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Genetic ablation of Pals1 in retinal progenitor
cells models the retinal pathology of Leber
congenital amaurosis
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Mutation of the polarity gene Crumbs homolog 1 (CRB1) is responsible for >10% of Leber congenital amaur-
osis (LCA) cases worldwide; LCA is characterized by early-onset degenerative retinal dystrophy. The role of
CRB1in LCA8 pathogenesis remains elusive since Crb7 mouse mutants, including a null allele, have failed to
mimic the early-onset of LCA, most likely due to functional compensation by closely related genes encoding
Crb2 and Crb3. Crb proteins form an evolutionarily conserved, apical polarity complex with the scaffolding
protein associated with lin-seven 1 (Pals1), also known as MAGUK p55 subfamily member 5 (MPP5). Pals1
and Crbs are functionally inter-dependent in establishing and maintaining epithelial polarity. Pals1 is a
single gene in the mouse and human genomes; therefore, we ablated Pals1 to establish a mouse genetic
model mimicking human LCA. In our study, the deletion of Pals1 leads to the disruption of the apical local-
ization of Crb proteins in retinal progenitors and the adult retina, validating their mutual interaction.
Remarkably, the Pals1 mutant mouse exhibits the critical features of LCA such as early visual impairment
as assessed by electroretinogram, disorganization of lamination and apical junctions and retinal degener-
ation. Our data uncover the indispensible role of Pals1 in retinal development, likely involving the mainten-
ance of retinal polarity and survival of retinal neurons, thus providing the basis for the pathologic
mechanisms of LCAS.

layer (ONL) by forming an adhesion belt, the outer limiting
membrane [OLM (3)], which is derived from the apical
junction complex (AJC) at the apical edge of the embryonic

INTRODUCTION

Photoreceptors in the mammalian retina initiate phototrans-

duction, which transforms light into chemical signals that
trigger the image-forming process in the retina. Rods and
cones, the major vertebrate photoreceptors, are polarized
cells with apical membranous extensions consisting of inner
and outer segments (IS and OS), a cell body and a synaptic
terminus. OS contain opsin proteins and the machinery for
photo-signal transduction in stacked membrane discs. Abnor-
mal development or formation of the OS is related to retinal
degeneration (1,2). Photoreceptor cells adjoin to other photo-

receptor cells or Muller glia at the top of the outer nuclear

retina. The AJC and OLM collectively establish and maintain
the polar structure, adhesion and integrity of the developing
and mature retinal epithelia.

Leber congenital amaurosis (LCA) is characterized by
severe visual impairment at birth or the first few months of
life, and is thought to be caused by either abnormal develop-
ment or the premature degeneration of early-stage photorecep-
tor cells (4). The hallmark of LCA symptoms is the absence
or severe reduction of the electroretinogram (ERG). The
early-onset and severity of the symptoms make LCA
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distinguishable from closely related diseases such as retinitis
pigmentosa (RP), which exhibits weak, late-onset retinal
degeneration. Owing to its rarity, early-onset and difficulty
in obtaining diseased LCA tissues, the investigation of the cel-
lular and molecular mechanisms underlying the development
of retinal degeneration has been hampered. Genetic studies
have shown that mutations in several genes cause both LCA
and RP, loosely depending on the nature and strength of the
mutations (4). One such example is CRBI, which causes
both LCA8 (OMIM604210) and RP12 (5-38).

Crbl encodes a transmembrane protein that forms a tripar-
tite evolutionarily conserved complex with Palsl (9,10) and
the Palsl-associated tight junction [Patj (11—13)], located at
the epithelial tight junction (12,14—16). The Crb polarity
complex and its interacting Par complex, comprised of Par3,
Par6 and atypical protein kinase C (aPKC), play an important
role in polarity determination, maintenance of apico-basal
polarity and establishment of cell—cell junctions (17-19).
Unlike human patients, mouse Crb/ mutants, including the
knock-out (KO) mouse, show only characteristics of RP
(RP12) such as late-onset, focally disorganized retinal pheno-
types due to adhesion defects between the photoreceptors and
Muller glia cells at the OLM in the adult retina (6,14,20,21).
Although Crb2 does not contribute to human RP or LCA
(22), the lack of a severe early-onset LCA phenotype in
Crbl KO mice may result from a functional compensation
by its homologs Crb2 and 3. We hypothesized that since
Palsl is a single gene in mice and humans, is an essential com-
ponent of the Crb polarity complex (23) and is required for
Crbl localization in the subapical region of the Muller glia
(14), conditional ablation of the Pals/ gene in the developing
retinal progenitor cells would block the assembly of the func-
tional Crb polarity complex. Our study shows that a Pals! de-
letion causes the death of newly born retinal neurons, adhesion
defects, disrupted apical structure and photoreceptor degener-
ation, which lead to early visual impairment, mimicking the
human LCA phenotypes.

RESULTS

Crb polarity complex genes are expressed in retinal
progenitor cells

As the extremely early manifestation of CRB/-mediated
LCAS symptoms in human patients indicates, it is likely that
the Crb polarity complex proteins are essential in establishing
and maintaining apico-basal polarity of the retinal progenitor
cells during embryonic development. Thus, we first analyzed
the expression and distribution of the Crb polarity complex
genes and proteins in developing retinas, using immunofluor-
escence. For this assay, we used three antibodies specific to
Palsl, Patj and pan-Crb (Crbl, 2 and 3). As expected, all
three core Crb polarity complex proteins (Crbs, Palsl and
Patj) were localized along the apical edge of the retina at all
of the embryonic stages analyzed (Fig. 1A—C). This localiza-
tion pattern demarks the AJC, a primitive structure of the
OLM of the adult retina where junctional proteins are
located (Fig. 1D and D’). In the embryonic AJC, Crb proteins
localize apically to the AJ proteins, N-cadherin and (3-catenin
(see insets), which may correspond to sub-apical region of

photoreceptor cells. AJC localization of the Crb complex
proteins was maintained in the OLM of the adult retina.
Unlike the apical localization of proteins, Palsl transcripts
were distributed in the entire developing retinas at E12.5
and E14.5, though weakly expressed (Fig. 1E and F). At
E14.5, Palsl expression was more enriched in the progenitors
in the outer neuroblastic layer than in those of early-born
neurons in the inner neuroblastic layer. We found that
Palsl distribution in the proliferating zone in the outer
neuroblastic layer was similar to that in the ventricular zone
of the cerebral cortex (24), which was consistent with results
from a previous Crbl expression study in the developing
retina (25).

