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Requirements for Neurogenin2 during mouse postnatal retinal 
neurogenesis

Angelica M. Kowalchuk1, Kate A. Maurer2,1, Farnaz Shoja-Taheri1,2, and Nadean L. 
Brown1,2,*

1Department of Cell Biology and Human Anatomy, University of California-Davis, Davis, CA, 
95616

2Division of Developmental Biology, Cincinnati Children’s Hospital Research Foundation; 
Cincinnati, OH 45229

Abstract

During embryonic retinal development, the bHLH factor Neurog2 regulates the temporal 

progression of neurogenesis, but no role has been assigned for this gene in the postnatal retina. 

Using Neurog2 conditional mutants, we found that Neurog2 is necessary for the development of 

an early, embryonic cohort of rod photoreceptors, but also required by both a subset of cone 

bipolar subtypes, and rod bipolars. Using transcriptomics, we identified a subset of downregulated 

genes in P2 Neurog2 mutants, which act during rod differentiation, outer segment morphogenesis 

or visual processing. We also uncovered defects in neuronal cell culling, which suggests that the 

rod and bipolar cell phenotypes may arise via more complex mechanisms rather than a simple cell 

fate shift. However, given an overall phenotypic resemblance between Neurog2 and Blimp1 
mutants, we explored the relationship between these two factors. We found that Blimp1 is 

downregulated between E12-birth in Neurog2 mutants, which probably reflects a dependence on 

Neurog2 in embryonic progenitor cells. Overall, we conclude that the Neurog2 gene is expressed 

and active prior to birth, but also exerts an influence on postnatal retinal neuron differentiation.
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Introduction

The vertebrate eye contains a precise retinal circuitry for the detection and processing of 

visual stimuli. Failure to produce and maintain the correct proportions of each retinal cell 

type contributes to vision impairment and blindness. These retinal cell types (six neuronal 
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and one glial) are derived from a common pool of multipotent progenitor cells that arise in 

an overlapping temporal sequence (Sidman, 1961; Young, 1985). Mouse retinal development 

occurs over a nearly six week period of time, during which retinal ganglion cells (RGCs), 

horizontal cells, cone photoreceptors, some amacrines and a subset of rod photoreceptors 

differentiate before birth, while the remainder of amacrines, the majority of rods, bipolar 

cells and Muller glia differentiate postnatally (Sidman, 1961; Young, 1985). In mice, retinal 

neurogenesis begins at the center of the optic cup at embryonic day 11 (E11) and expands 

peripherally, reaching the distal-most region by E16 (Hinds, 1968; Sidman, 1961). Retinal 

progenitor cells (RPCs) are generally instructed by intrinsic factors about their cell fate, and 

by extrinsic signals regarding temporal competence states and the overall proportion of each 

cell class (Cepko, 2014; Cepko et al., 1996).

Basic helix-loop-helix (bHLH) transcription factors are well established intrinsic regulators 

of neurogenesis. Two bHLH factors, Atoh7 and Neurogenin2 (Neurog2), are expressed by 

RPCs that produce the first RGCs (Brown et al., 1998; Brown et al., 2001b; Gradwohl et al., 

1996; Sommer et al., 1996; Wang et al., 2001; Yan et al., 2001). Previously Neurog2 was 

shown to activate Atoh7 transcription directly, plus control the spatiotemporal progression of 

the initial wave of retinal neurogenesis (Hufnagel et al., 2010; Skowronska-Krawczyk et al., 

2009). However, Neurog2 does not instruct early cell fates per se, given that in E18.5 

Neurog2 germline mutants there was only a 2% increase in RGCs, and no impact on the 

proportions of RPCs, cone photoreceptor, amacrine or horizontal neurons (Hufnagel et al., 

2010). However, the requirements for this gene in the postnatal retina have not been 

explored, since germline mutants die at birth (Fode et al., 1998).

Here we assessed the role of Neurog2 during the later phases or retinal development, using a 

conditional allele and two retinal Cre drivers (Hand et al., 2005; Prasov and Glaser, 2012; 

Rowan and Cepko, 2004). We found that only the earliest differentiating rod photoreceptors 

require Neurog2, consistent with the Neurog2 retinal lineage producing mostly rods at E17.5 

(Brzezinski et al., 2011), and the complete downregulation of this gene soon after birth. 

Although the proportion of rods that depend on Neurog2 is relatively small, our postnatal 

day 2 (P2) transcriptomic analysis of Neurog2 conditional mutants revealed that the main 

class of down-regulated transcripts are rod-specific. Somewhat paradoxically, we also found 

additional retinal phenotypes that arose after Neurog2 expression is normally abolished. 

These included a significant loss of several cone bipolar subtypes, an increase in rod bipolar 

neurons, and defects in neuronal culling. Our data also show that the photoreceptor-bipolar 

fate determinant, Prdm1/Blimp1 (Brzezinski et al., 2010; Brzezinski et al., 2013; Katoh et 

al., 2010; Mills et al., 2017; Wang et al., 2014) is downregulated embryonically in Neurog2 
mutants, well ahead of the rod and bipolar phenotypes. Although the cell classes affected are 

similar between Neurog2 and Blimp1 retinal mutants, the Neurog2 phenotypes were 

considerably milder and seem to primarily impact differentiation. Overall, we conclude that 

Neurog2 is required during postnatal retinal differentiation, but that other molecular 

pathway(s) likely act redundantly with Neurog2. Our findings provide an entry point for 

better elucidation of the gene networks that comprehensively regulate rod, cone and rod 

bipolar development.
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Materials and Methods

Mice and BrdU injections

Mouse lines used in this study were a Neurog2GFP germline allele (Neurog2tm4Fgu), 

maintained on an ICR background (Seibt et al., 2003), Neurog2CKO allele 

(Neurog2tm5(Neurog2’(Fgu) maintained on a CD-1 background (Hand et al., 2005), Chx10-Cre 
transgenic line (Tg(Chx10-EGFP/cre;-ALPP)2Clc) maintained on a CD-1 background 

(Rowan and Cepko, 2004), and a BAC-Tg CrxCre mouse (Tg(Crx-cre)352Gla) maintained 

on a C57BL/6 background (Prasov and Glaser, 2012). PCR genotyping was performed as 

described (Hand et al., 2005; Prasov and Glaser, 2012; Rowan and Cepko, 2004; Seibt et al., 

2003). Timed matings were used to determine embryonic age, with E0.5 as the date of the 

vaginal plug was noted. In retinal birthdating experiments, a l0mg/ml BrdU solution (0. 

lmg/g body weight in 0.9M NaCl) was injected in pregnant dams carrying E17.5 litters and 

P21 eyes collected for analysis. Postnatal P3 pups were injected intraperitoneally with 40μls 

of the same BrdU solution and eyes collected at P21. All mice were housed and cared for in 

accordance with the guidelines provided by the National Institutes of Health, Bethesda, 

Maryland, and the Association for Research in Vision and Ophthalmology, and conducted 

with approval and oversight from the UC Davis Institutional Animal Care and Use 

Committee.

