserved, but we

detected sporadically small morphological abnormalities
similar as described for the AAV2/5 CMV-CRE-GFP vector,
such as disruptions of the outer plexiform layer stained by
MPP4, and ectopic localization of this protein in the ONL (data
not shown).

A complementary strategy to silence the expression of Crb2
using shRNA was designed. We selected two shRNA constructs,
targeting exon 2 and exon 9a, that revealed a silencing efficiency
of �70% of a GFP-tagged Crb2 expression vector (data not
shown). The pSUPER-based shCrb2 constructs, including the
polymerase-III H1-RNA gene promoter (H1), were subcloned

Figure 7. Loss of CRB2 in Müller glial cells did not result in functional alterations. (A) Electroretinogram data from 5-month-old Crb2F/+/PdgfraCre+/2 heterozy-
gous control (black), and Crb2F/F/PdgfraCre+/2 mice (Crb2Pdgfra cKO, red). (B) Quantification of the scotopic and photopic b-wave amplitude of control and cKO
mice shown as box-and-whisker plot. The Crb2Pdgfra cKO did not show alteration in retinal function. Number of animals used: four Crb2Pdgfra cKO and five con-
trols. Retinal morphology in 5-month-old Crb2Pdgfra cKO mice and age-matched controls. Crb2Pdgfra control and cKO mice were examined with SLO imaging (C
and D versus G and H), fluorescein angiography (E and I) and SD-OCT (F and J). Native fundus imaging at 513 nm revealed a regular fundus appearance in the
affected animals (G) in comparison to control (C), no fluorescent material was detected in the autofluorescence image (H). Horizontal OCT scans revealed a
regular retinal layering in the affected (J) and in the control mice (F). GC, ganglioncell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform
layer; ONL, outer nuclear layer; OLM, outer limiting membrane; I/OS, inner/outer segment; RPE, retinal pigment epithelium.
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into an AAV2-vector containing a CMV-GFP expression
marker (CMV-GFP-H1-shCrb2). The two shCrb2 constructs
gave similar results.

As a control, we used a CMV-GFP-H1-shMpp4 described
before (13). MPP4 is present in the photoreceptor synapses
and at lower levels at the subapical regions of photoreceptor
cells (6). Retinas from Mpp4 knockout mice only sporadically
showed photoreceptor displacement, without changing the
CRB protein complex at the outer limiting membrane, adherens

junctions or the structure of the photoreceptor synapse (24) but
caused disruption of photoreceptor synaptic MPP4 protein com-
plexes (25,26).

Subretinal delivery of AAV2/5 coding shRNA (CMV-GFP-
H1-shRNA), in wild-type retinas (C57BL/6J), drove GFP expres-
sion in the cytoplasm of photoreceptor cells and retinal pigment
epithelium. Occasionally, some GFP-positive cells were found
in the inner nuclear layer (Fig. 11A). Retinas from animals
injected with the AAV2/5 CMV-GFP-H1-shMpp4 control