PalsI-deficiency-mediated polarity ablation induces
microphthalmia and retinal lamination defects

To study the function of Palsl during retinal development and
to generate a new LCAS8-like model, we conditionally ablated
the Pals] gene in the developing retina using standard
Cre-loxp technology. Selectively deleting Pals! gene function
in retinal progenitor cells circumvents the early lethality in the
Pals] KO embryos, which show gastrulation defects and die at
or around E8.5 and E9.5, in which eye organogenesis is not
initiated (data not shown). To ablate the Pals/ gene in the
retina, we used Rx-Cre (26), in which Cre was previously
shown to be enriched in the retinal progenitor cells from the
beginning of eye development, hence making this Cre line
ideal for the selective ablation of Pals/ in the entire retinal
progenitor cell population, as well as in their descending
retinal neurons. When we examined the Cre expression
pattern using the ROSA26R-lacZ indicator line, the Rx-Cre
line showed a somewhat variable degree of Cre expression
in retinal progenitor cells at E15.5 (Fig. 1G—I) and in the
mature Pals]-deleted retina at P35 (Fig. 1J and K). In addition,
other neighboring non-neural tissues like the ciliary body, iris,
retinal pigmented epithelium (RPE), lens and forebrain
showed varying degrees of Cre expression. We also used
another retina-specific Cre transgenic line, Chx10-Cre, but
the resulting phenotypes were weaker, potentially due to a
delayed and heterogeneous Cre expression in retinal progeni-
tor cells (27).

Palsl conditional knock-out (CKO) mice (Pals/™/;
Rx-Cre) showed no obvious external defects other than the occa-
sional moderate-to-severe microphthalmia (Fig. IL-N). We
then examined embryonic and postnatal retinas for defects in
retinal lamination, common phenotypes observed in retinas
with polarity defects (28—30). Locally disorganized regions
were occasionally detected in Pals/-deficient retinas emerging
at E15.5. In addition, lamination defects such as retinal folds
became more frequent and prominent at E17.5 compared with
those of wild-type (WT) controls (Fig. 2A, B, F and G). Palsi-
deleted embryonic retinas showed variable thickness compared
with the WT littermates, due to retinal folding (Fig. 2B and G).
At PO, localized pseudorosettes were formed more regularly and
displayed a mature shape, and thinning and disorganization of
the inner plexiform layer and ganglion cell layer became
evident (Fig. 2C and H). At P14 and onward, the retinal
laminar was fully developed in WT mice, whereas the lamina
of the Palsl-deficinet retinas became locally thinner and
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Figure 1. Expression and localization of Crb polarity complex proteins at the apical margin of the retinal epithelia. Immunostaining of Palsl (A), pan-Crb
(B) and Patj (C) proteins in WT retinas at E16.5 (A), E13.5 (B) and E12.5 (C). (D and D’) AJC localization of Crb proteins shown with adherens junction
markers, N-cadherin (upper) and B-catenin (lower) at the apical margin of E15.5 retinas. Note that the enlarged images (insets) show apical localization of
Crb proteins relative to AJ proteins in the AJC. (E and F) Pals! in situ hybridization at E12.5 and E14.5 shows weakly expressed transcripts in retinal epithelia.
Red arrows demark the RPE. (G—K) Determination of Cre expression in ROSA26R-lacZ;Rx-Cre mice by X-Gal staining followed by eosin counterstaining. Two
representative X-gal-stained images show the non-homogeneous Cre expression in developing WT retinas at E15.5 (arrows in H and I) and adult Pals/ CKO
retinas at P35 (arrows in J and K). (L and M) Representative images of WT (L) and Pals/ CKO (M) mice at P23 show an infrequent microphthalmia phenotype
in Pals! CKO. (N) Eyeballs harvested from 5-month-old Pals/ CKO, heterozygote and WT littermates for size comparison (left to right). Le, Lens. Scale bars

(A-D), 48 pm; (G-I), 200 pm.

severely disorganized (Fig. 2D, E, I and J). Pseudorosette forma-
tion is reminiscent of a Crb/ KO phenotype, in which the defect
in cellular adhesion between the photoreceptors and Muller glia
cells caused focal rosette formation in the adult stages (31). In
addition, we observed a shortening (or complete absence) of
the IS and OS of photoreceptor cells at P14 and P60 compared
with those in the WT control retinas (Fig. 2D1, E1, I and J).
At the adult stages, such as P60 and P35, the Pals/ CKO
retinas are generally devoid of the photoreceptor layer, either

partially or completely (Fig. 2E and E1, and data not shown).
Furthermore, we observed the degeneration of other retinal
cells in the inner nuclear and ganglion cell layers during the
early postnatal stages, which progressively worsened at later
stages (data not shown). As a result, the ONL was completely
absent in the severely affected adult retinas (Fig. 2E), whereas
the inner nuclear and ganglion cell layers were less severely
affected. However, we noticed some degree of phenotypic vari-
ation among Pals! CKO retinas at all of the examined stages.
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Figure 2. Progressive lamination defects and degeneration of Pals/ CKO retinas. H&E staining of retinas from WT control (bottom row) and Pals! CKO mice
(top two rows) at E15.5 (A, Al and F), E17.5 (B, B1 and G), PO (C, C1 and H), P14 (D, D1 and I) and P60 (E, E1 and J) reveals the defects in retinal lamination,
IS and OS formation and survival of the photoreceptor cells. Retinal folds and/or pseudorosettes (asterisks in B1, C1 and D1), shortened or deleted IS and OS
(arrows in D1) and retinal thinning (E1) are shown. Le, Lens. Scale bars, 200 pwm.

Heterogeneous Cre expression in Rx-Cre may be responsible for
these phenotypic variations. The retinas lacking only one copy
of the Pals] gene (heterozygote) also showed phenotypes such
as lamination defects, and pseudorosette formation, although
the degree was weaker than that of the CKO (data not shown).
This finding suggests a dose-dependent requirement of Palsl
function in retinal progenitor cells as observed in developing
cerebral cortex (24). In addition, these results suggest that
Pals1 function is essential for laminar formation in both embry-
onic and postnatal retinas. This represents the first finding that
LCAS-like pathology can be initiated by polarity defects in
retinal progenitor cells during embryonic eye development.

Palsl loss disrupts Crb polarity complex at the apical
junction of the retina

Pals1 functions as a core scaffold of the Crb polarity complex,
recruiting two other proteins, Crb and Patj. In the retina, the
Crb complex localizes to the AJC in the embryonic retina
and the OLM of the mature retina; correct Crb localization
depends on Palsl (14). In general, the three core Crb polarity
complex proteins are mutually dependent for normal localiza-
tion and function.