Immunohistochemistry

Embryonic and postnatal tissues were fixed in 4% paraformaldehyde for 30 minutes at 4°C 

and processed, embedded, sectioned and antibody labeled as in Mastick and Andrews 

(2001). Anti-BrdU labeling conditions were as in Le et al. (2006). Primary antibodies used 

were rabbit anti-Arrestin 3/Cone Arrestin (1:7000, Millipore Cat#:AB15282), rat anti-

Blimp1/Prdml (1:100, Santa Cruz Cat#:sc-47732), rat anti-BrdU (1:100, AbD Serotec 

Cat#:OBT0030), sheep anti-Chx10/Vsx2 (1:700, Abeam Cat#:AB16141), rabbit anti-

cleaved PARP (1:500, Cell Signaling Cat#:9544), rabbit anti-Cre (1:500, Covance 

Cat#:MMS-106R), rabbit anti-Crx (1:1000, a gift from Cheryl Craft, USC; Fig 1 and Suppl 

Fig. 3), rabbit anti-Crx (1:500, Santa Cruz Cat#:sc-30150 (discontinued); Suppl Fig. 2), 

chick anti-GFP (1:3000, Aves Cat#:GFP-1020), mouse anti-Neurog2 (1:1000, R&D Systems 

Cat#:MAB3314), mouse anti-Nr2e3 (1:200, R&D Systems Cat#:PP-H7223–00), goat anti-

Otx2 (1:200, R&D Systems Cat#:BAF1979), mouse anti-Pax6 (1:200, Santa Cruz 

Cat#:sc-32766), rabbit anti-Pax6 (1:1000, Covance Cat#:PRB-278P), mouse anti-protein 

kinase C a (1:200, Sigma-Aldrich Cat#:P5704), rabbit anti-Sox9 (1:200, Millipore 

Cat#:AB5535), and rabbit anti-Vsxl (1:200, Clark et al., 2008). Sections were then incubated 

with directly conjugated Alexafluor secondary antibodies (1:400, Jackson ImmunoResearch 

or Molecular Probes) or biotinylated secondary antibodies (1:500, Jackson ImmunoResearch 

or ThermoScientific) followed by Alexafluor conjugated streptavidin (1:500, Jackson 

ImmunoResearch). In Figure 5D-F, rabbit anti-cPARP was directly conjugated with a Zenon 

Rabbit IgG Alexa Fluor 594 Labeling Kit (Molecular Probes Cat: Z-25307). Nuclei were 

labeled with DAPI (1:1000 dilution of a lmg/ml solution, Sigma-Aldrich Cat#:28718–90-3).
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Microscopy and Cell Counting

Microscopy was performed with either a Zeiss fluorescent microscope, Zeiss camera and 

Apotome deconvolution device or a Leica DM5500 microscope, equipped with a SPEII solid 

state confocal and processed using Leica LASAF and Adobe Photoshop (CS4) software 

programs. All digital micrographs were equivalently adjusted among genotypes for 

brightness, contrast and pseudo-coloring.

For quantification of marker labeled cells, ≥ 3 individuals per genotype were analyzed using 

at least 2 sections per individual. Equivalent anatomical depth in the retina was determined 

by proximity to the optic nerve. Cell counts were performed using the count tool in Adobe 

Photoshop CS4. Statistical significance was determined using IBM SPSS Statistics (v. 24) 

with either an unpaired 2 sample T-Test with a Welsh correction or one-way ANOVA with 

Welsh’s correction and a Tukey post hoc test.

Western Blots

P2 retinal pairs were sonicated in RIPA buffer with protease inhibitors (Complete, Sigma 

Cat# 11697498001) and processed as described (Prasov et al, 2010). Total retinal protein 

(25μg/lane) was loaded on a NuPage 4–12% Bis-Tris gel (Invitrogen Cat#:NP0322BOX), 

electrophoresed and transferred to a nitrocellulose membrane (Invitrogen Cat#:LC2000). 

Blots were blocked in 4% milk/0.1M Tris (pH 7.4)/0.15MNaCl/0.1% Tween20, probed with 

rat anti-Blimp1/Prdml (1:100, Santa Cruz Cat#:sc-47732) and mouse anti-β-actin (1:4000, 

Sigma-Aldrich Cat#:A1978), and visualized with IRDye 800CW (1:15,000, Li-Cor Cat#:

926–32219) and IRDye 680RD (1:20,000, Li-Cor Cat#:926–68022), respectively, on the Li-

Cor Odyssey Clx Imaging System. Densitometric analysis was performed using the Image 

Studio Lite software (v. 5.2).

RNA-sequencing and Quantitative PCR

RNA-sequencing was performed on Neurog2CKO/CKC, Chx10-Cre;Neurog2CKO/CKOand 

retinas (n = 5 biologic replicates/genotype). Total RNA was extracted from individual pairs 

of retinal tissue using the Zymo Research Quick RNA miniprep kit (Cat#:R1055). RNA 

concentrations were determined with a Qubit 3.0 Fluorometer and Molecular Probes Qubit 

RNA HS Assay kit (Cat#:Q32852). Fifteen samples with RIN values ≥7.9 were sent to the 

CCHMC DNA sequencing Core for library preparation and paired end, poly-A stranded 

RNA sequencing on an Illumina HiSeq 2500, at a 30 million read depth. Reads were aligned 

with BWA and Bowtie programs to the mm10 genome. Aligned reads were then analyzed 

for differentially expressed transcripts using the CuffDiff program in the Galaxy online 

bioinformatics package (www.usegalaxy.org). Differentially expressed transcripts were 

initially evaluated with an adjusted p-value cutoff of q ≤ 0.05. Analysis was broadened to a 

significance of p ≤ 0.05 for some transcripts with the requirement of validation. Transcripts 

were grouped by ontology using PANTHER (www.geneontology.org) and ranked for fold 

enrichment, which is the proportion of genes in a particular functional group, compared to 

the number of genes in that group expected in a random list of genes. For genes showing 

significant changes, sequence reads were aligned to mm10 were visualized with the 

Integrative Genomics Viewer (IGV) browser (v. 2.3)(Robinson et al., 2011; Thorvaldsdottir 

et al., 2013). RNA seq data in this publication have been deposited in NCBI’s Gene 
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Expression Omnibus (Edgar et al., 2002) and accessible by GEO Series accession number 

GSE103457 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE103457).

Validation of RNA-sequencing results was performed by quantitative PCR by reverse 

transcribing P2 total retinal RNA into cDNA using the Bio-Rad iScript cDNA Synthesis Kit 

(Cat#: 170–8891) and performing qPCR with primer sets listed in Supplemental Table 1 and 

Applied BioSystems Fast Sybr Green Master Mix (Cat#:4385614) on an Applied 

BioSystems StepOnePlus machine. Relative Quantification (RQ) values were calculated 

using a comparative CT method (Livak and Schmittgen,2001) with β-actin as an endogenous 

control. Statistical significance was determined using IBM SPSS Statistics (v. 24) with an 

unpaired 2 sample T-Test and Welsh correction.