Figure 8. Loss of CRB2 from Müller glial cells results in mild retinal disorganization. Toluidine-stained light microscopy of retinal sections from control (A, C and E)
and Crb2Pdgfra cKO (B, D and F), at different ages, (A and B) – 1M, (C and D) – 3M, (E and F) – 5M. No abnormalities were observed in the control. At 1, 3 and 5
month(s), gaps were detected in the outer limiting membrane and single photoreceptor nuclei or rows nuclei were observed in the subretinal space (B, D and F). Quan-
tification of the ONL thickness (F′) plotted from the distance to the ONH showed a significant thinning in n ¼ 3 Crb2Pdgfra cKO retinas at 5 months compared with
n ¼ 3 control retinas. Most of the morphological alterations observed in the mutant retinas were limited to the periphery of the retina. Immunohistochemistry of
5-month-old Crb2Pdgfra-Cre retinal sections were stained for subapical region markers: CRB2 (G and H), CRB1 (I and J), PALS1 (K and L), MUPP1 (M and
N), PAR3 (O and P) and for adherens junction markers: b-catenin (Q and R), catenin pp120 (P120) (S and T), Nectin1 (U and V), ZO-1 (W and X), N-cadherin
(Y and Z). CRB2 protein was still detectable due to CRB2 expression in wild-type photoreceptor cells in the knockout retina (H). CRB1, PALS1 and MUPP1 staining
showeddisruption of the CRB complexat the subapical regionat sites of cellularmislocalization, in the peripheryof the retina (J,L and N). PAR3was also lost at sites of
disruption (P). Staining using adherens junctions markers: b-catenin (R), P120 (T), Nectin1 (V), ZO-1 (X) and N-cadherin (Z) showed disruption of the adherens
junctions mainly in the periphery. Moreover, ectopic photoreceptor nuclei protruded into the subretinal space (H and J). No morphological changes were observed
in the control retinas. GCL, ganglion cell layer; INL, inner nuclear layer; OLM, outer limiting membrane; ONH, optic nerve head; ONL, outer nuclear layer; RPE,
retinal pigment epithelium. Scale bars: (A–F) 50 mm; (G–Z) 25 mm. Data are presented as mean+SEM; n ¼ 3–4. ∗P , 0.05; ∗∗P , 0.01.
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vector (109 genome copies, 1 ml) showed no observable abnor-
malities in retinal architecture (Fig. 11A). In shMpp4 injected
retinas, no differences in the levels of CRB2 immunoreactivity
between transduced and non-transduced areas were found
(Fig. 11C, C′ and data not shown).

shCrb2 transduced retinas did show sporadic protrusions (0–
1 event per representative retinal section) of GFP-positive photo-
receptor cell nuclei in the subretinal space (Fig. 11B, arrowhead
and F, arrow). Immunostaining with anti-CRB2 showed reduced
immunoreactivity in areas transduced with the AAV2/5

Figure 9. Removal of CRB2 from Müller glial cells results in mild gliosis. Immunohistochemistry of 5-month-old Crb2Pdgfra-Cre mouse retinas. Sections were
stained with antibodies against: SOX9 and GS (A and B), GFAP (C and D), CD11b (E and F). In the mutant retinas, several Müller glial nuclei were misplaced in
the ONL (B, arrowheads), also some photoreceptor nuclei were misplaced in the subretinal space (D, arrows). The mutant retinas showed activated Müller glia
cells, detected by an increase in the GFAP staining (D, arrowheads). An increase in immune cell marker in the ONL, stained by anti-CD11b, was detected (F). No
morphological changes were observed in the control retinas. GCL, ganglion cell layer; INL, inner nuclear layer; OLM, outer limiting membrane; ONL, outer
nuclear layer. Scale bars: 25 mm.
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CMV-GFP-H1-shCrb2 (Fig. 11D, D′, arrowheads). Reduction
of the CRB2 signal correlated with the increase in GFP signal,
indicating that decrease in CRB2 occurred specifically in the
transduced photoreceptors (Fig. 11D′). Immunostaining with

Figure 10. Photoreceptor-specific knockout of Crb2 using Cre viral vectors.
Immunohistochemistry of 7-week-old Crb2F/F retinas infected at 4 weeks-of-age
with AAV2/5 CMV-GFP (control) (A, A′, C), AAV2/5 CMV-CRE-GFP (B, B′,
D), AAV2/5 GRK1-GFP (control) (E, E′) or AAV2/5 GRK1-CRE-GFP (F, F′).
AAV2/5 CMV-CRE-GFP vectors expressed GFP or CRE-GFP in photoreceptor
cells and retinal pigmented epithelium (A, C and B, D). AAV2/5
GRK1-CRE-GFP vectors expressed GFP or CRE-GFP specifically in photo-
receptor cells (E and F). Sporadically, disruptions of anti-CRB2 staining in sub-
apical regions were found (B and B′). Misplaced CRE-positive and
CRE-negative photoreceptor cells were detected in the subretinal space (D,
arrowhead). In some areas, the outer plexiform layer was thinner and the outer
and inner nuclear layers contacted each other (D, arrow). GCL, ganglion cell
layer; INL, inner nuclear layer; OLM, outer limiting membrane; ONL, outer
nuclear layer; RPE, retinal pigment epithelium. Scale bars: 20 mm.