To assess the distribution and localization of the Crb polar-
ity complex proteins in the absence of Palsl, we performed
immunostaining at PO and P60, using Pals1- and Patj-specific
and pan-Crb antibodies. The distribution of all three Crb polar-
ity complex proteins, Palsl, Crbs and Patj, was partially
disrupted or mislocalized in retinal regions with lamination
defects at PO (Fig. 3A, C, E and G, and data not shown). Com-
pared with Ezrin staining, which localizes to the apical villi of
the surrounding the RPE that lies immediately apical to AJC,
Pals1 or pan-Crb staining in Pals! CKO retinas was abnormal-
ly detected in the inner retinas, unlike in the WT counterpart,
in which they localize at the AJC. This ectopic localization

marks the apical edge in the inner surface of the premature
pseudorosettes (or retinal folds), where IS and OS are
located. In addition, the discontinuation and disruption of
Palsl and Crb-1 localization at the AJC were seen in the
apical edges of the PO Pals! CKO retinas (Fig. 3E and G).
At P60, the apical localization of the Crb complex proteins,
Pals1 and Crbs, in the OLM was frequently absent or diffused
(Fig. 3B, D, F and H). Furthermore, the apical distribution of
Par3, a core member of the Par polarity complex containing
Par3/Par6/aPKC, was disturbed in the Palsl-deficent retinas
(Fig. 31 and J), supporting the previously described interaction
between two collaborative apical polarity complexes (17,18).
In addition, we determined the integrity of the adherens junc-
tions by B-catenin immunostaining, which revealed a disor-
ganization of adherens junctions as shown by the lack of
B-catenin localization at the apical surface of the Pals/
CKO retina at P60 (Fig. 3K and L). We also examined the
apical extensions of the photoreceptor cells, IS and OS
(Fig. 3D and H). The gap between the OLM (red Crb staining)
and apical villi of the RPE cells (green Ezrin staining) normal-
ly contains the OS and part of the IS of the photoreceptor cells.
In Palsi-deleted retinas, the complete absence or apparent
shortening of these structures was clearly demonstrated.
Together, these results support the notion that the scaffolding
function of Palsl is required for the proper assembly
and maintenance of the apical polarity complex proteins
and the apical structures in the retinal epithelia and photo-
receptor cells.

We further investigated the cellular defects of photoreceptor
cells in Pals] CKO retinas, using transmission electron
microscopy at P21, when the retinal lamination is in the
process of deterioration. We observed that the Pals-deficient
ONL generally exhibits a thinner and less regular appearance.
Oftentimes, the ONL was locally extruded outward to the
RPE side and some photoreceptors lacked both IS and OS
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Figure 3. Disruption of apical polarity complex proteins and apical junction by Pals/ ablation. Immunostaining of Palsl (red in A, B, E and F) and Crbs (red in
C, D, G and H) on WT (A-D) and Pals! CKO retinal sections (E—H) at PO (A, C, E and G) and P60 (B, D, F, and H) shows disruption and internalization of
apical Pall and Crbs staining in retinal epithelia. Insets in (A) and (C) show Palsl and Crbs, respectively, staining (white arrows) at the AJC. Ezrin staining
(green in A, C, D, E, G and H) marks the apical process (or villi) of RPE cells, which lies on top of the AJC. Arrows in (E), (G) and (H) indicate mislocalized
Crb complex proteins in the middle of retinal epithelia, and arrowheads in (F) and (H) indicate the absence of Palsl and Crbs in the OLM of the adult retinas,
respectively. (I-L) Localization of Par3 (red in I and J) and B-catenin (green in K and L) at the OLM of the retina is also disrupted in Pals/ CKO retinas (J and

L) compared with WT control (I and K) at P60 (arrowheads). Scale bar, 48 pm.

(Fig. 4A-D). Pseudorosettes formed by the abnormal aggrega-
tion of rods contained short and distorted OS and IS (Fig. 4B,
inset), which is consistent with remaining R4D2 staining in the
inner lumen of the pseudorosettes (Fig. 6B). As a result,
photoreceptor cell bodies in the ONL were juxtaposed to the
RPE, consistent with the previous findings [Fig. 4B and C,
2D, 6A and B (2)]. Similar to the adherens junction defects
reported previously in Crb/ '~ mouse (21), apical junctions
(OLM) were disrupted in the area of disorganized lamina
(Fig. 4D). Junctions were relatively intact where the OLM is
maintained, although the OS were shorter (Fig. 4C). In add-
ition, the OLM was discontinuous and disrupted in the
retinal regions exhibiting ONL laminar defects, supporting
the notion that the laminar defects in Pals/ CKO retinas
resulted in part from defects in apical junction formation in
the OLM (Fig. 4C and D). When the OS of photoreceptor
cells are preserved, they are often significantly reduced in
size and exhibit a rounded rather than elongated morphology
(Fig. 4E and F). Pycnotic cells were also found occasionally
in the ONL, confirming the observation of cleaved caspase
3% (CC3™) cells in Pals] CKO adult retinas (Figs 4C and D
and 70). These results suggest that polarity complex proteins,
including Palsl, are essential for forming specialized apical
substructures, OLM, IS and OS, to maintain apical polarity
of the retina and adhesion among retinal cells.

PalsI-deficient mice are visually impaired

Histologic and transmission electron microscopy analyses of
the Palsl-deleted retinas shown in Figures 2 and 4 revealed
not only retinal lamination defects and hypocellularity but

also a reduction in thickness of IS and OS occurring through-
out postnatal development. Although variations of the severity
exist among genotyped animals, Pals! CKO retinas at P60 can
be generally characterized by the thinning or disorganization
of the ONL (Fig. 5SF-M). Remarkably, some of the Palsi-
deficient retinas preserve the majority of the photoreceptor
cells at P60 (Fig. 5G and H), which likely resulted from the
heterogeneity of the Cre expression in our Rx-Cre transgenic
line. Since previous work implicated abnormal development
of the OS of photoreceptor cells in retinal degeneration, we
anticipated that these Palsl-deficent retinas possess limited
visual capacity (1,2,32).

To determine the visual activity of Pals/ CKO animals, we
applied scotopic ERG, measuring the electric response of the
retina after dark adaptation. WT retina at P60 showed increased
electrical responses of photoreceptor cells (a-wave) and inter-
neurons (b-wave) as the intensity of the flash light increased
(Fig. 5A). However, both a- and b-waves were reduced or
almost undetectable in Pals-deficient retinas (n = 4), suggest-
ing severe defects in visual function in Pals/ CKO mice
(Fig. 5B—D). When we plotted the b-wave response, we
found that most of the Pals/ CKO mice showed a decreased
ERG response except in one Pals! CKO retina that showed a
less compromised visual function and undisturbed retinal
morphology (CKO22L in Fig. 5E, and data not shown). We
observed a close correlation between the retinal histologic phe-
notypes and ERG responses. The Pals! CKO mouse with severe
retinal morphologic defects shows the most severely affected
ERG response. This observation agrees with a previous
finding that OS dysplasia has a strong correlation with ERG
loss in the Rp/ CKO mouse (33). In addition, we determined
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Figure 4. Subcellular phenotypes of Palsi-deficient retinas. Electron microscopic analysis at P21 reveals defects in the OLM, IS and OS. (A) WT retinal region
corresponding to parts of the ONL, OLM, IS and OS is shown. OLM is located at the top of the ONL containing photoreceptor cells, rods and cones. (R, rod; C,
cones). (B) Pals! CKO retina shows apical protrusion of the ONL, the inner nuclear layer’s intrusion to the ONL and the disrupted IS and OS remaining within
the pseudorosette (inset). As a result, photoreceptor cells are juxtaposed with the RPE while OS are in direct contact with the overlying RPE. (C) The gradual
shortening and deletion of IS and OS and abnormal arrangement of photoreceptor cells become evident at the border between affected and unaffected areas.
Apoptotic cells in (C) and (D) are marked with an asterisk. (D) Discontinuation of the OLM is demonstrated by the absence of the arrows in Pals/-deficient
retinas. (E and F) The OS are shorter and disorganized in Pals! CKO retinas compared with the elongated morphology in WT (E). Scale bars, 1 to 5 pm.

the retinal activity of younger animals to determine the initial
stage at which Pals/ CKO mice begin to lose vision. When
Pals] CKO mice were subjected to ERG at P21 (n = 2) and
P35 (n = 4), we observed a severely reduced ERG response in
some of the CKO mice when compared with WT littermates
(data not shown). Although we further attempted to determine
ERG responses in P14 Pals] CKO mice, which had just
opened their eyes, we were unable to measure a reliable ERG
recording because of the reduced size of the eye opening in
these mice. Based on this result, we suspect that both photo-
receptor and non-photoreceptor cells show defects in visual
responses, and degeneration of the retinal photoreceptor cells
is not a prerequisite of the vision loss in LCA patients. Rather,
the subcellular defects in the photoreceptor cells, such as OS
shortening and irregular lamination, can impair normal visual
function in Pals! CKO mice.

