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SUMMARY

Notch signaling in neural progenitor cell is triggered
by ligands expressed in adjacent cells. To identify
the sources of active Notch ligands in the mouse
retina, we negatively regulated Notch ligand activity
in various neighbors of retinal progenitor cells
(RPCs) by eliminatingmindbomb E3 ubiquitin protein
ligase 1 (Mib1). Mib1-deficient retinal cells failed to
induce Notch activation in intra-lineage RPCs, which
prematurely differentiated into neurons; however,
Mib1 in post-mitotic retinal ganglion cells was not
important. Interestingly, Mib1 in the retinal pigment
epithelium (RPE) also contributed to Notch activa-
tion in adjacent RPCs by supporting the localiza-
tion of active Notch ligands at RPE-RPC contacts.
Combining this RPE-driven Notch signaling and
intra-retinal Notch signaling, we propose a model in
which one RPC daughter receives extra Notch
signals from the RPE to become an RPC, whereas
its sister cell receives only a subthreshold level of
intra-retinal Notch signal and differentiates into a
neuron.

INTRODUCTION

Neural progenitor cells (NPCs) not only produce a variety of

neurons but also renew themselves, providing a mechanism

for coupling neurogenesis with tissue growth. An NPC can pro-

duce two NPCs or two neurons after a division. Alternatively,

an NPC can produce a neuron and an NPC through asymmetric

cell division and is able to preserve the NPC population during

neurogenesis. Cell-contact-dependent Notch signaling is known

to play a key role inmaintaining NPCs during development and in

adulthood (Gaiano and Fishell, 2002; Louvi and Artavanis-Tsako-

nas, 2006). Moreover, this signaling can differentiate the fates of

the two NPC daughter cells upon the asymmetric activation of

Notch in these cells.
C
This is an open access article under the CC BY-N
In Drosophila, the unequal segregation of the Notch signaling

regulator Numb differentiates the fates of two sensory precursor

(SOP) daughter cells (Frise et al., 1996; Guo et al., 1996). One

daughter cell contains Numb, which prevents Notch signaling

by triggering the endocytic downregulation of Notch (Berdnik

et al., 2002; Santolini et al., 2000), and becomes a secondary

precursor pIIb cell before differentiating into a neuron, whereas

the other lacks Numb and carries active Notch to become a

pIIa cell and then later shaft and socket cells. Similar asymmetric

inheritance of Numb by neuroblast daughter cells also differenti-

ates the fate of Numb-expressing ganglion mother cells (GMCs),

which divide a few more times to produce neurons at their final

division from a Numb-negative type-1 neuroblast (Karcavich

and Doe, 2005; Shen et al., 2002; Skeath and Doe, 1998). In

opposing to Numb inheritance to future neurons, a different set

of proteins, including Inscuteable (Ins), is accumulated in neuro-

blast by means of Par3/6 complex at the apical side, which

contacts to epidermis (Betschinger et al., 2003; Schober et al.,

1999). Therefore, both the intrinsic asymmetry of Notch activity

in two neuroblast daughters and positional cues provided by

the epidermis appear to be critical for polarizing the intracellular

distribution of Notch regulators and thus ensuring asymmetric

Notch activation.

However, Numb is less critical for asymmetric Notch activation

in vertebrate NPCs. Mouse homologs of Numb are equally

segregated intomitotic NPCs (Cayouette andRaff, 2002; Huttner

and Kosodo, 2005; Kechad et al., 2012). Moreover, the fates of

NPCs in developing mouse retinas lacking both Numb and

Numb-like (Nbl) are grossly indistinguishable from those in

wild-type mice, except that more photoreceptors are produced

at the final division of NPCs in the retina (Kechad et al., 2012).

In the embryonic zebrafish forebrain, Numb is also dispensable

for NPC maintenance, although Notch activity is still inherited

asymmetrically by two NPC daughter cells (Dong et al., 2012).

The daughter cell with higher Notch activity remains an NPC,

whereas the other, which has higher-level expression of Notch

ligands and the ubiquitin E3-ligase Mindbomb (Mib), exits the

cell cycle and differentiates into a neuron. Mib not only increases

the amount of active Notch ligands in the plasmamembrane that

contacts the neighboring cell membrane harboring Notch, it also
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induces ubiquitin-dependent endocytosis of Notch ligands,

thereby activating Notch in the sister cell (Itoh et al., 2003; Koo

et al., 2005; Lai et al., 2005; Le Bras et al., 2011). However,

although the discrete segregation of Notch activity is relatively

well conserved in vertebrates, the mechanism responsible for

establishing the initial asymmetry of Notch activity in NPC

daughter cells has remained unclear.

Here, in hopes of identifying a source of Notch ligands that

activate Notch signaling in retinal progenitor cells (RPCs), we

evaluated the roles of three different cell populations adjacent

to mouse RPCs: neighboring RPCs; post-mitotic retinal neurons

(PMNs); and the retinal pigment epithelium (RPE). Our results

newly revealed that unidirectional signaling fromRPE-expressed

Notch ligands to RPC-expressed Notch at the RPE-RPC contact

is a Notch signaling mode that, in addition to the reciprocal

Notch signaling between RPC daughters, can differentiate the

fates of two RPC daughter cells.

RESULTS

Redundant Expression of Notch and Notch Ligands in
the Developing Mouse Retina and RPE
Mammalian nervous tissues express multiple Notch receptors

and ligands in variouscombinations. Themouseembryonic retina

expresses two Notch receptors, Notch1 and Notch3, and four

Notch ligands, Delta-like 1 (Dll1), Dll3, Dll4, and Jagged-2 (Jag2)

(Figures 1A and S1A). Those three Dll ligands and two Notch re-

ceptors are commonly expressed in RPCs, thereby enabling

reciprocal Notch signaling between RPCs (Bao and Cepko,

1997; Lindsell et al., 1996; Rocha et al., 2009; Zhu et al., 2013).

In contrast, PMNs, which are concentrated in the ganglion cell

layer (GCL) of the mid-gestation embryonic mouse retina, lack

Notch mRNAs but express Jag2 mRNA (Bao and Cepko, 1997;

Lindsell et al., 1996; Nelson et al., 2009), suggesting that those

PMN-expressed Jag2 could also trigger Notch signaling in adja-

cent RPCs. The RPE, which interacts with the retina at the apical

side, expresses twoNotch isoforms (Notch1andNotch2) and two

ligands (Dll1 and Jag1) at relatively lower levels than those in the

retina (Figures1AandS1B).Despite thepresenceofNotchand its

ligands in mouse RPE, we failed to detect notable Notch activity,

assessed by examining mRNA expression of the Notch targets

Hes1,Hes5, andHey5 in mouse RPE (Figure S1B). This suggests

that Notch activity might be absent or very low in mouse RPE.