Figure 11. Photoreceptor-specific knockdownofCrb2usingAAV2/5 CMV-GFP-
H1-shRNA. Immunohistochemistry of 7-week-old wild-type (C57BL/6J) retinas
infected at 4 weeks-of-age with AAV2/5 CMV-GFP-H1-shMpp4 (control) or
AAV2/5 CMV-GFP-H1-shCrb2. AAV2/5 CMV-GFP-H1-shRNA drives GFP
and shRNA expression in the retinal pigment epithelium (RPE) and in the photo-
receptor cells (A–H). Expression of the control shMpp4, in photoreceptors and
RPE did not lead to morphological abnormalities (A, C, E and G). Expression of
shCrb2 leads to decrease of CRB2 protein at foci, which colocalized with increased
number of GFP-positive cells (D and D′). At foci, we observed misplaced
GFP-positive photoreceptor nuclei in the subretinal space (B, F and H) and disrup-
tion of the outer plexiform layer with ectopic localization of MPP4 (F, arrowhead).
Ectopic Müller glia cell SOX9-positive nuclei were also detected (H, arrowhead).
GCL, ganglioncell layer; INL, inner nuclear layer;OLM,outer limitingmembrane;
ONL, outer nuclear layer; RPE, retinal pigment epithelium. Scale bars: 20 mm.
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anti-MPP4 showed a slight immunoreactivity reduction at the
outer plexiform layer in transduced areas (Fig. 11E). shCrb2
transduced areas showed foci of disruptions of the outer plexi-
form layer stained with MPP4 (Fig. 11F). Ectopic MPP4 in the
ONL was detected, suggesting mislocalized photoreceptor
synapses (Fig. 11F, arrowhead). Misplaced Müller glial SOX9-
positive nuclei in the ONL were also found in shCrb2 transduced
areas (Fig. 11H, arrowhead).

Decreased levels of CRB2 in adult Müller glial cells
do not affect the retina integrity

For Müller glial cell-specific transduction via the intravitreal
route, an AAV2-based vector was packaged in ShH10Y445F
capsid (AAV2/ShH10Y) (27,28), 1010 genome copies of
AAV2/ShH10Y CMV-CRE-GFP (1 ml) by intravitreal injection
into floxed Crb2F/F retinas. Previously, others showed high se-
lectivity of the AAV2/ShH10Y vector for rat Müller glial cells
when administered in the retina by the intravitreal route (27).
Here, we demonstrated that, 3 weeks after intravitreal injection
of 1010 genome copies, AAV2/ShH10Y CMV-GFP (Supple-
mentary Material, Fig. S3A) drove GFP expression in the cyto-
plasm of mouse Müller glial cells, identified by their
characteristic morphology, with their nuclei located in the
inner nuclear layer and processes spanning across the entire
retina. GFP expression colocalized with Müller glial cell
markers such as GS and SOX9 (data not shown). Expression of
AAV2/ShH10Y CMV-CRE-GFP resulted in nuclear expression
of CRE-GFP in Müller glial cells (Supplementary Material,
Fig. S3B). CRE expression in Crb2F/F adult Müller glial cells
did not result in a detectable reduction of CRB2 immunoreactiv-
ity at the subapical region (Supplementary Material, Fig. S3B,
B′), likely due to expression of CRB2 in adjacent photoreceptors.
No disruptions in the subapical region and/or in the adherens
junctions were observed when stained with anti-CRB2 and
anti-catenin-pp120 (Supplementary Material, Fig. S3B). The
levels of GFAP expression were similar in CMV-GFP and
CMV-CRE-GFP injected retinas (data not shown), suggesting
that intravitreal injection and subsequent CRE-GFP expression
in adult Müller glial cells did not induce additional retinal stress.