Results

Neurog2 is required during prenatal rod photoreceptor genesis

Multiple studies have documented Neurog2 expression in retinal progenitor cells (RPCs) 

between E11 to P2 (Akagi et al., 2004; Brown et al., 1998; Brzezinski et al., 2011; de Melo 

et al., 2018; Ma et al., 1996; Skowronska-Krawczyk et al., 2009), although there is 

conflicting data about when this gene shuts off between postnatal day 0 (P0) and P2. So, we 

labeled early postnatal retinal cryosections with a validated antibody and directly compared 

Neurog2 expression. At P0, we readily saw a cohort of Neurog2+ RPCs, but at P2 the retina 

was completely devoid of expression (Suppl Fig 1). From this, we conclude that Neurog2 
becomes downregulated at P1. In addition, there are some key characteristics of the Neurog2 
retinal lineage relevant for interpreting conditional mutant phenotypes. First, all adult retinal 

neuron arises from RPCs that previously expressed Neurog2, but the proportions of cell 

types produced varies with embryonic age (Brzezinski et al., 2011; Ma and Wang, 2006). 

For example, E12/E13 Neurog2-expressing RPCs mostly give rise to RGCs, but by El7.5, 

this lineage mainly produces rods. Second, adult retinal Neurog2 lineage-marked cells are in 

1–3 cell clones, suggesting they exited the cell cycle and differentiated soon after labeling 

(Brzezinski et al., 2011). Together, these data reveal a narrow developmental window when 

Neurog2 might influence rod development (E14-P0). Although this interval overlaps the 

period of rod birthdates (E13-P7), only a small number of rods differentiate prenatally 

(Carter-Dawson and LaVail, 1979; Cepko et al., 1996; Morrow et al., 1999; Young, 1985). 

For these reasons, it was plausible that Neurog2 mutants might exhibit a relatively small rod 

phenotype.

Previously we quantified Rxrg+ cone photoreceptors in El8.5 Neurog2 germline mutants 

(Hufnagel et al., 2010 and regraphed in Fig. 1E), but rod photoreceptor markers were not 

evaluated. To integrate our conditional mutant analyses with this previous study, we first 

quantified the percentages of Crx+ (photoreceptor precursors) and Nr2e3+ (rods) cells in 

E18.5 Neurog2GFP/+ and Neurog2GFP/GFP eyes (Fig. 1A-E). We found a small, but 

significant, decrease in rods in Neurog2GFP/GFP mutants (4.0%, compared to 5.7% in 

controls, Fig 1E), and fewer Crx+ cells, although this was not statistically significant 

(mutants = 22.9% versus controls = 24.4%).
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Retinal-specific removal of Neurog2 revealed defects in rod and bipolar neurogenesis

Then to fully evaluate postnatal retinogenesis, we used Neurog2CKO/CKOmice, and two 

differentretinal Cre lines. Most experiments utilized BAC-Tg Chx10-Cre, which deletes 

genes in the majority of E9-P2 RPCs (Suppl Fig 2A,2B), as well as in nascent bipolar 

neurons (Suppl Fig 2C,2D)(Rowan and Cepko, 2004). At E14.5, this Cre driver induced the 

complete cell autonomous loss of Neurog2 expression (Suppl Fig 2E–2F’, 2I). We also 

evaluated a second cre driver, BAC-Tg Crx-Cre, because it more specifically removes gene 

activity from the precursors of cones, rods and bipolar cells (Prasov and Glaser, 2012), and 

does not become active until after the initial wave of neurogenesis, which depends on 

Neurog2 (Hufnagel et al., 2010). Here too, we saw a cell autonomous loss of Neurog2 

expression (Suppl Fig 2G–2I) but noted that only a subset of embryonic RPCs coexpress Crx 

and Neurog2 proteins (Suppl Fig 2 and Suppl Fig 3; see Methods about different Crx 

antibodies used). This suggested that Crx-Cre can only delete Neurog2 within a relatively 

small fraction of cells that commit to photoreceptor or bipolar fates. Intriguingly, we also 

observed that both Cre lines appear to also produce a non cell-autonomous loss of Neurog2 

expression (Suppl Fig 2I). We concluded that Chx10-Cre is the more robust tool, and so 

limited our Crx-Cre;Neurog2 mutant analyses to confirming the adult phenotypes identified 

with Chx10-cre.

We first compared histologic sections from Chx10-Cre; Neurog2CKO/+or Chx10-

Cre;Neurog2CKO/CKO P21 retinas (Fig. 2A,B), but no obvious defects were apparent (Figs. 

2A,B). Next,we used cell type specific antibody markers to label and quantify rod 

photoreceptors (Fig.2C,D), bipolar.cells (Fig. 2E,F), Muller glia (Fig. 2G,H), and amacrine 

cells (Fig. 2I,J) at P21. Mature rod photoreceptor nuclei have a stereotypical laminar 

position in the outer nuclear layer (ONL), and a specific morphology of central condensed 

heterochromatin and surrounding euchromatin (Carter-Dawson and LaVail, 1979; 

Helmlinger et al., 2006). Yet these neurons are a challenge to quantify, even when 

specifically labeled, due to very dense packing in the ONL. So, we opted to exclude cone 

photoreceptors by labeling sections with anti-Arr3 (Keeley et al., 2013; Liu et al., 2012; Wu 

et al., 2013), quantifying the number of cones and then subtracting from the total number of 

DAPI-labeled ONL nuclei in 400X image fields (Fig 2C,D,K), to arrive at the percentage of 

rods. The INL cell types were quantified directly (percentage of marker+/total INL DAPI+ 

among genotypes), by labeling with specific markers.

We observed a statistically significant reduction of rod photoreceptors in Neurog2 mutants 

(Control = 98.0%; Chx10-Cre ;Neurog2CKO/CKO = 97.1%)(Fig. 2K). We also noted a 

significant increase in Vsx2+ bipolar cells (Controls = 43.2%; Chx10-Cre;Neurog2CKO/CKO 

= 53.4%)(Fig. 2L). The Muller glia and amacrines were unaffected by Neurog2 ablation 

(Fig. 2N,O). These outcomes were confirmed in P21 Crx-Cre; Neurog2CKO/CKOeyes (Fig 2, 

n=3/genotype). Overall, for either conditional mutant, there was a 0.9% loss in rod 

photoreceptors and a 10.2% increase in bipolar cells. On average, rod photoreceptors 

comprise 97.2% of all photoreceptors and >70% of all retinal cells (Carter-Dawson and 

LaVail, 1979; Jeon et al., 1998; Young, 1985). Bipolars cells constitute 41% of the inner 

nuclear layer but only 8% of all retinal cells (Jeon et al., 1998; Kim et al., 2008; Young, 

1985). Despite obvious proportionality differences for these cell classes in the mature retina, 
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we noted that the average number of rod photoreceptor cells lost from Chx10-Cre; 

Neurog2CKO/CKOeyes roughly balanced the average number of ectopic Vsx2+ bipolar 

neurons (Fig. 2M; n = 3 control animals, n = 4 mutants).