Notch1 and Dll1 immunoreactive signals were strongest at the

apical side of the retina (Figure 1B, left and center); by contrast,

Notch1 and Dll1 transcripts are reported to be distributed in

the middle of the neuroblast layer (NBL) of embryonic day

14.5 (E14.5) mouse retinas (Bao and Cepko, 1997; Lindsell

et al., 1996; Rocha et al., 2009). Upon closer observation of

immunostained mouse retinas by transmission electron micro-

scopy (TEM), we detected Notch1 proteins at intercellular junc-

tional areas between RPCs as well as in the nucleus and intracel-

lular vesicles (Figures 1C [inset no. 2 at left]–1E), as also seen in

NPCs of chick and mouse brain (Hatakeyama et al., 2014; Ohata

et al., 2011). Unlike brain NPCs, the RPC apical membrane,

which can make physical contacts with the RPE membrane

(Figure 1F), showed detectable expression of Notch1 (Figure 1C

[inset no. 2 at left]).
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In addition to those Notch receptors and ligands, we found

that Mib1, a major regulator of Notch ligands in the mouse ner-

vous system (Koo et al., 2007), is also expressed in the retina

and RPE (Figure 1B, right). In the retina, Mib1 was expressed

at a higher level in the GCL than in the NBL. Mib1 proteins could

be detected in cytoplasm and intracellular vesicles, which are

predicted to be endocytic vesicles of the retina and RPE cells

and contain Mib1 targets, including Notch ligands (Itoh et al.,

2003; Koo et al., 2005; Figures 1C [insets, middle]–1E). Together,

these results suggest that Notch1 is transported to the apical

side of RPCs and is capable of being activated by Notch ligands

arising from neighboring RPCs, PMNs, and RPE (Figure 1G).

Mib1 Is Essential for Notch Activation in RPCs in the
Same Lineage
The deletion of Notch1, Dll1, and Dll4 from the retina commonly

enhancesneurogenesis anddecreases theRPCpopulation (Jad-

hav et al., 2006; Luo et al., 2012; Rocha et al., 2009; Yaron et al.,

2006). However, owing to the redundant expression of Notch li-

gands in the retina, the phenotypes of Dll1- and Dll4-deficient

mouse retinas are not as strong as those of Notch1-deficient

retinas. Thus, eliminating Mib1 in RPCs, instead of eliminating

individual Notch ligands, might be a reasonable approach for

inactivating multiple Notch ligands simultaneously in the retina.

We thus examined the effects of Mib1 deletion on retinal

development by generating Mib1fl/fl;P6a-Cre mice, obtained by

crossing Mib1flox/flox mice (Mib1fl/fl; Koo et al., 2007) with Pax6

a-Cre (P6a-Cre) mice, which express Cre recombinase in

RPCs of the distal retina and their descendent retinal neurons

(Kim et al., 2017; Marquardt et al., 2001). Mib1fl/fl;P6a-Cre mice

developedmicrophthalmia (Figure 2A; Table S1). An examination

of anatomical characteristics revealed that post-natal day 14

(P14)Mib1fl/fl;P6a-Cremouse eyes had thin retinas with multiple

rosettes (Figure 2A) and contained fewer cells on average than

littermate Mib1+/+;P6a-Cre mouse retinas (Figures 2B and

S2C). However, the ratio of the outer nuclear layer (ONL)

cell number to the total retinal cell number was higher

in Mib1fl/fl;P6a-Cre mice compared with that of littermate

Mib1+/+;P6a-Cre mice, whereas the ratio of the inner nuclear

layer (INL) was lower (Figures 2B and S2D). These results indi-

cate that there is a relative gain of ONL cells (i.e., photoreceptors)

and a loss of INL cells in the Mib1fl/fl;P6a-Cre mouse retina.

Consistent with this interpretation, the numbers of horizontal

cells (calbindin-positive), bipolar cells (Vsx2-positive), M€uller

glia (Sox9-positive), and amacrine cells (Pax6-positive) in the

INL were significantly reduced in Mib1fl/fl;P6a-Cre mouse ret-

inas, whereas the numbers of cone photoreceptors (green/red

[G/R] opsin-positive) were increased (Figures 2C and 2D). Over-

all, these features are reminiscent of Notch1fl/fl;P6a-Cre mouse

retinas (Yaron et al., 2006), which are disorganized and show

overproduction of cone photoreceptors, but to a greater extent

than Dll1fl/fl;Six3-Cre mouse retinas (Luo et al., 2012).

The retinal disorganization was readily evident in E14.5

Mib1fl/fl;P6a-Cre mice, and the retinas of these mice were

remarkably smaller than those two of E14.5 Mib1+/+;P6a-Cre

mice, even though the overall eyecup size did not differ greatly

between genotypes at this stage (Figure 2E). Remarkably, the

space between the retina and RPE of E14.5 Mib1fl/fl;P6a-Cre
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Figure 1. Distribution of Notch Signaling

Components in the DevelopingMouse Retina

and RPE

(A) Diagram depicts the expression of Notch iso-

types and their ligands in the mouse embryonic eye.

Gene names in bold aremajor isoforms. CMZ, ciliary

marginal zone; GCL, ganglion cell layer; NBL, neu-

roblast layer.

(B) The distribution of Notch1, Dll1, and Mib1 in

E14.5 mouse retinas was examined by immuno-

staining (green). The relative distribution of Notch

signaling components in RPCs (Hes1-positive; red)

and PMNs (Tuj1-positive; blue) was also compared

by co-immunostaining. Bottom left images are

magnified versions of dotted boxes at top left, and

images in right-hand columns are magnified ver-

sions of those at bottom left. Arrows indicate Notch

signaling components enriched in the retina (bot-

tom) and RPE (top). Dotted lines are apical and

basal margins of the RPE.

(C) Distribution of Notch1 (left) and Mib1 (center) in

E14.5 mouse retina and RPE was examined by im-

mune transmission electron microscopy (iTEM) (see

details in Experimental Procedures). Notch1 and

Mib1 proteins in retinal sections were bound by

rabbit anti-Notch1 and anti-Mib1 antibodies,

respectively, which were then detectable by gold-

labeled anti-rabbit immunoglobulin G (IgG)

(a-rbIgG; highlighted by red dots at left and indi-

cated by red arrowheads at right). Non-specific

binding of gold-labeled a-rbIgG was also tested

(right). Images in the offsets are magnified versions

of the correspondingly numbered areas in the left-

hand columns.

(D and E) Numbers of gold particles in a 25-mm2 area

(D) and relative distribution of gold particles in the

compartments (E) in iTEM images are provided in

graphs. Values are averages of 25 images from four

samples (Notch1) and 28 images from five samples

(Mib1).