AAV2/ShH10Y CMV-GFP-H1-shCrb2 viral particles (109

genome copies) were injected intravitreously to silence the ex-
pression of Crb2 in wild-type C57BL/6J Müller glial cells.
These experiments gave similar results (Supplementary Mater-
ial, Fig. S3D) as described before for the AAV2/ShH10Y
CMV-CRE-GFP conditional knockout viral vector. These
results are in line with the data obtained from the Crb2Pdgfra
cKO mice reinforcing the hypothesis that CRB2 has redundant
roles in Müller glial cells.

DISCUSSION

In this study, we demonstrated that (i) in the developing retina,
CRB2 has a redundant function in Müller glial cells. (ii) CRB2
is essential in photoreceptors for proper retinal lamination and
function. (iii) In the adult retina, short-term loss of CRB2 in
photoreceptor cells, but not in Müller glial cells, causes sporadic
loss of adhesion between adult photoreceptors or Müller glial
cells. Moreover, we developed new tools that allowed us to

drive CRE expression specifically in Müller glial cells (AAV2/
ShH10Y CMV-CRE-GFP) or in photoreceptor cells (AAV2/5
GRK1-CRE-GFP), to perform Crb2 silencing in vivo (AAV2/
shH10Y CMV-GFP-H1-shCrb2 and AAV2/5 CMV-GFP-
H1-shCrb2).

In the developing mouse retina, CRB2 was detected in retinal
progenitor cells and in the adult retina in photoreceptors and
Müller glial cells (11,13). In Crb2Crx cKO retinas, removal of
CRB2 in photoreceptor precursor cells results in a severe pheno-
type, with an early onset (E15.5). Crx-Cre expression starts at
E12.5 with a prominent expression at E15.5 (18). This suggests
efficient CRE-mediated recombination that results in loss of
CRB2 expression, photoreceptor adhesion and polarity. We pre-
viously showed that loss of CRB2 through Chx10-Cre-mediated
recombination resulted in a morphological phenotype at E18.5
(11), later than observed in the Crb2Crx cKO (E15.5). The
Chx10-Cre transgenic mouse line showed high degree of mosai-
cism (29), suggesting that Crb2Chx10 cKO retinas were com-
posed of a mixture of wild-type and mutant cells, that may be
sufficient to retain normal morphology until later embryonic
stages (11). The onset and levels of expression and recombin-
ation efficiency in the Crx-Cre and Chx10-Cre mice could also
differ, giving rise to this difference.

Loss of CRB2 from photoreceptors results in lamination
defects that affect mainly rod andconephotoreceptors, suggesting
a lack of adhesion between these cells giving rise to giant retinal
folds and rosettes. However, in contrast with the observation
made in the Crb2Chx10 cKO (11,13), in the Crb2Crx cKO the
lamination of ganglion, amacrine, bipolar and Müller glial cells
was alsoaffected, misplaced inner retinal cells weredetectedecto-
pically in the ONL. Similar defects in the lamination of these cells
were also observed in CRB2 null retinas with half of the amount of
CRB1 (Crb1+/2Crb2Chx10 cKO) (17). These results are in line
with (i) previous zebrafish data where Crb2a is required for
retinal cell patterning and lamination (30) and (ii) mouse data
where the CRB-interacting protein PALS1 affected the correct
patterning of photoreceptor cells (31,32).

Müller glial cells are one of the latest cell types to be born in
the retina. They are generated between E15 and P10, the majority
of Müller cells are born around postnatal Day 5 (33). Lack of
CRB2 in Müller cells resulted in a mild phenotype mainly affect-
ing the periphery of the retina, with a slow progression and
without detectable functional consequences for the entire
retina. Mouse retinas lacking CRB1 in Müller glial cells
showed loss of maintenance of adhesion between photoreceptors
and Müller glial cells as observed in the Crb2Pdgfra cKO;
however, in CRB1 null retinas, the lesions were restricted to
the inferior temporal quadrant of the mouse eye (34), whereas
in Crb2Pdgfra cKO retinas the lesions are detected throughout
the retina. We hypothesize that CRB1 in Müller glial cells
(14,34) compensated in Crb2Pdgfra cKO retinas for the loss
of CRB2. We recently demonstrated that removal of CRB1 in
a CRB2 null retina exacerbate the CRB2 phenotype in a dose-
dependent manner (17). Thus, mouse retinas with complete de-
pletion of CRB1 and CRB2 from Müller glial cells could answer
this question.