Rod and bipolar neuronal birthdating in Neurog2 retinal mutants

The adult retinal cell type analyses implied that the loss of rods and increase in bipolar 

neurons might be coordinated events. To address this possibility, we performed in vivo BrdU 

birthdating (Miller and Nowakowski, 1988; Nowakowski et al., 1989) at two ages: E18.5 

when the rod defect was first noted (Fig. 1), and P3, the peak of bipolar neurogenesis 

(Young, 1985). However, to ensure sufficient time for BrdU incorporation in fetuses close to 

birth, we injected pregnant mice at E17.5. All injected mice were reared to P21 and their 

eyes collected for evaluation. Once again, we estimated the number of rods by subtracting 

Arr3+ cone cell counts from the total number of DAPI-labeled ONL nuclei. When we 

examined labeled retinal sections for BrdU incorporation, we found zero Arr3+ cones 

birthdated at E17.5 or P3 (n= 3 per age/genotype). Next, the percentage of birthdated rods 

was determined by counting BrdU+ DAPI-labeled (Arr3-negative) ONL nuclei (Fig. 3A-C, 

arrows in Fig 3A) and dividing this number by the total number of ONL nuclei. E17.5 

birthdated rods decreased from 3.4% (wild type) to 1.8% (Neurog2 mutant), although this 

shift was not statistically significant (Fig. 3G). For P3 bipolar neuron birthdates, we 

quantified Vsx2+ BrdU+ nuclei and divided by the total number of INL DAPI+ nuclei (Fig. 

3D-F). Here we found a significant increase in birthdated bipolars, from 5.9% in controls to 

10.0% in mutants (Fig. 3H). To understand if there was a temporal delay in rod 

photoreceptor birthdates, we also quantified them at P3 (Suppl Fig 4D-F,H); and also tested 

for precocious bipolar neurogenesis at E17.5 (Suppl Fig 4-C,G). However, there was no 

support for either situation, further highlighting that each cell type only requires Neurog2 at 

a particular age.

Bipolar neuron subtypes have different requirements for Neurog2

To explore the bipolar phenotype further, we independently confirmed an overall increase in 

bipolar neurons in Neurog2 mutant retinas by labeling with an Otx2 antibody (Fig. 4A,B). 

Otx2 normally is expressed by photoreceptors and bipolar cells (Fossat et al., 2007; Nishida 

et al., 2003), which are distinguished by their ONL versus INL locations. We noted a 

significant increase (from 41.7% in controls to 51.8% in Neurog2 mutants) in INL Otx2+ 

cells (Fig. 4E). In order to gain more insight into bipolar subtypes, we also labeled adult 

retinas with antibodies against Otx2 and PKC (Fig. 4A,B), whose coexpression demarcates 

rod bipolar cells; and also, with anti-Vsx1 (Fig. 4C,D) which is expressed by three cone 

bipolar subtypes. We found a significant increase in the percentage of Otx2+PKC+ cells 

(11.9% in controls to 18.6% in Neurog2 mutants; Fig. 4F). However, Vsx1+ cells were 

markedly decreased (16.6% in controls to 11.6% in Neurog2 mutants; Fig. 4G). In addition, 

there was a significant loss of Vsx1 mRNA in P10 Neurog2 conditionally mutant retinas 

(Fig. 4H). We conclude that the loss of Neurog2 causes complex changes among bipolar 

subtypes, rather than simply inducing a generic overproduction.
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Neurog2 is required for postnatal retinal cell viability

Multiple retinal neuron cell classes are initially overproduced and their final numbers are 

corrected postnatally, for example, excess bipolar neurons are culled at P9-P10 (Young, 

1984). Because of this, there are more bipolar neurons in the P7 retina, than there are after 

P10. To address the possibility that the percentage of P21 bipolars underrepresented the 

magnitude of ectopic bipolar neurons that arise in Neurog2 conditional mutants, we next 

compared the proportions of P7 bipolar neurons among genotypes. However, at this age, 

Vsx2 expression in nascent bipolars and a cohort of late RPCs are not easily distinguished 

(Burmeister et al., 1996; Liu et al., 1994). So, we colabeled P7 retinal sections with Vsx2 

and Otx2, with the latter expressed by both photoreceptors and bipolars (Muranishi et al., 

2011; Nishida et al., 2003). Thus, only bipolar neurons express both Otx2 and Vsx2 (Fig. 

5A-C). We noted a significant increase in bipolar cells in Chx10-Cre;Neurog2CKO/CKO 

(48.6%) over controls (40.6%) (Fig. 5J), which approximated our P21 data (Fig. 2).

To test the possibility that Neurog2 (directly or indirectly) regulates some aspect of bipolar 

neuron culling, we assayed apoptosis in Neurog2 conditional mutants, by colabeling P9 

retinal sections with the apoptosis marker anti-cleaved PARP and the bipolar marker Vsx2 

(Fig. 5D-F). We found a significantreduction in bipolar cell death in mutants, relative to 

controls (Fig. 5K). Then we compared rod cell death at this same age (Fig. 5G-I). This 

experiment required colabeling retinal sections with two rabbit primary antibodies. To 

eliminate secondary antibody cross-reactivity, we directly conjugated the cPARP antibody to 

Alexa Fluor 594. Upon marker quantification, we also noted a statistically significant 

increase in dying rod photoreceptors (cPARP+Arr3-) in mutant retinas (Fig. 5K).

Blimp1 is downregulated in Neurog2 mutant retinas

The zinc finger transcriptional repressor Blimp1 (Prdm1) normally acts in a subset of retinal 

precursors that differentiate as photoreceptors (Brzezinski et al., 2010; Katoh et al., 2010; 

Wang et al., 2014). When Blimp1 expression is lost, retinal cells erroneously develop as 

bipolar neurons, with these shifts occurring at a 1:1 ratio (Brzezinski et al., 2010; Brzezinski 

et al., 2013; Katoh et al., 2010; Wang et al., 2014). Given an overall similarity between the 

Neurog2 and Blimp1 retinal phenotypes, we wished to explore the relationship between 

these two transcription factors. To determine the extent to which RPCs coexpress Blimp1 

and Neurog2, we colabeled E14.5 Neurog2CKO/CKOcontrol retinas with specific antibodies 

for these proteins. We found that 38% of the Blimp1+ population coexpress Neurog2 (Fig.