(F) TEM images of the retina-RPE border in the

E14.5 mouse retina are shown. The image at right is

a magnified version of the dotted box area at left.

AC, apical contact; JC, junctional complex.

(G) Schematic diagram depicts the possible modes

of Notch signaling in the developing mouse retina.

Three different cell pairs (numbered in the diagram)

have the potential to trigger Notch signaling.
mouse eyes was filled with blood cells, which might have been

released from hyaloid and/or choroidal vessels (Figure 2E, arrow

at bottom right). In contrast to the distinctive NBL and GCL

visible in Mib1+/+;P6a-Cre littermate mouse retinas, the layer

structures were indistinguishable in E14.5 Mib1fl/fl;P6a-Cre

mouse retinas. The malformed Mib1fl/fl;P6a-Cre mouse retina

was largely composed of Isl1-positive PMNs, which are retinal

ganglion cell (RGC) and amacrine cell populations, but showed

a significant loss of Sox2-positive RPCs, which were also posi-

tive for Notch1 and Hes1 (Figures 2F and S2F).
Mib1-deficient cells in Mib1fl/fl;P6a-Cre mouse retinas could

be identified indirectly by detecting enhanced yellow fluorescent

protein (EYFP), which is produced upon Cre-mediated elimina-

tion of the loxP-STOP-loxP cassette from the ROSA26EYFP

(R26 EYFP) locus (Srinivas et al., 2001). Our analysis revealed

that R26-EYFP(+);Mib1(�) cells were concentrated in the disor-

ganized areas of E14.5 Mib1fl/fl;R26+/EYFP;P6a-Cre mouse

retinas (Figures 2G and S3A). The R26-EYFP(+) cells in E14.5

Mib1fl/fl;R26+/EYFP;P6a-Cre mouse retinas were mostly Tuj1-

positive PMNs, whereas the R26-EYFP(�) areas of these retinas
Cell Reports 19, 351–363, April 11, 2017 353
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Figure 2. Mib1-Dependent Intra-lineage Notch Signaling Is Necessary for RPC Maintenance

(A) Anatomical features of P14Mib1fl/fl;P6a-Cremouse eyeswere investigated byH&E staining.Mib1fl/fl;P6a-Cremice developed severemicrophthalmia (left) and

carried multiple rosette structures in the ONL of their retinas. Right-hand column shows magnified images of dotted-box areas at left.

(B) The graph shows the relative distribution of retinal cells in the ONL, INL, and GCL of P14 mouse retinas. Numbers in the columns are average percentages of

cells in each layer, whereas those on tops of columns are average numbers of cells in 1003 100 mmareas of the retina (n = 8 retinas from two independent litters).

Error bars are standard deviations (SD). ***p (p-value) < 0.001.

(C) The distribution of neuronal subtypes in P14 Mib1+/+;P6a-Cre and Mib1fl/fl;P6a-Cre littermate mouse retinas was examined by immunostaining for the cell-

type-specific markers Brn3b (for RGCs), Pax6 (for amacrine cells), Sox9 (for M€uller glia), Vsx2 (for bipolar cells), calbindin (for horizontal cells), rhodopsin (for rod

photoreceptors), and G/R-opsin (for M-cone photoreceptors). Nuclei of retinal cells were counterstained with DAPI (blue).

(D) Ratios of marker-labeled cells to DAPI-labeled total cells in the GCL, INL, and ONL of P14 Mib1fl/fl;P6a-Cre mouse retinas, expressed relative to those of

littermateMib1+/+;P6a-Cremouse retinas, are shown in a graph. y axis values aremeans (n = 4 retinas from three independent litters). Error bars are SD. *p < 0.05;

**p < 0.01; ***p < 0.001.

(E) H&E staining of E14.5 littermate mouse eye sections. The black arrow in the sub-retinal space of theMib1fl/fl;P6a-Cremouse eye indicates blood cells. Right-

hand column shows magnified images of dotted-box areas at left.

(F) The distribution of RPCs and PMNs in E14.5Mib1+/+;P6a-Cre andMib1fl/fl;P6a-Cre littermate mouse retinas was examined by immunostaining with anti-Sox2

and anti-Isl1 antibodies, respectively. Proliferating cells in the retinas were visualized by immunostaining with an anti-BrdU antibody, which detects BrdU

incorporated into DNA of proliferating cells for 3 hr. Distribution of Notch1 and its target Hes1 was also examined by immunostaining. Dashed lines in the images

indicate retinal borders.

(G) The identity of R26-EYFP-positive cells, which represent Mib1-deficient cells (see Figure S3A), in E14.5 Mib1+/+;R26+/EYFP;P6a-Cre and

Mib1fl/fl;R26+/EYFP;P6a-Cremouse retinas was examined by co-immunostaining with the corresponding antibodies. Arrows indicate EYFP;Sox2 double-positive

RPCs, whereas arrowheads denote EYFP;tubulin-bIII (Tuj1) double-positive PMNs.

(H) R26-EYFP-positive and negative cells that co-express Sox2 and tubulin-bIII, respectively, were counted and shown in a graph as a percentage. y axis values

are means (n = 4 retinas from two independent litters). Error bars are SD. *p < 0.05.

(I) Schematic diagram depicts intra-lineage Notch signaling identified in the Mib1-deficient mouse retina. Mib1(�) RPCs do not receive compensatory Notch

signals from neighboring Mib1(+) cells and differentiate prematurely because of failure to receive Notch signals from sister Mib1(�) cells. In contrast, Mib1(+)

RPCs receive Notch signal from their own sister cells but do not receive Notch signals from neighboring Mib1(�) cells, which do not have active Notch ligands.

Therefore, the loss of Mib1 in RPCs affects only the fates of retinal cells derived from Mib1(�) RPCs and not those of neighboring Mib1(+) RPCs or their

descendent cells.
included both Sox2-positive RPCs and Tuj1-positive PMNs at a

ratio similar to that seen in Mib1+/+;R26+/EYFP;P6a-Cre mouse

retinas (Figures 2G and 2H). Together, these results suggest

that a Mib1 deficiency in RPCs and their descendent retinal neu-

rons impairs the maintenance of RPCs in the same lineages (i.e.,

R26-EYFP(+) cells), whereas it unlikely affects the fates of the

neighboring R26-EYFP(�) wild-type cell population (Figure 2I).