Recently, we reported that removal of CRB2, from progenitor
cells, resulted in loss of other apical and adherens junction
protein markers, suggesting that reduction in CRB2 levels
leads to destabilization of the whole CRB complex and its
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interacting complexes (11,16). Here, we demonstrated that
removal of CRB2 from either Müller glial or photoreceptors
has similar effect on the apical complexes. This is partially in
consonance with observations in PALS1 mutant mice (31,32),
and consistent with the epithelial polarity and adhesion defects
seen in both the Drosophila Crb mutant and the zebrafish
Crb2a (ome) mutant (12,35,36).

Short-term depletion of CRB2 in the adult retinas demon-
strated that CRB2 is required for maintenance of the retinal struc-
ture. Moreover, CRB2 in early photoreceptors is essential for
proper retinal lamination and function.

Intravitreally administered AAV2/ShH10Y vector infects up
to 53% of all Müller glial cells in the rat retina (27) and shows
similar transduction characteristics in mice (L.P.P. and J.W., un-
published results). By immunohistochemistry, we did not detect
significantly reduced levels of CRB2 at the subapical region in
CRB2-depleted Müller glial cells. In part, this could be due to
relatively high levels of CRB2 in photoreceptors. In addition,
in Crb2Pdgfra cKO retinas, we did not detect a drastic decrease
of CRB2 at the subapical region adjacent to adherens junctions
between Müller glial cells and photoreceptors. The lack of
severe morphological phenotype can be explained in part by
compensation by CRB1 in Müller glial cells. Further Crb2
gene silencing studies in Crb1 null background retinas could
provide further information. Our preliminary unpublished data
suggest that silencing Crb2 in adult Crb1 null mouse retinas
did not result in an exacerbation of the retinal phenotype.

In humans, mutations in CRB1 are responsible for 10–15% of
Leber congenital amaurosis cases and for�4% of all cases of ret-
initis pigmentosa (1–3,37–39). So far, no mutations in CRB2
have been associated with retinal degeneration. However, it
cannot be excluded that some sequence variants may contribute
to retinal disease (40). Conditional deletion of Crb2, specifically
in early progenitors, results in disorganization during late retinal
development leading to severe and progressive retinal degener-
ation with concomitant retinal function loss that mimics retinitis
pigmentosa due to mutations in the CRB1 gene (11). Here, we
showed that the presence of CRB2 in photoreceptor cells is
crucial for proper retinal development, removal of CRB2 from
these cells, resulted in severe progressive degeneration with a
concomitant loss of retinal function. These data open new per-
spectives about the clinical approach in the development of
CRB1 gene therapy treatment for Leber’s congenital amaurosis
and retinitis pigmentosa.

MATERIALS AND METHODS

Animals

All procedures concerning animals were performed with permis-
sion of the animal experimentation committee (DEC) of the
Royal Netherlands Academy of Arts and Sciences (KNAW),
permit numbers NIN 06-46, 12-106, 11-54 and 12-59. All
mice used were maintained on a 99.9% C57BL/6J genetic back-
ground. Animals were maintained on a 12 h day–night cycle and
supplied with food and water ad libitum. Mice did not have rd8 or
pde6b mutations.

Crb2 conditional knockout mice (11,16) were crossed with
Crx-Cre (Tg(Crx-cre)1Tfur) (18) or with a Pdgfra-Cre
(C57BL/6-Tg(Pdgfra-cre)1Clc/J) (20) transgenic mouse lines,

obtained from Dr Furukawa or the Jackson Laboratory, respect-
ively, to remove Crb2 from the photoreceptor and from Müller
glial cells, respectively. The analysis of Crb2Crx-Cre mice
was performed using only male animals, whereas analysis of
Crb2Pdgfra-Cre was on females and males.