6C), while 42% of the Neurog2+ population coexpresses Blimp1 (Fig. 6D). Then, we asked 

whether Blimp1 expression depends on Neurog2 activity, by quantifying the percentage of 

Blimp1+ cells in control versus Neurog2 mutants, at both E14.5 and P2, which corresponds 

to the peak of Neurog2 and Blimp1 expression, respectively (Fig. 7A-F). There was a 

significant decrease in the proportion of Blimp1+ cells in E14.5 Neurog2 mutant retinas 

(8.5%) when compared to wild type controls (10.0%)(Figs. 7A-C). The loss of Blimp1+ 

cells was more prominent at P2, immediately after Neurog2 expression had ceased (58.0% 

in control, 42.2% in Chx10-Cre;Neurog2CKO/CKO mutants)(Figs. 7D-F).

In a separate study about the initial wave of retinal neurogenesis, we performed a 

transcriptomics analysis of purified GFP+ RPCs from E12.5 Neurog2GFP/+ and 
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Neurog2GFP/GFP eyes (Maurer et al., 2018). Here Blimp1 mRNA levels were already 

significantly reduced in the absence of Neurog2 (n = 3 biologic replicates/genotype). This 

outcome was validated by qPCR, using total RNA from purified E12.5 GFP+ RPCs (Fig. 

7G; n = 3/genotype). We also used qPCR to measure Blimp1 mRNA levels at P2, but by this 

age, Blimp1 mRNA expression had returned to normal in Neurog2 conditional mutants (Fig. 

7G). This suggested differential regulation of Blimp1 mRNA and protein between early 

versus late retinal development. So, we quantified the Blimp1+ cells, via antibody labeling 

of Neurog2 P2 conditional mutant cryosections (Figs 7D-F) and found a significant 

reduction in the percentage of Blimp1+ cells, which was further verified by measuring 

Blimp1 protein levels. Using densitometry on P2 retinal protein western blots (Fig 7H), we 

noted a 44% loss of Blimp1 protein in Neurog2 mutants compared to controls (Fig. 71; n = 3 

biologic replicates/genotype). Overall, we conclude that Blimp1 expression is dependent on 

Neurog2, from at least El2.5 until P2, and that our analyses are consistent with Blimp1 
mRNA and protein undergoing temporally separable regulatory mechanisms.

Neurog2 conditional mutants have a loss of rod-specific transcripts

To obtain an unbiased view of changes in gene expression in Neurog2 retinal mutants, we 

generated and compared the P2 transcriptomes from control, heterozygote and mutant mice. 

We rationalized that our analyses at this age, shortly after endogenous expression ends, 

would enhance our chances of identifying Neurog2 downstream genes. A pair of P2 retinas 

from each biologic replicate were used to produce libraries for high throughput sequencing 

(n = 5 biologic replicates/genotype). The resulting transcriptomes were analyzed using the 

Galaxy bioinformatics platform (www.usegalaxy.org). Those genes whose transcript levels 

changed significantly (Fig 8A) were further classified by ontology, using the PANTHER 

program (geneontology.org). The biological process categories with statistically significant 

changes in fold enrichment were then graphed relative to one another (Fig 8B). This analysis 

highlighted a set of genes, with known functions during photoreceptor development, 

transcriptional regulation or visual perception, which were significantly downregulated in 

Neurog2 mutants (Fig. 8B). Genes labeled with an asterisk satisfied an adjusted p-value (q ≤ 

0.05), whereas the other genes showed significant downregulation (p ≤ 0.05), but also 

required further validation (Fig. 8A). We selected 20 genes with differentially expressed 

transcripts (16 down-regulated and 4 up-regulated in hets or mutants) from the RNA-seq 

datasets. Those genes, indicated by gray shading in Fig 8A, were validated by qPCR among 

the three genotypes (Fig. 9, n > 3 biologic replicates/genotype). Overall, the RNA-seq and 

qPCR data were highly correlative, with the caveat that Sag, Gnatl, Rplll and Roml were 

significantly decreased in Neurog2 mutant transcriptomic dataset (<0.5 fold change; p ≤ 

0.05), but not be validated by qPCR (Figs. 8,9). By contrast, Id1and Arll transcript levels 

were upregulated in Neurog2 retinal mutants (<0.5 fold change; p ≤ 0.05), but also 

unconfirmed using qPCR (Figs. 8,9).

Interestingly, seven bHLH transcription factors were significantly downregulated in P2 

Neurog2 conditional mutants: Atoh7, Neurodl, Neurod2, Neurod6, Oligl, Olig2 and Hes2. 
As proof of principle, Atoh7 is a verified direct target of Neurog2 (Skowronska-Krawczyk et 

al., 2009). But, no such information is available for the other six factors. The Neurod gene 

family generally promotes neuronal differentiation. The loss of Neurodl compromises rod 
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development while promoting bipolar genesis (Morrow et al., 1999), although this bHLH 

factor also acts during cone and amacrine genesis (Inoue et al., 2002; Morrow et al., 1999; 

Pennesi et al., 2003). Neurod2 and Neurod6 appear to work analogously, since 

overexpression of either gene at P0 promoted amacrine genesis at the expense of bipolar and 

Muller glial differentiation (Cherry et al., 2011). For the Olig genes, only Olig2 has a clear 

role in a retinal neurogenesis or gliogenesis (Emerson et al., 2013; Hafler et al., 2012; 

Nakamura et al., 2006; Shibasaki et al., 2007). Unlike other Hes genes, Hes2 retinal 

functions remain unknown. However, the Hes genes generally repress differentiation by 

binding to regulatory elements of proneural bHLH transcription factors (Iso et al., 2001; 

Sasai et al., 1992).

Of particular relevance to the Neurog2 rod phenotype is a downregulation of eleven genes 

that act during rod photoreceptor differentiation or physiologic function. These genes are 

Rho, Nr2e3, Gnat1, Sag, Rom1, Reep6, Psd2, Rs1, Vamp4, Pde6b, Rp1l1, Cacnalf and 
Prph2. Prph2 (Khan et al., 2016) and Roml (Bascom et al., 1992), are critical for normal 

photoreceptor disk morphogenesis; while Psd2 (Wu et al., 2016), Reep6 (Agrawal et al., 

2017) and Vamp4 (Raingo et al., 2012) each participate in protein transport from the rod cell 

body to the outer segment, where light is perceived. Three other genes, Sag (Palczewski et 

al., 1989; Palczewski et al., 1992), Gnat1 (Sauer et al., 1997), and Pde6b (Cote, 2004) are 

components of the photoactivated transduction machinery. Mutations in several of these 

genes are associated with human and mouse retinal dystrophies, namely CACNA1F (Bech-

Hansen et al., 1998; Strom et al., 1998), Gnat1 (Cameron and Lucas, 2009), NR2E3 (Milam 

et al., 2002), PDE6B (Cheng et al., 2016), RHO (Dryja et al., 1990), ROM1 (Bascom et al., 

1992), Sag/Arestin-1 (Song et al., 2013), Rplll (Yamashita et al., 2009), RS1 (Huang et al., 

2014; Molday et al., 2001; Molday et al., 2007; Sauer et al., 1997) and PRPH2 (Khan et al., 

2016). We also identified two factors, Zic1 and Ptn, that are upregulated in P2 Neurog2 
mutant retinas. Ptn overexpression by electroporation of P0 rat retinas, partially blocked rod 

differentiation, whereas bipolar cell production was promoted (Roger et al., 2006). In retinal 

explants with Zic1 overexpression, Watabe et al. (2011) found a loss of Nr2e3+ rods and an 

increase in cell proliferation.