Notch Signaling from PMNs to RPCs Is Less Important
than Inter-RPC Signaling
To test whether the descendent retinal neurons are a source of

active Notch ligands for RPCs, we eliminated Mib1 in the PMN

subpopulation by breeding Mib1fl/fl mice with Math5-Cre mice,

which express Cre recombinase in the terminally dividing RPC
354 Cell Reports 19, 351–363, April 11, 2017
subpopulation and their descendent retinal neurons—mostly

RGCs (Yang et al., 2003; Figures S2E and S3B). Although Cre

recombinase is expressed in RPCs at the end of mitotic divi-

sion, we speculate that Mib1 depletion might occur later in

the PMNs (not in dividing RPCs) of Mib1fl/fl;Math5-Cre mice,

considering the time necessary to complete gene excision at

both Mib1 alleles and deplete pre-existing Mib1 mRNA and

proteins. Our examination of morphological and histological

features failed to reveal any significant differences between

the eyes of P14 Mib1+/+;Math5-Cre and Mib1fl/fl;Math5-Cre lit-

termates (Figures 3A, S2C, and S2D; Table S1). In addition,

all types of retinal neurons and M€uller glia were observed to

have developed normally in Mib1fl/fl;Math5-Cre mouse retinas

(Figures 3B and 3C). The numbers of Isl1-positive PMNs and
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Figure 3. Notch Signaling from Post-mitotic RGC to RPC Is Not Important in Mouse Retina

(A–F) Histological analyses of H&E-stained P14 (A) and E14.5 (D)Mib1+/+;Math5-Cre and littermateMib1fl/fl;Math5-Cremouse retinas. The distribution of neuronal

subtypes in P14mouse retinas (B) and of RPCs and PMNs in E14.5mouse retinas (E) was examined by immunostaining for the corresponding retinal cell markers.

Dashed lines in the pictures in (E) indicate retina-RPE borders. The percentages of marker-labeled cells in P14 (C) and E14.5 (F)Mib1fl/fl;Math5-Cremouse retinas

relative to those in littermate Mib1+/+;Math5-Cre mouse retinas, measured as described in Figure 2D, are shown. y axis values are means, and error bars are

SD (n = 4 retinas from two independent litters).
Sox2-positive RPCs also did not differ between E14.5 Mib1fl/fl;

Math5-Cre and Mib1+/+;Math5-Cre littermate mouse retinas

(Figures 3D–3F), and Notch1 and Hes1 were maintained at

similar levels in these littermate mouse retinas (Figures 3E,

3F, and S2F). Taken together, these results suggest that the

Notch signaling derived from Math5-positive PMNs (mostly

RGCs) is unlikely to occur or is dispensable for RPC mainte-

nance in the mouse retina.

The RPE Plays a Role in RPC Maintenance
Mitotic division of RPCs takes place at the apical edge of the

retina (Baye and Link, 2007), following the general principle of

NPC cell division (Kriegstein et al., 2006). Unlike the case in other

CNS tissues, where NPCs and ependymal cells are aligned in a

head-to-tail orientation toward the ventricle (Rubenstein and

Rakic, 2013), the apical sides of RPCs and RPE face one

another. Furthermore, the apical edges of the retina and RPE

make physical contacts (Figure 1F, arrows). Dll1 and Notch1

were also detectable at the apical sides of RPC and RPE (Fig-

ures 1B–1E), prompting us to speculate that Notch signaling

could occur at RPE-RPC contacts (Figure 1G).

Thus, we first examined the participation of the RPE in RPC

fate determination in the mouse retina by eliminating the RPE

in developing mouse eyes. This was accomplished through

selective killing of the RPE by diphtheria toxin A (DTA), which is

expressed upon Cre-recombinase-mediated excision of the

loxP-STOP-loxP cassette at the R26 locus (R26DTA) (Voehringer

et al., 2008). These excisions are controlled by TRP1 (tyrosinase-

related protein 1)-Cre recombinase and MART1 (melanoma

antigen recognized by T cells 1)-Cre recombinase (Aydin and

Beermann, 2011; Mori et al., 2002). The onset time for

the TRP1-Cre-dependent recombination is approximately E10,
when RPE fate from dorsal optic vesicle is specified (Mori

et al., 2002), whereas MART1-Cre activity is detectable from

E12.5 in differentiated RPE (Aydin and Beermann, 2011). Thus,

this approach allows us to distinguish the retinal phenotypes

induced by genetic manipulations in the early-born RPE and

retinal subpopulation (i.e., TRP1-Cre specific) from those in the

differentiated RPE (i.e., positive for both MART1-Cre and

TRP1-Cre).

R26+/DTA;TRP1-Cre and R26+/DTA;MART1-Cre mice devel-

oped microphthalmic eyes with coloboma (arrows in Figures

4A and 4D; Table S1), suggesting the importance of the RPE in

eye growth. In these mice at E14.5, the numbers of Brn3b-pos-

itive RGCs and Otx2-positive photoreceptors were elevated

compared with those in R26+/+;TRP1-Cre and R26+/+;MART1-

Cre littermate mice; in contrast, the number of Sox2-positive

RPCs was significantly decreased (Figures 4B, 4C, 4E, and

4F). The number of Hes1-positive cells was also reduced, even

though Notch1 was detected normally at the apical side of the

retina (Figures 4B and 4E). Together, these results suggest that

the RPE plays a role in the maintenance of RPCs in the mouse

retina.

The RPE Presents Functionally Active Notch Ligands to
RPCs
Next, we tested whether RPE-supported maintenance of RPCs

was mediated by Notch signaling. First, we eliminated Dll1,

which showed the highest RPE expression among Notch ligands

(Figure S1B), from the RPE by generatingDll1fl/fl;TRP1-Cremice.

Morphologically, P14 Dll1fl/fl;TRP1-Cre mouse eyes were indis-

tinguishable from Dll1fl/fl or TRP1-Cre mouse eyes (images

not shown; Table S1). The histological features of the mouse

retinas were also grossly normal (Figures S4A and S4C). Thus,
Cell Reports 19, 351–363, April 11, 2017 355
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Figure 4. The RPE Cells Play Roles in RPC Maintenance

(A) RPE was selectively killed by diphtheria toxin A (DTA) in R26+/DTA;TRP1-Cre. Arrows in the center column point to the choroid fissure.

(B) The mouse retinal sections were stained with antibodies recognizing corresponding retinal cell markers. Dashed lines in the pictures indicate the retina-RPE

borders.

(C) Relative values of the marker-labeled cells in E14.5 R26+/DTA;TRP1-Cremouse retinas to those in littermate R26+/+;TRP1-Cremouse retinas were measured

as described in Figure 2D and shown in graphs (n = 6 from three independent litters).

(D–F) The same analyses as shown in (A)–(C) were performed using E14.5 R26+/DTA;MART1-Cre and R26+/+;MART1-Cre littermate mouse retinas (n = 5 from two

independent litters [F]). y axis values in (C) and (F) are mean and error bars are SD. *p < 0.05; **p < 0.01; ***p < 0.001.
RPE-expressed Dll1 appears to be dispensable for Notch activa-

tion in RPCs. This may reflect the possibility that redundant

Notch ligands, such as Jag1 and 2, complement Dll1 in the

mouse RPE (Figure S4B).