Chromosomal DNA isolation and genotyping

Ear biopsies were incubated in lysis buffer (50 mM Tris, pH 8.0,
100 mM NaCl, 1% SDS) with Proteinase K (0.5 mg/ml) at 558C
for 16 h. The isopropanol precipitated chromosomal DNA was
washed with 80% ethanol and rehydrated in TE buffer. Genotyp-
ing of the Crb2 floxed transgenic animals were performed as
previously described (11). The following primers were used to
detect the transgenic Cre expression: RV60 5′-GACGATGCAA
CGAGTGATGA-3′,RV615′-AGCATTGCTGTCACTTGGTC-3′

(product size 300 bp). The gender of Crb2Crx-Cre embryos and
early postnatal animals was performed as described before (41):
forward primer: 5′-CTGAAGCTTTTGGCTTTGAG-3′, reverse
primer: 5′-CCACTGCCAAATTCTTTGG-3′ targeting two homo-
logsX-andY-linkedgenes(Jarid1candJarid1d) thatdiffer in intron
sizes resulting inasingle302 bp(female)ordouble (302and331 bp)
(male) PCR product.

In vivo analysis

ERG, spectral domain optical coherence tomography (SD-OCT)
and SLO measurements were performed in the same session.
Animals from the two mouse lines: Crb2Crx-Cre of 1-, 3-,
5-month(s)-old and Crb2Pdgfra-Cre of 5-month-old were ana-
lyzed. The different age groups were composed of 4–5
animals of each genotype: controls (Crb2F/+/Cre+/2) and
Crb2 cKO (Crb2F/F/Cre+/2). Electroretinograms were per-
formed according to previously described procedures (42).
The ERG equipment consisted of a Ganzfeld bowl, a direct
current amplifier and a PC-based control and recording unit
(Multiliner Vision). Animals were dark-adapted overnight and
anesthetized with ketamine (66.7 mg/kg body weight) and xyla-
zine (11.7 mg/kg body weight). Pupils were dilated with tropica-
mide eye drops (Mydriaticum Stulln, Pharma Stulln, Stulln,
Germany). Single-flash responses were obtained under
dark-adapted (scotopic) and light-adapted (photopic) condi-
tions. Light adaptation was accomplished with a background il-
lumination of 30 cd/m2 starting 10 min before photopic
recordings. Single white-flash stimuli ranged from 24 to
1.5 log cd s/m2 under scotopic and from 22 to 1.5 log cd s/m2

under photopic conditions. Ten responses were averaged with
interstimulus intervals of 5 s (for 24 to 20.5 log cd s/m2) or
17 s (for 0–1.5 log cd s/m2).

SD-OCT imaging was performed with a commercially avail-
able SpectralisTM HRA+OCT device from Heidelberg Engin-
eering featuring a broadband superluminescent diode at l ¼
870 nm as low coherent light source (42). Each two-dimensional
B-Scan recorded with the equipment set to 308field of view, con-
sists of 1536 A-scans acquired at a speed of 40 000 scans per
second. Optical depth resolution is �7 mm with digital reso-
lution reaching 3.5 mm. Imaging was performed using the pro-
prietary software package Eye Explorer (version 3.2.1.0,
Heidelberg Engineering).
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Retinal structures of the anesthetized animals were visualized
via SLO imaging with an HRA 1 and HRA 2 (Heidelberg Engin-
eering, Heidelberg, Germany) according to previously described
procedures (43). Briefly, HRA 1 and HRA 2 systems feature two
lasers (488/514 nm) in the short (visible) wavelength range and
two (795/830 nm and 785/815 nm) in the long (infrared) wave-
length range. The 488 and 795 nm lasers are used for fluorescein
and indocyanine green angiography, respectively.