Finally, because Blimp1 mRNA and protein were significantly downregulated between 

E12.5 and P2 (Fig. 7), we queried the P2 Neurog2 mutant dataset, specifically about Blimp1 
transcript levels. Consistent with our qPCR data, it was not significantly changed, further 

highlighted by mapping the sequence reads for all three genotypes to the Blimp1/Prdm1 
locus (Supplemental Fig. 5). It is relevant also that there was no significant change in Nrl 
mRNA levels among Neurog2 control, het or mutant genotypes, suggesting that Neurog2 
normally regulates some aspect of rod terminal differentiation and/or neuronal function.

Discussion

In this study we used multiple Neurog2 mutant alleles to identify a small, but significant, 

loss of early rod photoreceptors, and more complex, phenotypes during bipolar 

neurogenesis. An increase in overall number of bipolar neurons was apparent starting at P3 

and persisted into adulthood. Interestingly, although rod bipolars were overproduced, there 

was an essentially simultaneous loss of particular cone bipolar subtypes.
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Previously rodent rod photoreceptor development was shown to occur in two phases, early 

and late, which are separated by birth (Morrow et al., 1998). Rod precursors born during the 

early phase wait nearly twice as long after birth, as late phase rods, to initiate Rhodopsin 

expression. Interestingly, the onset of Rhodopsin expression by both cohorts of rod 

precursors is essentially synchronous, presumably in response to an extrinsic signal. Co-

culture of these temporally distinct populations highlighted that the kinetics of early rod 

development are regulated cell intrinsically. Given that E17.5 Neurog2 mutants had fewer 

Nr2e3+ rods, we hypothesize that this factor specifically impacts early rod formation. This is 

consistent with the E17.5 Neurog2-Cre retinal lineage producing mostly rods (Brzezinski et 

al., 2011), and a shutoff of Neurog2 expression shortly after birth (Suppl Fig 1). Our data are 

also suggestive that Neurog2 may be partly redundant with another factor, with Ascl1 the 

most attractive candidate, given the overlap in E17.5 Neurog2 and Ascll retinal cell lineages 

(Brzezinski et al., 2011). However, E17.5 retinal cultures from Neurog2−/−;Neurod1−/−; 
Math3INeurod4−/− triple mutants displayed unique phenotypes whereby excess rods 

initially formed, but subsequently died, accompanied by a complete lack of bipolar neurons 

or a discernible INL (Akagi et al 2004). Thus, is would be interesting to analyze other 

compound bHLH factor conditional mutants to fully uncover which combinations regulate 

early versus late rod development.

Although both Cre drivers used in our study induced a cell autonomous loss of Neurog2 

protein at E14.5 (Suppl Fig 2), there appears to also be a simultaneous, non-autonomous loss 

of Neurog2-expressing cells. Yet, the cell autonomy of each mutant phenotype could not be 

easily scored, owing to the limitations of our birthdating methods. This presents a major 

hurdle for distinguishing between the possibilities that a) mutant retinal precursors, which 

normally develop as rods or cone bipolars, autonomously adopt the rod bipolar fate, or b) 

early postnatal mutant precursors fail to differentiate as rods, but also nonautonomously 

instruct nearby cells to adopt erroneous bipolar fates, before autonomously dying by P9. 

Moreover, loss of this somewhat minor population could nonetheless nonautonomously 

affect the suppression of neighboring retinal cells, sparing them from culling. We favor the 

second possibility that all three retinal neuron defects occur more or less simultaneously, via 

be potentially separable molecular events but also manifest themselves at different ages. 

Future experiments, which mark the Neurog2 lineage in the adult retina, will be needed to 

score cell autonomy of each phenotype described here.

Alternatively, Neurog2 is known to control cell cycle exit in the brain, via its stimulation of 

the cyclin-dependent kinase inhibitor p27/Kip1(Cdkn1b) (Farah et al., 2000; Lacomme et 

al., 2012; Nguyen et al., 2006). In E12.5 Neurog2 germline mutants, we found a longer than 

normal cell cycle (Maurer et al., 2018), thereby pushing the window for retinal ganglion cell 

differentiation. Thus, a delay in any retinal neuron birthdate might bias the genesis of 

relatively later cell types. If this comes into play in the postnatal retina, we propose a 

partially stochastic effect, where cell cycle exit delay could push committed precursor cells 

to erroneously differentiate as a rod bipolar. Even a short delay in terminal cell cycle exit 

could explain bipolar subtype phenotypes in Neurog2 mutants, since cone bipolars normally 

precede rod bipolars (Morrow et al., 2008). Yet another possible explanation hinges on the 

relationship between the Vsxl and Vsx2 gene paralogues. We discovered that while pan-

bipolar markers show an overall increase in bipolar neurons, it masked the reduction of 
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Vsx1+ cone bipolar subtypes 1, 2, and 7 (Chow et al., 2001; Chow et al., 2004; Hayashi et 

al., 2000; Ohtoshi et al., 2004; Shi et al., 2011). Vsxl and Vsx2 were already known to co-

repress one another, for example if Vsx2 is highly expressed by RPCs, Vsxl is low to non-

existent (Clark et al., 2008). Therefore, in Neurog2 retinal mutants, it is would be expected 

that abnormally high percentages of Vsx2+ INL cells should result in fewer Vsx1+ cone 

bipolars. However, Vsxl also normally cross-represses rod bipolar cell-specific markers, 

including Cabp5 and Vsx2 (Shi et al., 2011).

