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Abstract

MicroRNAs (miRNAs) are 19-25 nucleotide RNAs that regulate messenger RNA translation and
stability. Recently, we performed a conditional knockout (CKO) of the miRNA-processing enzyme
Dicer during mouse retinal development and showed an essential role for miRNAs in the transition
of retinal progenitors from an early to a late competence state (Georgi and Reh [2010]: J Neurosci
30:4048-4061). Notably, Dicer CKO progenitors failed to express Ascll and generated ganglion
cells beyond their normal competence window. Because Ascll regulates multiple Notch signaling
components, we hypothesized that Notch signaling is downregulated in Dicer CKO retinas. We
show here that Notch signaling is severely reduced in Dicer CKO retinas, but that retinal
progenitors still retain a low level of Notch signaling. By increasing Notch signaling in Dicer CKO
progenitors through constitutive expression of the Notch intra-cellular domain (NICD), we show
that transgenic rescue of Notch signaling has little effect on the competence of retinal progenitors
or the enhanced generation of ganglion cells, suggesting that loss of Notch signaling is not a major
determinant of these phenotypes. Nevertheless, transgenic NICD expression restored horizontal
cells, suggesting an interaction between miRNAs and Notch signaling in the development of this
cell type. Furthermore, while NICD overexpression leads to robust glial induction in control
retinas, NICD overexpression was insufficient to drive Dicer-null retinal progenitors to a glial fate.
Surprisingly, the presence of transgenic NICD expression did not prevent the differentiation of
some types of retinal neurons, suggesting that Notch inactivation is not an absolute requirement
for the initial stages of neuronal differentiation.
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INTRODUCTION

During mouse retinal development multipotent progenitors produce the various retinal cells
types in a conserved manner; ganglion cells, horizontal cells, and cone photoreceptors are
generated early in embryogenesis, most amacrine cells are generated in the latter part of
embryonic development, and the majority of rod photoreceptors, bipolar cells, and Muller
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glia are generated after birth. This progressive change in the cell types generated over
development is thought to be due in part to intrinsic changes in progenitor cell competence.
Although numerous transcription factors have been identified that are important for
differentiation of specific retinal cell types (reviewed in Ohsawa and Kageyama, 2008), the
specific molecular changes that determine the intrinsic competence state of a progenitor cell
are not fully understood.

With their ability to regulate broad transcriptional programs through post-transcriptional
regulation of hundreds of genes simultaneously, microRNAs (miRNAs) are attractive
candidates for regulators of intrinsic retinal progenitor cell (RPC) competence, and as key
effectors of cell-type specification and differentiation. miRNAs are processed from longer
primary transcripts through several cleavage events, eventually being incorporated into the
RNA-induced silencing complex (RISC) in a mature, 19-25 nucleotide form. Through
partial sequence complimentarity of the miRNA, the RISC complex binds to target
messenger RNAs (mMRNAS), leading to their translational repression and/or degradation
(reviewed in Fabian et al., 2010). With few known exceptions, processing by the RNase 111
enzyme Dicer is an obligate step in miRNA maturation, and Dicer conditional knockout
(CKO) is a common technique to assay for general miRNA function in a tissue.

Recently, through conditional deletion of Dicer, we showed an essential role for miRNAs in
controlling the changing competence of the retinal progenitor cells (Georgi and Reh, 2010).
In the absence of Dicer, RPCs were unable to progress from an early to a late progenitor
state and markers of late progenitors, such as Ascll and Sox9, were absent. In addition, the
Dicer-deficient progenitors continued to generate ganglion cells well beyond their normal
competence window, and these progenitors failed to generate late cell types, including rods,
bipolar cells, and Miiller glia.

Several of the defects in the Dicer CKO retina were consistent with changes in the Notch
signaling pathway. First, among the late progenitor markers that are absent from Dicer CKO
retinal progenitors is the proneural basic helix-loop-helix (bHLH) transcription factor
Acheatescute 1 (Ascll). Previously we showed that Ascll is required for normal Notch
signaling during retinal development, and that in the Ascll knockout retina, numerous Notch
signaling components are downregulated (Nelson et al., 2009). Based on these data, we
hypothesized that the absence of Ascll in Dicer CKO retinas would lead to a reduction of
Notch signaling. Second, studies have shown that a reduction of Notch signaling can lead to
enhanced ganglion cell generation (Austin et al., 1995; Ahmad et al., 1997; Dorsky et al.,
1997; Henrique et al., 1997; Waid and McLoon, 1998; Silva et al., 2003; Kubo et al., 2005;
Nelson et al., 2006, 2007). Because the increased and extended generation of ganglion cells
is one of the hallmarks of the Dicer CKO phenotype, we hypothesized that this defect might
also be due to a reduction in Notch signaling during retinal development. Third, previous
studies have indicated that Notch signaling is required for the differentiation of mature
Muiller glia (Furukawa et al., 2000; Hojo et al., 2000; Bernardos et al., 2005), and that the
NICD transgene is a potent gliogenic signal (Jadhav et al., 2006a). Since no Muller glia
develop in the Dicer CKO retinas, reduced Notch signaling might be responsible.
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To test the possibility that changes in Notch signaling underlie some or all of the phenotype
caused by the loss of Dicer, we assayed Notch signaling components in Dicer CKO retinas.
In addition, we combined the Dicer deletion with both Notch signaling loss of function and
gain of function experiments. We found that loss of Dicer leads to decreases in several Notch
pathway components, consistent with our hypothesis and confirming Davis et al. (2011) who
recently showed a decrease in Hes5 and Notchl mRNA expression in Dicer CKO retina.
However, rescue of Notch signaling using a transgenic Notch intracellular domain (NICD)
approach does not restore the normal developmental program to the Dicer-deficient
progenitors, as ganglion cells continue to be generated in the postnatal retina. Similarly,
NICD transgene expression does not rescue expression of Ascll, suggesting that the defects
in Notch signaling observed in Dicer CKO retinas are downstream of the loss of Ascl1.
Lastly, we find that rescue of the reduced Notch signaling with NICD overexpression does
not drive gliogenesis in the Dicer CKO retina. These data indicate that the observed
reduction in Notch signaling is not sufficient to explain the absence of Miiller glia in Dicer
CKaO retinas, and suggest a role for Dicer in regulating the gliogenic competence of retinal
progenitors.

METHODS

Generation of Animals

Generation and genotyping of aPax6cre; Dicer™ and aPax6ere; R26E YFP: Dicer mice
was described previously (Georgi and Reh, 2010). ROSA-N/CD mice were obtained from
Jackson Laboratories (Bar Harbor, ME), and genotyped according to supplier’s protocols.
These were crossed to Dicer” mice to generate Dicer™*’ ROSA-NICD mice, of which
siblings were crossed to generate Dicer'/f: ROSA-N/CD mice carrying two copies of the
ROSA-NICD allele. These were then crossed to aPaxécre; Dicer™ mice to generate
aPaxécre; Dicer™ ROSA-NICD and aPaxécre; Dicer*' ROSA-NICD mice. aPax6ere
mice were also crossed to ROSA-NICD mice to generate aPaxécre; ROSA-NICD mice.
Animal housing and care was carried out by the Department of Comparative Medicine at the
University of Washington. All procedures were done in compliance with the standards and
protocols set forth by the University of Washington Institutional Animal Care and Use
Committee.