Abnormal retinal cells in PalsI-deficient retinas

Polarity complex proteins are not only important for establish-
ing apico-basal polarity in epithelial cells, but are also
involved in many critical cellular processes such as fate deter-
mination, directed cellular migration and development of
specialized cellular structures (24,34). Of these processes,
cell fate determination involving asymmetric inheritance of

fate determinants in daughter cells is exemplified in Drosoph-
ila neuroblasts (35,36). In the developing cerebral cortex, the
deletion of Pals! induces precocious differentiation of cortical
progenitor cells, leading to the depletion of the progenitor
pool (24).

To examine the effects of Pals/ CKO-mediated polarity
disruption on retinal neurogenesis and survival, we examined
the presence and distribution of retinal neurons at two post-
natal stages. Since primary retinal differentiation and lamin-
ation are completed by P14, analysis at this stage provides a
window in which to examine the completion of retinal neuro-
genesis. Additionally, we choose P60 to study the survival of
seven different retinal cells, using retinal cell-type-specific
markers. At P14, when Pasll CKO retinas undergo localized
lamination defects manifested by retinal folds or pseudorosette
formation, all of the retinal markers were present but most
were reduced in number and misplaced, whereas retinal thin-
ning and hypocellularity were evident at P60. For example,
the photoreceptor OS-specific R4D2 staining partially disap-
peared at the retinal apical margin, and was subsequently con-
centrated in the photoreceptor cell body in the defective region
(Fig. 6A and B). Apical cone cells marked by cone arrestin
immunostaining at IS, OS and synaptic termini were also
reduced in number, and cone segments were shorter and
deformed. At P60, the OS-specific R4D2 stain was almost
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Figure 5. Impaired visual response of Pals/-deficient retinas. Raw ERG waveforms of WT (A) and three Pals! CKO retinas (B—D) at P60. Scotopic b-wave was
recorded from P60 WT and Pals! CKO mice to a series of flash lights ranging in intensity from —3.81 to —0.79 log scotopic cd/m?. (E) Plots of the maximum
b-wave amplitudes for increasing intensity of flashing light for WT (square) and Pals! CKO mice. Note that four different Pals/ CKO retinas show heteroge-
neous ERG responses. (F—M) Matched H&E staining shows different degrees of the global morphologic defects, ranging from disorganized lamination, photo-
receptor segment shortening/deletion and degeneration. (J—M) Close-up images of WT and Pals/ CKO retinas are shown. Scale bars, 200 pm.

completely absent though its cytoplasmic accumulation
remained relatively unchanged (Fig. 6C and D). Cone cells
expressing cone arrestin were clearly decreased and morpho-
logically abnormal at P60. Overall, the total photoreceptor
cell number was greatly reduced at P60 (Fig. 6C and D).
Pax6' amacrine and ganglion cells were relatively normally
distributed at P14 and P60, although some apically misplaced
Pax6™ cells indicated a severe retinal tissue polarity defect in
Pals] CKO (Fig. 6E—H). Total Pax6"' cells were greatly
reduced at both stages. GS staining at the apical processes
of the Muller glial cells was locally absent at the OLM of
the Pals] CKO retinas at P14 and P60, showing that the
apical junctions (OLM) formed between Muller glia and
photoreceptors are defective (Fig. 6E—H). Bipolar and hori-
zontal cells stained with Chx10 and calbindin antibodies, re-
spectively, were reduced in number, but relatively normally
localized with the exception of some bipolar cells ectopically
located in the apical region of the Pals!/ CKO retinas at P14
(Fig. 61 and J). The neuronal marker, -tubulin, was also ecto-
pically distributed at the apical region of Pals/ CKO retinas,
and the thickness of the inner plexiform layer was significantly
decreased at both stages (Fig. 6M—P).

In summary, Pals! CKO retinas show multiple phenotypes,
including OS dysplasia, degeneration and mislocalization of
retinal neurons, suggesting essential roles for Palsl in
forming the apical structure of the photoreceptor cells, main-
taining the laminar organization and supporting the survival
of the retinal cells.

Cell proliferation was variably affected in PalsI-deficient
retinas

As the previous histologic and marker analyses suggested the
loss of retinal cells in Pals! CKO retinas, we next explored
whether polarity disruption exerts any effects on the self-
renewal and maintenance of the retinal progenitor cells.