The rod and bipolar phenotypes of Neurog2 conditional mutants are similar to those of 

Blimp1 (Brzezinski et al., 2010; Katoh et al., 2010), yet are clearly much less severe. Otx2+ 

cells that normally develop as cones or rods lack Vsx2/Chx10 expression, thereby locking 

out the bipolar fate. Although it is clear that Otx2 directly activates Blimp1 (Gloury et al., 

2016; Mills et al., 2017; Wang et al., 2014), which in turn directly represses Vsx2 (Katoh et 

al., 2010), this is insufficient to explain how both cones and rods arise from the Blimp1 
lineage. Here we found that as early as E12.5 a subset of Blimp1+ RPCs coexpresses 

Neurog2. It is potentially this group of cells that erroneously develop as bipolars in Neurog2 
mutants. One conundrum from our data is the significant reduction in Blimp1 protein, but 

not mRNA, in P2 mutant retinas (Fig 7). Alternative splicing of Blimp1 might explain this 

outcome (Livi and Davidson, 2006; Morgan et al., 2012; Tunyaplin et al., 2000), although 

we specifically amplified exon 6 which is common to all mouse Blimp1 transcripts in the 

UCSC browser. Additional experiments using multiple sets of Blimp1 qPCR primers and 

conditions, were unable to identify exons that might be specifically transcribed in the P2 

retina. This suggests that Neurog2 regulation of Blimp1 transcription is stage-specific and 

that during early retinal development (at the peak of Neurog2 activity) Blimp1 transcription 

has some requirement for Neurog2. However, during postnatal retinal differentiation, 

particularly after Neurog2 expression is extinguished, posttranslational regulation of Blimp1 

is more important. Given that only a subset of Blimp1-expressing cells depend on Neurog2, 
the underlying basis for controlling mRNA versus protein requires more investigation, 

including the exploration of Blimp1 protein translation and/or turnover. However, another 

facet of this idea rests with Vsx2 repression of Blimp1 in RPCs (Reviewed in Brzezinski and 

Reh, 2015), which could explain the loss of Blimp1 seen here. While there are most likely 

additional intrinsic factors involved, we could expect the subset of Vsx2+ Neurog2 mutant 

cells that erroneously adopt a bipolar fate to downregulate Blimp1, thereby also contributing 

to the milder Neurog2 phenotype.

Our transcriptomics analysis highlighted two genes, Pleiotropin (Ptn) and Zicl, whose 

individual gain of function phenotypes resemble that of Neurog2 loss of function (Roger et 

al., 2006; Watabe et al., 2011). Ptn encodes a secreted heparin binding protein and, along 

with its paralog Midkine (Mdk), participates in neurite outgrowth in the brain (Maruta et al., 

1993; Muramatsu et al., 1993; Rauvala,1989). Studies of Ptn and Mdk suggest they are 

neuronal survival factors, which activate the MAPK pathway and so indirectly regulate 

apoptotic activity (Hida et al., 2003; Kikuchi et al., 1993; Owada et al., 1999; Satoh et al., 

1993). When Mdk and Ptn are overexpressed they show neuroprotective effects in various 

mouse models for Parkinson’s disease and Alzheimer’s disease (Muramatsu, 2011). Given 

that Neurog2 is crucial for dopaminergic neuron production (Kele et al., 2006), Ptn is an 

attractive candidate to act directly downstream of Neurog2. In the retina, Ptn is expressed by 
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both RPCs and late precursors that that give rise to bipolar cells and Muller glia (Roger et 

al., 2006). We hypothesize that upregulation of Ptn in a subset of bipolar cells is 

neuroprotective and therefore contributes to their survival. However, Chx10-

Cre;Neurog2CKO/+ retinas showed similar ptn upregulation as the mutants, without excess 

bipolar neurons, suggesting there are other critical factors that impact this phenotype.

Defects in Zic genes can cause a variety of congenital malformations (Aruga, 2004; 

Grinberg and Millen, 2005; Merzdorf, 2007). In mice, Zic genes 1–3 are all expressed by 

embryonic RPCs, and can act redundantly (Watabe et al., 2011). However, Zic2 activity is 

sufficient for the correct projection of ipsilateral neurons at the optic chiasm (Aruga et al., 

2002; Brown et al., 2001a). Overexpression of Zicl, Zic2 or Zic3 individually at El7 resulted 

in fewer rod photoreceptors, but appears to do so by blocking terminal differentiation, since 

excess RPCs migrated into the ONL (Watabe et al., 2011). Ectopic Zic2 suppressed Nr2e3 
and Nrl, and upregulates Id3 (Watabe et al., 2011). In Neurog2 mutants, Zicl transcription 

was upregulated, however we could not validate changes in M1 or M2 levels, thus their 

relationship in the retina remains unresolved (Fig. 8,9). Future experiments that compare the 

Neurog2 retinal cell lineage, between controls and Neurog2 mutants are needed, to score cell 

autonomy of rod photoreceptor, cone and rod bipolar defects, as well as the shifts in the 

proportions of culled postnatal neurons. Such analyses are critical for pinpointing when and 

where Blimp1, the bHLH factors, rod-specific genes, Ptn and/or Zic1 each require Neurog2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Neurog2 is required for early rod photoreceptor, cone and rod bipolar 

differentiation

• Embryonic Blimp1 expression is regulated by Neurog2.

• Neurog2 has a role in postnatal retinal cell culling, particularly of bipolar 

neurons

Kowalchuk et al. Page 20

Dev Biol. Author manuscript; available in PMC 2019 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. Loss of rod photoreceptors in E18.5 Neurog2 mutants.
A,B) Anti-Crx labeling of E18.5 retinal sections in both Neurog2GFP/+ and Neurog2GFP/GFP 

mice. C,D) Anti-Nr2e3 labeling of nearby sections to those in A, B. E) Quantification of Crx

+/total DAPI, Nr2e3+/total DAPI and Rxrg+/total DAPI retinal cells. The Rxrg data 

originally reported in Hufnagel et al, 2010 is regraphed here for direct comparison, (n = 3 

biologic replicates/genotype; scale bar in A = 50 μm; RPE = retinal pigmented epithelium; 

NBL = neuroblast layer; *P ≤ 0.05; error bars = standard error of the mean (SEM))
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Fig. 2. Neurog2 adult mutant retinas contain fewer rods and excess bipolars neurons. Panels A-J 
show P21 retinal sections.
Α,Β) H&E staining highlights normal retinal anatomy of Chx10- Cre;Neurog2CKO/CKOeyes, 

compared to control littermates. C,D,K) Anti-Arr3 labeling of cone photoreceptors. Total 

DAPI+ ONL nuclei-total Arr3+ cones were used to estimate total number of rod 

photoreceptors, which was normalized over total ONL DAPI+ cells in K. E,F,L). Vsx2+ 

bipolar neurons were quantified and normalized by total INL DAPI + cells in L. G,H,N) 

Sox9+ Muller glial cells were quantified in M. I,J,0) Pax6+ INL amacrine cells were 

normalized by total DAPI+ nuclei in N.K,L,N,0) Graphical data depict Chx10-Cre or Crx-

Cre deletion of Neurog2 using n= 5 biologic replicates/genotype for each Cre experiment. 

M) Average total counts for Vsx2+ bipolar and rod (Arr3-) cells were compared between 

control and Chx10-Cre;Neurog2CKO/CKOmutants to emphasize the nearly 1:1 shift. (ONL = 

outer nuclear layer; INL = inner nuclear layer; GCL = ganglion cell layer; scale bars = 50 

pm; **P ≤ 0.01; *P ≤ 0.05; error bars = SEM)
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Fig. 3. E17.5 and P3 retinal birthdating of control and Chx10-Crt;Neurog2CKO/CKO eyes.
A-F) Double antibody labeling for incorporated BrdU and retinal marker of interest. 