Morphological and immunohistochemical analysis

Eyes were collected at different time points: Crb2Crx-Cre, em-
bryonic day (E) 12.5, 15.5, E18.5, postnatal day (P) 3, P6, P10,
1-month-old (1M), 3M, 5M mice (n ¼ 4–6/age group);
Crb2Pdgfra-Cre, 1M, 3M and 5M mice (n ¼ 4–6/age group).
For morphological analysis, eyes were enucleated and fixed at
room temperature with 4% paraformaldehyde in PBS for
20 min. After fixation, the eyes were dehydrated for 30 min in
30, 50, 70, 90 and 96% ethanol and embedded in Technovit
7100 (Kulzer, Wehrheim, Germany), according to the manufac-
ture instructions and sectioned (3 mm). Slides were dried, coun-
terstained with 0.5% toluidine blue and mounted under
coverslips using Entellan (Merk, Darmstadt, Germany). The
thickness of the ONL in 1-month-old (1M), 3M, 5M
Crb2Crx-Cre and 5M Crb2Pdgfra-Cre mice and control (n ¼
3–4/age group) was measured on the Technovit sections every
250 mm from the optic nerve head (ONH). The two measure-
ments apart from the optic nerve head were averaged, plotted
and compared with control retinas. For immunohistochemical
analysis, eyes from the animals were enucleated and fixed
during 20 min in 4% paraformaldehyde in PBS. Subsequently,
the tissues were cryo-protected with 30% sucrose in PBS, em-
bedded in Tissue-Tek O.C.T Compound (Sakura, Finetek) and
used for cryosectioning. Cryosections (7 mm) were rehydrated
in PBS. Samples were blocked for 1 h using 10% goat serum,
0.4% Triton X-100 and 1% bovine serum albumin (BSA) in
PBS. The primary antibodies (Supplementary Material,
Table S1) were diluted in 0.3% goat or donkey serum, 0.4%
Triton X-100 and 1% BSA in PBS and incubated for 16 h at
48C. Fluorescent-labeled secondary antibodies were goat anti-
mouse or goat anti-rabbit IgGs conjugated to Cy3 or Alexa
488 (1:500; Jackson Immunoresearch, Stanford, CA, USA and
Life Technologies) were diluted in 0.1% goat serum in PBS
and incubated for 1 h at room temperature. Nuclei were counter-
stained with DAPI and mounted in Vectashield hardset mount-
ing medium (H1500, Vector Laboratories, Burlingame, CA,
USA). Sections were imaged on a Leica SP5 CLSM. Confocal
images were processed with Adobe Photoshop CS6 extended
v13.0 ×64.

GENERATION AND PURIFICATION OF THE

VIRAL VECTORS

AAV GFP and CRE-GFP vectors

The AAV vector pTRCGW (5.6 kb) containing GFP and
CRE-EGFP (a kind gift from Joost Verhaagen, The Netherlands
Institute for Neuroscience, Amsterdam, The Netherlands),
carrying the ampicillin resistance gene, inverted terminal
repeats (ITR), human immediate early CMV, woodchuck

posttranscriptional regulatory element (WPRE) and multiple re-
striction sites, was used to construct the rAAVCre vector
plasmid, as described in (21). To specific targeting of photo-
receptor cells, the CMV promoter in the original plasmid was
replaced by a 299 bp human GRK1 promoter fragment (23),
using the SpeI and XhoI restriction sites. AAV stocks were gen-
erated and purified as described previously (44). Briefly, plas-
mids containing the transgene flanked by the ITRs were
co-transfected with the AAV5 pDP5RS packaging plasmid
(Plasmid Factory, Bielefeld, Germany) or AAV-ShH10Y445F
packaging plus pHelper plasmids (27) into HEK293 T cells to
generate cross-packaged AAV2/5 and AAV2/ShH10Y445F
viral vectors (45,46). At the third day after transfection, the
medium was changed for lysis buffer (50 mM Tris, 2 mM

MgCl2, 150 mM NaCl and 0.1% Triton X-100). After DNAse
treatment, the crude lysate was loaded onto an iodixanol
density gradient (Sigma, St. Louis, MO, USA) and centrifuged
for 70 min in a Beckman XL-100K ultracentrifuge at
69 000 rpm at 168C (47). Fractions containing the viral vectors
were collected and concentrated using Amicon Ultra-15 concen-
trators. All viral titers were determined by q-PCR and all viral
stocks with titers .1 × 1012 genome copies/ml were stored at
2808C until use.