Therefore, we eliminated Mib1 to simultaneously inactivate

multiple Notch ligands in the RPE. Mib1fl/fl;TRP1-Cre mice

were found to developmicrophthalmic eyes with multiple rosette

structures in the retina (Figures S5A–S5C; Table S1). There were

also significantly fewer cells in P14 Mib1fl/fl;TRP1-Cre mouse

retinas compared with littermate Mib1+/+;TRP1-Cre mouse ret-

inas (Figure S2C). However, the number of Otx2-positive RPE

cells in P14 Mib1fl/fl;TRP1-Cre mice was not significantly

different from that in littermate TRP1-Cremice (Figure S5B, right-

most column), suggesting that retinal changes observed in the

mutant mice arose from the loss of Mib1 in the RPE, not the

loss of RPE.

Local disorganization was also seen in E14.5 Mib1fl/fl;TRP1-

Cremouse retinas (Figure 5A). This disorganization was concen-

trated in the R26-EYFP(+) ventral distal retina (Figure 5B),

suggesting that the rosettes in the retinas could arise autono-

mously as a result of the deletion of Mib1 in the retinal subpop-

ulation in the area (Figures S2A and S2E). In support of this

possibility, the incidence of microphthalmia and retinal rosettes

was significantly lower in P14Mib1fl/fl;MART1-Cremice, in which

Mib1 was deleted in the differentiated RPE, but not in the retina

(Aydin and Beermann, 2011), compared with Mib1fl/fl;TRP1-

Cre mice (Figures S2A, S2E, and S5D–S5F; Table S1). How-

ever, in these two mouse models of Mib1 ablation in the

RPE, the relative numbers of ONL cells were commonly
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increased at the expense of INL cells (Figure S2D), implicating

the decrease in Notch activity in the developing retina in the

production of more photoreceptors (Jadhav et al., 2006; Yaron

et al., 2006).

An examination of R26-EYFP(�) dorsal central retinas of

E14.5 Mib1fl/fl;TRP1-Cre mice revealed more Brn3b-positive

RGCs and Crx-positive cone photoreceptors than observed

in equivalent positions in littermate Mib1+/+;TRP1-Cre mouse

retinas (Figures 5C [second and third columns from left]

and 5D). Conversely, the number of Hes1-positive RPCs in

the Mib1fl/fl;TRP1-Cre mouse retina area was decreased

(Figures 5C, 5D, and S2F). Notch1 was also distributed nor-

mally in the apical region of Mib1fl/fl;TRP1-Cre mouse retinas,

but its level was slightly decreased (Figure 5C, rightmost col-

umn). Similar changes were observed in E14.5 Mib1fl/fl;

MART1-Cre mice (Figures 5G and 5H), suggesting that the

loss of Mib1 in the RPE decreases Notch activity in RPCs,

thereby resulting in the production of more retinal neurons in

the mouse retina.

Mib1 Supports Notch Signaling at Apical RPE-RPC
Contacts
Because Mib and Neuralized (Neur) induce ubiquitination-

dependent endocytosis of DSL (Delta/Serrate/Lag2) family

ligands and the Notch extracellular domain binds to these

ligands (Itoh et al., 2003; Lai et al., 2001; Pavlopoulos et al.,

2001; Wang and Struhl, 2005), the loss of Mib1 might abro-

gate the ubiquitin-dependent endocytosis of Notch ligands in

RPE, leading to defective Notch1 signaling in adjacent RPCs.
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Figure 5. The RPE Provides Functional Notch Ligands to RPC

(A) H&E-stained images of E14.5Mib1+l+;TRP1-Cre andMib1fl/fl;TRP1-Cre littermate mouse retinas. Right-hand column shows magnified images of dotted-box

areas at left.

(B) Cells that underwent Cre-mediated deletion of floxedMib1 and R26EYFP alleles in mouse eyes were visualized by co-immunostaining for Mib1 (red) and EYFP

(green). Right two columns show magnified images of dotted-box areas labeled with numbers corresponding to those in the leftmost column. Insets in the right

two columns are magnified images of dotted boxes in the same images.

(C) The distribution of retinal cell types and Notch signaling components in E14.5 Mib1fl/+;TRP1-Cre and Mib1fl/fl;TRP1-Cre mouse retinas was determined by

immunostaining with antibodies recognizing the corresponding proteins.

(D) Percentages of marker-labeled cells in E14.5 Mib1fl/fl;TRP1-Cre mouse retinas expressed relative to those in littermate Mib1+l+;TRP1-Cre mouse retinas,

measured as described in Figure 2D, are shown in a graph (n = 6 retinas from three independent litters).

(E–H) The same analyses as shown in (A)–(D) were performed using E14.5Mib1+l+;MART1-Cre andMib1fl/fl;MART1-Cre littermate mouse retinas (n = 6 from three

independent litters for H). The y axis values in (D) and (H) are means, and error bars are SD. ***p < 0.001; **p < 0.01; *p < 0.05.
Alternatively, Mib and Neur are also known to regulate the distri-

bution of Notch ligands in the membrane microdomain, espe-

cially in polarized epithelial cells (Benhra et al., 2010; Itoh et al.,

2003). In support of this mechanism, the relative distribution of

Dll1 in P0 Mib1fl/fl;MART1-Cre mouse RPE was decreased in

the apical side but was increased in basolateral sides compared

with those in littermateMib1+/+;MART1-Cremouse RPE (Figures

6A and 6B). Our results therefore suggest that Mib1 is necessary

for the distribution of Dll1 in the apical RPE membrane, where

Dll1 could bind to Notch1 expressed in the adjacent RPC, pro-

moting subsequent endocytosis of Dll1-Notch1 extracellular

domain into the RPE and consequent Notch activation in

the RPC.

Because interactions of Notch and Notch ligands not only

trigger Notch signaling but also maintain intercellular junctional

structures (Musse et al., 2012; Ohata et al., 2011), we next

questioned whether the decrease in Notch ligands in the apical

membrane of Mib1fl/fl;TRP1-Cre mouse RPE could weaken (or

abrogate) the intercellular contacts between the RPE and

RPCs. We thus compared the morphological features of RPE-

RPC borders in E14.5 Mib1fl/fl;TRP1-Cre and littermate TRP1-

Cre mice by TEM. The electron densities of the intercellular

contacts between RPCs and the RPE became weaker in

Mib1fl/fl;TRP1-Cre mice, although the RPE in mouse eyes still

formed a monolayer structure (Figures 6C and 6D). The polar-

ized distributions of ezrin and integrin avb5 at the apical and

basal RPE were maintained in Mib1fl/fl;TRP1-Cre mouse RPE

(Figure 6E, right two columns). However, the intensity of b-cat-

enin immunostaining in the apical side of Mib1fl/fl;TRP1-Cre

mouse RPE was significantly decreased (arrowheads), whereas
that in the lateral sides was maintained (Figure 6E, second left

column). These results suggest that the loss of Mib1 in the RPE

weakens RPE-RPC contacts without affecting the polarity of

the RPE. Collectively, these results suggest that RPE-ex-

pressed Mib1 supports both RPE-RPC interactions and Notch

signaling in adjacent RPCs by recruiting Notch ligands to

RPE-RPC contacts and then inducing the endocytosis of Dll1-

Notch1 complexes at contacts with the RPE to trigger Notch

signaling in the RPCs.