We used BrdU, a thymidine analog, to determine the size of
the pool of retinal progenitor cells undergoing the S-phase of
cell division. BrdU was injected into E15.5 and E17.5
timed-pregnant females 30 min before the tissue harvest, and
mitotic retinal cells in the S- and G2-phases of the cell cycle
were marked with the immunofluorescence staining using anti-
BrdU antibody. In WT embryos, the retinal progenitor cells in
the S- and G2-phases were positioned in the lower side of the
outer neuroblastic layer (Fig. 7A). Cells in the apical side of
the retina and inner neuroblastic layer lacked BrdU because
M-phase cells and post-mitotic cells are located in the apical
margin of the outer neuroblastic layer and inner neuroblastic
layers, respectively. An apically localizing subset of
M-phase cells was simultaneously determined using pH3 anti-
body. In Pals! CKO retinas, the pattern of BrdU-labeled div-
iding cells was disorganized in lamination-defective regions
(Fig. 7B and C). As a result, the boundary between dividing
(outer neuroblastic layer) and differentiated (inner neuroblas-
tic layer) cells was not clearly defined in Pals/ CKO retinas,
and the pH3" cells were not exclusively localized in the
apical side of the retina. This aberrant localization of pH3™
cells in the inner retina clearly demonstrated the disruption
of retinal polarity. We then quantified the fraction of BrdU™
and pH3" cells from both WT and Pals! CKO mice. As
shown in Figure 7D, the average percentage of BrdU™ cells
was slightly higher in Pals/ CKO retinas at E15.5 than in
WT [33.96 and 31.95%, respectively (n =4 and n=15)].
However, the average percentage of BrdU™" cells at E17.5
was slightly reduced in Pals] CKO retinas (30.43 versus
28.60%, n = 3), suggesting potential detrimental effects on
the maintenance of the progenitor pool in polarity-defected
retinas. It is notable that Pals/-deficient retinas showed a
greater extent of variation in the fraction of retinal progenitor
cells undergoing cell division at E15.5 (Fig. 7D). Pals! CKO
retinas showing the lowest and highest BrdU fractions were 25
and 39%, respectively. Quantization with pH3 staining also
showed similar results (2.23% in WT versus 2.39% in Palsl
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Figure 6. The effect of polarity defects on retinal neurons. Representative images of fluorescent antibody staining show the defects in expression and localization
of retinal markers. WT (A, C, E, G, I, K, M and O) and Pas/] CKO (B, D, F, H, J, L, N and P) retinas at P14 (A, B, E, F, I, J, M and N) and P60 (C, D, G, H, K,
L, O and P). (A—D) Retinal sections were stained with R4D2 (red) and cone arrestin antibodies (green). The absence and/or reduction of R4D?2 staining in the OS
of the photoreceptor cells (white arrows) and ectopic accumulation in the cell body (white arrowheads) around the retinal folds/pseudorosettes are demonstrated.
Note that R4D2" OS are nearly completely missing at P60, whereas rod and cone cell numbers were significantly decreased. (E—H) Retinal sections were stained
with Muller glia-specific GS (red) and Pax6 (green) for amacrine, ganglion and horizontal cells. The disrupted apical processes of the Muller glia cells at P14 (red
arrowheads) became evident in the retinas undergoing lamination defects. Apically mislocalized Pax6™ cells are marked with white arrows. (I-L) Retinal hori-
zontal and bipolar cells were stained with calbindin (red) and Chx10 (green). Misplaced bipolar cells are shown at the apical region of Pals! CKO retina (green
arrows). (M—P) Retinal neurons were stained with B-tubulin III (red). B-Tubulin IIT"" processes of the retinal neurons (ganglion and amacrine cells) are apically
routed (red arrowheads) and the thickness of the inner plexiform layer is reduced in Pals/ CKO retinal sections. All retinal nuclei were counterstained with
Hoechst 33342 (blue). Retinal layers are indicated with white lines (A and C); OS, outer segments; ONL, outer nuclear layer; INL, inner nuclear layer;
GCL, ganglion cell layer. Scale bar, 48 pm.

CKO at E15.5 and 3.06% in WT versus 2.00% in Pals! CKO
at E17.5), supporting the idea that Pals! CKO retinas might be

stages (Fig. 7H-J and O). Although we frequently observed
dying cells in retinal regions showing lamination defects, we

defective in maintaining a progenitor pool. This observation in
the retina contrasts with previous results showing that the pool
of BrdU and pH3™" cells was markedly reduced in the Palsi-
deficient cortex (24).

Apoptotic cell death was moderately increased
in PalsI-deficient retinas

To determine whether Palsl-ablated disruption of the Crb
polarity complex affected the survival of retinal progenitor
cells, we stained retinal sections of WT and Pals/ CKO
mice with an anti-CC3 antibody. In WT retinas at E15.5,
E17.5 and PO, we observed that a low number of cells
were undergoing apoptosis (Fig. 7E—G). A moderate
increase of CC3%1 cells was observed in Palsl-deficient
retinas throughout embryonic, early postnatal and adult

also observed, although less frequently, pyknotic cells in the
Pals] CKO retinas that displayed no obvious lamination
defects (data not shown). This finding suggests that cell
death precedes retinal disorganization in Pals/-deficient
mice. At E17.5, ~76% of the dying cells were located
within the INBL. We then determined the identity of
CC3*" cells by double-staining with antibodies against
CC3, and other markers such as BrdU/cyclin DI and Pax6,
which specifically stain retinal progenitor cells and gan-
glion/amacrine  cells, respectively. As shown in
Figure 7K—M", the majority of CC3 cells are BrdU and
cyclin D17, but are Pax6" in the Pals/ CKO retinas, sug-
gesting that these are newly generated post-mitotic
neurons, such as ganglion and amacrine cells. This observa-
tion also indicates that Pals/-ablated retinal progenitors are
resistant to apoptotic cell death. This is consistent with a
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Figure 7. Altered cell proliferation and increased cell death in the Pals/-deficient retina. (A—C) BrdU purse labeling analysis shows normal cell proliferation
behavior in the PalsI-deficient retina. Representative images showing the lowest and highest fractions of BrdU™ cells in Pals/ CKO retinas (B and C, respect-
ively) are compared with that of WT (A). (D) Quantification of cells undergoing cell division using BrdU and pH3 immunostaining shows minor differences at
both E15.5 and E17.5 in both WT and Palsi-deficient retinas. (E—J) Increased number of apoptotic cells were detected in embryonic and neonatal Pals! CKO
retinas. Anti-CC3 staining (red) at E15.5 (E and H), E17.5 (F and I), PO (G and J) and P35 (O) show increased number of apoptotic cells in Pals/ CKO (H-J)
compared with WT (E—G). (K—M) Double-staining with CC3 (red) and other progenitor/early neural markers (green) shows that the majority of CC3™ cells are

BrdU™ and cyclin D17,
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previous finding in cortex deficient of Pals! (24). We also
performed an in-depth analysis at E17.5 and PO and
observed ~8- and 3.5-fold increases in CC3" apoptotic
cells in Pals] CKO retinas above those observed in the
WT littermates [Fig. 7N, n =4 (P =0.004132) and n=3
(P =0.00099), respectively]. At adult stages, CC3*" cells
in Palsl CKO retinas were preferentially observed in the
ONL where photoreceptor cells reside (Fig. 70), showing
a degeneration of photoreceptor cells in Palsl-deficient
retinas. These results suggest that Pals/-deficient newly
born retinal neurons at embryonic and postnatal stages and
photoreceptor cells at later stages are vulnerable to apoptotic
signal activation compared with the retinal progenitor cells.

Palsl1 loss activates both astrocytes and microglia

Retinal damage caused by photoreceptor degeneration is often
accompanied by characteristic changes in cell morphology and
increased production of intermediate filament proteins in
neighboring glial cells, including Muller glia, microglia and
astrocytes, known as reactive gliosis (37).

To test whether Pals! deletion-mediated retinal damages
could trigger reactive gliosis in Muller glia cells and/or
retinal astrocytes, we assayed immuno-reactivity for glial
fibrillary acidic protein (GFAP), an early marker of reactive
gliosis in these cells (38). In P21 and P35 WT retinas, GFAP
was exclusively detected in retinal astrocytes and in the end
feet of Muller glia cells in the inner limiting membrane
(Fig. 8A and C). GFAP immuno-reactivity began to increase

and became greatly elevated in the radial processes and the
inner limiting membrane in P21 and P35 Palsi-deficient
retinas, respectively, suggesting the induction of reactive
gliosis in Pals! CKO retinas (Fig. 8B and D). In addition,
we observed some of the Muller processes extended above
the OLM, reaching the subretinal space (see asterisks in
Fig. 8B). We then examined microglia/macrophage activa-
tion, which mediates phagocytosis and the removal of cellu-
lar debris resulting from apoptotic cells predominantly in
ganglion cell and inner nuclear layers (39,40). The number
of retinal microglia/macrophages stained by Ibal antibody,
mainly localized in the inner and outer plexiform layers,
and nerve fiber layer, was significantly increased and they
were distributed throughout the entire retinal layers in P60
Palsl CKO retinas (Fig. 8E and F). These results are con-
sistent with previous observations demonstrating microglia
activation, proliferation and migration in other retinal degen-
eration mice (41,42).