Quantification of rod birthdates used same strategy as P21 rods in Figure 2. A-C) Arrows 

point to BrdU+ rod photoreceptors (note: cones would be BrdU+Arr3+ double positive). D-

F) Arrows point to examples of BrdU+Vsx2+ double positive bipolar neurons. G) 

Quantification of E17.5 BrdU rod data. H) Quantification of P3 BrdU bipolar data, (n = 3 

biologic replicates/age and genotype; scale bar in D = 50 μm; ***P ≤ 0.001; error bars = 

SEM)
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Fig. 4. Changes in proportions of bipolar subtypes in Neurog2 mutant retinas.
Panels A-D show P21 retinal sections. A,B) Anti-Otx2 and anti-PKC colabeling of rod 

bipolar cells. C,D) Anti-Vsxl labeling marks cone bipolar subtypes 1, 2 and 7 (Chow et al., 

2001; Chow et al., 2004; Hayashi et ak, 2000; Ohtoshi et ak, 2004; Shi et ak, 2011). E) The 

total percentage of bipolars was determined by quantifying Otx2+ INL cells versus total INL 

DAPI. F) The percentage of rod bipolars was determined as Otx2+PKC+ cells divided by 

total number of INL DAPI. G) Vsxl+ cone bipolars were divided by total INL DAPI. H) 

qPCR comparison of Vsx1 mRNA in P10 wildtype and conditional het and mutant retinas, 
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(n = 3 biologic replicates per genotype; scale bar in C = 50 pm; ONL = outer nuclear layer; 

INL = inner nuclear layer; GCL = ganglion cell layer; *P ≤ 0.05; **P < 0.01; ***P ≤ 0.001; 

error bars = SEM)
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Fig. 5. P9 Neurog2 mutant retinas have altered numbers of dying cells.
A-C, J) Coexpression of Otx2 and Vsx2 marks nascent bipolar neurons at P7 and 

Otx2+Vsx2+ P7 cells were normalized to total INL DAPI+ nuclei (J). D-F,K) The 

percentage of apoptotic INL bipolar neurons was determined using anticleaved PARP and 

anti-Vsx2 colabeling (arrows). Apoptotic bipolars (cPARP+, Vsx2+) were normalized to 

total INL DAPI nuclei in entire retinal section (K). G-I,K) The percentage of apoptotic rods 

was quantified at P9 (cPARP+, Arr3- ONL cells; arrows) and normalized to total ONL DAPI 

nuclei per entire retinal section (K). (n = 3 biologic replicates per age and genotype; scale 
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bar in A,D = 50 μm; ONL = outer nuclear layer; INL = inner nuclear layer; GCL = ganglion 

cell layer; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; error bars = SEM)
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Fig. 6. Blimp1 and Neurog2 colocalization in embryonic RPCs.
A,B) Anti-Blimp1 and Anti-Neurog2 double labeling of E14.5 Neurog2 wild type retina. A) 

Both Blimp1 and Neurog2 are expressed by a subset of E14.5 RPCs. B) Each single labeled 

population, and the colabeled fraction are also shown at higher magnification. C,D) Co-

expressing cells (Blimp1+Neurog2+) were quantified within the Blimp1+ population (C) 

and within the Neurog2+ population (D). (n = 3 biologic replicates; scale bar in A = 100 pm; 

in B = 50 μm; error bars = SEM).
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Fig. 7. Blimp1 mRNA and protein levels are affected across multiple ages of Neurog2 mutants.
A-C) Anti-Blimp1 labeling of E14.5 RPCs in A,B; quantified in C for controls and Chx10-

Cre;Neurog2CKO mutants. D-F) Expression and quantification of P2 Blimp1+ cells (n=3/

genotype). G) qPCR comparison of Blimp1 mRNA in GFP+ E12.5 Neurog2GFP/+ and 

Neurog2GFP/GFP RPCs, along with qPCR comparison of Blimp1 mRNA from P2 retinas 

from littermates. Although P2 data is not statistically significant, there is a trend towards 

lower Blimp1 transcript levels (n= 3/age + genotype). H) Western blot of Neurog2CKO/CKO 

(1) Chx10-Cre;Neurog2CKO/+ (2) and Chx10-Cre;Neurog2CKO/CKO (3) P2 retinal total 
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protein, labeled with antibodies against Blimp1 and β-Actin. I) Quantification of western 

blot signal strength by densitometry (genotypes labeled as in H). Anti-Blimp1 was 

normalized versus anti-β-Actin. Neurog2CKO/CKO controls were normalized to 1 and Chx10-

Cre;Neurog2CKO/+ and Chx10-Cre;Neurog2CKO/CKO intensities portrayed versus that value 

(n = 3 biologic replicates/age + genotype;RPE = retina pigment epithelium; NBL = 

neuroblast layer; kDa = kilodaltons; scale bars in A,D = 50 pm; *P ≤ 0.05; **P ≤ 0.01; error 

bars = SEM)
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Fig. 8. Transcriptomics of P2 Neurog2CKO/CKO’ Chx10-Cre; Neurog2CKO/+ and Chx10-Cre 
Neurog2CKO/CKO retinas.
A) Selected genes from P2 RNA-seq dataset analyses of Chx10-Cre;Neurog2flox wild type, 

heterozygote and mutant retinas (n = 5 biologic replicates/genotype). The log-fold change 

between genotypes is provided. Values in control and mutant columns represent fragments 

per kilobase of transcript per million mapped reads (FPKM). All transcripts have a 

significance of p ≤ 0.05. Transcripts with a significant adjusted p-value (*q ≤ 0.05) are 

denoted with an asterisk. Those genes validated by qPCR are shown with gray highlighting. 

The demonstrated or predicted function of each gene is listed in the rightmost column. B) 
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Transcripts were analyzed with gene ontology with only those categories of significance (p ≤ 

0.05) displayed. Functional groups were ranked by fold enrichment.
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Fig. 9. qPCR validation of gene transcript levels in P2 retinas.
Differentially expressed gene transcripts of interest (see Fig 8) were quantified by qPCR 

among Neurog2 CKO/CKO, Chx10-Cre;Neurog2CKO/+ and Chx10-Cre;Neurog2CKO/CKO 

individuals. A) Direct comparison of Neurog2CKO/CKO control and Chx10-

Cre;Neurog2CKO/+ heterozygote mRNA levels. B) Direct comparison of Neurog2CKO/CKO 

control and Chx10-Cre;Neurog2CKO/CKO mutant mRNA levels. Mean relative quantification 

(RQ) values were calculated by normalizing mutant and heterozygote RNA levels to their 

counterpart wild type RNA levels (shown as a red line at 1.0). Error bars represent standard 

Kowalchuk et al. Page 33

Dev Biol. Author manuscript; available in PMC 2019 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



error of the mean, (n ≥ 3 biologic replicates/genotype; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; 

****P ≤ 0.0001; error bars = SEM)
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