Histological Analysis

Tissue was processed for frozen and paraffin sections as described previously (Georgi and
Reh, 2010). Primary antibodies used included: Bhlhb5 (Santa Cruz Biotechnology, Santa
Cruz, CA), DNER (1:200, R&D, Minneapolis), 1d1 (1:200, Biocheck, Foster City, CA), and
Thr2 (Abcam, Cambridge, MA), Other antibodies used are listed in Georgi and Reh (2010).
Some early postnatal retinas (PO + 1) were cultured for 24 h before fixation to increase the
nuclear GFP immunofluorescence signal-to-noise ratio for imaging. In all cases, described
phenotypes were identical to those observed by immunofluorescence on tissue fixed
immediately after dissection. /n situ hybridization and probe synthesis was performed as
described previously using antisense digoxigenin-labeled RNA probes (Nelson et al., 2009).
Fluorescence immunohistochemistry was performed as previous described (Georgi and Reh,
2010). Slides were visualized by confocal microscopy using a Nikon Al confocal
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microscope (Melville, NY). Images were acquired as 1024 x 1024 Tiff files, and analyzed
using Nikon NIS-Elements and Photoshop CS4 (Adobe, San Jose, CA). All figure panels are
oriented in the same direction, with peripheral retina to the right, ganglion cell layer at the
bottom.

Statistical Analysis

At PO, cells were counted and normalized per 100 zm of YFP* retina, as measured along the
outer edge of the retina. aPax6cre Dicerf/* retinas were used as controls for comparisons to
aPaxécre DicerV* ROSA-NICD (NICD™) retinas. At P5, C57BI/6 (WT) mice were used as
controls for comparison with the same spatial normalization, and similar central regions of
retina were used for quantification. For Supporting Information figures, counts were
normalized to the average of one of the conditions as indicated to show relative changes in
cell counts. In all conditions, retinas from three animals were used for counts. Statistical
analysis of cell counts was performed using an unpaired two-tailed #test with Prism 5
(Graph Pad Software, La Jolla, CA). Data are presented at mean + SEM.

Retinal Culture and DAPT Treatment

Postnatal day 0 (PO) retinal explants were dissected, cultured, and treated with the -
secretase inhibitor DAPT as previously described (Nelson et al., 2007).

EdU Birthdating

RESULTS

Postnatal day 3 (P3) pups were administered 45 1g 5-ethynyl-2”-deoxyuridine (Invitrogen,
Carlsbad, CA) through subcutaneous injection. EdU visualization was performed as
described by the manufacturer using the Click-iT Edu Alexa Fluor 647 Imaging Kit.

Notch Signaling is Decreased in Dicer CKO Retinas

We have previously shown that retinas lacking the transcription factor Ascll show a
significant decrease in the levels of numerous components of the Notch pathway (Nelson et
al., 2009). Because Dicer conditional knockout (CKO) progenitors also lack Ascll
expression (Georgi and Reh, 2010), we hypothesized that many of these genes may also be
downregulated in Dicer CKO areas. To test this hypothesis, we analyzed Notch pathway
gene expression in aPax6cre; R26EYFP; Dicer mice. In these mice, the aPaxécre
transgene is expressed transiently beginning at approximately E10.5 in peripheral retinal
progenitors, followed by expression in a subset of amacrine cells beginning at E14.5, and
continuing into adulthood (Marquardt et al., 2001; Yaron et al., 2006; Lefebvre et al., 2008).
By using a R26EYFP reporter, we tracked those cells in which the aPaxé6cre transgene
mediated recombination, indicating regions of Dicer deficiency. Since the transgene is
expressed in the peripheral one third to one half of the retina, the central retina serves as an
internal control.

Conditional deletion of Dicer results in a substantial decrease in expression of several
components of the Notch pathway, as assessed by /n situ hybridization and
immunofluorescence on retinas from postnatal day 0 (PO) mouse pups (see Fig. 1). In each
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panel, an arrowhead indicates the Dicer CKO domain, while an arrow indicates a normal
region of the retina. The Notch ligand DII3 [Fig. 1(A)], as well as the Notch effector Hes5
[Fig. 1(B)], and Notch receptor Notch1 [Fig. 1(C)] show decreases in expression levels in
Dicer CKO areas (green, arrowheads) when compared to wild type mRNA levels (arrows).
Immunohistochemistry for the Notch ligand DNER [Fig. 1(D), red] shows reduced staining
in Dicer CKO areas (green, arrowheads). However, although two Notch ligands are down-
regulated in the Dicer CKO cells, /n situ hybridization and immunohistochemistry for the
Notch ligand DII1 does not show an observable difference in Dicer CKO areas (data not
shown). These data suggest that in the absence of Dicer, several components of the Notch
signaling pathway are downregulated at PO, leading to a generalized decrease in Notch
signaling, as shown by decreased levels of the Notch effector Hes5. Furthermore, DII3,
Hes5, and Notch1 were previously shown to be substantially reduced in Ascll knockout
retinas (Nelson et al., 2009), suggesting that loss of Ascl1 may underlie the observed
decrease in Notch signaling.

Dicer CKO Retinal Progenitors are Responsive to DAPT-Mediated Notch Inhibition

Because our /n situ data indicated a substantial reduction in the Notch receptor Notchl and
other components in this pathway at PO in Dicer CKO areas, we wanted to determine if
Dicer-null retinal progenitors still demonstrate any active Notch signaling at this age. We
have previously shown that pharmacological inhibition of Notch signaling using the -
secretase inhibitor DAPT leads to coordinate downregulation of progenitor genes with
concomitant neuronal differentiation (Nelson et al., 2007). To test if Dicer-null retinal
progenitors still display active Notch signaling, we cultured PO aPaxé6cre; R26E YFP;
Dicer™f (CKO) retinal explants in the presence of DMSO or DAPT for 48 h (see Fig. 2).