DISCUSSION

Pals1 encodes a scaffolding protein essential for the assembly
and function of the Crb polarity complex in epithelial tissues,
including the retina. The Crb complex regulates cell polarity,
cell shape and adhesion, cilia formation and cell proliferation
(16,30,43,44). Abnormal regulation of the Crb complex is
implicated in such disease processes as tumorigenesis, cystic
kidney and retinal degeneration (13,20,21,31,45,46). The
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Figure 8. Upregulation of reactive gliosis markers in Pals/ CKO retinas.
GFAP immunostaining suggests the induction of reactive gliosis in Pals/
CKO retinas. (A—D) Sections of P21 (A and B) and P35 (C and D) retinas
from WT (A and C) and Pals/ CKO (B and D) were stained with GFAP
(green) to label retinal astrocytes in the inner limiting membrane and Pax6
in ganglion, amacrine and horizontal cells in ganglion cell and inner nuclear
layers. (B and D) GFAP immuno-reactivity (green) starts to increase in
Muller glia/astrocytes in Palsl-deficient retinas at P21 (arrowheads in B)
and is highly upregulated at P35 (D). Apical processes of Muller glia cells
are mislocalized in the subretinal space and the inner lumen of the pseudoro-
sette (asterisks in B). (E and F) The section of P60 retinas stained with micro-
glia/macrophage-specific Ibal antibody shows the increased microglia/
macrophage cells in the Pals/-deficient retinas (F) compared with that of
WT control (E). Pax6 (red) staining shows the cells in inner nuclear and gan-
glion cell layer. Scale bars, 48 pm.

role of Crb polarity in the vertebrate retina has been extensive-
ly studied using CrbI mutant mice, which elucidated the vital
adhesion function of the Crb complex at the OLM between
photoreceptors and Muller glia cells (14,21,47). In this
study, we disrupted the Crb polarity complex through
genetic ablation of Pals] at the beginning of retinal develop-
ment to address the function of Palsl during embryonic and
postnatal retinal development, and survival of the retinal
neurons. The results presented here also provide the unique
opportunity to visualize the cellular and molecular changes oc-
curring in photoreceptor degeneration mediated by polarity
defects.

Our studies with Pals/ CKO mice have uncovered not only
general defects that can be shared with other polarity gene muta-
tions, but also novel phenotypes caused by disrupting the Crb
polarity complex. The Palsi deletion partially disrupted the po-
larity of the retinas, which subsequently induced apical or basal
displacement of retinal cells, as demonstrated by pH3 ™, Pax6™
and Chx10™ cells (Fig. 6 and 7). Interestingly, we observed both
apical and basal mislocation of the retinal cells, indicating the
bi-directional disruption of the retinal polarity in Pals! CKO
retinas. AJC defect-elicited laminar disorganization observed
in the Pals! CKO retinas was initiated as early as E15.5. This
disorganization is mediated by the disruption of the apical polar-
ity complexes and adherens junction. Similar disturbances of
embryonic retinal organization have been reported in genetic
studies using the mutants of apical polarity genes, including

PKC-\, nagie oko (nok) (48,49), oko meduzy (ome) (30,50),
and an adherens junction gene such as glass onion (glo) (51).
For example, the PKC-N\ mutant displays severe retinal lamin-
ation pattern defects due to defects in the junction between dif-
ferentiating photoreceptors and retinal progenitors. In addition,
the mutations of nok (zebra fish Pals I homolog), which normal-
ly localizes in the junctional complexes of retinal epithelium
and photoreceptor cell layer, produce severe laminar defects,
similar to Pals! CKO in our study. The ome mutations of the
zebrafish Crb homolog, crb2b, display defects in the apical
structure of the photoreceptors, leading to a disorganization of
the entire retinal architecture. The glo (N-cadherin) zebrafish
mutant exhibits retinal patterning defects by affecting the polar-
ity of the neuroepithelia (52). Together, our results support that
Palsl plays a crucial role in retinal patterning by assembling
functional apical polarity complex and maintaining the polarity
and adhesion of the developing retinal epithelia.

We observed that an increased number of retinal postmitotic
cells undergo caspase3-mediated cell death in the absence of
Palsl. This induction of cell death causes retinal hypocellularity
throughout the embryonic and postnatal stages. During embry-
onic development, the majority of dying cells were not retinal
progenitor cells, but rather post-mitotic newly born retinal
neurons including Pax6™ amacrine/ganglion cells. Similarly,
in the Pals-deficient cortex, the apoptotic, precociously differ-
entiated neurons were greatly increased at E12. However, the
retinal cells showed a steady level of dying cells throughout
the developmental and postnatal stages, whereas the Palsi-
deficient cortex caused extensive apoptosis over a short period
oftime, peaking at E11 and E12. It was previously demonstrated
that the extent of apoptotic cell death largely depends on the
strength of the Crb/ mutation. For example, Crbl /™ retinas
showed degeneration of most retinal cell types exceg/t ganglion
cells at the affected foci (47), whereas Crbl“***""~ retinas
showed photoreceptor-specific cell death in the region (20).
Interestingly Palsi-deficient retinas showed degeneration of
most cell types at P14, as the retinal thinning and reduction of
marker-specific cells were prominent in all three nuclear
layers. Along with the embryonic manifestation of cell death,
this observation suggests Palsl’s general role in the survival
of entire classes of retinal cells during embryonic and early post-
natal stages. Palsl is additionally required for the survival of
retinal photoreceptor cells. At adult stages, the majority of
dying cells are photoreceptor cells, indicating Pals1’s specific
role in the survival of photoreceptor cells in the mature retina.

Disrupted cell polarity is often associated with abnormal
changes in cell proliferation behavior, including tumor devel-
opment and progression (53,54). In cancers caused by viral
oncogenes, the Crb polarity complex protein Patj degrades
prior to malignant transformation (55,56). In Palsi-deficient
mouse cortex, the size of the BrdU" progenitor pool was
decreased due to defective progenitor self-renewal and ele-
vated cell cycle exit (24). Although we found no statistically
significant differences in cell proliferation between WT and
Pals] CKO mice at E15.5 and E17.5 (P > 0.005), we did
observe more variations in the fraction of BrdU™ cells in the
Pals] CKO retinas compared with those in the WT mice
(25-39% in CKO compared with 29-34% in WT). This
result may indicate that Pals/ CKO retinas undergo a
sudden increase and then subsequent decrease in cell



proliferation at or around E15.5. It is also likely that the
observed transient increase in dividing cells in polarity defect-
ive retinas is compensated by a subsequent induction of cell
death (Fig. 7). At E17.5, the size of the dividing retinal pro-
genitor pool was decreased slightly, possibly due to a defect
in maintaining retinal progenitors or to an increase of cell
death in Palsi CKO retinas. This observation contrasts with
previous work that reported a significantly decreased cortical
progenitor pool in the developing Pals/-ablated cortex at
E12 and E14 (24).