The Inactivation of Notch Signaling in the RPE Ensures
Proper Eye Development
Given the lack of Notch target Hes1 expression in the mouse

RPE (Figures 1B, 5C, and 5G), RPC-to-RPE Notch signaling as

well as inter-RPE Notch signaling is unlikely happening in the

mouse eyes. Consistent with the idea that Notch is dispensable

in the RPE, mice lacking the expression of Notch1 and/or Notch2

in the RPE did not show any remarkable developmental defects

in this tissue (Figure S6; Schouwey et al., 2011). However, we

did observe partially penetrant microphthalmia in these mice

(Table S1), likely reflecting TRP1-Cre-mediated deletion of

Notch1 andNotch2 in the ciliary epithelium (CE), resulting in mal-

formation of the ciliary body, as suggested previously (Zhou

et al., 2013).

Ectopic expression of constitutively active Notch intracellular

domain (NICD) in the RPE and CE of R26+/NICD;TRP1-Cre mice

also resulted in colobomatous microphthalmia, although it did

not affect RPE layer formation (Figures S7A and S7B). In addi-

tion, the areas expressing ectopic NICD, which can be detected

indirectly by the expression of nuclear EGFP (nEGFP) from the
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Figure 6. RPC-RPE Apical Contacts Are Weak-

ened in the Absence of Mib1 in the RPE

(A) Distribution of Dll1 (red) in the RPE was examined

by staining flattened eyecups with anti-Dll1 antibody

after eliminating the lenses and retinas. Intercellular

adhesion areas in the lateral sides of RPE are visual-

ized by staining of actin filaments with Alexa647-con-

jugated phalloidin (green), and the nuclei are visualized

by DAPI staining (blue). Bottom rows are x-z axial im-

ages of horizontal dotted line areas, whereas right

columns are y-z axial images of vertical dotted line

areas.

(B) Image pixels of Dll1 in the apical, lateral, and basal

regions of RPE were quantified using Image-J soft-

ware, and the average numbers are shown in a graph

(data were collected from 12 RPE samples in three

independent eyes for each genotype). ***p < 0.001.

(C) TEM images of E14.5Mib1fl/fl;TRP1-CreRPE-retina

border area (bottom) show that apical contacts (ACs)

(arrows) between RPCs and the RPE are less

condensed than those observed in littermate Mib1+/

+;TRP1-Cre mouse eyes (top). Images in right-hand

column showmagnified images of dotted-box areas at

left.

(D) Pixels in AC areas of the image were analyzed using

Image-J software, and the average numbers of pixels

per AC are shown in a graph. Error bars are SD.

Numbers of ACs counted are shown inside the bars

(n = 20 RPCs for both genotypes). **p < 0.01.

(E) The distribution of RPE polarity and adhe-

sion markers in E14.5 Mib1+/+;TRP1-Cre and

Mib1fl/fl;TRP1-Cre littermate mouse eyes was exam-

ined by immunostaining with antibodies recognizing

the corresponding proteins. Arrows and arrowheads

indicate RPE and retinal borders, respectively.
linked internal ribosomal entry site (IRES) in the NICD cDNA

construct (Murtaugh et al., 2003), expanded to the ventral retina

and part of the dorsal distal retina. These nEGFP-positive retinal

cells were Vsx2-positive and Tuj1-negative RPCs (Figure S9C).

Colobomatous eyes also developed in R26+/NICD;MART1-Cre

mice, which express NICD in the differentiated RPE, but not in

RPE precursors in the CE (Figures S7D and S7E). However,

clonal expansion of nEGFP-positive cells was not observed in
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the retinas of MART1-Cre or R26+/NICD;-

MART1-Cre mice (Figure S7F). Together,

these results suggest that Notch signaling

must be restrained to suppress RPC expan-

sion from the CE, the outer layer of which

should differentiate into RPE to allow closure

of the ventral-distal optic fissure.

The RPE Confers the Asymmetrical
Notch Activation Seen in RPC
Daughter Cells
The RPE has been shown to help determine

the division axis of mitotic RPCs in the

neonatal mouse retina (Cayouette et al.,

2001). In this report, the portion of RPCs

that divided with a mitotic spindle oriented

parallel to the apical edge (i.e., horizontal
spindle orientation) was increased in mouse retinas cultured

without RPE, whereas the portion that divided with a mitotic

spindle oriented perpendicular to the apical edge (i.e., vertical

spindle orientation) was decreased. Similarly, we found that

the proportion of RPCs that divided with a horizontal spindle

orientation (angle between 0� and 30�) was increased in P0

Mib1fl/fl;MART1-Cre mouse retinas by 12.5% compared with

that in littermate Mib1fl/+;MART1-Cre mouse retinas, whereas
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Figure 7. RPE Confers Asymmetric Notch Activation on RPC Daughter Cells

(A) Spindle orientation of pH3-positive mitotic cells (green) in P0 Mib1fl/fl;MART1-Cre and Mib1fl/+;MART1-Cre littermate mouse retinas was examined by

comparing positions of spindle poles visualized by immunostaining for a centrosome marker g-tubulin (red). Angles formed by the bottom yellow line connecting

the two spindle poles and the top white line parallel to the RPE-retina border (white dotted line) were measured, and the percentage of cells in the indicated

angle ranges are shown graphically. The numbers of cells counted are given immediately next to the y axes. The cells were also subdivided into three

groups—horizontal, oblique, and vertical—according to their spindle orientation angles and are presented as pie charts (n = 4 retinas for each genotype from two

independent litters). RGCs (Brn3b-positive) and photoreceptors (Otx2-positive) in E14.5 (B) and E19.5 (C) mouse retinas, which incorporated BrdU for 12 hr, were

detected by immunostaining with a rat anti-BrdU antibody and antibodies recognizing the corresponding cell markers.

(legend continued on next page)
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the proportion that divided with a vertical spindle orientation

(angle between 61� and 90�) was decreased to almost 25%value

of Mib1fl/+;MART1-Cre littermates (Figure 7A).