Incubation of the explants in DMSO [Fig. 2(A,C)] did not cause any apparent change in the
expression of the markers in either the wild type or Dicer CKO regions of retina from what
we have previously reported from our /n7 vivo analysis (Georgi and Reh, 2010). Dicer CKO
areas (green, arrowheads) show an elevated expression of the progenitor marker Sox2 [Fig.
2(A), red], and a small decline in the mitotic marker phosphohistone 3 (PH3) [Fig. 2(A),
blue]. In addition, these cells show a low level of apoptosis [Fig. 2(C), red], and a reduced
number of Otx2* photoreceptor precursors [Fig. 2(C), blue]. After 48 h of DAPT treatment,
however, both wild type regions of retina, as well as the Dicer CKO progenitors (green,
arrowheads), show a substantial reduction in Sox2 immunoreactivity [Fig. 2(B), red], and a
complete absence of PH3 staining [Fig. 2(B), blue]. Furthermore, Dicer CKO progenitors
show a marked upregulation of Otx2 staining [Fig. 2(D), blue], indicative of photoreceptor
differentiation. DAPT treatment also leads to a substantial induction of the apoptotic marker
activated caspase 3 (AC3) in Dicer CKO cells, suggesting a requirement for Dicer in the
survival of neurons generated from Dicer CKO progenitors.

These data suggest that Dicer CKO progenitors are actively receiving a Notch receptor-
mediated signal, and that this low level of Notch signaling is sufficient to maintain the
progenitor population. Similar to wild type progenitors, Dicer CKO progenitors are able to
respond to a decrease in Notch signaling by downregulating progenitor genes, exiting the
cell cycle, and upregulating neuronal genes. Furthermore, Dicer CKO cells show a large
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increase in apoptosis upon DAPT-mediated differentiation when compared to similarly-
treated wild type cells, suggesting a failure of neuronal differentiation and survival in the
absence of miRNAs. Indeed, Dicer CKO retinal areas contain apoptotic cells /n vivo and
these areas are progressively lost during development (Georgi and Reh, 2010).

Transgenic Overexpression of NICD is Insufficient to Rescue the Dicer CKO Phenotype

Previous studies have indicated that under certain conditions a reduction in Notch signaling
can lead to increased ganglion cell differentiation. Because one of the most striking
phenotypes observed in Dicer CKO retinas is increased and prolonged ganglion cell
production, we sought to rescue the observed reduction in Notch signaling using the ROSA-
NICD trans-gene. In these mice, cre-mediated recombination leads to constitutive Notch
activity through transcription of the intracellular domain of the mouse Notch1 gene
(Murtaugh et al., 2003). Areas that have undergone recombination can also be visualized
using an IRES nuclear GFP reporter, which is co-transcribed with the NICD [Fig. 3(A),
arrowhead]. In addition, a subset of amacrine cells express aPaxécre postnatally, driving
IRES-GFP expression [Fig. 3(A), arrow].

To test whether restoring Notch signaling can rescue the over-production in ganglion cells
observed after Dicer deletion, we generated aPax6cre; Dicer: ROSA-NICD (CKO
+NICD) mice for analysis. In these animals the ROSA-N/CD transgene is activated at the
same time and in the same domain in which Diceris deleted, allowing for an examination of
the effects of constitutive Notch activity on the aPax6cre; Dicer (Dicer CKO)
background phenotype. The results of this analysis are shown in Figure 3. We previously
reported that at PO, Dicer CKO progenitors show an absence of the late progenitor markers
Sox9 and Ascll, but express elevated levels of Sox2 and decreased levels of PH3 (Georgi
and Reh, 2010). The Dicer CKO+NICD retina looks similar to Dicer CKO alone, and lacks
both Ascll [Fig. 3(A), red] and Sox9 (data not shown) immunoreactivity in CKO+NICD
areas [Fig. 3(A), green]. In addition, both the progenitor marker Sox2 [Fig. 3(B), red] and
the mitotic marker PH3 [Fig. 3(B), blue] are present in Dicer CKO+NICD areas, with
elevated Sox2 immunoreactivity similar to that observed in Dicer CKO retinas. These data
indicate that NICD trans-gene expression does not rescue the loss of late progenitor markers
seen in Dicer CKO retinas.

In addition to changes in the progenitor gene expression, we previously reported that the loss
of Dicer also leads to an absence of mature horizontal and amacrine cells, a reduction in
photoreceptors, and an increase in ectopically-located ganglion cells at PO (Georgi and Reh,
2010). We therefore analyzed the Dicer CKO+NICD retinas for the expression of markers
for these cell types. We found that expression of the NICD in Dicer CKO progenitors fails to
rescue the effects of Dicer deletion on the production of most retinal cell types. We found
that the photoreceptor markers Otx2 [Fig. 3(C), blue] and recoverin [Fig. 3(C), red] are even
more dramatically affected in the Dicer CKO+NICD areas (green) than in the Dicer CKO,
now showing a near complete absence from these areas (Supporting Information Fig. 1; 0.83
+0.64 vs. 22 + 2 Otx2* cells per 100 gm of retina; Dicer CKO+NICD vs. Dicer CKO; p=
0.0006). The amacrine markers, Pax6 and Bhlhb5 are mostly missing from the Dicer CKO
+NICD regions of retina [Fig. 3(F)], similar to their absence from Dicer CKO retinas
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(Georgi and Reh, 2010; Supporting Information Fig. 1). Brn3* ganglion cells are still
present in Dicer CKO+NICD areas, as they were in the Dicer CKO [Fig. 3(D), red;
Supporting Information Fig. 1; 11 + 1.4 vs. 11 + 2.1 Brn3* cells per 100 zm of retina; Dicer
CKO+NICD vs. Dicer CKO, p=0.9], and often show a similar ectopic localization. Thus,
although Notch signaling is substantially reduced following deletion of Dicer in retinal
progenitors, increasing Notch signaling does not rescue many of the observed changes in
retinal development, and in some cases makes them more severe. Furthermore, these data
suggest that contrary to prior models, Notch inactivation is not an absolute requirement for
neuronal differentiation.

Despite the fact that most aspects of the Dicer CKO phenotype are not improved with Notch
ICD over-expression, horizontal cells appear to be rescued. We previously reported that in
the Dicer CKO retina, Prox1/Neurofilament* horizontal cells were significantly reduced at
PO, despite an overproduction during embryogenesis. However, in Dicer CKO+ NICD
retinas, we found significantly more horizontal cells, as indicated by costaining for Prox1
[Fig. 3(E), red] and Neurofilament [Fig. 3(E), blue; Supporting Information Fig. 1; 1.3

+ 0.16 vs. 0.48 + 0.06 colabeled cells per 100 zm of retina; Dicer CKO+NICD vs. Dicer
CKO, p=0.0094]. These data suggest a role for Notch signaling in the survival and/or
genesis of Dicer CKO horizontal cells.

Constitutively Active Notch Does Not Prevent Neuronal Differentiation

Previous studies have reported that expression of the NICD transgene in retinal progenitors
inhibits their terminal differentiation and the production of neurons (Jadhav et al., 2006a).
Therefore, it was surprising that in the Dicer CKO+NICD retinal regions we found that both
Brn3* ganglion cells and Prox1/NF* horizontal cells were generated [Fig. 3(D,E)]. We were
uncertain if this was simply an effect of an abnormal developmental program in the absence
of miRNAs. To further investigate the effect of constitutively active Notch signaling during
retinal development, we looked at littermate aPaxécre; Dicer*” ROSA-NICD (NICDY)
mice at PO. Although the analysis detailed in Figures 4 and 5 is from Dicer heterozygous
mice, the phenotype observed in aPax6cre; Dicer* ROSA-NICD mice matches that
observed in aPax6cre; ROSA-NICD mice (data not shown), indicating that loss of a single
copy of Dicer does not affect the observed phenotype.