Pals1 is specifically required for full maturation of photo-
receptor cells; premature formation of IS and/or OS in Palsl
CKO retinas may facilitate degeneration. Generation of imma-
ture photoreceptor cells with shorter or deleted OS in several
genetic mutants such as Crx and A4hil is thought to undergo
a similar degeneration pattern (1,2,32,57). In the Crx mutant,
in which the OS formation is interrupted, photoreceptor cells
degenerated, and ERG activity was lost at P30. In mutations
of the 4hil-encoded cilium-localizing protein, the opsin pro-
teins were abnormally localized in the cytosol, and OS forma-
tion failed, both of which are analogous to Pals/-deficient
photoreceptors. Since Crx and Ahil encode transcription
factors required for photoreceptor differentiation and protein
localization to the cilium connecting IS and OS, respectively,
it is intriguing to investigate the role of Palsl in these
processes.

Pals] CKO mice exhibit the characteristics of human LCA
patients, including the early loss of ERG and severe retinal de-
generation. As determined by our ERG test, Pals/ CKO mice
showed visual impairment as early as P21, and we predict
from the severely affected retinal tissues observed in our histo-
logic analysis that the impairment may begin as early as P14
when the mice begin to open their eyes. Since we consistently
observe critical features that distinguish LCA from RP, includ-
ing lamination defects in early embryonic stages, early ERG
loss and steady retinal degeneration, we propose our Palsl
CKO mouse as a strong candidate for an LCA8-like model, re-
capitulating the pathologic features of human LCAS patients
caused by Crbl mutation. The absence of early-onset retinal
dystrophy in any known mouse Crb/ mutant may be explained
by the functional compensation by related Crb2 or Crb3. It has
been shown that Dcx (Doublecortin) mutant mice failed to
reveal cortical neuronal migration defects exhibited in
human patients, but the double-mutant with close homolog
Dclk (Doublecortin-like kinase) successfully recapitulated
the migration phenotypes (58,59). It is plausible that either
double or triple KO of Crb family genes in mouse would
induce the similar phenotypes that were observed in this
study using Pals/ CKO.

Interestingly, human LCAS8 patients, regardless of age,
exhibit coarsely laminated, thick central retina (the region
around the fovea) (60—62), which is unlike other LCA patients
with genetic mutations in RPE65 and GUCY2D, who show
retinal thinning as a consequence of retinal degeneration. The
Pals] CKO retinas in our study showed a temporally thick
retina at E15.5, which then became thinner due to the increase
of retinal cell death throughout developmental and adult
stages. Nevertheless, both human LCAS patients and Pals/
CKO retinas share retinal lamination defects. Although it is dif-
ficult to understand the retinal thickening mechanism in human

Human Molecular Genetics, 2012, Vol. 21, No. 12 2673

LCAS patients with CRBI mutations, species differences may
account for this dissimilarity, as rodents do not have a fovea.
Consistent with this explanation, all mouse Crb/ alleles tested
also showed retinal thinning. The earliest stages that Crbl
mutants exhibit the retinal phenotype varies from 4 weeks
(Crb1™) (21), to 3 months (CrbI~’7) (47), to 8 months
(Crb1<**™) (20), which are all significantly later than the
defects seen at E15.5 in the Pals! CKO mouse. In addition,
Pals1 CKO retinas show disruption/mislocalization of the inter-
acting partners in the AJC of E15.5 retinas. The manifestation of
this phenotype is significantly earlier than in the Crb/ mutants,
all of which show postnatal perturbations of the apically local-
izing proteins. Although the characteristics of postnatal defects
exhibited in these Crb/ mutants are similar to those of our Pals/
CKO, the initiation and the extent of the retinal phenotypes are
earlier and more severe in Pals/ CKO mice. Recent studies util-
izing a Palsl conditional knock-down (CKD) strategy has
revealed the requirement for Pals/ in the developing retina
and RPE (63). Pals] CKD mice collectively exhibit similar
but weaker and delayed defects, including partial disruption
of apical proteins, laminar disorganization, persistent apoptotic
activation and visual attenuation, compared with those of our
Pals] CKO. Interestingly, RPE cells in Pals/ CKD show
altered structural features such as shortening of the apical
villi, and increased size and number of vacuoles, thus suggesting
the contribution of Palsl-mediated RPE phenotypes in LCA
pathology. In our study, we observed relatively infrequent, dis-
organized RPE at E15.5 when Pals] was deleted with Rx-Cre
(data not shown). This phenotype was not detected with
Chx10-Cre, which is another retina-specific Cre line we used.
This difference can be explained by critical differences in the
two Cre lines we tested, including the extent, timing and hetero-
geneity of Cre expression in eye tissues. Since we observe a
certain degree of laminar disorganization, although weak, in
Pals’;Chx10-Cre mice (data not shown), we interpret
that Pals] ablation in the retina plays a significant role in
inducing LCAS8-like phenotypes in Pals’”;Rx-Cre mice,
although the contribution of the RPE needs to be further charac-
terized.

In the present study, we propose our Pals/ CKO as an
LCAS8-like model mimicking the early-onset, and severe
retinal degeneration of human patients. Pals/ mutations have
not been identified in human LCA patients, including LCAS,
potentially due to the widespread expression of the gene in
many tissues and its essential function during development.
It is likely that human patients with Pals/ mutations would
display either lethality or syndromic LCA with multiple com-
plications. Although Palsl may not be responsible for any
known or unknown LCA patients, our genetic studies have
revealed the faithful recapitulation of many aspects of LCA
phenotypes, highlighting the importance of the abnormal regu-
lation of the Crb polarity complex in the pathogenesis of LCA.
Furthermore, this study has uncovered the sequential changes
in embryonic and postnatal phenotypes caused by Pals/ abla-
tion, revealing a time window for applying therapeutic inter-
ventions in pre-clinical settings of human LCAS. For
example, retinal stem/progenitor cell- and gene-based therap-
ies can be administered at neonatal stages during which photo-
receptor cells remain relatively intact and the exogenous
retinal environment promotes retinal differentiation.
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MATERIALS AND METHODS
Animals, genotyping and generation of Pals] CKO mice

All animal handling, housing and experimentation were
approved by and conducted under the guidelines of the Uni-
versity of Texas Health Animal Welfare Committee and the
IACUC of the Baylor College of Medicine. Pals! flox allele
and Rx-Cre line were described previously (24,26). The pres-
ence and absence of Rx-Cre was determined by PCR analysis,
using two primers (sense: 5GTTGGGAGAATGCTCCGT
AA3’; antisense: 5’GTATCCCACAATTCCTTGCG3'). PCR
genotyping was done as described previously (24). Animals
with Palsl (PalsP”) flox alleles were crossed with Rx-Cre
transgenic mice (Pals?’* /+;Rx-Cre) to obtain the Palsl
CKO (Pals;Rx-Cre/+), heterozygote (Pals!”*;Rx-Cre/+)
and WT control littermates (Pals/”*, Palst”, PalsI™™).
The eyes/retinas from WT control littermates and/or age-
matched BL6 mice were used as controls.