AAV H1-shRNA vectors

For Crb2 silencing by shRNA, five different DNA constructs,
against different exons of the Crb2 gene, were generated by
annealing DNA oligonucleotides. The primers were purchased
from Eurogentec (Seraing, Belgium). Annealed primers were
cloned into the HindIII and BglII sites of the pSUPER vector
(48). The empty pSUPER and pSUPER-GFP shRNA vectors
were used as a control. pSUPER-Crb2 shRNA constructs were
co-transfected in HEK293T cells with GFP-tagged Crb2 and sub-
cloned into HindIII/BglIIof pEGFP-C1 (Clontech), inorder to test
the knockdown efficiency. Five days after transient transfection,
cells were lysed and protein was evaluated by immunoblot ana-
lysis with anti-GFP. The experiments were performed in triplicate
and three independent experiments were performed. The two
shRNA constructs targeting exon 2 and exon 9a, which showed
the highest knockdown efficiency in vitro were selected for
in vivo studies and subcloned into the AAV2-CMV-GFP vector
as described before: (E2-shCrb2) 5′-gatccccGTGCCAGGCTAC
AGAAAGTttcaagagaACTTTCTGTAGCCTGGCACtttttggaaa-
3′ and (E9a-shCrb2) 5′-gatccccTGACTTCTACTGCACCT
GCttcaagagaGCAGGTGCAGTAGAAGTCAtttttggaaa-3′. The
pSUPER-Crb2 shRNA vectors were digested with XbaI–KpnI
and blunted. The selected shCrb2 fragments including the
polymerase-III H1-RNA gene promoter were blunt ligated into
an AAV2-CMV-GFP vector, which was digested with SphI
(two sites after the WPRE and polyA) and blunted. The
AAV2-CMV-GFP-H1-shMpp4 was used as a control (13).
AAV2/5 and AAV2/ShH10Y445F (27) viral vectors coding
E2-shCrb2, E9a-shCrb2 and shMpp4 were generated.

Intravitreal and subretinal injections

Three- to 4-week-old mice were anesthetized with 100 mg/kg
ketamine and 5 mg/kg xylazine by intraperitoneal injection.
The pupils were dilated with eye drops that contain 5 mg/ml
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tropicamide (Chauvin Benelux, Brussels, Belgium). To prevent
dehydration of the cornea, the eyes were treated with viscotears
(Novartis Pharma, Arnhem, the Netherlands). The mice were
placed on a heating pad to maintain their body temperature at
378C during the whole procedure. Subsequently, 1 × 109 – 10

genome copies of vector in 1 ml were either subretinally or intra-
vitreally injected using a 33 gauge needle (Hamilton, Bonaduz,
Switzerland). Three to four eyes per viral vector were used. The
mice were allowed to recover and their eyes were treated with
10 mg/g chloramphenicol (Ratiopharm, Zaandam, the Nether-
lands) to prevent infections. Eyes were collected 3 weeks after
injection.

The potential toxicity of the AAV2/5 and AAV2/ShH10Y
CMV-CRE-GFP and of the AAV2/5 GRK1-CRE-GFP was
tested in 1-month-old wild-type C57BL/6J mice, by delivery
of different numbers of genome copies (108, 109 and 1010, four
eyes per condition were injected). Injected retinas examined 3
weeks after injection.

Statistical analysis

Normality of the distribution was tested by Kolmogorov–
Smirnov test. Statistical significance was calculated by using
t-test of 3–4 independent retinas/genotype/age. Values were
expressed as mean+SEM. Values of ∗P , 0.05, ∗∗P , 0.01
and ∗∗∗P , 0.001 were considered to be statistically significant.
Statistics and graphs were generated using GraphPad Prism 5.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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