The activation of Notch signaling in retinal progenitors leads to a striking phenotype at PO
(see Fig. 4). Areas in which NICD is expressed (Fig. 4, green) show abnormal retinal
lamination, with an absence of a distinct ganglion cell layer [Fig. 4(A), arrowhead] and inner
nuclear layer [Fig. 4(A), arrow]. Instead, the progenitor domain is expanded into the
ganglion cell layer, as shown by labeling for Ascll [Fig. 4(A), red] and Sox9 (data not
shown). Progenitor cells in the NICD expressing domain also label for Sox2 [Fig. 4(C), red]
and there is no statistically significant difference in the number of PH3 cells [Fig 4(B), red]
when compared with wild type retina (Supporting Information Fig. 2; 4.1 +0.53 vs. 7.1

+ 0.95 cells per 100 zm of retina; NICD* vs. Control, p= 0.052).

The absence of a ganglion cell layer in the NICD* regions of retina is consistent with earlier
reports showing an inhibition of neuronal differentiation from Notch activation. However,
staining for the photoreceptor markers Otx2 [Fig. 4(D), blue] and Prdm1 (data not shown)
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indicates that substantial numbers of photoreceptors continue to be produced from Notch
ICD expressing progenitors. Quantification of Otx2* cells at this age shows no significant
difference from control (Supporting Information Fig. 2; 33 + 3.7 vs. 45 + 3.5 cells per 100
4m of retina; NICD™ vs. Control, p = 0.088). Co-staining with Otx2 and Ascl1 shows
minimal overlap, suggesting normal photoreceptor production with concomitant down-
regulation of progenitor gene expression in the presence of the NICD transgene (data not
shown). Nevertheless, although the initial stages of photoreceptor differentiation appear to
occur at near normal levels in the presence of active Notch signaling, the later stages of
photoreceptor differentiation seem to be inhibited, as recoverin, a marker of maturing
photoreceptors [Fig. 4(D), red], is significantly reduced in the NICD* regions of retina
compared to control (Supporting Information Fig. 2; 0.6 + 0.42 vs. 5.1 + 0.31 cells per 100
4m of retina; NICD™* vs. Control, p=0.001).

Because these results indicated that retinal progenitors can undergo initial stages of
differentiation to a photoreceptor fate in the presence of constitutive Notch signaling, we
sought to assess differentiation of other cell types. Costaining for the ganglion cell markers
Brn3 [Fig. 4(E), red] and Tbr2/Eomes [Fig. 4(E), blue] shows a severe reduction in ganglion
cells at the vitreal surface of NICD™* areas of retina [Fig. 4(E), arrowhead; Supporting
Information Fig. 2; 3.4 + 0.49 vs. 16 + 0.44 Brn3™ cells at the vitreal surface per 100 xm of
retina; NICD* vs. Control, p < 0.0001]. Surprisingly, however, Brn3* and Tbr2* cells are
present in the neuroblastic layer of NICD™* areas of retina [Fig. 4(E), arrow], suggesting a
continued genesis of these neurons, or a failure of migration. Quantification of ectopic
Brn3™ cells indicates a significant increase compared to control (2.6 + 0.71 vs. 0.05 + 0.05
cells per 100 tm of retina; NICD* vs. Control, p=0.023). Tbr2 and Brn3 do not colocalize
in this region, suggesting that they mark different populations of newly postmitotic cells.
Nearly all Thr2* cells co-stain with Pax6 (data not shown), however, supporting the idea that
these cells represent amacrine precursors (Mao et al., 2008). To determine if mature
amacrine cells are generated in the presence of a constitutively active Notch signal, we
stained for Pax6 [Fig. 4(F), red] and Bhlhb5 [Fig. 4(F), blue]. NICD™ areas [Fig. 4(F),
green] are mostly devoid of mature amacrine cells, suggesting a failure or delay of amacrine
cell differentiation in the presence of the NICD transgene (Supporting Information Fig. 2;
2.34 £ 0.57 vs. 36 + 3.1 bright Pax6™ cells per 100 tm of retina; NICD™* vs. Control, p=
0.0004). Thus, in contrast to a previous report, retinal progenitors can undergo initial
differentiation toward photoreceptors, and several types of inner retinal neurons are
generated in the presence of a constitutive Notch signal.

Constitutively-Active Notch Is Sufficient to Block DAPT-Mediated Differentiation

Because our data indicated that several aspects of the Dicer CKO phenotype were not
rescued by NICD overexpression, and because numerous retinal neurons were generated in
the presence of the NICD, we sought to determine if the NICD transgene was truly
activating the Notch pathway in these cells. To test this, we cultured retinas from aPaxécre;
Dicer”": ROSA-NICD (Dicer CKO+NICD) and aPax6cre; Dicer”*’ ROSA-NICD (NICD*)
mice with DAPT to determine if NICD expression can rescue Notch signaling downstream
of the Notch receptor. As expected, treatment with DAPT led to a downregulation of the
progenitor markers Sox2 and PH3 in adjacent wild type cells (Supporting Information Fig.
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3), but this effect was rescued by expression of the NICD transgene in both Dicer CKO
+NICD and NICD* mice. Similarly, DAPT treatment induced strong Otx2 staining in
adjacent wild type retinal cells (Supporting Information Fig. 3), but this effect was rescued
in both Dicer CKO+NICD and NICD™ mice. Furthermore, we saw no induction of apoptosis
in Dicer CKO+NICD cells, suggesting a failure of these cells to differentiate in response to
DAPT. These data strongly suggest that the NICD transgene is activating the Notch pathway
downstream of the Notch receptor, and that Notch signaling is rescued in Dicer CKO+NICD
cells.