In situ hybridization, histology and immunofluorescence

Palsl in situ hybridization was done as described previously
(24). For histologic staining, we fixed the entire embryo
heads and enucleated eyes of postnatal animals with 4% par-
aformaldehyde, embedded them in wax, sectioned and then
stained them with hematoxylin and eosin (H&E), using stand-
ard methods. Retinal cells undergoing apoptosis were detected
using a-CC3 antibody. For the immunofluorescence study, the
histologic slides (either paraffin- or cryo-sectioned) were sub-
jected to extensive antigen retrieval using citric acid (24), fol-
lowed by incubation with a primary antibody overnight at 4°C.
After three washes in PBS, the slides were incubated in a sec-
ondary antibody diluted 1:250 in blocking buffer [goat anti-
body to mouse conjugated with Cy3 and goat antibody to
rabbit conjugated with Alexa488 (Jackson ImmunoResearch
Laboratories, West Grove, PA, USA)] for 2h at room
temperature. Nuclear counterstaining was done with
Hoechst33342 (1:1000, Invitrogen, Carlsbad, CA, USA)
before mounting the cover slips with Fluore-G* slide-
mounting medium (Southern Biotech, Inc., Birmingham, AL,
USA). Visualization and imaging was achieved using an Axio-
plan 2 (Carl Zeiss Microimaging GmbH, Germany) or a con-
focal microscope (TCS SP5, Leica Microsystems GmbH,
Wetzler, Germany).

Antibodies

Primary antibodies used in this study were: BrdU (mouse;
1:250, Sigma, St Louis, MO, USA), calbindin (mouse, 1:200,
Abcam, Cambridge, MA, USA), N-cadherin and -catenin
(mouse, 1:200, BD Biosciences, Franklin Lakes, NJ, USA),
CC3 (rabbit, 1:200, Cell Signaling Technology, Danvers, MA,
USA), Chx10 (rabbit, 1:200, Abcam), cone arrestin (rabbit,
1:200, Dr Connie Cepko, Harvard Medical School, Boston,
MA, USA), pan-Crb (rabbit, 1:300, Dr Jarema Malicki, Tufts
Medical School, Boston, MA, USA), cyclin DI (mouse,
1:200, Santa Cruz Biotechnology, Santa Cruz, CA, USA),
Ezrin (mouse, 1:500, Abcam), GFAP (mouse, 1:400, Thermo
Fisher Scientific, Fremont, CA, USA), GS (mouse, 1:300, BD
Biosciences), Ibal (rabbit, 1:200, Wako Pure Chemical

Industries, Ltd, Richmond, VA, USA), pH3 (rabbit, 1:100,
Millipore, Temecula, CA, USA), Palsl (rabbit, 1:100, Milli-
pore), Par3 (rabbit, 1:100, Millipore), Patj (rabbit, 1:300, Dr
Andre le Bivic), Pax6 (mouse, 1:100, DSHB, Iowa City, IA,
USA), Pax6 (rabbit, 1: 200, Covance, Emeryville, CA, USA),
R4D2 [mouse, 1:200, (64)], B-tubulin III (mouse, 1:250,
Covance).

Electron microscopy

For electron microscopy, the retinas were fixed in 3% glutar-
aldehyde, stored with Millonig’s buffer for 5 min and replaced
with 2% OsO, for 1 h at 4°C. Tissues were then washed with
ddH,O for 5min and dehydrated by sequential standard
ethanol wash, followed by propylene oxide, 50% LX-112,
100% LX-112 incubation. Tissues were embedded in a flat
mold in a 70°C oven overnight for polymerization. Thick sec-
tions (500 nm) were cut using a Leica Ultracut-R microtome
(Leica Microsystems GmbH) and a glass knife, heat-fixed to
glass slides and stained with Toluidine Blue. 120 nm thin sec-
tions were cut using the same microtome and a diamond knife
(Daitome, Hatfield, PA, USA), placed on a 150 mesh copper
grid (EMS, Hatfield, PA, USA) and stained for 15 min with
2% uranyl acetate, rinsed with ddH,O, stained for 5 min in
Reynold’s lead citrate, rinsed and dried in a 70°C oven.
Images were obtained from the JOEL 1200 Transmission
Electron Microscope at 60 kV and captured with the 1k x
1 k Gatan Digital Imaging System (Electron Microscopy
Laboratory, Department of Pathology, UTHSC, Houston,
TX, USA).

Electroretinography

ERG was performed as described previously (65). Briefly,
animals were dark-adapted for at least 10 h before being sub-
jected to ERG testing. Dark-adapted mice were anesthetized
with an intramuscular injection of ketamine (37.6 mg/ml),
xylazine (1.92 mg/ml) and acepromazine (0.38 mg/ml).
Pupils were dilated with 1% tropicamide and 2.5% phenyleph-
rine, and 0.5% proparacaine was applied for corneal anesthe-
sia. The wvoltage difference between the corneal and
reference electrodes is amplified by a Grass P122 amplifier,
and the amplified signal was digitized by a National Instru-
ments (BNC-2090) board, and the digital waveforms were
stored by a custom Matlab program.

X-gal staining

Retinal sections of WT and/or Palsi CKO were post-fixed
with 4% paraformaldehyde in PBS on ice for 30 min, rinsed
three times in PBS and stained in X-gal reaction buffer con-
taining 35 mm potassium ferrocyanide, 35 mm potassium ferri-
cyanide, 2 mm MgCl,, 0.02% Nonidet P-40, 0.01% sodium
deoxycholate and X-gal for 1 to several hours at 37°C.

Quantification of S- and M-phase retinal progenitor cells

Pregnant females harboring E15.5 and E17.5 embryos were
intraperitoneally injected with BrdU (50 mg/kg body weight)
30 min before tissue harvest. Seven micrometers of paraffin



sections were stained for BrdU (Harlan Laboratories) and
phosphor-histone H3 (pH3). Quantification was conducted
on more than three retinas from both WT and Palsi CKO
mice. Hoechst33258" and BrdU™ or pH3™ cells were manual-
ly counted using Photoshop and ImageJ v1.38x (W. Rasband,
National Institute of Health, Bethesda, MD, USA) from con-
focal images obtained in Pas// CKO and WT (Leica TCS
SP5, Leica Microsystems).

Quantification of apoptotic cells

Apoptotic cells were stained with a-CC3 antibody at E15.5,
E17.5, PO and P35. More than three retinas showing lamination
defects at E17.5 and PO Pals! CKO and six control WT retinal
counterparts were used for quantification. Total dying cell
numbers were determined by manual counting of CC3™ cells
per frame using Photoshop and ImageJ v1.38x (W. Rasband)
in Pals] CKO and WT retinal images obtained from confocal
microscope (Leica TCS SPS5, Leica Microsystems).
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