Consistent with the idea that RPCs in the perinatal mouse

retina that divide with a horizontal spindle orientation acquire a

rod photoreceptor fate (Cayouette et al., 2003; Cayouette and

Raff, 2003), the number of Otx2-positive photoreceptors labeled

with bromodeoxyuridine (BrdU) (incorporated into RPC chromo-

somes during 12 hr prior to sample preparation) was significantly

increased in the retinas of E19.5 Mib1fl/fl;MART1-Cre mice

compared with those ofMib1fl/+;MART1-Cre littermates (Figures

7B and 7D). The birth of neurons from RPCs was also increased

in E14.5 Mib1fl/fl;MART1-Cre mouse retinas, in which the

numbers of Brn3b;BrdU double-positive RGCs as well as

Otx2;BrdU double-positive photoreceptors were higher than

those in Mib1fl/+;MART1-Cre littermate mouse retinas (Figures

7C and 7D).

On the basis of these findings, we propose a model in which

the RPE provides functional Notch ligands to adjacent RPCs.

The RPE-derived Notch signal is not critical for maintaining

RPC fate in daughter cells that possess Notch activity above a

threshold level through intra-lineage (i.e., inter-RPC daughter

cells) Notch cell signaling (Figure 7E, diagram in top row). On

the contrary, it can be critical in supporting the RPC fate acqui-

sition of a daughter cell that receives subthreshold Notch activity

from its sister cell (Figure 7E, diagram in the middle row). By

combining intra-lineage and heterotypic RPE-to-RPC Notch

signaling, RPCs can be maintained while also producing a vari-

ety of retinal neurons during development.

DISCUSSION

The activation of Notch in NPCs can occur through various

modes that are not mutually exclusive (Gaiano and Fishell,

2002; Kawaguchi et al., 2008; Louvi and Artavanis-Tsakonas,

2006; Yoon and Gaiano, 2005). First, the fates of NPC daughter

cells can be predetermined by the level of Notch activity carried

in their mother cell. When the Notch activity is segregated

equally through NPC division, both daughter cells either

become NPCs, with Notch activity above a threshold level, or

PMNs, with Notch activity below the threshold level. When the

Notch activity is segregated unequally, the daughter cells will

differentiate into one NPC with above-threshold Notch activity

and one PMN with below-threshold Notch activity. In this

mode, no interaction between the daughter cells is necessary

for fate determination.

Second, through NPC division, two daughter cells inherit

Notch signaling components, but not Notch activity. Upon equal

segregation of Notch signaling components, reciprocal Notch

signaling between two NPC daughter cells can generate two

NPCs having above-threshold Notch activity or two PMNs with

Notch activity below the threshold level. Otherwise, as has

been shown in Drosophila neuroblast fate determination, the
(D) Numbers of BrdU-co-labeled RGCs and photoreceptors in E14.5 and E19.5

Mib1fl/+;MART1-Cre samples, are shown in a graph. y axis values are means, a

**p < 0.01; n.d., not detected.

(E) Schematic diagram depicts RPE-to-RPC heterotypic Notch signaling.
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fates of the two NPC daughters are differentiated by their un-

equal inheritance of Notch signaling components. Only one

daughter cell canmaintain the neuroblast fate by receiving Notch

signals from the other daughter, which inherits negative Notch

signaling components like Numb and expresses Notch ligands,

but not Notch (Doe, 2008; Götz and Huttner, 2005; Knoblich,

2010; Kohwi and Doe, 2013). However, the Numb-dependent

segregation of Notch activity in two NPC daughter cells has,

however, not been proven clearly in vertebrates (Cayouette

and Raff, 2002; Huttner and Kosodo, 2005; Kechad et al.,

2012), although the asymmetry of Notch signaling between

NPC daughters is still a valid concept (Dong et al., 2012).

Therefore, future studies should seek to identify the vertebrate

equivalents of Drosophila Numb that are critical Notch signaling

regulators and which segregate unequally to NPC daughter

cells.

The third and final mode is one in which unidirectional

Notch signaling by ligand-enriched neighboring cells to

adjacent NPCs (i.e., lateral inhibition), as it was shown in

Drosophila sensory bristle development (Lewis, 1998; Shellen-

barger and Mohler, 1978; Zeng et al., 1998). Our present re-

sults indicate that Notch signaling from PMNs to NPCs is not

important in the mouse retina, which developed normally in

the absence of Mib1 in Math5-positive PMN subpopulations

(Figure 3). Instead, we found that the RPE could activate Notch

in adjacent RPCs. Furthermore, in addition to reciprocal Notch

signaling at intercellular junctions between NPCs (Hatakeyama

et al., 2014; Ohata et al., 2011), we proposed that the RPE-

RPC contact is an additional Notch signaling center in the

mouse retina (Figures 1G and 7E). The RPE-derived Notch

signal in particular could be critical for the fate determination

of RPC daughters that carry subthreshold Notch activity (Fig-

ure 7E, middle), although it is less important to those that

already have above-threshold Notch activity by virtue of recip-

rocal Notch signaling between RPC daughters (Figure 7E, top).

Similar heterotypic Notch signals provided by neighbors with

different characteristics have been reported in hematopoietic

stem cells, in which Notch activation is supported by Notch li-

gands expressed in adjacent endothelial cells in the dorsal

aorta of mouse embryo (Butler et al., 2010; Koch et al.,

2013), suggesting that adjacent cells that maintain physical

contacts with progenitor/stem cells have conserved roles in

Notch signaling.

The role of ubiquitin-dependent endocytosis of Notch ligands

has been explained by twoworkingmodels: in one, the emphasis

is on the distribution of free Notch ligands into themembranemi-

crodomain and in the other, it is on generation of the pulling force

required for the shedding of the ligand-boundNotch extracellular

domain (Musse et al., 2012). The former model is especially

applicable to polarized epithelial cells, in which Delta is transcy-

tosed from the basolateral membrane to the apical membrane

(Benhra et al., 2010). Furthermore, given the presence of Notch1

in the apical membrane of mouse RPCs, Dll1 in the adjacent RPE
Mib1fl/fl;MART1-Cre mouse retinas, expressed relative to those in littermate

nd error bars are SD (n = 4 retinas from two independent litters). *p < 0.05;



might accumulate preferentially in the apical membrane in asso-

ciation with RPC-expressed Notch1, whereas free Dll1 in re-

maining RPE area is rapidly endocytosed and degraded or

transcytosed to the apical membrane. This Notch ligand flow

into the RPE apical membrane might not only induce Notch

signaling in the adjacent RPC, it could also maintain the RPE-

RPC apical contacts via DSL-Notch-containing adhesion com-

plex (Mizuhara et al., 2005; Ohata et al., 2011). In support of

this, the elimination of Mib1, which resulted in a decrease in

Dll1 in the apical RPEmembrane, not only reducedNotch activity

in the retina, but it also weakened RPE-RPC contacts (Figure 6).