Constitutively-Active Notch is Gliogenic at P5

Previous studies have indicated that NICD overexpression is strongly gliogenic, producing
large numbers of Miller glia in late retinal development (Jadhav et al., 2006a). We have
confirmed this finding, and find that at PO, NICD-expressing progenitors begin to express
low levels of the glial markers Cralbp and S-100, but have not yet exited the cell cycle or
acquired a mature glial morphology (data not shown). To assess the ability of the NICD to
drive glial differentiation later in development, we looked at postnatal day 5 (P5). Areas of
retina expressing the NICD transgene (Fig. 5, green, arrowheads) show an expansion of glial
cells towards the vitreal surface, as assessed with staining for numerous glial markers,
including Sox2 [Fig. 5(D), red], Cralbp [Fig. 5(F), red], and S-100 (data not shown). In
addition, each of these markers is expressed at substantially higher levels than neighboring
wild type glia [Fig. 5(D-F), arrows], suggesting an extremely strong induction of the glial
phenotype by NICD expression. 1d1, which also marks Miiller glia (Ueki and Reh,
manuscript in preparation), shows a similar expression pattern as well [Fig. 5(E), red], with a
significant increase in 1d1* cells when compared with wild type retina (Supporting
Information Fig. 4; 61 + 4.4 vs. 29 + 0.65 cells per 100 zm of retina; NICD* vs. Control; p=
0.002). Each of these markers shows highest expression in the most central NICD™ areas,
with lower levels of glial induction at the far periphery (data not shown).

Although these cells resembled Miiller glia by their marker expression, we tested whether
they had exited the cell cycle by labeling with the thymidine analog EdU at postnatal day 3
(P3), followed by sacrifice two days later. While central regions of NICD-expressing cells
show an absence of EdU staining at P5 [Fig. 5(G), red], more peripheral regions show
substantial EdU staining (data not shown). Staining for the mitotic marker PH3 at P5 shows
only a few cells undergoing active division in NICD* areas of retina, always located at the
far peripheral edge (data not shown). Quantification of these peripheral PH3" cells indicates
a significant decrease when compared with wild type retinas (Supporting Information Fig. 4;
0.67 £0.07 vs. 2.5 + 0.64 cells per 100 zm of retina; NICD* vs. Control; p= 0.048). These
data suggest that at P3 central NICD™* progenitors had already exited the cell cycle and
begun differentiating into glial cells, while more peripheral progenitors had not yet exited
the cell cycle.

While the glial population is expanded in NICD* areas of retina, glial cells are not the only
cell type present in these areas. In particular we noted a well-defined Outer Nuclear Layer
(ONL) devoid of nuclear glial markers [Fig. 5(A)]. To determine if photoreceptors are
present in these areas, we stained for Otx2 and recoverin. Similar to our results at PO, we see
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robust expression of Otx2 in the ONL [Fig. 5(A), red], but reduced recoverin staining [Fig.
5(A), blue]. Quantification of these stains indicates a moderate decrease in the average
thickness of the Otx2* photoreceptor layer when compared with wild type retinas
(Supporting Information Fig. 4; 57 + 3.7 zm vs. 93 + 3.6 zm; NICD™ vs. Control; p=
0.002), and a large decrease in the number of recoverin* photoreceptors (Supporting
Information Fig. 4; 1.4 £ 0.23 vs. 14 + 1.3 cells per 100 tm of retina; NICD™* vs. Control; p
=0.0006). These results support our conclusion that the initial stages of photoreceptor
development are normal in the presence of the NICD trans-gene, but that photoreceptor
differentiation is inhibited or delayed.

Staining for Otx2 also indicates the presence of bright Otx2* presumptive bipolar cells in
NICD* regions of retina, though these cells are no longer locates in the Inner Nuclear Layer
(INL), but often shifted towards the vitreal surface of the retina [Fig. 5(A), red].
Quantification of these bright Otx2* cells indicates no significant decrease when compared
with wild type retinas (Supporting Information Fig. 4). Staining with Pax6 shows the
presence of bright Pax6* cells, suggestive of amacrine cells, though these cells show an
inverted lamination with respect to the bright Otx2* presumptive bipolar cells, with the
bright Pax6* cells now being located proximal to the ONL [Fig. 5(B), red]. This inverted
lamination is most striking in central regions of retina, but partially resolves towards the
periphery. Quantification of these bright Pax6™ cells indicates no significant decrease when
compared with wild type retinas (Supporting Information Fig. 4). While these cells stain
brightly for Pax6 and Prox1 (data not shown), they express only faint levels of at the mature
amacrine and bipolar marker Bhlhb5 [Fig. 5(C), red, arrowhead], suggesting delayed or
inhibited differentiation. Indeed, quantification of Bhlhb5* cells indicates a significant
decrease when compared to wild type retinas (Supporting Information Fig. 4; 0.98 + 0.46 vs.
11 + 0.5 cells per 100 zm of retina; NICD* vs. Control; p=0.0001) In addition, staining for
the markers Thr2 [Fig. 5(A), blue] and Brn3 (data not shown) indicates an absence of
amacrine and ganglion cell precursors in NICD-expressing areas of retina, and a reduced
number of ganglion cells at the vitreal surface, when compared to wild type (Supporting
Information Fig. 4; 0.93 + 0.56 vs. 4.7 + 0.38 Brn3* cells per 100 zm of retina; NICD* vs.
Control; p=0.0053).

Our data support a gliogenic role for Notch signaling during late retinal development, but
indicate that the initial differentiation of progenitors is not inhibited by constitutive Notch
signaling. Many retinal neurons are generated by NICD-expressing progenitors, but these
cells show failed or delayed full differentiation, as well as abnormal lamination at P5. Our
data suggest that Notch signaling must be downregulated early in neuronal differentiation to
allow for full progression of the differentiation program, and that in the presence of a
constitutive Notch signal, neurons fail to express mature markers.

Dicer-Null Progenitors are Refractory to Notch-Driven Gliogenesis

Because NICD expression is strongly gliogenic at P5 in control retinas, but Miller glia were
not generated in the Dicer CKO retina (Georgi and Reh, 2010), we sought to assess the
phenotype of Dicer CKO+NICD retinal progenitors at this same age. Previously we have
shown that Dicer-null progenitors persist to P5, inappropriately continue to generate
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ganglion cells, and fail to differentiate into late cell types (Georgi and Reh, 2010). As was
seen at PO in Dicer CKO+ NICD retinas, photoreceptor and amacrine cell differentiation is
also inhibited at P5 (data not shown), but nascent ganglion cells are still present in NICD-
expressing areas [Fig. 6(A"), green], as assessed by staining for Brn3 [Fig. 6(A"), red]. To
show that Dicer CKO+NICD progenitors are generating ganglion cells beyond their normal
competence window, we injected mouse pups with EdU at P3, and stained at P5. Many
Brn3* ganglion cell precursors colabel with EdU [Fig. 6(A”), blue, arrowheads], indicating
that they were generated from progenitors at P3, well beyond the normal window of
ganglion cell genesis. Staining for Sox2 and Id1 [Fig. 6(B,C), red], which are present in both
progenitors and Mdller glia (Ueki and Reh, manuscript in publication), shows no strong
induction of expression, as was seen in NICD* retinas at this same age. Similarly, Dicer
CKO+NICD areas of retina show no expression of the glial marker Cralbp [Fig. 6(D"), red].
Lastly, similar to our results at PO, we see a rescue of Prox1/NF* horizontal cells at P5 in
Dicer CKO+NICD areas of retina [Fig. 6(E’), arrowheads].

Although the majority of Dicer CKO+NICD progenitors are refractory to the Notch
gliogenic signal, occasional groups of GFP* glial cells are observed in Dicer CKO+NICD
retinas [Fig. 6(F), arrow]. These groups are almost always located centrally, and are often in
direct contact with nearby wild type cells. It is not clear what is responsible for the rescue of
Notch-promoted gliogenesis in these cells, as they represent a minority of Dicer CKO
+NICD progenitors. However, similar phenotypic variation was observed in Dicer CKO
progenitors, and we have previously posited that this may be due to incomplete
recombination of Dicer in these cells, or rescue by a cell non-autonomous signal from
nearby wild type cells (Georgi and Reh, 2010).

Our data show that although Dicer CKO progenitors exhibit reduced Notch signaling, this
reduction is not responsible for the observed absence of gliogenesis, as transgenic rescue of
Notch signaling is not sufficient to confer gliogenic competence. Our data indicate that
Dicer is required for Notch-driven gliogenesis during retinal development, and support our
conclusions that Dicer-null progenitors fail to progress in their intrinsic competence state.
Indeed, our data and that of Jadhav et al. (2006a) suggest that under normal conditions early
retinal progenitors are refractory to the Notch gliogenic signal. Thus, because Dicer CKO
progenitors are arrested as early progenitors, they lack the intrinsic competence to respond to
a Notch gliogenic signal.

DISCUSSION

Recently we showed that conditional knockout of the microRNA-processing enzyme Dicer
during retinal development prevents progenitor cells from progressing from an early to a late
competence state, leading to an absence of late-generated cell types, and an extended period
of ganglion cell genesis (Georgi and Reh, 2010). In addition, we showed that Sox9 and
Ascll, two markers of late progenitors, are absent from Dicer-null progenitors. Because
Ascl1-null retinas show decreased levels of several Notch-signaling components (Nelson et
al., 2009), we sought to assess Notch signaling in Dicer CKO retinas. We show here that
Notch signaling is decreased in PO Dicer CKO retinas at the ligand (D113 and DNER),
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receptor (Notchl), and effector (Hes5) levels. These data parallel similar data showing a
reduction in Notchl and Hes5 levels at E17.5 by Davis et al. (2011).

Although Notch signaling is severely reduced in Dicer CKO progenitors at PO, we show that
this progenitor pool is maintained by an active Notch signal that can be pharmacologically
inhibited by DAPT, leading to neuronal differentiation. These data suggest that a low
residual level of Notchl receptor is sufficient to mediate this Notch signal, or that the
progenitor pool is maintained by signaling through Notch3, which is also present in the
developing retina (Lindsell et al., 1996). Surprisingly, we showed a large increase in
apoptotic cells upon DAPT-induced differentiation. These data are consistent with our
previous observations that Dicer CKO regions show increased apoptosis and are
progressively lost during retinal development. Our results suggest that Dicer is likely
required at several stages in the process of neuronal differentiation, and that in the absence
of miR-NAs, newly generated neurons eventually undergo apoptosis.

Previous studies have implicated a decrease in Notch signaling with increased ganglion cell
genesis (Austin et al., 1995; Ahmad et al., 1997; Dorsky et al., 1997; Henrique et al., 1997;
Waid and McLoon, 1998; Silva et al., 2003; Kubo et al., 2005; Nelson et al., 2006, 2007),
leading us to hypothesize that decreased Notch signaling may underlie the increased and
extended ganglion cell genesis observed in Dicer CKO retinas. To test this hypothesis
directly we transgenically overexpressed the Notch Intracellular Domain (NICD)
specifically in retinal progenitor cells that had lost Dicer. Transgenic expression of the NICD
leads to a constitutively-active Notch signal, and has been previously reported to prevent
cellular differentiation (Jadhav et al., 2006a). Strikingly, NICD overexpression had no effect
on ganglion cell genesis from Dicer-null progenitor cells, suggesting that decreased Notch
signaling does not underlie this phenotype [Fig. 7(D)]. Davis et al. (2011) came to a similar
conclusion after observing normal levels of Nofchl and Hes5 transcript at E15.5, a time at
which ganglion cell genesis is already increased.

If Notch signaling is not responsible for the increased and extended production of retinal
ganglion cells in Dicer CKO retinas, what underlies this phenotype? It is possible that
retention of progenitor cells in an early competence state is sufficient to explain these
results. Ascl1 and Sox9 expression mark a “late” stage in retinal progenitors (Jasoni and
Reh, 1996; Poche et al., 2008), when they are no longer competent to generate ganglion cells
(Brzezinski and Reh, unpublished observations), and thus the absence of Ascll expression
caused by the Dicer deletion correlates with the apparent inability of the cells to progress to
the late progenitor competence state. Although restoring Notch to the progenitor cells was
not sufficient to drive their progression in competence, expression of Ascll might be.
Alternatively, it has been shown that Sonic Hedgehog (Shh) signaling regulates retinal
ganglion cell production (Neumann and Nuesslein-Volhard, 2000; Zhang and Yang, 2001;
Wang et al., 2005; Sakagami et al., 2009), and Davis et al. (2011) recently showed that Shh
signaling is decreased in Dicer CKO retinas as well. Further experiments will be needed to
determine if this decrease in Shh signaling underlies the observed overproduction of
ganglion cells.
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While NICD overexpression in Dicer CKO retinas had no effect on ganglion cell genesis or
markers of late progenitor character [Fig. 7(D)], it did modify the Dicer CKO phenotype in
two ways. First, while horizontal cells are initially generated in excess in Dicer CKO retinas,
followed by complete loss by PO, NICD overexpression rescued horizontal cell survival at
PO and P5 [Fig. 7(D)]. These data suggest an interaction between miRNAs and Notch
signaling in the survival of horizontal cells. Second, while Dicer CKO progenitors normally
produce some photoreceptor precursors as well as ganglion cells, NICD expression
abolished photoreceptor precursor generation [Fig. 7(D)]. This result is particularly
surprising because photoreceptors were specified normally when NICD was expressed in
control retinas [Fig. 7(C), see below]. It is not clear why a constitutively active Notch signal
is able to prevent photoreceptor genesis only in the absence of functional miRNAs, but it is
possible that miRNAs normally dampen Notch signaling or modify its output by regulating
downstream effectors. Thus, in the absence of miRNA-mediated inhibition of Notch
signaling, transgenic NICD overexpression may lead to a greater-than-normal inhibition of
photoreceptor production. While our results seem to contradict this model, indicating that
several components of Notch signaling are decreased after Dicer CKO, this decrease likely
does not reflect a direct influence of miRNAs on Notch signaling. Rather, this decrease
seems to be a result of Ascll loss, and this may therefore occlude any direct effects of
miRNAs on Notch signaling. Indeed, numerous Notch signaling components are targets of
miRNAs in many other systems and organisms (Kwon et al., 2005; Lai et al., 2005; lvey et
al., 2008; Garzia et al., 2009; Kefas et al., 2009; Li et al., 2009; Song et al., 2009; Pang et
al., 2010; Wang et al., 2010; Vallejo et al., 2011).