Alterations in RPE-RPC contacts could also possibly influence

the spindle orientation in RPCs.Microtubules projecting from the

twomitotic spindle poles of RPCs connect to both chromosomes

and the plasma membrane. The anchorage of a spindle pole to

the apical membrane is regulated by the apical complex, which

supports the division of RPCs with a vertical spindle orientation

(J€uschke et al., 2014; Zigman et al., 2005). Therefore, in mouse

retinas adjacent to Mib1-deficient RPE, the spindle poles might

not be anchored stably to the apical RPC membrane, which ad-

heres less strongly to theapicalmembraneof theRPE (Figure6C).

This may account for the horizontal shift in the RPC mitotic

spindle orientation in perinatal Mib1fl/fl;MART1-Cre mouse ret-

inas, a shift that generates an extra number of photoreceptors

compared with littermate Mib1fl/+;MART1-Cre mouse retinas

(Figures 7B–7D). These results therefore suggest that, in addition

to heterotypic Notch activation in the adjacent RPC, RPE-ex-

pressedMib1might also support the anchorage of amitotic spin-

dlepole to theapicalmembrane inRPCs throughaccumulation of

cell adhesion proteins, including Dll1, in the apical RPE mem-

brane (Figure 7E). Understanding the roles of Mib1 in RPE-RPC

interactions, however, will require the identification of additional

targets of Mib1 in future studies.

Because the RPE is an ependyma of the retina, we might

expect to see similar heterotypic Notch signaling by ependymal

cells in other nervous tissues. However, we were unable to

conclusively show ependyma-derived Notch signaling in the

mouse embryonic brain. FoxJ1-CreER-mediated deletion of

Mib1 from ependymal cells in mouse embryos did not signifi-

cantly alter neurogenic patterns in the brain or spinal cord

(data not shown). Unlike the RPE, where Notch activity was ab-

sent, active Notch signaling was detected in brain ependymal

cells, which can also act as NPCs to produce neurons in mouse

embryonic brains (data not shown). These results suggest that

ependymal cells in other nervous tissues are unlikely a source

of Notch ligands. Instead, they appear to function as NPCs for

certain purposes, including residual neurogenesis in the embry-

onic brain and injury-induced neurogenesis in the adult brain

(Carlén et al., 2009; Louvi and Artavanis-Tsakonas, 2006).

EXPERIMENTAL PROCEDURES

Mice

Mib1-flox mice (Koo et al., 2007) were bred with P6a-Cre (Marquardt et al.,

2001), Math5-Cre (Wang et al., 2001), TRP1-Cre (Mori et al., 2002), and

MART1-Cre (Aydin and Beermann, 2011) mice to generate cell-type-specific

Mib1-cko mice. For the lineage-tracing experiments, the mice were crossed

with R26EYFP mice (Srinivas et al., 2001). For the ablation of RPE, R26DTA

mice (Voehringer et al., 2008) were bred with TRP1-Cre and MART1-Cre
mice. Notch1-flox (B6.129X1-Notch1tm2Rko/GridJ) and Notch2-flox (B6.129S-

Notch2tm3Grid/J) were purchased from Jackson Laboratory and used for

deleting these Notch genes in mouse RPE by crossing with TRP1-Cre mice.

The R26NICD mice (Gt(ROSA)26Sortm1(Notch1)Dam/J) were also purchased

from Jackson Laboratory and used for overexpressing NICD in mouse RPE

by breeding with TRP1-Cre and MART1-Cre mice. Experiments using the

mice were carried out according to the guidance of KAIST IACUC-2014-20.

Immunofluorescence Analyses

Pregnant mice were euthanized after the anesthesia by intraperitoneal injec-

tion of tribromoethanol (Avertin), and embryos were isolated from the mice

for the fixation in 4% paraformaldehyde (PFA) in PBS for 1 hr at room temper-

ature (RT). Samples were then moved to 20% sucrose in PBS for overnight at

4�C, embedded in Tissue-Tek OCT compound (Sakura), and frozen on dry ice

for subsequent cryosection (10–12 mm; coronal axis). Immunostaining of the

sections was done as described in a previous report (Jo et al., 2012) with pri-

mary antibodies listed in Table S2. The sections were then further stained with

secondary antibodies conjugated to Alexa 488, Alexa Fluor 594, and Alexa

Fluor 647 (Jackson ImmunoResearch Laboratories). Fluorescent images of

the stained sections were obtained by confocal microscopy (Fluoview

FV1000; Olympus). Three-dimensional reconstruction of the confocal images

was done by Imaris software (Bitplane).

Real-Time qPCR Analysis

mRNA was isolated from mouse retina and RPE using RNeasy Mini-prep Kit

(QIAGEN) and used for the synthesis of cDNA by Transcriptor First Strand

cDNA Synthesis Kit (Roche). The real-time qPCR was performed with

iQ SYBR Green Supermix, and relative quantification was examined using

CFX-Manager software (Bio-Rad). Relative expression level of gene of interest

wasobtainedbynormalizing to that ofglyceraldehyde3-phosphatedehydroge-

nase (Gapdh). The primers were designed in the NCBI Primer-BLAST or used

the information published elsewhere. Primer sequences are listed in Table S3.

TEM and iTEM

Embryonic eyes were perfusion fixed with 2.5% glutaraldehyde and 2% para-

formaldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) for overnight. Sam-

ples for TEM and immune TEM (iTEM) analysis were prepared as described

previously (Hatakeyama et al., 2014; Parajuli et al., 2012). For TEM analysis,

the specimens were post-fixed with 1% OsO4 for 2 hr on ice, stained and

blocked with 0.5% uranyl acetate for 2 hr, and then embedded in Epon 812

after dehydration. For iTEM analysis, samples were sliced at 150 mm and im-

munoreacted with antibodies after a freeze-thaw treatment. Signals were

detected by immunogold-conjugated secondary antibody (Nanoprobes) and

enhanced by silver staining (HQ SILVERTM; Nanoprobes). Those specimens

were post-fixed with 2% glutaraldehyde, dehydrated, and embedded in

Epon 812. Ultrathin sections (80 nm) were made and examined using an

H-7000-type electron microscope (Hitachi) operated at 75 kV.

Statistical Analysis of Data

Numbers of labeled cells in the tissue section images were counted and quan-

tified by using Prism Software (GraphPad; v5.0) measurement tools. Data from

statistical analysis are presented as the mean ± SD. Student’s t test was used

to determine the significant difference between two genotypes and one-way

ANOVA with Tukey’s post-test used to determine the significant differences

among multiple groups. p values were calculated using a two-tailed unpaired

t test and considered the p value <0.05 as statistically significant results.
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