A surprising result of our experiments is our observation that neuronal production is not
inhibited by NICD overexpression in retinal progenitors. Instead, we see the generation of
numerous retinal cell types, as assessed using markers of immature ganglion cells, amacrine
cells, photoreceptors, and bipolar cells [Fig. 7(C)]. Our results instead suggest that
completion of neuronal differentiation is inhibited or delayed in the presence of a
constitutive Notch signal, and that neuronal precursors are generated normally. Although
Jadhav et al. (2006a) concluded that neurons were not generated when the NICD transgene
was expressed in the retina using Chx10-cre, their data do not contradict our observations.
To assess for the presence of neurons at postnatal day 10 (P10), they stained for g 111 tubulin
(Tuj1), which marks differentiating and mature retinal neurons (Sharma and Netland, 2007).
In our experiments we do not see evidence of terminally differentiated neurons, which is
consistent with their observed lack of Tuj1 staining. In addition, Jadhav et al. (2006a)
described several neuronal genes that were downregulated by microarray or in situ
hybridization at P10, including blue cone opsin, neurofilament, calbindin, NRL, and m-cone
opsin. Most of these genes are only expressed in mature or differentiating neurons, and their
absence from P10 retinas further supports our conclusions that neuronal maturation is
arrested by NICD overexpression. Furthermore, because Jadhav et al. (2006a) assessed the
NICD overexpression phenotype only at a late age (P10), it is possible that any neurons
generated during retinogenesis would have already been converted into Miller glia by this
time, similar to their observations that NICD transgene expression in Shh-cre expressing
retinal neurons leads to their conversion into Mdiller glia by P11.
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Although our data suggest that neuronal specification can happen in the presence of a
constitutive Notch signal, experimental evidence nevertheless supports a role for Notch
signaling in maintaining a pool of undifferentiated progenitors, and numerous studies have
indicated that Notch inhibition is sufficient to induce premature cell-cycle exit and
differentiation (Jadhav et al., 2006b; Yaron et al., 2006; Nelson et al., 2007). Based on our
data, it is unclear if Notch inhibition is necessary for cell-cycle exit, however. It is
nevertheless possible that neurons generated under these conditions were able to escape
from active Notch signaling through other means, such as downstream inhibition of Notch
effectors. Further investigation will be needed to determine the levels of Notch signaling
activity present in NICD-overexpressing cells.

Our data support the conclusion that Notch activity drives gliogenesis late in retinal
development, as we observed strong induction of the glial phenotype at P5 in control
animals [Fig. 7(C)]. However, this induction was strongest in central retina, and EdU
labeling indicated that glial cell cycle exit takes place in a central-to-peripheral gradient.
These data suggest that progenitor cells must reach a particular developmental stage before
they are competent to respond to Notch-promoted gliogenesis and cell cycle exit. In support
of this conclusion, we observed that Dicer CKO retinal progenitors, which do not express
markers of late progenitors, are unable to differentiate into Muller glia in the presence of the
NICD trans-gene. From these observations we conclude that the decreased Notch signaling
in Dicer CKO retinas is not responsible for the observed lack of glial differentiation, but that
Dicer CKO progenitors lack intrinsic competence to undergo gliogenesis.

Though our data indicate that Dicer is required for retinal progenitors to differentiate into
Mdiller glia, it is likely that this phenotype is indirect, due to a failure of Dicer-null retinal
progenitor cells to progress beyond an early competence state. One late marker that is absent
from Dicer CKO progenitors is the transcription factor Sox9, which plays an important role
in gliogenesis (Poche et al., 2008; Muto et al., 2009; Yokoi et al., 2009). While it is possible
that Dicer CKO progenitors are unable to respond to the Notch gliogenic signal because they
lack Sox9, our data suggest that Sox9 is not in itself sufficient to confer gliogenic
competence, as wild type progenitors are not yet competent to differentiate as Miller glia at
PO, even though they express Sox9. Interestingly, while it has been reported that Notch
signaling drives Sox9 expression in retinal progenitors (Muto et al., 2009), NICD
overexpression was not sufficient to rescue Sox9 expression in Dicer-deficient progenitors
(data not shown), suggesting a requirement for additional upstream factors.

It is possible that early progenitors are not competent to respond to a Notch gliogenic signal
because their chromatin lacks a permissive epigenetic landscape. In support of this
hypothesis, previous studies have shown a requirement for chromatin remodeling in the
development of astrocytes both /n vivoand in vitro (Takizawa et al., 2001; Shimozaki et al.,
2005; Setoguchi et al., 2006; Hatada et al., 2008). Further studies will be needed to
determine the epigenetic landscapes of Dicer CKO and early retinal progenitors, and how
these changes relate to gliogenic potential.

It is therefore still unclear if Dicer is directly required for Miller glial differentiation, as any
role for Dicer in this process may be occluded by a secondary lack of gliogenic competence.
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Experiments using conditional knockout of Dicer in late retinal progenitors will be needed to
elucidate the role that miRNAs play in retinal gliogenesis. Nevertheless, our data establish
an important role for Dicer in the maintenance of Notch signaling during retinal
development, and in promoting the progression of progenitor cell competence.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Characterization of Notch signaling components at P0. A-D, YFP staining (green) indicates

areas of Dicer CKO. A-C, /n situhybridization for DII3, Hes5, and Notch1 shows reduced
transcript levels in Dicer CKO areas (green, arrowheads) compared to wild type areas
(arrows). D, Immunofluorescence staining for DNER (red) shows reduced expression in
Dicer CKO areas (green, arrowhead) compared to wild type areas (arrow). Scale bars: 100
um. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure2.
Immunofluorescence staining of PO Dicer CKO retinas after 48 h in culture. A-D, YFP

staining (green, arrowheads) indicates areas of Dicer CKO. A,C, Immunofluorescence
staining for the progenitor markers Sox2 (red) and PH3 (blue), as well as the apoptotic
marker AC3 (red) and the photoreceptor marker Otx2 (blue) shows no change after 48h in
DMSO from that described previously /in vivo (Georgi and Reh, 2010). B,D, After 48 h in
the Notch inhibitor DAPT, Dicer CKO cells (green, arrowheads) show a downregulation of
Sox2 (red) and PH3 (blue), with a concomitant upregulation of Otx2 (blue), similar to that
observed in wild type cells. Unlike wild type cells, Dicer CKO cells also show an induction
of apoptosis, as indicated by increased AC3 staining (red). Scale bars: 100 zm. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3.
Immunofluorescence staining of PO Dicer CKO + NICD retinas. A—F, Nuclear GFP staining

(green) indicates areas of Dicer CKO and NICD expression (CKO+NICD). A-D,F are PO
+ 1 div. A, Recombination takes place in two domains: embryonically in progenitor cells
(arrowhead), and in a subset of amacrine cells starting in late embryonic development, and
continuing through adulthood (arrow). The late progenitor marker Ascll (red) is absent from
CKO+NICD areas, similar to the Dicer CKO retina (Georgi and Reh, 2010). B, The
progenitor marker Sox2 (red) is upregulated, and the mitotic marker PH3 (blue) is reduced
in CKO+NICD areas, similar to Dicer CKO retina [Fig. 2(A)]. C, Otx2* (blue) and
recoverin* (red) photoreceptors are absent from CKO+NICD areas, though Dicer CKO
retinas contain Otx2* cells [Fig. 2(C)]. D, Brn3* ganglion cells (D, red), are present
throughout CKO+NICD areas, similar to Dicer CKO retinas. E, Colabeling for Prox1 (red)
and neurofilament (NF, blue), indicates the presence of horizontal cells in CKO+NICD
areas, unlike Dicer CKO retinas, where they are lost by PO. F, Bright Pax6™ (red) and
Bhlhb5* (white) amacrine cells are absent from NICD+CKO areas, similar to that observed
in Dicer CKO retinas. Scale bar: 100 gm. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Bhlhb5

Figure 4.
Immunofluorescence staining of PO NICD™ retinas. A—F, Nuclear GFP staining (green)

indicates areas of NICD expression (NICD*). Note that scattered GFP* cells are present in
wild type areas of retina due to aPax6 expression in a subset of amacrine cells. A,C-F are
PO + 1 div. A, NICD™ areas (green) lack a distinct ganglion cell layer (GCL, arrowhead) and
inner nuclear layer (INL, arrow). Ascl1* progenitor cells (red) are present in NICD* retinal
areas, with a domain of expression expanded into the GCL and INL. B, NICD* progenitors
show normal expression of the mitotic marker PH3 (red). C, NICD* progenitors express
elevated levels of Sox2 (red). D, The early photoreceptor marker Otx2 (blue) is expressed in
NICD™ areas, but the late photoreceptor marker recoverin (red) is not. E, Brn3* ganglion cell
precursors (red) and Thr2* amacrine cell precursors (blue) are present in NICD™ areas
(arrow), but Brn3*/Thr2* mature ganglion cells are absent from the vitreal surface
(arrowhead). F, Bright Pax6™ (red) and Bhlhb5* (white) mature amacrine cells are absent
from NICD* areas. Scale bar: 100 zm. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure5.
Immunofluorescence staining of P5 NICD™ retinas. A-G, Nuclear GFP staining (green)

indicates areas of NICD expression (NICD*). Note that scattered GFP* cells are present in
wild type areas of retina due to aPax6 expression in a subset of amacrine cells. A, NICD*
areas show a distinct outer nuclear layer (ONL), but disorganized inner nuclear layer (INL),
and lack a ganglion cell layer (GCL). Faint Otx2* photoreceptors and bright Otx2* bipolar
cells (red) are present in NICD* areas of retina, but the mature photoreceptor marker
recoverin (blue) is severely reduced. B, Bright Pax6* amacrine cells (red) are present in
NICD™ areas of retina, but show disrupted lamination. C, Bright Bhlhb5™ mature amacrine
cells (red) are absent from NICD™ areas of retina, but some cells express low levels of
Bhlhb5 (arrowheads). D, NICD* Muiller glia (arrowheads) express elevated levels of Sox2
(red), compared to wild type Miller glia (arrows), and show an expanded domain of

Dev Neurobiol. Author manuscript; available in PMC 2017 March 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Georgi and Reh

Page 23

expression. Thr2* mature ganglion cells and amacrine precursors (blue) are absent from
NICD* areas. E, NICD* Miiller glia (arrowheads) express elevated levels of 1d1 (red),
compared to wild type Miiller glia (arrows). F, NICD* Mdiller glia (arrowheads) express
elevated levels of Cralbp (red), compared to wild type Muller glia (arrows). G, EdU was
injected at P3. Centrally-located NICD* glia lack EdU (red, arrowhead), indicating they
were postmitotic at P3. Scale bar: 100 gm. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 6.
Immunofluorescence staining of P5 Dicer CKO + NICD retinas. A—F, nuclear GFP staining

(green) indicates areas of Dicer CKO and NICD expression (CKO+ NICD). Note that
scattered GFP* cells are present in wild type areas of retina due to aPax6 expression in a
subset of amacrine cells. A-E, left panels focus on wild type expression of indicated
markers. A’~E’, right panels focus on CKO+NICD expression of indicated markers. A-A’,
EdU was injected at P3. CKO+NICD areas contain cells colabeled with the ganglion cell
marker Brn3 (red) and EdU (blue), indicating birth at P3. B-B’, CKO+NICD areas contain
cells that express normal levels of Sox2 (red), and show progenitor morphology. C-C’, CKO
+NICD areas contain progenitor cells that express 1d1 (red) at lower levels that nearby wild
type Miiller glia. D-D’, CKO+NICD areas lack expression of the Miiller glial marker

Dev Neurobiol. Author manuscript; available in PMC 2017 March 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Georgi and Reh

Page 25

Cralbp (red). E-E’, Costaining with Prox1 (red) and neurofilament (NF, blue) reveals the
presence of horizontal cells in CKO+NICD areas, though these cells are absent from Dicer
CKO areas at P5 (Georgi and Reh, 2010). F, Occasional groups of CKO+NICD cells show
induction of gliogenesis (arrow) as indicated by Cralbp staining (red). These cells are almost
always located in close proximity to wild type cells. Scale bars: 100 zm. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7.
Summary of observed phenotypes. A, During normal retinal development, early progenitor

cells give rise to ganglion, cone, horizontal, and amacrine cells, and transition to late
progenitor cells which give rise to amacrine, rod, and bipolar cells. Remaining progenitor
cells develop into Miller glial cells. B, In Dicer CKO retinas, late progenitor cells are lost,
and no rod, bipolar, or Miller glial cells are generated. Instead, early progenitors persist, and
generate an excess of ganglion cells, fewer cone photoreceptors, as well as horizontal and
amacrine cells. However, none of these cell types fully mature or express mature markers, as
indicated by shorter bars in the neuronal maturation axis. In addition, horizontal cells are
completely lost by PO (Georgi and Reh, 2010; Davis et al., 2011). C, In NICD
overexpressing retinas, all neuronal types are formed, but they do not fully differentiate or
express mature markers. In addition, an excess of Miller glia are generated. D, In Dicer
CKO + NICD retinas, late progenitors and their postmitotic derivitives are still lost. In
addition, ganglion cells are still generated in excess. Horizontal cells are now rescued
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postnatally, but no photoreceptors are generated. These cell types do not seem to fully
differentiate or express mature markers. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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